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Abstract

The current geographic distribution and genetic structure of plant species have been greatly affected
by the Quaternary climatic oscillations. The alternating glacial and interglacial periods resulted in
cycles of populations expansion and contraction that have provided opportunities for contacts and
hybridization between advancing populations, as well as for differentiation due to long-lasting

geographic isolation and/or adaptation to different environments.

Here, | first focused on the genetic differentiation, structure and the patterns of hybridization
between the native British oak species Q. robur and Q. petraea, using whole genome sequence data
of 386 oak individuals sampled across four managed British parklands environments. Additionally, |
reconstructed these species demographic histories in view of paleoclimatic events and searched the
Q. robur genome for signatures of recent positive selection. | then explored chloroplast DNA
variation and compared it with data from other studies of oaks in ancient woodlands across Europe,

to assess whether the parklands populations sampled derive from native and local seed stock.

Secondly, | explored the genetic structure and diversity of Asian white Birch (B. platyphylla) in China
and its hybridization with the closely related silver birch, B. pendula, across Eurasia, based on whole
genome sequencing data of 83 B. platyphylla individuals sampled across 74 natural Chinese
populations and B. pendula whole sequencing data from a previous Eurasian study. | developed
ecological niche models to define the present habitat and predict the future distribution of this
species in China. Furthermore, | explored the genetic structure and evolution of B. platyphylla
Chinese populations and performed genome-environment association (GEA) analyses to detect
signals of local adaptation in China. | used the identified adaptive genetic loci to assess the degree of
maladaptation of these populations to future climatic conditions and highlight regions of China

where this species may be particularly threatened by climate change.



Contents

Chapter 1: General INtrodUCTION........ciiiiiiiec e s e s e e s snbee e s e nabeeas 8
SUIMIMIAIY e e e e e e e e e e e e e e e e e e e e s e e e s e e e e e s e e e eseasasseesasasasssssssssssesssssssssssssssssseseesssssesseeneeneeeeennns 8
Europe and Asia during the QUAtEINAIY ....cc.uveiiiiiiie e e e s e e s abee e s s areeas 8
The theoretical genetic consequences of the Quaternary climatic oscillation on plant species .....11
Speciation, differentiation and hybridization ..o 12
Climate change and trees adaptation..........oocciiii e e e e e eaaeeeeas 14
OaKS et b e h e bttt et e e bt e bt e s h et e ae e et e et e bt e be e e re e et e e e e enrean 18
Quercus robur and QUEICUS PELIGEA ...........cccuueeeiecieeeeeeieeeeecteeeeeeteeeessteeeesssteeeesssteeesssseeeessssseeessases 19
0ak’s BENOMICS FESEANCH ...iiiiiiiiiiiciiee ettt e e et e e s e e e e s rata e e e e aabaeeeeastaeeesansseeesnnssenenns 20
Q. robur and Q. petraea genomics research in reCENT YEAIS.......ccvvveeeecieeeeecieee e eecree e eree e e 25
Oak threats and diseases in Britain: acute oak decling (AOD).......cccueeeeiciieeeeciiieee e 27
BII TS . ettt ettt e s be e bt e e bt e e sate e s be e e sabeesbeesateeebeeenars 31
LTt Lol o Lo 5]}V Lo ISP 33
Betula platyphylla geN0OMICS FESEAICH ......uviiiiciiie ettt e e e s sbae e e ssaeaeeeeas 33
T =Y: [ ol a W (U L<TY o o [ RS 35

Chapter 2: Genomic structure and diversity of oak populations in British parklands......................... 38
Y o1 1 1o OO OSSR P RO PRR PRSP 39
T agoTe [V 1T ] o W TP PUR PR 40
Materials anNd METNOGS. .......coouiiieiee et sree s 43
RESUIES ...ttt ettt st st e bt e bt e b e e s et b e bt e b e e b e s re e s ae e et e e nr e e nneesane e 51
D11y ol U1 o o PO PP P PPURTOT 64
CONEIIBULIONS ...ttt ettt e b e s bt e s ae e sat e st e e bt e beesbeesbeesaeesaeeeatean 69
D I Yo ol =11 | o] 1 AP 69

Chapter 3: Genomic signals of local adaptation in Asian White Birch........cccccoovieiniiiiniiiniiiinieeee, 70
LY o1 1 T TP PSP P PP PRSP 71
T} oo [¥ Tt o] o TSP P PP PR PRUPPPO 72
Materials anNd MELNOGS. ......c.uiiiiieee e s e sre e 74
RESUIES ..ttt et s et e bt e e st e s b e e e s a b e e s b et e n e e e s be e e sab e e sne e e aneeesreeennnes 82
1Ty o U1 o o PO 98
CONTIBULIONS ..t st sttt et e s b e s e e sae e e e et e e sreesnee e 105

Chapter 4: CONCIUSIONS ....vviiiiiiiiee ettt ettt e e et e e e et te e e e et e e e e s beaeeesbteeesenbeeeeeanbtaeassassseeesassneeesnes 106
Overall thesis CONTIDUTION ...eiiuiiiiiiiiee ettt 106



Bl 1SN O] o o =Tt S USRS 107

Future directions for the Oak ProjJECt.......cccieiiiiciiie e e et e e e e e e e eanes 113
The Asian WHhite BirCh Project ....cuueei ittt sttt e e e e e s e e s ssbae e e s sneeeeesanes 118
Future directions for research on Asian White BirCh..........ccoceiriiiiniiiiiiieieeeeeeeesee e 121
SUPPOIEING INFOIMAtION ...viiiiiiieee et e et e e e et te e e e ebte e e s ebteeeesnteeeesneaeaesanes 125
(0 01T o1 =T TSP 125
(00 F=T o1 =T e J PP 150
Final Maxent Model FESPONSE CUIVES ......cccuiiiiiiiieiecciteeeeectte e e et e e e et e e e ebte e e e esbteeessrteeeesseaeesennes 181
RETEIENCES ...ttt ettt ettt e sa e st e s b et e s bt e sbeeesabeesabeeesabeesabeeenneeesaranesareean 184

List of figures and tables

Figure 2.1. Oak species distribution across parklands.........c.cccevcvieiieciiiiicciiie e 53
Figure 2.2. PCA of 386 individual oak trees of tWo SPECIES .....ccccviiiiiiiiiiecciieeccee e 54
Figure 2.3. Genome-wide Fst between 10 Q. robur and 10 Q. petraea from Attingham Park............. 55
Figure 2.4. Effective population size and separation history of Q. robur and Q. petraea.................... 56
Figure 2.5. Median-joining chloroplast haplotype Network ...........cooeciieeeciiiiecceeeeceee e 60
Figure 2.6. Distribution of the four chloroplast haplotypes identified........c..cccccoveeeeiiieieciciiee e, 62
Figure 2.7. Haplotypes frequency contour regions in England and Wales.........ccccceeeieeeeiiieeecccineenn. 64
Figure 3.1. fastSTRUCTURE results for the China dataset .......cccccveveeciiiie e 84
Figure 3.2. fastSTRUCTURE results for the Eurasian dataset.........cccceccvieeeeiiieeeccciie e 86
Figure 3.3. fastSTRUCTURE results for Chinese B. platyphylla . ...........ccocceueeivicieiesiiieeesiieeeescveeens 88
Figure 3.4. Effective population size and separation history estimated with the MSMC method....... 90
Table 3.1. The 26 climatic variables downloaded from www.worldclim.org for 1970-2000 .............. 91
Table 3.2. The nine variables retained in the final maxent model . .......c.ccocieiiinininiiice 92
Figure 3.5. Environmental niche model (ENM) of B. platyphylla in China.........c.ccccoeeeviveeiiieeeiieecneeens 93
Figure 3.6. Risk of non-adaptedness (RONA) for the 71 B. platyphylla individuals ...........cccceeeunnen.. 96
Figure 3.7. Mean-weighted RONA and MAX RONA ... ...ttt e e e e e e svrree e e e e e e e enanenes 97



Chapter 1: General Introduction

Summary

The climatic fluctuations of the Quaternary period have had a profound impact on the distribution
and evolution of temperate plant and animal species. In this introduction | first describe the
Quaternary climate and the role of glacial refugia for the survival of plant species during harsh
climatic episodes. | discuss the geography of Europe and the Sino-Japanese floristic region at the last
glacial maximum and explore theories on the location of glacial refugia. Secondly, | discuss the
genetic consequences of the Quaternary glacial cycles on plant and more specifically tree species,
such as hybridization, introgression and divergence. Thirdly, | present findings about ongoing climate
change, based on the report of the recent sixth intergovernmental panel on climate change. | discuss
how plant species might be able to cope with the rapidly changing climate, through
migration/habitat tracking and in situ via local adaptation, and | briefly comment the conservation
strategies available to aid adaptation. Finally, | provide a broad introduction to the study systems
used in this thesis, the British native oak species Q. robur and Q. petraea, and Asian White Birch (B.
platyphylla). First, | describe the morphological and ecological characteristics of these species and
their phylogeny. Then, | discuss relevant genomics research related to hybridization and divergence,
demographic history, post-glacial migration and local environment adaptation. Furthermore, |
provide a brief parenthesis on Acute Oak decline, an oak syndrome of particular concern in Britain
during the last decade. | conclude with a description of the research questions that | aimed to

address.

Europe and Asia during the Quaternary
The current geographic distribution and genetic structure of plant and animal species in Europe and

Asia have been greatly influenced by the Quaternary glacial cycles, which started between 2.9 and



2.4 M years ago with the establishment of the Arctic ice cap (Raymo, 1994). These cycles consisted in
cold long-lasting glacial periods characterized by southward advancing ice sheets followed by
warmer and shorter interglacial periods (Hewitt, 1999; Hewitt, 2000). Carbon and oxygen isotopes,
pollen and other types of biological signatures recovered from the bottom of seas, lakes and ice
sheets have been used to reconstruct the paleoclimatic history of the planet (Hewitt, 2000; Raymo,
1994). From the onset of the Quaternary (approx. 2.4 Ma) until 0.9 M years ago, glacial-interglacial
cycles lasted approximately 40,000 years, while thereafter they have increased in severity to longer
100,000 years cycles (Berger & Loutre, 2010; Hewitt, 2000). Historically glacial periods have been

between seven and nine times longer than interglacials (Berger & Loutre, 2010; Hewitt, 1999).

Glacial refugia were critically important for the survival of plants and animals’ species during the
Quaternary glaciations: these were unglaciated habitats which allowed the growth and reproduction
of species during adverse environmental conditions, providing less severe and ice-free environments
(Birks & Willis, 2008). Refugia were also the sources of re-colonization during interglacial periods,
when environmental conditions became more favourable (Birks & Willis, 2008). Three main types of
glacial refugia have been described in the literature: nunataks or cryptic refugia, which are located at
higher altitudes on mountain peaks that protrude above the icesheet; peripheral refugia, which are
located at the border of a mountain system; and low-land refugia which are located outside
mountains systems beyond the limits of the ice sheet (Holderegger & Thiel-Egenter, 2009; Provan &
Bennet, 2008). When the icesheets retreated, species started the recolonization of previously

inhospitable and glaciated areas from the refugia.

In Europe, studies based on fossil pollen and chloroplast DNA variation, suggest that temperate plant
species survived the Quaternary glaciations mainly in glacial refugia located at lower latitudes,
principally in three areas: the Iberian Peninsula, Italy and the Balkans (Birks & Willis, 2010; Hewitt,
1999; Petit et al., 2002a; Petit et al., 2002b; Provan & Bennett, 2008). The term last glacial maximum

(LGM) refers to the coldest period of the last glaciation when ice sheets reached their maximum



extent (18,000 — 25,000 years ago). Vast areas of northern Europe were covered by ice sheets at the
LGM, which extended through Poland and Germany, with additional glaciers on mountains at lower
latitudes, such as in the Alps (Clark et al., 2009; Comes and Kadereit, 1998). Permafrost extended
from south of the ice sheet as far as modern-day southern Hungary (Clark et al., 2009). Following
deglaciation, it is thought that plants species re-colonized Europe by migrating north-ward as the
climate got warmer, mostly from these three major refugial areas (Hewitt, 1999; Petit et al., 20023;
Petit et al., 2002b), and reached the current distribution roughly 6,000 years ago (Brewer et al.,
2002; Hewitt, 1996). However, this model of expansion-contraction of latitudinal range change
characterized by southward retreat into refugia and subsequent north-ward post-glacial re-
expansion does not entirely explain species demography during the Quaternary glacial cycles (Qiu et
al., 2011). In addition to the three major southern European refugia, a strong argument has been
built for the role of cryptic refugia (or nunataks), which are micro-refugia located at higher latitudes
which provided pockets of favourable environmental conditions for species survival (Provan &
Bennett, 2008). Therefore, the current species distribution in Europe seems a result of both major
long-distance migration and dispersal from the southern refugia, as well as minor local
recolonization from cryptic refugia at higher latitudes (Bhagwat & Willis, 2008; Provan & Bennett,

2008).

On the other side of the world, the “Sino-Japanese floristic region” (SJFR), which harbours the
world’s most diverse temperate flora, has never been covered by extensive ice sheets such as
Europe at the LGM (Shi et al., 1986; Liu, 1988), nonetheless the Quaternary climatic fluctuations still
had a strong impact in shaping the distribution of plants and animals’ species in this region (Qiu et
al., 2011). Moreover, changes in topography, altitudes, river drainage patterns and strong
fluctuations in sea levels between China, Korea and Japan, provided opportunities for changes in
species distribution, population fragmentation as well as hybridization (Qiu et al., 2011). During the
Quaternary glaciations, ice sheet developed only locally or at high altitudes in the SJFR and
permafrost extended as far south as Beijing (Clark et al., 2009), making southwestern and

10



subtropical China important refugial areas for many temperate plant species throughout the
Quaternary (Qiu et al., 2011). Therefore, the scenario in Eastern Asia, and particularly modern-day
China, was different than that in Europe, and the current distribution of species appears to reflect
multiple short postglacial re-colonization paths from local refugia, rather than a major long-distance
northward migration such as that thought to have taken place in Europe (Bao et al., 2015; Chen &

Lou, 2019; Qiu et al., 2011).

The theoretical genetic consequences of the Quaternary climatic oscillation on plant species

The theoretical genetic consequences of the Quaternary glaciations on plant species have been
described by Hewitt (1996). He suggested that populations near the refugia should harbour higher
genetic diversity as there is a tendency for loss of alleles and increased homozygosity due to
bottlenecks occurring during population expansion. These populations might also be genetically
differentiated from each other in order to suit different selective pressures imposed by different
environments. Therefore, in Europe more diversity should be maintained in the stably present
refugial populations in the south, which persisted through glacial cycles by moving up and down
mountain systems hence experiencing fewer steep drops in population sizes (Hewitt, 1996; Petit et
al., 2003). These patterns of genetic diversity have been shown that can result from both long-
distance dispersal as well as continuous-range expansion (Hallatschek, 2007; Hewitt, 1996; Ibrahim
et al., 1996). Once the climate warmed populations from different refugia could meet and mix as
they recolonised vacant areas, in some cases forming hybrid zones. These have interesting
properties, as reported by Hewitt (1996): first they can be characterized by some sort of reduction in
fitness, which determines the width and extent of the hybrid zone itself; secondly, hybrid zones may
remain confined to area of low dispersal until major climatic changes occur, therefore hybrid zones
might help maintain the genetic diversity and integrity of populations and/or species (Hewitt, 1996).

Interestingly, a study based on chloroplast DNA diversity of 22 woody species found higher genetic

11



diversity at mid-latitudes in Europe, probably due to admixture of different lineages migrating from
separate lower latitude refugia and converging in central Europe (Petit et al., 2003), but this could
also be due to the presence of cryptic refugia at higher latitudes, which complicates the

interpretation of the population structure of some species.

Speciation, differentiation and hybridization

The repeated cycles of contraction/expansion of the geographical ranges of species characteristic of
the Quaternary have profoundly shaped the genetic structure of plants (Comes & Kadereit, 1998),
and have led to opportunities for speciation by long-lasting geographic isolation and/or exposure to
different selective pressures, as well as hybridization and introgression among several species and
differentiated populations of the same species (Comes and Kadereit, 1998; Goczal et al., 2020;

Hewitt, 1996; Hewitt, 1999; Hewitt, 2000).

Allozyme and chloroplast DNA studies have looked at the genetic diversity between and within plant
species and have inferred inter and intra specific divergence times. Furthermore, the post-glacial
colonization routes of several species were reconstructed, coupling molecular data with fossil pollen
maps (Comes & Kadereit, 1998). The Pleistocene-Holocene boundary appears to be a cluster point
for the intraspecific divergence of many temperate tree species, as well as the speciation of several
short-lived herbaceous plant species (Comes & Kadereit, 1998). Speciation is the process by which a
new species is created and occurs when a population separates from other members of its species
and becomes reproductively isolated. This can be caused by different selective pressures imposed by
different environments; therefore, the modes of speciation have been traditionally classified on a
geographical context (Butlin et al., 2008). There are four main types of speciation: allopatric,
peripatric, parapatric, and sympatric, as described in Coyne & Orr (2004). Allopatric speciation
occurs when two populations are separated by a physical barrier, such as mountains, rivers, or lakes,

which act as barriers to gene-flow causing the two populations to develop differently, due to genetic
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drift and possibly different natural selection forces. Peripatric speciation is similar to allopatric and is
characterized by the presence of a physical barrier to gene-flow, however the main difference is that
in peripatric speciation a significantly smaller group breaks-off from the ancestral population and
forms a new species. Parapatric speciation occurs when a species occupies a large heterogenous
geographic area, such as two adjacent environmental niches. Even in the absence of a physical
barrier, members of an area tend to mate more frequently with those that occupy the same niche,
however an hybrid zone usually arises between the two diverging populations. Subsequently, the
hybrid zone acts as a barrier between the diverging populations, until it gets eliminated due to
selective disadvantage, which completes the speciation process. Sympatric speciation occurs when
there are no physical barriers to gene flow and all members of the ancestral population are in

proximity to each other and a new species develops spontaneously from some of its members.

On the other hand, introgression refers to the incorporation, via hybridization and repeated
backcrossing, of alleles from one species or population into the gene pool of another (Anderson,
1949; Harrison & Larson, 2014). Hybridization can be both beneficial and detrimental for a species. It
can bring adverse consequences, and in the most severe cases lead to extinction, by reducing a
species reproductive effectiveness, its competitive status and its interactions with pathogens and
other animals, particularly in rare species with small population sizes (Levin et al., 1996). On the
other hand, hybridization can also be favourable through adaptive introgression, by increasing
genetic diversity and can be a key driver to speciation (Becker et al., 2013; Hamilton & Miller, 2015;
Brennan et al., 2014; Mallet, 2015; Thomas, 2015). Hamilton & Miller (2015) suggested that
introgression may increase a species ability to respond to rapid climate changes or changing
environment, by improving the adaptive potential that would be given by mutations alone,
particularly in cases of limited standing genetic variation and between populations exhibiting strong
ecotypic differences. However, in some cases hybridization results in higher fitness which can lead to
the extinction of one or both parental species/populations through a process called genetic
assimilation, or in cases where one of the segregated populations has a significantly smaller

13



population size and outbreeding is common, this population may be replaced by hybrids through a
process known as genetic swamping (Hamilton & Miller, 2015; Levin et al., 1996). Another similar
process is demographic swamping, which occurs when hybridization results in reduction of fitness
(outbreeding depression), but hybridization is common and exceeds populations growth rate, then
one of the parental populations may decline below replacement rate (Todesco et al., 2016).
Hybridization can therefore maintain diversity in cases where the hybrid zone remains stable,
alternatively diversity could be decreased through the breakdown of reproductive barriers and the
merging of distinct evolutionary lineages (Todesco et al., 2016). Interestingly, Beatty et al. (2010)
assessed hybridization at the limits of the species geographic distribution range in the genus Pyrola
in Canada and showed that unidirectional hybridization may lead to the extinction of peripheral
populations of P. minor through genetic assimilation via hybridization with the more abundant P.
grandiflora, which in turn would limit the species ability to respond to climate change through

habitat tracking (Beatty et al., 2010).

Climate change and trees adaptation

Human activities have resulted in a significant increase in well-mixed greenhouse gases
concentrations since around 1750s, which has warmed the atmosphere, ocean, cryosphere and
biosphere (Masson-Delmotte et al., 2021). Each of the last four decades has been warmer than any
decade that preceded it since 1850, and currently the global surface temperature is 0.99 °C higher
than in 1850-1900 (Masson-Delmotte et al., 2021). Globally precipitation over land has increased
since 1950, the upper ocean temperature has warmed, arctic ice has reached its lowest level since
the 1850, and sea levels raised of 0.20 m in the last century (Masson-Delmotte et al., 2021).
Evidence of these changes is provided by the greater frequency and intensity of extreme climatic
events such as heatwaves, heavy precipitation, droughts, tropical cyclones, accompanied by the

decreased frequency of cold extreme events (Masson-Delmotte et al., 2021). The sixth report of the
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intergovernmental panel on climate change (Masson-Delmotte et al., 2021) warned that global land
temperature will continue to increase until at least mid-century, under all emission and
socioeconomic pathways tested, thus a rise of 1.5 — 2 °C might be exceeded by 2100 unless CO;and
greenhouse gas emission are drastically reduced. Under the worst emission scenario, global surface
temperature might rise by 3.3 to 5.7 °C by 2100 (Masson-Delmotte et al., 2021). Precipitation is
projected to increase over high latitudes in all polar, northern European and northern North
American regions, most Asian regions and two regions of South America, but decrease in southern

Europe and in parts of the tropics and sub-tropics (Masson-Delmotte et al., 2021).

In response to the projected climate changes, Eurasian temperate trees are expected to shift their
geographic ranges northward and to higher elevations, or to adapt locally. Although adaptation to
changing climate have been documented, it is not known whether this will be sufficient to prevent
species extinctions and the extent to which populations will adapt will depend on many factors, such
as phenotypic variation, standing genetic variation, strength of selection, fecundity, interspecific
competition, and biotic interactions (Parmesan, 2006; Aitken et al., 2008). Aitken et al. (2008)
hypothesized that there are three possible outcomes for forest tree populations in a rapidly
changing climate: persistence through migration to track suitable habitats; persistence in situ
through local adaptation; and extinction. There is compelling evidence of the capacity of forest trees
to adapt rapidly to new environments, such as the development of genetic and phenological clines
during post-glacial migration (Parmesan, 2006; Davis and Shaw, 2001). In addition, fossil pollen maps
and molecular data, suggests capacity of strong geographic range shifts in forest trees during the
Quaternary glacial and interglacial periods (Aitken et al., 2008; Davis & Shaw, 2001). Fossil pollen
maps and chloroplast DNA analyses have been used to infer both the latitudinal and altitudinal
migrations of trees out of the glacial refugia and showed that species’ geographic ranges have
shifted in correlation with the Quaternary climatic cycles (Davis & Shaw, 2001; Petit et al., 2004a).
Species range expansion studies suggest an average migration rate of less than 100 m per year for

boreal and temperate forest trees, considering both expansion from the northern edge of the
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species distribution range and from possible cryptic refugia located at higher latitudes (Aitken et al.,
2008); rare long-distance dispersal event may increase this estimate however these are hard to
guantify and were not included in the models (Aitken et al., 2008). As it stands, this speed of
dispersal does not meet the dispersal requirement necessary for habitat tracking under the
projected climate change scenarios (Aitken et al., 2008). In addition, the ability to track and migrate
to suitable environments may be hindered by the presence of competing neighbouring species,

which reinforce the importance of trees to locally adapt to some extent (Case & Taper, 2000).

Lynch & Lande (1993) examined a model of continuously changing conditions and found that a
species can survive by maintaining a steady rate of adaptation as long as the required change does
not exceed a threshold, which is determined by a combination of standing genetic variation,
reproductive success, strength of selection, interspecific competition, random environmental
disturbances, and population size. In addition, a follow-up study found that the risk of extinction due
to climate change are much higher when the population size is small, due to the combined effects of
genetic drift and environmental stochasticity (Burger & Lynch, 1995); while when population sizes
are large and the species are characterized by high fecundity, as it is often the case with forest trees,
populations are more likely to adapt and only suffer adaptational lag for a few generations (Aitken et
al., 2008; Burger & Lynch, 1995; Lynch & Lande, 1993). The rate of adaptation is increased in species
with short generation times and capacity of long-distance seed dispersal (Aitken et al., 2008). This
model (Lynch & Lande, 1993) is very simplistic and assumes that fitness is determined by a single
trait, while in nature fitness and local adaptation are determined by several traits, which may be
more or less correlated, therefore the rate of adaptation might be slower than that estimated. In
addition, gene-flow can have either a beneficial or detrimental effect on a species ability to adapt.
Commonly, in nature, a species density is higher at the centre of its distribution and lower in the
periphery (Aitken et al., 2008). Gene-flow from the centre of the distribution towards the periphery
can inhibit the adaptation of peripheral populations (Garcia-Ramos & Kirkpatrick, 1997; Butlin et al.,
2003). On the other side, gene-flow from the centre towards the periphery can aid adaptation when
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the effects of genetic drift are strong, and therefore gene-flow can increase genetic variation;
however, in forest trees population sizes are generally large and the effects of drift are negligible
(Aitken et al., 2008). Peripheral populations which fall at higher latitudes or elevation may actually
benefit from gene-flow from the centre of the distribution located at lower latitude, as this may
introduce allele pre-adapted to warmer conditions (Davis & Shaw, 2001). The opposite scenario is
envisioned for peripheral populations located at lower latitudes compared to the centre of
distribution, and gene-flow coming from the centre would be detrimental and aid maladaptation
(Aitken et al., 2008). Interspecific gene-flow can also have similar effects (Aitken et al., 2008; Leroy

et al., 2019a; Rieseberg et al., 2003).

During expansion, founder populations first rely on phenotypic plasticity, which is the ability to shift
phenotype in response to environmental changes (Nicotra et al., 2010), to persist until their
population size increases and sufficient genetic variation accumulates to support adaptation (Aitken
et al., 2008; Petit et al., 2003). To avoid adaptational lag and mitigate the effects of the current
climate change, numerous conservation strategies have been suggested. In the context of plant
adaptation, two main approaches have been proposed: assisted migration and assisted gene-flow
(Borrel et al., 2019; Prieto-Benitez et al., 2021). Assisted migration refers to the translocation of
seeds of maladapted or threatened individuals/populations to a more suitable environment (Prieto-
Benitez et al., 2021; Ricciardi & Simberloff, 2009; Hallfors et al., 2014), while assisted gene-flow is
the movement of genetic material/gametes from a donor pre-adapted population to a population

threatened by changing conditions (Aitken & Whitlock, 2013; Whiteley et al., 2015).

Genomics studies on local adaption of A. thaliana, the first plant species genome ever sequenced,
identified trends across abiotic gradients such as temperature, elevation and precipitation (Agren et
al., 2017; Exposito-Alonso et al., 2017; Johnson et al., 2021; Montesinos-Navarro et al., 2011), paving

the way for extending this type of research to non-model species.
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The strongest patterns of adaptation in temperate forest trees have been initially found in the
synchronization of the cycles of growth and dormancy with local seasonal temperatures (Aitken et
al., 2008), and several studies have found geographic clines for height growth, bud phenology, cold
resilience and drought resistance in a variety of species (Campbell, 1979; St. Clair et al., 2005;
Rehfeldt, 1995; Mimura & Aitken, 2007). In recent years, with the advances and reduced cost of DNA
sequencing, the number of landscape genomics studies in forest trees has increased and genomic
signals of local adaptions for many climatic variables have been detected in several species, including
the study systems in this thesis, oaks and birches (Jordan et al., 2007; Lovell et al., 2021; Pina-

Martins et al., 2008; Rellstab et al., 2016; Borrel et al., 2019; Martins et al., 2018).

Oaks

Oaks are wind-pollinated temperate broadleaved trees widely distributed in the northern
hemisphere, found from boreal to tropical latitudes (Kremer et al., 2012). Oaks are of huge
economic, ecological and cultural value and have provided valuable resources to humans such as
wood for fire, acorns for livestock and timber for construction since early history (Kremer et al.,

2012; Eaton et al., 2016).

Oaks are part of the Fagaceae, which is a large angiosperm plant family including over 900 species
classified in eight-ten genera; the three prevalent genera are Quercus (Oak), Castanea (Chestnut)
and Fagus (Beech) (Kremer et al., 2012). The genus Quercus has been the focus of many
phylogenetics studies with the first infrageneric classification in ten groups based on leaf and
reproductive characteristics dated 1838 (Loudon, 1838; Denk et al., 2017). Before the use of
molecular data in phylogenetics oak classifications tended to be discordant due to the different
weights assigned to the morphological features considered and undetected homoplasy, which is the
development of similar traits across different species as a consequence of convergent evolution or

incomplete lineage sorting (Denk et al., 2017). Loudon classification (Loudon, 1838) established the

18



subdivision of European oaks (cerris, ilex and robur), which although slightly modified, has remained
largely unchanged in all later phylogenies. More recently, the classification proposed for the genus
Quercus by Denk et al. (2017), based on both molecular and morphological evidence, has identified
two major clades: a larger clade, referred to as the New World oaks, which includes group
Protobalanus (golden cup oak), group Lobatae (red oaks), group Ponticae, group Virentes and group
Quercus (white oaks); and a smaller clade, predominantly Eurasian, which includes group /lex, group
Cerris and group Cyclobalanopsis (cycle-cup oaks). This classification is similar to that of Loudon
(1838), however some of the original sections were merged into sections Lobatae and Ponticae
(Denk et al., 2017). An important discriminating characteristic used in this classification (Denk et al.,
2017) is pollen sculpturing and ultrastructure, which was found to be highly conserved within groups
and was often overlooked in previous studies (Denk et al., 2017). The latest time-calibrated oak
phylogeny, based on both fossil data and restriction-site associated DNA sequencing (RAD-seq), was
inferred by Hipp et al. (2019). This shows that oaks have first differentiated among continents, and

subsequently have diverged ecologically within geographic regions (Hipp et al., 2019).

Quercus robur and Quercus petraea

Quercus robur (English or pedunculate oak) and Quercus petraea (sessile oak) are part of the white
oaks group and are the most common and widespread species in Europe, found from Central Spain
to the Urals and from Scandinavia to the South of Italy (Barreneche et al., 1998; Eaton et al., 2016).
These species are native to Britain and constitute a great study system to investigate the delineation
of species. As stated by Kleinschmit (1993), European oak species are not strict biological species:
different species of the same taxonomic group, such as Q. robur and Q. petraea, hybridize naturally
giving rise to intermediate forms exhibiting high levels of variation (Eaton et al, 2016; Kremer et al.,

2012; Kleinschmit, 1993).
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Individuals from these two species live long, from 100s to over 1000 years in some cases, and usually
reach height of 30 m and trunk diameter up to 1 m, however there are reports of larger individuals
(Jones, 1959). The major morphological differences between Q. robur and Q. petraea are usually in
the leaves, acorns, terminal buds, bark and trunk, given in order of importance as reported by Jones
(1959). Leaves in Q. robur are narrow at the base, wider well above the middle and are irregularly
lobed with very short petioles while in Q. petraea leaves are more ovate and regularly lobed with
longer petioles. Acorns in Q. robur are usually large and oblong with a long stalk, while in Q. petraea
acorns are smaller and rounder and have a very short or absent stalk. The terminal buds in Q. robur
are usually small and obtuse while in Q. petraea are usually large and acute. The bark has a
rectangular blocks architecture in both species but in Q. petraea this is thinner and tends to
exfoliate. The trunk of Q. robur tends to disappear in the crown and boughs are irregularly branched
while in Q. petraea the trunk usually persists through the crown and boughs tend to be straighter
(Jones, 1959). In addition, leaf hair is another important discriminating characteristic in
distinguishing the two species: Q. robur is hairless on the lamina while Q. petraea has stellate hair
(Kremer et al., 2002; Rellstab et al., 2016b). Q. robur and Q. petraea have wide ecological ranges and
are often found in sympatry however the two species exhibit different preferences: Q. robur prefers
to grow on natural, moist and alkaline soils and is more tolerant to flooding and waterlogs while Q.
petraea tends to prefer lighter, well-drained and acidic soils and is more drought tolerant (Eaton et

al., 2016; Saintagne et al., 2004; Barreneche et al., 1998).

Oak’s genomics research

Oak genomics research kicked off around two decades ago with the construction of a genetic linkage
map based on random amplification of polymorphic DNA (RAPD), sequence characterized amplified
regions (SCAR), microsatellite, minisatellite, isozymes and 55 rDNA markers in 1998 (Barreneche et

al., 1998). This was the first linkage map constructed for the genus Quercus and the first linkage map
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in the Fagaceae plant family (Barreneche et al., 1998). Barreneche et al. (1998) genotyped and
analysed the mendelian segregation of a set of markers in a progeny of 94 individuals, including
markers derived from previous investigations and newly generated RAPD fragments (Barreneche et
al., 1998). The markers were subdivided in four groups depending on the segregation patterns
observed in the progeny and were used to re-construct two separate parental maps, each
represented by 12 linkage groups. The linkage map constructed in this study was essential for much
research that followed: molecular markers and linkage maps are the pre-requisite for comparative
genomics studies, quantitative trait loci (QTL) identification and provide an important backbone for

genome assemblies (Saintagne et al., 2003).

A comparative mapping between Quercus and Castanea by Barreneche et al. (2004) relied on the
newly constructed oak linkage map (Barreneche et al., 1998) to assess molecular markers
transferability in the Fagaceae. This study was motivated by research which revealed synteny and
QTL conservation between many cereals and between some forest trees (Barreneche et al., 2004);
furthermore, the construction of linkage maps for Quercus robur and Castanea sativa reported
similar estimated genome size and identical number of linkage groups between the two genera
(Barreneche et al., 1998; Casaoli et al, 2001). Barreneche et al. (2004) mapped microsatellite repeats
to the available Q. robur and C. sativa linkage maps to compare their respective locations. Two
species specific sets of microsatellite markers were constructed; the set constructed in Q. robur was
tested for amplification in C. sativa and vice versa. The markers which exhibited cross-amplification
were genotyped in two progenies (one per genera) of 94 individuals each and those that showed
mendelian segregation were mapped to the available linkage maps (Barreneche et al., 1998; Cassaoli
et al., 2001). Nineteen markers were mapped in both species matching nine linkage groups, and
interestingly the order of the markers was also conserved (Barreneche et al, 2004). The nucleotide
sequences of the matched markers were compared revealing high sequence identity at the

microsatellite flanking region and significant conservation of the repeat region between Q. robur and
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C. sativa, thus suggesting orthology of these markers and confirming the potential of microsatellites

in comparative analysis in the Fagaceae family (Barreneche et al, 2004).

Species differentiation between Q. robur and Q. petraea has also been investigated with the aid of
microsatellites and RAPD based linkage maps. Initial efforts, such as the investigation by Zanetto et
al. (1994), failed to identify any species-specific marker. As previously mentioned, Q. robur and Q.
petraea are interfertile therefore their genetic boundary is thin, and it is difficult to detect variation
when comparing a relatively small number of markers; the study by Bodéneés et al. (1997) confirmed
this hypothesis by assessing the molecular diversity between these two species through the
screening of 2800 RAPD fragments in natural populations reporting very low nucleotide divergence
(~0.5% overall). Overall, initial differentiation studies based on small numbers of loci (RAPDs, SCARs,
Isozymes, SSRs and AFLPs) showed extremely low levels of differentiation between English and
sessile oak (Barreneche et al., 1996; Bodenes et al., 1997; Coart et al., 2002; Mariette et al., 2002;

Saintagne et al., 2004; Zanetto et al., 1994).

A study that successfully detected species-specific regions in Q. robur and Q. petraea was the
investigation by Saintagne et al. (2004) which aimed to uncover QTLs involved in 15 leaf
morphological differences. QTLs for 13 of the 15 investigated traits were identified using an
expanded version of the previously developed linkage map (Barreneche et al, 1998) and five showed
significant variation between the two species. The QTLs identified for these traits were found
distributed in clusters located on multiple linkage groups. Similar studies relied on the oak linkage
map (Barreneche et al., 1998) to identify QTLs controlling oak adaptive traits, such as water use
efficiency and tolerance to water logging (Brendel et al., 2007; Parelle et al., 2007). Furthermore,
Guichoux et al. (2011) successfully developed a set of 20 microsatellites markers which allowed

discrimination between Q. robur and Q. petraea and facilitated the identification of hybrids.

After the first wave of RAPD and microsatellite-based linkage maps and related QTL research,

considerable efforts were devoted to developing a denser oak linkage map based on expressed

22



sequence tags (EST) (Bodénes et al., 2012). Expressed sequence tags are short and randomly
selected sequences derived from cDNA libraries reverse transcribed from mRNA; they are used for a
variety of tasks such as gene discovery, gene structure identification, single nucleotide
polymorphism (SNP) profiling and are also a cheap and fast alternative to generate DNA markers
such as simple sequence repeats (SSRs) (Nagaraj, Gasser and Ranganathan, 2006; Bodénes et al.,
2012). Bodéneés et al. (2012) mined EST collections available for Q. robur and Q. petraea to identify
EST-SSRs markers and 255 were assigned to chromosomal locations using a selective binning
approach (Bodénes et al., 2012). These markers constitute an advantage over genomic SSRs: EST-
SSRs are reverse transcribed from coding sequences therefore represent expressed DNA and can be
used to investigate gene variation directly, which is ideal in comparative genomics, QTL and genetic
diversity studies (Bodénés et al., 2012). ESTs were also used to construct the oak unigene set, which
will be pivotal for the study of the oak transcriptome, the identification of improved molecular

markers as well as the mapping and annotation of the oak genome (Ueno et al., 2010).

Ueno et al. (2010) constructed the first oak unigene set by de novo assembly of EST sequences
derived from Sanger sequencing and pyrosequencing. Following annotation, the oak transcriptome
showed high levels of homology with other species (such as Vitis vinifera) and candidate genes for
important traits such as bud phenology, cuticle formation and cell wall formation were identified
with similarity searches (Ueno et al., 2010). The oak unigene set was further expanded by the work
of Lesur et al. (2015) which also investigated the regulation of genes involved in bud dormancy
release, an important adaptive trait strongly dependant on temperature and therefore very likely to

be affected by the ongoing climate change (Lesur et al., 2015).

The final contribution towards the construction of a dense oak linkage map came with Lepoittevin et
al. (2015) who developed a single nucleotide polymorphism (SNP) assay for Q. robur and Q. petraea
(Bodéneés et al., 2016; Lepoittevin et al., 2015). Lepoittevin et al. (2015) identified a set of 7,913 SNPs

in six parental trees (three Q. robur, three Q. petraea) derived from mining available EST sequence
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data and the recently developed oak unigene set (Lesur et al., 2015). The SNPs were genotyped in
intra and interspecific progenies and in three natural populations from the southwest of France;
~80% were recovered in the progenies, ~55% in the natural population and high levels of shared

SNPs (91%) were recorded between Q. robur and Q. petraea.

The SNPs characterized by Lepoittevin et al. (2015) were pivotal for the construction of the densest
oak linkage map by Bodénes et al. in 2016, which would be later used to guide the oak genome
assembly (Plomion et al., 2016; Plomion et al., 2018). For the construction of the SNPs-based linkage
map, Bodénes et al. (2016) crossed six parental trees, three of species Q. robur and three of species
Q. petraea to generate four families: an intraspecific family for Q. robur and Q. petraea respectively
and two interspecific families. The 7,913 SNPs identified in the study by Lepoittevin et al. (2015)
were genotyped in the four families and parental maps were re-constructed by analysing the
segregation of SNPs. The resulting eight parental maps were joined in a composite map of 4,261
SNPs covering 742 cM of the 12 oak chromosomes: 1 SNP marker per 0.2 cM, considerably denser

than the earlier EST-SSRs based map (Bodénes et al., 2012).

The dense SNP-based oak linkage map (Bodénes et al., 2016) and the improved oak unigene set
(Lesur et al., 2015) constituted essential resources for the oak genome project, which was carried by
the French consortium led by Christopher Plomion and officially started in 2012 (Plomion et al.,
2016). The French group sequenced (whole shotgun sequencing) the genome of a 100 years-old Q.
robur tree at the INRA Pierroton forestry research station in France, combining different
technologies (lllumina, Roche 454 and ABI-capillary sequencing). The assembly was completed in
2018 with the construction of a highly contiguous haploid sequence composed of 1,409 scaffolds
(N50 of 1,343 kb). 871 of these scaffolds, covering 96% (716.6 Mb) of the estimated physical size of
the oak genome (736 Mb/1C - 740 Mb/1C, estimated with k-mer analysis and flow-cytometry
respectively) and including 90% of the 25,808 predicted protein coding genes, were mapped to the

12 oak chromosomes in the dense SNP-based oak linkage map (Bodéneés et al. in 2016; Plomion et al,
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2018). Further genome analysis revealed that 52% of the Q. robur genome is composed of
transposable elements (TE), most of whom are class | retrotransposons. The genetic diversity was
assessed at both SNP and nucleotide level in 20 trees reporting high levels of population diversity

and mutations in oaks when compared to other plants and animals (Plomion et al, 2018).

Plomion et al. (2018) also reconstructed the paleo-history of oak in the Rosid clade, revealing that
five fissions and 14 fusions events led to the modern 12 chromosomes configuration from an initial
21 chromosomes architecture. Another interesting finding of this research was the identification of
524 orthologous groups which seem to have expanded in oaks. Following annotation, the identified
expanded groups showed to be associated with genes involved in the immune response, such as R
genes (Plomion et al, 2018). By comparing these findings with the data available for other long-living
trees, such as eucalyptus, a similar expansion of disease-resistant genes was observed suggesting
that the expansion of these gene families may contribute to the long survival of some species
(Plomion et al, 2018). The sequencing and public release of the Q. robur genome was followed by
the draft assemblies of two other Quercus species: Q. lobata (valley oak) and Q. suber (cork oak)
(Sork et al., 2016; Ramos et al., 2018). Overall, the availability of reference genome sequences for
species of the genus Quercus coupled with the advances and decreased cost of sequencing, have
enabled to better understand the function of oaks in the environment and has opened and have
facilitated numerous research opportunities in topics such as the identification of genes that control
adaptive and important traits, the identification of genes that modulate the interaction with other
organisms and the study of the speciation and hybridization in this very diverse and widely

distributed genus.

Q. robur and Q. petraea genomics research in recent years

The last decade has also seen an increase in the studies aimed at uncovering the differentiation

between Q. robur and Q. petraea using dense SNPs markers sets. Guichoux et al. (2012) assessed the
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interspecific differentiation between Q. robur and Q. petraea in south-west of France by genotyping
856 individuals scattered across six forests and identified between 13 and 75 outlier SNPs. This study
showed that introgression occurs asymmetrically, predominantly from the resident species, Q. robur
(early successional), to the invading species, Q. petraea (late successional). This finding has been
validated further by other studies (Jurksiene et al., 2020; Lang et al., 2018; Lepais et al., 2013; Leroy

et al., 2019a).

Lang et al. (2018) recently characterized over 10,000 SNPs in Q. robur and Q. petraea and used them
to assess the diversity and the patterns of introgression between these two species in central and
western Europe, focusing on genic regions. This study highlighted the low-mean differentiation (Fst)
between these two species, and the relatively high levels (for the plant kingdom) of genetic diversity
within both species, which is consistent with their longevity, reproductive success and long history of
hybridization and introgression. Genetic diversity was found higher in Q. petraea rather than Q.
robur, despite the study included significantly less sessile oaks (Lang et al., 2018). This pattern seems
to be explained by their different modes of colonizing new stands, with Q. petraea being the

invading species as previously discussed (Guichoux et al., 2012).

Lesur et al. (2018) developed a targeted captured-based next generation assay to characterize about
190,000 SNPs in 303 Q. robur and Q. petraea individuals from a mixed oak strand in the southwest of
France. This investigation aimed to delineate species and hybrids and calculate relatedness and
inbreeding within this stand. The SNP assay developed revealed high transferability across the white
oaks group and constitutes an important resource for comparative studies among related white oaks
species and populations, and also helps reducing the cost for large population genetic studies
allowing to genotype a smaller set of SNPs over carefully selected target regions and therefore

include more individuals.

In the context of the ongoing climate change, Rellstab et al. (2016) genotyped more than 3,500 SNPs

in 71 populations including Q. robur, Q. petraea and Q. pubescens to identify loci associated with
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environmental factors and then calculated the risk of non-adaptedness (RONA) to future conditions
for these populations in Switzerland. This study revealed wide variability among species in regard to
the environmentally associated SNPs and suggested that some of allele frequency changes at
environmentally associated loci required to match future climate are substantial and unlikely to be

achieved through standing genetic variation alone, given the long generation time of oaks.

More recently Leroy et al. (2019b) identified a huge set of over 30 million SNPs in populations of four
oak species (Q, robur, Q. petraea, Q. pubescens and Q. pyrenaica) using a pool-sequencing approach,
and used it to assess their differentiation, and their demographic and divergence history. This study
suggested that extensive gene-flow among these four species throughout the last 20,000 years,
coupled with pre and post zygotic selection (Lepais et al., 2013), have cleared most species-specific
genetic structures except those at barrier loci creating a very diverse genetic landscape.
Nevertheless, some genomic regions exhibit extremely high-levels of interspecific differentiation,

which may be due to strong selection counteracting the effects of the interspecific gene-flow.

More recently Reutimann et al. (2020) developed a very condensed SNP marker set (58 SNPs) which
allows to reliably differentiate between Q. robur, Q. petraea and Q. pubescens and to assess their
degree of admixture in Swiss populations. This study found that the level of admixture is much

higher between Q. petraea and Q. pubescens rather than between the other pairs.

Oak threats and diseases in Britain: acute oak decline (AOD)

Oaks interact with a huge number of species during their long survival, mainly bacteria, fungi and
insects but also amphibians, reptiles, birds and mammals; in turn these communities interact with
each other forming complex forest ecosystems (Plomion and Fievet, 2013; Tarkka et al., 2013). Some
of these interactions are favourable to oaks, such as the formation of ectomycorrhizas (EMs)
between the roots and some fungi, which facilitates the absorption of nutrients (Tarkka et al., 2013;
Richard et al., 2005); other interactions have negative effects and are usually in the form of

27



infections by bacteria or parasites, which are responsible for the deteriorating oak health observed

in recent years.

Episodes of deteriorating oak health have been reported in Britain since the early 1900 and have
been labelled with the term dieback or decline (Denman and Webber, 2009; Denman et al., 2014).
The definition of decline diseases states that these are complex tree syndromes caused by a
combination of biotic and abiotic factors which compromise the host health (Denman et al., 2014;
Brown et al., 2016). An acute decline is characterized by the sudden episodic appearance of
symptoms over a period of 5-10 years with high tree mortality until the disease slowly loses intensity
and may even disappear; on the other side a chronic decline is characterized by low mortality and
slow symptoms development, which may persist for decades and never disappear (Denman and
Webber, 2009). Chronic Oak Decline is often caused by root related problems such as fungal
infections while the acute form is usually characterized by mildew/defoliation which results in the
progressive thinning of the canopy (Denman and Webber, 2009; Brown et al., 2016). The current
British AOD episode, is characterized by stem damage: fluid filled lesions develop between bark
plates (Denman and Webber, 2009). The oak parklands sampled in this thesis have been monitored
for over a decade for this complex multifactorial syndrome. A disease with similar symptoms to the
current British AOD syndrome is Sudden Oak Death (SOD), which has killed many native American
oaks in California in the 1990s. This disease was characterized by stem bleeding and leaf necrosis
and its causal agent was identified as Phytophthora ramorum (Denman et al., 2009). In Britain the
only infection by Phytophthora ramorum reported were on beech and red oak; European oak species
such as Q. robur and Q. petraea have shown higher tolerance to this pathogen than American oaks

(Denman et al., 2009).

The current AOD episode was first reported in 1980s in East England; since then, the disease has
spread to the midlands and further into Wales, with the most affected area being the southeast

(Brown et al., 2016; Brady et al., 2017). A detailed description of the symptoms of the current AOD
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epidemic was published in 2014 (Denman et al., 2014), and the main characteristics of AOD

described in this publication are reported in the next paragraph.

The main external evidence of AOD are stem bleeds; these are patches that develop on the tree
trunk outer bark, usually at 1-5 m above the ground. The bleeds are usually found at distances of 5-
20 cm from each other and are denser and more numerous in severely affected trees; these are
active in the spring and autumn months when the fluid in the cavities is dark and translucent. The
fluid penetrates in the inner bark and through several ring of sapwood causing evident internal
necrosis in the form of dark patches; however, lesions show a gradual loss of intensity from the
outer bark going into the sapwood and usually do not reach the heartwood. The bark of infected
trees is characterized by cracks of 3-22 cm in length, which develop following the decay of the
underlying tissue. Signs of infection by Agrilus biguttatus are usually present underneath the bark of
infected trees and these can’t be detected by external observation until the larvae have successfully
colonized the tree and D-shaped exit holes are left on the bark. A. biguttatus larval galleries tend to
avoid the necrotic patches and extend up into the sapwood. Some infected trees also show signs of
healing with the formation of callus-like tissue around the cracks, which builds up until it occludes
the lesions, pushing and loosening the outer bark plates causing some to fall, suggesting the
presence of some sort of host resistance to AOD (Brown et al, 2016; Denman et al., 2014). In this

study (Denman et al., 2014) no association between crown condition and AOD could be identified.

Although the cause of AOD mortality is very likely to be due to a combination of biotic and abiotic
factors, significant efforts were devoted to understanding the polymicrobial cause of tissue necrosis
and stem bleeds of affected British oak trees in recent years by Forest Research (Denman et al.,
2016). First isolation of bacteria from stem lesions of symptomatic trees revealed that many of the
most occurring microbes were either unknown or un-named species belonging to the families of
Enterobacteriaceae and Pseudomonadaceae (Brady et al., 2017). 13 new species and two new

genera were characterized with the most commonly isolated species being: Brenneria goodwinii,
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Gibbsiella quercinecans, Lonsdalea quercina ssp. britannica, Rahnella victoriana and R. variigena
(Denman et al., 2012; Denman et al., 2016; Gathercole et al., 2021). On the other side attempts to
isolate fungal pathogens from the bleeds have failed to identify the same species consistently,
therefore fungi were excluded as possible causal agents of the current AOD outbreak (Brown et al,

2016).

A major advance in the understanding of the biotic components of AOD came in 2018 (Denman et al,
2018) when the microbiomes of healthy and AOD affected trees from several sites were analysed

and compared to validate earlier findings and hypothesis using a systemic approach.

First bacteria were isolated from the trunks and cultured to reveal that the most commonly isolated
bacteria from AOD lesions are of genera Gibbsiella, Brenneria and Rahnella. Interestingly, a
significant co-occurrence between G. quercinecans and B. goodwinii was observed in affected trees
and none of these two species was isolated from the sites with no AOD history. Following bacterial
isolation, the trunk microbiomes of healthy and affected trees were sequenced. The most abundant
genera in healthy trees found with metagenomics analysis were Periglandula, Burkholderia,
Streptomyces, Bacillus and Auriemonas; on the other side B. goodwinii, G. quercinecans and R.
Victoriana were detected in all the diseased trees microbiomes with Brenneria being the most

abundant genus.

The genomes of B. goodwinii, G. quercinecans and R. Victoriana were sequenced revealing
abundance in genes involved in carbohydrate metabolism, transport, virulence and disease thus
confirming the necrotic capabilities of these bacteria. These findings were further confirmed by
functional metagenomics and metatranscriptomics analysis of the symptomatic group microbiomes.
Furthermore, the infection was reproduced by inoculating the three imputed causative bacteria into
live oak logs, which confirmed the necrotic capabilities of two of them: B. goodwinii and G.

quercinecans.
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To conclude, the findings of this study (Denman et al., 2017) suggest that the decline characteristics
typical of British oak trees affected by AOD are a consequence of vascular degradation initiated by B.
goodwinii and G. quercinecans tissue necrosis, enhanced and spread by A. biguttatus galleries. This
blocks carbon allocation, which accumulates in the roots negatively affecting water transport and
availability (Denman et al., 2017). However, much of the effort has been devoted to the study of the
disease, but little is known about the role of the host in AOD. Susceptibility to this syndrome may
have a heritable genetic component, and if so, genomics could help to identify oak trees with
increased tolerance to AOD that could be of great importance for forest planting and breeding

programs.

Birches

Birches (genus Betula) are broad-leaved deciduous trees and shrubs belonging to the Betulaceae
plant family, which includes five other genera: Alnus (Alder), Carpinus (Hornbeam), Corylus (Hazel),
Ostrya (Hop Hornbeam) and Ostryopsis (Ashburner & McAllister, 2013; Wang et al., 2016). Birches
are widely distributed in the northern hemisphere and are found over a large latitudinal range, from
the sub-tropics to the arctic (Wang et al., 2016). Birches populate a wide variety of environments;
however, they are particularly widespread in forests of temperate and boreal regions. Some Betula
species have a large distribution while others have a very limited and restricted range, with some
classified as endangered in the IUCN Red List (Ashburner & McAllister, 2013; Shaw et al., 2014; Wang
et al., 2016). The taxonomy of this genus is complex, and several discordant classifications have been
proposed in the literature, with the number of species varying between approximately 40 and 60
(Shaw et al., 2014). A potential cause for the discordance in the molecularly and morphologically
based classifications of birch species could be the complexity added by the high frequency of
interspecific hybridization and subsequent introgression within this genus (Dehond & Campbell,

1989; Ding et al., 2021; Hu et al., 2019; Karlsdottir et al., 2009; Schenk et al., 2008; Wang et al.,

31



2016), in fact, some birch species appear to have a hybrid origin (Nagamitsu et al., 2006). The
frequency of hybridization is augmented by the artificial introduction of cultivars outside of their
distribution range, which provides additional opportunities for interspecific contact (Schenk et al.,
2008). Introgression seems bidirectional (Williams & Arnold, 2001) but asymmetrical (Palme et al.,
2004) among several species in the genus. Hybrids generally exhibit a morphology intermediate
between the parental species but are not always morphologically distinct as a group (Schenk et al.,
2008; Thérsson et al. 2001). Ploidy level was found to be of great importance in distinguishing some
morphologically similar birch species, such as B. pendula (diploid) and B. pubescens (tetraploid)
(Ashburner & McAllister, 2013; Wang et al., 2016). Ploidy level within the genus exhibit great

variability, ranging from diploid (2n = 28) to dodecaploid (12n = 168) (Wang et al., 2016).

The first classification of birches (Regel, 1865) divided the genus in two major taxonomic groups,
subgenus Alnaster and subgenus Eubetula, and further divided these two subgenera into seven
sections. This classification was accepted until Winkler (1904) suggested to lower the ranks from
subgenera to sections, and from sections to subsections, but proposed a very similar classification
overall. In more recent years, De Jong (1993) suggested to divide the genus in five subgenera and
this classification has been widely accepted until recently, when both molecular and morphologically
based classifications agreed to split the genus in four subgenera and eight sections (Ashburner &
McAllister, 2013; Schenk et al., 2008; Skvortsov, 2002). However, the most recent inferred
phylogeny for the genus (Wang et al., 2021), and the first based on genome-wide loci using
restriction site-associated DNA (RAD) loci, proposes to split the genus in two main taxonomic groups
or subgenera, which interestingly differ in seed wings morphology and distribution, with one group
with narrow seed wings and limited distribution and another with prominent seed wings and wide

geographic distribution.

Fossil pollen data suggest that birches in eastern Asia had four major refugial area at the last glacial

maximum: the Changbai mountains in north-eastern China, the mountainous area of central China,
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the southwestern Tibetan plateau and the Altay mountains and adjacent area (Cao et al., 2015). In
addition, there is an argument cold-tolerant tree species persisted further north in Eastern Asia
during the Quaternary glaciations, and several species, such as birches, seem to also have persisted

in a fifth refugia located in north-eastern Siberia (Tsuda et al., 2017).

Betula platyphylla

Asian white birch (B. platyphylla), included in the subgenus Betula and section Betula in the latest
phylogenetic classification of the Betula genus (Wang et al., 2021), is a temperate wind-pollinated
tree of great ecological and commercial value widely distributed in the northern hemisphere,
particularly in Eastern Asia including Russia, mainland China, Korea and Japan (Chen & Lou, 2019;
Chen et al., 2021). Asian white birch is a pioneer species and can colonize open grasslands with light
soil, can grow on roadsides and on the verge of forests (Ashburner & McAllister, 2013; Chen & Lou,
2019; Chen et al., 2021), and can take over after environmental disturbances such as forest fire
(Chen & Lou, 2019). Its pollen can travel for thousands of kilometres transported by the wind (Sofiev
et al., 2006). This species is monoecious, and individuals can grow rapidly and reach height up to
approximately 20 m (Chen et al., 2021). Morphologically B. platyphylla is characterized by bright
white bark, an oval or pyramidal crown and thin side branches. In China, it occupies primarily the
mountainous areas that extend from the north-east in the Hinggan range, Changbai mountains and
adjacent areas, to the southwest in the Qinghai-Tibetan Plateau (QTB) and is found at an elevation

from 20 m up to over 4,000 m (Chen & Lou, 2019).

Betula platyphylla genomics research

In recent years there have been numerous studies on the hybridization and introgression patterns

across Eurasian birch species, including B. platyphylla. Tsuda et al. (2017) looked at the hybridization
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and divergence between silver birch, B. pendula, and B. platyphylla, sampling individuals from 47
populations scattered from the United Kingdom to Japan and detected a hybrid zone separating
these species in central Asia in Siberia, between the Yenisei River and Lake Baikal (Tsuda et al.,
2017). Admixture rate suggested a higher contribution of B. pendula to hybrids and the two species
divergence was estimated to have occurred pre-LGM, approximately 36,000 years ago, with the
subsequent admixture dated more recently, approximately 1,600 years ago. This study suggested
that B. platyphylla persisted in Beringia and B. pendula in western Siberia and Russia at the LGM and

then they came into contact during postglacial re-expansion.

B. platyphylla has also been found to hybridize with more distantly related birch species, such as B.
albosinensis (red birch), even though this is much less frequent than with B. pendula (Hu et al.,
2019). Limited admixture has also been found between B. platyphylla and B. microphylla, and B.

platyphylla and B. tianshanica (Ding et al., 2021).

The B. pendula (Salojarvi et al., 2017) and B. platyphylla genomes (Chen et al., 2021) have been
sequenced and assembled recently and their genomes showed high similarity (Chen et al., 2021).
The B. platyphylla genome has 14 chromosomes and it has been found to contain a large percentage
(43%) of transposable elements (TEs), primarily class | TEs, and 31,253 protein coding genes. The
Betula genome was found not to have undergone any recent whole-genome duplication event and a
phylogenetic tree based on gene families re-estimated the divergence time between B. pendula and
B. platyphylla at 2.6 million years ago (Chen et al., 2021). The complete chloroplast DNA sequence of

B. platyphylla has also been sequence and assembled recently (Wang et al., 2018).

Recently, a study of B. platyphylla populations in China based on ten microsatellites loci, suggested
that this species is divided in five genetic cluster corresponding to geographic locations, and these
were inferred to have diverged during the Pleistocene climatic oscillations (Chen & Lou, 2019).
Signals of admixture were detected among these clusters and nucleotide diversity was found to

increase with latitude, therefore contradicting the Europe-like southern refugia model (Harrison et
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al., 2001). However, this nucleotide diversity pattern may also be due to other factors, such as the
different topography with the populations in northern China occupying a flatter region with fewer
geographical barriers compared to the populations in the southern QTB, where mountains and deep
valleys restrict pollen movement and therefore gene-flow. Long-time isolation, restricted gene flow,
and genetic drift may have resulted in strong genetic differentiation and low genetic diversity in the
south, while in the north admixture with other populations coming from the refugia identified in
Beringia (Tsuda et al., 2017) may have contributed to increase the genetic diversity in the B.
platyphylla populations in northern China. This, together with an environmental niche model
projected to the LGM and mid-Holocene (Chen & Lou, 2019), seems to suggest that at LGM B.
platyphylla still had a large latitudinal range and persisted separately both in the north and south in
eastern Asia in four or five distribution centres: Beringia (Tsuda et al., 2017), the Altay mountains in
the northwest China, the mountainous area of central China, the Changbai mountains and greater
Khingan range in the north-east China (Wang et al., 2019), and the southern refugia in north-eastern
(the Qilian Mountains) and south-eastern (the Hengduan Mountains) edge of Qinghai-Tibetan
Plateau (Chen & Lou, 2019). Therefore, the current B. platyphylla Chinese distribution seems to

reflect recolonization from multiple local refugia (Chen & Lou, 2019).

Research questions

In this thesis | analysed two separate forest trees whole genome sequencing datasets.

The first included whole genome sequencing data of 386 oak individuals, including Q. robur, Q.
petraea and their hybrids, sampled across four managed British parklands. These parklands have
been under long-term monitoring for the symptoms of AOD (Denman et al., 2014), which is
widespread across all four sites. This dataset was initially assembled with the aim to uncover
whether susceptibility and resistance to AOD has a genetic component. However due to the high

complexity of this syndrome and its associated phenotypes, the sample size of this dataset was
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deemed insufficient for such an ambitious association analysis, as further discussed in Chapter 4.
Therefore, the focus of this work was switched to the analysis of the patterns of hybridization and
differentiation between English and sessile oak, which are known to hybridize frequently and
therefore constitute a great model to study species delineation (Curtu, Gailing & Finkeldey, 2007;
Jensen et al., 2009; Kremer et al., 2012; Leroy et al., 2019a; Leroy et al., 2019b; Petit et al., 2004b).
Furthermore, | assessed the population structure of the sampled oaks as well as the patterns of
relatedness within each managed parkland environment, which can be correlated to different
planting regimes. Moreover, | inferred the demographic and divergence history for both species and
looked for signals of strong recent natural selection in Q. robur. Finally, | took advantage of the huge
amount of genetic DNA data generated to assemble de novo the whole chloroplast genome
sequences of most of the oaks sampled. | assessed chloroplast DNA variation across the parklands
sampled and compared it with data generated by previous work on oaks on natural woodlands
across Britain and Europe, which characterized the main European oak chloroplast haplotypes and
re-constructed the post-glacial colonization routes of oaks from the southern refugia based on
chloroplast DNA and fossil pollen maps (Petit et al., 2002a; Petit et al., 2002b; Cottrell et al., 2002),

to estimate whether the oaks in the parklands sampled derive from local and/or native seed stock.

The second dataset included whole genome sequencing data for 83 Asian white birch individuals (B.
platyphylla) across 74 natural population scattered throughout the known distribution of this species
in China. The ultimate aim of this study was to detect genetic signals of local adaptation in this
ecologically and economically important Asian species and define its current and future geographic
distribution in China. B. platyphylla provides a good model system to study adaptation as its
distribution span a large latitudinal range and occupies a variety of environments, from low to very
high elevation, and characterized by different levels of precipitation and temperature (Ashburner &
McAllister, 2013; Chen & Lou, 2019; Chen et al., 2021). In addition, the recently published reference
genomes of both B. pendula (Salojarvi et al., 2017) and B. platyphylla (Chen et al., 2021) constitute

great resources which enhance the potential studies on this species. | made use of the results
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generated to assess the possible degree of maladaptation to future climate (2080 — 2100) of the
sampled populations and highlight areas in China where this species may be particularly threatened
by climate change, particularly rising temperature, in order to inform conservation strategies. In
addition, | assessed the population structure of this species across Eurasia and its hybridization with
the closely related silver birch, B. pendula, by including data from another study (Salojarvi et al.,
2017). Finally, | assessed the demographic history of Chinese B. platyphylla populations in the

context of the Quaternary climatic oscillations and post-LGM migration.
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Chapter 2: Genomic structure and diversity of oak
populations in British parklands

The research presented in this chapter has been published and | am the lead author:

Nocchi, G., Brown, N., Coker, T., Plumb, W., Stocks, J., Denman, S., & Buggs, R. (2021). Genomic

structure and diversity of oak populations in British parklands. Plants, People, Planet, 4(2), 167-181.

This chapter presents the above publication in an extended form, including additional unpublished

analyses.
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Abstract

The two predominant oak species in Britain are Quercus robur (English or pedunculate oak) and Q.
petraea (sessile oak), and large populations of these species are found in British parklands: managed
wood pastures up to 1000 years old. We sequenced the whole genomes of 386 oak trees from four
British parkland sites and found over 50 million nuclear single nucleotide polymorphisms (SNPs),
allowing us to identify 360 Q. robur, ten Q. petraea and 16 hybrid individuals using clustering
methods. We assessed the population structure and demographics histories of these species as well
as their patterns of admixture and differentiation. Comparing Q. robur and Q. petraea trees from
Attingham Park, we found that the nuclear genomes of the two species are largely undifferentiated
but identified 81 coding regions exhibiting strong interspecific differentiation. The nuclear genomes
of the Q. robur individuals showed no clear differentiation among the four parkland sites. In
addition, scans for selective sweeps in Q. robur highlighted regions containing genes with putative
involvement in stress tolerance, one of which was moderately differentiated from Q. petraea.
Reconstructions of past effective population sizes suggested a long population size decline in both Q.
robur and Q. petraea over the Pleistocene, but population growth after the last glacial maximum.
Lastly, we assembled the whole chloroplast genomes of 287 Q. robur, 8 Q. petraea and 14 hybrid
trees. In a phylogenetic network, these fell into five major haplotypes, which were shared among
species but differed in frequency among parkland sites. We matched our chloroplast genome
haplotypes to restriction enzyme fragment haplotypes identified in older studies that had surveyed
ancient woodlands in Britain and much of Europe. This suggested that the parkland populations in

our study derive from local seed sources.
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Introduction

Oaks (genus Quercus) are some of the most common and widely distributed forest trees in the
northern hemisphere, found throughout North America, Europe and Asia comprising between 300
and 500 species (Denk et al., 2017; Leroy et al., 2019b). Differentiating oak species morphologically
has been termed a “botanical nightmare” due to ambiguous and extremely variable phenotypes,
which is partly due to extensive hybridization and backcrossing (Denk et al., 2017; Kleinschmit, 1993;

Kremer et al., 2012; Lepais et al., 2009; Leroy et al., 2019b).

A recent phylogenomic study showed that the oak phylogeny is highly reticulate, with phylogenetic
incongruence widespread throughout the genome (Hipp et al., 2019). The Eurasian white oaks form
a clade in the phylogeny of Hipp et al. (2019) that is nested within clades of largely American oak
species. White oaks are thought to have crossed the North Atlantic land bridge in the Oligocene and
split into European and Asian clades in the Miocene, which then rapidly diversified (Hipp et al.,
2019). Evidence from chloroplast variation and fossil pollen suggests that at the last glacial maximum
(~20 Kya), European white oaks were constrained to refugia in southern Europe and the vast
majority of Britain native oak trees stem from a lineage that migrated from a western lberia glacial
refugium (Cottrell et al., 2002; Petit et al., 2002a; Petit et al., 2002b). In total, six chloroplast lineages
have been identified in European oaks, corresponding to glacial refugia in the Balkans (lineage A), in
western Spain (lineage B), in the south of Italy (lineage C), in eastern Spain (lineage D), in the eastern
Balkans (lineage E) and north-east of the Black Sea (Crimea) (lineage F) (Petit et al., 2002a; Petit et
al., 2002b). In Europe today, the two most common oak species are Q. robur (English oak or
pedunculate oak) and Q. petraea (sessile oak), which are found from central Spain to the Urals and
from Scandinavia to the south of Italy (Eaton et al., 2016). Their lineages seem to have diverged in
the late Miocene/early Pliocene, and they are found in sister clades that each also contain a small

number of species distributed in southern Europe and/or North Africa (Hipp et al., 2019).
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Quercus robur and Q. petraea are sympatric across most of their geographic range but exhibit
different ecological preferences (Eaton et al., 2016; Saintagne et al., 2004). Q. robur reaches more
northerly and easterly ranges in Europe, prefers moist and alkaline soils with high nutrient
availability and it is more tolerant to periodic flooding and water logging (Eaton et al., 2016;
Saintagne et al., 2004). On the other hand, Q. petraea prefers more acidic soils and it is more
resistant to drought (Eaton et al., 2016; Saintagne et al., 2004). Q. robur is a pioneer species that
colonizes open ecosystems while Q. petraea appears to be more of a successional species that
expands in area already occupied by Q. robur but can also behave as a pioneer itself (Eaton et al.,
2016; Levy et al., 1992; Truffaut et al, 2017; Petit et al., 2004b). Hybridization between Q. robur and
Q. petraea is common and introgression of adaptive alleles appears to have played an important role
in Q. petraea postglacial northward migration and expansion into cooler and wetter areas (Lepais et
al., 2009; Leroy et al., 2019a; Petit et al., 2004b). Millennia of hybridization and introgression among
European oaks are responsible for a high degree of phenotypic variability within species, however
key morphological and ecological differences between Q. robur and Q. petraea are still present in
nature (Beatty et al., 2016; Curtu, Gailing & Finkeldey, 2007; Jones, 1959; Kremer et al., 2002; Lesur
et al., 2018). Controlled pollination experiments suggest that pre- and postzygotic barriers to gene
flow in European white oaks maintain the nuclear genetic diversity between species and these
barriers are often asymmetric (Lepais et al., 2013; Leroy et al., 2017; Truffaut et al., 2017), for
example pollen of Q. petraea pollinates Q. robur more frequently than vice-versa, under both
natural and experimental conditions (Lepais et al., 2013; Truffaut et al., 2017). Furthermore,
genomic patterns of admixture suggest that introgression occurs predominantly from Q. robur to Q.

petraea (Guichoux et al., 2012; Leroy et al., 2019a; Petit et al., 2004b).

Recent genetic studies based on approximate Bayesian computation (ABC) models have shown that
massive secondary contacts between European white oak species have occurred recently after a
long period of isolation, probably at the end of the last glacial period or at the start of the current
interglacial period (Leroy et al., 2017; Leroy et al., 2019b). These contacts are thought to have
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homogenized the chloroplast genome and the majority of the nuclear genome of European oak
species, with the exception of some barrier regions accumulated during the long periods of isolation
that preceded secondary contacts, which are responsible for maintaining species integrity (Lepais et
al., 2013; Leroy et al., 2017; Leroy et al., 2019b). Past studies based on small numbers of loci (RAPDs,
SCARs, Isozymes, SSRs and AFLPs) have shown that the genetic differentiation between Q. robur and
Q. petraea is subtle and their genomes are characterized by high homogeneity (Barreneche et al.,
1996; Bodenes et al., 1997; Coart et al., 2002; Mariette et al., 2002; Scotti-Saintagne et al., 2004;
Zanetto et al., 1994). More recent efforts, based on genome-wide SNP markers, have successfully
identified some regions significantly differentiated between these two closely related oak species,
but confirmed that the majority of their genomes appear permeable to interspecific gene flow
(Guichoux et al., 2012; Lang et al., 2018; Leroy et al., 2019b; Lesur et al., 2018; Reutimann, Gugerli &

Rellstab, 2020).

A common and culturally important habitat for oaks in Britain is parkland. Parklands are wood
pastures that vary in age from 100 to 1000 years, often containing high levels of deer or other stock
such as sheep (Rackham, 1990). Parklands are largely anthropogenic habitats and trees within them
can be planted, naturally regenerated, or retained from previous landscapes (Rackham, 1990).
Previous studies on the genetic structure of oak populations throughout Britain concentrated on
ancient woodland sites, to try to minimise anthropogenic influences and maximise the chances of
sampling locally native trees (Cottrell et al., 2002). The chloroplast DNA haplotype structure of
ancient woodlands in Britain has thus been substantially documented (Cottrell et al., 2002; Cottrell
et al., 2004; Lowe et al., 2004). However, little is known about the genetic structure and background
of oaks in parklands. Such information would help in the future management of these populations,
and also help us understand the basis of health issues faced by parkland oaks, especially acute oak
decline (AOD) (Denman et al., 2018). This disease has affected British native oak species for the past
three decades and it is particularly widespread in south-eastern England (Brown et al., 2016). It is
characterised by stem bleeds that get denser and more numerous as the disease progresses and can
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ultimately lead to tree death (Brown et al., 2016; Denman et al., 2018). Research has shown that
AOD is a complex multifactorial and polymicrobial tree disease, but its primary causes are unclear,

and the role of host genetics has not been investigated (Denman et al., 2018).

In this study we sequenced the whole genome of 386 oak trees from four British parkland sites,
including Q. robur, Q. petraea and their hybrids. We detected over 50 million SNPs and made use of
this huge genetic variation to: characterize the structure, diversity and demographic histories of Q.
robur and Q. petraea parkland populations, find loci differentiated between the species, and to
detect signatures of recent positive selection in Q. robur. Furthermore, we looked for evidence of
parent-offspring or sibling relationships within populations. We also assembled whole chloroplast
genomes and assigned these to haplotypes identified by restriction enzyme fragment sizes in
previous studies of oaks in ancient woodlands across Europe, enabling us to test the origins of these

parkland oak trees.

Materials and Methods

Sampling and DNA extraction

Leaf material was collected by the Forest Research Technical Service Unit from 386 oak trees in
autumn 2017. Collections were from four British parkland sites: 82 trees in Attingham Park (Atcham,
Shropshire, England, 52.688965° N, -2.667944° W), 80 in Hatchlands Park (East Clandon, Surrey,
England, 51.257072° N, -0.472332° W), 124 in Langdale Wood (Malvern, Worcestershire, England,
52.085446° N, -2.307670° W) and 100 in Sheen Wood (Richmond, London, England, 51.456229° N, -
0.269298° W). These parklands are being monitored for the symptoms of AOD (Denman et al.,

2018). Based on morphology, the collectors tentatively identified 376 the trees as Q. robur and 10 as
Q. petraea. They did not attempt to identify hybrids as these are known to be morphologically
cryptic (Curtu, Gailing & Finkeldey, 2007). The collectors classified the sampled trees as either: young
(approx. diameter at breast height “DBH" < 15 cm, Raimbault stages 1 - 3), semi-mature (approx. 15
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cm < DBH < 40 cm, Raimbault stages 4 -5), mature (approx. 40 cm < DBH < 70 cm Raimbault stages 7
-8) or over mature (approx. DBH > 70 cm, Raimbault stages 9 - 10). Whole genomic DNA was
extracted from leaf tissue at RBG Kew using Qiagen DNeasy protocol and was sent to Novogene

(Hong Kong) for library preparation and whole-genome shotgun sequencing.

Genotyping

Shotgun libraries with fragment sizes of 350 bp were prepared with NEBNext DNA Library Prep Kit
and were sequenced with 150 bp paired-end lllumina NovaSeq 6000 technology at 22x depth of
coverage by Novogene. Trimmomatic v0.36 (Bolger, Lohse and Usadel, 2014) was used to remove
sequencing adapters and for trimming, scanning all reads in windows of four bases, and cutting at
the leftmost position if the average Phred base quality score dropped below 20 (99% base accuracy).
Reads shorter than 70 bases after trimming were discarded. Processed reads were mapped to the
haploid chromosome-level version of the Q. robur reference genome (Plomion et al., 2018) with
BWA-MEM v0.7.15 (Li & Durbin, 2009) run with default settings. After alignment to reference, PCR
duplicates were removed using Samtools v1.9 (Li et al., 2009). Variant calling was performed on all
samples simultaneously with the software Haplotype Caller in joint genotyping mode, available in
GATK v4.0.8.1 (DePristo et al., 2011). SNPs were extracted and filtered to exclude loci with either:
quality by depth less than two, Fisher strand test greater than 60, root mean square mapping quality
less than 50, mapping quality rank sum test less than -2 or read position rank sum test less than -2.

We refer to the resulting SNP set as the genome-wide set.

Assignment of individuals to species

The genome-wide SNP set was quality filtered with vcftools v0.1.16 (Danecek et al., 2011) removing
loci with missing genotypes and with either: individual mean depth less than 15, minor allele count
less than three, minor allele frequency less than 0.005, individual depth less than five or mapping
quality less than 20. This set was further reduced by excluding SNPs located in the transposable

elements identified by Plomion et al. (2018), with bedtools v2.28.0 (Quinlan & Hall, 2010), and
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multiallelic sites, with bcftools v1.8. Finally, SNPs were pruned by linkage disequilibrium (r? > 0.4)
using the indep-pairphase function of PLINK v2.0 (Chang et al., 2015) with window size of 50 markers
and step of 5. If two SNPs in a window are linked, this function keeps the SNPs with higher minor
allele frequency and if there is a tie the first SNP is kept. We refer to the resulting SNP set as the

reduced set.

We used fastSTRUCTURE v.1.0 (Raj, Stephens, & Pritchard, 2014) to infer admixture levels and to
assign individuals to species. fastSTRUCTURE was run with a simple prior, 5-fold cross-validation and
number of ancestral populations (K) from one to ten. To select the model that best explain structure
in the data we used the cross-validation profile to identify the number of K for which the prediction
error is minimized, and we compared it with the output of the python function “chooseK”, available
in fastSTRUCTURE, which computes two values for K: one that maximises the log-marginal likelihood
lower bound (LLBO) of the dataset (K"€) and aims to identify strong structure, and another one which
reports the model components that have a cumulative ancestry contribution of at least 99% (Kqc)
aimed at capturing additional weak underlying structure (Raj, Stephens, & Pritchard, 2014).
Individual trees were assigned to three categories according to the value of the admixture
coefficient (q) computed with fastSTRUCTURE with K=2: pure Q. robur (q 2 0.9), hybrid trees (q > 0.1
& g <0.9) or pure Q. petraea (q < 0.1), as described in Truffaut et al. (2017). The species that each
fastSTRUCTURE cluster represented was determined on the basis of our collectors’” morphological
classification of the sampled individuals. Principal component analysis (PCA) was performed on the

reduced SNP set using Plink v2.0 (Chang et al., 2015).

Interspecific differentiation

Genotypes of 10 Q. petraea and 10 unrelated Q. robur individuals from Attingham park (Atcham,
Shropshire, England, 52.688965° N, -2.667944° W) were extracted from the reduced SNP set and
were filtered to exclude loci with minor allele frequencies (MAF) below 0.05 using bcftools v1.8.

Weir and Cockherham F (Weir & Cockerham, 1984) was calculated between species in non-
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overlapping 10 kb sliding windows and by SNP site. We identified outlier SNP loci (1% of most
extreme Fy values) by generating smoothed quantiles from the empirical distribution of the F-
heterozygosity relationship using the R package “fsthet” (Flanagan & Jones, 2017). This method is
similar to that described by Beaumont & Nichols (1996) however it avoids assumptions about the
underlying distribution and population structure parameters. This is particularly useful when the
number of populations is small (< 10), and migration rate is low because the Fs.heterozygosity
relationship does not usually fit the expected distribution and confidence intervals generated with
the null infinite island model in such cases (Flanagan & Jones, 2017). The method implemented in
the package “fsthet” is not a statistical test and always identifies a specific number of outliers from
the empirical distribution, depending on the number of loci tested and the chosen confidence
interval (Flanagan & Jones, 2017). To mitigate this limitation and minimize the number of false
positives we conservatively selected outlier loci showing strong differentiation, with an F at least
two standard deviations from the whole genome mean Fs.. We then used a nonoverlapping 10 kb
window approach to estimate the number of outliers per window across the genome, similarly to
the method employed in Leroy et al. (2019b). We selected the top 1% outlier enriched windows and
identified the genes within or flanking (within 5 kb) these regions with bedtools (Quinlan & Hall,
2010), based on the gene models reported by Plomion et al. (2018). To test the species
discriminatory power of the identified genes we ran a second fastSTRUCTURE (Raj, Stephens &
Pritchard, 2014) taxonomic assignment at K=2 of all individuals based only on SNP loci located within

these genic regions.

Population size history and species divergence

We inferred Q. robur and Q. petraea population size and separation history using a multiple
sequentially Markovian coalescent approach implemented in the software MSMC (Schiffels &
Durbin, 2014). MSMC is an extension of the pairwise sequential Markovian coalescent (PSMC) model

(Li & Durbin, 2011), which analyses two homologous sequences from a diploid individual, therefore
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limiting the resolution of population size estimation of more recent history (Schiffels & Durbin,
2014). MSMC employs a simplification which extends PSMC to multiple sequences (Schiffels &
Durbin, 2014). Using more haplotypes lead to a more recent estimate of the time from the first
coalescence event, while when using only two sequences from a diploid individual the most recent
common ancestor is usually estimated further back in time (Schiffels & Durbin, 2014). For population
size history inferences, we ran MSMC on one, two and four high coverage (mean depth > 20x)
individuals of each species separately, to achieve higher resolution for both distant and recent
history, respectively. For species separation history we used four individuals, two Q. robur and two
Q. petraea trees. Biallelic genotypes were extracted from the genome-wide set, excluding loci with
missing data, and MSMC was run over the 12 chromosomes with default time segment patterning.
Mappability mask files of repeat elements (Plomion et al., 2018) were provided in bed format to
exclude non-unique regions of the genome from the analysis. Statistical phasing was performed
using Beagle 5.1 with default settings (Browning & Browning, 2007). MSMC outputs times and
population sizes scaled by mutation rate per base pair per generation. To convert the output to real
time and sizes it is necessary to divide estimates by the mutation rate and further multiply these by
the generation time. As the mutation rate of Q. robur and Q. petraea was unknown, we used the
substitution rate 7.5 x 107° of A. thaliana, retrieved from Buschiazzo, Ritland, Bohlmann, & Ritland
(2012), as it was done for Fraxinus excelsior in Sollars et al. (2017). We used a generation time of 50

years (Leroy et al., 2019b).

Population structure and positive selection in Quercus robur

Genotypes of 360 Q. robur individuals identified with fastSTRUCTURE were extracted from the
genome-wide set and were used to estimate linkage disequilibrium decay along the oak genome
using two methods: the r? function available in Plink v 2.0 and the tool PopLDdecay, including only

SNPs with MAF > 0.05 (Zhang, Dong, Xu, He, & Yang, 2018). We calculated Q. robur nucleotide
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diversity t (Nei & Li, 1979) along the genome including repeat regions and restricted to genic and

intergenic regions, using the vcftools function window-pi in non-overlapping windows of 5 kb.

To study Q. robur population structure SNPs were extracted from the linkage disequilibrium pruned
reduced SNP set. PCA and fastSTRUCTURE with number of ancestral clusters K from one to ten and
5-fold cross-validation were performed on the pruned Q. robur set excluding loci with minor allele

frequencies below 0.05.

Marker based realized genomic relatedness was computed across sites including all sampled
individuals and restricted to each site, according to the formula by VanRaden (2008), implemented
in the kin function of the R package synbreed (Wimmer, Albrecht, Auinger, & Schon, 2012), using the
pruned Q. robur SNP set (MAF > 0.05). Relatedness was removed by excluding an individual from
each pairwise comparison with realized relatedness (VanRaden, 2008) greater than 0.05 using the r
package plinkQC (Meyer, 2020). The relatedness filter implemented in plinkQC aims to minimize the
number of individuals removed to eliminate any relatedness above a chosen threshold (Meyers,
2020). PCA was re-computed in Plink v2.0 for the unrelated Q. robur individuals. We identified
potential parent-offspring and siblings relationships based on our relatedness estimates and the age
class of trees derived from the assessment of DBH and crown condition (Raimbault, 1995). Pairs of
trees with relatedness estimates above 0.45 (~0.5 expected for first degree relatives), were classified
as putative siblings if they were in the same age class, or as parent-offspring if they were in different

age categories.

We used SweeD v3.2.1 (Pavlidis, Zivkovi¢, Stamatakis, & Alachiotis, 2013) and OmegaPlus (Alachiotis,
Stamatakis, & Pavlidis, 2012) to perform selective sweep scans of the Q. robur genome, including
repeat regions and all allele frequencies but excluding multiallelic loci and loci with missing calls.
SweeD employs a composite likelihood ratio (CLR) test to detect hard sweeps based on the site-
frequency spectrum (SFS) of SNPs in whole-genome data (Pavlidis, Zivkovié¢, Stamatakis, & Alachiotis,

2013). OmegaPlus searches for specific linkage-disequilibrium patterns characteristics of recent
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selective sweeps (Alachiotis, Stamatakis, & Pavlidis, 2012) and output the w-statistic (Kim & Nielsen,
2004). SweeD and OmegaPlus were run with a grid parameter that resulted in a measurement of CLR
and w-statistic every 5,000 bp and each chromosome was scanned separately. In OmegaPlus the
minimum and maximum size of the sub-region around a position which was included in the
calculation of the w-statistic were fixed to 500 and 100,000 base pairs, respectively. Ancestral allele
states for the SweeD analysis were inferred using two outgroups, Fagus sylvatica L. (Mishra et al.,
2018) and Castanea mollissima (Xing et al., 2019). Raw whole genomic sequencing reads for both
outgroups were downloaded from the European Nucleotide Archive (ENA) (PPRJEB24056,
RINA527178) and were mapped to the Q. robur reference genome using Bowtie2 in local alignment
mode. The alignments generated were sorted and processed with Samtools v1.9 (Li et al., 2009) to
remove PCR duplicates. Outgroups genotypes, including homozygous reference calls, were inferred
with bcftools v1.8 and the vcftools v0.1.16 utility “fill-aa” was used to record the ancestral state for
the Q. robur SNPs. The ancestral allele was determined only for SNP loci which appeared
homozygous for the same allele in both outgroups. If a site was either not covered by the outgroup
reads, was heterozygous in one or both outgroups or the outgroups were homozygous for alleles not
found in oaks, then the ancestral state for that locus was not determined. We identified the
common outliers between the SweeD and OmegaPlus runs, representing the top 1% CLR and w-
statistic values per chromosome. We used bedtools to identify the gene models (Plomion et al.,

2018) within or flanking the common outlier windows detected.

Chloroplast network

The chloroplast DNA sequences of the 386 individual trees were assembled de novo using
Novoplasty 3.7.2 (Dierckxsens, Mardulyn & Smits, 2017). The software was run in chloroplast mode
with k-mer length of 39, the minimum length of overlap necessary to join adjacent reads in the
assembly. We used the Zea mays chloroplast gene for the large subunit of ribulose bisphosphate

carboxylase (RUBP) as seed sequence for the assembly and the Quercus lobata isolate SW786
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complete chloroplast sequence (Sork et al., 2016) as reference. The assembly was performed de
novo by Novoplasty with the reference used to aid resolution of difficult regions, such as inverted
repeats. Novoplasty was set with read length of 150 and insert-size of 350 and the software was

allowed to automatically finetune these values.

The fully assembled and circularized chloroplast sequences were linearized and shifted to the same
origin, which was set at the seed RUBP sequence, using the Perl package fasta-tools

(https://github.com/b-brankovics/fasta tools). The shifted complete chloroplast sequences were

aligned using MAFFT v7 (Katoh & Standley, 2013) and the alignment was exported in Phylip format.
PopArt v1.7 (Leigh & Bryant, 2015) was used to generate a median joining network from the

alignment file as described by Bandelt, Forster, & Rohl (1999).

Chloroplast haplotypes identification

Representative chloroplast DNA sequences for each of the clusters identified in the median joining
network were analysed by reproducing in silico the polymerase chain reaction-restriction fragment
length polymorphism (PCR-RFLP) method used to characterize the main oak chloroplasts lineages in
Europe, including over 40 haplotypes, in Petit et al. (2002b). The haplotypes identified in our
chloroplast network were matched to known oak chloroplasts haplotypes according to the
information provided by four non-coding chloroplast DNA fragments extracted and digested in silico
with custom scripts. The four chloroplast DNA fragments and restriction enzyme pairs were: trnD-
trnT (DT) with Taql, psaA-trnS (AS) with Hinfl, psbC-trnD (CD) with Tagl and trnT-trnF (TF) with Alul
(Petit, Demesure, & Dumolin, 1998; Petit et al., 2002b). The length variants obtained with restriction
digestion simulation of the chloroplast DNA fragments were compared and matched with those
reported for previously characterized oak haplotypes (Appendix B in Petit et al., 2002b). The trnD-
trnT and trnT-trnF fragments were further characterized for the presence of a point mutation, using

Alul and Cfol restriction enzymes respectively, as described in Petit et al. (2002b).
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We compared the distribution of the chloroplast haplotypes identified with that of 163 ancient
woodlands distributed across England and Wales, surveyed as part of a previous study (Cottrell et
al., 2002). To assess whether the parklands surveyed matched the local ancient woodlands dominant
haplotype, we performed an ordinary kriging linear regression (R, “gstat” package) of Cottrell et al.
(2002) data to define haplotypes dominance regions in England and Wales, similarly to Lowe et al.
(2004). Kriging linear regression is a spatial prediction method that combines regression, in this case
based on haplotype count data at know locations, with spatial interpolation, in order to predict

haplotype frequencies across geographic space (Pebesma, 2006).

Results

SNP discovery

We sequenced the whole genome of 386 oak trees from British parklands and identified 57,573,404
SNPs by mapping to the Q. robur reference genome (Plomion et al., 2018), prior to applying more
stringent quality filters. This set of 57M SNPs includes only those sites that were polymorphic among
the sampled individuals, an additional 1,737,384 sites were monomorphic in our data but differed
from the reference genome. Mean individual depth of coverage of SNP loci was 21.5x, varying from
12.7x to 33.4x across samples and individual call rate varied from 1 to 5%, with mean of 4.2%. The
Ts/Tv ratio was normally distributed around mean 2.58 with small variation. In total 4,665,342 SNPs

(~8%) were in genic sequences, according to the gene models reported by Plomion et al. (2018).

Population structure and interspecific differentiation

We analysed the genome-wide variation of 386 oak trees with model-based inference and principal
component analysis (PCA) based on the reduced SNP set, which included 2,768,547 unlinked SNPs (r?

<04).
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fastSTRUCTURE function “chooseK” indicated K=2 as the number of ancestral clusters that
maximises the LLBO (K*€) of the data (Figure S2.1A, Supporting Information) and best explains
additional weak underlying structure (Kgc) (Raj et al., 2014). Furthermore, even though the
fastSTRUCTURE 5-fold cross-validation analysis shows that the prediction error is minimized at K=9
(Figure S2.1B, Supporting Information), the cross-validation profile is not fully resolutive as the
prediction error does not vary greatly with increasing model complexity (Figure S2.1B, Supporting
Information). In particular, the prediction error at K=9 is within one standard error from that of K=2,
therefore we chose the latter more parsimonious model to represent our data, as the use of
prediction error for model selection with fastSTRUCTURE is prone to the overestimation of the
number of populations and the function “chooseK” is recommended (Raj et al.,2014). In total, 10
individuals were assigned to Q. petraea, 360 individuals to Q. robur and the remaining 16 individuals
were classified as hybrids, on the basis of the admixture coefficient computed with fastSTRUCTURE
at K=2 (Figure 2.1). The vast majority of the sampled trees were Q. robur, according to our collectors’
morphological classification, therefore it was straightforward to determine which species each
fastSTRUCTURE cluster represented. The fastSTRUCTURE species assignment matched the collectors’
classification based on leaf morphology for pure individuals, except for three Q. petraea individuals
previously assigned to Q. robur. Three of the 16 admixed individuals identified were originally
classified morphologically as Q. petraea, while the remaining 13 had been assigned to Q. robur. The
collectors’ classification of the identified admixed individuals reflected the dominant contribution to

their ancestry.
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Figure 2.1. Oak species distribution across parklands. A) Bar plot of fastSTRUCTURE results of 386
oak individuals based on 2,768,547 unlinked SNPs (r? < 0.4) at K = 2. Taxonomic assignment based on
the value of the admixture coefficient computed with fastSTRUCTURE: Q. robur (R) (q 2 0.9), hybrid
trees (H) (g >0.1 & 9 < 0.9) or pure Q. petraea (P) (q £ 0.1). Clusters assigned to species according to
leaf morphology. B) Map of species distribution across sampling sites.

In PCA, the first principal component explained 38% of the total variance and clearly separated Q.
robur and Q. petraea individuals while the admixed individuals identified with fastSTRUCTURE came
between the main species clusters (Figure 2.2A). The second principal component accounted for 10%
of the variance and separated the hybrid individuals from the rest, while keeping the two species
closer. The explained variance levelled off at the third component which pulled apart six individual
samples (Figure 2.2B-C). The six Sheen Wood individuals separated by the third principal component

were determined to be closely related (relatedness > 0.125), as assessed later in the chapter.
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Figure 2.2. PCA of 386 individual oak trees of two species, based on 2,768,547 unlinked SNPs (r? <
0.4). Taxonomic labels represent fastSTRUCTURE classification at K = 2. A) PC1 against PC2. B) PC1
against PC3. C) PC2 against PC3. D) Eigenvalues of the computed principal components.

Between ten unrelated Q. robur and the ten Q. petraea individual trees from Attingham park loci
with minor allele frequencies over 0.05 (914,242 SNPs, ~24% genic and ~76% intergenic) gave a
mean interspecific Fs; of 0.158 (median and standard deviation were 0.111 and 0.156, respectively)
(Figure 2.3, Figure S2.2, Supporting Information). Those SNPs located in the gene models predicted
by Plomion et al. (2018) (223,319 SNPs), gave a mean Fsvalue of 0.155 (median and standard
deviation were 0.111 and 0.153, respectively) whereas intergenic SNPs gave a mean F value of
0.159 (median and standard deviation were 0.111 and 0.157, respectively). The genome wide Fs

distribution shows that the majority of loci exhibit small differentiation (Figure S2.2, Supporting
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Information). A minority of loci clearly displayed very strong differentiation and 610 SNPs were fixed
for different alleles in the two species (Fst= 1). Within-species Fs calculation between two
populations (Attingham and Hatchlands) each composed of 10 unrelated Q. robur individuals gave a

much lower mean Fvalue of 0.024 (median and standard deviation were 0 and 0.044, respectively).
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Q. robur/
Q. petraea
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£04UD
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Figure 2.3. Genome-wide Fst between 10 Q. robur and 10 Q. petraea from Attingham Park, based on
914,242 SNPs (MAF > 0.05), computed in non-overlapping 10 kb sliding windows. In red the 81
coding regions with strong interspecific differentiation identified in this study.

Between Q. robur and Q. petraea we identified 8019 outlier SNPs, representing most extreme values
of the F4-heterozygosity distribution (Figure S2.3, Supporting Information). We searched the Q.

robur gene models (Plomion et al., 2018) within or flanking the top 1% of outlier-enriched 10 kb

55



windows (69 windows with 5 or more outliers) and found 81 genes (Table S2.1, Supporting
Information). These were distributed across the entire genome and present on all chromosomes,
with a hotspot visible near the middle of Chromosome 2 (Figure 2.3). Using only these 81 genic
regions, which included 3,567 SNPs, provided the same assignment of individuals to species at K=2 in
fastSTRUCTURE as the run based on 2,768,547 genome-wide SNPs, except that three individuals
previously classified as Q. robur with signals of introgression from Q. petraea were classified as

hybrids with a strong Q. robur component.

Species population size and separation history

Multiple sequentially Markovian coalescent (MSMC) plots for both species suggest a long-term
history of population size decline followed by a steep increase in more recent history (Figure 2.4).
Using 2, 4 or 8 nuclear haplotypes gave similar results for time periods where their estimates overlap

(Figure 2.4A-C).

Estimation of cross-coalescence rates with MSMC suggests that Q. robur and Q. petraea populations

started separating 8 Mya and reached full separation in the last 0.5/1 Mya (Figure 2.4D).
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Figure 2.4. Effective population size and separation history of Q. robur and Q. petraea estimated
with the MSMC method. Generation time: 50 years. Mutation-rate: 7.5e®. A) Estimates based on 2
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haplotypes for each species. B) Estimates based on 4 haplotypes for each species. C) Estimates based
on 8 haplotypes for each species. D) Relative cross-coalescence rate (CCR) ratio per year. The CCR
ratio is a measure of divergence and represents the ratio of between-populations over within-
populations coalescence rate. Values close to 0 indicate that populations have diverged, while values
close to 1 indicate that populations have not yet diverged as between and within populations
coalescence rates are equal.

Quercus robur genetic diversity and positive selection

The PCA restricted to the Q. robur individuals, based on 839,911 unlinked SNPs (MAF > 0.05) showed
that there is little difference in the variance explained by each principal component and there is no
strong clustering visible in the plots, with slight population-specific pattern visible for Attingham
Park, Langdale Wood and Sheen Wood (Figure S2.4, Supporting Information). Realized genomic
relatedness (VanRaden, 2008) among the 360 Q. robur trees was normally distributed around 0
(Figure S2.5, Supporting Information) and relatively low with 123 pairwise estimates above 0.125
(expected for third-degree relatives) among 64,620 pairwise estimates. There were noticeable
differences in within-site relatedness among sites (Figure S2.6, Supporting Information). Trees within
Hatchlands Park had the lowest level of relatedness (mean = 0.0016) with only 7 pairwise estimates
above 0.125, involving 14 trees out of the 75 Q. robur sampled at this site (18 %). Sheen Wood
similarly had relatively low relatedness levels (mean = 0.0019) with 23 estimates above 0.125,
involving 21 trees out of 98 (21%). In contrast, Langdale Wood (mean = 0.003) and particularly
Attingham Park (mean = 0.0065) reported substantially higher relatedness levels, with 48 and 45
pairwise estimates above 0.125 respectively, involving 53 trees (43%) at Langdale Wood and 40 trees
(61%) at Attingham Park. Based on our relatedness estimates and the approximate age of trees
based on diameter at breast height, we identified two potential parent-offspring relationships and
two full-sibs’ pairs at Attingham Park, three full-sibs’ pairs at Sheen Wood, five full-sibs’ pairs at
Langdale Wood and a single potential full-sib relationship at Hatchlands Park. In a global test of
relatedness among sites, we found only two among-site pairs with relatedness above 0.05. These

were between Hatchlands Park and Sheen Wood.
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Examining genomic variability of Q. robur among all four populations with PCA, after excluding 99
individuals to remove any relatedness relationship above 0.05 between samples, PCA eigenvalues
levelled off and the slight populations patterns observed prior to kinship filtering in Figure S2.4
(Supporting Information) vanished, reflecting the lack of any strong geographically correlated
structure in the nuclear genomes of Q. robur individuals between the four parklands sampled (Figure
S2.7, Supporting Information). Running fastSTRUCTURE on the 360 Q. robur individuals (K from one
to ten) also confirmed this lack of structure within Q. robur: the two metrics (Kgc and K'¢) reported
by fastSTRUCTURE function “chooseK” for the choice of ideal model complexity concordantly
suggested a single ancestral population (Figure S2.1C, Supporting Information). The cross-validation
profile further shows that the prediction error does not vary much with increasing model complexity

and remains within one standard error from K=1 (Figure $2.1D, Supporting Information).

Linkage disequilibrium (LD) was found to decay quickly in the 360 Q. robur individuals, with average
r2 below 0.2 at 500 bases apart (Figure S2.8, Supporting Information). Over 90% of LD-blocks size
estimates are within 5,000 bp length (Figure S2.8, Supporting Information). In windows of 5,000 bp,
Q. robur pairwise nucleotide diversity showed genome-wide diversity it of ~0.007, with little
variation between chromosomes and parklands sites (Figure S2.9-S2.10, Supporting Information).
Nucleotide diversity was higher in the intergenic regions (1t = 0.0066) than the coding regions (m =

0.0024).

Selective sweep scans every 5,000 bp along the 12 Q. robur chromosomes using SweeD (Pavlidis et
al, 2013) and OmegaPlus (Alachiotis et al., 2012) each identified 1,311 outlier regions (1% of most
extreme values). There were 10 common outlier regions found by both methods (Figure $2.11,
Supporting Information), located on chromosomes 1 (2 regions), 2, 3 (2 regions), 9, 11 (3 regions)
and 12. The gene models (Plomion et al., 2018) within or flanking the identified sweep regions
included key developmental and stress response regulators (Table S2.2, Supporting Information),

according to the available annotation (Plomion et al., 2018).
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Chloroplast haplotypes phylogeny and identification

We de novo assembled and circularized the full chloroplast DNA sequence of 309 oak samples,
including 287 Q. robur, 8 Q. petraea and 14 hybrids. Novoplasty was unable to fully assemble and
circularize the chloroplast DNA of 77 samples, however we deemed the 309 complete sequences
sufficient to assess the chloroplast haplotypes composition of both parklands and species. A median-
joining plastid haplotype network identified five major chloroplast haplotypes, with lengths varying
from 161,148 bp to 161,306 bp (Figure 2.5). We matched the five haplotypes to those previously
identified using the PCR-RFLP method (Petit et al. 2002b). Four haplotypes (haplotypes 10, 11, 123,
12b) displayed a particular point mutation in the trnD-trnT chloroplast fragment (Table S2.3E,
Supporting Information) characteristic of haplotypes belonging to lineage “B”, which hypothetically
originated in a late Pleistocene glacial refugium located in the Atlantic side of the Iberian Peninsula
(Cottrell et al., 2002; Petit et al., 2002a; Petit et al., 2002b). Similarly, haplotype 7 exhibited a
particular point mutation in the trnT-trnF chloroplast fragment (Table S2.3E, Supporting Information)
characteristic of haplotypes stemming from lineage “A”, which originated in a Pleistocene glacial
refugium located in the Balkans geographic area (Cottrell et al., 2002; Petit et al., 2002a; Petit et al.,

2002b).
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Figure 2.5. Median-joining chloroplast haplotype network of 287 Q. robur, 8 Q. petraea and 14
hybrid individuals. A) Colours represent parkland sites, and the size of nodes is proportional to
number of individuals. Hatch marks along edges represent the number of single base mutations
between nodes. Edges length does not carry any weight. The major nodes identified were matched
to previously characterized haplotypes (Petit et al., 2002b). B) Colours represent species.

60



Haplotypes 10, 12a and 12b, described in Petit et al. (2002b), were identified according to the
information provided by restriction digestion of the DT chloroplast fragment (Table S2.3A).
Haplotype 11 displayed a 13 bp duplication in the TF chloroplast DNA fragments (Table $2.3D)
characteristic of this haplotype (Cottrell et al., 2002). The remaining haplotype in our study was
matched with either haplotype 7 or 26, two closely related Balkan haplotypes, according to the
information provided by digestion of the DT and AS fragments (Table $2.3B, Supporting
Information). We narrowed our choice to haplotype 7 due to previous reports of this haplotype in
England (Cottrell et al., 2002); we excluded haplotype 26 as its presence was recorded only in the
French alps and it is speculated to represent a post-colonization mutation of haplotype 7 (Petit et al.,

2002a).

The two predominant haplotypes identified across the four sampled sites were haplotype 10 and 12
(Figure 2.6). Haplotype 10 is predominant at Sheen Wood and Hatchlands Park in the south-east. It is
also well-represented at Langdale Wood; however, it is almost absent from Attingham Park, which is
located further north-west in Shropshire. In contrast, haplotype 12 is nearly absent from the south-
eastern sites while it is present at Langdale Wood, and it is the predominant haplotype at Attingham

Park.
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Figure 2.6. Distribution of the four chloroplast haplotypes identified between sampled parkland sites
and species.

According to our ordinary kriging linear regression based on Cottrell et al. (2002) English and Welsh
ancient woodlands data (Figure 2.7), Attingham Park (dominant haplotype 12) and Langdale Wood
(dominant haplotype 10) did not occur in an area dominated (> 50%) by a single haplotype, but both
sites are located in close proximity (< 25 km) to a matching dominant autochthonous haplotype
patch. Hatchlands Park (dominant haplotype 10) and Sheen Wood (dominant haplotype 10) do not
have the same dominant haplotypes as local ancient woodlands according to our interpolation;

however, this area of England appears particularly fragmented and dominance regions for all three
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major British haplotypes (haplotypes 10, 11 and 12) are found in proximity (~50 km) to both sites
(Figure 2.7). Haplotype 7 does not show any dominance region (Figure 2.7), unlike the interpolation
in Lowe et al. (2004). That is because this haplotype is dominant (> 50% frequency) in only a single
ancient woodland in the English and Welsh data retrieved from Cottrell et al. (2002), therefore no
pixels in the map are assigned a value above 50% unless a very fine prediction grid is used in the
interpolation. There was no distinction between species: most of the Q. robur individuals identified
at Attingham Park shared the same haplotype of the Q. petraea individuals from the same site

(Figure 2.6).
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Figure 2.7. Haplotypes frequency contour regions in England and Wales estimated with ordinary
kriging interpolation of the chloroplast data of 163 ancient woodlands from Cottrell et al. (2002).
Yellow: > 50%. Orange: 60-70%. Red: > 70%. Black points represent the sites sampled in this study (A
= Attingham Park, L = Langdale Wood, S = Sheen Wood, H = Hatchlands Park).

We sequenced the whole genome of 386 oak trees across four British parkland sites and

characterized over 50 million SNPs in British Q. robur and Q. petraea. Trees with evidence for
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hybridisation in their genomes generally exhibited predominantly the morphological traits of one of
the parental species. Previous studies have found that oak hybrids often display uneven
combinations of phenotypic characters of the parental species, especially where there has been
recurrent backcrossing (Curtu, Gailing & Finkeldey, 2007; Beatty et al., 2016). Three individuals could
represent first-generation (F1) hybrids in our samples (Figure 2.1, though additional analyses would
be needed to confirm this hypothesis), while the other admixed trees showed evidence of
backcrossing to Q. robur, likely due to the predominance of this species in the parklands surveyed

(Lepais et al., 2009).

The genomes of Q. robur and Q. petraea were largely undifferentiated, corroborating previous
results from sites across Europe (Barreneche et al., 1996; Bodenes et al., 1997; Coart et al., 2002;
Leroy et al., 2019b; Lesur et al., 2018; Mariette et al., 2002; Saintagne et al., 2004; Scotti-Saintagne
et al., 2004; Zanetto et al., 1994). We reported mean F. of 0.155 between Q. robur and Q. petraea
coding regions, close to recent estimates (mean Fs; = ~0.13) by Lang et al. (2018), who studied
populations in central and western Europe. We did not find any substantial difference between
intergenic and genic F« trends (Figure S2.2, Supporting Information), suggesting that there could be
species-discriminant markers also in the neutral regions of the oak genome. We identified 81 genic
regions, with strong species discriminatory power (Figure 2.3). Two of these genes were previously
found in a study of genome-wide differentiation among four white oak species (Q. robur, Q. petraea,
Q. pyrenaica and Q. pubescens) in France, which identified a total of 215 regions of differentiation,
133 of which contained genes (Leroy et al., 2019b). Our sample size of ten individuals of Q. robur and
Q. petraea was very small, likely leading to false positives within our 81 regions. Future analyses with
larger sample sizes including more locations and spanning a larger geographic area, including
continental Europe, may reduce the number of Fsoutliers detected between Q. robur and Q.
petraea. Such a combined analysis would also greatly increase the applicability of the results across

Europe.
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The nuclear genomes showed no clear differentiation among the four parkland sites (Figure S2.4,
Supporting Information), though we note that our sampling had small latitudinal range. If we had
sampled more northerly and southerly parts of Britain, we may have found more among site
variation. We identified 10 genes with, or in proximity to, signatures of recent positive selection in
Q. robur based on both site frequency spectrum and linkage disequilibrium patterns (Figure S2.11,
Supporting Information). The putative functions of these suggest that they may be involved in stress

tolerance (Table S2.2, Supporting Information).

Population history and secondary contacts

Hybridization and extensive exchanges of chloroplast DNA between European oaks have been well
documented (Dumolin-Lapegue, Kremer, & Petit, 1999; Lepais et al., 2009; Leroy et al., 2019b; Petit
et al., 2002b; Petit et al., 1997) and most recent genetic studies based on ABC models have shown
that massive secondary contacts between European white oak species have occurred recently after a
long period of isolation, probably at the end of the last glacial period or at the start of the current
interglacial period (Leroy et al., 2017; Leroy et al., 2019b). These contacts are thought to have
homogenized the majority of the nuclear genome of European white oak species with the exception
of some barrier regions accumulated during the long periods of isolation that preceded secondary
contacts (Lepais et al., 2013; Leroy et al., 2019b; Petit et al., 2002a). Our estimates of past effective
population sizes suggested that Q. robur and Q. petraea shared a similar history of population size
decline during the last 2.5 million years followed by a recent postglacial re-expansion. Due to
uncertainties about generation time and mutation rates in oaks, we do not know if the onset of this
apparent decline was when Eurasian white oaks colonised Europe from America, or if it began due to
Pleistocene glaciations (Cottrell et al., 2002; Leroy et al, 2017; Mazet et al., 2015; Petit et al., 20023;
Petit et al., 2002b). The steep increase in population sizes recorded in more recent history in both
species using 8 haplotypes seems to reflect the post-glacial expansion of white oaks in Europe that is

reported to have taken place after the last glacial maximum (Cottrell et al., 2002; Leroy et al, 2017,
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Petit et al., 2002a; Petit et al., 2002b). Our estimation of cross-coalescence rates is concordant with

the hypothesis that despite the extensive interspecific gene-flow in the late Pleistocene, the species

were already fully diverged (Leroy et al., 2017; Leroy et al., 2019b), and their separation appear to

have started roughly 8 Mya, in line with the latest oak phylogeny (Hipp et al., 2019).

Relatedness and parklands management

The differing levels of relatedness that we found among trees within parklands could reflect
different management practices in different parklands in the past (Figure S2.6, Supporting
Information). Trees in Attingham Park had particularly high relatedness and we identified two
potential parent/offspring relationships, two pairs of full-sibs and numerous second- and third-
degree relatives there. Trees in Langdale Wood and Sheen Wood had slightly lower levels of
relatedness however potential full-sibs (five at Langdale Wood and three at Sheen Wood) and
several second- and third-degree relatives can be found at each site. Hatchlands Park showed
substantially less kinship. It is likely that sites with higher levels of relatedness had high natural

regeneration in the past, and perhaps planting of locally sourced acorns.

British parkland chloroplast haplotypes

We detected four native British oak chloroplast haplotypes (Haplotypes 10, 11, 12 and 7) in the

parklands we studied, and no haplotypes that could be attributed to planting of non-native seed

stocks (Figure 2.5, Figure 2.6). The vast majority of our samples (> 99%) possess haplotypes thought

to be derived from Iberian glacial refugia, but two individuals at Langdale Wood displayed haplotype

7 (Lineage “A”), from a Balkan refugium (Figure 2.6). This Balkan haplotype is rare in Britain but has

had a long presence in the Forest of Dean and surrounding area, where it is the dominant haplotype

of the oldest trees group (133-281 years old) and has been detected in a 320-year-old tree (Cottrell

et al., 2004). Langdale Wood, where we identified this haplotype, is located approximately within 50

km from the Forest of Dean. It is not known if this haplotype reached the Welsh marches naturally

from the Balkans through natural postglacial colonization or if human-mediated activity, such as the
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return of medieval knights from crusades, is responsible for the scattered presence of this haplotype

in the north of France and around the Forest of Dean (Cottrell et al., 2002; Cottrell et al., 2004).

The chloroplast haplotypes present in the four parklands fit well with local ancient woodland
haplotype distributions (Cottrell et al., 2002; Lowe et al., 2004). According to our kriging
interpolation of dominant haplotypes in Britain, based on Cottrell et al. (2002) English and Welsh
data, all four parkland sites surveyed are located within a short radius (25-50 km) of a matching
autochthonous dominant haplotype region (Figure 2.7). This suggests that these parkland oaks
derive from local seed sources, but we cannot fully exclude the possibility that seeds could have
been imported from different regions of Britain with the same dominant haplotype, or even from
Spain or France where these haplotypes are similarly abundant (Lowe et al., 2004; Petit et al., 20023a;
Petit et al., 2002b). A strategy to further validate this finding would involve comparing global
genomic relatedness levels between our samples and natural populations from Britain and
populations from continental Europe. While data for parts of Europe is available (Leroy et al.,
2019b), there is not, to our knowledge, any whole genome dataset for natural populations of Britain

native oak species available to perform such comparison.

Concluding remarks

The large genomic dataset presented in this study provides new insights into the origins and past
management of oaks in British parklands. This may assist future management decisions: if continuity
is sought with the past, then local seed-sourcing will be appropriate, but for adaptation to future
climates, seed sourcing from further afield may be needed. The genetic diversity present in these
parkland populations may provide some resilience to climate change and may already have been
drawn upon to some extent, via selective sweeps for which we found evidence in the Q. robur
genome. A warmer and drier climate in future may favour Q. petraea ecology over Q. robur, so the
proportion of Q. petraea and hybrid individuals may increase in future. An important health concern

for British parklands is acute oak decline. All four of the parklands in this study are under long-term
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monitoring for this complex multifactorial syndrome (Denman et al., 2018). Further expansion of our
dataset may give sample sizes sufficient to investigate whether or not susceptibility to this syndrome

has a genetic basis.
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Chapter 3: Genomic signals of local adaptation in Asian
White Birch

The research presented in this chapter is currently being submitted for publication and | will be

the lead author.
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Abstract

To survey the patterns of genome-wide diversity in a pan-Eurasian tree species complex and
understand their underlying causes is a daunting task, but one with important implications for
taxonomy, conservation, and forestry. Here, we investigate the population genetic structure of
white birches in Eurasia and some of the processes that have driven their patterns of diversity in
China. We generate whole genome sequence data from 83 individuals across the species range in
China. Combining this with an existing dataset for 79 European and Russian white birches, we show
a clear distinction between B. pendula and B. platyphylla, which have sometimes been lumped
taxonomically. Genomic diversity in north-western China and Central Russia is affected greatly by
hybridisation between these two species. Within B. platyphylla in China we give evidence for three
lineages and hypothesise divergence times and past population sizes for them. We show patterns of
co-variation between allele frequencies and environmental variables in B. platyphylla, suggesting the
role of natural selection in the distribution of diversity at 7,609 SNPs. Interestingly, 3,767 of these
SNPs were also statistically significant outliers in our population differentiation analysis. The putative
adaptive SNPs are distributed throughout the genome and span 1,633 genic regions. Of these genic
regions, 87 were previously identified as candidates for selective sweeps in B. pendula. We use the
7,609 environmentally associated SNPs to estimate the risk of non-adaptedness for each B.
platyphylla individual under a scenario of future climate change, highlighting areas where

populations may be under future threat from rising temperatures.
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Introduction

Understanding the genomic basis of local adaptation may help to inform species conservation and
predict population fitness under climate change (Sork et al., 2013). Local adaptation occurs when
environmental conditions impose selective pressure on phenotypes related to local performance,
such as survival and fecundity, resulting in the higher fitness of certain genotypes, which increase in
local abundance and allele frequency controlling these traits will vary across the landscape (Fisher,
1930; Savolainen et al., 2007). Adaptation to environmental conditions can result from standing
genetic variation or new mutations (Aitken et al. 2008). Local adaptation may be more obvious for
species occupying a broad range as the environments are more likely to be spatially heterogeneous.
However, spatial genetic variation can also result from neutral processes, such as genetic drift due to
demographic history (Sork et al., 2013; Wang & Bradburd, 2014). Hence, controlling for neutral
genetic structures helps to reduce false positives when aiming to identify outlier loci among
populations involved in local adaptation.

Forest trees, usually with large population sizes and wide geographic distributions, are an ideal
system to study local adaptation, as they occupy spatially heterogeneous environments, which often
results in significant differentiation among populations and distinct genetic structures (Savolainen et
al., 2007; Alberto et al., 2013). Rapid climate change threatens forest trees greatly, especially those
with long generation times, as this translates to slower adaptation, and short dispersal, which would
limit their ability to track and migrate to more suitable environments (Aitken et al., 2008; Keenan,
2015).

Recently, the genetic basis of local adaptation has been investigated for certain non-model species
using high-throughput sequencing, high-resolution environmental data and novel analytical methods
(Eckert et al., 2010; Ellegren, 2014). Environmental association analysis (EAA) correlates abiotic data
with genomic data, such as SNP allele frequencies (Manel and Holderegger 2013; Sork et al. 2013).
Such studies pinpoint SNPs showing signals of elevated differentiation among environments and

showing significant correlations with one or more environmental variables (Rellstab et al., 2015),
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which are putative candidates involved in local adaptation (Hoban et al., 2016). Using EAA, we can
also predict the possible degree of maladaptation of local populations to future climate change
(Borrell et al., 2019; Rellstab et al., 2021; Rellstab et al., 2016).

Betula (birch), an important genus in the Northern Hemisphere, including both widespread and
highly localized species, comprises key components of temperate forests (Ashburner and McAllister,
2013; Wang et al., 2016; Wang et al., 2021). Understanding the genomic basis of adaptation in this
genus can help to predict their potential to survive under rapid climate change, helping to manage
species conservation (Borrell et al., 2019).

In this study, we selected Asian white birch (Betula platyphylla), which belongs to the subgenus
Betula, to understand its past demographical histories, current local adaptation and future potential
to respond to climate change. Asian white birch is of great ecological and commercial value and
commonly occurs in eastern Asia including the Far East Russia, China and Japan. In China, it has
distributions in northwestern (NW), central (CE), northeastern (NE) and southwestern regions (SW)
(Chen & Lou, 2019; Ashburner and McAllister, 2013). Asian white birch is a pioneer species,
colonizing open habitats in grasslands, on roadsides and on the verge of forest (Ashburner and
McAllister, 2013). We selected this species not only because of the above-mentioned values but also
for the following reasons. First, it occupies spatial heterogeneous environments across its range with
over 26 latitudinal degrees based on our collection records. Some populations distribute in SW China
and its adjacent regions, with an altitude of over 3,700 meters whereas some populations
distributing in NW China grow by riverside with a much higher annual evaporation than precipitation.
Furthermore, the well assembled and annotated reference genomes of both silver birch (B. pendula)
(Salojarvi et al., 2017) and Asian white birch (Chen et al., 2021) have been available, enhancing the
potential to study genomic footprints of adaptation in Asian white birch. Asian white birch and silver
birch are sister species (Wang et al., 2021) and some researchers have suggested that they could be
a single species (Ashburner & McAllister, 2013). They diverged during the last glaciation before the

LGM (approx. 36 000 years ago), according to previous research, but this inferred divergence time is
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probably underestimated as gene-flow after divergence was not included in the model and the
inference is based on only 18 nuclear simple sequence repeats (SSRs) loci (Tsuda et al., 2017). More
recently, a phylogenetic tree based on gene families was built and re-estimated the divergence time
between B. pendula and B. platyphylla at 2.6 million years ago (Chen et al., 2021). A previous
landscape genomic study of silver birch showed that variations around the genes involved in
photoperiodic responses were highly associated with local environmental adaptation (Salojarvi et al.,
2017). More recently, B. platyphylla was shown to be divided into five genetic clusters and many
populations show substantial genetic admixtures between different genetic clusters (Chen & Lou,
2019). However, this investigation was also based on a small number (ten) of microsatellite markers,
therefore very little is known about demography history and landscape genomics of Asian white

birch until now despite its wide distribution in East Asia.

In this study, population stratification of B. platyphylla was first investigated using principal
component analysis (PCA), Fs: and fastSTRUCTURE analyses. We then used environmental niche
modelling (ENM) to characterize B. platyphylla habitat under current and future climate. We coupled
it with EAA to identify SNP markers associated with environmental clines after controlling for
population structure. The annotated genome sequence of silver birch was used to predict the
function of the identified adaptive SNPs and to locate the distribution of these adaptive SNPs along
the genome. Finally, the risk of non-adaptedness (RONA) (Rellstab et al., 2016) was calculated for
each individual under a scenario of climate of 2080-2100, which would inform species conservation
strategies under conditions of future climate change. Together, this study generates new hypotheses
regarding local adaptation in Asian white birch, which can be further tested in common garden trials

or genetic modification analyses in future studies.

Materials and Methods
Sampling
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Samples of Asian white birch (B. platyphylla) were collected from 74 naturally occurring populations
throughout its distribution in China between 2016 and 2019. Sample identifiers and GPS locations
are presented in Table S3.1 (Supporting Information). Dried cambial tissues were used for DNA
extraction following a modified CTAB protocol (Wang et al., 2013). One or two samples per
population were selected for resequencing, resulting in a total of 83 samples. Extracted DNA was
assessed with 1% agarose gel and sent to BerryGenomics (Beijing, China) for library preparation and
whole genome re-sequencing. Sequencing was performed on the lllumina NovaSeq6000 platform
with 150 bp paired end read sequencing with approximate 11Gbp data obtained for each sample

(average depth of ~25x).

Trimming and SNP filtering

The raw data was trimmed using Trimmomatic (Bolger et al., 2014) in paired-end mode with a
required quality of 30. Reads shorter than 90 bp were discarded. Clean reads of the sequenced
samples were aligned to a genome assembly of B. pendula (Salojarvi et al., 2017) using BWA-MEM
v.0.7.17-r1188 algorithm in BWA (v0.7.17) with default parameters (Li & Durbin, 2009). Reads with
non-specific matches were discarded. Alignments were converted from sequence alignment map
(SAM) format to sorted, indexed binary alignment map (BAM) files (SAMtools v1.8) (Li et al., 2009).
The MarkDuplicates tool from the Genome Analysis Tool Kit (GATK) (v 4.1.4.) was used to mark
duplicates (DePristo et al., 2011; McKenna et al., 2010). Variant calling was performed the software
Haplotype Caller in joint genotyping mode, available in GATK v4.0.8.1 (DePristo et al., 2011). We
filtered for biallelic SNPs genotyped in all individuals with minor allele frequency greater than 0.05,
quality by depth greater than 2, fisher strand test less than 60, root mean square mapping quality
greater than 40, mapping quality rank sum test greater than -12, read position rank sum test greater
than -8 and strand odds ratio less than 3. We pruned the filtered SNP set by linkage disequilibrium
(r?>0.4) using the “indep-pairphase” function of Plink (Chang et al., 2015) in windows of 50 and step

of 5. We term this set of SNPs the China dataset.
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Using the same method to the above we also assembled a second SNP dataset that included
genomic read data from Salojarvi et al. (2017) for 78 B. pendula individuals from most of this species’
European and Asian geographic range, and one B. platyphylla individual deliberately included from
Russia. These individuals were included because B. pendula and B. platyphylla are sister species that

are reported to hybridise (Tsuda et al., 2017). We term this set of SNPs the Eurasian dataset.

Population structure

We used fastSTRUCTURE (Raj, Stephens, & Pritchard, 2014) on the China dataset and also on the
Eurasian dataset of SNPs to assign individuals to populations. We used a simple prior, 5-fold cross-
validation and number of ancestral populations (K) from one to ten. We used the python function
chooseK, which is the recommended tool for model selection in fastSTRUCTURE (Raj, Stephens &
Pritchard, 2014), and the cross-validation profile, which identifies the model complexity for which
the prediction error is minimized, to assess the models generated. The function chooseK suggests
two values for K: one that maximises the log-marginal likelihood lower bound (LLBO) of the dataset
(K*€) and captures strong structure, and another one (Kgc) which reports the model components
that have a cumulative ancestry contribution of at least 99% and it is aimed at finding additional
weak underlying structure (Raj, Stephens, & Pritchard, 2014). Individual trees were assigned to
populations according to the value of the admixture coefficient (q) computed by fastSTRUCTURE at
the chosen model complexity: g 2 0.9 to belong to a population, while individuals with g < 0.9 were

classified as admixed.

On the basis of the fastSTRUCTURE analysis of the Eurasian dataset, we excluded from the China
dataset any individuals that had over 10% assignment to B. pendula and ran fastSTRUCTURE only on
Chinese B. platyphylla based on 1,387,994 SNPs (after filtering for missing genotypes). Furthermore,
we used the program sparse non-negative matrix factorization (snmf), part of LEA package (Caye et
al., 2019), to perform a population differentiation test and identify Fs outlier SNPs between the

clusters identified for B. platyphylla in China. snmf computes fixation also in the presence of
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admixed individuals in the sample (Martins et al., 2016) and performs a test similar to other Fq-
outlier approaches (Lotterhos & Whitlock, 2014). Multiple testing was controlled by converting the
p-values computed by snmf into g-values with the R package “qvalue” (Storey et al., 2015). Q-values
represent the expected false discovery rate (FDR) associated with a given p-value (Storey and

Tibshirani 2003). Finally, we selected candidate outlier SNPs with FDR < 1%.

Principal component analysis (PCA) was performed on the Eurasian dataset and the Chinese B.

platyphylla dataset using Plink v2.0 (Chang et al., 2015).

Population size history and species divergence

We inferred the historical changes in population size and the demographic history of the three B.
platyphylla populations identified in China using a multiple sequentially Markovian coalescent
approach implemented in the software MSMC (Schiffels & Durbin, 2014). We randomly chose two
individuals for each population (excluding admixed individuals, q < 0.9 in fastSTRUCTURE) for this
analysis, corresponding to four haplotypes. We used the biallelic SNPs set prior to minor allele
frequency filtering, SNP call rate filtering and linkage disequilibrium pruning (28,058,885 SNPs in
total). Statistical phasing was performed using Beagle 5.1 with default settings (Browning &
Browning, 2007). MSMC outputs times and population sizes scaled by mutation rate per base pair
per generation. To convert the output to real time and sizes it is necessary to divide estimates by the
mutation rate and further multiply these by the generation time. We used the substitution rate

7.7 x 107° of peach (Prunus persica), and generation time of 40 years, as suggested for B. pendula in

Salojarvi et al. (2017).

Population diversity and differentiation

We estimated linkage disequilibrium decay along the B. platyphylla genome with the tool
PoplLDdecay (Zhang, Dong, Xu, He, & Yang, 2018) separately for the different groups identified for B.

platyphylla in China by fastSTRUCTURE at K = 3 (Figure 3.3). For this calculation we used the SNP set
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prior to linkage disequilibrium pruning but filtered to retain SNPs with minor allele frequency > 0.05.
After excluding individuals admixed between the three populations (admixture coefficient < 0.9 in
fastSTRUCTURE at K = 3), Weir and Cockerham F; (Weir & Cockerham, 1984) was calculated
between the three B. platyphylla populations on a per SNP site basis with the vcftools function weir-
fst-pop (Danecek et al., 2011). We calculated nucleotide diversity it (Nei & Li, 1979) within each
population using the vcftools (Danecek et al., 2011) function window-pi in non-overlapping windows
of 5 kb. For the it calculation we used the SNPs set prior to minor allele frequency filtering and

linkage disequilibrium pruning (28,058,885 SNPs in total).

Environmental niche modelling

We used environmental niche modelling (ENM) to characterize the present habitat and predict the
future distribution of B. platyphylla in China and to identify the climatic variables influencing this
species distribution. ENM analysis was performed by using the samples’ geographic locations in this
study and observation records of this species from 1970 to 2010 in China, sourced from the Global

Biodiversity Information Facility (http://www.gbif.org). To mitigate the effects of spatial

autocorrelation, we removed records within 0.2 degrees (approximately 22-25 km) from one
another, which resulted in a total of 138 presence locations: 66 records were B. platyphylla from the
83 individuals sampled (excluding admixed B. pendula - B. platyphylla individuals) and another 72
records were from the GBIF. We downloaded 19 bioclimatic variables related to temperature and

precipitation from the WorldClim database (www.worldclim.org) at 1km resolution (Hijmans,

Cameron, Parra, Jones, & Jarvis, 2005) for the period 1970-2000 representing “current climate”, as
this is the estimated time period of establishment of the sampled trees and also corresponds to the
time that most GBIF observations included in the model were recorded. We downloaded elevation
data at the same resolution and used it to compute slope, aspect and four additional terrain related
characteristics (topographic position index, terrain ruggedness index, terrain roughness and water

flow direction) using the raster R package (Hijmans & Etten, 2012). In order to avoid overfitting, we
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selected environmental variables with Pearson’s correlation coefficient < 0.7, preferring annual
rather than monthly or quarterly values, which resulted in 11 variables retained for the ENM (Table
3.1, Figure S3.1-3.2, Supporting Information). We assembled eight further datasets with the same 11
variables under four Shared Socioeconomic Pathways (SSPs) defined by the Intergovernmental Panel
on Climate Change sixth Assessment (Masson-Delmotte et al., 2021) at each of two future time
points (2041-2060 and 2081-2100). The ENMs were generated using Maxent (Phillips, Anderson, &
Schapire, 2006) with 50 subsampled replicate 5000 iterations runs with 20% of observations left-out
for cross-validation. Variables’ importance was assessed with jack-knife tests and multiple models
were generated and evaluated using a test of omission rate and area under the receiver operating
characteristic curve (AUC). An environment suitability threshold was defined by “maximum training
sensitivity plus specificity,” which should optimize the trade-off between commission and omission

errors (Borrell et al., 2019; Liu, Newell, & White, 2016).

Genome environment association analysis: identification of adaptive SNPs

We used LFMM?2 (Caye, Jumentier, Lepeule, & Francois, 2019) to test for associations between
environmental variables and SNPs in 71 Chinese B. platyphylla individuals. LFMM?2 performs
multivariate linear regressions to evaluate the association between a response matrix,
corresponding to SNP frequencies of individuals, and a matrix of environmental variables. It
combines the environmental fixed effects with latent effects, which are unobserved confounding
effects due to population structure (Frichot et al., 2013; Caye, Jumentier, Lepeule, & Francois, 2019).
LFMM?2 has a two steps approach: first it estimates the latent factors and then tests for the
genotype-environment associations. Each SNP locus is tested separately using the latent scores as
covariates to control for demographic history and population structure. The null hypothesis is that
the environmental variables have no effects on the SNP frequency, which is tested using a student
distribution with n-K-1 degrees of freedom (Caye, Jumentier, Lepeule, & Francois, 2019). LFMM?2

requires to specify the number (K) of latent factors to include in the model which was determined
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according to fastSTRUCTURE cross-validation schemes. We chose the more conservative K = 3 (see
Results section) to run LFMM?2, including all the 11 uncorrelated environmental variables used in the
ENM (Table 3.1). Multiple testing was controlled by converting the p-values computed by LFMM2
into g-values with the R package “qvalue” (Storey et al., 2015). Finally, we selected candidate

adaptive SNPs with FDR < 1%.

For comparison, we also searched for signals of local adaptation with SamBada (Stucki et al., 2016).
SamPada employs multivariate logistic regression to model probability of having a particular
genotype given the environmental conditions at the sampled locations (Joost et al. 2007) and
measures the environmental and molecular global and local spatial autocorrelation (Stucki et al.,
2016). In SamPBada a genotype is treated as a binary trait (presence/absence) therefore each biallelic
SNP has three possible genotypes which are tested independently: homozygous reference,
heterozygous, homozygous alternate (Stucki et al., 2017). SamPBada compares each model with a
constant model where the probabilities of the presence of a genotype is the same at each location in
the landscape and is equal to its frequency in the dataset. The models are fitted with a maximum
likelihood approach and significance is assessed with both log-likelihood ratio (G) and Wald tests
(Stucki et al., 2016). SamBada allows the user to explicitly account for population structure, which is
suggested to include in form of the significant axes of PCA on the ancestry coefficients, to avoid the
collinearity of admixture coefficients (Stucki et al., 2016). The proposed approach in SampBada
requires the user to build a model with one or several population structure variables and one
environmental variable (the alternative model) and a corresponding null model including only the
population structure variables. The significance of the environmental variable is calculated by
comparison with the assumption that the G-score (twice the difference in log likelihood between the
models) is distributed as X? (Stucki et al., 2016). We tested each environmental variable separately in
Sampada, as suggested, because the aim of this program is to detect which SNP loci are potentially
locally adapted rather than making predictions for the genotype of an individual based on its
environment (Stucki et al., 2016). Q-values were computed from p-values with the same method
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used for LFMM2 (Storey et al., 2015). We allowed for co-ancestry by including the axes of the PCA on
admixture coefficients computed with fastSTRUCTURE at K = 3. We considered a SNP locus a

candidate if at least one of the three possible genotypes reported FDR < 1%.

Characterization of candidate adaptive SNPs

We performed two further principal component analyses of the Chinese B. platyphylla samples with
Plink (Chang et al., 2015): one including only the putative adaptive SNPs (detected by LFMM_2 (K = 3)
with FDR < 1%) and another only including a similar number of putatively neutral SNPs. The neutral
set of 7,500 SNPs was generated by selecting SNP loci at random from those that reported a g-value
above 0.4 across all environmental variables in the LFMM2 analysis. Weir and Cockerham F
between the three B. platyphylla populations was re-computed based on the adaptive and neutral
SNP sets with the vcftools function weir-fst-pop (Danecek et al., 2011) after excluding admixed

individuals (admixture coefficient < 0.9 in fastSTRUCTURE at K = 3).

In order to functionally annotate our putative adaptive SNPs, we performed a functional annotation
of the whole B. pendula reference gene set provided in Salojarvi et al. (2017), retrieving gene
ontology (GO) terms associated with the coding regions (Ashburner et al., 2000) using Omics Box
(Conesa & Gotz, 2008). We used Omics Box default functional annotation workflow which
incorporates BLAST, run on the Viridiplantae non-redundant database, and Interproscan (Zdobnov &
Apweiler, 2001). We then identified the genic regions overlapping our candidate adaptive SNPs with
bedtools v2.28.0 (Quinlan & Hall, 2010) and performed a functional enrichment analysis of this
adaptive gene set against the fully annotated reference gene set using Fisher’s exact test in Omics
Box (Conesa & Go6tz, 2008). We applied multiple testing corrections (FDR < 5%) and reduced the
resulting significantly enriched GOs to the most specific term in the hierarchy for all three ontology

levels: biological process, molecular function and cellular component (Ashburner et al., 2000).

Adaptation to future climate
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We carried out risk of non-adaptedness (RONA) analysis using a slight modification of the method of
Rellstab et al. (2016), implemented in the software pyRona (Pina-Martins, Baptista, Pappas & Paulo,
2018). RONA represents an estimate of the average change in allele frequencies at climate
associated SNP loci required in a population to cope with future climatic conditions and is calculated
separately for each environmental variable (Rellstab et al., 2016). RONA uses simple linear
regressions of the selected current climate environmental variable and the alternative allele
frequencies of the candidate loci identified in genome-environment association analyses (Rellstab et
al., 2016). The regression coefficients of the environmentally associated loci are then used to predict
the allele frequencies of the adaptive loci at a future climate value for the chosen environmental
variable (Rellstab et al., 2016). The main improvement in the implementation by Pina-Martins,
Baptista, Pappas & Paulo (2018) is that the RONA for an environmental variable is given by the
weighted mean RONA of all relevant SNP loci for that environmental variable, weighted by the r?
value of each locus regression, while the original method (Rellstab et al., 2016) uses unweighted
means. We computed RONA on an individual sample basis for the seven uncorrelated environmental
variables that are expected to change in the future, therefore excluding elevation and its derived
measures. We used as future climate the profile ssp370 for 2080-2100 (Figure 3.5C). For each
environmental variable, RONA was calculated by using the candidate adaptive SNP loci identified
with LFMM?2 (FDR < 1%). For each individual tree we then calculated weighted mean RONA, giving
each environmental variable RONA a weight equivalent to the contribution reported by that variable
in the ENM (Table 3.2). Furthermore, we reported the maximum RONA for each individual, out of

the seven variables for which it was calculated.

Results

SNP discovery
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After filtering, the number of reads retained for each sample in the China dataset that we generated
ranged between 66,016,635 and 134,129,672 and between 91.5% and 96.7% of these reads per
individual were mapped to the reference genome (Table S3.1, Supporting Information). SNPs
filtering of the 83 individuals resulted in 1,497,547 unlinked (r?< 0.4) SNPs. After filtering, the reads
retained for each sample in the Salojarvi et al. (2017) dataset were mapped to the reference
genome. The combined Eurasian dataset resulted in 278,717 SNPs after filtering for missing
genotypes. When the China dataset was restricted to pure B. platyphylla (71 individuals in SW, CE

and NE China) we were left with 1,387,994 SNPs.

Population structure, diversity and differentiation

For the China dataset fastSTRUCTURE analysis with K = 2 separates the samples in north-western
China (Xinjiang) from the other populations (Figure 3.1A). At K = 3 south-western and north-eastern
populations are further separated and at K = 4 a central population is revealed (Figure 3.1C). The
model that maximises the log-marginal likelihood lower bound (LLBO) of the data and that best
explains additional weak underlying structure was K = 3, as suggested by the function “choosek”
(Figure S3.3, Supporting Information), therefore we produced a map of the individuals based on the

K = 3 assignment (Figure 3.1D).

83



=3,

84

I nw
. NE-SW-CE

= z >
g E2:35 Fugzs
S
= c
z :HEm BN | | ]
200009 200019
VZOHI FZOHN e
1z0rz 12072 Z0rz
6809 [ERIT SR0SM
BYOM 1 BL0PT BP0
FEOD M FE0D I PZ0DIM
£00290 £00290 £00799
SE0ATY 9E0ATY SEOATY
1203 12037 TE0aTY
ap0S Y 9p0STY SrosY
0900AX 0900AX BI0DAX
PO0DHY #OOOHX PR0OHK
FOUISZ Yoo1sz HO0ISZ
FLOSHA $LOSHA PLOSYIA
§F0N 1A BFON A B0 A
£E0SWT £E0SKIT SRS
SZS0A STSOA G52S04
5209XX SEOOXX SZ05NK
SDAM SDAM SO =
150150 153150 LEDISD 2
EZAN EZAT CZAF ]
1751 L 751 ZEn =
LEXET LEXE1 Ve =
8159H 21SOH v g
LXNH LXNH IXNH 3
615X BLSXr SleXT @
eran erai Zran
Siram SLan suran o]
9SO 980/ 95
LZSOM LZSOM L7
1rsH4 SH LFera .
8293 9792 9z9EM =
IBEN 6193 BLOaM i
BEAM BZAM G2
£55TH €55 TH £68H £
214X 214X T1dX =]
FLIX FLI4X pAx z
0LSHX QLSHX oL
SZXAT BZXAN QTXAD o
20211 810211 BL0ZT1
12903 12903 Jetaa
91903 21903 sloaa i
SLALH SLALH SLALH ]
SZOLM 2L SZOLM =
SHH o5H 9uH <
10 210 Z10M =
Zrim 2z L Zoim G
£1500 £1500 £le0a z
60904 6v90d 850
€651 £EST ees 5]
£dMS £dMS dMS
L1oAT LLOAT LIOAT
sl e v
£017Z1 3
XX SXIX R o
P6X10 vBX1a ot
0SXTW 0SXOP QGXON
YSXING FEXIE FEXHE
9LX 1Y alx1y SI%IN
62X0s 62X0S 62X05
€11 EID SLPR1 b
1hxa L1X4a L1x40
91518 9ls1s 91575
Gxa #oXg baxd [=} < [=} [=]
FEVIA PEVTA PEVA w < =] o~
i !
|Z4T19x \Za119x s ) (N.) epmne]
£dT19% LTIOX LdT9X
8EST 6EST Gest
Ldr 1dr bar
FLXHD FLXHD FIXHD
IXAd IXAd g
PSNH PN et
ZISNY ZISNM ZLENM
£r3g £rag erag
ZLHEH ZLHEaH ZLHEH
ZHEH ZHEH ZheEh
0eLHY 0ZLHY QZLHY
SLLHY SLLHY i
LSNIM LSNI TSN
ZIKIX ZTXIX ZBEX
L1EX JASPER PIRPEN
o w g w g s o o o
g 2 8B & 8 2 & B 8 8 g © g8 g
= & & & & - s 2 © o 2 5 2 3
uonoel4 uonoel uonoely
el )

140

130
3.

110 120

Longitude (°E)

90 100

70 80
2, one cluster contains the B. pendula individuals from Salojarvi et al.

4. D) Map of the individuals showing their genetic ancestry composition

3and C) K

Russian B. platyphylla individual from Salojarvi et al. (2019). The 12 individuals we sampled in north-

(2017) and the other cluster contains 71 of the 83 individuals that we sequenced from China and the
western China (Xinjiang) are hybrids between B. pendula and B. platyphylla (Figure 3.2A). At K

fastSTRUCTURE results of 83 sampled birch individuals, based on 1,497,547 unlinked SNPs (r? < 0.4)

Figure 3.1. fastSTRUCTURE results for the China dataset, ordered by longitude. A) Bar plot of
atK=2,B)K

according to fastSTRUCTURE at the ideal model complexity, K

For the Eurasian dataset at K



the pattern was similar but a south-western China B. platyphylla cluster separates from a north-
eastern China B. platyphylla cluster (Figure 3.2B). At K = 4, the only difference was that Irish and two
Finnish B. pendula samples showed an unknown component (Figure 3.2C). The fastSTRUCTURE
model that maximises the log-marginal likelihood lower bound (LLBO) of the data and that best
explains additional weak underlying structure was K = 4 (Figure 3.4C-D), as suggested by the function
choose K (Figure S3.4, Supporting Information). The LLBO curve and the cross-validation profile show
that the marginal likelihood plateau at K = 2, and so does the prediction error, which stays within 1
standard error from K = 2 with added complexity (Figure S3.4A-B). These separations suggested by

fastSTRUCTURE are reflected in the PCA (Figure S3.5, Supporting Information).
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Figure 3.2. fastSTRUCTURE results for the Eurasian dataset, ordered by longitude. The size of the
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in this study, while the unlabelled bars are the samples added from Salojarvi et al. (2017) A) Bar plot
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of fastSTRUCTURE results of 162 B. pendula and B. platyphylla individuals, based on 278,717
unlinked SNPs (r? < 0.4) at K = 2, B) K=3 and C) K =4. D) Map of the individuals showing their genetic
ancestry composition according to fastSTRUCTURE at K = 4.

In fastSTRUCTURE restricted to the 71 pure B. platyphylla individuals in south-western, central and
north-eastern China, the model that maximises the log-marginal likelihood lower bound (LLBO) of
the data was K = 2 and that that best explains additional weak underlying structure was K =3, as
suggested by the function “chooseK” (Figure S3.6A, Supporting Information). The fastSTRUCTURE
cross-validation score profile shows that the prediction error is lowest at K = 3 (Figure S3.6B,
Supporting Information). At K = 2 the north-eastern population is separated from the south-western
population and the individuals in central China appear admixed between these two populations,

while at K = 3 the central population is revealed (Figure 3.3).
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Figure 3.3. fastSTRUCTURE results for Chinese B. platyphylla, ordered by longitude. A) Bar plot of
fastSTRUCTURE results of 71 B. platyphylla individuals, based on 1,387,994 unlinked SNPs (r? < 0.4)
at K =2, and B) K=3. C) Map of the sampled individuals showing their genetic ancestry composition
according to fastSTRUCTURE at K = 3.

In PCA on the 71 pure B. platyphylla individuals, PC1 explained ~33% of the total variance and
separated the north-eastern, central and south-western populations (Figure S3.7, Supporting
Information). PC2 (15% of total variance) also separates the three populations while PC3 (8% of total
variance) scatters the individuals of the north-eastern population. The explained variance levelled-

off after PC3 (Figure S3.7D, Supporting Information).
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Due to the differentiation between the individuals located in central China and those in the North-
East shown by the PCA (Figure S3.7, Supporting Information) and the recommendation by
fastSTRUCTURE cross-validation scheme, we assigned individuals to populations according to the
admixture coefficients computed with fastSTRUCTURE at K = 3. To support this choice there are
numerous records of birch pollen in central China dated at the LGM and throughout the Holocene
(Cao et al., 2015), which coupled with the predicted suitable habitat for this species at the LGM and
mid-Holocene and SSR based structure analyses of B. platyphylla populations (Chen & Lou, 2019),
suggest that B. platyphylla have been stably present in central China for at least 22,000 years. In
total, ten individuals were assigned to the central population (CE), seven to the south-western
population (SW), 46 to the north-eastern population (NE) and the remaining eight individuals were
classified as admixed (Figure 3.3B-C). Based on this assignment, snmf identified 17,218 outlier SNPs

with FDR < 1% (Figure S3.8, Supporting Information).

Linkage disequilibrium decays rapidly in B. platyphylla populations and reaches background levels at
approximately 50 kb (Figure S3.9, Supporting Information). Assessment of pairwise Fs between
populations showed that the highest levels of differentiation are between the north-eastern and
south-western population or the central population and south-western populations (Figure S3.10,
Supporting Information). On the other side, the central and the north-eastern population reported

significantly lower mean pairwise Fs: (Figure S3.10, Supporting Information).

Nucleotide diversity 1t in windows of 5kb shows a slight increase in populations from south to north
geographically, reporting mean of 0.0057 (~0.6%) in the south-western population, 0.0075 (~0.7%) in
the central population and 0.0083 (~0.8%) in the north-eastern population (Figure S3.11-3.12,

Supporting Information).

Species population size and separation history

Multiple sequentially Markovian coalescent (MSMC) plots suggest a long-term history of population

size decline throughout the Pleistocene followed by expansion in more recent history (Figure 3.4A).
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Estimation of cross-coalescence rates with MSMC suggests that these population have been fully

separated for the last 500,000 years (Figure 3.4B).

A B
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Figure 3.4. Effective population size and separation history estimated with the MSMC method.
Generation time: 40 years. Mutation-rate: 7.7 x 107°. A) Estimates based on 4 haplotypes for each
population. B) Relative cross-coalescence rate (CCR) ratio per year. The CCR ratio is a measure of
divergence and represents the ratio of between-populations over within-populations coalescence
rate. Values close to 0 indicate that populations have diverged, while values close to 1 indicate that
populations have not yet diverged as between and within populations coalescence rates are equal.

Environmental niche modelling

Environmental niche models were built based on eleven uncorrelated environmental variables
(Table 3.1, Figure S3.1, Supporting Information) and were based on B. platyphylla samples’ locations

and GBIF observations of this species (Figure 3.5).
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Climatic Variable ID Description Retained

AMT Annual Mean Temperature Yes
MDR Mean Diurnal Range (Mean of monthly (max Yes

temp - min temp))

1SO Isothermality (BIO2/BIO7) (x100) Yes
TS Temperature Seasonality (standard deviation No
x100)
MaxTWM Max Temperature of Warmest Month No
MINTCM Min Temperature of Coldest Month No
TAR Temperature Annual Range (BIO5-BIO6) No
MTWQ Mean Temperature of Wettest Quarter Yes
MTDQ Mean Temperature of Driest Quarter No
MTWARMQ Mean Temperature of Warmest Quarter No
MTCOLDQ Mean Temperature of Coldest Quarter No
AP Annual Precipitation Yes
PWM Precipitation of Wettest Month No
PDM Precipitation of Driest Month No
PS Precipitation Seasonality (Coefficient of Yes
Variation)
PWQ Precipitation of Wettest Quarter No
PDQ Precipitation of Driest Quarter Yes
PWARMQ Precipitation of Warmest Quarter No
PCOLDQ Precipitation of Coldest Quarter No
ALT Elevation No
SLO Slope Yes
ASP Aspect Yes
TPI Topographic Position Index (TPI) Yes
TRI Terrain Ruggedness Index (TRI) No
TR Terrain Roughness No
WFD Water flow direction Yes

Table 3.1. The 26 climatic variables downloaded from www.worldclim.org for 1970-2000. 11
uncorrelated variables (correlation coefficient < 0.7) were retained for the ENM and GEA.

Jack-knife tests suggested that the variables “aspect” and “water-flow direction” did not play a
relevant contribution either singly or in combination, so they were excluded (Figure $3.13-15,
Supporting Information). The final Maxent model with the nine remaining variables reported high
mean test AUC (0.913 £ 0.017) and low mean test omission rate (0.13, p <.001) at a maximum
training sensitivity plus specificity logistic threshold of 0.2 (Figure 3.5A-B, Figure S3.16-3.17,

Supporting Information). Two variables, “annual precipitation” and “mean temperature of wettest


http://www.worldclim.org/

quarter”, together contributed to > 50% of the predicting performance of the model, defined as the
increase in regularized gain added (or subtracted) to the contribution of the corresponding variable,

over each model iteration (Table 3.2).

Variable Percent contribution Permutation importance
AP 34.4 313

MTWQ 219 17.6

PDQ 12 12.1

SLO 10.4 2.6

TPI 7.4 0.7

ISO 4.5 10.9

MDR 33 1.5

AMT 3.2 21.2

PS 3 2.2

Table 3.2. The nine variables retained in the final maxent model. Percent contribution: in each
iteration of training, the increase in regularized gain is added to the contribution of the
corresponding variable or subtracted from it if the change to the absolute value of lambda is
negative. Permutation importance: the values of each variable (in turn) on training presence and
background data are randomly permuted. The model is then re-evaluated on the permuted data,
and the resulting drop in training AUC is shown in the table, normalized to percentages.

Response curves for the final Maxent model are available in Supporting Information. Future
projections show an overall contraction of the B. platyphylla habitat throughout China, particularly
noticeable in central China and in the north-east (Figure 3.5C). Currently suitable environments
located at higher elevations seem to contract less in the future (Figure 3.5C). The predicted habitat
reduces between 19 and 30 % in 2040-2060, and between 17 and 34 % in 2080-2100 (Figure 3.5C),
compared to the present. In the most adverse scenario (ssp370), B. platyphylla habitat in China may

be reduced by approximately a third of its current extent by 2080-2100 (Figure 3.5C).
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Figure 3.5. Environmental niche model (ENM) of B. platyphylla in China. Red points represent the
individuals sampled in this study included in the model, blue points represent observations
downloaded from the GBIF (http://www.gbif.org). A) Present time ENM showing the habitat
suitability index (HSI) throughout China using a coloured scale from 0 (white) to 1 (green). B)
Binomial representation of the HSI model, using the maximum training sensitivity plus specificity
threshold of 0.2. C) Binomial HSI projections (> 0.2) of B. platyphylla under four different future
climate scenarios (columns: ssp126, ssp245, ssp370 and ssp585) at two different time points (rows:
2041-2060 and 2080-2100). The percentage in each plot shows the decrease in suitable environment
area compared with the current habitat.

Genome-environment association analysis: identification and characterization of putatively adaptive

SNPs
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We choose a g-value threshold of 0.01 (FDR < 1%) to select candidate associations in the LFMM?2
analysis on 1,387,994 SNPs (r? < 0.4) restricted to the 71 B. platyphylla individuals identified with

fastSTRUCTURE (excluding the admixed individuals in NW China).

In total, 7,609 SNPs showed significant associations with one or more environmental variables in
LFMM?2 (K = 3) using our criteria (Figure S3.18, Supporting Information), for a total of 11,304
associations. In more details: 4,643 SNP were associated to one environmental variable, 2,424 SNPs
to two environmental variables, 384 SNPs to three environmental variables, 133 SNPs to four
environmental variables, 21 SNPs to five environmental variables and four SNPs to six environmental
variables. In particular, 3,767 of the 7,609 putative adaptive SNPs identified LFMM_2 also resulted
significant (FDR < 1%) in the snmf F« outlier test. SamPada detected a low number of associations at
FDR < 1%, with only 14 significant SNPs (Figure $3.19, Supporting Information), therefore only

LFMM?2 candidates were considered in the subsequent analyses.

The distribution of the putative environmentally associated SNPs detected with LFMM2 shows a
large variability across the variables tested (Figure $3.20, Supporting Information): particularly,
“isothermality” and “mean diurnal range” reported a much larger number of candidates than the
other variables, with 5,679 and 2,794 putative SNP-environment associations identified for these
two variables, respectively. These were followed by “annual precipitation” (1,059 SNPs hits),
“precipitation of driest quarter” (735 SNPs hits), “annual mean temperature” (391 SNPs hits), “flow
direction” (263 SNPs hits), “mean temperature of wettest quarter” (227 SNPs hits), “TPI” (104 SNPs
hits), “slope” (49 SNPs hits) and “precipitation seasonality” (3 SNPs hits). The variable “aspect” did
not report any SNP association with an FDR < 1% in LFMM2. There was no significant correlation
between the number of identified SNP association per variable and the percentage of contribution

of each variable to the ENM (Pearson's test p > 0.05).

The distribution of the candidate adaptive SNPs in the B. pendula reference genome shows that they

are spread across the entire genome and present on all linkage groups (Figure S3.20A, Supporting
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Information). The chromosome that reported the largest number of candidates is chromosome 2
(738 SNPs), while the lowest number was recorded for chromosome 6 (344 SNPs). The number of
SNPs identified per chromosome does not appear correlated with chromosome size (Pearson's test p
> 0.05). A hotspot is visible in the second half of chromosome 7 (Figure S3.20A, Supporting

Information).

PCA based only on the 7,609 adaptive SNPs showed a steep discrepancy in the variance explained by
PC1 compared to that of the other PCs (Figure S3.21, Supporting Information). Furthermore, PCA
based on only adaptive SNPs does not show a clear separation between the central and north-
eastern population in the first three PCs, while it separates the south-western population (Figure
$3.21, Supporting Information). When using only 7,500 putatively “neutral” SNPs in PCA, the
separation between populations is slightly weaker compared to that observed with the whole data
set, and individuals in each population are more scattered along the PCA axes (Figure S3.22,

Supporting Information).

The pairwise Fs patterns of differentiation between populations based only the 7,609 adaptive SNPs
and only on neutral loci reflected those observed with the whole SNPs set, however loci under
selection showed substantially higher Fi:compared to those recorded for neutral markers and for

the whole SNP set (Figure S3.23-3.24, Supporting Information).

We further searched for the mRNA regions in the B. pendula reference genome (Salojarvi et al.,
2017) containing at least one candidate adaptive SNP out of the 7,609 candidates, and we identified

1,633 genic regions.

A functional enrichment analysis of the identified genic regions reported significant hits (FDR < 5%)
at all three gene ontology levels: biological process (3 hits), cellular component (1 hit) and molecular

function (3 hits) (Figure S3.25, Supporting Information).

Risk of non-adaptedness to future conditions (RONA)
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We calculated RONA for seven environmental variables projected under the future climate profile
ssp370, identified as the worst-case scenario for B. platyphylla for the years 2080 — 2100 in terms of
habitat reduction (Figure 3.6, Table S3.2 Supporting Information). The most represented
environmental variables in terms of number of associations in the RONA computation were
“isothermality” (5,679 SNPs, mean r? = 0.459), “mean diurnal range” (2,794 SNPs, mean r? = 0.0157)
and “annual precipitation” (1,059 SNPs, mean r? = 0.0976) (Table S3.1, Supporting Information). The
variables that reported higher average r? of adaptive SNPs were “isothermality” (5,679 SNPs, mean r?
=0.459), “annual mean temperature” (391 SNPs, mean r? = 0.195), and “mean temperature of

wettest quarter” (227 SNPs, mean r? = 0.185) (Table S3.2, Supporting Information).
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Figure 3.6. Risk of non-adaptedness (RONA) for the 71 B. platyphylla individuals. RONA calculated
independently for each of the seven climatic variables projected to change in the future. The future
climate profile ssp370 at 2080-2100 was used for RONA calculation. AD: admixed individuals. AMT:
annual mean temperature. MDR: mean diurnal range. ISO: isothermality. MTWQ: mean temperature
of wettest quarter. AP: annual precipitation. PS: precipitation seasonality. PDQ: precipitation of
driest quarter.
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There was large variability in the expected allele frequency changes required to match future
conditions across environmental variables. “Annual mean temperature” and “mean temperature of
wettest quarter” reported notably higher mean individual RONA compared to all the other variables,

being 0.1773 and 0.2314 respectively (Table S3.2, Supporting Information).

Weighted mean RONA scores were overall relatively low across individuals, with mean of 0.08 (sd =
0.03) and maximum of 0.1455, that was reported for an individual in the north-eastern population
(HTY15) (Figure 3.7, Table S3.3 Supporting Information). The maximum RONA scores show greater
variability across individuals, with mean of 0.25 (sd = 0.09) and maximum of 0.3956, that was
recorded for an individual in the north-eastern population (JY23, “mean temperature of wettest

quarter”) (Figure 3.7, Table S3.3, Supporting Information).

A. Weighted-mean RONA B. Maximum RONA

0.4

0.05!

Figure 3.7. Mean-weighted RONA and MAX RONA. A) Map showing weighted mean RONA for the 71
B. platyphylla individuals, out of the seven environmental variables included in the analysis. Each
variable RONA was given a weight equivalent to its percent contribution in the ENM. B) Map
showing maximum RONA per individual, out of the seven environmental variables tested. Green
shading represents suitable environment in 2080-2100 under profile ssp370.
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There were some differences between the three Chinese B. platyphylla populations in regard to the
environmental variables that will require steeper allele frequency changes (in ssp370 at 2080 —
2100) (Table S3.4, Supporting Information): although all populations showed similar RONA patterns
across the environmental variables tested, with the largest mean RONA (averaged over the
individuals of each population) reported for temperature derived variables (“annual mean
temperature” and “mean temperature of wettest quarter”) rather than precipitation-derived
variables (Table S3.4, Supporting Information), the south-western population, however, reported
much higher mean RONA for “precipitation seasonality” (0.21) compared to the other two
populations that had relatively low mean RONA for this specific environmental variable (Table S3.4,

Supporting Information).

Discussion

Pan Eurasian population genetic structure of white birch

Our study clearly differentiated between B. pendula and B. platyphylla across Eurasia, with strong
separation between the two in PCA and fastSTRUCTURE analyses. We found evidence for extensive
hybridisation between these two species in northwest China, and to a lesser extent in central Russia.
Populations in northwest China that were initially identified as B. platyphylla turned out to be mainly
B. pendula with introgression from B. platyphylla. A previous microsatellite study of B. pendula and
B. platyphylla across Eurasia (Tsuda et al., 2017) showed admixture between the two species in
central Asia, but east of Europe this study only included populations from Russia and Japan. In a
microsatellite study of white birches in China, Chen and Lou (2019) found populations in northwest
China to be highly differentiated from other populations, and to be of high genetic diversity.
However, as no B. pendula were included in their study, they could not pick up a signature of
hybridisation in these populations. Instead, they attributed their high differentiation and diversity to

a northern glacial refugium for white birch in the Altay mountains.
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Genetic structure of white birch within China and signals of local adaptation

We performed a genomic study on Asian white birch across its distribution in China. The collected
samples are spanning 26.4 latitudinal and 48.9 longitudinal degrees. Based on fastSTRUCTURE and
PCA analyses, we detected three genetic clusters in Asian white birch corresponding to samples
collected from NE, SW and central China. As expected, we detected spatial population structures
and genetic admixtures based on genome wide SNPs. Unexpectedly, all samples from north-western
China showed strong evidence of admixture between B. pendula from Europe and B. platyphylla
from north-eastern China. This indicates that Xinjiang region appear to be a hybrid zone between
these two species, therefore we removed the NW population of B. platyphylla for downstream

analyses.

Furthermore, we identified a set of SNPs associated with various environmental variables, which
reflect signatures of local adaptation. Based on these, we inferred the risk of maladaptation for each
individual in the context of future climate change. To our knowledge, this is one of the most
comprehensive studies investigating the genomic basis of local adaptation of forest tree species that

spans such a vast geographical area so far.

We next examined the divergence history of the three different lineages of B. platyphylla in China.
Assuming the generation of white birch is 40 years, our MSMC results show that that the three
population have been separated throughout the last 3 million years and reached full separation
roughly 500,000 years ago. Gene flow appears to have accompanied their divergence throughout
the last 3 million years (Figure 3.4). In accordance with this, some individuals show genetic
admixture between the SW and central clusters and between the NE and central clusters. For
instance, several hybrids were detected between the SW and CE lineages (Figure 3.3). The areas
between the SW and the CE lineages or between the CE lineages and the NE lineages are suitable for
Asian white birch as evidenced by ENMs, online records and our own field observations (Figure 3.5).

Consistent with a previous phylogeographic study of Asian white birch showing that genetic diversity
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of Asian white birch increased along latitude based on SSR (Chen & Lou, 2019), our result confirmed
that genomic diversity from NE is higher than that from CE which is higher than that from SW (Figure
$3.11-3.12, Supporting Information), therefore seemingly contradicting the typical expansion from
the southern refugia model (Harrison et al., 2001). However, even in case of northward expansion
from the south there are other factors, such as the less severe geographical barriers to pollen
movement in northern China compared to the southern QTB, that could still produce the observed

nucleotide diversity pattern.

Ecological niche models indicated that mean temperature of wettest quarter and annual mean
precipitation were the most important predictors of B. platyphylla distribution and both north-
eastern China and the south-western Tibetan plateau currently provide the most suitable
environments for this species in China. Future climate projections show an overall decline of the
species range and environmental suitability throughout of its current distribution in China, with

suitable habitats persisting mostly in areas of higher elevation (Figure 3.5).

To decipher the genetic basis of local environmental adaptation of B. platyphylla, we performed a
genome-wide environmental association study. We found signatures of natural selection at 7,609
SNPs with LFMM2, which represents 0.5% of the SNPs tested. Interestingly, 3,767 of these SNPs
were also identified as statistically significant Fs; outliers between the NE, CE and SW lineages,
reinforcing the confidence in their involvement in local adaptation. In total, we identified 17,218
outlier SNPs between the NE, CE and SW lineage, which may include additional adaptive loci
associated to climatic or environmental variables that we did not measure, as well as neutral loci

due to drift.

PCA based only on adaptive SNPs showed that the NE and central populations formed an
overlapping cluster whereas based on neutral SNPs the two populations separated (Figure S3.21-
3.22, Supporting Information). This is possibly due to the relatively lower diversifying selection acting

on the two populations and the existence of gene flow which can counteract the impact of
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diversifying selection (Guichoux et al., 2013; Nosil et al., 2009). F.: analyses suggested that the level
of differentiation is much higher at loci under selection rather than neutral loci, as expected, and the
SW populations appears to be highly differentiated from the others at adaptive loci (Figure S3.23,

Supporting Information).

As linkage disequilibrium decays rapidly in B. platyphylla populations (Figure S3.9, Supporting
Information), we searched for the genic regions intersecting the identified adaptive SNPs and
identified 1,633 mRNA regions, according to the available B. pendula annotation (Salojarvi et al.,
2017). Functional enrichment analysis of the identified adaptive genes suggested that these genes
were enriched for growth and environmental stress response (Figure $3.25, Supporting Information),
although further studies and functional experiments are needed to confirm these findings. Among
the significantly enriched categories, the most interesting in view of climate adaptation were:
“regulation of response to stimulus”, “DNA helicase activity” which are enzymes involved in DNA
repair and have a crucial role as caretakers of the plant genome against environmental damages
(Sami et al., 2021) and “inorganic cation transmembrane transporter activity”, as potassium, the
most abundant inorganic cation in plant cells, it is essential for plant growth and development and it
has been shown to have a major role in resistance to drought, salinity and fungal infections (Sharma,
Dreyer & Ridelsberger, 2013). The 1,633 identified adaptive genes also included several light-
response and growth-related genes, according to our OmicsBox annotation, as well as members of
all the three GO categories significantly enriched in the putative genes under selection detected by
Solojarvi et al. (2017): transmembrane receptor protein tyrosine kinase, peptidyl-histidine
phosphorylation and axis specification. Furthermore, 87 of the 1,633 genic regions detected in this
study were identified as putative selective sweeps in B. pendula (Salojarvi et al., 2017). Even though
it would be interesting to explore all the identified genes singularly, this goes beyond the extent of
this work and further experimental validation would still be necessary to confirm their role in growth

and environmental stress response.
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In line with similar studies in other species (Jordan et al., 2017; Rellstab et al., 2016; Borrell et al.,
2019; Pina-Martins et al., 2018), local adaptation appears to be highly polygenic in B. platyphylla,
therefore it is likely that maintaining the standing variation and adaptive diversity may be a better
solution to aid future climate adaptation, rather than focusing on raising the frequencies of a specific
small set of adaptive SNPs, as it was proposed already (Jordan et al. 2017). Two variables, “mean
diurnal range” and “isothermality” reported a substantially larger number of significant SNPs
association compared to the other climatic variables (Figure $3.20), which may have arisen due to
the spatial correlation of these environmental variables with the genetic structure across the
sampling range (Figure S3.1, Supporting Information) therefore these results should be interpreted
with caution and further validation is necessary; however even though the adaptive SNPs identified
for these two variables certainly contain many neutral loci arisen due to drift, we cannot exclude an
highly polygenic adaptation to these variables with many loci with low effects involved. We did not
identify any significant correlation between the strength of selection, intended as the number of
associated SNPs, and the percentage of contribution of each climatic variable in our ENM, differently
from similar studies (Borrell et al., 2019). However, we note that it is not a logical necessity as the
variables with higher discriminatory power in the ENM could be limiting species ranges either
because they lack adaptation (Borrell et al., 2019), or contrarily they could be subjected to strong
adaptation but at a global level throughout the species range, rather than locally. Therefore, the lack
of variation in these variables across the sampling range prevents the detection of these adaptive
signals with methods designed for local selection, such as LFMM2. Other methods such as genome
scans for selective sweeps (Alachiotis, Stamatakis, & Pavlidis, 2012; Pavlidis, Zivkovi¢, Stamatakis, &
Alachiotis, 2013), could be used to identify regions of the genome subjected to global selective

processes.

To investigate how the samples of B. platyphylla will respond to rapid future climate change, we
calculated RONA for the 71 B. platyphylla individuals according to the implementation by Pina-
Martins et al. (2018). Overall, RONA was relatively low across the environmental variables tested
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(Figure 3.6), with the exception of “annual mean temperature” and “mean temperature of wettest
quarter”, very likely reflecting the larger relative projected change of temperature derived variables
compared with that of environmental variables related to precipitation throughout China. The
expected allelic frequencies changes are similar to those reported in other studies (Borrell et al.,
2019; Jordan et al., 2017; Pina-Martins et al., 2019; Rellstab et al., 2016). Weighted mean RONA
incorporated the ENM with EAA and generally remains low and it is always below 0.2 (Figure 3.7).
We also reported the maximum RONA per individual out of the seven variables tested (Figure 3.7)
because even if a population, in this case an individual, has “low” average RONA for a given future
projection, it might still be its highest RONA that will determine how much it will need to shift its
allelic frequencies in order respond to future selective pressure (Pina-Martins, Baptista, Pappas &
Paulo, 2018). Maximum RONA across individuals showed significantly higher values, as expected.
Interestingly, the maximum RONA plot also shows particularly high values for four individuals in the
south-western population located at the very southern edge of this population distribution, reported
for precipitation seasonality which is expected to have a much larger relative change at these
locations (Figure 3.7). Overall, both weighted mean and maximum RONA match well with our ENM
for ssp370 2080-2100, with lower RONA values reported within the inferred projected suitable

environment (Figure 3.7).

The RONA method is of course a huge simplification, and its limitations are accurately described in
the original publication (Rellstab et al., 2016), therefore our results should be viewed considering
such caveats. In addition, RONA has been originally designed to be used with population allelic
frequencies rather than individuals, as this results in only three possible data points for the RONA
regression which simplifies this method even further. However due to the nature of our sampling,
this was to our knowledge the best approach. Grouping the individuals in populations for the RONA
calculation would be problematic in this study as it would require averaging climatic conditions

across different locations, which would result in an even greater simplification due to the broad
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geographic range of our study and the high heterogeneity of some of the environmental variables

tested.

It is not straightforward to determine when RONA is too high to result in a lag between allele
frequencies and adaptation. A previous study on Fagus sylvatica have observed allele frequencies
changes of 0.1 — 0.2 per decade (Jump, Hunt, Martinez-lzquierdo, & Pefiuelas, 2006), but this
estimate was based on amplified fragment length polymorphism (AFLP) molecular markers rather
than SNPs. A more recent study on Swiss stone pine, Pinus cembra, based on SNPs markers has
investigated the observed allele frequencies shifts over time by looking at the differences in SNPs
frequencies between adults and juvenile cohorts at seven locations in Switzerland, and validated the
observed shifts with forward-in-time simulations (Dauphin et al., 2020). This analysis reported an
average observed rate of allele frequency shifts of 1.26 x 102 per generation (P. cembra generation
time = 40 years) at neutral SNPs, and a slightly lower estimate for adaptive SNP, however neutral
and adaptive loci generally behaved similarly. Based on this estimate we can hypothesize that SNPs
frequencies changes < 0.05 may be matched by populations naturally within a couple of generations,
whereas larger changes, such as those predicted for temperature derived variables (Figure 3.6), are
unlikely to be achieved naturally by long-living forest trees with long-generation times, even when
they exhibit high levels of standing genetic variation. This reinforces the importance of considering
some of the proposed conservation strategies, such as assisted gene flow or assisted migration

(Borrell et al., 2019).

Concluding remarks

This study provides insights into both the evolution and ecology of Asian White Birch, B. platyphtylla,
in China. We showed that B. platyphylla and B. pendula are better considered distinct species, as
their differentiation is clear at the genomic level. We identified three distinct lineages of B.
platyphylla in China distributed along a latitudinal gradient from the north-east to the south-west,

and a hybrid zone between B. platyphylla/B. pendula in north-western China. The three B.
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platyphylla lineages appear to have diverged prior LGM, suggesting that this species survived the last
glaciation in multiple local glacial refugia. Our species distribution model shows that B. platyphylla
predilects mountainous environments with cool summers and moderate levels of precipitations.
Future prediction shows significant reduction on the suitable habitat of this species in China under
every future scenario tested, up to a third reduction compared to the current extent by 2080-2100.
We identified signals of local adaptation throughout the genome of this species, suggesting that
climate adaptation is a polygenic mechanism. We estimated the degree of maladaptation to inform
conservation strategies. Despite the limitation of our method, we showed that rapidly rising
temperature, particularly in the summer months, poses a risk to this species and our environmental
niche model suggests that current habitats located in central China and in the north-eastern region
adjacent to the Changbai mountains will likely become unsuitable by 2080-2100; on the other hand,
current habitats located at higher elevations, such as the south-western Tibetan plateau and the
region surrounding the Greater Khingan mountains range in the north-east will likely remain
suitable. It is possible that populations outside the predicted suitable environment may be able to
adapt, however climate, particularly temperature, might change to an extent that adaptation will
not be possible and assisted migration might be the only option possible to rescue some
populations. The estimated required changes in allelic frequencies at adaptive loci do not appear as
concerning within the predicted suitable environment, however with the current dataset, based on
individuals’ allelic frequencies, it is difficult to estimate with confidence an allelic frequency change
threshold after which natural populations will fail to adapt on time naturally and will require assisted

gene flow from donor pre-adapted populations.

Contributions

Nian Wang organised and performed the sampling, extracted DNA, arranged sequencing and
performed mapping and SNPs calling on both the China and Eurasian datasets. Gabriele Nocchi (I,
the author) performed all subsequent analyses and wrote the chapter. Richard Buggs oversaw the

project.
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Chapter 4: Conclusions

Overall thesis contribution

In this thesis | have presented population genetics analyses of two large temperate forest tree whole
genome re-sequence datasets. The first included 386 oak individuals of species Q. robur, Q. petraea
and Q. robur x Q. petraea distributed across four British managed parkland environments, and the
second included 83 Asian white birch (B. platyphylla) individuals from 74 natural populations

scattered throughout the known distribution of this species in China.

In the oak project | have assembled a huge SNPs dataset, including over two million high-quality
SNPs after filtering, which makes it the biggest whole genome re-sequencing dataset for Britain
native oak species to my knowledge. | analysed the population genetic structure of oak trees across
four British parkland environments, estimated the levels of admixture between Q. robur and Q.
petraea at the sampled locations and identified hybrids between the two species. Furthermore, |
assessed the patterns of genetic diversity between English and sessile oak, and | was able to identify
some genomic regions significantly differentiated between the two species. | further explored the
demographic and divergence history of both species and searched the Q. robur genome for
signatures of recent strong natural selection. | assessed the levels of genetic relatedness between
individuals within each parkland and linked it to past planting practices. Finally, | took advantage of
the huge data generated to explore chloroplast DNA variation by assembling de novo the complete
chloroplast sequences of most of the oak individuals sampled and matching them with previously
characterized oak haplotypes. To my knowledge, | provided the first complete chloroplast sequences
for all four Britain native oak haplotypes. | used the chloroplast data to determine whether the oak
individuals sampled derive from native and local seed stock, by comparing the distribution of
chloroplast haplotypes in the four parklands with that of the major oak haplotypes across Europe

and Britain ancient natural woodlands, mapped in previous studies.
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In the Asian white birch project, our collaborators have assembled a large whole genome dataset
including over a million high-quality SNPs after filtering, spanning a very large geographic area
encompassing China entirely. By analysing this data, | have assessed the population genetic structure
of this species in China and estimated its levels of admixture with the closely related sister species B.
pendula, by adding additional data of this species from a large Eurasian study. | was able to identify a
hybrid zone between these two species in north-western China. | further assessed Chinese B.
platyphylla genetic diversity, and the demographic and divergence history of the different lineages
identified in China. Furthermore, | mapped the present distribution of this species in China and
identified the climatic variables influencing its geographic range the most, and in turn | used this
information to predict the future distribution of this species. Finally, | performed a large
environmental association analysis in the B. platyphylla Chinese populations, encompassing over 26
latitudinal gradients, that led to the identification of over 7,000 SNPs associated to climate. | used
the identified adaptive loci to predict the degree of maladaptation to future conditions for this
species across China, highlighting regions that may require the aid of conservation strategies, such as
assisted migration or assisted gene flow, to reduce adaptational lag in view of the ongoing rapid

climate change.

The Oak project

The oak project led to the development of important genomics resources for research on Britain’s
native oak species and provided a descriptive preliminary analysis of the genetic structure of oak
trees across four British parklands affected by acute oak decline (AOD), at both nuclear and

chloroplast DNA levels.

Comparison with other oak datasets

Around the world similarly large oak genomics datasets including hundreds of individuals across
large geographic areas have been assembled in recent years, however none with a coverage as deep
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as the one presented in this thesis, which included over 2 million SNPs after quality filtering and

linkage disequilibrium pruning.

Guichoux et al. (2012) used a SNP assay in 855 oak trees from six mixed Q. robur and Q. petraea
stands in the North of France, to generate a set of 262 SNPs after validation. Rellstab et al. (2016)
recently employed a targeted pooled sequencing approach to assemble a large dataset based on
1,400 oak individuals of species Q. robur, Q. petraea and Q. pubescens from 71 populations
scattered across Switzerland, including 3,576 SNPs after filtering. Pina-Martins et al. (2018) used
genotype by sequencing (GBS) to assemble a set of over 1,996 SNPs after filtering, based on 95 Q.
suber individuals from 17 location scattered across the entire range of this species in Southern
Europe and North Africa. Gugger et al. (2020) sequenced the DNA of 436 adult valley oak trees, Q.
lobata, across this species entire range in California using GBS and assembled a set of over 11,000
SNPs spread throughout the genome of this species. Martins et al. (2018) assembled a panel of 103
individuals from 17 populations of Q. rugosa scattered throughout this species geographic range in
Mexico, including 3,534 SNPS identified through GBS. Another large oak dataset has been assembled
recently for the evergreen Asian oak species Q. aquifolioides, based on over 500 individuals from 60
populations scattered across the distribution of this species in south-western and central China,
which were genotyped for 381 SNPs and eight microsatellites (Du et al., 2020). The only oak dataset
close to ours in terms of SNPs number to my knowledge is the one assembled by Leroy et al.
(2019b). This included over 30 million SNPs based on 71 individuals of four oak species sampled in
the south-west of France, 20 Q. robur, 13 Q. petraea, 18 Q. pubescens and 20 Q. pyrenaica, however

this dataset was generated via pool-sequencing.

Species differentiation

In the oak project, | made use of the large SNPs panel assembled to first assess the patterns of
differentiation and hybridization between Q. robur and Q. petraea. The entire dataset assembled

was not ideal for this type of study, as there was a contrasting number of Q. robur compared to Q.
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petraea, which was limited to ten individuals in only one of the parklands (Attingham Park). To
mitigate this limitation, | restricted this analysis to ten Q. robur and ten Q. petraea individuals from
the same parkland site. Furthermore, in order to find Fs:outlier loci between the two species, |
employed an innovative method as the classical null infinite island model (Beaumont & Nichols,
1996) does not fit well in cases where the number of populations and migration rate are low,
therefore | preferred not to use common tools based on this model such as FDIST (Beaumont &
Balding, 2004; Beaumont & Nichols, 1996) or Bayescan (Foll & Gaggiotti, 2008). | tried to mitigate
the number of false positives in this analysis by using a window-based approach: rather than
considering each outliers SNPs detected, | searched for genomic windows enriched in F.: outliers.
This analysis led to the discovery of over 600 SNPs fixed between the species, and 81 genic regions
enriched in outliers showing high interspecific differentiation; however, the Q. robur and Q. petraea
genomes generally exhibited high-similarity and low-levels of differentiation overall, in accordance
with previous SNP based recent research (Lang et al., 2018; Leroy et al., 2019b), and several hybrids

were identified.

Similarly, the Leroy et al. (2019b) study assessed the differentiation patterns and divergence history
between Q. robur, Q. petraea, Q. pubescens and Q. pyrenaica. This research confirmed previous
findings (Leroy et al., 2017), suggesting that extensive secondary contacts between these four oak
species have occurred recently, possibly at the beginning of the last interglacial period, after a long
period of isolation. This, together with pre and post zygotic selection (Lepais et al., 2013), appear to
have eroded most species-specific genetic structures between these four oak species except those at
barrier loci. A few highly differentiated regions were identified in the research by Leroy et al.
(2019b), but the genomes of these species generally showed low levels of differentiation, with F
patterns between Q. robur and Q. petraea similar to those reported in this thesis, and comparable to
those usually reported between within species populations (Roux et al., 2016), such as in B.
platyphylla (Figure S3.10, Supporting Information). Lang et al. (2018) also recently assessed the

diversity between Q. robur and Q. petraea in central and western Europe based on about 12,500
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SNPs, further confirming little differentiation overall, and reported a mean F.: estimate very close to
ours. Furthermore, our mean Fg estimate is also very close to that reported in Guichoux et al. (2012),

that identified between 13 and 74 outlier loci between Q. robur and Q. petraea based on 262 SNPs.

An interesting finding related to oak species differentiation also emerged from the study by Rellstab
et al. (2016), that assessed the environmental differences between the habitat of Q. robur, Q.
petraea and Q. pubescens in Switzerland. Although reporting significant differences across all the
abiotic variables tested, further analysis showed that Q. robur and Q. pubescens habitats are clearly
ecologically differentiated, while no environmental factor could clearly distinguish Q. petraea habitat
from that of the other two species. This suggests that Q. petraea is less specialized, with which may
explain why it often occurs in sympatry with Q. robur. As Rellstab et al. (2016) noted, this could be
beneficial as it could mean that Q. petraea has higher flexibility to adapt to changing environmental
conditions. In addition, the Rellstab et al. (2016) study aimed to detect genomic signals of local
adaptation, both on a global interspecific level as well as within each species, leading to the
identification of numerous candidate adaptive SNPs and genes. Interestingly, this research has
identified seven genes associated to the same environmental factors across all three species, which
strengthened the evidence of the involvement of these loci in local adaptation. In addition, the
function of these candidate genes appeared related to the associated environmental factor. Rellstab
et al. (2016) further assessed the risk of non-adaptedness of these Swiss oak populations to a future
climate scenario based on the identified adaptive loci and warned that the required allelic frequency
changes required to match future climate are unlikely to be achieved based on standing genetic

variation alone, given the long generation time of oaks.

Population structure

In addition to the above, | provided an initial descriptive analysis of British parkland Q. robur
genomics: | showed that there is not apparent strong geographically correlated structure at nuclear

DNA level between the genomes of individuals among the four sites sampled, similarly to the study
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on Q. suber by Pina-Martins et al. (2018) and Q. rugosa by Martins et al. (2018). Pina-Martins et al.
(2018) identified only a weak east-west differentiation across Q. suber European range and
identified 249 SNPs associated to environmental variables. Similarly, Martins et al. (2018) identified
only two weakly differentiated genetic groups following a longitudinal gradient for Q. rugosa in
Mexico and detected 97 SNPs associated with climate. Differently, similar studies in other oak
species have detected stronger geographically correlated within species structures (Du et al., 2020;
Gugger et al., 2020), however | have to note that the oak sampling in this thesis encompassed a
much smaller latitudinal and longitudinal range. Gugger et al. (2020) identified two major genetic
groups correlated with geography in Q. lobata: a southern California cluster around Tejon and a
larger cluster including all individuals from central and northern California (Gugger et al., 2020).
Furthermore, this study assessed local adaptation at multiple spatial ranges, state-wide and
regionally, and led to the identification of over 600 SNPs with signature of natural selection.
Interestingly, many loci reported significant associations at multiple spatial scales, possibly reflecting
either independent selection on the same loci or a global selective process. On the other hand, some
loci were only identified associated in a single spatial scale. Even more interestingly several putative
adaptive SNPs identified in this study were also detected in Mexican oak (Martins et al., 2018), Q.
rugosa, suggesting parallel adaptation may be at play within the oak genus, an hypothesis that
already emerged from the study by Rellstab et al. (2016). Another study that identified within
species structure in oak is the one by Du et al. (2020), that identified two clear genetic clusters
following an east-west gradient in the Asian Quercus aquifolioides and detected several genome-

environment associations, including some lineage specific signals of local adaptation.

In addition to assessing Q. robur within species population structure, | identified ten coding regions
significantly depleted in diversity in its genome, showing signals of recent strong global selection,
which included known stress and growth regulators according to the available annotation (Plomion

et al., 2018). Furthermore, | calculated genomic relatedness levels within each parkland and linked it
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to possible past planting practices, with higher relatedness levels perhaps due to greater promotion

of natural regeneration.

Chloroplast haplotypes

Finally, | took advantage of the huge data generated to assemble the full chloroplast sequences for
most of the individuals sampled de novo, providing the full sequences for all four British native oak
chloroplast haplotypes. The analysis of the chloroplast data suggested that the oak trees across all
four parklands derive from British seed stock, as no individuals could be matched to foreign
haplotypes. | proposed a method, inspired by previous research (Lowe et al., 2004), to estimate
whether the populations sampled derive from local trees or seed stock. This analysis suggests that
trees in these four parklands are likely to derive from local stock, which is reinforced by the levels of
genetic relatedness which show that natural regeneration, or planting of on-site acorns, may have

been encouraged in the past.

AOD

The data set that | worked on has also been used for a metagenomics study. Louise Gathercole,
another PhD student, examined the microbial composition of oak leaves of 421 oak trees across five
parkland sites (including all four parklands sampled in this thesis) affected by AOD, including
symptomatic trees, asymptomatic trees and trees in remission. | contributed towards this project by
extracting all the sequencing reads that did not map to the Q. robur reference genome for each oak
individual and removing any possible human contamination by mapping to the human reference
genome, to assemble a dataset suitable for metagenomics analysis of oak leaves. This study
concluded that AOD-associated bacteria may be part of the healthy oak leaf microbiome, as there
was not significant difference in the abundance of the putative AOD-causative bacteria among AOD
status categories, however there were significant differences in their abundances among sites

(Gathercole et al., 2021).
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Future directions for the Oak project

The oak dataset was originally assembled to assess whether AOD (Denman & Webber, 2009;
Denman et al., 2014), which is widespread across the four sampled parklands, has a genetic
component. The ultimate aim was the identification of loci linked to resistance to this very complex
abiotic and polymicrobial disease. However, my dataset was inadequate to identify candidate loci for

two reasons.

First, it is difficult to categorically classify oak trees based on AOD symptoms, as in addition to
asymptomatic trees showing no signs of infection and clearly affected oak trees displaying stem
bleeds, some individuals enter into a remission stage after contracting the disease. It is unclear
whether this remission stage is due to some sort of host resistance or not (Brown et al, 2016;
Denman et al., 2014). Among oak trees that go into remission, some remain asymptomatic, while
others are re-infected by AOD. The causative factors of AOD were not fully understood (Denman et
al., 2018), which complicates the identification of possibly resistant trees through inoculation, as it is
not known whether some trees can prevent AOD infection altogether, or if resistance might simply
translate to better ability to fight-off the infection and enter into permanent remission. One of the
approaches that | proposed and started developing, was to transform the categorical classification of
AOD (healthy, symptomatic, remission) into a continuous phenotype. In order to do this, a variety of
phenotypic descriptors related to tree health and AOD should be recorded and could be used in a
machine learning algorithm, to create an AOD damage score for each tree. A similar approach has
been developed recently (Finch et al., 2021). A continuous phenotype would increase the statistical
power to identify whether AOD resistance has a heritable genetic component altogether, and if so, it

would indeed facilitate genome-wide association studies (GWAS).

The second issue that prevented me from going forward with the study of the genetic basis of AOD

was the sample size of 386 individuals, which is insufficient for such an ambitious GWAS, particularly
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with poorly characterized categorical phenotypes. My dataset is the initial tranche of data in a much
larger AOD genomics study, some more of which has already taken place. Over the past four years,
members of Prof. Richard Buggs lab have extended the oak dataset presented in this thesis by
sequencing the whole genome of an additional 1,151 oak trees of both species, Q. robur and Q.
petraea, from over 60 sites encompassing Britain entirely, thanks to generous funding from DEFRA,
as part of Action Oak. These trees have been phenotyped with respect to AOD symptoms, diameter
at breast height (DBH), canopy transparency, number of Agrilus biguttatus exit holes, and number of

stem bleeds.

We hope that the expansion of this dataset, which now includes 1,561 oak trees, will allow to assess
whether AOD resistance has a genetic component altogether and if that is the case, we hope that
this sample size will give enough statistical power to perform a GWAS aimed at identifying variants
associated with increased resistance to this complex disease. This would help conservation by
allowing to identify, through genomics prediction, trees to be used for future plantings given their
higher resistance to AOD. On the other hand, if AOD heritability is found to be very low and
environmental factors appear to play a deciding role in AOD susceptibility and tolerance, it would
still be a major finding as it would point towards a conservation strategy that concentrates on
modifying the trees micro-environment, rather than focused on breeding programs. This project is
inspired by similar research carried on Fraxinus excelsior (European ash tree) by Prof. Richard Buggs

group during the last decade.

In a 2016 study (Harper et al., 2016), the group used transcriptomic data to identify molecular
markers for tolerance of F. excelsior to ash dieback, a chronic tree disease caused by the fungal
pathogen Hymenoscyphus fraxineus (Harper et al, 2016). Over 100 Danish ash trees with wide range
of susceptibilities to ash dieback were scored for dieback damage and RNA sequenced. The
identified SNPs and gene expression markers (GEMs) were used (independently) with the damaged

scores in linear models aimed at identifying significant associations to ash die back tolerance. The
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most significant markers were functionally annotated, and many appeared to be related to MADS
box transcription factors, suggesting a role of this family of genes in susceptibility to ash dieback. The
top SNP and the top two GEMs markers were used as PCR target and tested to predict the
phenotype in a test panel of over 50 trees, first singularly and then combined. The combined

predicted score was highly indicative of the trees’ phenotypes.

This project was followed by the study by Sollars et al. (2017) that sequenced and assembled the
genome of a low-heterozygosity ash tree. Genetic diversity was assessed by mapping the sequencing
data of additional 37 individuals to the newly assembled reference. A set of genome-wide SNPs was
identified after mapping: over 50% of these were located within or close to genes. The population

structure was inferred based on SNPs and revealed four distinct plastid network haplotypes.

This study also aimed to identify improved markers for susceptibility to ash dieback. RNA sequencing
data from the previous publication (Harper et al., 2016), was re-analyzed by mapping it to the newly
assembled ash genome and the GWAS was re-performed. The top GWAS markers were functionally
annotated confirming to be associated with MADS box transcription factors genes. Following the
hypothesis that MADS box transcription factors may be involved in disease tolerance through the
modulation of secondary metabolites (Sollars et al., 2017), the metabolite composition of the leaves
of 10 trees was analyzed with liquid chromatography. The results of this analysis suggested a
correlation between iridoid glycoside and susceptibility to ash dieback, as higher levels of this
metabolite were found in the genotypes with high susceptibility to H. fraxineus. More recently,
Stocks et al. (2021) sequenced the genome of over 1,000 ash trees scored for ash die back damage
using a pool-sequencing approach and identified 3,149 SNPs associated with ash dieback damage.
Furthermore, the study successfully used this data to train a genomic prediction model which was
able to predict tree health with high accuracy, therefore showing the potential of genomic

prediction to aid breeding aimed at conserving highly polygenic traits.
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In plants, GWAS were first successfully applied to crop species, such as maize and rice, due to their
obvious economic importance and the early availability of reference genome assemblies (Huang and
Han, 2014). In one of the first next generation GWAS on rice (Huang et al., 2010) over 500 landraces
were genotyped for over 3 million genome-wide SNPs. Diversity between the landraces was
assessed and their phylogenetic relationship determined based on SNPs. Finally, GWAS were

conducted and led to the identification of 80 associations for 14 agronomic traits.

Rice and other important food crops have seen a large increase in the number of resources
developed in recent years to aid the development of GWAS for important traits. A more recent
example is the investigation by Shrestha et al. (2018), which relied on available SNP data to identify
genes for Manganese (Mn) toxicity tolerance in 271 genotypes of Oryza sativa L and successfully
identified six SNPs associated with Mn leaf damage and shoot Mn concentration. Similar GWAS have
been conducted in many other economically plant species and many examples are available, such as
in Chinese cotton and in the model plant organism Arabidopsis thaliana (Horton et al., 2014; Su et
al., 2018). In forest trees research the need to apply high throughput sequencing technologies and
GWAS in the identification of genes for important traits is augmented by generally long generation
times, which make traditional methods such as bi-parental QTL mapping less feasible, in addition to
the obvious gain in resolution given by analyzing genome-wide diversity rather than limiting the
analysis to a set of known markers. Several GWAS have been performed in forest trees in recent
years, such as in the investigation by Uchiyama et al. (2013) which focused on wood property and
qguantity of male strobili of Cryptomeria japonica, one of the most important forest trees in Japan.
This study identified 6 SNPs significantly associated with these traits. Fruit trees have also been the
subject of GWAS usually aimed at identifying variants associated with fruit quality, such as in Pyrus
pyrifolia (Japanese pear) and in Prunus persica (peach) (Minamikawa et al., 2018). Interestingly, P.
persica is closely related to Q. robur: previous research reported high levels of orthology between
the oak and peach transcriptomes (Lesur et al., 2015) as well as macrosynteny, so that the peach
genome has been used to aid the chromosome anchoring of the oak genome scaffolds that did not
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map to the dense SNP-based oak linkage map in the work of Plomion et al. (2018). A recently
conducted GWAS in P. persica (Cao et al., 2016) characterized over 4 million SNPs in a population of
over 100 individuals, in order to find association with 12 agronomic traits. Three different linear
models were tested to identify association with the traits of interest: a general linear model, a
general linear model with correction for population structure and a mixed linear model with
population structure correction. This GWAS led to identification of several candidate genes for traits
such as fruit shape, acidity level, fruit hairiness, flesh colour, soluble solid content and weight (Cao et
al., 2016). The success of these and similar research efforts reinforced the potential of genomics and
derived methods in the identification of markers for economically and ecologically important plant

traits, such as disease resistance.

Therefore, if additional phenotypic data is collected, numerous GWAS for other traits of interests for
foresters and ecologists could stem from the extended Oak dataset that stemmed from this thesis,
now including 1,561 individuals. In addition, this large oak panel could be used to design an EEA
aimed at identifying climate-adaptive alleles in view of the ongoing climate change and inform
conservation strategies. A warmer and drier future climate may favour Q. petraea ecology over Q.
robur, therefore adaptive introgression among these species could play an important role in the
future. Such study could also include existing whole genome sequencing datasets of oak from
Europe (Leroy et al., 2019b), to cover a larger latitudinal range. These analyses could inform
breeding programs to preserve oaks, particularly in southern Britain, which is the area mostly

affected by AOD and more severely threatened by rising temperature.

Finally, the expanded dataset spans a larger latitudinal range, and includes a more balanced number
of individuals of both oak species. This may allow for new studies of species differentiation with
greatly improved confidence and transferability of results. In particular this could allow to detect Q.

robur and Q. petraea interspecific outlier loci with more confidence decreasing false positives and
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could lead to the identification of a core set of genomic regions always differentiated between the

two species independently of location.

The Asian White Birch project

The birch project led to several conclusions in the contexts of evolution and ecology of Asian White
Birch. First, | found strong genetic differentiation between B. platyphylla and the closely related
sister species silver birch, B. pendula, from Europe. These two species have been often lumped
taxonomically as sub-species (Ashburner & McAllister, 2013), however my analysis strongly suggests
that they should be treated as different species, as the levels of differentiation between B. pendula
and B. platyphylla populations are significantly higher than between B. platyphylla Chinese
populations. Furthermore, | identified a hybrid zone between these two species in north-western
China in the area including and adjacent to the Altay mountains in the Xinjiang region: all the
individuals sampled in this area displayed approximately 80% B. pendula and 20% B. platyphylla
genetic composition, suggesting that this region is a contact point between B. pendula from Eurasia
and B. platyphylla from north-eastern China. Interestingly, hybrid zones for other tree species have
been found in north-western and northern China. Populus x jrtyschensis, a hybrid poplar species
distributed in this region of China, appears to have resulted from the admixture between P. nigra
from Europe and P. laurifolia from Asia converging in this region (Jiang et al., 2016). The Altay region
in northern Xinjian is also a natural hybrid zone between two other Populus species, the ecologically
distinct P. alba and P. tremula (Zeng et al., 2016). North and north-eastern China are a contact point
between two Asian oak species, Quercus liaotungensis which has more of a western distribution in
China, and Q. mongolica, which is more diffused in north-eastern China, North-Korea and Japan
(zeng et al., 2011). Similar to the findings of the study by Tsuda et al. (2017), that identified a hybrid
zone for eastern and western Betula species pairs, B. pendula/B. platyphylla and B. pubescens/B.
ermanii, in southern Siberia around Lake Baikal, this region was also identified as a contact point
between three willows species: Salix dasyclados and S. viminalis from Europe and western Asia and
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S. schwerinii from Eastern Asia (Fogelqvist et al., 2015). Similarly, a hybrid zone between Siberian
spruce, Picea obovate, from Asia, and Norway spruce, (Picea abies), from Europe, was found centred

around the Urals (Tsuda et al., 2016).

Within China, | found evidence of three lineages of B. platyphylla differentiated along a latitudinal
gradient, in north-eastern, central, and south-western China. The central population may have
resulted from the admixture between the north-eastern and south-western population. The levels of
differentiation between the central and north-eastern population are significantly lower than those
between the central and south-western population, probably reflecting less severe geographical
barriers to geneflow in northern China, compared to the south-western Himalayan plateau. The
population divergence analysis suggested that the three identified lineages have been fully
separated for at least 500,000 years, therefore their divergence appear to have occurred prior to the
LGM, suggesting that B. platyphylla survived the last glaciation in multiple local glacial refugia in
China, which is in line with fossil pollen records and ENM dated at the LGM (Cao et al., 2015; Chen &

Lou, 2019).

The environmental niche model presented in this thesis agrees with the observed distribution of this
species in China (Chen & Lou, 2019) and is similar to the distribution model reported for B.
platyphylla in Duan et al. (2014). Annual levels of precipitation and mean temperature of wettest
quarter, which correspond to the summer season in China, are important predictors of this species
suitable environment. Overall, the ENM suggests that B. platyphylla prefers mountainous
environments characterized by mild summers and moderate levels of precipitation throughout the
year, which is consistent with the known ecology of this species (Ashburner & McAllister, 2013).
Future predictions of B. platyphylla distribution show a significant reduction of its habitat in China
compared to the present, mainly due to rising temperature, from an estimated minimum reduction

of 17% up to a maximum of 34% by 2080-2100, in the worst-case scenario tested.
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| detected numerous associations between B. platyphylla SNPs and environmental variables, with
two variables in particular reporting a much larger number of significant SNPs. This suggests that
local adaptation is highly polygenic and involves loci distributed throughout the genome of this
species. This is in line with similar studies in other tree species, which reported a similar percentage
of identified putatively adaptive SNPs (~ 0.5% in this analysis) out of all the SNPs tested and a highly
polygenic nature of climate adaptation (Borrell et al., 2019; Dauphin et al., 2020; Jordan et al., 2017,
Pina-Martins et al., 2018; Rellstab et al., 2016; Yeaman et al., 2016). This may suggest that
maintaining standing genetic variation and adaptive diversity might be of greater importance to

support local adaptation than attempting to raise the frequencies of a specific set of adaptive alleles.

Furthermore, | used a recently developed approach, RONA (Pina-Martins, Baptista, Pappas & Paulo,
2018; Rellstab et al., 2016) to infer the degree to which each individual allele frequencies at adaptive
loci deviate for the optimum required at a future climate scenario for 2080-2100. This analysis
predicted that populations in central China and in the area adjacent to the Changbai mountains in
the north-east might be more severely threatened by climate change, particularly by rising
temperature, with required frequencies changes exceeding expectations that can be theoretically
reached naturally (Jordan et al., 2017). This is reflected by the predicted future suitable environment
(Figure 3.5), which shows drastic reduction in these two regions of China, under every
socioeconomic pathway tested. It is indeed plausible that some environmental variables are limiting
B. platyphylla range precisely because they lack adaptation, or it is also possible that some climatic
variable will change to an extent that adaptation will not be possible anymore, and some regions of
China where B. platyphylla is currently found, may irreversibly become unsuitable in the future
therefore assisted migration might be the only option available to rescue some populations. The
Himalayan plateau and the greater Khingan range and surrounding area, and in general
environments at higher elevations, appear less threatened by rising temperature and appear to
remain suitable for B. platyphylla under every future climate scenario tested. Consequently, the
estimated adaptive loci allelic frequency changes required to match future climate for the individuals
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at these locations appear less concerning. Interestingly, similar to the findings of a landscape
genomics study on Quercus aquifolioides (Du et al., 2020), which is distributed in south-western and
central China, the south-western population reported on average higher RONA scores for
“precipitation of driest quarter” compared to the central and north-eastern lineages (Figure 3.6).
Precipitation of driest quarter are expected to increase in the Himalayan plateau in the future,

whereas are expected to slightly decrease in central and north-eastern China.

The RONA method is itself a simplification (Rellstab et al., 2016), and was originally designed to be
used with population allelic frequencies. As | discussed in Chapter 3, due to our sampling it was only
possible to calculate RONA on an individual basis. Therefore, this analysis relies on the assumption
that the individuals sampled are good representatives of their population of provenance allelic
frequencies. The differences in RONA between populations is determined by two main factors: the
magnitude of the environmental change for each population and the deviation of the current allele
frequencies of each population from the association model (Rellstab et al., 2016). There is another
method, termed genetic offset, which is used to estimate the risk of maladaptation to future
conditions (Fitzpatrick and Keller, 2015). However, the most recent implementation of this method
(Gain & Francois, 2021) aims to give a global measure of maladaptedness by including all the
environmental variables tested together as well as all genotyped SNPs in the model. Therefore, |
preferred the RONA implementation as it is based solely on previously identified adaptive SNPs and
allows to assess each environmental variable separately, which is advantageous as these can have

significantly different importance in limiting a species geographic range (Table 3.2).

Future directions for research on Asian White Birch
The sampling design of this study allowed to detect genomics signals of local adaptation, however
having sampled a single individual for the vast majority of the populations limited the choice of tools

that | could use for EAA. A superior design would involve sampling a smaller number of populations
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scattered throughout the same geographic area but including more individuals in each population.
This would allow to use population allelic frequencies in the RONA calculation, rather than
individuals’ frequencies, which are limiting as can take only three values (0, 0.5 or 1) in linear
regressions. This would give a more reliable RONA estimate which in turn would better inform
conservation, by more precisely detecting natural forests that might require conservation strategies

such as assisted gene flow to aid future climate adaptation, particularly due to rising temperature.

Having more than a single individual per population would also enable to use landscape genomics
methods based on outlier F loci between populations, such as Bayescan (Foll & Gaggiotti, 2008)
followed by Bayenv (Gunter & Coop, 2013), to detect association between environmental variables
and SNPs (Borrell et al., 2019). This would allow to select only adaptive SNPs consistently identified
by more than one tool to increase confidence in the results and decrease the number of false

positives.

For comparison, | performed the environmental association analysis also using another software,
Sampada (Joost et al., 2007; Stucki et al., 2017), discussed in Chapter 3. However, the negative side
of this approach is that is overly conservative when the population structure is included in the
model, as it aims to identify strong associations between SNPs and environment by testing each
climatic variable separately, rather than aiming to predict the genotype of an individual based on its
environment, like LFMMZ2. SamBada identified only 14 candidates at the same significance level (FDR
< 1%) of LFMMZ2, also possibly due to a highly polygenic mechanism of adaptation to the
environment, with many SNPs with tiny effects which might not result as significant with some

conservative approaches such as Samfada.

Interesting research that could follow up would be to investigate the convergent and divergent local
adaptation between B. platyphylla and the closely related B. pendula, as previous work has shown
that adaptation to certain environmental variables can be constrained and repeatable genetically,

with key genes playing non-redundant roles even in distantly related tree species (Yeaman et al.,
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2016). This would involve first the design of an EAA on B. pendula aimed at detecting signals of local
adaptation like it was done for B. platyphylla in the work presented in this thesis, and subsequently
it would be possible to compare adaptation signals between the two species and find overlapping
associations, between both SNPs loci and genes. Given the results from previous research that
compared convergent local adaption between lodgepole pine and interior spruce and identified
between 10 and 18% of putative locally adaptive genes evolving convergently (Yeaman et al., 2016),
| would expect a greater proportion of convergent adaptive loci for the B. platyphylla/B. pendula
complex given their closer phylogenetic relationship. However, the highly polygenic mechanism of
adaptation to some environmental variable may translate to greater genetic redundancy, and
therefore exhibit less repeatability of genetic evolution even across closely related species (Yeaman
et al., 2015). Another interesting finding that emerged from the comparative study by Yeaman et al.
(2016), regards the role of macro and micro genetic rearrangements, such as chromosomal fusions,
translocations and gene duplications, and that of clustered genetic structures, in local adaptation
(Yeaman et al., 2016; Yeaman, 2022). From previous preliminary analysis on plant and animal species
(Yeaman et al., 2016), it appears that duplicated genes are more likely to be involved in local
adaptation. This could mean that gene duplication could be a way to increase genetic flexibility, and
could facilitate convergent genotypic evolution (Yeaman et al., 2016). The role of pleiotropy in the
repeatability of local adaptation is also another topic that could be investigated further, through

comparative adaptation studies (Yeaman et al., 2021).

Ultimately, in order to verify the adaptative capabilities of B. platyphylla, genomics approaches
should be coupled with reciprocal transplant garden experiments. These experiments involve
growing different ecotypes among reciprocal habitats and have been the gold standard to study
local adaptation over the last century (Cheplick, 2015; Johnson et al., 2021). With reciprocal
transplant experiments, it is possible to distinguish between genetic and environmental control of
phenotypic variation and to verify whether local adaptation is actually occurring. Local populations
should perform better in their habitat than foreign populations, if they are locally adapted (Johnson
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et al., 2021). Traditionally these experiments measured traits related to morphology, growth and
physiology (Johnson et al., 2021), and by coupling these with landscape genomics methods lead to a
deeper understanding of the ecology of adaptation, by connecting the function of genes associated
with environmental variables in EAAs to actual phenotypic variation, and to subsequently identify
alleles that give rise to phenotypes better suited for certain environments. Reciprocal transplant
experiments however come with several limitations and challenges, particularly when the species of
interest is long-lived and has a long generation time, as it is often the case in forest trees
(Manzanedo et al., 2019). First, reciprocal transplants are not always possible due to practical, legal,
ethical or ecological reasons: a primary concern that arise from moving plant material is the spread
of pests and other infectious diseases, as well as the spread of invasive genotypes (Manzanedo et al.,
2019). These issues can be avoided with the use of common gardens, which can also be set up within
forests, however these may limit the realism of the experiment by removing the fine-scale effects of
the environment and by excluding any intra and interspecific competition (Manzanedo et al., 2019).
In addition, reciprocal transplant experiments in long-lived species often require significant labour
and need to last for at least a few decades, as it was shown that short-term experiments can
produce biased results in long-lived species and may fail to detect local adaptation (Bennington et

al., 2012; Manzanedo et al., 2019).

To conclude, the analysis on Asian White Birch presented in this thesis provided important
information on both ecology and evolution of this species from a genomic perspective. Further
research may also expand this dataset to include more individuals from the natural populations
sampled to increase confidence in the analysis, and subsequently investigate the functional potential
of the identified adaptive genic regions in more depth and compare it with existing results from

similar studies on other tree species.
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Supporting Information

Chapter 2

Table S2.1. Summary table of the 81 gene models within or flanking the top 1% F. outlier-enriched
10kb windows between Q. robur and Q. petraea. Protein definition retrieved from Plomion et al.

(2018).
ID Type Start End Gene ID Protein Definition
Qrob_Chr01 mRNA 24923692 24927355 ID=Qrob_T0001470.2  Hypothetical protein
Qrob_Chr01 mMRNA 37595498 37602288 ID=Qrob_T0532570.2  Uncharacterized
conserved  protein
[Function unknown]
Qrob_Chr01 mMRNA 38691337 38694866 ID=Qrob_T0184060.2  NADH
dehydrogenase
(ubiquinone) Fe-S
protein 1
Qrob_Chr01 mMRNA 38697663 38699156 ID=Qrob_T0184050.2  NADH
dehydrogenase
(ubiquinone) Fe-S
protein 1
Qrob_Chr01 mMRNA 55066440 55068599 ID=Qrob_T0611170.2  Genomic DNA,
chromosome 3, tac
clone: k13n2-related
Qrob_Chr02 mMRNA 17419146 17420228 ID=Qrob_T0454110.2  Protein LTV1
Qrob_Chr02 mMRNA 28382238 28397120 ID=Qrob_T0299620.2  Predicted ATP-
dependent RNA
helicase FAL1
involved in rRNA
maturation  DEAD-
box superfamily
[Translation
ribosomal structure
and biogenesis].
Qrob_Chr02 mMRNA 28400301 28401018 ID=Qrob_T0299610.2  Ataxin-2 C-terminal
region
Qrob_Chr02 mRNA 28404084 28407207 ID=Qrob_T0299600.2 PPR repeat
Qrob_Chr02 MRNA 28987060 28998888 ID=Qrob_T0089890.2  DNA-directed RNA
polymerase IV and V
subunit 2
Qrob_Chr02 mRNA 29002128 29005412 ID=Qrob_T0089880.2  Chorismate mutase
Qrob_Chr02 mRNA 34712751 34715369 ID=Qrob_T0437960.2  Phospholipase d
Qrob_Chr02 mRNA 42655612 42657345 ID=Qrob_T0589320.2  GRAS domain family
Qrob_Chr02 mMRNA 44205331 44205970 ID=Qrob_T0377200.2 NA
Qrob_Chr02 mMRNA 44213324 44216710 ID=Qrob_T0377190.2 NA
Qrob_Chr02 mMRNA 46990675 46991783 ID=Qrob_T0609890.2  Prohibitin 1
Qrob_Chr02 mRNA 46996815 47001368 ID=Qrob_T0609880.2  Glyceraldehyde-3-
phosphate
dehydrogenase

(phosphorylating)
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Qrob_Chr02 MRNA 47003403 47004571 ID=Qrob_T0609870.2  Anion-transporting
ATPase

Qrob_Chr02 mRNA 49365511 49368425 ID=Qrob_T0709860.2  Reticulon-related
(plant)

Qrob_Chr02 MRNA 49383529 49390427 ID=Qrob_T0709880.2  NA

Qrob_Chr02 mRNA 50880650 50885782 ID=Qrob_T0528660.2  Protein of unknown
function

Qrob_Chr02 MRNA 50889161 50893177 ID=Qrob_T0528650.2  GTP-binding protein
SEC4 small G protein
superfamily and
related Ras family
GTP-binding proteins
[Signal transduction
mechanisms
Intracellular
trafficking secretion
and vesicular
transport]

Qrob_Chr02 mRNA 50904986 50905468 ID=Qrob_T0528630.2 NA

Qrob_Chr02 mRNA 53983164 53985503 ID=Qrob_T0700420.2 FAR1 DNA-binding
domain

Qrob_Chr02 mMRNA 53992359 54004961 ID=Qrob_T0700440.2  Starch
phosphorylase

Qrob_Chr02 mMRNA 92431869 92436245 ID=Qrob_T0282290.2  Bile acid: Na+
symporter, BASS
family

Qrob_Chr03 mRNA 40167291 40167596 ID=Qrob_T0745850.2 NA

Qrob_Chr03 mRNA 40169165 40169425 ID=Qrob_T0745840.2 NA

Qrob_Chr03 mRNA 40171988 40176838 ID=Qrob_T0745830.2 Solute carrier family
35 (UDP-sugar
transporter),
member A1/2/3

Qrob_Chr04 mMRNA 27997801 27998563 ID=Qrob_T0399160.2  RING-H2 zinc finger
protein RHA1

Qrob_Chr04 mMRNA 41651662 41655844 ID=Qrob_T0308170.2  Leucine-rich repeat
protein [Function
unknown].
[Cytoskeleton]

Qrob_Chr04 mRNA 41665218 41666719 ID=Qrob_T0308190.2 NA

Qrob_Chr05 mRNA 16208833 16211432 ID=Qrob_T0178490.2  Calmodulin-binding
family protein

Qrob_Chr05 mMRNA 17212822 17227633 ID=Qrob_T0178670.2  DNA
repair/transcription
protein

Qrob_Chr05 mMRNA 17232249 17239413 ID=Qrob_T0178680.2 RNA polymerase II-
associated factor 1

Qrob_Chr05 MRNA 2032128 2035537 ID=Qrob_T0649050.2  (S)-2-hydroxy-acid
oxidase.

Qrob_Chr05 MRNA 2041278 2044530 ID=Qrob_T0649030.2  (S)-2-hydroxy-acid
oxidase.

Qrob_Chr05 mMRNA 22675622 22677555 ID=Qrob_T0583160.2  Ankyrin repeat-
containing protein

Qrob_Chr05 mMRNA 22684391 22686918 ID=Qrob_T0583150.2  Heat stress
transcription factor
a-6a-related
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Qrob_Chr05

MRNA

22704507

22708866

ID=Qrob_T0013730.2

Indeterminate-
domain 12 protein

Qrob_Chr05

MRNA

22714427

22722619

ID=Qrob_T0013740.2

Hypoxia-inducible
factor-asparagine
dioxygenase.

Qrob_Chr05

mMRNA

23925445

23929495

ID=Qrob_T0523430.2

Bromo-adjacent
homology (bah)
domain-containing
protein-related

Qrob_Chr05

MRNA

23941803

23946877

ID=Qrob_T0523410.2

Serine-threonine
kinase receptor-
associated protein

Qrob_Chr05

mRNA

28012467

28013501

ID=Qrob_T0449720.2

Leucine-rich repeat
receptor-like protein
kinase

Qrob_Chr05

MRNA

7906041

7912235

ID=Qrob_T0683210.2

26S proteasome
regulatory  subunit
N7

Qrob_Chr06

MRNA

21260908

21264170

ID=Qrob_T0005740.2

Carbamoyl-
phosphate synthase
(glutamine-
hydrolyzing)

Qrob_Chr06

MRNA

27193253

27195122

ID=Qrob_T0256040.2

NA

Qrob_Chr06

MRNA

28622710

28630237

ID=Qrob_T0747960.2

Arm repeat
superfamily protein

Qrob_Chr06

MRNA

40963979

40968076

ID=Qrob_T0413630.2

BTB/POZ domain/
NPH3 family

Qrob_Chr06

MRNA

40974308

40977654

ID=Qrob_T0413610.2

Mitochondrial outer
membrane protein
porin 2-related

Qrob_Chr07

mRNA

37924676

37927169

ID=Qrob_T0131310.2

BTB/POZ domain

Qrob_Chr07

mRNA

37930043

37933882

ID=Qrob_T0131320.2

Homeobox protein
transcription factors

Qrob_Chr07

mRNA

4037164

4038276

ID=Qrob_T0379860.2

CCR4-associated
factor 1 homolog 11-
related

Qrob_Chr07

MRNA

4038746

4042140

ID=Qrob_T0379870.2

Alpha, alpha-
trehalose-phosphate
synthase [udp-
forming] 10-related

Qrob_Chr07

mRNA

41623546

41636343

ID=Qrob_T0090900.2

Letm1-like protein

Qrob_Chr07

mRNA

46049058

46056801

ID=Qrob_T0407530.2

1-
phosphatidylinositol-
4-phosphate 5-
kinase

Qrob_Chr07

mRNA

7062267

7067123

ID=Qrob_T0265770.2

L-ascorbate
peroxidase

Qrob_Chr08

mRNA

10656567

10658485

ID=Qrob_T0132290.2

WWE domain

Qrob_Chr08

mRNA

25970299

25973975

ID=Qrob_T0441200.2

3-deoxy-manno-
octulosonate
cytidylyltransferase

Qrob_Chr08

MRNA

25978580

25979250

ID=Qrob_T0441190.2

Dynein light chain
type 1-like protein

Qrob_Chr08

MRNA

50962263

50985338

ID=Qrob_T0437680.2

Rabconnectin-
related

127



Qrob_Chr08 MRNA 52158757 52169697 ID=Qrob_T0631150.2  Region in Clathrin
and VPS / Golgi
CORVET complex
core vacuolar
protein 8
Qrob_Chr08 MRNA 52173071 52176597 ID=Qrob_T0631140.2  Pyruvate
dehydrogenase el
component, alpha
subunit
Qrob_Chr08 mRNA 52181642 52185377 ID=Qrob_T0631130.2  Golgi transport
complex coDn1
protein [Intracellular
trafficking secretion
and vesicular
transport]
Qrob_Chr08 mMRNA 62286008 62293369 ID=Qrob_T0413010.2 NA
Qrob_Chr08 mMRNA 62295320 62296804 ID=Qrob_T0413000.2  Histone H4
Qrob_Chr08 mMRNA 62298760 62300062 ID=Qrob_T0412990.2  Histone H4
Qrob_Chr08 mRNA 62746427 62753205 ID=Qrob_T0605490.2  Leukocyte receptor
cluster (LRC)
member 8
Qrob_Chr08 mMRNA 62756677 62757416 ID=Qrob_T0605480.2  Chlorophyll A-B
binding protein
Qrob_Chr08 mRNA 62783709 62786511 ID=Qrob_T0605470.2  ABC transporter g
family member 1-
related
Qrob_Chr08 mRNA 62794403 62797526 ID=Qrob_T0211590.2  U4/U6 small nuclear
ribonucleoprotein
PRP3
Qrob_Chr09 mRNA 26419438 26420323 ID=Qrob_T0285940.2 PPR repeat family
Qrob_Chr09 mMRNA 26422819 26423321 ID=Qrob_T0285930.2 NA
Qrob_Chr09 MRNA 41156949 41176337 ID=Qrob_T0489020.2  Beige/beach-related
Qrob_Chr10 mMRNA 48860710 48861429 ID=Qrob_T0644820.2  Predicted E3
ubiquitin ligase
[Posttranslational
modification protein
turnover
chaperones]
Qrob_Chr10 mRNA 48864519 48865241 ID=Qrob_T0644810.2 E3 ubiquitin-protein
ligase RNF144
Qrob_Chrll MRNA 15021331 15022690 ID=Qrob_T0104460.2  Cytochrome c6
Qrob_Chrll MRNA 33429757 33451483 ID=Qrob_T0010570.2  PI-3-kinase-related
kinase SMG-1
Qrob_Chrll MRNA 51079119 51086901 ID=Qrob_T0251500.2 Inorganic phosphate
transporter
[Inorganic ion
transport and
metabolism]
Qrob_Chri1 mRNA 51094139 51094775 ID=Qrob_T0251490.2 U3 small nucleolar
RNA-associated
protein 18
Qrob_Chr12 mMRNA 32347782 32354615 ID=Qrob_T0149640.2  BRCAl-associated

RING domain protein
1
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Table $2.2. Summary table of Q. robur candidate genes under recent selection detected with both
SweeD and OmegaPlus.

ID

Start

End

Gene ID

Description

Qrob_Chr01

21470613

21471928

ID=Qrob_T0000290.2

Hydrophobic seed protein.
Protein expressed on the
seed surface that seem to
play a role in seed survival
by regulating water-uptake
and affecting pathogen
attachment and
penetration (Gijzen et al.,
1999).

Qrob_Chr01

47849967

47852265

ID=Qrob_T0041720.2

Beta/Galactosidase/2
related

Qrob_Chr02

9550828

9552258

ID=Qrob_T0433250.2

Vacuolar H+-ATPase, a
proton pump found in
organelle membrane
involved in ion, metabolites
and pH homeostasis in
plants that appears to cover
a crucial role in plant
tolerance to salt induced
stress (Golldack & Dietz,
2001; Padmanaban et al.,
2004; Ratajczak, 2000;
Zhang et al., 2012).

Qrob_Chr03

36770831

36774503

ID=Qrob_T0102900.2

Zinc-finger proteins.
Transcription factors that
regulate plant growth and
are thought to be involved
in the response to
environmental stresses
such as salinity, cold and
draught (Han et al., 2020).

Qrob_Chr03

49666659

49673966

ID=Qrob_T0170450.2

Copines, a class of calcium-
dependent phospholipid-
binding proteins linked to
disease resistance and
acclimation in A. thaliana
and  Triticum  aestivum
(wheat) (Jambunathan &
McNellis, 2003; Zou et al.,
2016; Zou, Ding, Liu, & Hua,
2017).

Qrob_Chr09

13945795

13946619

ID=Qrob_T0542880.2

Cytoskeletal regulator
Flightless-I

Qrob_Chrll

5403212

5411610

ID=Qrob_T0080510.2

NA

Qrob_Chri1

44537895

44539098

Name=Qrob_T0158900.2

Tyrosine kinases, key
transmembrane receptors
involved in signal
transduction and linked to
plant growth and response
to both biotic and abiotic
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stresses (Miyamoto et al.,
2019)

Qrob_Chri1

38960405

38963858

ID=Qrob_T0699490.2

Patellin proteins,
phosphatidylinositol

membrane transfer
proteins seemingly involved
in development, response
against salt stress and
immunity against certain
viruses in plants (Peiro et
al., 2014; Zhou et al., 2019).

Qrob_Chr12

33369924

33377321

ID=Qrob_T0662860.2

Cytoskeletal regulator
Flightless-I
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Table S2.3. Length variants in base pairs and point mutations detected in cpDNA fragments of five
identified haplotypes. Key features used to match haplotypes are underlined. A) DT fragment digested
with Tagl. B) AS fragment digested with Hinfl. C) CD fragment digested with Taql. D) TF fragment
digested with Alul. E) Point mutations in the DT and TF fragments, identified with Alul and Cfol,

respectively.

A.

Haplotypes Lineage DT1 DT2 DT3 DT4

(Petit et al,,

2002b)

10 B 571 389 288 215

11 B 571 389 288 215

12 B 571 389 287 215

7,26 A 571 389 215 211

B.

Haplotypes Lineage AS1 AS2 AS3 AS4  AS5 AS6
(Petit et al.,

2002b)

10 B 677 569 516 370 310 211
11 B 677 569 516 370 310 210
12 B 677 569 516 370 310 211
7,26 A 649 569 516 370 310 210
C.

Haplotypes Lineage Ch1 CDb2 D3 CD4 CD5 CDé6
(Petit et al.,

2002b)

10 B 972 658 533 322 291 259
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11 B 972 658 533 322 291 259
12 B 972 658 533 322 291 259
7,26 A 972 658 533 322 291 259
D.

Haplotypes Lineage TF1 TF2 TF3 TF4 TF5 TF6
(Petit et al.,

2002b)

10 B 981 665 89 65 45 30
11 B 981 678 89 65 45 30
12 B 981 665 89 65 45 30
7,26 A 980 664 89 65 45 30
E.

Haplotypes Lineage DT-Alul TF-Cfol

(Petit et al.,

2002b)

10 B Yes No

11 B Yes No

12 B Yes No

7,26 A No Yes
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Figure S2.1. Results of the fastSTRUCTURE analysis. A) Log-marginal likelihood lower bound (LLBO) of
the data for K from 1 to 10 for the 386 individuals’ dataset including both species. B) Cross-validation
error calculated using 5-fold cross-validation for K from 1 to 10 for the 386 individuals’ dataset
including both species, with standard error bars. C) Log-marginal likelihood lower bound (LLBO) of
the data for K from 1 to 10 for the 360 Q. robur individuals. D) Cross-validation error calculated using
5-fold cross-validation for K from 1 to 10 for the 360 Q. robur individuals, with standard error bars.
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Figure S2.2. Genome-wide, genic and intergenic interspecific Fs: distribution between Q. robur and
Q. petraea based on 914,242, 223,319 and 690,923 SNPs, respectively. Genome-wide mean, median

and standard deviation: 0.158, 0.111 and 0.156. Genic regions mean, median and standard

deviation: 0.155, 0.111 and 0.153. Intergenic regions mean, median and standard deviation: 0.159,
0.111 and 0.157.
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Figure S2.3. Fy/Heterozygosity distribution computed with the R package “fsthet”, based on 914,242
genome-wide SNPs between 10 Q. robur and 10 Q. petraea individuals. Red lines delimit the 0.99
confidence envelope.
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Figure S2.4. PCA of 360 Q. robur individual based on 839,911 unlinked SNPs (r? < 0.4). Colours
represent sites. A) PC1 against PC2. B) PC1 against PC3. C) PC2 against PC3. D) Eigenvalues of the

computed principal components.
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Figure S2.5. Distribution of genomic relatedness (kin) between 360 Q. robur trees based on 839,911
unlinked (r? < 0.4) SNPs with minor allele frequencies above 0.05.
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Figure S2.6. Marker based genomic relatedness within parkland sites, calculated according to the
formulas in vanRaden (2008). Diagonals represent self-to-self relatedness.
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Figure $2.7. PCA of 261 unrelated (kin < 0.05) Q. robur individuals based on 839,911 SNPs (r? < 0.4).
Colours represent sites. A) PC1 against PC2. B) PC1 against PC3. C) PC2 against PC3. D) Plot of
eigenvalues for the computed principal components.
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Figure S2.8. Linkage disequilibrium (LD) decay in the Q. robur genome. A) LD decay, estimated with
Plink r? function. Points are 500 bases apart. B) Linkage disequilibrium block size distribution.
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Figure S2.9. Pairwise nucleotide diversity rt bar plots computed in windows of 5,000 bp across the Q.
robur genome, based on 360 individuals.

A. Genome-wide Diversity

0.06 - ® o ° 0.06
[ ] [} .
0.04] 8 . o . 0.04
R R
0.001_ . . . . . . . . . . . 0.001 .
1 2 3 4 5 6 7 8 9 10 11 12 1-12
Chromosome
B. Intergenic Regions Diversity
0.06 - ® o ° 0.06
[ ] .
0.04] 2 : o o ° 2 0.04
R B
0.001__ i . . . i . i . . . . 0.001 .
1 2 3 4 5 6 7 8 9 10 11 12 1-12
Chromosome
C. Genic Regions Diversity
0.06 - 0.06 1
0.04 - ® 0.04 -
R B
° ° ° ° ['] [ ] .
cdiliiiiiliny -
0.001= . . . : : : . : . . . 0.00+ .
1 2 3 4 5 6 7 8 9 10 11 12 1-12
Chromosome

141



Figure S2.10. Pairwise nucleotide diversity it bar plots within sites, computed in windows of 5,000 bp

across the Q. robur genome, based on 360 individuals.
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Figure S2.11. Selective sweep scan output for chromosomes with common outliers between SweeD
and OmegaPlus. (A-B) The x axis denotes the base pair position on the chromosome, and the y axis
shows the CLR and w statistic computed with SweeD and OmegaPlus, respectively. (C) Combined
plot for SweeD and OmegaPlus. Red dots represent outliers in common between SweeD and

OmegaPlus (p < .01).
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Chapter 2 Supporting Spreadsheet. Oak samples metadata.

Sample Site Species (based on Age fastStructure
morphology)

EC10 Attingham Q. robur M Hybrid
T22 Attingham Q. robur M Hybrid
EC1 Attingham Q. robur M Hybrid
EC5 Attingham Q. robur M Hybrid
ED1 Attingham Q. robur M Petraea
EB1 Attingham Q. robur M Robur
B71 Attingham Q. robur M Robur
EH6 Attingham Q. robur M Robur
Y80 Attingham Q. robur M Robur
EE1 Attingham Q. robur M Robur
ED3 Attingham Q. robur M Robur
ED5 Attingham Q. robur M Robur
EG4 Attingham Q. robur M Robur
FD2 Attingham Q. robur M Robur
EH10 Attingham Q. robur M Robur
Y28 Attingham Q. robur M Robur
FA2 Attingham Q. robur M Robur
Y7 Attingham Q. robur M Robur
FH1 Attingham Q. robur M Robur
Y6 Attingham Q. robur M Robur
B23 Hatchlands Q. robur M Hybrid
c9 Hatchlands Q. robur M Hybrid
z_17 Hatchlands Q. robur M Robur
B95 Hatchlands Q. robur M Robur
T4 Hatchlands Q. robur M Robur
aaalé Hatchlands Q. robur M Robur
z_34 Hatchlands Q. robur M Robur
aaa9%8 Hatchlands Q. robur M Robur
B8 Hatchlands Q. robur M Robur
B27 Hatchlands Q. robur M Robur
z_22 Hatchlands Q. robur M Robur
c8 Hatchlands Q. robur M Robur
c81 Hatchlands Q. robur M Robur
aaal8 Hatchlands Q. robur M Robur
BG4 Hatchlands Q. robur M Robur
z_31 Hatchlands Q. robur M Robur
C76 Hatchlands Q. robur M Robur
Cc79 Hatchlands Q. robur M Robur
z_7 Hatchlands Q. robur M Robur
z_49 Hatchlands Q. robur M Robur
BG1 Hatchlands Q. robur M Robur
z_33 Hatchlands Q. robur M Robur
T29 Hatchlands Q. robur M Robur
z_51 Hatchlands Q. robur M Robur
c92 Hatchlands Q. robur M Robur
Cc74 Hatchlands Q. robur M Robur
Y36 Hatchlands Q. robur M Robur
z_37 Hatchlands Q. robur M Robur
z_97 Hatchlands Q. robur M Robur
cas Hatchlands Q. robur M Robur
Cc12 Hatchlands Q. robur M Robur
BF3 Hatchlands Q. robur M Robur
C15 Hatchlands Q. robur M Robur
z_35 Hatchlands Q. robur M Robur
Y31 Hatchlands Q. robur M Robur
aaa25 Hatchlands Q. robur M Robur
BF1 Hatchlands Q. robur M Robur
BA1 Hatchlands Q. robur M Robur
AAll Langdale Q. robur M Hybrid
AE7 Langdale Q. robur M Robur
X3 Langdale Q. robur M Robur
AA8 Langdale Q. robur M Robur
AF7 Langdale Q. robur M Robur
AF10 Langdale Q. robur M Robur
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AH7
FB8
AH11
Y55
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AG4
FF11
ABS
FG9
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AG5
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FE11
z_93
z_121
AB12
AA5
AF6
FE7
FG6
AH1
GB1
AD2
AF4
AH2
z_79
FB7
aaalll
AH9
GF1
AB8
z_115
aaall2
AG7
AD9
AG9
AC10
AC4
AA6
AB10
AE10
AE8
aaa67
z_102
z_62
z_65
AD12
z_78
z_77
z_86
AD6
z_117
AC7
AG6
z_89
AD4
FG7
FC8
aaa%4
z_114
AG11
AH6
FA11
AA3
AH4
ACl11
AB2
AC2
z_82
aaa%6
z_110

Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale

Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur

EEEE GGG I NI I I I GGG YA I I I GG I I NI I I I I I G I I

Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur

145



AA9
z_104
z_66
z_118
z_108
FF8
z_73
GD2
AA10
z_109
z_105
AG1
T15
AA2
FC12
aaall3
z_75
FE8
z_92
AC6
AF1
z_107
AD10
AD1
FE9
AC12
z_123
AF11
AE1
GF2
FF6
AD8
AB1
z_106
FH7
FD7
z_74
AF5
AAl1l
BD5
B49
X76
B66
co4
T14
B77
B53
B41
B96
B48
B72
B99
Y14
X51
B43
ca2
C35
B57
B84
B52
EA11
B81
EF4
EF3
C21
Cc26
EG1
Y27
X53
EG6
EG5

Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham

Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. petraea
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur

RN I I NI I I Y GGG YA I G I I I I I YA I <

Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Hybrid
Petraea
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur

146



X45
X49
EE10
c27
B75
EC9
B64
C69
B1
T1
BA2
B36
c7
z_9
BA4
B33
B34
BB2
T21
z_39
C25
C19
C33
Cc22
AF12
BD4
C13
X59
AH12
Y52
BD2
Ci4
c5
c3
z_26
z_27
Cl11
aaa8
BE4
B97
BH4
T2
BE2
ca
BC2
BC1
AD3
BD9
BD12
BA7
T9
BE9
BC10
BG9
BF6
Cc66
B93
BD11
BF5
T6
BC9
BC12
BAS
BH11
Y5
K1
BD6
C59
BC5
BE10
BD10

Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Hatchlands
Langdale
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen

Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. petraea
Q. petraea
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur

oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM

Robur
Robur
Robur
Robur
Robur
Robur
Robur
Hybrid
Hybrid
Hybrid
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Hybrid
Hybrid
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur

147



BF8
BA12
ca1
C65
X71
BC11
BG5
Y29
BC8
B61
c83
T31
BI91
BF10
BE12
ca3
cos
BF7
BE11
C95
C55
BH10
BA8
BA1l
X15
C86
Y75
T13
B67
B55
BF9
BH5
BB5
BG11
X17
B89
T34
B87
X8
82
B44
X25
T28
T7
T8
Y48
X7
ces
c87
Y30
B46
EH3
X56
X38
EB7
Y33
EC7
EB8
ED7
B98
Y24
Y8
B62
B83
Y13
EC3
FAl
C51
EG2
X18
B92

Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Sheen
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham

Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. petraea
Q. robur
Q. petraea
Q. petraea
Q. petraea
Q. petraea
Q. petraea
Q. petraea
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur

oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
oM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM

Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Hybrid
Hybrid
Petraea
Petraea
Petraea
Petraea
Petraea
Petraea
Petraea
Petraea
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur

148



EB12
FC2
C16
ED12
Y66
EE2
Y23
B94
EE11
X39
X64
EC12
Y1
EG10
EA2
B68
Y67
EC2
B88
EF2
X12
Cc28
Y2
EA5
z_48
Cc24
z_46
z_72
z_84
AF3
z_119
AH5
aaalo3
AD11
BH6
BB9
BB7
BD8

Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Attingham
Hatchlands
Hatchlands
Hatchlands
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Langdale
Sheen
Sheen
Sheen
Sheen

Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur
Q. robur

SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM
SM

Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Hybrid
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur
Robur

149



Chapter 3

Figure S3.1. The 11 uncorrelated environmental variables selected for ENM and EAA.
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bio12: annual precipitation bio15: precipitation seasonality
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Figure S3.2. Correlation between the original 26 climatic variables.
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Figure S3.3. Results of the fastSTRUCTURE analysis including 83 birch individuals. A) Log-marginal
likelihood lower bound (LLBO) of the data for Ks from 1 to 10. B) Cross-validation error calculated
using 5-fold cross-validation for Ks from 1 to 10, with standard error bars.
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Figure S3.4. Results of the fastSTRUCTURE analysis including 162 B. pendula and B. platyphylla
individuals. A) Log-marginal likelihood lower bound (LLBO) of the data for Ks from 1 to 10. B) Cross-
validation error calculated using 5-fold cross-validation for Ks from 1 to 10, with standard error bars.
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Figure S3.5. PCA of 162 B. pendula and B. platyphylla individuals based on 278,717 unlinked SNPs (r?
< 0.4). Colours represent populations assignments. A) PC1 against PC2. B) PC1 against PC3. C) PC2
against PC3. D) Eigenvalues of the computed principal components.
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Figure S3.6. Results of the fastSTRUCTURE analysis including 71 B. platyphylla individuals. A) Log-
marginal likelihood lower bound (LLBO) of the data for Ks from 1 to 10. B) Cross-validation error
calculated using 5-fold cross-validation for Ks from 1 to 10, with standard error bars.
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Figure S3.7. PCA of 71 B. platyphylla individuals based on 1,387,994 unlinked SNPs (r? < 0.4). Colours
represent fastSTRUCTURE populations assignments at K = 3. A) PC1 against PC2. B) PC1 against PC3.
C) PC2 against PC3. D) Eigenvalues of the computed principal components.
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Figure S3.8. snmf Fst outlier test. A) Histogram of outlier test p-values. B) -log10 of p-value for each

SNP.
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Figure S3.9. Linkage disequilibrium (LD) decay in B. platyphylla populations, calculated with the tool
PopLDDecay (Zhang, Dong, Xu, He, & Yang, 2018).

LD decay
g — CE
— SW
— NE
<
o
@ _|
o
L
N
o
= -
[an]
S -
[ [ | | | I |
0 50 100 150 200 250 300
Distance(Kb)

159



Figure $3.10. Genome-wide Fs: (by SNP site) distribution between B. platyphylla populations, based
on 1,387,994 SNPs and excluding admixed individuals. Populations’ assignment based on
fastSTRUCTURE at K = 3, excluding admixed individuals (q < 0.9).
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Figure $S3.11. Pairwise nucleotide diversity 1t bar plots per population, computed in windows of
5,000 bp across the 14 B. platyphylla chromosomes. Populations according to fastSTRUCTURE at K =
3, excluding admixed individuals (q < 0.9).
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Figure $3.12. Pairwise nucleotide diversity it bar plots per population, computed in windows of

5,000 bp across the entire B. platyphylla genome. Populations according to fastSTRUCTURE at K = 3,
excluding admixed individuals (q < 0.9).

Figure S3.13. Jack-knife test of variable importance, using training gain for the Maxent model
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Figure S3.14. Jack-knife test of variable importance, using test gain instead of training gain for the

Maxent model including 11 variables.
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Figure S3.15. Jack-knife test of variable importance, using AUC on test data for the Maxent model

including 11 variables.
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Figure $3.16. Omission rate and predicted area as a function of the cumulative threshold for the final
Maxent model including nine variables (Table 3.2), averaged over 50 replicate runs.
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Figure S3.17. Receiver Operator Characteristic (ROC) curve for the final Maxent model including nine
variables (Table 3.2), averaged over 50 replicate runs. The average test AUC for the replicate runs is
0.913, and the standard deviation is 0.017.
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Figure $3.18. LFMM2 results. A) P-values Manhattan plot of the LFMM?2 analysis with K = 3. Green
points are SNP with corresponding g-value (FDR) < 1%. B) Histogram of p-values across
environmental variables, suggesting that the rate of false positive is well controlled. The histogram
of significance values is expected to be flat with a peak near 0. Total number of SNPs tested =
1,387,994,
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Figure $3.19. P-values Manhattan plot of the Samfada analysis, only for the variables that reported

significant hits. Green points are SNP with corresponding g-value (FDR) < 0.01. Total number of SNPs
tested = 1,387,994.
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Figure 3.20. EAA results. A) Distribution of the 7,609 putatively adaptive SNPs identified with LFMM2
across the reference genome. B) Distribution of the 11,304 SNP-environment associations detected
(g <0.01 in LFMMZ2) across environmental variables.
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Figure $S3.21. PCA of 71 B. platyphylla individuals based on the 7,609 putatively adaptive SNPs
identified in this study. Colours represent fastSTRUCTURE populations assignments at K = 3. A) PC1
against PC2. B) PC1 against PC3. C) PC2 against PC3. D) Eigenvalues of the computed principal
components.
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Figure $S3.22. PCA of 71 B. platyphylla individuals based on 7,500 putatively “neutral” SNPs. Colours
represent fastSTRUCTURE populations assignments at K = 3. A) PC1 against PC2. B) PC1 against PC3.
C) PC2 against PC3. D) Eigenvalues of the computed principal components.
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Figure S3.23. F (by SNP site) distribution between B. platyphylla populations, based on 7,609

adaptive SNPs and excluding admixed individuals. Populations’ assignment based on fastSTRUCTURE
at K = 3, excluding admixed individuals (g < 0.9).
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Figure S3.24. F; (by SNP site) distribution between B. platyphylla populations, based on 7,500

neutral SNPs and excluding admixed individuals. Populations’ assignment based on fastSTRUCTURE
at K = 3, excluding admixed individuals (q < 0.9).
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Figure $3.25. Omics Box functional enrichment analysis results (FDR < 5%) of the 1,633 genes
spanned by the 7,609 adaptive SNPs identified with LFMM2. The plot includes all three ontology
levels. The GOs retrieved for each gene region have been reduced to the most specific term in the
gene ontology hierarchy.
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Table S3.1. Detailed information on sampling and resequencing. This table was made by Nian Wang.

Population  Latitude Longitude Number of Number of Percentage
code cleanreads  mapped of mapped
reads reads (%)
AHT15 48.3777  85.7447 95108278 91773480 96.5
AHT20 48.3795  85.7479 79444471 76620148 96.4
ALE027 51.2818 121.4191 96472026 93032815 96.4
ALS046 50.9 121.4212 78941821 76179630 96.5
ALY036 51.5469 121.7336 75425352 72546335 96.2
BEJ3 47.7249  86.9159 92422883 89176947 96.5
BJCO07 53.4901 122.3499 70706776 68192740 96.4
BMX54 32.8011 100.8116 87728865 84442989 96.3
BX54 30.8295 102.7403 82641706 79579298 96.3
CGz003 51.9907 124.617 86423518 82807447 95.8
DCX5 28.6167 100.1922 74270014 71367883 96.1
DFX11 31.1147  100.9644 80531220 74391328 92.4
DQS13 41.0516 111.8089 83821719 80586874 96.1
DTX94 37.186 101.5427 88645240 85119253 96.0
EDG18 41.7171  126.4611 68634376 65886090 96.0
EDG27 41.717 126.4618 84619385 77580250 91.7
FHSJ1 44.2193  127.9786 93948831 90247913 96.1
FYX7 47.2135  89.843 73588524 70957171 96.4
HBH12 48.0726  86.342 86639208 83393478 96.3
HBH2 48.0727  86.3415 93353556 89974372 96.4
HGS18 47.1663  130.2832 86411628 83065783 96.1
HLS53 42.4833  129.0528 83804019 81096539 96.8
HNX7 46.3334  130.886 89061012 86065739 96.6
HR6 41.2565 125.1582 134,129,672 129136963 96.3
HTY15 41.8068 126.3612 74296931 71749626 96.6
HX1 34.0296  105.9652 84099348 80988071 96.3
D24 29.2119 101.4489 79669091 75939795 95.3
1s39 27.4391  99.8034 75823319 72834926 96.1
JXS19 453755 130.9656 74515373 71741428 96.3
Jy23 48.6551 130.4574 92096901 88942754 96.6
JYX28 42.292 126.7209 74378176 71889202 96.7
KCL2 41.0696 125.0931 120,208,514 115,947,440 96.5
KNS12 48.6767 87.014 81694447 77800819 95.2
KNS4 48.6787  87.0135 78621478 75626395 96.2
LBX31 47.7191 130.8627 73488854 70960134 96.6
uP1 27.1222  100.2572 74489677 69887415 93.8
LLZ018 41.8415  126.5507 68977737 66455786 96.3
LMO049 52.8803 123.1261 95296931 91875251 96.4
LMS033 48.3454  122.2915 69164718 66810351 96.6
Ls33 36.8358 111.9603 79043181 76301165 96.5
LXJ13 31.6495 102.821 101980534 97912512 96.0
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LYC11
MDJ15
MDJ2
MG089
MHO024
MNS1
MQX50
MsSz1
PQG49
QHX14
QsLC51
RTX16
SDX29
SLS16
SWP3
TZZ103
WC(Cs21
WCS6
WEG19
WEG26
WLG024
WT42
WTG28
WY29
wyaQs
XEXL17
XEXL2
XFL14
XFL2
XGLLP21
XGLLP7
XHC004
XHS10
XMX5
XXG025
XYQO060
YCS25
YJA54
YKS014
YLK048
2)027
Z5L004

34.4317
44.5341
44.5343
52.4248
53.3786
43.8274
34.6597
47.9875
37.89
46.6841
48.5909
32.5793
31.9529
30.9248
35.4288
36.9395
44.6561
44.6563
43.6511
43.6511
52.6535
38.831
41.9269
43.0257
48.0796
45.2187
45.2199
42.5305
42.5303
27.8293
27.8293
49.9104
42.8874
37.2623
47.8172
50.7067
47.6333
30.0472
49.1213
48.8535
52.9555
49.2359

110.4852
130.1711
130.1708
122.5113
122.2587
86.0682

100.6272
130.759

111.4306
90.3548

129.8668
101.0815
100.9266
102.3128
111.9715
102.6141
127.3484
127.3468
129.516

129.516

124.4441
113.8389
126.0903
129.5483
129.2231
82.0478

82.0454

128.7583
128.7587
99.7441

99.7441

124.5655
127.0478
101.9801
122.6181
124.3103
128.5499
101.2854
120.9051
121.6293
122.5723
124.6643

72037777
80833056
82740819
80846449
68798644
80978331
83453311
85739346
78183522
95738066
81216632
73673220
70954809
67,482,194
74598260
80145267
85343984
97872192
82097483
71811997
67993333
83683234
92797096
72726663
78521085
73114971
85742705
98912997
89848329
70443682
78361504
102022698
80830112
92847104
88881295
77914626
71287688
80072173
104383304
86034800
66,016,635
75063914

69435165
77707495
79510087
77864358
66348179
78011246
80557376
82621706
75533247
92386580
78177595
71079464
68184929
64922238
71796850
77185210
82003059
94574167
79232118
69041972
65198125
80511518
89223554
70308073
75804535
70656562
82188619
94705944
86157227
67688473
74936652
98582755
77985804
89270911
85900807
75171347
65225061
76742373
99384140
83023217
63643574
72555543

96.4
96.1
96.1
96.3
96.4
96.3
96.5
96.4
96.6
96.5
96.3
96.5
96.1
96.2
96.2
96.3
96.1
96.6
96.5
96.1
95.9
96.2
96.1
96.7
96.5
96.6
95.9
95.7
95.9
96.1
95.6
96.6
96.5
96.1
96.6
96.5
91.5
95.8
95.2
96.5
96.4
96.7
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Table S3.2. RONA results for each of the 71 B. platyphylla individual for seven environmental
variables, under the future climate profile ssp370 at 2080-2100. The second row shows the number
of SNPs identified associated with LFMM?2 and therefore included in the RONA calculation for each

environmental variable.

Variable AMT MDR I1SO MTWQ AP PS PDQ
SNPs 391 2794 5679 227 1059 3 735
ALE027 0.0644 0.0273 0.0144 0.277 0.0138 0.009 0.0126
ALS046 0.0564 0.0205 0.0176 0.2569 0.0174 0.0406 0.0126
ALY036 0.0558 0.0251 0.0039 0.2109 0.0123 0.0232 0.0063
BJCO07 0.0713 0.0116 0.0186 0.1656 0.0054 0.0034 0.0126
BMX54 0.098 0.0319 0.0054 0.0239 0.0718 0.0026 0
BX54 0.0923 0.0686 0.1573 0.096 0.0381 0.0968 0.0063
CGz003 0.1212 0.0162 0.0186 0.0666 0.0165 0.0595 0.0189
DCX5 0.1061 0.0309 0.0271 0.1854 0.0163 0.2788 0.044
DFX11 0.111 0.0395 0.0613 0.2209 0.0141 0.0597 0.0063
DQS13 0.1931 0.0039 0.0363 0.2004 0.0267 0.3215 0.0126
DTX94 0.0714 0.0159 0.0054 0.1264 0.024 0.0974 0.0126
EDG18 0.2518 0.0093 0.0563 0.2356 0.0695 0.1824 0
EDG27 0.2523 0.0093 0.0563 0.2332 0.0694 0.1824 0
FHSJ1 0.2281 0.033 0.0152 0.239 0.0424 0.1606 0.0312
HGS18 0.2464 0.016 0.0238 0.3724 0.0288 0.0325 0.0126
HLS53 0.2335 0.014 0.0391 0.089 0.0484 0.1292 0.0126
HNX7 0.2231 0.0336 0.0118 0.3261 0.0315 0.0094 0

HR6 0.2276 0.0201 0.0517 0.2754 0.0271 0.1306 0.0345
HTY15 0.2581 0.0076 0.051 0.3718 0.0645 0.1782 0

HX1 0.1485 0.0098 0.0107 0.2984 0.0451 0.0414 0

D24 0.0738 0.0079 0.0488 0.1624 0.0098 0.0504 0

Js39 0.1041 0.0063 0.0617 0.2531 0.0011 0.3347 0.0702
JXS19 0.2457 0.0358 6e-04 0.3371 0.0267 0.0013 0

Jy23 0.2448 0.038 0.0651 0.3956 0.0076 0.0094 0.0063
JYX28 0.2725 0.0083 0.0491 0.3257 0.0477 0.1913 0.0174
KCL2 0.2121 0.0095 0.0611 0.3379 0.0212 0.0759 0.0172
LBX31 0.2485 0.0116 0.0404 0.3515 0.0152 0.0478 0.0126
uP1 0.0951 0.0191 0.0308 0.2418 0.0054 0.3116 0.1259
LLZ018 0.2834 0.0083 0.0511 0.2297 0.0528 0.2101 0.0294
LMo049 0.0439 0.0121 0.0126 0.0612 0.0106 0.0626 0.0251
LMS033 0.2346 0.0037 0.0182 0.2406 0.0174 0.1257 0.0189
LS33 0.2297 0.0015 0.016 0.3736 0.0038 0.1086 0.044
LXJ13 0.0145 0.0096 0.0206 0.0469 0.0234 0.0358 0.0062
LYC11 0.2093 0.0187 0.0322 0.3113 0.0348 0.0729 0.0616
MDJ15 0.2721 0.0078 0.0244 0.325 0.0392 0.0761 0.0186
MDJ2 0.2726 0.0078 0.0244 0.3263 0.0392 0.0761 0.0186
MG089 0.0518 0.0017 0.0311 0.1053 0.0098 0.0356 0.0063
MHO024 0.0558 0.0157 0.0184 0.081 0.0021 0.0151 0
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MQX50
MSz1
PQG49
QsLC51
RTX16
SDX29
SLS16
SWpP3
TZZ103
WCSs21
WCS6
WEG19
WEG26
WLG024
WT42
WTG28
WY29
WYQ5s
XFL14
XFL2
XGLLP21
XGLLP7
XHC004
XHS10
XMX5
XXG025
XYQO060
YCS25
YJA54
YKS014
YLK048
2)027
25L004
Mean
Min r?
Max r?

Average r?

0.1198
0.2427
0.1895
0.2733
0.0767
0.0796
0.1267
0.2477
0.1335
0.2496
0.2498
0.2203
0.2203
0.1163
0.2875
0.2398
0.2403
0.2511
0.1901
0.201

0.1147
0.1147
0.245

0.2566
0.1059
0.2757
0.1896
0.2582
0.141

0.1758
0.1673
0.0455
0.2739
0.1773
le-04

0.3956
0.1959

0.0418
0.0085
0.0093
0.0157
0.0351
0.0396
0.0172
0.0069
0.0222
0.0275
0.0274
0.0193
0.0193
0.0199
0.0039
0.0142
0.0124
0.0231
0.0339
0.0337
0.041

0.0406
0.0117
0.033

0.0212
0.0113
0.0104
0.0218
0.0012
0.0083
0.0123
0.0181
0.0125
0.0189

0.2522
0.0157

0.0604
0.054

0.0152
0.0344
0.0113
0.0427
0.0373
0.0491
0.0407
0.0114
0.0114
0.0429
0.0429
0.0185
0.0444
0.049

0.0584
0.0214
0.0073
0.0073
0.0057
0.0057
0.0233
0.0182
0.0102
0.0274
0.027

0.0272
0.0232
0.001

0.0088
0.0273
0.0178
0.0305

0.8405
0.459

0.189

0.3173
0.3765
0.2716
0.0044
0.0153
0.1384
0.3891
0.2946
0.374

0.3741
0.3058
0.3067
0.0856
0.3282
0.2558
0.3272
0.2645
0.0544
0.0529
0.2543
0.2547
0.201

0.3528
0.1855
0.364

0.1329
0.3147
0.259

0.0549
0.1623
0.068

0.3271
0.2314
le-04

0.5437
0.1854

0.0424
0.0256
0.0234
0.0016
0.0604
0.0353
0.0539
0.0022
0.0048
0.0098
0.0098
0.0555
0.0555
0.0098
0.0256
0.0745
0.0473
0.0103
0.0658
0.0598
0.0033
0.0033
0.0326
0.0549
0.0041
0.0104
0.0268
0.0185
0.025

0.0191
0.0327
0.0078
0.0349
0.0281

0.2643
0.0977

0.1299
0.0234
0.1692
0.027

0.0153
0.0436
0.0471
0.0322
0.1358
0.1328
0.1328
0.128

0.128

0.0218
0.3431
0.1958
0.1136
0.0334
0.1758
0.1758
0.3226
0.1667
0.1132
0.1781
0.1126
0.1005
0.0582
0.0191
0.0471
0.1696
0.1448
0.0331
0.0717
0.1073
0.136

0.1809
0.1627

0.0126
0.0063
0.0312
0.0251

0.0063
0.0565
0.0669
0.0314
0.0186
0.0186
0.0126
0.0126
0.0126
0.063

0.0189
0.0315
0.0315
0.0599
0.0598

0.0188
0.0189
0.0063
0.0126
0.0251
0.0496
0.0249
0.0189
0.0063
0.0207

0.1398
0.0214
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Table S3.3. Weighted-mean RONA and maximum RONA of the 71 B. platyphylla individuals, relative
to the future climate profile ssp370 in 2080-2100.

ID mean RONA max RONA
ALE027 0.086 0.277
ALS046 0.0829 0.2569
ALY036 0.0664 0.2109
BJCO07 0.0525 0.1656
BMX54 0.0418 0.098
BX54 0.0609 0.1573
CGz003 0.0359 0.1212
DCX5 0.0796 0.2788
DFX11 0.0771 0.2209
DQs13 0.0877 0.3215
DTX94 0.0528 0.1264
EDG18 0.1117 0.2518
EDG27 0.111 0.2523
FHSJ1 0.1028 0.239
HGS18 0.1257 0.3724
HLS53 0.0622 0.2335
HNX7 0.111 0.3261
HR6 0.1069 0.2754
HTY15 0.1455 0.3718
HX1 0.1065 0.2984
D24 0.055 0.1624
1S39 0.0979 0.3347
IXS19 0.1119 0.3371
Jy23 0.1243 0.3956
JYX28 0.1297 0.3257
KCL2 0.116 0.3379
LBX31 0.1158 0.3515
uP1 0.1025 0.3116
LLZ018 0.1093 0.2834
LM049 0.0295 0.0626
LMS033 0.0889 0.2406
Ls33 0.1212 0.3736
LXJ13 0.0265 0.0469
LYC1i1 0.1197 0.3113
MDJ15 0.1206 0.325
MDJ2 0.1209 0.3263
MGO089 0.0381 0.1053
MHO024 0.0268 0.081
MQX50 0.0842 0.189
Mmsz1 0.1096 0.3173
PQG49 0.1293 0.3765
QsLcs1 0.0907 0.2733
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RTX16
SDX29
SLS16
SWpP3
TZz103
W(CSs21
WCS6
WEG19
WEG26
WLG024
WT42
WTG28
WY29
wyaQs
XFL14
XFL2
XGLLP21
XGLLP7
XHC004
XHS10
XMX5
XXG025
XYQ060
YCS25
YJA54
YKS014
YLK048
2027
Z5L004
Mean

Max

0.032

0.0284
0.077

0.128

0.0983
0.1226
0.1226
0.1227
0.123

0.0358
0.1335
0.1189
0.124

0.0905
0.0621
0.0596
0.096

0.0903
0.0825
0.1356
0.0635
0.1203
0.0589
0.1064
0.0915
0.0432
0.0732
0.0293
0.1173
0.0896
0.1455

0.0767
0.0796
0.1384
0.3891
0.2946
0.374

0.3741
0.3058
0.3067
0.1163
0.3431
0.2558
0.3272
0.2645
0.1901
0.201

0.3226
0.2547
0.245

0.3528
0.1855
0.364

0.1896
0.3147
0.259

0.1758
0.1673
0.068

0.3271
0.2533
0.3956
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Table S3.4. RONA of each population for the seven environmental variables tested, under ssp370 at

2080-2100. Each population RONA was calculated by averaging the RONA of the individuals
belonging to that population, according to fastSTRUCTURE at K = 3 and excluding admixed

individuals.
Central South-western North-eastern All
AMT 0.17 0.10 0.20 0.17
MDR 0.01 0.02 0.01 0.01
I1SO 0.02 0.02 0.02 0.03
MTWQ 0.28 0.23 0.24 0.23
AP 0.02 0.009 0.03 0.02
PS 0.12 0.21 0.09 0.10
PDQ 0.03 0.05 0.01 0.02
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Final Maxent model response curves

There are two plots for each variable included in the final Maxent model. The first plots show how
the predicted probability of presence changes as each environmental variable is varied, keeping all

other environmental variables at their average sample value. The second plots show the predicted

probability of presence in a Maxent model created using only the corresponding variable.

Figure S3.26. AMT response curves.
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Figure S3.27. MDR response curves.
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Figure S3.28. I1SO response curves.
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Figure $S3.29. MTWAQ response curves.
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Figure S3.30. AP response curves.
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Figure S3.31. PS response curves.
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Figure S3.32. PDQ response curves.
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Figure S3.33. SLOPE response curves.
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Figure S3.34. TPl response curves.
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