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Opportunities in small population breeding in
black cottonwood
Abstract
Small and structured populations are problematic for breeding due to low levels of
genetic variability and increased levels of linkage disequilibrium (LD). The
increased LD causes problems with utilization of common genomic tools and may
lead into increased accruement of deleterious alleles through the intense selection
and bottlenecks characteristic of breeding. In forest trees, maintaining a large
breeding population to alleviate these issues is difficult due to large physical size of
most trees. The aim of this thesis was to study and resolve some of the LD dependent
issues of small populations and establish small populations as an option in breeding.
We established the accuracy of LD-based estimation methods of recombination
using data from European aspen, allowing confident use of these methods later in
the project. The small black cottonwood breeding population contained enough
genetic diversity to facilitate future adaptive selection to novel Swedish climate and
light conditions, suggesting that small populations consisting of offspring with
diverse parentage are feasible options for breeding in species with high outcrossing
and recombination rates. We identified candidate genes that can be targeted for
selection on phenology and growth using a genome wide association study (GWAS).
We also show that GWAS is useful for identifying large effect alleles even in small
populations and that efficient growth under novel conditions likely require different
allele combinations than in native habitats. Finally, we quantified deleterious load
and identified effects of the deleterious load on growth. Accounting for deleterious
load allowed for more effective genomic selection and increased breeding cycle gain
in breeding programs based on small populations.
Keywords: Plant breeding, forest trees, small population, genetic linkage, linkage
disequilibrium, GWAS, local adaptation, deleterious load, Populus
Author’s address: Rami-Petteri Apuli, Swedish University of Agricultural Sciences,
Department of Plant Biology, Uppsala, Sweden

Pienpopulaatiojalostamisen mahdollisuudet
Jättipoppelissa
Lyhennelmä
Pienet populaatiot ovat ongelmallisia jalostustoiminnassa johtuen niiden vähäisestä
geneettisestä monimuotoisuudesta ja lisääntyneestä kytkentäepätasapainosta (LD).
Korkea LD-taso aiheuttaa ongelmia useiden yleisten genomisten työkalujen
käyttössä ja voi johtaa geneettisen kuorman runsastumiseen jalostustoiminnalle
tunnusomaisten valinnan ja pullonkaula-ilmiöiden kautta. Kohonnut LD on eritoten
ongelmallinen metsäpuille, joiden suuri koko tekee tarpeeksi suurten
jalostuspopulaatioiden ylläpitämisen haasteelliseksi. Tämän väitöskirjan tavoitteena
oli tutkia ja ratkaista osa näistä LD:n aiheuttamista ongelmista ja osoittaa pienten
populaatioiden olevan varteenotettava vaihtoehto jalostustoiminnassa.
Varmistimme LD-rekombinaatioarviointimenetelmien tarkkuuden käyttäen
metsähaapadataa. Jättipoppelipopulaatiomme on pienestä koostaan huolimatta
tarpeeksi geneettisesti monimuotoinen mahdollistamaan lajin sopeuttamisen
Ruotsin ilmasto- ja valo-oloihin. Osoitimme pienten jälkeläispopulaatioiden olevan
soveltuvia jalostukseen mikäli ne on tuotettu monimuotoisista vanhemmista.
Löysimme useita ehdokasgeenejä ilmastosopeuttamisen valintakohteiksi käyttäen
genominlaajuista assosiaatiotutkimusta (GWAS) osoittaen samalla GWAS:n olevan
käytännöllinen tapa havaita suurivaikutuksisia alleeleja myös pienissä
populaatioissa. Totesimme myös kasvun uusissa oloissa vaatinevan uusia
alleeliyhdistelmiä kuin lajin alkuperäisoloissa. Lopuksi havaitsimme geneettisen
kuorman vaikuttavan kasvuun, joten sen huomioiminen jalostettaessa
mahdollistanee tehokkaamman genomisen valinnan pienissä populaatioissa.
Avainsanat: Kasvinjalostus, metsäpuut, pienpopulaatio, geneettinen kytkentä,
kytkentäepätasapaino, GWAS, paikallinen sopeutuminen, geneettinen kuorma,
Populus
Kirjoittajan osoite: Rami-Petteri Apuli, Swedish University of Agricultural
Sciences, Department of Plant Biology, Uppsala, Sweden

Preface
Well, here we are. Not in a million years would I have believed that some 26
years after my little 5-year-old eyes gazed upon the Saturday night nature
documentaries for the first time and loved them, would I be writing the
preface of my very own thesis in the field of biology. It is even more amazing
seeing that I never planned to go for PhD after attaining my master’s degree,
not necessarily because I did not want to, but because I doubted I could. I
never saw in myself the qualities of a great scientist, and still more often do
not than do, but as I said: here we are, no matter how unexpected, thanks to
positive mindset, often rooted in the belief from others, and persistency.
Then again, during my time working on this project, the unexpected has
become quite commonplace and the PhD project I began with is far from the
PhD I ended with. Through one of these unexpected twists, I ended up
working with the “CLAP population”, a group of black cottonwood
individuals with a mysterious past and flawed character for scientific
purposes, yet somehow destined to potentially be the basis of a breeding
program. I have often been at odds with this population and much like many
of the reviewers for the papers constituting this thesis, I have often turned
my nose in disgust at its flaws, wishing for a better, more diverse and
abundant population to analyse. Over time I came to realize this population
represents very much real life, where perfect scientific situations rarely exist.
This flawed little population deserved to be studied as much as the
theoretically perfect one to uncover real-life solutions to real-life problems.
And so, through hard work of myself and others, the flawed little
population has proved its capabilities to fulfil its projected destiny and, on
the side, proved that I could become a PhD and write a thesis. My thesis,
thesis of the 5-year-old nature doc fan and thesis of the unexpected scientist,
based on the unexpected little population that could. I hope you enjoy it.

Dedication
To the loving mother who took a little boy to see migrating birds in the
spring.
To the caring father who took a little boy to fish in the summer.
To the little boy who never stopped being curious of the living world.

“Science is simply common sense at its best.” – Thomas Henry Huxley
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1. Introduction
1.1 Basis and functions of genetic linkage
The phenomenon known as genetic linkage was first reported by William
Bateson, Edith Rebecca Saunders and Reginald Punnett in 1905 (Bateson et
al. 1905), some five years after the rediscovery of Gregor Mendel’s iconic
work first performed in 1865 (Benson 2001). Prior to this, each phenotypic
trait was believed to be inherited separately from one another (Bateson et al.
1905, Benson 2001). It was only a few years later that the idea of physical
connection between the genes seen to exhibit genetic linkage was proposed
by Morgan (1910), leading to formulation of the first concepts of linkage in
chromosomes and linkage groups, and the particulate form of inheritance,
i.e. that genes are contained in physical entities (Morgan 1910; Benson
2001). It was Morgan’s student, Alfred Sturtevant, who first calculated a
linkage map for multiple genes on same linkage group (Morgan 1915),
formulating the concept of the still commonly used unit of genetic distance
Morgan (M), one of which roughly translates to a distance with one
recombination event per meiosis. The more commonly used unit is
centiMorgan (cM), which, with some considerations, translates to the
likelihood of a recombination event occurring between two sites during
meiosis.
As posited by Morgan (1910), genetic linkage results from the physical
attachment of each nucleotide to the two adjacent nucleotides on the DNA
molecule forming a chromosome. The chromosome these nucleotides form
is thus akin to a chain, where every link is attached to all the others through
the other links on the chain. In a theoretical situation, where the chain cannot
be altered in any way, the chain must be selected, rejected or passed down to
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offspring as a single object with no regard for the merits or misgivings of
each individual link in the chain. In reality, changes occur in the genetic
sequence of a chromosome through mutations and other phenomena such as
transposable elements and gene conversion. We will focus on mutations as
they are the most relevant to the research in this thesis. Mutations are changes
in the genetic sequence arising usually from inaccurate repair of damage to
the genetic sequence (Chen et al. 2014; Chen & Furano 2015). Mutations can
be additions, removals or rearrangements of parts of the DNA sequence, or
replacements of one or more nucleotides in the sequence (Carlin 2011). The
most common type of mutations, single nucleotide changing mutations may
lead to single nucleotide polymorphism (SNP), if they remain and segregate
within a population. Mutations thus create novel variants of the chromosome
with differences in the nucleotide sequence and as such are at the base of
genetic diversity (Carlin 2011).
1.1.1

Recombination breaks genetic linkage

Mutations in genes, promoters and other functional elements of the genome
are almost always harmful as they disrupt the functionality of the cell they
occur in. As such, these disruptive or deleterious mutations, as they are often
called, lead to lowered or altered functionality, or even death, in the cell that
contains them (Haldane 1935, reprinted in Haldane 2004). In haploid (1n,
where n is the number of unique chromosomes) single cell organisms such
as archaea and bacteria as well as some eukaryotes, a mutation is always
expressed and in drastic cases can even lead to the death of the individual
(Gerstein 2013). Evolution of sexual reproduction and polyploidy, and
through them recombination, has been the solution to the problems posed by
mutations and linkage for the majority of higher eukaryote species
(Felsenstein 1974; Gerstein 2013). Recombination occurs only in sexually
reproducing species with ploidy level of at least 2n, i.e. diploid species (as
opposed to haploid 1n). Furthermore, this diploidy often allows for damaged
copies of a gene to exists within an individual as long as there still remains a
functional copy on one of the matching chromosomes, thus allowing
individuals and cells to survive the damaging effects of the mutation(s)
(Felsenstein 1974; Gerstein 2013; Orr-Weaver 2015).
Sexual reproduction, paired with polyploidy, leads to shuffling of genetic
content in two ways. The first way is the act of sexual reproduction itself,
where a male gamete and a female gamete combine to produce a zygote, an
20

offspring cell, where half of the chromosomes originate from the mother and
the other half from the father, that can then develop into a new individual.
Gametes are special reproductive cells containing only half of the
chromosomes of the species, which is 1n in case of diploid (2n) (Figure 1).
They are produced through a special cell division called meiosis, where the
second way of shuffling of chromosomal contents occurs. In meiosis, the
chromosomes pair up with another copy of the same chromosome before
being split into separate gametes (Figure 1). This pairing is why higher, even
numbered ploidy levels, i.e. polyploids, such as 4n, 6n and 8n, are feasible
as it ensures that half of all chromosomes end up in separate gametes. During
this process, the paired chromosomes are anchored to one another through
structures called chiasma, and resolution of these chiasma is what may lead
into chromosomal cross-over. Depending on how the chiasma are excised,
parts of the paired chromosomes may switch places, i.e. cross over to the
other chromosome, recombining the genetic material on the two
chromosomes with one another and producing new hybrid chromosomes,
thus potentially breaking linkage by creating new allele combinations across
the genome (Figure 1) (Wright 1931; Felsenstein 1974).
This chromosome content shuffling is called meiotic recombination
(hereafter recombination) and the rate at which it occurs is not even across
the genome of a species but rather has been shown to be correlated with
certain genomic features such as gene density (Giraut et al. 2011; Wang et
al. 2016), GC-content (Kim et al. 2007; Giraut et al. 2011), repeat density,
cytosine methylation (Giraut et al. 2011; Rodgers-Melnick et al. 2015) and
levels of neutral genetic diversity (Nachman 2002) However, the magnitudes
and directions of these associations are still under debate. Furthermore,
effective recombination rates across the genome vary considerably between
species (Henderson 2012; Tiley & Burleigh 2015) or even between the
populations (Slavov et al. 2012) of the same species, due to differences in,
for instance, demographic history and effective population size.
Understanding the associations between recombination rate and various
genomic features is therefore important at the genus, species and even
population level (Henderson 2012; Slavov et al. 2012; Tiley & Burleigh
2015) to avoid making assumptions about the strength and direction of these
associations (Paper I). Local variation in recombination rates is thus an
important factor for understanding how natural or artificial selection shapes
sequence diversity across the genome of an organism.
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Figure 1. Simplified end of meiosis with cross-over and the produced gametes. Before
meiosis, the chromosomes in the cell are duplicated from 2n to 4n, i.e. each of the two
sister chromosomes has sister chromatid. During the first division of meiosis (blue box),
the sister chromosomes align together and are attached to each other physically through
one or more chiasma. Once the chiasma is resolved, the sister chromosomes are divided
to separate cells (the two red boxes). There is a cross-over between the two loci
containing A/a and B/b -alleles on one of the chromatids. Finally, when the second
division of meiosis completes, single chromatins are separated to gametes containing 1n
of chromosomes (the four blue circles), which can then combine with gametes from
another individual producing a zygote.

22

1.1.2

Genetic linkage and recombination lead to linkage disequilibrium
at the population level

At population level, the consequence of genetic linkage and recombination
in chromosomes manifests in linkage disequilibrium (LD). Simply put, LD
is the proportion by which two alleles from two different loci along the
chromosome appear together more often than expected under completely
random mating and random assortment during meiosis (Slatkin 2008). LD
constitutes a useful statistic to estimate the independence of pairs of alleles
within a study population (Slatkin 2008). LD, both locally and across the
whole genome, is usually low in large populations where effective
population size is high and where recombination events are likely to lead to
novel combinations of alleles. Much of the within chromosome LD is
dependent on the same genomic features affecting recombination rates
(Smith et al. 2005; Slatkin 2008).
Due to the straightforward link between LD and recombination, patterns
of LD can be used to estimate recombination rates (McVean 2004; Chan et
al. 2012). LD-based methods for estimating recombination rates have
become very popular due to the relative ease by which sequence information
can be obtained even from wild populations (McVean 2004; Kulathinal et al.
2008; Silva-Junior & Grattapaglia 2015; Wang et al. 2016; Booker et al.
2017). Traditionally (Morgan 1915), recombination rates have been
estimated from relationships of marker positions in linkage maps built based
on the marker statuses in offspring resulting from crosses between parents of
known genotypes. As hundreds of offspring are required to construct an
accurate linkage map, these methods have often been considered
cumbersome and are ill suited for application in many species (Nachman
2002; Stapley et al. 2017), contributing to the increasing popularity of LDbased (LDB) methods for estimating recombination rates. Using LD data to
infer recombination rates is not without problems, however, as a set of
markers is used to infer recombination rates and the inferred recombination
rates are then often used to explain patterns of diversity in the same
population and often within the same set of markers. Simulations and studies
performed using animal model species such as house mouse (Mus musculus)
(Booker et al. 2017) and in a number of fruit fly (Drosophila) species
(Kulathinal et al. 2008; Chan et al. 2012) suggest that LDB recombination
estimation methods are not strongly affected by natural selection. Less
information is available for plant species. As such, further research in these
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methods is useful for defining the accuracy of LDB methods compared to
more traditional genetic linkage map based (LMB) estimates of
recombination in plants (Stapley et al. 2017) (Paper I).
1.1.3

Causes and consequences of linkage disequilibrium

As previously established, levels of LD are usually population specific, and
levels of LD are heavily affected by the demographic history of the
population as well as historic selective forces that have been applied to the
population, both in domesticated (Blair et al. 2018; Serba et al. 2019) and
wild species (Flint-Garcia et al. 2003; Slatkin 2008; Lucek & Willi 2021).
The extent of LD tends to increase in populations that have been established
by limited number of individuals, or have experienced a recent bottleneck,
as well as around genomic features that have been under recent selection
(Flint-Garcia et al. 2003; Lucek & Willi 2021). Due to this, in wild species,
populations at the leading edge of colonization or on the fringes of the
species distribution tend to contain overall higher levels of LD compared to
more central populations (Lucek & Willi 2021). While selection tends to
increase LD in the surroundings of a selected feature (Slatkin 2008), LD also
limits the efficiency of both positive (Barton 1995) and negative selection
(Felsenstein 1974). Selection in areas of the genome where LD is high can
lead to a situation where a selected positive polymorphism “drags” along
deleterious polymorphisms to higher frequencies, or even to fixation, within
a population. This increase in frequency of deleterious mutations around
selected variants is known as “genetic hitchhiking” (Smith & Haigh 1974;
Lang et al. 2013), and it has been shown to repeatedly occur during
domestication in many plant and animal species, especially close to
“domestication genes” that are important for controlling key traits during the
domestication process (Schubert et al. 2014; Ramu et al. 2017; Moyers et al.
2018). In some cases, the effect of a selectively favored polymorphism can
be countered by linkage to harmful variants (Assaf et al. 2015), severely
hampering positive selection on the positive polymorphism. Finally, if
multiple positive variants reside within the same linkage block, i.e. part of
genome where recombination rarely happens, these variants will be in direct
competition, and over time only one of them is likely to be fixed. This
phenomenon is termed “Hill-Robertson interference” and it can severely
hamper evolution and adaptation in populations with high LD (Hill &
Robertson 1966). LD is thus both affected by and affects selection, making
24

LD important to understand in breeding and conservation contexts (FlintGarcia et al. 2003; Blair et al. 2018; Serba et al. 2019) (Paper II, Paper IV).
1.1.4

Linkage disequilibrium determines power of genome wide
association studies

Linkage disequilibrium along the genome within a population also
determines the resolution of association mapping used for dissecting
quantitative traits, such as genome wide association studies (GWAS)
(Nordborg & Weigel 2008). GWAS is a tool for identifying genetic
polymorphisms that are physically linked to loci having a direct causal effect
on the phenotype of trait in question, although a GWAS in itself cannot
provide evidence of causality for the associations (Pearson & Manolio 2008;
Josephs et al. 2017). GWAS have successfully been used to locate candidate
genes for a large number of traits across many different species and
biological contexts, such as in human (Homo sapiens) genetics (Pearson &
Manolio 2008), fish conservation genetics (Cauwelier et al. 2018; Waters et
al. 2018) and plant breeding (Josephs et al. 2017; Liu & Yan 2019). GWAS
has thus become a staple method across the many fields of genetics.
Following the previously established association between high effective
population size and low levels of linkage disequilibrium, the resolution and
robustness of a GWAS depends on the structure and size of the population it
is applied to as well as on the genetic architecture of the trait under study. In
terms of genetic architecture, large effect loci with high enough allele
frequency are the easiest to detect, while small effect loci with low allele
frequencies are likely to be missed in a GWAS. This difficulty of detecting
small effect alleles arises from low statistical power due to the weak effect
such an allele has on the phenotype. Furthermore, multiple combinations of
alleles, i.e. genetic heterogeneity, can lead to a similar phenotype making it
hard to identify a given causal allele for a given phenotype. Also, alleles with
small effects are more difficult to separate from random effects caused by
the environment and other variables (Josephs et al. 2017). Traits affected by
limited number of loci with large effects are therefore easiest to study with
GWAS (Josephs et al. 2017; Visscher et al. 2017). As for populations, a
general rule of thumb is that the larger and the more diverse the population
is, the more powerful and high resolution the GWAS is. Conversely,
structure within the study population, also known as population stratification,
such as relatedness between individuals, increases LD and thus lowers the
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potential resolution of the study. Furthermore, population structure can lead
to false positives, where a polymorphism’s association with trait is caused
by the genetic and phenotypic similarity between related individuals rather
than due to a true association with the trait (Pearson & Manolio 2008;
Josephs et al. 2017; Visscher et al. 2017; Liu & Yan 2019) (Paper III).
As GWAS is based heavily on linkage disequilibrium between loci in a
population of phenotyped individuals, the optimal number of markers that
are linked to the causal locus is one. Thus, the number of markers included
in the GWAS is often trimmed based on the levels of LD to achieve a
situation where the whole genome is covered with the lowest possible
number of unlinked loci (Ye et al. 2019). This trimming of loci, however,
removes information as loci are usually not in complete LD and attempts
have been made to find methods that can utilize the whole extent of loci in
the population (Bonhomme et al. 2019). Another problem arising from the
expansion of association studies from candidate gene -based approaches to
whole-genome GWAS is the number of markers that are needed to cover the
genome at an acceptable resolution. Methods for adjusting the resulting pvalues for multiple testing, such as Bonferroni correction and false discovery
rate correction have often been deemed too strict for high numbers of loci as
well as for identifying low-frequency loci (Fadista et al. 2016; Bonhomme
et al. 2019) (Paper III). To resolve these issues, methods such as Lindley
score (LS) have been applied in an attempt to limit the number of
independent tests without the need for marker trimming in GWAS studies
(Bonhomme et al. 2019).

1.2 Breeding in forestry
Farming began some 11,500 years ago in the Fertile Crescent, which covers
modern day Iraq, Syria, Lebanon, Palestine, Israel, Jordan and Egypt, as well
as parts of Turkey and Iran. Along with farming began plant domestication
and, as its consequence, more goal-oriented plant breeding. Some
rudimentary forms of selective breeding may have been utilized, or been the
side product of intentional planting of seasonally growing plants, by nomadic
tribes in the area few centuries earlier (Zeder 2011; Larson et al. 2014). Many
of the earliest plant species to be domesticated were food crops, such as
wheat (Triticum aestivum) and legumes (Fabaceae) like lentils (Lens
culinaris), and in other parts of the world rice (Oryza sativa) (Asia) and
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squashes (Cucurbita) (South America). However, since then plants such as
flax (Linum usitatissimum) and cotton species (Gossypium) have also been
domesticated and bred for the production of non-dietary fibers (Larson et al.
2014), while flowers like roses (Rosa) have been heavily bred for ornamental
purposes (Raymond et al. 2018). Interestingly enough, one of the earliest
companions of mankind since the dawn of tool use in the early hominins,
woody plants, have never been domesticated and bred solely for the purpose
of wood production despite their importance as fuel and construction
material.
Modern forestry has up until very recently relied either on the
regenerative capabilities of the forest or on replanting with seeds from the
immediate area or from areas slightly south of the planting area to replenish
our wood supply (Hosius et al. 2006). In recent years there has been growing
interest in forest tree breeding to utilize novel breeding methods, such as
genomic prediction, made possible by the increasing access to genome
sequencing. This transition to novel methods has been especially notable in
the fast-growing tropical and sub-tropical tree species from the genus of
Eucalyptus, where many promising results have been observed (Grattapaglia
2004; Tan et al. 2017; Suontama et al. 2019). Forestry industries in northern
areas of the globe have been slower to adopt these novel breeding methods,
but similar explorations into breeding have been conducted in species native
to colder climates, such as conifers (Li et al. 1999; Bouffier et al. 2009;
Beaulieu et al. 2014) and willows (Rönnberg-Wästljung & Gullberg 1999;
Bonosi et al. 2013; Bubner et al. 2018). Though conifers hold a dominant
place in forestry in the north, species in the willow family (Salicaceae) hold
great potential for short rotation forestry and biofuel production due to their
fast growth, high adaptability and clonal reproduction (Weih 2004;
Sannigrahi et al. 2010) (Paper II, Paper III, Paper IV).
1.2.1

Genomic prediction is a useful tool for tree breeding

Genomic prediction, or genomic selection as it is often called due to the most
common use of genomic prediction being as a tool for selection, is a
relatively new breeding tool first proposed by Meuwissen et al. (2001).
Simply put, genomic prediction utilizes all available SNP markers
simultaneously, though large marker sets are often pruned by LD, to produce
a model for prediction of the phenotype of an individual based on genotype
information alone. Unlike GWAS, genomic prediction does not directly
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provide information on the location of causal polymorphisms (Meuwissen et
al. 2001). Instead, data on genome-wide genotypes are combined with
phenotype information to construct a statistical model that relates genotypic
and phenotypic variation. This statistical model can then be utilized to
predict the phenotype of individuals where only the genotype information is
available. Genomic breeding values (GEBV) are estimated for each
genotyped and phenotyped individual and can be used to estimate the
deviation of the progenies from the average of the reference population
(Falconer 1981), which is usually the population of potential parents. Aside
from the genotype and phenotype of individuals, many of the genomic
selection tools also allow inclusion of information on various covariates (Yin
et al. 2020). Covariates can be included to further control for the effects of
variables with known effect on the phenotype, such as treatments or varying
environments. Genomic prediction is particularly suitable for use in forest
trees with long generation times, for productivity traits determined by many
loci with small effects and for late-manifesting traits (Tan et al. 2017), as
genotyping can be done in young individuals without the need for extensive
field testing to identify the desirable individuals. Furthermore, it also allows
smaller populations of individuals to be kept as genetically undesirable
individuals can be pruned out during the early stages of development,
partially solving few of the long-standing challenges that have thus far faced
tree breeding.
1.2.2

Late manifesting traits, large sizes and local adaptation cause
issues in tree breeding

Compared to many other plants, trees pose certain problems unique to them
when it comes to breeding. These problems have, in part, led to the slow
adoption of modern breeding methods in the forestry industry. Long
generation and breeding cycle time of most trees, as well as the late
development of many desired traits, has long been a problem, especially
under the northern conditions, where growth rates are lower than in
equatorial regions. These problems have, in part, been solved by genomic
prediction (Tan et al. 2017), which allows for a considerable shortening of
the breeding cycle through the ability to screen for desirable genotypes at
young age, as alluded to previously.
Issues most relevant to the work in the papers constituting this thesis arise
from the high space requirements trees have, limited genetic variability in

28

small breeding populations (Moran et al. 1980) and the extensive local
adaptation many species with wide distributions exhibit (Savolainen et al.
2007; Zhang et al. 2019; Ingvarsson & Bernhardsson 2020). Trees grow
considerably larger than the weedy and bushy plants constituting the
majority of species domesticated by humans, but potentially require no fewer
individuals for a feasible breeding population. While genomic prediction has
alleviated the need for space with the ability to select desirable individuals
based on their genome alone as previously indicated (Tan et al. 2017), active
breeding still requires considerable spatial resources, contributing to high
cost of breeding in forest trees (Paper II, Paper III, Paper IV). Furthermore,
genetic issues arise from small population breeding causing concerns over
sufficient genetic variability of improved seeds and individuals (Moran et al.
1980) (Paper II, Paper IV). Inbreeding is a serious issue in most outcrossing
species (Charlesworth & Willis 2009) (Paper IV) and a lack of genetic
diversity and heightened LD may also restrict adaptability (Paper II) through
multiple means such as Hill-Robertson interference. Furthermore,
widespread tree species, such as poplars and aspens (genus Populus) (Zhang
et al. 2019; Ingvarsson & Bernhardsson 2020), exhibit extensive local
adaptation to environmental conditions across their range, and as result, the
choice of individuals to include for adaptive breeding to novel conditions is
a key issue (Paper II).

1.3 Local adaptation to climate and photoperiod
Local adaptation is a phenomenon where populations of the same species
located in different environmental conditions display signatures of
phenotypic and genetic adaptation to these specific conditions. These
adaptations usually lead to increased fitness for individuals native to the
environment compared to individuals that have immigrated into the
environment, thus maintaining local adaptation even in populations with
considerable gene flow (Figure 2) (Howe et al. 2003; Kawecki & Ebert 2004;
Savolainen et al. 2007). Similarly, many key life history traits are often
affected by local adaptation, such as growth, predation success or disease
resistance (Kawecki & Ebert 2004; Savolainen et al. 2007; Leimu & Fischer
2008). Local adaptation is a common feature in wild populations of
widespread species spanning a multitude of different conditions in their
distribution (Leimu & Fischer 2008).
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Climate and photoperiod are some of the most limiting conditions when
it comes to the natural distribution of species along the south-north axis.
Large number of species with wide south-north distribution, including
humans (Hallmark et al. 2019), thale cress (Arabidopsis thaliana) (FournierLevel et al. 2011), Norway spruce (Picea abies) (Beuker 1994) and European
aspen (Populus tremula) (Luquez et al. 2008), have been observed to exhibit
considerable adaptations related to local climate and photoperiod when
populations originating at different latitudes were compared. The genetic
basis of local adaptation can be highly polygenic with majority of loci
conferring small effects to the phenotype (Rockman 2012). However, large
effect loci have also been observed in some species (Wang et al. 2018). The
polygenic nature of climate and photoperiod adaptation can result in a
genetic architecture of local adaptation to climate being very diverse among
related species even if they grow under very similar conditions (McKown et
al. 2014b; Wang et al. 2018).
At northern latitudes, local adaptation to climate and photoperiod is
primarily driven by the need to avoid unfavorable winter conditions with low
temperatures, frosts, and poor light conditions. This avoidance is most often
manifested in the timing of entering and exiting winter dormancy (referred
to as dormancy hereafter) (Doorenbos 1953). Transition from active growth
to dormancy and the resumption of growth following dormancy are in many
species controlled by differing environmental cues. Entry to dormancy is
often induced by changes in photoperiod (Fracheboud et al. 2009) or light
quality (Clapham et al. 1998), while release of dormancy is often induced by
vernalisation, i.e. a prolonged exposure to low temperatures, followed by an
increase in temperature in the spring (Singh et al. 2018). The physical and
chemical changes plants exhibit during these transitions are termed autumn
phenology, for when the plant prepares to enter dormancy in the autumn, and
spring phenology, for when the plant begins active growth following winter
dormancy in the spring. Incorrect reaction to the cues signaling the beginning
and end of the growing season is likely to lead to loss of potential growth
through extension of dormancy into the growing season or loss of realized
growth in form of damage to important vegetative tissues. Dormancy
represents an important life history trade-off between growth and survival
(Loehle 1998). Adequate response to the stimuli marking the beginning and
ending of winter is especially important for forest trees, which live under the
same conditions for decades or even centuries. Maladapted individuals are

30

likely to suffer lowered reproductive success and/or biomass production,
both of which may have large ecological and economic repercussions
(Hurme et al. 1997; Wang et al. 2016) (Paper II, Paper III).

Figure 2. Theoretical examples of local adaptation. A) Both populations have the highest
absolute and relative fitness in their native environments. B) Both populations have the
highest absolute fitness in environment A, but each have the highest relative fitness at
their native environments. This situation is more common in northern climate adaptation,
where northern populations tend to have higher absolute, but not relative, fitness in
southern environments. Figure adapted from Savolainen et al. (2007).

1.4 Effects of deleterious load in populations
As previously established, the majority of functional mutations, i.e.
mutations that affect the amino acid sequence of a protein or affect regulatory
elements, are harmful to the function of an organism. In 1935 J.B.S. Haldane
posited that harmful or deleterious mutations have negative effects on
organism fitness, i.e. the ability of an individual to produce viable offspring
throughout its lifetime (Haldane 1935, 2004). With this position, the concept
of the phenomenon of deleterious or genetic load was born and has since
been extensively studied in a wide range of organisms (Schubert et al. 2014;
Henn et al. 2015; Marsden et al. 2016; Zhang et al. 2016; Ramu et al. 2017;
Willi et al. 2018). A simple way to define the deleterious load is as all
segregating and fixed alleles that negatively affect the fitness of an individual
or population at a specific point in time. Deleterious load is thus time and
environment dependent phenomenon as alleles that lower fitness in one
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environment or point in time may not do the same in another. This is
especially true for species with broad distribution ranges, such as forest trees
like poplar and aspen species, in which local adaptation is prevalent (Wang
et al. 2018; Zhang et al. 2019; Ingvarsson & Bernhardsson 2020). Local
adaptation to climate and light conditions clearly exemplify the time
dependent aspect of deleterious alleles in the current changing climate
conditions, as many populations are at risk of rapidly becoming maladapted
to the conditions they historically thrived in (Gougherty et al. 2021), i.e. the
once beneficial variants are now becoming deleterious.
Natural selection, and more specifically negative selection, is the main
force purging deleterious load. As such, high rates of effective
recombination, and as consequence low LD, across the genome is a
prerequisite for efficient purging of deleterious alleles from populations (Hill
& Robertson 1966; Castellano et al. 2016). Deleterious alleles therefore tend
to accumulate in small and structured populations, where the background
negative selection is hampered by increased LD (Agrawal & Whitlock 2012;
Castellano et al. 2016), though the effects of low effective population size
have not been detected in some species (Do et al. 2015). Increases in
deleterious load can even lead into mutational meltdown, where the affected
population becomes increasingly hampered by its increasing deleterious
load, ultimately resulting in population extinction (Lynch et al. 1993; Ramu
et al. 2017). This has large implications for breeding populations and small
populations of endangered animals, as increasing deleterious load can lead
to unexpected results in both breeding and conservation genetics. These
unexpected results can potentially be avoided with a careful consideration of
the deleterious load. However, our understanding of the behavior of
deleterious load during the early stages of active breeding is lacking (Paper
IV).
Deleterious load has been suggested as the potential cause behind missing
heritability (Hemani et al. 2013), hybrid vigor (Crow 1948; Chen 2010) and
inbreeding depression (Charlesworth & Willis 2009), the last of which is a
direct contributor to the mutational meltdown discussed earlier. Both missing
heritability and inbreeding depression have been suggested to arise from
accumulation and fixation of deleterious alleles leading to higher levels of
deleterious homozygosity. This happens most often in populations with
insufficient genetic variation or which consist of highly related individuals
(Charlesworth & Willis 2009; Hemani et al. 2013). Hybrid vigor has been
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suggested to, in part, arise from masking of recessive deleterious
heterozygote loci in offspring of sufficiently genetically differentiated
individuals (Crow 1948; Chen 2010). Inbreeding depression has been posited
to be especially dangerous for highly outcrossing species such as maize (Zea
mays) (Shull 1908; Chen 2010) and is therefore likely dangerous for forest
tree species, such as poplars and aspens (Bradshaw & Stettler 1994, 1995).
Hybrid vigor has been thoroughly explored both in maize, with the top
performing cultivars often being inbred line hybrids (Duvick 2001; Chen
2010) and in hybrid aspen, the interspecies cross between European aspen
and American aspen (Populus tremuloides), which is one of the most wellestablished cases of hybrid vigor (Einspahr 1984). It is very important to
explore the effects of deleterious load on the viability in these highly
outcrossing species, as avoidance of fixation of deleterious alleles might
allow for similar results without the need for hybridization (Paper IV).
As implied by the role deleterious load plays in phenomena such as
inbreeding depression and hybrid vigor, and the previously established
sensitivity to time and population, deleterious load is heavily affected by
demographic history and selection through linkage to selected sites. These
effects are especially evident in domesticated species, which have gone
through strong selection and repeated bottlenecks during their domestication.
Studies in species such as dogs (Canis familiaris) (Marsden et al. 2016),
horses (Equus ferus) (Schubert et al. 2014) and cassava (Manihot esculenta)
(Ramu et al. 2017) all show clear increases in deleterious load compared to
their wild relatives. Furthermore, these species, like many others, have
specific domestication genes, where the deleterious load is further increased
due to the linkage of deleterious alleles to the alleles controlling the desirable
domestication trait that has been under intensive selection. Finally, in wild
populations, the deleterious load generally increases with distance to the
species or population origin as consequence of serial bottlenecks and founder
effect, as has been shown in species like humans (Henn et al. 2016) and thale
cress (Willi et al. 2018).
Owing to the difficulty in measuring the fitness of an individual, let alone
the effect of a variant on it, most methods for defining deleterious loci and
alleles rely on more practical forms of defining putative deleterious variants
(Kumar et al. 2009; Choi et al. 2015). Methods such as multiple species
alignments of exome sequences (genes) (Kono et al. 2018) have been
developed. While they are hardly sensitive to the full intricacies of
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deleterious load, they serve as a valuable starting point for further research
into deleterious load (Paper IV).
1.4.1

Epistatic effects may modulate deleteriousness of damaging
alleles

Genes and their products are organized into interacting, interconnected
networks within even the simplest species with considerable differences in
levels of interconnectivity between different genes (Figure 3) (Brazhnik et
al. 2002). This interconnectivity is also in the base of epistasis, where two or
more physically unlinked alleles have additional composite effect when
present in an individual in certain combinations. The organization of genes
to gene networks, epistasis and differential connectivity of genes in gene
networks would suggest that not all deleterious mutations or combinations
of deleterious alleles have the same impact on a trait or fitness as a whole. It
would be prudent to assume that two deleterious mutations in separate gene
network or epistatic interaction might not be as harmful as two deleterious
mutations in the same gene network (Figure 3). Furthermore, deleterious
mutations in highly interconnected genes within the network would likely be
more damaging than mutations in non-interconnected genes (Figure 3)
(Paper IV). Some of the effects of hybrid vigor (Goodnight 1999; Li et al.
2001), inbreeding depression (Lynch 1991; Li et al. 2001) and missing
heritability (Hemani et al. 2013) have been attributed to the gain and loss of
epistatic interactions. If loss of positive epistatic effects can affect a trait, so
should gaining of negative epistatic effects through deleterious alleles.
Epistasis has been often studied in terms of positive epistasis as seen in
domesticated pigs (Sus scrofa) (Banerjee et al. 2020) and rice (Li et al. 2001),
and while studies into epistatic effects of deleterious alleles have been
performed, they are less common (Corbett-Detig et al. 2013; Chae et al.
2014). Studies into the epistatic effects of deleterious load are likely to shed
light both on the nature of deleterious load as well as on phenomena like
inbreeding depression (Paper IV).
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Figure 3. Theoretical gene network. Harmful mutation in gene B is likely more damaging
than mutation in gene C, as there are more genes downstream of C (following the arrows)
that would be affected. Harmful mutations in genes A and C would likely be more
damaging than mutations in genes A and D due to them being in the same pathway
(following the arrows).

1.5 Poplar and aspen species
Poplar and aspen species are large, deciduous, early succession trees with
wide distributions across the northern hemisphere, spanning from the equator
to the northern limits of tree growth. Due to their fast growth, wide
distribution ranges as well as the manageable genome size of ~480 Mbp
(distributed across a haploid set of 19 (2n=38) chromosomes, poplar and
aspen species have been established as the de facto model system for woody
perennials (Taylor 2002; Lin et al. 2018). Both large and small scale synteny
is highly conserved among the species in the genus, making many genetic
resources easily comparable and transferable between species within the
genus (Jansson & Douglas 2007). This has led to many of the species in the
genus being fully sequenced, including desert poplar (Populus euphratica)
(Ma et al. 2013), European aspen (Lin et al. 2018) and the first ever tree
species to be sequenced, black cottonwood (Tuskan et al. 2006). Other
genomic resources, such as linkage maps, have also been produced for many
of the species in the genus (Paolucci et al. 2010; Tong et al. 2016).
Along with scientific interest, many species in the genus are keystone
species in their natural habitats (Kouki et al. 2004). As the poplar and aspen
species are generally fast-growing, they have great ecological significance
as pioneer species, establishing quickly in clearings (Cronk 2005).
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Furthermore, the extensive root networks of poplar and aspen species are
long lived and extremely resistant to forest fires (Greene & Johnson 1999).
Thus, poplar species are among the first species to emerge after disruptions
in forest canopy coverage (Greene & Johnson 1999; Cronk 2005). The soft
wood of both live and dead trunks and the high amounts of yearly leaf
detritus characteristic of poplar and aspen species provide habitats for
numerous species of invertebrates, fungi, microbes and vertebrates,
including many endangered species of woodpeckers, beetles and fungi. The
bark, wood and young shoots of poplar and aspen species provide
nourishment to many rodents, such as beavers (Castor) and hares (Lepus), as
well as large ruminants such as moose (Alces alces) and white-tailed deer
(Odocoileus virginianus) (Kouki et al. 2004).
The rapid growth rate and ability to produce natural clones seen in poplar
and aspen species has also spurred interest in the forest industry (Taylor
2002; Lin et al. 2018). Species of the genus are frequently utilized in
bioenergy production (Sannigrahi et al. 2010) and short rotation forestry
(Weih 2004), even outside of their natural distribution ranges (Dickmann &
Kuzovkina, 2014). In northern European forestry, poplar and aspen species
are an underutilized option due to the phenological maladaptation of
commercially bred varieties (Karacic et al. 2003). Commercial interest thus
exists for adapting non-native poplar and aspen species to growth under
northern European conditions.
1.5.1

European aspen

European aspen is a species of special interest among poplars and aspens as
it has the largest distribution of any tree species in Eurasia, spanning from
Spain and Scotland in the west to pacific China and Russia in the east,
Iceland and northern Scandinavia in the north to northern Africa and
southern China in the south (Luquez et al. 2008). The species is present in
early succession forests in most forest types present in the boreal and
temperate regions and serves as a keystone species in many of these forest
types. The extensive distribution of European aspen has been facilitated by
strong local adaptation in the populations of the species, despite high rates
of outcrossing and considerable gene flow between populations (Wang et al.
2018). This makes the species very interesting in terms of studying local
adaptation and spatially varying selection (Luquez et al. 2008; Wang et al.
2018). Finally, the highly outcrossing nature of the species has led to
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extensive effective population sizes and consequently high rates of
recombination, making the species interesting to study in terms of
recombination rate variation across the genome (Paper I).
1.5.2

Black cottonwood

One of the economically interesting species in the genus containing poplars
and apsens is black cottonwood, a deciduous tree native to North America
with a natural range spanning from Mexico to Alaska in central and
northwest North America. The species displays clear signatures of local
adaptation to climate and photoperiod in its natural range (Evans et al. 2014;
McKown et al. 2014b), and substantial genetic variation across several key
adaptive traits with considerable heritability in these traits (Bradshaw &
Stettler 1995; Frewen et al. 2000; Yu et al. 2001). Black cottonwood is
underutilized in northern European forestry due to phenological
maladaptation of commercially bred varieties (Karacic et al. 2003). This has
led to breeding programs aiming for climate adapted poplars for northern
European climate and light conditions, but these programs suffer from the
previously established problems in tree breeding such as space constraints,
limited diversity and deleterious load problems (Paper II, Paper III, Paper
IV).

37

38

2. Aims of the study
I

Explore the relationship between LD-based estimates of
recombination and genetic linkage map-based estimates of
recombination to conclude whether LD-based estimates are
sufficient for estimation of recombination rates. Also to
assess the effect of different genomic features on
recombination rate variation.

II

Quantify the genetic diversity in key traits for climatic and
photoperiodic adaptation in a small and structured
population of black cottonwood, and determine whether the
population contains enough genetic variability for adaptation
to novel Swedish climate and light conditions.

III

Identify candidate genes for an extended set of key traits for
climatic and photoperiodic adaptation selection in the small
and structured population of black cottonwood.

IV

Quantify the deleterious load contained in the small and
structured population of black cottonwood and quantify the
effects of deleterious load on growth in the population.
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3. Results and Discussion
3.1 Linkage
disequilibrium-based
estimates
for
recombination rates align accurately with genetic
linkage map-based estimates
As established in the introduction of this thesis, meiotic recombination has a
considerable role in determining LD, which in turn determines the
applicability of tools like GWAS and the effects of selection making it
important to understand the recombination landscape of a species. Genetic
linkage map based (LMB) estimates of recombination were not available for
our black cottonwood study population, forcing us to utilize the LD-based
(LDB) estimation of recombination rates to assess recombination rate
variation across the genome. However, no information on how LDB and
LMB estimates are associated within poplar and aspen species was available.
At the same time, LDB estimates had already been used in previous work in
the genus within our research group, and as such, the work would also serve
to confirm or dispute the validity of these estimates. Consequently, it was
important for us to study the association between LDB and LMB estimates
among the poplar and aspen species and determine whether LDB methods
are feasible to use in the genus. For this, we utilized European aspen, where
we had recently produced a high-resolution genetic linkage map, thereby
allowing us to make comparisons between different recombination rate
estimation methods.
LDB estimates were acquired using LDhelmet (Chan et al. 2012), which
is an update of LDhat (Auton & McVean 2007), which had previously been
utilized for estimating recombination rates in previous work in the group
(Wang et al. 2016). Both LMB and the LDhelmet LDB recombination
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estimates showed substantial variation across the genome on a 1 Mbp scale
within European aspen at a similar scale with previously observed rates in
species such as thale cress (Giraut et al. 2011), black cottonwood (Slavov et
al. 2012) and the eucalyptus species rose gum (Eucalyptus grandis) (SilvaJunior & Grattapaglia 2015). We also observed a small number of windows
where the LDB recombination rates were between 1.5 and 15 times higher
or lower than the corresponding LMB rates, which could indicate the
presence of recombination hot and coldspots in these windows.
Recombination hot and coldspots have been observed in a wide variety of
species including thale cress (Kim et al. 2007), maize (He & Dooner 2009)
and rice (Si et al. 2015). As recombination hot and coldspots usually span
only few kbp (Choi & Henderson 2015), it could be the reason why the
relatively coarse LMB estimates fail to detect them whereas they are
detectable using the high resolution LDB estimates.
Overall, recombination rate estimates from the consensus linkage map
and from polymorphism data show a moderately strong positive correlation
of 0.48, which is in a similar scale to correlations between LMB and LDB
recombination estimates observed in house mouse (Booker et al. 2017). This
suggests that LDB recombination estimates are reliable substitutes for LMB
estimates among poplar and aspen species, thus validating the previous work.
However, the considerably higher correlations of ~0.8 estimated in
threespine stickleback fish (Gasterosteus aculeatus) (Shanfelter et al. 2019)
indicate that species are highly variable in these correlations, highlighting
the importance of species or genus level estimates. Further support for our
conclusion that LDB estimates are sufficient proxies for LMB estimates arise
from the very similar correlations we observe for these two different
estimates with multiple genomic features (Table 1). We observed strong
positive correlations between the two recombination rate estimates and gene
density (Table 1), which is in line with earlier observations in plants (Tiley
& Burleigh 2015; Stapley et al. 2017). This implies that recombination is
linked to gene-dense regions, which is likely due to more efficient
recruitment of the recombination machinery to euchromatic genome regions,
which has also been put forward as an explanation for why recombination
rates across plants generally correlate more closely with gene density than
physical genome size (Henderson 2012; Tiley & Burleigh 2015). GC-content
was also positively correlated with both recombination rate estimates, similar
to what has been observed in humans (Fullerton et al. 2001) and thale cress
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(Kim et al. 2007) among others. However, this positive correlation is likely
indirectly caused by gene density rather than GC-content itself as gene
density and GC-content are also highly correlated. Indeed, when GC-content
was included in a multiple regression model with gene density, the effect of
GC-content was negative for the LMB recombination rate. This is likely due
to the higher energy required for strand separation during the strand invasion
stage of meiotic recombination in areas with high GC-content due to the
higher annealing energy for G-C-nucleotide pairing (Mandel & Marmur
1968). This would explain why GC-content has a direct negative effect on
recombination rates when effects of gene density are accounted for. Finally,
there were negative correlations between local recombination rates and both
repeat density and methylation (Table 1), which are also highly correlated
with one another as methylation is more common in regions with repeats.
These results are in line with earlier findings of chromatin features’ role in
establishing crossover locations in plants (Choi et al. 2013; Marand et al.
2019). It has been shown that methylation is lower at observed sites of
crossovers (Choi et al. 2013) and cross-over density in maize is negatively
correlated with repeats and methylation (Rodgers-Melnick et al. 2015).
Table 1. Summary of LMB and LDB correlations with key genomic features. Highly
correlated (>0.80) features not included.

LMB
LDB

Gene
density

GCcontent

Neutral
diversity

New
substitution
density

Methylation
level

0.41
0.35

0.39
0.33

0.45
0.44

-0.06
-0.07

-0.51
-0.35

Both of our recombination rate estimates were strongly correlated with
neutral nucleotide diversity (Table 1). It is likely that there exists an
interaction between recombination and natural selection, where more neutral
diversity is retained in regions with high recombination rates since the effects
of linked selection will be reduced in such regions (Begun & Aquadro 1992).
A positive correlation between recombination rate and genetic diversity
could alternately arise from recombination itself if it was mutagenic (Begun
& Aquadro 1992) but in that case we would also expect a positive correlation
between recombination rate and sequence divergence at neutral sites (Begun
& Aquadro 1992). We did not observe such a correlation in our data as the
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correlation observed was weak and negative (Table 1). Linked selection thus
has pervasive effects on neutral diversity across the European aspen genome
(Ingvarsson 2010; Wang et al. 2016), and this is likely true for the majority
of species in the poplar and aspen genus.
3.1.1

The genetic linkage map -based estimates of recombination

To be able to compare the LDB estimates and LMB estimates, we produced
marker-dense genetic maps for European aspen utilizing a cross between two
northern Swedish individuals. Both the male and female maps were similar
in size, 4,054 cM and 4,073 cM respectively. The genetic maps in other
poplar and aspen species in the genus have been estimated to be 1,600-3,500
cM long in previous studies (Zhang & Li 2004; Paolucci et al. 2010;
Zhigunov et al. 2017), with the true genetic map length estimated to be
around 1,800-2,000 cM in the genus. Most studies, including ours, are
overestimating the genetic map sizes of poplar and aspen species quite
considerably. This is likely caused by the high numbers of markers, which
increase the risk of genotyping errors that results in inflation of map sizes as
errors are interpreted as recombination events. For comparison, the most
recent and high-density genetic map for European aspen with total map
length of 3,000-3,100 cM was produced from only 2,000 markers observed
in 122 progenies. Our maps were much denser with 12,000-13,000
informative markers observed in 764 offspring, making our framework maps
the densest and highest resolution genetic maps available for European aspen
at the time, despite the obvious size overestimation. Our framework genetic
maps are similar in size to the ~4,200 cM and ~3,800 cM maps for more
distantly related species of Eastern cottonwood (Populus deltoides) and
Chinese cottonwood (Populus simonii) respectively (Tong et al. 2016). For
these species, it was suggested that the large size was a consequence of
inflation resulting from the difficulty of ordering a large number of markers
within a linkage group (Tong et al. 2016). Interestingly, while our maps were
likely inflated, this had not happened to the same extent as the Eastern
cottonwood and Chinese cottonwood genetic maps (Tong et al. 2016) despite
considerably larger number of markers used to build them. One explanation
for this could be the greater number of segregating progenies utilized for
creation of our maps, which likely lowered the impact of random genotyping
errors on the map length. Despite the obvious issues of the map sizes, our
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maps were robust and worked perfectly for the comparison between LDB
and LMB estimates.

3.2 Enough genetic diversity exists in key adaptive traits
to accommodate adaptation to novel conditions in
small and structured population of black cottonwood
When formulating a breeding plan, some of the first questions potential
breeders should ask themselves is whether the traits they are selecting for are
sufficiently genetically determined, or heritable, and independent from one
another genetically. Furthermore, a breeder needs to confirm their breeding
population has enough genetic diversity for these selected traits to enable
reaching of the goal of the breeding program. Since we are working with a
small and structured population of forest trees, where both the size and the
structure pose issues for upkeeping sufficiently sized and sufficiently
genetically robust breeding population, the latter question is of special
importance for us. Furthermore, understanding the genetic component of the
phenotype in each of the selected traits and exploring any potential genetic
correlations existing between traits in a multi-trait breeding program is
important to avoid issues caused by lack of heritability in the traits or by
undetected genetic correlations. The main aim for this breeding program is
to establish a climate adapted population of black cottonwood under the
novel Swedish conditions. While many of the traits presented here have been
explored in the native range of the species, the size of genetic component,
genetic variability and the extent of genetic correlations are all dependent on
both the population and environment in which they are measured. The traits
explored in this part of the study were autumn and spring phenology, i.e. the
transition trees make from growth to dormancy in the autumn and vice versa
in the spring and the physical changes that occur with these transitions. More
specifically leaf color change (yellowing) and leaf drop, or leaf senescence
as they are often called constituted proxy traits for autumn phenology
transition and bud burst constituted proxy for spring phenology transition.
Aside from phenology, we observed lifetime growth and length of growing
season, which was defined as canopy duration. The phenology traits were
measured in two years (2017-2018), while growth was measured only once
(2017)
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Between 50-80% of the observed variability in these phenology and
growth traits were putatively under additive genetic control as inferred from
the narrow sense heritabilities of these traits. This means that the differences
observed between individuals are in large part genetic in nature and not
caused by random effects such as variations in the microenvironment of each
individual in the field. Artificial selection is therefore likely to yield results.
Furthermore, considerable genetic variation exists for the phenology traits.
These findings are in line with previous studies, where moderate
heritabilities have been observed for spring and autumn phenology traits in
black cottonwood and other poplar and aspen species. It is worth noting,
however, that most of these studies have been conducted in juvenile trees
(McKown et al. 2014a; Pliura et al. 2014). This is especially relevant for
growth traits, as heritability for growth presented in this study was higher
than previously reported for the species (Marron et al. 2010; McKown et al.
2014a), which likely results from the estimation being performed in
established adult trees in our study opposed to juveniles as in many other
studies. Performing estimation of lifetime growth in adults likely reduces the
impact of random events on the heritability leading to higher heritabilites
commonly to be found in older individuals (Christensen et al. 2003; Wilson
et al. 2005). Other effects, such as the genetic structure in this population
may also affect the heritability values. As a result, these findings should be
interpreted in the context of the study population.
There were strong genetic correlations of 0.77-0.87 among different
spring and autumn phenology traits, which would suggest a shared genetic
control underlying both leaf development in the spring and leaf senescence
in the autumn and should be taken into consideration when applying selective
pressures to these traits. No correlations were found between autumn and
spring phenology traits, providing further evidence that the genes and
environmental cues underlying spring and autumn phenology are different
(McKown et al. 2014b; Singh et al. 2018). This indicates that both spring and
autumn phenology can be adjusted independently of one another when
utilizing selection. Both initiation and completion of bud burst had negative
correlations of -0.32 and -0.42 respectively with lifetime growth suggesting
that earlier budburst is beneficial for lifetime growth. As there was a stronger
correlation between completion of bud burst and growth, it would suggest
that late leaf unfurling, which happens at late stages of bud burst, was
especially damaging to lifetime growth. These findings would suggest that
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there exists a considerable maladaptation to the novel Swedish conditions
present in the population and that earlier bud burst is possible to reach
through breeding to maximize growth in Sweden.
3.2.1

Phenology affects length of growing season

As established in the introduction of this thesis, well timed entry to and exit
from dormancy is important for optimal growth. This is especially true for
trees as any advantages or disadvantages conferred by these timings are
likely to accumulate across the years. Length of the growing season in
deciduous trees, including black cottonwood, is defined by yearly leaf
phenology. Active growth can only begin with actively photosynthesizing
fully unfurled leaves and ends with leaf senescence, shortly after which
active growth ceases. We found that canopy duration, i.e. the time leaves are
actively photosynthesising, was negatively correlated with the two spring
phenology (-0.67, -0.43) while positively correlated with the three autumn
phenology traits (0.64, 0.60, 0.44). This means early bud burst and late leaf
drop lead to longer growing season and greater lifetime growth. Similar
patterns have been found in previous studies in the species (McKown et al.
2014a). These findings agree with the trade-off between growth and damage
avoidance in climate adaptation in deciduous plants. Early bud burst
increases risk of exposure to harmful conditions, but may also confer a
competitive advantage through extended early season growth and overall
longer growing seasons, while late bud burst ensures the survival of
important vegetative tissues from spring frosts but risks the individual falling
behind in terms of early season growth and overall growth across the growing
season. The late bud bursting individuals may also be affected by spring
shading, as the individuals bursting earlier can reduce their growth through
shading them with their leaf coverage (Yu et al. 2001).
For autumn phenology, there is an increasing risk of cold damage the later
bud set is which can have devastating effects for growth and survival,
especially in juvenile trees (Howe et al. 2003). A considerable portion of
temperate perennial plants utilize photoperiod rather than temperature to
predict the coming of unfavourable conditions and this is true for black
cottonwood as well. As such, it is likely that trees are preparing for winter
long before changes in leaf colour occur (Basler & Körner 2012). Plenty of
evidence exists suggesting that temperature is not a trigger for senescence
(Keskitalo et al. 2005; Luquez et al. 2008; Fracheboud et al. 2009), but
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evidence from hybrid poplars suggests that temperature may contribute to
the timing of growth cessation and bud set (Rohde et al. 2011). It is clear,
however, that the rate at which senescence progresses is temperature
dependent (Fracheboud et al. 2009). Yearly variation in autumn phenology
observed between years 2017 and 2018 is therefore likely a response to
different temperatures and other conditions, like water availability,
suggesting that large between year shifts in autumn phenology timing are
possible despite the photoperiod-linked nature of autumn phenology
initiation. This suggests that leaf colour and senescence traits may also be
responding to multiple environmental cues either during the summer
growing season, or during the onset of autumn. We will discuss the role of
temperature in phenology more thoroughly in the next chapter.

3.3 Genome wide association study reveals potential
selection targets for adaptive breeding in small and
structured population of black cottonwood
While the importance of GWAS as a breeding tool has somewhat diminished
since the conception of genomic prediction, GWAS still offers important
insights into the genetic architecture of traits and indicates where the
selective pressures during active breeding may be the heaviest. The traits
included in this study, phenology and growth, have been often studied in
their native environment and many GWAS have also been performed in the
native range (Evans et al. 2014; McKown et al. 2014b), it is important to
study the genetic architecture of these traits in the novel environment of
Sweden. The change from the native environment of the species to the novel
environment in Sweden may have affected the relative levels of importance
of the genes part of the genetic architecture of the phenology and growth
traits explored in this study as novel stressors may lead into novel alleles
being more important as limiting factors for the traits. As previously
mentioned, GWAS will shed light on what parts of the genome will be
subjected to selective forces, which is important for future planning, for
example, to avoid unnecessary increases in the deleterious load within and
around the selected genomic areas. GWAS allows us to expand our
understanding of the genetic basis of adaptation to the novel conditions of
Sweden and to avoid unexpected problems during the active breeding. We
included all the phenology and growth traits from the previous chapter in this
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study, but also added multiple bud break and bud set traits derived from a
phytotron study which gave us access to trait observations from a controlled
climate chamber in an effort to reduce effects from environmental variation.
Most of the growth and phenology traits used in this study displayed
appreciable levels of heritability, between 19% and 88% for narrow-sense
heritability. Only the initiation stages of both bud burst in the top bud and
initiation of bud set were lacking of both phenotypic variation and narrowsense heritability. Heritability of a trait is known to vary between different
environments and life stages in the same plant genotype (Christensen et al.
2003; Wilson et al. 2005), though measurements taken in controlled
environment tend to be higher (Ali & Johnson 2000), which is opposite to
our findings. As bud burst initiation of the top bud and initiation of bud set
are often the traits that best capture the timing of exiting and entering
dormancy in plants, the lack of phenotypic variation and heritability in these
traits is concerning. However, this lack of variability and heritability in these
traits is, at least partially, explained by the damage to the apical buds
sustained by many individuals during equipment break-down in the
phytotron. However, we cannot rule out that it results from previous
selection, either artificial or imposed by the novel conditions of Sweden, in
the population.
We performed GWAS using over 7 million SNP markers, which is in
drastic violation of the 1 marker for 1 segment of genome rule of thumb for
GWAS presented before. As such, we utilized a Lindley score -based
approach that allowed us to take advantage of the large number of markers
available without biasing the results by lowering the statistical power due to
the large number of non-independent markers. It also allowed us to better
utilize the information contained in the patterns of linkage disequilibrium
among adjacent markers and further mitigate the effects of having a small
and structured study-population (Bonhomme et al. 2019). LD decays on
average over 10 kbp in our study population. As such, we augmented all of
the significant genome segments located from the Lindley scores by 10 kbp
in either direction (these 10 kbp expanded significant LS segments are
referred to as segments henceforth) to identify potential candidate genes.
There were 250 significant segments with 584 genes within 10 kbp of these
segments across all of the study traits that displayed sufficient phenotypic
and genetic variation (Figure 4). Of these 584 candidate genes, 5 were shared
between years in spring phenology traits and 11 in autumn phenology traits

49

(Figure 4). It is these shared genes that provide us the most reliable candidate
genes for selection in autumn and spring phenology.

Figure 4. Summary of gene numbers and overlaps for all of the paper III study traits in
alphabetical order. When only one dot is blackened in the trait matrix, then the
intersection size in the above bar plot equals to the number of genes found in the trait. If
multiple dots are blackened and connected with a line in the trait matrix, then the
intersection size in the above bar plot equals to the number of genes shared between these
traits (Lex et al. 2014).
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3.3.1

The two study years might offer different insights for adaptation
and selection

As briefly touched upon in the previous chapter, years 2017 and 2018 were
considerably different in terms of temperature and precipitation during the
study, with 2018 being both considerably warmer and above the 5oC
considered as growing season temperature longer than year 2017. The
difference in mean temperature between the two study years is mostly caused
by an early and very warm spring and an exceptional heatwave during July
in 2018, with other months being less drastically different. 2018 also had
lower levels of precipitation across the whole year and the earlier autumn
phenology initiation and completion in 2018 may therefore have been
brought upon by the lowered water availability as well as the higher
temperatures, though water availability was not directly measured.
Previous work has shown temperature to be the main driver of the
initiation of spring phenology transitions in many perennial species,
including poplar and aspen species (Singh et al. 2018), and higher
temperatures have also been found to facilitate quicker completion of spring
phenology transitions in other species (Nicotra et al. 2010; Tansey et al.
2017). Furthermore, despite the initiation of autumn phenology being largely
determined day length in poplar and aspen species (Fracheboud et al. 2009),
evidence exists indicating both temperature and water availability affecting
both the timing of initiation and completion of autumn phenology transition,
especially when it comes to leaf phenology (Kalcsits et al. 2009; Ghelardini
et al. 2014; Xie et al. 2018). Some evidence also exists of earlier spring
phenology transition leading to earlier autumn phenology transition (Keenan
& Richardson 2015), while water availability and rain patterns have been
shown to affect the speed and timing of initiation of autumn phenology,
though the direction of these effects seem highly dependent on the species
(Xie et al. 2018). Our findings are well in line with these previously
established relationships between temperature, rainfall, water availability
and phenology timing. Indeed, it is likely that the conditions during year
2018 induced the earlier onset and completion of both spring and autumn
phenology transitions in the year, though it still is unclear to us, which of
these relationships were the truly causal ones. Furthermore, we identified
noticeably fewer significant LS -segments for autumn phenology traits in
2018 than 2017, which could indicate different genetic architecture for
autumn phenology in year 2018, though further work is required to prove or
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disprove such claims. Nonetheless, the common candidate genes identified
for the phenology traits across the two years offer potential targets for
adaptive improvement of black cottonwood to Swedish conditions as they
are stable across the two very different years, though complementary studies
are required to confirm the roles of the specific candidate genes due to the
weaknesses of our population.
3.3.2

Spring phenology displays complex genetic architecture

Previous studies have shown that the apical meristem is unique in terms of
functions compared to axillary meristems in species with apical dominance,
with one of these extra functions being inhibition of axillary buds through
apically produced, basipetally transported auxins (Chatfield et al. 2000;
Ljung et al. 2001; Qiu et al. 2019). In our study, we timed the bud burst of
different buds in our phytotron experiment. The results clearly show the
apical dominance effect, as the apical bud is seen to initiate bud burst earlier
than the other bud types. At the same time, the buds along the stem have
significantly later date of bud burst initiation conditional in presence of
undamaged apical bud. As such, it is clear that an undamaged apical bud
suppresses the initiation and early stages of bud burst in other buds as has
been seen also in other species (Chatfield et al. 2000; Qiu et al. 2019). These
findings underline the importance of the apical bud for repressing bud burst
of stem buds during spring phenology transitions, while branch buds seem
function independently of the apical bud, with no significant difference in
timing of bud burst initiation between individuals with undamaged and
damaged apical buds.
The higher numbers of significant genes observed in the phytotron
combined with the lack of large-scale overlap in candidate genes between
the bud burst traits phenotyped in our study (Figure 4), especially within the
controlled conditions of the phytotron, seems to not only support the wellestablished view that bud burst is a highly plastic trait but also that is has a
complex genetic basis (Evans et al. 2014; McKown et al. 2014b). The lack
of overlap in candidate genes identified between the bud burst traits scored
in the different buds in the phytotron experiment further suggests that the
genes controlling bud burst in different parts of the plant are considerably
different with no large effect genes affecting multiple bud types. This is
likely to have an effect on how results both within and between studies
should be compared as the buds compared need to be sufficiently similar.
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Further work is required to fully understand the extent of differences in
genetic control of different bud types. It is also worth keeping in mind that
the study population used was small and structured, which required the use
of stringent thresholds for Lindley score and as result many weaker
associations for bud burst traits could have been filtered out.
Five candidate genes were identified for bud burst in the field, of which
2 and 3 shared between the initiation and completion stages of bud burst
respectively (Figure 4). This aligns with the genetic correlations found for
these traits previously (Paper II), but would surprisingly suggest a more
consistent genetic control in spring phenology between the years in the field
than genetic control found in autumn phenology. Comparing with the
previously mentioned studies in the native range, we found no overlap
between all three studies, but found overlap of 20 genes candidate genes with
the less stringent study. This suggests at least a small degree of similarity in
the genetic control of bud burst between the native and the Swedish
environments, but the overlap is substantially lower than that observed in
autumn phenology traits, once again indicating the need for novel allele
combinations for adaptation.
3.3.3

Initiation of autumn phenology transitions are more genetically
controlled than completion

Initiation of autumn phenology transition has been previously observed to
remain largely consistent between conditions and years in the same trees,
suggesting stringent genetic control of the initiation of autumn phenology
traits (Fracheboud et al. 2009; Rohde et al. 2011) (Paper II). Our findings are
in line with this as the 11 candidate genes found shared between the two
years in the field for autumn phenology traits were found in the initiation
stages of leaf autumn phenology (Figure 4). Autumn phenology traits have
also been shown to have a degree of shared genetic control (McKown et al.
2014b) and to be genetically correlated in this population (Paper II). Our
results support this as notable overlap in candidate genes between different
autumn phenology traits in the field were observed with the largest being 15
candidate gene overlap between initiation of leaf color change and
completion of leaf shed (Figure 4). This overlap could be further evidence
for a systematic stress response to heat and/or drought experienced in year
2018. Both high temperatures and low water availability have been
previously found to speed up autumn phenology in model species (Munné-
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Bosch & Alegre 2004; McKown et al. 2014b), which fits well with our
observations of the weather conditions in year 2018.
We also identified two candidate genes for autumn phenology that were
identified in two earlier studies performed in the native range of the species
(Evans et al. 2014; McKown et al. 2014b), both of which have functions in
metabolism of complex carbohydrates. They may have roles in many
processes important to autumn phenology transitions such as cell wall
degradation or production of storage carbohydrates. The existence of these
shared genes suggests there to be a number of the larger effect loci for the
genetic architecture of autumn phenology traits that are shared across both
native and novel environments. However, the relatively large numbers of
study specific candidate genes observed in all these studies also hint towards
the complexity of these traits under variable natural conditions. There was
very little overlap between the two years in our results under the Swedish
conditions and the results from the two other studies (Evans et al. 2014;
McKown et al. 2014b), clearly displaying the need for unique allele
combinations when dealing with novel environmental stresses in order to
reach optimal adaptation.

3.4 Deleterious load affects growth and phenotypic gain
in a small population of black cottonwood
The potentially catastrophic effects deleterious load can have on a small
population were well established in the introduction of this thesis. As our
potential breeding population is characterised by LD and contains limited
amount of genetic diversity, ignoring deleterious load could risk reduced
fitness and ultimately mutational meltdown of the population in the future
generations. To avoid this, we decided to explore the possibilities that taking
deleterious load into account could offer by exploring the effects of
deleterious load on lifetime growth in the population. As previously
indicated, lifetime growth is a good proxy for fitness and fitness is far more
difficult to measure in black cottonwood than diameter at breast height. We
utilized the DBH results also used in papers II and III and shall refer to DBH
as growth in this chapter of the thesis.
We utilized multiple methods to uncover the effects that deleterious load
has on growth in our population. Among these methods was using the the
beta-values for DBH produced in the GWAS performed for paper III. These
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values clearly indicated that our putatively deleterious alleles had
significantly more negative effects on growth than expected from a random
sample of similar size. There was a significant negative correlation between
deleterious load and growth in our population, though we observed a stronger
correlation between randomly sampled derived homozygotes and lifetime
growth. The correlation between random homozygotes and growth was
likely caused by the geographic distance from Nisqually-1, the black
cottonwood reference individual, which originates from Washington, USA.
The southernmost parental individuals in our study population also
originated from Washington or neighboring states. As such, the very similar
strong correlations between both random (-0.61) and tolerated (-0.65)
homozygotes and lifetime growth likely stem from demographic effects. The
correlation between lifetime growth and deleterious homozygotes (-0.28) is
lower, which could indicate our putative deleterious homozygotes have been
selected against across generations. If this is the case, it must be because the
deleterious homozygotes damage fitness and are thus selected against.
Similar, though less drastic, differences were found for allele counts.
We also observed considerable differences in the amount of deleterious
load between individuals, suggesting that controlling the segregating load is
possible in the population across the future generations. Following this,
genomic prediction utilizing deleterious load information as covariate far
outperformed predictions without covariates in both prediction accuracy and
variance, implying that important information is contained in the deleterious
load of an individual. These improvements could also be due to the extra
sequence information contained in the counts, but this seems unlikely given
the simulation results discussed next. Inclusion of deleterious allele counts
in some form could offer benefits in breeding, especially as defining
deleterious alleles becomes more accurate. To further test this, we simulated
20 generations of GEBV-based breeding and observed notable differences in
long-term breeding success, or breeding cycle phenotypic gain, depending
on whether deleterious load was utilized as covariate in the simulations or
not. While both simulations showed a rapid increase in average growth
between the parental population and the first offspring population (F1), in
generations F2-F20 simulations with deleterious load covariate showed
greater gains in growth than simulations with no covariate, where the
population mean growth declined to parental levels by F20. These findings
are indicative of potential long-term benefits of controlling for the
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deleterious load during breeding. While our small population does not allow
for comparison with higher number of selected individuals, it seems likely
that controlling for deleterious load is especially important in small-scale
breeding where deleterious load poses a greater threat (Lynch et al. 1993).
Deleterious load itself was very similar at generation F20 in both
simulations, which would suggest more complexity within the deleterious
load and accounting for this complexity could potentially even further
improve both genomic prediction and breeding cycle gain in growth.
3.4.1

Deleterious load associates with multiple genomic features along
the genome

We observed considerable variability in deleterious load, i.e. the number of
deleterious loci and alleles, in a window-based approach along the genome
and this variation largely seems be controlled by the amount of coding
sequence in different windows. We saw considerably fewer deleterious loci
in the study genes compared to tolerated and amino acid changing loci and
the frequency distribution of deleterious alleles was also significantly
skewed towards low frequencies compared to both random and tolerated
derived alleles, indicating that fewer deleterious alleles reach high
frequencies. This is further evidence that negative selection (Hill &
Robertson 1966; Castellano et al. 2016) is likely reducing the number and
frequencies of the putative deleterious loci compared to their alleles across
the genome.
There was a moderate positive correlation (0.32) between deleterious
locus number and amount of coding sequence in the window, while a weak
but significant (-0.04) negative correlation was observed between deleterious
allele frequency and amount of coding sequence. The observed correlations
were not especially strong suggesting other features are likely important
determinants of deleterious load. Taken together with our findings in the
putative centromeric regions reported for black cottonwood (Weighill et al.
2019) we are firm that deleterious alleles are more likely to reach higher
frequencies in gene-sparse, centromeric regions as opposed to telomeric
regions with higher gene density, while the opposite is true for the number
of deleterious loci. It is well known that centromeric regions have lower
levels of recombination than telomeric regions (Houben & Schubert 2003;
Mancera et al. 2008; Lynch et al. 2010).
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In paper I, we showed that recombination rates are higher in gene-dense
regions of the genome in the related species European aspen due to more
efficient recruitment of recombination machinery in such regions
(Henderson 2012; Tiley & Burleigh 2015). Recombination rates were
significantly negatively correlated with deleterious locus count (-0.16),
deleterious allele count (-0.14, p<0.01) and deleterious homozygote count
(-0.11), i.e. less deleterious load exists in regions with high recombination,
which is in line with previous results in maize (Rodgers-Melnick et al. 2015)
and cassava (Ramu et al. 2017). The higher recombination rates in genedense areas explain both the higher numbers of deleterious loci retained in
gene-dense areas and the low deleterious allele frequencies in these loci
through the linkage breaking effects of recombination. Overall, our findings
clearly indicate efficient purging of low frequency deleterious variants in
high recombination regions.
3.4.2

Epistasis plays a role in determining damage caused by
deleterious alleles

As presented in the introduction of this thesis, epistatic interactions between
deleterious alleles could explain parts of the phenomena of missing
heritability and also inbreeding depression. This could also explain some of
the discrepancy observed between deleterious allele and random allele
correlations with growth presented earlier. We therefore set out to explore
deleterious epistasis in our population. The results of these analyses clearly
indicate that deleterious alleles have notable non-additive deleterious effects
on growth. The number of significant clusters of epistatically linked
deleterious alleles was not very high and many of the clusters contained high
numbers of deleterious alleles. These findings support the view presented
earlier, that all combinations of deleterious alleles do not have the same
direct effect on growth (Elena & Lenski 1997; Sanjuan & Nebot 2008).
These epistatic modules could be at the root of the complexity our
simulations hinted at.
GO-term analysis of the epistatic clusters showed majority of the clusters
played a role in stress, transport or membranes. A few clusters also had roles
in growth and cellulose synthesis. These findings suggest that damaging
effects of deleterious alleles on growth could often be caused by diminished
ability to react to external stressors, such as those seen in field data from
2018, or from a diminished ability to transport materials and signals
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efficiently within individuals. The presence of the specific term for root
development as well as multiple water availability-based stress gene
pathways in multiple modules might further suggest that the root system is
especially vulnerable for deleterious effects in the Swedish environment.
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4. Conclusions
In the papers constituting this thesis, we have presented genetic linkage map
of unprecedented resolution for European aspen. Using this map and a
number of genomic features, we showed that recombination rates estimated
from LD are feasible alternative for the traditional genetic linkage map based estimates. We also showed that the small and structured population of
black cottonwood used in this study contained sufficient amounts of genetic
variation in key traits for adaptation to novel Swedish conditions and that
spring and autumn phenologies were genetically uncorrelated. We found a
number of candidate genes that could serve as target for selection in these
key traits to facilitate adaptation. We also showed that both spring and
autumn phenology likely require novel allele combinations for adaptation to
Swedish condition. We found distinct, large effect genes controlling bud
burst in buds from different parts of the plant and clear indications of a strong
apical effect in black cottonwood. Finally, we show that the deleterious load
in our population has negative effects on growth. Furthermore, deleterious
load can be partitioned into epistatically connected clusters, suggesting that
deleterious alleles may have different effects depending on the epistatic
environment of the allele. By taking the deleterious load into account during
breeding it may be possible to improve genetic gain in traits such as growth.
Overall, we show that the small and structured population of black
cottonwood described in this thesis could function as the starting point of a
commercially viable breeding programme for black cottonwood in Sweden,
proving it the little population that could.
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5. Future perspectives
Our small black cottonwood population is ready to be used for breeding as
we have demonstrated the utility of the population in breeding black
cottonwood adapted to Swedish climate. However, during breeding, many of
our more theoretical conclusions can be proven or disproven and as such it
would be extremely important to study the upcoming generations of this
population closely. We would be able to discern whether such a small
population truly has the genetic diversity required for adaptation to novel
conditions and which genomic regions are subject to the strongest selective
effects during breeding. This observation would be especially important for
our knowledge of the behavior of the deleterious load. Recording this
behavior in beginning of breeding would be invaluable for breeding in
similarly small and structured populations elsewhere.
Deleterious load and its epistatic effects are also important to study
further. It would be important for application of our findings here to perform
similar simulations of deleterious load behavior in larger populations. This
would allow us to truly confirm whether consideration of deleterious load is
only important to small breeding populations or if the benefits shown in this
thesis extend to large-scale breeding as well. Furthermore, we will explore
whether partitioning deleterious load by the clustering found in the epistatic
network analysis will result in further improvements of predictive ability and
breeding cycle gain in the population.
Further work with deleterious load in an extended dataset of European
aspen has also been planned. These plans would provide a link to our earlier
work in European aspen, where we tested the LDB recombination estimation
methods in, and by offering a local, closely related species to perform
comparisons with. Furthermore, it will offer a species with a unique
colonization history and where we have access to strong, naturally occurring
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selective sweeps to compare the effects of sweeps in artificial and natural
contexts on deleterious load.
Another avenue of future work of interest would be to expand the link
found between deleterious load and positive selection/selective sweeps to
negative selection. While we could quite clearly see that the deleterious load
had been affected by external forces that were clearly different from the
demographic effects seen in sample the random alleles, we could only
speculate that this was negative selection. As such, studying what effects
negative selection has had on the deleterious load in the population would
confirm or disprove our speculations.
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Popular science summary
Interest in poplar and aspen species in the conifer dominated Swedish
forestry sector arose in the beginning of 1990’s, when landowners started
utilizing unused agricultural land for production of bioenergy. Poplars and
aspens are especially suited for production of bioenergy due to the short
generation time of about 20 years and lack of need for replanting as most
poplar and aspen species reproduce clonally through root suckers, making
stands of poplars relatively easy to upkeep. One of the poplar species
garnering interest is black cottonwood, a species native to North America,
but the currently available commercial variants are ill fitting for the Swedish
climate conditions, namely the relatively harsh winter compared to the native
range of the species. Furthermore, the large physical size and consequent
high space requirements of trees such as black cottonwood has limited
attempts of breeding to rectify the poor fit to Swedish conditions, as breeding
often requires between hundreds and thousands of individuals to be effective.
In the work presented in this thesis, we desired to explore the opportunities
of small population breeding in black cottonwood and the possibility of
producing variants of the species suited to Swedish conditions to be used in
bioenergy production using said population.
Our results showed that a breeding population of 121 black cottonwood
individuals, mostly consisting of the offspring of only 19 parent individuals
and as such being genetically somewhat limited, contained the required
genetic resources to facilitate breeding for varieties better fitting to Swedish
conditions. Furthermore, we located a handful of possible genetic variants to
select for during breeding and proved that breeding work is required for
adjusting the climate fit of black cottonwood, as novel combinations of
genetic alleles were found to affect the before and after winter behavior of
the trees in Sweden compared to the native range. Finally, we showed that
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avoidance of careless breeding, leading to fixation of harmful genetic
variants as seen in dog breeding in form of developmental issues and disease
susceptibilities, can increase the breeding gain without need for
hybridization, which is often utilized to produce top varieties in crop
breeding. As such, our work in this thesis has shown that there are
opportunities in small population breeding if the population has been
produced from diverse enough parentage and if harmful genetic variants are
kept an eye on during breeding.
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Populärvetenskaplig sammanfattning
Intresset för poppel- och asparter som alternativ i det barrträdsdominerade
svenska skogsbruket uppstod i början av 1990-talet, då markägare började
använda outnyttjad jordbruksmark för produktion av bioenergi. Popplar och
aspar är särskilt lämpade för produktion av bioenergi på grund av den korta
rotationstiden på cirka 20 år och det faktum att de inte behöver omplanteras
efter skörd då de flesta poppel- och asparter förökar sig genom klontillväxt
vilket gör bestånden lätt att underhålla. En av poppelarterna som väckt störst
intresse är jättepoppel, en art som ursprungligen kommer från Nordamerika.
De kommersiella varianterna som för närvarande finns tillgängliga är dock
inte väl anpassade till svenska klimatförhållandena, framfört allt den relativt
långa och kalla vintern. Vidare leder den stora fysiska storleken och därmed
det höga platsbehov dom träden kräver till att jättepoppel ofta odlas i
begränsade försök. Detta leder i sin tur till att det kan vara svårt att bedriva
förädling för att gynna anpassningen svenska förhållanden, eftersom
förädling traditionellt kräver hundratals eller tusentals individer för att vara
effektiv. I den här avhandlingen har vi varit intresserade av att utforska
möjligheterna för hur man kan bedriva förädling av jättepoppel även med en
begränsad förädlingspopulation och på så sätt producera sorter som passar
svenska förhållanden för att kunna användas för bioenergiproduktion.
Våra resultat visar att en förädlingspopulation på 121
jättepoppelindivider, som mestadels har sitt ursprung från 19
föräldragenotyper, och som därför är att betrakta som genetiskt begränsad,
trots detta innehöll de tillräckligt med genetisk variation för att möjliggöra
en anpassning till svenska klimatförhållanden. Dessutom identifierade vi ett
antal genetiska varianter som kan utnyttjas under förädlingen för att
klimatanpassa jättepoppel till svenska förhållanden. Slutligen visar vi att
man genom att systematiskt undvika fixering av skadliga mutationer så kan
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man kan öka förädlingsvinsten utan att behöva förlita sig på hybridisering,
som annas ofta används för att producera elitsorter hos olika grödor. Som
sådan har arbetet som presenteras i denna avhandling visat att det är möjligt
att arbeta med förädling även i små bestånd om populationen innehåller
tillräckliga mängder genetisk variation och om skadliga genetiska varianter
kan hållas i schack under förädlingsprocessen.
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