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Abstract

Innovations in genomics are revolutionizing our understanding of biodiversity. Complex phyloge-
netic relationships can now be represented through graphs and networks, enabling incorporation of
for instance gene flow and recombination. This thesis investigates the phylogenetic relationships
between ten European populations of the Arctic-alpine plant species Oxyria digyna (L.) Hill (Pol-
ygonaceae). | explore the phylogenetic differences between core genes (conserved across species)
and accessory genes (unique to a species). I hypothesize 1) divergence of the sampled populations
will follow the retreat of the glaciers, and 2) core- and accessory genes will show different phylog-
enies and gene flow, since core genes are under strong purifying selection, accessory genes may be
locally adaptive, and with these genes having different locations on the chromosome affecting re-
combination. Phylogenies for core and accessory genes were compared using two bioinformatic
approaches (TreeMix and SplitsTree). Results show 1) southern populations diverge early as ex-
pected, but not earlier than populations in Greenland, and 2) there are phylogenetic differences
between core- and accessory genes. The phylogeny not only following the glacial retreat may be
due to different dispersal ways into and across Europe. Contrary to our expectations, core genes
needed more migration events and network reticulations to explain the data perhaps due to these
genes occurring in regions of high recombination. Accessory genes showed higher variation and
fewer total migration events than core genes, perhaps suggesting local adaptation affect these genes
more. Core gene phylogenies were more consistent than those from accessory genes, potentially
because of higher purifying selection due to their essential cellular functions. For phylogenetic
studies of interbreeding populations, evolutionary differences between regions of the genome
should be considered, as treating variable sites equally may not show the diverse evolutionary pat-
terns within the species.

Key words: accessory genes, core genes, gene flow, Oxyria digyna, phylogeny, recombination

Sammanfattning

Innovationer inom genomik har revolutionerat var forstaelse av biologisk mangfald. Komplexa
fylogenetiska sliktskap kan nu representeras av grafer och nitverk, vilket gor det mgjligt att
inkludera till exempel genflode och rekombination. Denna uppsats undersoker de fylogenetiska
slaktskapen mellan tio europeiska populationer av den arktisk-alpina véixtarten Oxyria digyna (L.)
Hill (Polygonaceae). Jag utforskar de fylogenetiska skillnaderna mellan kérngener (bevarade i flera
arter) och accessoriska gener (unika for en art). Mina hypoteser &r: 1) divergensen hos de studerade
populationerna kommer att folja glacidrernas tillbakadragande, och 2) kidrn- och accessoriska gener
kommer att visa olika fylogenier och genflode, eftersom kdrngener dr under stark selektiv
restriktion, accessoriska gener ér lokalt anpassningsbara, och med olika placering pa kromosomen
for generna vilket pdverkar rekombination. Fylogenier for kdrn- och accessoriska gener jamfordes
med tva bioinformatiska metoder (TreeMix och SplitsTree). Resultaten visar 1) att sydliga
populationer divergerar tidigt som forvéntat, men inte tidigare &n populationer pa Gronland, och 2)
att det finns fylogenetiska skillnader mellan kérn- och accessoriska gener. Fylogenin som inte bara
foljer glacidr tillbakagang kan bero av olika spirdningsvidgar in i, och 6ver Europa. I motsats till
vara forvantningar behdvde kdrngener fler migrationshindelser och mer nétverksstruktur for att
forklara datan, kanske péd grund av att dessa gener forekommer 1 regioner med hog rekombination.
Accessoriska gener visade hogre variation och férre totala migrationshdndelser dn kdrngener, vilket
kan tyda pd att lokal anpassningar péverkar dessa gener mer. Kérngeners fylogenier var mer
konsekventa dn de fran accessoriska gener, potentiellt pa grund av renande selektion och deras
vésentliga celluldra funktioner. For fylogenetiska studier av populationer som korsas med varandra



bor evolutionira skillnader mellan regioner i genomet beaktas, eftersom lika hantering av variabla
platser i genomet kanske inte visar mangfalden av evolutionidra monster inom arten.

Nyckelord: accessoriska gener, fylogeni, genflode, kdrngener, Oxyria digyna, rekombination



1. Introduction
1.1 Phylogenetic trees and networks

Phylogenetics can help us infer the evolutionary history of species or populations (Huson & Bryant,
2006; Young & Gillung, 2020). A phylogenetic tree, from morphological or genomic data, can be
used to find the source of a pathogen, aid in conservation prioritization, or investigate the evolution
of a taxon (Ruiz-Garcia, 2021). As sequencing methods advances, phylogenetic relationships
become possible to infer between populations. Low-coverage whole genome sequencing (IcWGS)
enables cost-effective sequencing that provides large numbers of single nucleotide polymorphisms
(SNPs) across the whole genome, which therefore is a useful tool for both population genetics and
phylogenetics (Lou et al., 2021).

A phylogenetic tree assumes bifurcating relationships, even though data often violate these as-
sumptions, for example due to gene flow and recombination (Huson & Bryant, 2006; Huson &
Scornavacca, 2011). Software to infer phylogenies are ever increasing and now include sophisti-
cated algorithms to model evolutionary complexity through non-dichotomous branching. For ex-
ample, TreeMix (Pickrell & Pritchard, 2012) builds phylogenies that model populations as a graph,
enabling the explicit incorporation of gene flow. Here, in a set of interbreeding populations, one
population can share its evolutionary history with multiple other populations. This is represented
in TreeMix as “migration edges”. Edges, or possible branches, with the highest weight becomes
the parental population in the graph (Pickrell & Pritchard, 2012), while the other edges will be
represented as the migration edges. Weight for a migration edge relates to the fraction of alleles
inherited from the parent population, ranging from zero (weak inheritance and low weight) to 0.50
(strong inheritance and high weight). SplitsTree (Huson & Bryant, 2024) is a network approach to
account for conflicting signals in population data (Huson & Bryant, 2006). Although internal nodes
cannot be interpreted as hypothetical ancestors like in a phylogenetic tree, the reticulations in the
network may be explained by gene tree discordance, gene flow, hybridization, recombination, and
gene duplication and loss (Huson & Bryant, 2006).

1.2 Core- and accessory genes

Advances in sequencing methods have also led to the realization of reference bias when mapping
the sequenced data to a single reference genome (Degner et al., 2009; Loegler et al., 2026). Se-
quences more similar to the reference genome have higher representation than the alternative allele,
making the new genome more similar to the reference (Degner ef al., 2009). A possible solution to
minimise reference bias is to use a pangenome (Eizenga et al., 2020) which represent more genetic
diversity across multiple populations then a single reference genome (Golicz et al., 2020; Loegler
et al., 2026; Soltis & Soltis, 2026).

The exact definition of the pangenome varies, but it generally includes all genes in all studied
individuals (Tranchant-Dubreuil et al., 2019). A pangenome consists of core genes, which are
shared among all studied individuals, and accessory (also called variable- or dispensable) genes
which are not shared by all individuals (Golicz ef al., 2020; Tellini et al., 2025). Core genes are
conserved and are responsible for essential cellular processes such as housekeeping functions,
DNA replication, and maintenance of cell-homeostasis (Tranchant-Dubreuil ef al., 2019; Tellini et
al., 2025). Since the core genes are more conserved, they have stronger selective constraints then
accessory genes (Golicz et al., 2020). The accessory genes are instead suggested to be involved in
local adaptation and phenotypic trait diversity such as stress response, defence mechanism, organ
sizes, and flowering time (Tranchant-Dubreuil et al., 2019; Hu et al., 2022; Tellini et al., 2025;
Soltis & Soltis, 2026).



Species level core- and accessory genes are concentrated in different locations of plant chromo-
somes (e.g. Fig. 1a; Elphinstone et al. in prep.). The core genes are primarily located close to the
telomeres where recombination rates are generally higher, and the accessory genes are located near
centromeres with lower recombination rates (Fig. 1a; Nachman, 2002; Elphinstone et al. in prep).
Recombination is when homologous chromatids exchange DNA segments during gamete
formation, and thus shuffles genetic information among the homologous pairs (Hillis et al., 2020).

1.3 The Arctic and plant dispersal

The Arctic is defined as the area above the Arctic Circle or north of the treeline (Meltofte, 2013).
The area has experienced repeated environmental changes because of the Pleistocene (ca. 2.6 mil-
lion years ago (Ma) to 11,700 years ago; Davinack, 2024) glacial cycles (Hewitt, 2000). During
the last glacial maximum (ca. 29,000-19,000 years ago; Clark et al., 2009), large parts of Europe
and North America were covered by ice sheets (Ehlers & Gibbard, 2007; Fig. 1b). Landscape and
vegetation changed repeatedly during the Pleistocene (Hewitt, 2000) (White et al., 1997; Hoffmann
& Roser, 2009). Today the Arctic primarily consists of tundra and open landscapes (Meltofte,
2013). These environmental changes have caused strong selection on contemporary Arctic taxa,
forcing them to be highly adapted to their extreme habitats (Meltofte, 2013; Qian et al., 2021).

Although there are species with an Arctic origin (e.g. species in Cassiope and Diapensia), other
Arctic species originated in southern mountain ranges, many in Central Asia (Makhrov et al.,
2019). For instance, a molecular phylogeny of the American Arctic lineage of Artemisia identified
Asian progenitors (Tkach et al., 2008).

Some Arctic species are also distributed in southern mountain areas (in or close to the temperate
region; Makhrov et al., 2019). A classical hypothesis posits that contemporary Arctic-alpine spe-
cies moved into the Arctic multiple times, dispersing to southern mountains in response to advanc-
ing ice sheets, and then subsequently reestablishing in the Arctic following the retreating ice sheets
(Hultén, 1937; Hultén, 1962; Darwin, 2011). This hypothesis is supported by recent literature
reviews on a range of Arctic-alpine species, where many of the species showed an origin in Asian
mountains (e.g. the Quinghai-Tibetan Plateau), with repeated colonisation of the Arctic and
southern mountain regions in North America and Europe, following environmental change.
(Makhrov et al., 2019; Brochmann et al., 2025). Species colonizing the Arctic are suggested to be
pre-adapted to open and cold environments because of their previous high mountain- or close
lowland habitats (Zhang et al., 2023). This pattern is supported by phylogenetic studies showing
that many plant species independently evolved Arctic adaptations with immigration to the Arctic,
rather than via in situ diversification (Hoffmann & Rdoser, 2009; Zhang et al., 2023).

1.5 Oxyria digyna (L.) Hill

Oxyria (Polygonaceae) is a genus consisting of two species (Sun et al., 2012).: Oxyria digyna (L.)
Hill (Fig. 2A; Artdatabanken, 2026) and O. sinensis Hemsl. (WFO, 2026). While O. sinensis only
occurs in China (WFO, 2026), O. digyna has a circumarctic distribution, with parapatric popula-
tions in southern mountains of the Northern Hemisphere (such as the Alps in Europe, the Himalayas
in Aisa, and the Rocky Mountains in North America; Hultén, 1971; Allen et al., 2012; Fig. 2B).
Fossil evidence of O. digyna dates back to 3.0 Ma (Matthews & Ovenden, 1990), while molecular
studies dates some clades within the species back to 3.7 Ma (Allen ef al., 2012). A biogeographic
analysis of the ancestral area of O. digyna pointed to an origin in the high mountains of southeast
Asia, spreading both towards the east (into North America) and the west (into Europe) through
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Fig. 1 a, Accessory- (ved) and core (blue) gene densities across the seven Oxyria digyna (L.) Hill
chromosomes. Height of staples indicate density at a genomic position on the chromosome. b, Last
Glacial Maximum on the northern hemisphere between 90° W and 90° E longitude, shown as the
shadowed area (image source: Grobe, 2007).

Russia, and eventually colonizing Greenland from both the east and west (Wang et al., 2015). The
analysis provides evidence for the colonization of Europe thorough Russia at ca. 1.96 Ma.

There are no previous studies on the diversity of European populations of O. digyna, but Wang et
al. and Allen et al. present unresolved relationships for Europe populations in global phylogeo-
graphic studies of O. digyna (Allen et al., 2012; Wang et al., 2015) supplementary)

1.6 Aim and hypothesis

The aims of this study are to first infer a phylogenetic tree of European Oxyria digyna (L.) Hill.,
from an existing whole genome data set, and second to determine how phylogenetic relationships
amongst populations vary when comparing regions enriched in core genes and regions enriched in
accessory genes.

Hypothesis 1: Since glaciers covered large parts of Europe until relatively recently, I hypothesize
that the early diverging lineages of O. digyna are from the southern mountain regions (Fig. 3a).
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Fig 2. a, Oxyria digyna (L.) Hill (Polygonaceae; image source: van Kruijsbergen). b, Global
distribution of Oxyria digyna (L.) Hill. Yellow dots indicate georeferenced records of the species
(image source:Global Biodiversity Information Facility, 2016).

The more recently diverging lineages in the phylogeny are hypothesised to have colonized from
the southern mountains to northern Arctic areas, following the retreat of the ice.

Hypothesis 2: Due to different recombination rates and selection pressures, I hypothesize that dif-
ferent phylogenetic relationships between the regions enriched in core- and accessory genes will
be inferred.

1.7 Broader impact of the work

Studies of Arctic plant diversification are lacking, preventing a full understanding of their biogeo-
graphic history (Winkler et al., 2012). Inferring the phylogeny of European O. digyna provides
insight into the species evolutionary history and relationships between European populations, pos-
sibly as a response to past environmental change (Allen et al., 2012; Wang et al., 2015; Van
Rossum et al., 2018; Ruiz-Garcia, 2021). As the Arctic is experiencing almost four times faster
warming then global rates (Rantanen, 2022), studies of Arctic species is of high importance to
improve our understanding of plant dispersal in relation to climate events.

Leveraging a pangenome, core- and accessory genes comparison can contribute to our understand-
ing of multiple evolutionary paths within a genome, and exploring more complex phylogenetic
relationships within a species (Huson, 1998; Huson & Bryant, 2006; Tranchant-Dubreuil ef al.,
2019). The differences between gene types may inform about biologically meaningful diversity
within populations (Loegler et al., 2026; Soltis & Soltis, 2026). Further, the differences in the gene
types may provide insight into the different evolutionary processes acting on different parts of the
genome, such as recombination (Fig. 1a; Nachman, 2002)) and selection pressures (Golicz et al.,
2020; Tellini et al., 2025).

2. Materials and methods
2.1 Data collection and sequencing

Leaves, fruits, and seeds from individuals of Oxyria digyna were collected from ten Arctic and
alpine sites between the latitudes 46.41°N to 83.09°N in Europe (spanning ca. 40°s latitude; Table
8
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Fig. 3 a, Hypothesised diversification of Oxyria digyna (L.) Hill populations in Europe. b, Sample
locations (red markers) of Oxyria digyna (L.) Hill in Europe, mapped in Google Earth (Google Earth,
2015-2021).

S1). Sampling locations included Slovakia (Velkd Zmrzl4 dolina), Switzerland (Tschierva), Swe-
den (Norra Tvirédklumpen and Abisko), Norway (Isdammen Longyearbyen on Svalbard and
Liahovden), Iceland (Geldingafell), and Greenland (Citronen Fjord, Jameson Land and Zacken-
berg; Fig. 3b; Table S1). In total, 103 individuals were sampled and sequenced, with 10-12 samples
per sampling location. Genomic DNA was extracted. Sequencing libraries were prepared, and DNA
sequencing was conducted at National Genomics Infrastructure (NGI), Uppsala. For sequencing,
NovaSeq X Plus system, 25B flowcell, and XLEAP-SBS sequencing chemistry were used, for low-
coverage whole genome sequencing. The sequencing yielded 4385 million (M) and 4255 M paired-
end 150 base pairs read pairs in total. For each sample over 28 M read pairs (=15x coverage) were
obtained. The data was stored at National Academic Infrastructure for Super-computing in Sweden
(Naiss, 2026).

2.2 Extraction of SNPs from the raw data and filter

The raw FASTQ files, a file format to store nucleotide sequences and the sequences’ “probability
of error in base calling” (Severin, 2026), were mapped to a reference genome. The reference ge-
nome came from one individual of O. digyna, collected from Alexandra Fiord on Ellesmere Island,
Canada. Binary Alignment MAP (BAM) files were generated, containing the sequence alignments
in binary format (Severin, 2026), and described where the short reads (150bp long) mapped to the
reference genome. Single nucleotide polymorphisms (SNPs) were called from the BAM files for
each individual, using GATK (v. 4.6.1.0; (Broad Institute, 2026)). SNPs were single nucleotide
bases which differed between the sequenced individuals and the reference genome (Edwards et al.,
2007).

VCFtools (v. 0.1.16; Vcftools, 2015), and PLINK (v. 2.0-20231024-avx2; Purcell et al., 2007;
Chang, 2026) were used to filter out SNPs with high linkage. Linkage meant that genes or
sequences close to each other on the chromosome were more likely to be inherited together, which
could cause bias due to autocorrelation of sites (National Canser Institute 2012; Wetterstrand,
2026). SNPS were also filtered for quality (GQ30). In the final dataset only biallelic SNPs were
kept; indels, SNPs missing in >10% of the data and SNPs with a minor allele frequency of <0.01



were removed. A Variant Call Format (VCF; Severin, 2026) file contained the final 79,567 SNPs
that remained after filtering.

2.3 Subset the data

2.3.1 Subset the SNPs by chromosome and create a midpoint root

As the filtered VCF file contained too much data to work with locally, the SNPs were subset by
chromosome. Although large differences between the seven O. digyna chromosomes were not ex-
pected, subsetting the data by chromosome enabled me to explore any phylogenetic differences
between the separate chromosomes. The filtered SNPs were subset by chromosome (one to seven)
using bcftools (v.1.22; Danecek et al., 2021), a program that processed and analysed sequence data.
Each individual chromosome VCF file was run in TreeMix (v.1.13; Pickrell & Pritchard, 2012)
without any migration edges (m=0). I inferred a midpoint root (Farris, 1972), for the TreeMix
output files in newick format (“treeout”-files), for each of the seven chromosomes, as there was no
data from a true outgroup available to root with. Midpoint rooting was used because an outgroup
was missing (Hess & De Moraes Russo, 2007; Kinene et al., 2016). The midpoint was placed
between the two points furthest apart from each other, i.e. between the two longest branches
(EMBL, 2026; Revell, 2026). I performed the midpoint rooting using the R programming language
(v. 44.0; R Core Team, 2024) in R-studio (v. 2026.01.1-403; Posit team, 2025), using the
phylogenetic analysis R packages ape (v. 5.8.1; Paradis & Schliep, 2019) and phytools (v. 2.4.4;
Revell, 2024).

2.3.2 Subset the SNPs by core- and accessory gene enriched regions

As core genes occurred across species and accessory genes only within O. digyna, the total VCF
file was subset into two files, one containing SNPs found in regions of the genome enriched in core
genes and one in regions enriched in accessory genes. The regions enriched in core- and accessory
genes spanned all seven O. digyna chromosomes. As previously mentioned (see 1.2), the pange-
nome with core- and accessory genes could vary in their definition (Tranchant-Dubreuil et al.,
2019). Here, core genes were defined as genes with orthologs in 20 distantly related species, from
three different plant families (Oxyria digyna, Polygonum aviculare, Rheum tangaticum, R. nobile,
Fagopyrum tataricum, and F. esculentum from Polygonaceae; Capsella rubella, Brassica oleracea,
Arabidopsis lyrata, Arabis alpina, Draba nivalis, Cochlearia groenlandica and Thlaspi arvense
from Brassicaceae; and Rosa rugosa, Prunus persica, Malus sylvestris, Pyrus bretschneideri,
Fragaria vesca, Dryas octopetala, and Argentina anserina from Rosaceae). Accessory genes were
instead genes unique to O. digyna (multiple haplotypes), but were not present in the other 19 spe-
cies.

Core- and accessory genes were identified using the output from Orthofinder (Emms et al., 2025).
The core gene enriched regions were defined by comparing the Core:TotalGene counts to the
ExpectedCore:Total in each 1 Megabase pair (Mbp) window. The same calculation was made to
find the accessory gene enriched regions. The expected counts in each 1Mbp window of the ge-
nome were calculated based on the fraction of core- and accessory genes across the whole genome
combined with the total number of genes in that window. Regions with more than double the
amount of core genes observed than expected were defined as core enriched. In the same way,
accessory gene enriched regions were defined as regions with more than double the number of
expected accessory genes were observed. All SNPs were extracted from the regions enriched in
core genes and the regions enriched in accessory genes. SNPs from core gene enriched regions and
SNPs from accessory gene enriched regions were each run in TreeMix (v.1.13; Pickrell &
Pritchard, 2012).
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2.4 Create phylogenies based on core- and accessory genes

2.4.1 Create phylogenetic graphs in TreeMix

One rooted phylogenetic graph for core gene enriched regions, and one for accessory gene enriched
regions were inferred based on the previously created midpoint, including the number of migration
edges needed to explain the data, and the most frequently observed pattern of migration edges.

To root the phylogenies for the extracted SNPs with core gene enriched regions and accessory gene
enriched regions, the trees were fixed in TreeMix (v.1.13; Pickrell & Pritchard, 2012) with the
midpoint rooting for chromosome 1, performed previously (see 2.3.1). The SNPs of the regions
enriched with core- and accessory genes was run in TreeMix with the midpoint root for 0 to 9
migration edges, as this interval was sufficient to capture the number of migration edges needed to
explain the data in previous trials. TreeMix was run for 51 iterations of each number of migration
edges (0-9). Each iteration was based on different subsets of the SNPs to avoid linkage and gave
confidence for the inference of the number of migration edges.

To find the number of migration edges needed to explain the data, I calculated the variance of
relatedness between populations explained by the model (Var(R) expl) using R (v. 4.4.0; R Core
Team, 2024) and following available code (Card, 2015). The 99,8% Var(R) expl-method was first
suggested by the TreeMix authors (Pickrell & Pritchard, 2012), and have come to be used in various
TreeMix studies (e.g. Grimm et al., 2007; Chen et al., 2013; Decker et al., 2014; Tremetsberger et
al., 2015; Soares & Freitas, 2024). For each number of migration edges, I calculated the mean for
the Var(R) expl, and the standard deviation for Var(R) expl of the 51 iterations. The number of
migration edges needed to explain the data was acquired by stopping to add more migration edges
when 99,8% of the data was explained (Fitak, 2025), in this case when the mean Var(R) expl
reached 99.8%. Up until 99.8% Var(R) expl the model became more accurate with every added
migration edge, but after the 99.8% threshold, false migration edges might have been added
(Pickrell & Pritchard, 2012).

For confidence, the most common graph variant within the 51 iterations was identified. This in-
cluded the tree with: I, the most common topology, and II, containing the most common pattern of
migration edges. Pattern of migration edges meant the direction and placement of all migration
edges in a graph. The TreeMix output file containing the nexus tree (“treeout”-file) was used to
compare the topologies with Robinson-Foulds distance (Robinson & Foulds, 1981) using R (R
Core Team, 2024). Robinson-Foulds distance calculated the pairwise topological distance between
trees, to find the number of nodes not shared (Robinson & Foulds, 1981; Schliep, 2011; Llabreés et
al., 2021). By using the TreeMix output file containing only the migration edge information
(“edges”-file), the pattern of migration edges (placement and direction) was compared between the
51 iterations using R. The most frequently observed pattern of migration edges for core- respec-
tively accessory enriched regions was calculated.

After having calculated the number of migration edges needed to explain the data, and identifying
the most common topology and pattern of migration edges, one graph each for core- and accessory
enriched regions was plotted. These two remaining graphs were compared to find the difference in
topology (excluding migration edges). A normalized Robinson-Foulds distance (nRF) was calcu-
lated to find the number of splits which differed between the two trees, giving a value between 0
(the trees are identical) and 1 (the trees share no nodes; Schliep, 2011). nRF was performed in R ,
using the packages ape (Paradis & Schliep, 2019) and phangorn (Schliep, 2011). To find if the
difference between core- and accessory enriched regions was greater than among the core- respec-
tively accessory enriched regions, all 51 iterations of the number of migration edges needed to
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explain the data was calculated for normalized Robinson-Foulds. The calculations were summa-
rised as a mean of the iterations.

The two remaining graphs were also compared between migration edges (excluding topology). The
difference in migration edges between the core- and accessory enriched regions was calculated in
R using nRF.

2.4.2 Create phylogenetic networks in SplitsTree

I ran the SNP regions enriched in core- and accessory genes separately in the SplitsTree App
(v.6.7.5 ;Huson & Bryant, 2024). The default workflow was used. First, P distances (Hamming,
1950) were calculated to create a distance matrix. P distances calculate distances based on normal-
ized Hamming distances, which was based on character-state differences (Huson & Bryant, 2026).
The distance matrix was made into an unrooted phylogenetic tree using Neighbour-joining (Saitou
& Nei, 1987; Huson & Bryant, 2026). Lastly, a Neighbour net was created based on weighted
splits, where splits of weight below zero were removed (Huson & Bryant, 2026).

3. Results

Identification of core and accessory genes on the seven chromosomes of O. digyna resulted in 41
regions enriched in core genes with 117 SNPs per Mbp (4836 SNPs / 41 Mbp), and 48 regions
enriched in accessory genes with 153 SNPs per Mbp (7360 SNPs / 48 Mbp).

3.1 The phylogenetic trees based on chromosomes one to seven

The midpoint root was used on all seven chromosomes of O. digyna, and presented two different
topologies. The phylogenetic trees of chromosomes one, three, six, and seven show the same to-
pology, with populations from West Greenland (Citronen Fjord) and southern Europe (Tschierva,
Switzerland and Vel’kd Zmrzla dolina, Slovakia) separated from a clade comprised of the popula-
tions from East Greenland (Jameson Land and Zackenberg), Norway (Liahovden and Isdammen
Longyearbyen, Svalbard), Sweden (Norra Tvéaraklumpen and Abisko), and Iceland (Geldingafell;
Fig. 4a). The phylogenetic trees for chromosomes two, four, and five inferred populations from
West Greenland, central Europe, and Svalbard as one clade, with the rest of the populations in a
separate clade (Fig. 4b). Apart from the position of the Svalbard population, a similar topology was
seen in all seven trees after the first diverging lineages. East Greenland populations diverge first,
with Zackenberg then Jameson Land. Also, Sweden, and mainland Norway (Liahovden), and
Iceland were clustered in a clade. Within the topology of the Sweden-, Norway-, and Iceland pop-
ulations, Iceland was inferred as the early divergent population in all seven trees. For the other
three populations, trees showed varying topologies between the chromosomes.

3.2 The phylogenetic graphs based on core- and accessory enriched regions

3.1.1 Migration edges needed to explain the data

The core enriched graphs needed four migration edges to explain the data (mean Var(R) expl:
0.9984, standard deviation (SD): 0), and the accessory enriched trees needed three migration edges
to explain the data (mean Var(R) expl: 0.9989, SD: 0.0009).

Between the 51 iterations, the pattern (direction and placement) and migration weight of the mi-
gration edges differ. The most frequently observed migration edge pattern for the core enriched
regions occurred 12 times out of the 51 iterations (24%), with four migration edges (m=4). All four
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Fig. 4 Phylogenetic trees made in TreeMix (Pickrell & Pritchard, 2012), and visualised in R (R Core
Team, 2024) of the topology and phylogenetic relationships among 10 European populations of Oxyria
digyna (L.) Hill. a, Midpoint rooted phylogenetic tree based on chromosome 1 in O. digyna. b, Midpoint
rooted phylogenetic tree based on chromosome 2 in O. digyna.

migration edges in the most frequently observed pattern had low to intermediate migration weight
(0-0.25). Two migration edges pointed from the West Greenland population to each East Greenland
populations, one pointed from the central Sweden population (Norra Tvéaraklumpen) to the node
dividing Switzerland and Slovakia, and one was pointing from Northern Sweden (Abisko) to
Svalbard, Norway (Fig 5a). Between the iterations, three different less frequently observed patterns
occurred six times (12%) each, with most patterns occurring one to three times (2-6%) each (Fig
S1).

The most frequently observed pattern of migration edges for the accessory enriched regions oc-

curred five times (10%), with three migration edges (m=3). The migration edge with the highest

weight (ca. 0.5 migration weight) pointed from the node splitting the Switzerland- and Slovakia

populations to the West Greenland population (Fig. 5b). The two other migration edges had a lower

migration weight (ca. 0.25), and pointed from an early point of the West Greenland population
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Fig. 5 Midpoint rooted phylogenetic graphs with migration edges (coloured arrows) for European
Oxyria digyna (L.) Hill., created in TreeMix (Pickrell & Pritchard, 2012) and visualised in R (R Core
Team, 2024). Migration edges are alternative parental branches, with migration weight indicating how
strong the relationship is between the points of the arrow (Pickrell & Pritchard, 2012). Red indicates a
stronger relationship, and yellow a weaker relationship. The phylogenetic trees each have the amount
of migration edges needed to explain the data, and the most common migration edge pattern (across 51
iterations). Drift parameter refer to the rate of random drift along the phylogeny (Catalan et al., 2019).
a, Graph based on core enriched regions on the chromosomes, with 4 migration edges (m=4). b, Graph
based on accessory enriched regions of the chromosome, with 3 migration edges (m=3).
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branch to each East Greenland population (Fig. 5b). Less frequently observed patterns occurred 1
to 2 times (2-4%) each (Fig. S1).

3.1.2 Comparison between the phylogenetic graphs for regions enriched in core- and
accessory genes

The difference between graphs with core- and accessory enriched regions were calculated using
nRF, and is presented as a number between 0 (the splits are the same) and 1 (the splits are com-
pletely different; (Schliep, 2011)). The topology of core- and accessory enriched graphs (excluding
migration edges) shared 62% of their splits (nRF=0.375). The nRB showed a greater difference
between the best core- and accessory enriched trees, than between the respective tree iterations
(Core enriched region nRFmean=0, Accessory enriched region nRFmean=0.15). For the compari-
son of migration edges, core enriched regions shared no migration edges with accessory enriched
regions (nRF=1).

3.3 Phylogenetic network in SplitsTree for regions enriched in core- and
accessory genes

The core enriched network inferred more reticulations than the accessory enriched network (Fig. 6
a and b), indicating more conflicts in the data of the core enriched regions (Chen ef al., 2013). For
instance, in the accessory enriched network, a single path is seen from the centre of the network
(East Greenland populations) to the populations in Sweden, mainland Norway, and Iceland (Fig. 6
b). For the same region in the core enriched network, there were many reticulations (Fig. 6 a). The
reticulations were both within said populations, but also the Iceland population showed reticula-
tions to the Jameson Land population.

4. Discussion

Despite previous phylogenetic studies on Oxyria digyna (L.) Hill, understanding of relationships
within and amongst European populations are limited (but see Wang et al., 2015; Allen et al.,
2012). Classic theory and studies on dispersal patterns of Arctic-Alpine species hypothesise plants
migrated from southern- to northern parts of Europe following retreating glaciers after the Last
Glacial Maximum (Hultén, 1937; Hultén, 1962; Darwin, 2011; Makhrov et al., 2019). Here, the
phylogeny of European O. digyna was inferred, and determined that southern European populations
diverged earlier than the more northern populations (with the West Greenland population as an
exception). Additionally, the relationships of core- and accessory genes were compared. With
advances in sequencing methods, it have been established that different regions of the genome,
for instance core- (conserved across a range of species) and accessory (unique to O. digyna) genes,
were hypothesized to inferre different phylogenetic relationships. Here, the difference is
hypothesised to be a result of different selection pressures (Tranchant-Dubreuil ef al., 2019; Golicz
etal.,2020; Hu et al., 2022; Tellini et al., 2025; Soltis & Soltis, 2026) and position on the genome
(Fig. 1a). Core and accessory genes differed from each other in their phylogenetic relationships, in
terms of topology, migration events, and reticulations.

4.1 Phylogenetic relationships within Oxyria digyna

4.1.1 The relationships based on the midpoint rooted chromosome one tree
The midpoint rooted, chromosome one phylogenetic tree is here used to represent the “base” rela-
tionships of European O. digyna, without including gene flow in the inference (Fig. 4a). This base
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Fig 6 Split network of European Oxyria digyna (L.) Hill individuals relationship, created in SplitsTree
(Huson & Bryant, 2024). Reticulations indicate conflicts in the data. Fit is how similar the input distance
is to the network distance, given in percent (%; Bryant & Huson, 2023). The network is coloured by
population. a, Split network based on the core gene enriched regions on the chromosomes. b, Split
network based on the accessory gene enriched regions of the chromosomes.

topology is consistent with the hypothesis, with earlier diverging lineages in southern populations.
The West Greenland population is an exception from the hypothesis as it diverges early but is in
the north. Later diverging are the more northern populations in the base topology.

The southern lineages diverging early agrees with literature and the classic theory behind Arctic-
alpine establishment (Hultén, 1937; Hultén, 1962; Darwin, 2011; Makhrov et al., 2019). As
explained in recent literature reviews, the more recent divergence of the more northern populations
can likely be explained by the retreating ice of the relatively recent glaciations, enabling species to
establish in previously glaciated areas (Makhrov ef al., 2019; Brochmann et al., 2025). Previous
studies on O. digyna have not considered population level relationships among Europe. Both Wang
et al. (2015) and Allen et al. (2012) included European populations (for instance Greenland,
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Iceland, Norway, Switzerland, and Slovakia), in their studies on global phylogeography of O.
digyna, but the relationships between European populations are unresolved. Thus, this thesis
contributes with an increased understanding of relationships within European O. digyna.

The West Greenland population is not consistent with the hypothesis of southern lineages colonis-
ing the northern regions, as it is early diverging and clustered with the southern European popula-
tions (Fig. 4a). The deviation from the hypothesis could be a consequence of the colonization of
Greenland, with establishment both from the west (North America), and from the east (Europe), as
suggested by (Wang et al., 2015). The West Greenland population may therefore, in contrast to the
East Greenland populations, have its ancestry in North America, although that cannot be identified
here as only European data have been considered. If the West Greenland population has its ancestry
in North America, it could be the reason the population is early diverging in the phylogeny. Sam-
ples from North American populations are needed to give a better understanding of the relationship
between the West Greenland population to the other European populations.

The topology of the more northern populations (East Greenland, Sweden, Norway, and Iceland)
was also hypothesized to follow a latitudinal gradient, but this was not found. Instead, the East
Greenland populations (latitude 71,397°N and 74,465°N) diverged before the populations from
Sweden, mainland Norway, and Iceland (latitude 63,208°N to 68,360°N; Table S1). In a study on
phylogeography of primarily North American O. digyna, Allen et al. (2012) suggests that dispersal
to new areas was rapid after glacial retreat, as O. digyna have been shown to have moderately good
dispersal potential (Tackenberg & Stocklin, 2008). This could have enabled fast wind dispersal to
Greenland from continental Europe (Allen et al., 2012). Allen et al. (2012) also suggest alternative
ways of dispersal after the retreat of the glaciers, from unglaciated areas in the north. Area of dis-
persal after glaciation could cause a different phylogenetic relationship between the European O.
digyna populations than hypothesised.

4.1.2 Divergent relationships between the seven chromosomes

The phylogenies of the seven chromosomes showed two alternative midpoints. The alternative
midpoints may be explained by incomplete lineage sorting, meaning that alleles did not diverge at
the same time as speciation occurred (Nichols, 2001). The different time of diversification in alleles
and species can give different branching patterns for phylogenetic trees (Nichols, 2001), making it
more difficult to create an accurate species tree (Korstian et al., 2022). In species with fast diversi-
fication, incomplete lineage sorting is expected, as there have been less time for complete sorting
of ancestral polymorphisms (Korstian et al., 2022; Yisilam et al., 2026). Oxyria digyna may have
experienced rapid diversification after establishment in the Arctic, following the retreat of the glac-
iers after the relatively recent ice cover, which would agree with the hypothesis. Similar results can
also come from ancient hybridisation or introgression (Yisilam et al., 2026), and testing between
these drivers would require analysis of the rate of diversification.

The different midpoint roots between the chromosomes were not considered for further analysis of
the relationships among European O. digyna, as all chromosomes initially were expected to have
the same midpoint. The relationships within the midpoint rooted trees should therefore be inter-
preted with caution. Further studies on chromosomes of O. digyna should consider the different
midpoints when creating a root.
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4.2 Phylogenetic differences between core- and accessory genes

4.2.1 Phylogenetic difference based on core- and accessory genes

The difference between the phylogenetic graphs of core- and accessory enriched regions testifies
for different evolutionary relationships of the core- and accessory genes, as hypothesised. Both the
topology and migration edge pattern differed. This main difference is probably a result of the dif-
ferent types of selection pressure of the gene types. The core genes are more conserved and thus
likely involved in essential cellular functions, which is likely under purifying selection (Golicz et
al., 2020). Accessory genes are, in contrast, suggested to be involved in traits related to local adap-
tation (Tranchant-Dubreuil ef al., 2019; Tellini et al., 2025; Soltis & Soltis, 2026) and under posi-
tive selection.

The migration edge patterns (placement and direction) were different for the graphs of core- and
accessory genes. No comparison was made to see if the core- and accessory genes migration edges
differed more than expected, as in the case of the topology (excluding migration edges; see 3.1.2).
Additionally, there was a lot of variation observed between iterations, with a range of alternative
migration edge patterns (fig S1), also making the difference between core- and accessory genes
less confident. Despite this, here I present a suggested difference between migration edges in core-
and accessory enriched regions that could be studied further.

4.2.2 Core genes show more migration edges and are more consistent than accessory
genes

The graph for regions enriched in core genes require more migration edges to explain the data
(m=4; Fig. 5a) then the graph for accessory enriched regions (m=3; Fig. 5b), although they only
differ with one migration edge. Initially we hypothesized that core genes would follow a more
bifurcating topology because of their essential cellular functions making them more constrained
with less geneflow (Tranchant-Dubreuil et al., 2019; Golicz et al., 2020; Tellini et al., 2025), and
accessory enriched regions, being more locally adaptive, would follow more of a network-like re-
lationship to account for adaptive gene flow (Tranchant-Dubreuil et al., 2019; Hu et al., 2022;
Tellini et al., 2025; Soltis & Soltis, 2026). However, more migration edges means that more addi-
tional parental lineages are needed to explain the data, and can suggest more gene flow (Pickrell &
Pritchard, 2012).

The patterns of migration edges in the two phylogenetic graphs are not representative of all 51
iterations within each gene enriched region, but only the most common migration pattern found
across each 51 iterations. Although the core enriched regions need more migration edges to explain
the data, the pattern is more consistent across the 51 iterations of the core enriched regions. Com-
paring the core enriched regions migration edge patterns to the accessory enriched regions, there
are fewer different migration edge patterns for the core enriched regions. This agrees with the hy-
pothesis of core genes being more consistent because of their essential cellular functions
(Tranchant-Dubreuil ef al., 2019; Golicz et al., 2020; Tellini et al., 2025). The consistent patterns
in core genes may mean that the migration edges observed are true historical migration events that
have been conserved thorough time. More variation in the accessory enriched regions also agrees
with accessory genes being involved in local adaptation (Tranchant-Dubreuil et al., 2019; Hu et
al., 2022; Tellini et al., 2025; Soltis & Soltis, 2026).

4.2.3 Core genes show more reticulations than accessory genes

The phylogenetic networks are not consistent with the hypothesis, expecting population relation-
ships in core enriched regions to follow the structure of a bifurcating tree, and relationships in the
accessory enriched regions to follow the structure of a network. Instead core enriched regions had
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more reticulations (Fig. 6a) than the accessory enriched regions (Fig 6b). The reticulations in a
SplitsTree network can be caused by recombination (Huson & Bryant, 2006). This is likely the
cause for the network like structure of the core enriched regions, as these regions were more often
found close to the telomeres on the chromosome (Fig. 1a) with a lot of recombination (Nachman,
2002). The accessory genes could instead be found close to the centromere (Fig. 1a), with little
recombination and a lot of linkage (Nachman, 2002), which can explain less of a network-like
relationship in accessory enriched regions.

Because of a high recombination rate around the telomeres (Nachman, 2002), the core enriched
regions may have experienced recombination before establishing in Sweden, mainland Norway,
and Iceland, creating variants. As the core genes are under strong purifying selection (Golicz et al.,
2020), the variant will not change a lot, thus being maintained and therefore conserved across the
populations. Conserved core genes in the populations can be the reason behind a network reticula-
tions connecting Sweden, mainland Norway, and Iceland to the rest of the network. Tellini et al.
(2025) hypothesize accessory genes to be “evolutionary accelerators” for adaptive radiation. Adap-
tive radiation is when an individual establishes in a new environment, and diversify rapidly (Tellini
et al., 2025). Because of the variation and adaptability in accessory genes, they can easily colonise
and adapt in new places. Once established, they can, unlike the core genes, freely diversify and
expand the individual/population traits, which could be why we for the accessory gene network
instead see a single path connecting the populations. This may also be related to the retreating
glaciers after Pleistocene ice ages, causing rapid colonisation of species into uninhabited areas
(Hultén, 1937; Hultén, 1962; Darwin, 2011; Makhrov et al., 2019). Alternatively, as the accessory
genes are more adaptive (Tranchant-Dubreuil et al., 2019; Hu et al., 2022; Tellini et al., 2025;
Soltis & Soltis, 2026), so many variants likely exist that it is not recorded in the SplitsTree network.

Selection may favour core genes closer to the telomeres, as recombination enables purifying selec-
tion to get rid of deleterious mutations (Aeschbacher & Biirger, 2014). Due to the proximity to the
centromere, accessory genes have less recombination which possibly slows down removal of mal-
adaptive alleles (Nachman, 2002). Despite this, the location of accessory genes on the chromosome
may facilitate the individual’s survival in the local environment. With gene flow and high recom-
bination, alleles beneficial in other local environments may be mixed into the accessory genes,
making the genes less adapted to their own local environment (Felsenstein, 1981; Aeschbacher &
Biirger, 2014). Previous phylogenetic studies have not considered the placement of the core- and
accessory genes along the chromosome, despite the different phylogenetic relationships the
placement can result in, as suggested in this thesis. However, in a book chapter on genome reticu-
lations, Edwards et al. (2017) suggest local adapted alleles to accumulate in low recombination
regions, for instance near centromeres, referring to a previous review on evolution on chromosome
inversion by Kirkpatrick (2010). This agrees with the accessory genes (which are suggested to be
locally adaptive) location close to the centromere described in this thesis. Further, a computational
study on recombination rates in several species of bacteria have shown core genes to have more
recombination compared with accessory genes (Preska Steinberg et al., 2022), again agreeing with
the location of core genes close to the telomeres as found here, but it may be inappropriate to draw
parallels between plant and bacteria, as bacterial recombination includes incorporating genes from
outside the cell (Segerman, 2012).

4.3 Limitations, further studies, and broader implications

4.3.1 Limitations and further studies

Despite my results pointing towards a difference between core- and accessory genes, for the bifur-

cating topology, the migration edges, and number of reticulations, no tests for significance have

been made. Therefore, all results should be taken with caution. Despite no test for significance, this
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thesis presents new ideas that can be further explored. Following are some methods that could be
tested to get more reliable results: I, Topologies (excluding gene flow) from the phylogenetic
graphs created in TreeMix were compared within the 51 iterations to see if core- and accessory
enriched regions differed more between each other than expected. The migration edges can be
compared in a similar way to see if they differ more than expected. The difference within and
between should also have been compared for significance, with Ho = no difference between the
differences within iterations and between core- and accessory enriched regions. II, The phyloge-
netic networks created in SplitsTree should also be compared statistically, not just visually, by
calculating the number of reticulations in each graph. III, Although probably difficult, all iterations
for the migration edges (core m=4, accessory m=3) in the phylogenetic graphs can be included in
a comparison between core- and accessory enriched regions, since those include many alternative
topologies (Fig. S1).

4.3.2 Broader implications

Studying the phylogenetic relationship of O. digyna using high resolution SNPs from different
regions of the genome gives insight into variation in the pattern of divergence in the species. De-
spite the rapid warming of the Arctic (Rantanen, 2022), studies on Arctic plant diversification have
been lacking (Winkler et al., 2012). This thesis gives insight into the phylogenetic history of O.
digyna, possibly affected by past climate events (Allen et al., 2012; Wang et al., 2015; Van Rossum
et al., 2018). It gives a deepened understanding of O. digynas within-species relationship and may
suggest how other Arctic-alpine plants are related within Europe.

By also looking at the phylogenetic relationships for different genes, I present further understand-
ing of how the genome can show distinct evolutionary relationships depending on what part of it
is studied. When working with genome-wide data, core- and accessory genes should be taken into
consideration because of the suggested differences between conserved and variable sites. The dif-
ferences between the core- and accessory genes have also provided insight into possible evolution-
ary forces acting on different parts of the genome, driving the differentiation in functions of the
genes. For instance, recombination and selection pressure seem to affect the different phylogenetic
histories in the genes. A broader knowledge of how different evolutionary forces contribute to
diversification gives us better understanding ow how genomic evolution works. Understanding the
genomics behind diversification is of importance for evolutionary biology (Tellini ef al., 2025).

4.4 Conclusion

Using whole genome sequence data from 11 populations, I suggest a higher resolution phylogeny,
and possible migration routes of the European O. digyna populations. My results also point towards
a difference between core- and accessory gene phylogenetic relationships. This is possibly ex-
plained by core genes occurring in regions of high recombination and being conserved while ac-
cessory genes occurred in low recombination regions and may be more locally adaptive. Under-
standing the genomics behind diversification is of importance for evolutionary biology. When
working with genomic data, differing recombination and selection pressures in genes should be
taken into consideration, to get a more complete view on genetic variation across the genome. The
field of core- and accessory genes needs to be studied further to see if these phylogenetic differ-
ences are shared among more species, and what evolutionary factors are driving them.
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5. Code availability

R code used by me to visualise TreeMix phylogenies, midpoint root, find number of TreeMix mi-
gration edges needed to explain the data, find most common topology and pattern (placement and
direction) of migration edges, and compare topologies and migration edges with normalised
Robinson-Foulds distance is available at
https://github.com/sofiekedback/Masterthesis_Oxyria phylogeny.git.
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Appendix 1 Popular science summary

History of the Mountain sorrel - When the genes are not agreeing

Observing the genetic material of a species is often expected to give a clear history, but
what happens when different genes show different histories?

When people distributed over Europe went out to gather
leaves from the Arctic and Alpine living Mountain sorrel, they
could probably not imagine that the different kinds of genes,
or heritable material, extracted from the leaves would show
different histories. Was maybe Darwin wrong in thinking
species have a history like a tree?

Already in 2015 could Qian Wang and colleagues present
evidence of the Mountain sorrels' origin to be in central Asian
mountains. Despite this, the history of Mountain sorrel in
Europe has been unclear until now.

If we could travel through time, we would probably see
Mountain sorrel finally being able to expand its European
range to the Arctic from the older southern populations,
following the retreat of the last ice age which covered the
north. But it turns out that the pattern is not the same for all
genes.

Some genes are found across many species, while
others only are found in one

The Arctic-alpine Mountain
sorrel (Oxyria digyna (L.) Hill)
Image: Saxifraga, Jan van der
Straaten

There has recently been an increased interest in exploring variation within a group or species. The
variation can be observed in the genes, the parts of the genome responsible for specific functions

and expressions in an individual.

Recombination

H-I

Recombination shuffles genetic
information. This happens between
chromosomes, which consist of
DNA

For instance, there are core genes, which as the name
suggests are in charge of essential plant functions. The
core genes can therefore be found across a range of
species. Accessory genes on the other hand can only be
found in a few species or individuals, and are suggested to
help the plant survive in the local environment.

How can different genes have different
relationships between populations?

As you might understand by now, I have found evidence
for core and accessory genes showing different histories
for Mountain sorrel.

Despite the general pattern pointing towards movement

from the south to the north, the populations of Mountain sorrel in Europe show different
relationships when only observing the core- or accessory genes. For instance, a population in
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Greenland is most closely related to populations in Central Europe when only considering the core
genes. But if we instead consider accessory genes, the population in Greenland is closest related to
a Svalbard population.

But how can this happen? Probably because the core genes are responsible for more essential
function which makes them stay the same over long time. The accessory genes may instead change
over time as they help the plant adapt to the local environment.

But there is also something called recombination, which shuffles genetic information. The core
genes experience more of this shuffling then the accessory genes. Together, these processes are
inferred as different histories between the gene types.

We must reconsider how the history of a species is decided

If the different genes can show different histories for Mountain sorrel, then imagine how many
different histories and relationships there are to explore in all plants, or even in all life forms! This
shows that the history of a species is not following the treelike structure Darwin proposed, once we
considering the different relationships of the genes.

Instead, it’s a network, created over many, many years, thanks to functional differences and
recombination, eventually ending up as us today. But this network does not end with us. It will
continue to form over generations, because of the differences in genes relationships.
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Appendix 2 Supplementary material

Table S1 Sampled populations, with site and country, the sample locations placement, and the
number of individuals sampled.

Sample site Country Latitude Longitude  Sampled
individuals
Tschierva Switzerland 46,406 9,891 15
Velka Zmrzla Dolina Slovakia 49,202 20,205 20
Liahovden Norway 60,861 7,188 20
Norra tvaraklumpen Sweden 63,208 12,350 20
Geldingafell Iceland 64,700 -15,351 20
Abisko Sweden 68,360 18,772 11
Jameson Land Greenland 71,397 -23,974 20
Zackenberg Greenland 74,465 -20,578 20
Isdammen Longyearbyen Norway 78,214 15,702 20
Citronen Fjord Greenland 83,086 -28,274 20
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Fig S1 Frequency of migration edge patterns (position and direction of all migration edges in
a graph) occurring in the 51 iterations of the phylogenetic graphs created in TreeMix
(Pickrell & Pritchard, 2012). The bar plots only show the 10 most common patterns. a,
Frequency of migration edge patterns of phylogenetic graphs based on core enriched regions
of the chromosomes. b, Frequency of migration edge patterns of phylogenetic graphs based on
accessory enriched regions of the chromosomes.
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