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Abstract

Lingonberry (Vaccinium vitis-idaea L.) produces tiny red berries that are tart and nutty in flavour.
It grows widely in the circumpolar region, including Scandinavia, northern parts of Eurasia, Alaska,
and Canada. Although cultivation is currently limited, the plant has a long history of cultural use
among indigenous communities. Given its potential as a food source, genomic resources for
lingonberry are significantly lacking. To advance genomic knowledge, the genomes for two
subspecies of lingonberry (V. vitis-idaea ssp. minus and ssp. vitis-idaea var. ‘Red Candy’) were
sequenced and de novo assembled into contig-level assemblies. The assemblies were scaffolded
using the bilberry genome (V. myrtillus) to generate chromosome-anchored reference genome
consisting of 12 chromosomes each with total length 548.071 Mbp (contig N50 = 1.170 Mbp,
BUSCO (C%) = 96.5%) for ssp. vitis-idaea, and 518.704 Mbp (contig N50 = 1.400 Mbp, BUSCO
(C%) = 96.9%) for ssp. minus. RNA sequencing based gene annotation identified 27,243 genes
on the ssp. vitis-idaea assembly, and transposable element detection methods found that 45.82%
of the genome was repeats. Phylogenetic analysis confirmed that lingonberry is most closely
related to bilberry and is more closely related to blueberries than cranberries. Estimates of past
effective population size suggested a continuous decline over the past 1-3 MYA, possibly due to
the impacts of repeated glacial cycles during Pleistocene leading to frequent population
fragmentation. The genomic resource created in this study can be used to identify industry
relevant genes (e.g., flavonoid genes), infer phylogeny, and call sequence-level variants (e.g.,

SNPs) in future research.
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Chapter 1: Literature review

1.1 Lingonberry — Vaccinium vitis-idaea L. (Ericaceae)

1.1.1 Botany

Lingonberry (Vaccinium vitis-idaea Linnaeus) is an evergreen, berry-bearing dwarf shrub that
inhabits a wide range across the Northern hemisphere (Figure 1.1; U.S. Department of Agriculture
Natural Resources Conservation Service, 2021). The plant grows decumbent or ascending and
can reach about 10-30 cm in height, with elliptic to egg-shaped leathery/shiny leaves with
rounded ends. It produces pinkish-white bell-shaped flowers in summer and bright red-coloured
fruits towards the end of summer to late autumn (Figure 1.2a). It can inhabit various types of
habitats ranging from montane coniferous forests to arctic region, under sunny locations on sandy
ground, rock, heath, or bogs. Acidic soil is generally preferred (pH 3.5-5), with little nutritional
requirements. It reproduces vegetatively through rhizomes as a mat-forming forest

understoryplant, or sexually through seeds (Tirmenstein 1991; Douglas and Meidinger 2002).

Figure 1.1: Worldwide distribution of Vaccinium vitis-idaea L. (www.gbif.org) Dots represent
occurrence records registered as: V. vitis-idaea ssp. minus (blue), V. vitis-idaea ssp. vitis-idaea (red), V.
vitis-idaea L. ssp. unidentified (yellow).



Floral characteristics, field observations, and hand-pollination experiments have agreed on its
main mode of reproduction being outcrossing driven by insect pollination, with bumblebees being
the most frequent (Jacquemart and Thompson 1996; Hjalmarsson and Ortiz 1998; Guillaume and
Jacquemart 1999; Nuortila et al. 2002). Lingonberry is obligately outcrossing or partially self-
incompatible. There is no evidence of outcrossing, but a reduced number of fruit set (Nuortila et
al. 2002) and increased number of aborted seeds in self-fertilized samples compared to
outcrossed ones suggests some mechanism of early inbreeding depression (Guillaume and
Jacquemart 1999). However, in nature lingonberry predominantly propagates through rhizomes
rather than seeds (Hjalmarsson and Ortiz 1998). Other pollinators like mammals or birds may
spread the seeds through berries, but the seed germination success upon passing through the
gut is infrequent (Nuortila et al. 2002). Nonetheless, occasional long-distance dispersal through
the successful seeds in the berries is possible especially considering the wide range of habitat

they thrive and the rapid recolonization history (lkeda et al. 2015).

Figure 1.2: a) Vaccinium vitis-idaea ssp. vitis-idaea flowers and fruits. b) V. vitis-idaea ssp. minus (left)
and ssp. vitis-idaea var. ‘Red Candy’ (right) grown in greenhouse.

The species has two recognized subspecies: V. vitis-idaea ssp. vitis-idaea and V. vitis-idaea ssp.

minus, differing in morphology and geographical origin (Figure 1.2b, Table 1.1). Compared to the
2



European ssp. vitis-idaea that grows vertically upwards and produces crops twice a year, the
North American ssp. minus is generally smaller in size, grows sideways by trailing just above the
ground, and produces crops once a year (Gustavsson 2001; Penhallegon 2009; Debnath and
Arigundam 2020). Individuals from ssp. vitis-idaea have been selected for commercial cultivation

for at least several decades (Penhallegon 2006; Agriculture and Agri-food Canada 2023).

Table 1.1: Subspecies of lingonberry (Vaccinium vitis-idaea) and their distinct characters*.

Character: V. vitis-idaea ssp. vitis-idaea V. vitis-idaea ssp. minus

Variety European North American

Race Large low land Small arctic

Distribution Europe, Asia Iceland, Greenland, North
America, northern Asia,
Scandinavia

Plant height 10-30cm 5-20 cm

Leaf length: 2.5 cm, width: 1.0 cm length: 1.0 cm, width: 0.5 cm

Berry red, globular, 5-10 mm diam. red, globular, 8-10 mm diam.

Crop per year

Flower
Habitat/Climate resilience

acidic or slightly bitter

Two crops; First flowering in
May
blossoms in October producing

and June, second
more fruits.

pinkish white

Found in lowland to mountain.

Extremely frost tolerant, can

acidic or tart

One crop; Flowering

beginning of June, fruiting

late  August to early
September.
pinkish white
Found in well-drained dry

habitats in arctic and alpine.

tolerate -40°C or lower, poor
growth in areas with warm

summers.

*Information collected from (Vander Kloet 1988; Douglas and Meidinger 2002; Nestby et al. 2019;
Debnath and Arigundam 2020).

1.1.2 Ethnobotany

The use of wild-harvested lingonberry by indigenous peoples has been documented throughout
the circumpolar region, including Nunavut, coastal and interior BC, and Haida Gwaii in Canada
alone (Turner 1975, 1978, 2004; Moerman 2010; Mallory and Aiken 2012; Boulanger-Lapointe
2017). Wild berry-picking is a popular cultural practice among indigenous communities; the
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berries are eaten raw or cooked with oil as a relish and served with meat and fish in traditional
meals. Moreover, according to ethnobotanical surveys from Inuit people, Scandinavians, and
Russian healers, berries and leaves are traditionally used for medicinal purposes as well, such
as disinfecting bladder and kidney, lowering cholesterol level, treating hypertension, rheumatic
diseases, mouth infections, sore throat, ulcers of the mouth, and scurvy (Jun et al. 1993; Cuerrier

2011; Belichenko et al. 2022).

1.1.3 Nutrition and health benefit

A growing body of research has focused on the potential medicinal benefits of lingonberry for
human health such as its anti-cancer (Misikangas et al. 2007; Kondo et al. 2011; Onali et al. 2021;
Zhu et al. 2022), cardioprotective (Isaak et al. 2017), and neuroprotective (Hossain et al. 2016)
properties. The fruits and juice are known to contain varying amounts of nutrients including
phenolic compounds with a high antioxidant capacity (e.g., anthocyanins, proanthocyanidins,
flavanols, simple phenols such as arbutin, coumarins, phenolic acids), triterpenoids (Cso), fatty
acids (alpha-linoleic acid, palmitic acid, stearic acid, oleic acid, linoleic acid, arachidic acid), and
minerals (K, Fe, Cr, Cu, Zn) (Kowalska 2021). Lingonberry fruits contain 315-770 mg/100 g (dry
weight) total anthocyanins composed of cyanidin-galactoside (69—90%), cyanidin-glucoside (2—
10%), and cyanidin-arabinoside (6—23%); they have no peonidin-based anthocyanins which are
common in cranberries (Brown et al. 2012; Amundsen et al. 2021). Stems and leaves are
nutritious as well and can be used to make tea, now readily available commercially (Cuerrier
2011; Ferlemi and Lamari 2016; Raudone et al. 2019). The amount and composition of the above
nutrients vary greatly among individuals and across wild populations (Alam et al. 2018; Amundsen
et al. 2021; Vilkickyte and Raudone 2021), indicating an opportunity to explore their genetic basis,

which may be useful in cultivar improvement.



1.1.4 Cultivation status — Emerging “Superfood”

While many fruit crops have been domesticated for thousands of years (Olver 1999), Vaccinium
berries are considered New World foods with relatively recent histories of domestication (Olver
1999; Edger et al. 2022). In particular, lingonberry has only recently gained recognition as a
potential crop species. Commercial investment for its cultivation was initiated in Sweden around
the 1960s (Hjalmarsson and Ortiz 1998) and the oldest commercial field of lingonberry is in
Germany and has been running since the 1970s (Jun et al. 1993). The selection of wild
populations for cultivation began in the 1980s in Scandinavia (Gustavsson 2001), followed by the
first North American research program investigating its physiological requirements established in
1987 in the US (Stang et al. 1993). Because cultivation strategies are underdeveloped (e.g.,
challenges in machine harvesting), lingonberry products sold commercially are mostly from wild-
harvested fruits rather than domesticated fruits (Penhallegon 2009; Turner et al. 2011). Examples
of wild-harvested fruit include the Finnish forest natural berry stand. There the public can freely
access and pick berries during the harvest season, and about half of its harvest gets processed
into products including jam and juice (“Arctic Lingonberry” 2022). In Canada, lingonberry is
regionally cultivated in Newfoundland and Labrador and in Quebec. A few of the earliest facilities
have been maintained by Agri-Foods Canada Research and Development Centre since 1999
(Debnath 2007b). A recently published news article suggests that lingonberry’s potential value as
a crop species is just getting recognized, and so far there are not enough farmers growing
lingonberries to establish the market in North America (Arnason 2023). Lingonberry products sold

at local grocery stores in BC are generally imported products from Europe (personal observation).

1.1.5 Genome structure

Flow-cytometry based studies found that lingonberry is predominantly diploid (2x) and has 12
chromosomes per haplotype (2n = 24), with an estimated genome size of 550 Mbp (Redpath et

al. 2022). Naturally occurring tetraploid populations (4x, 2n = 48) or triploid individuals have been



recorded (Ahokas 1971; Lyrene et al. 2003; Wakui and Kudo 2021). No complete or draft nuclear

genome assembly has been released for this species to date (https://www.vaccinium.org).

However, its chloroplast genome (Kim et al. 2020) and full-length transcriptome assembly from

berry tissues (Tian et al. 2020) are available.

1.1.6 Genomic and genetic diversity

Lingonberry (V. vitis-idaea) has been observed to frequently hybridize with species in sect.
Myrtillus (V. myrtillus) in southeastern Europe, which is named V. intermedium Ruthe (Vander
Kloet 1988; Bjedov et al. 2015), although contrasting observation of these two species growing in
sympatry without hybrid formation has been made in northeastern Europe (Gailite et al. 2020).
Less commonly, lingonberry can cross with species in sect. Vaccinium (e.g. V. uliginosum) and
sect. Pyxothamnus (e.g. V. corymbodendron) (Bjedov et al. 2015; Ehlenfeldt and Ballington
2018). Natural hybrids of lingonberry with the morphologically similar cranberry (V. macrocarpon)
has not been confirmed, but they produce sterile offspring when crossed artificially (Edger et al.

2022).

The phylogenetic position of lingonberry within the genus Vaccinium is not clear. The earliest
molecular study using two chloroplast genes (matK gene and the nrITS region gene) supported
a sister species relationship of lingonberry with cranberry (Kron, Powell, & Luteyn, 2002; Figure
1.3a), but a recent study using 30 chloroplast and 23 mitochondrial simple sequence repeats
(SSR) markers suggested a different topology where cranberry is the sister group of lingonberry,
farkleberry (V. aboreum), and the rest of the blueberries in the genus (Schlautman et al. 2017;
Figure 1.3b). Whole chloroplast genome comparison supported the latter topology with
cranberries sister to lingonberry, bog bilberry (V. uliginosum), and bilberry (V. myrtillus) (Kim et
al. 2020; Fahrenkrog et al. 2022). A study comparing 507 SSR markers specifically developed for
cranberry showed the sister-group status of a clade comprising lingonberry to huckleberry (V.

ovatum), which is in turn sister to creeping blueberry (V. classifolium) and cranberries (V.
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macrocarpon, V. oxycoccos) (Rodriguez-Bonilla et al. 2019; Figure 1.3d). In their tree topology,
lingonberry is more closely related to cranberry than blueberry, though it should be noted that

they did not include bilberry, so it is difficult to compare those results side by side.

a (Kron et al. 2002)

— V. macrocarpon

Vaccinium clade
— V. vitis-idaea

V. crassifolium

|: V. crenatum

V. meridionale (southern blueberries)

Orthaea/Notopora clade

Myrtillus clade

b (Schlautman et al. 2017) ¢ (Kim et al. 2020, Fahkrenkrog et al. 2022)

E V. arboreum E V. oldhamii
V. angustifolium | blueberries V. bracteatum

— V. fragile
L V. vitis-idaea 4[
V. duclouxii

V. uliginosum

bilberries

— V. oxycoccos V. vitis-idaea

cranberries
= \/. macrocarpon [ V. oxycoccos
V. macrocarpon
d (Rodriguez-Bonilla et al. 2019)

[ V. ovatum

V. vitis-idaea

[ V. crassofolium
V. microcarpum, V. macrocarpon | cranberries

V. stamineum

[ V. angustifolium

V. darrowii, etc.

cranberries

blueberries

Figure 1.3: Published phylogenies of lingonberry (Vaccinium vitis-idaea).

The genetic diversity of wild lingonberry populations has been investigated using several neutral
genetic markers, including random amplified polymorphic DNA (RAPD; Bjedov et al., 2015;

Garkava-Gustavsson et al., 2005; Persson & Gustavsson, 2001), inter simple sequence repeat



(ISSR; Debnath, 2007a; Debnath & Sion, 2009), and microsatellite markers (Gailite et al. 2020;
Wakui and Kudo 2021). These genetic studies suggest that more genetic variation is found within-
population comparisons than among-population or among-regional-populations. More recent
studies have looked at SNPs and ploidy as additional genetic variation measures (Alam et al.
2018; Wakui and Kudo 2021) in an attempt to analyze the correlation between morphological
features and genotypes. This relationship tends to be weak and no significant correlation between
traits and genotypes have been observed (Persson and Gustavsson 2001; Debnath 20073;
Debnath and Sion 2009; Alam et al. 2018), although tetraploid populations seem to consistently
occur in low-latitude areas than high-latitude areas, at least for populations in Japan (Wakui and

Kudo 2021).

1.2 Genus Vaccinium

1.2.1 Phylogeny and species diversity

The genus Vaccinium encompasses over 500 species (Rosindell and Harmon 2012) most of
which were described in the 20" century, including Vander Kloet’'s monograph on North American
Vaccinium species (Vander Kloet 1988). The genus is classified in Ericaceae, subfamily
Vaccinioideae (Kron et al. 2002a). The genus is further divided into many sections based on
geography, morphology, and molecular characteristics (Vander Kloet 1988; Schlautman et al.
2017): sect. Cyanococcus, includes high-bush and low-bush blueberries; sect. Oxycoccos,
American and wild cranberries; sect. Vitis-idaea, lingonberry; sect. Vaccinium, bog bilberry; sect.
Myrtillus, European blueberry or bilberry and huckleberries; sect. Pyxothamnus, tropical blueberry
and evergreen huckleberry; sect. Batodendron, farkleberry. Although the relationships between
sections is not fully resolved (see Figure 1), Vaccinium as a genus is suggested as monophyletic

in the recent microsatellite study (Schlautman et al. 2017).

Most Vaccinium species share the same karyotype with a base chromosome number of n = 12,

and many of them have natural polyploid populations (Hancock, Lyrene, Finn, Vorsa, & Lobos,
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2008; Lyrene et al., 2003; Sultana et al.,, 2020; Vander Kloet, 1988). This lack of major
chromosomal differentiations allows frequent inter- and intra-section hybridization and polyploid
formation (Edger et al., 2022; Vander Kloet, 1988), as well as continuous introgression which
makes delineating the species difficult (Hancock et al., 2008; Lyrene et al., 2003). At the same
time, this characteristic makes Vaccinium species a convenient system to breed for crop
development. In plant breeding, researchers use the term gene pool to describe the diversity of
genetic resources available for a crop plant. The primary gene pool is composed of the main
cultivated species, the secondary gene pool is generally composed of the wild populations or
close relatives of the cultivated species that readily cross, and the tertiary gene pool contains
species close enough in genetic architecture considered to be relevant for exploring new traits
beneficial for the cultivated species (Edger et al. 2022). The more genetically crossable
populations/varieties are within the related species, the larger the size of each gene pool. In
addition, the high species diversity within Vaccinium provides a potential case-study for
investigating evolutionary mechanisms of rapid species radiations (Sultana et al. 2020; Cui et al.

2022).

Although the primary area of research has been breeding for better cultivar development, the
genus has been occasionally investigated in evolutionary studies. For instance, some of the
earlier works analyzed the distribution pattern of satellite repeats among different Vaccinium
species to gain insights about their genome evolution (Sultana et al. 2020). Sultana et al. (2020)
were able to identify some species-specific satellite repeats that likely evolved after speciation. At
the whole-genome level, Cui et al. (2022) explored the tandemly duplicated genes in V. darrowii
— the subtropical blueberry species — which has adapted to a different environment compared to
the temperate species including V. macrocarpon and V. corymbosum. The authors used whole
genome alignments to target gene families that have either expanded or contracted in this
subtropical blueberry compared to V. macrocarpon and V. corymbosum and showed that genes

involved in anthocyanin biosynthesis are relatively contracted in subtropical blueberry. They
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suggested that this may be due to the role of anthocyanins in cold temperature protection, and
the lack of their necessity in the subtropics. They also suggested that expanded gene families
related to DNA repair may be an adaptation to heat tolerance (Cui et al. 2022). Kawash et al.
(2022) similarly investigated genome-wide features of the commercial cranberry species, V.
macrocarpon, but focused on the signatures of selection under crop development compared to
the wild cranberry, V. oxycoccos. They found that the commercial cranberry genes involved in
stress tolerance, such as those responsible for wax layers on leaves that could be protective
against pathogens or UV stress, were under selection during crop development (Kawash et al.
2022). They also found very different sugar composition on anthocyanin molecules between the
two cranberry species; however, the genomic basis or potential biochemical paths involved in

differential anthocyanin production remains uninvestigated.

1.2.2 Use of genomic resource in berry crop development

Blueberries and cranberries are popular commodities that have been steadily increasing in supply
and demand; blueberry production quantity scaled from 145 ktonne in 2000 to 497 ktonne in 2021,
cranberry production scaled from 328k tonnes to 477 ktonne, producing $745M and $456M
market value, respectively, in North America alone (FAO, 2022; Statistics Canada, 2022; USDA
National Agricultural Statistics Service, 2021). Recent reports have highlighted how high-
throughput genotyping is accelerating the breeding efforts of Vaccinium crops. For instance,
marker-assisted selection allows more rapid recombination of traits being targeted. If a marker is
known to be associated with a desirable trait, then the breeders can select for the individuals
specifically carrying that desirable allele to use in the next round of crossing (Torkamaneh et al.
2018). In marker-assisted back-crossing, breeders take the opposite route and attempt to
introduce the desirable allele into an elite cultivar through several generations of back-crossing
(Varshney et al. 2014). Genomic selection allows breeders to predict the outcome at the pre-
breeding stage by applying the knowledge of all the markers and their genetic incompatibilities to

model phenotypic performances. This allows for the selection of seeds or seedlings that have the
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highest breeding value or potential to grow into the most desirable crop, without needing to grow
them into maturity (Varshney et al. 2014). Molecular breeding requires baseline knowledge of the
genome, as well as a genotyped and phenotyped panel to detect associations between genotypes
and phenotypes (Ferrao et al. 2021). In Vaccinium, the regularly screened traits include berry size,
yield, and firmness which is especially a key factor for machine harvestability (Edger et al., 2022).
Current consumer trends, on the other hand, lean towards better berry quality, such as flavour,
rather than the quantity. In this regard, metabolomics-assisted flavour profiing and the
development of a shared platform to compile known metabolites within Vaccinium berries are
becoming today’s industry priorities (Edger et al., 2022; Ferrao et al., 2021, 2020). However,
selecting for such complex traits often requires multiple levels of infrastructure, including sensory
panels, and so the implementation has been slow. Although metabolomics offers a great starting
point to tackle this challenge (Colantonio et al. 2022), multi-omics approaches connecting the ties
between genomics, transcriptomics, and metabolomics could also be considered utilising the

already available genomic resource in the field (Edger et al., 2022).

1.2.3 What else do we know about Vaccinium genomes?

The cultivated species of blueberry is tetraploid V. corymbosum, whose genome assembly was
first published in 2019 (Colle et al. 2019). Although the assembly was resolved to only a scaffold-
level — many gaps and contigs unanchored to pseudomolecules — the study was successfully able
to phase the four sets of homoeologous chromosomes constituting the total of 48 chromosomes.
Using the high sequence coverage and physical linkage data (i.e., Hi-C), the genomic evidence
for its allopolyploid origin through sequence similarity and date estimates from transposable
element (TE) insertions was shown. Moreover, they identified candidate genes playing a role in
fruit development, suggesting tandem duplication as a common mechanism of gene evolution in
addition to whole genome duplication (WGD) in Vaccinium. More recently, two diploid wild
progenitor species to the commercial blueberry genomes were published respectively (Cui et al.

2022; Mengist et al. 2023). Cui et al. (2022) largely supported the finding from Colle et al. (2019)
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through genome alignment and synteny analysis, indicating both an ancient Vaccinium and a V.
corymbosum-specific WGD event. In contrast, the study by Mengist et al. (2023) supported an
autopolyploid origin of tetraploid blueberry, based on a lack of preferential pairing during meiosis.
The observation of mostly quadrivalent pairing provided strong direct evidence that the
commercial blueberry genome had undergone an autopolyploidization followed by substantial
inter-chromosomal translocation and other rearrangements, which could have resulted in the
highly diverged homoeologous sequences seen in previous studies that suggested allopolyploidy

(Colle et al. 2019; Mengist et al. 2023).

The first chromosome-level cranberry genome was published in 2021, V. macrocarpon var.
‘Stevens’ (Diaz-Garcia et al. 2021), soon followed by another chromosome-level assembly
published in 2022 by a different group, sequencing V. macrocarpon var. ‘Ben Lear’ (Kawash et al.
2022). The cranberry genome is diploid, and both studies included one other wild cranberry
species assembly (V. microcarpum and V. oxycoccos, respectively). Both studies also placed
cranberry in a similar phylogenetic position, indicating divergence from the blueberry clade ~10
MYA, although the timing of divergence slightly differs between the two studies. The divergence
between V. macrocarpon and V. microcarpum and V. oxycoccos was suggested to be 4.5 MYA
and 2 MYA, respectively. Note that both studies used Ks (synonymous substitution rate) as the
basis of calculating divergence time, but the latter study tended to have more recent divergence
estimates than the former. Several observations were made in the comparison between V.
macrocarpon and V. oxycoccos in terms of genetic diversity with respect to inbreeding (Kawash
et al. 2022). They performed resequencing of the parents and the inbred commercial lines to see
if there is evidence of reduced genomic diversity, by counting unique heterozygous SNPs. The
wild species was found to contain the highest SNP diversity (99% of the 250 kbp windows
containing unique heterozygous SNPs), as expected, and the commercial lines were much lower
with large variabilities (11-45%). Following selfing, the commercial species dropped in the count

of unique heterozygous SNPs by the first generation — total heterozygous SNP counts became
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about half, and by the fifth generation only a single genomic window had significant heterozygous

sites.

1.3 Genome sequencing and assembly

1.3.1 Historical landmarks

The concept of DNA sequencing dates back to late 1970s when Sanger (Sanger 1975) and
Maxam and Gilbert (Maxam and Gilbert 1977) developed an experimental setup to sequence a
nucleotide base one by one through DNA synthesis or degradation, respectively. Both methods
were highly accurate but were unable to sequence a fragment longer than 2000 bases. This is a
problem when attempting to sequence an entire genome, which can be millions or billions of base
pairs (bp) long. Beginning 2000s, the development of next-generation sequencing (NGS)
technology allowed for a large-scale sequencing through a high-throughput analysis of nucleotide
bases, generating hundreds of millions of reads per run. Early technologies feature short-read
sequencing (e.g., lllumina, 454 pyrosequencing), producing DNA reads of 50-500 bp (Gavrielatos

et al. 2021).

To sequence a whole genome that is longer than those individual reads, a reliable way to properly
order, orient, and put together the sequences — the process called assembly — is necessary
(Simpson and Pop 2015). Staden proposed a shotgun approach to solve this dilemma by
fragmenting the genome randomly into smaller pieces, sequencing in parallel, and reconstructing
the original sequence based on the overlaps (Staden 1979). This idea caught the attention of
early mathematicians to create a computer program to assemble the fragments (Lander and
Waterman 1988). Currently, approaches based on graphical representations which include
Overlap-Layout-Consensus (OLC) graph, De Bruijin graph, and String graph predominate the
assembly workflow, improving the speed and computational cost. However, as the genome size
increases, de novo assembly of short fragments becomes more challenging and computationally

expensive, being prone to errors due to repetitive elements (Gavrielatos et al. 2021). As such, it
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is only recently that the whole-genome assembly became achievable and affordable for highly

heterozygous, polyploid, or large genomes via long-read sequencing technologies.

1.3.2 Genome sequencing in the 215t century

Pipeline overview

Drawing on the growing number of literature on plant genome assemblies published to date, a
novel genome assembly nowadays follows a similar pipeline: 1) DNA is extracted from the
organism of interest; 2) DNA is sequenced on at least one long-read and one short-read
sequencing platform; 3) sequenced reads are de novo assembled into contiguous overlapping
reads (contigs) using computational tools; 4) contigs are corrected for errors and misalignments
by aligning them back to the raw reads (polishing or error correction); 5) additional read mapping
or physical mapping of chromosomes is completed to assemble contigs into larger contiguous

units called scaffolds.
Quality and quantity assessment of sequenced reads

In order to discuss different sequencing platforms available, it is essential to understand what
quantity and quality metrics are used and how they are reported in genome assembly literature.
The quality of sequenced reads is typically represented by Phred quality score or Q score, which

corresponds to the error rate of basecalling defined in a logarithmic scale (lllumina 2011):
Q == _10 loglO P

where P = probability of basecalling error. So, when the probability of basecalling error is one in
a thousand bases, P = — = 0.001 and thus Q = —101log,((0.001) = 30. This means Q30

1000

equals 0.1% basecalling error rate or 99.9% basecalling accuracy.
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The quantity of sequenced data produced from a sequencing platform is typically in the scale of
giga base pair (Gbp, 10°). Since the genome length is variable, how much sequencing data is
adequate completely depends on the organism and the purpose of the study. Thus, the measure
of quantity can also be represented by a unit relative to the genome length of the target organism

called coverage denoted as “X” or “-fold” computed by:

C=LN/G

where C = coverage, L =read length, N = number of reads, G = haploid genome length (Lander
and Waterman 1988). When sequencing is performed for assembly purposes, we describe the
amount of data used to assemble by coverage or depth. These terms can be used
interchangeably (Sims et al. 2014), with the idea being how many times the exact same location
of the genomel/transcriptome is sequenced. Coverage often describes the average number of
reads that would theoretically cover the same positions in the genome using alignment to a
reference genome, whereas depth is used more generally to describe the total number of reads
generated without necessarily mapping to a reference sequence (lllumina 2022). For instance,
we estimate raw read depth from a sequencing run by taking the number of total base pairs of the

data divided by the estimated genome length.

1.3.3 Sequencing platforms

While multiple options exist for NGS platforms, lllumina (Harris et al. 2008) represents the most
widely used high-throughput short-read sequencing platform that generates a consistently
accurate sequencing data (Q 230) with read length of 150-300 bp (lllumina 2011). lllumina uses
sequencing by synthesis, which means the enzymatic reaction by DNA polymerase that adds
complementary bases to the 3° OH group is monitored and recorded using fluorescently tagged
deoxyribonucleotides (dNTPs). In contrast to the previous methods that required parallelizing
each reaction step for each DNA template, this technology monitors and records the signals from

each template strand separately, allowing fast and simultaneous sequencing (Harris et al. 2008).
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Although lllumina generates large amounts of data and is the dominant sequencing platforms in
genomics, the state-of-the-art sequencing methodology for genome assembly is long-read
sequencing (Pucker et al. 2022). Plant genomes are often challenging to assemble due to large
size and high proportion of repetitive elements. During assembly, individual reads are linked
together by overlap or similarity. For reads containing repetitive regions, a potential overlap exists
for each copy of the repeat leading to uncertainty in true position, and ultimately a fragmented
assembly. The solution to this challenge is having a read long enough to span an entire repetitive
region. In this case, read linking is done using the single-copy regions flanking the repeat region,
which can be unambiguously joined with other reads. Ultimately this produces a more continuous
genome assembly. Two competing long-read sequencing platforms today are single-molecule
real-time sequencing or SMRT sequencing by Pacific Bioscience (PacBio) and nanopore

sequencing by Oxford Nanopore (ONT).

PacBio uses sequencing-by-synthesis similar to the traditional Sanger sequencing and lllumina
technology, except the incorporated dNTPs are attached to a fluorophore through phosphate
group so that it does not hinder the native enzymatic reaction of DNA polymerase, maximizing its
fidelity and speed (Eid et al. 2009). With the zero-mode waveguide invention that helps to observe
fluorescence at a nano-scale (Levene et al. 2003), it enabled the detection of the fluorescence
from the incorporation of a single base pair, in comparison to lllumina which detects the signal of
multiple incorporation together in order for it to reach the detection limit. By design, SMRT
sequencing allows DNA template to be sequenced as long as the DNA polymerase stays active
at the zero-mode waveguide reaction site, resulting in read length of 10s of kbp which is a
significant increase from ~300 bp in short-read technologies (Eid et al. 2009). With the improved
circular consensus sequencing mode, where the same DNA molecule is read multiple times by

the enzyme, the accuracy consistently exceeds 99.9% (>Q30) (Wenger et al. 2019).
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On the other hand, ONT uses a completely different approach to sequence a DNA molecule. It
focuses on the chemical differences between nucleotide bases themselves. DNA is fed through
a nanopore and the resulting changes in electric current are recorded and analyzed to identify the
base pair sequence. In the conventional library preparation stage (Ligation Sequencing Kit-110
or older), adapters are ligated to the DNA, one side of which is attached to a motor enzyme and
the other is looped by a hairpin. The adapter-ligated DNA molecule is then attracted and captured
by the nanopore where the dsDNA is unwound, and one strand is guided to pass through the
pore. When the motor enzyme reaches the adapter, ideally, the strand switches and the
complementary strand starts passing the pore. When the complementary strand is successively
sequenced, these paired sequences connected by the adapter sequence can be obtained, also
called duplex reads. Duplex reads would provide a breakthrough in terms of read accuracy as
reading the complementary strands consecutively substantially improves the basecalling
accuracy (Lawrence 2022). This, in theory, is possible for all dsDNA that pass through the pore;

however, the duplex reads are currently only a minor proportion of all reads.

The original version R9.4.1 of MinlON sequencer (Oxford Nanopore, OX4 4DQ, UK) has one
electric sensor in the nanopore reading barrel producing simplex read basecalling accuracy of
~98% (~Q17) and duplex reads are rarely observed, possibly due to the failure in ligation of hairpin
loop during the library preparation and/or interference in signal caused by other secondary
structures of DNA and artifacts (Oxford Nanopore, 2021). The improved R10.4 version features
the dual reader barrel where the electric signals of DNA strand is recorded at two locations within
the nanopore, increasing the accuracy of simplex (one strand) basecalling, specifically for
homopolymer regions because a longer portion of the DNA molecule is monitored at a time
instead of a single point (Oxford Nanopore, 2020). Additionally, the new library preparation (LSK-
114) potentially provides a solution to duplex sequencing by encouraging the natural flow of the
complementary strand passing after the template strand without using hairpins. It instead ligates

adapters on both sides of the DNA molecule with a tether that secures DNA on the membrane
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where the nanopore is located. This greatly increases the likelihood of the complementary strand
being read successively following the template strand: up to 40% of the reads have been reported

as duplex (>Q29) (Oxford Nanopore 2021).

1.3.4 Genome assemblers

In parallel to the advancements in sequencing platforms, advancements in computational
technology have also been made rapidly in recent years. In contrast to the first ever assembled
genome of a plant species, Arabidopsis thaliana (~125 Mbp), which took over ten years of
assembling efforts with several world-class laboratories in collaboration (The Arabidopsis
Genome Initiative, 2000), now a plant genome assembly of the comparable size can be performed
solely by computer software (de novo assembler) within a few hours (Gavrielatos et al. 2021). In
the next few sections, | will discuss the currently available de novo assemblers that perform the
assembly procedures solely from sequenced reads. | will focus on the algorithms as well as the

main advantages and limitations for each type of assembler.

Canu (Koren et al. 2017) — a fork of the conventional Celera assembler used in the Human
Genome Project — represents by far the most accurate and thorough assembler with strict
requirements for base call accuracy and overlap quality of the raw reads. At the same time, the
software is optimized to work with the relatively noisy, high-error-rate long-reads so that it can be
applied to PacBio and ONT data. The first step in Canu assembly pipeline corrects the input raw
reads by detecting base-by-base overlaps using the MinHash alignment process (MHAP). This
alignment algorithm uses weighted k-mer distribution to find candidates for overlaps. Multiple
rounds of such error correction are done to ensure that all the reads used in the assembly are
accurate and have enough coverage. Corrected reads are then trimmed to remove unsupported
bases, hairpin adapters, chimeric sequences, and other anomalies present in the dataset. Then
finally the software applies the greedy “best overlap graph” approach to pick the best assembly

(i.e., the longest overlap of reads).
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If the raw reads are accurate and abundant (~40X coverage), Canu does a great job at
assembling the genome correctly. Because of rigorous error correction and trimming,
misalignments and misassembly is rarer than any other tools introduced below. However, Canu
requires the most computational resource as the MHAP is a memory-intense process (Chen et
al. 2021). The fundamental approach used for its assembly algorithm is the OLC graph, which
requires the computer to keep track of all the reads with overlaps and find the longest connected
path without breaks. The best path is basically chosen based on consensus of all the read
fragments in the dataset (Simpson and Pop 2015). When it encounters repeats, the program flags
it as a suspicious overlap and makes breaks in the assembly, creating many contigs made of
repeats that are then left out until the end (i.e., they are never assembled into longer contigs).
Moreover, Canu error-correction may be too strict and so may not retain any valid reads or overlap
candidates when there is not enough sequencing data (i.e., low coverage). Particularly important
given the poor accuracy of ONT reads, Canu trims reads with low accuracy and consequently

reduces the raw read length — reducing the main strength of ONT (Chen et al. 2021).

To accommodate such issues with ONT reads, several programs such as Miniasm (Li 2016),
SmartDenovo (Liu et al. 2021), wtdbg2 (Ruan and Li 2020), and Flye (Kolmogorov et al. 2019)
attempt assembly first then correction. Miniasm works by using minimap2 (Li 2018) all-vs-all read
mapping, less sensitive trimming of reads so that regions covered by three good mappings are
retained, and assembly using the OLC approach. Although it is fast, Miniasm has drawbacks as
it skips the sequence consensus step in OLC. This creates more erroneous overlaps due to
sequencing errors or repetitive regions. In addition, ambiguous overlaps are merged at the end
to produce unitigs, which can also introduce misassemblies (i.e., frequent collapse of repeats and
segmental duplications) (Li 2016; Sun et al. 2021). SmartDenovo works similarly to Miniasm, but
it adds a homopolymer compressed k-mer counting function at the all-vs-all read mapping stage
(Liu et al. 2021). This targets the inaccurate homopolymer regions in the ONT data sets and

improves the assembly accuracy compared to Miniasm. Moreover, it stores the OLC graph to
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clean up and rescue missed overlaps to maximize total length of valid overlaps before moving
onto assembly. Wtgbg2 avoids the memory-intensive base-by-base mapping by first counting the
k-mer occurrence and binning the reads into 256 bp sequences as one unit. It then constructs the
fuzzy Brujin assembly graph by all-vs-all alignment between binned reads (Ruan and Li 2020). In
this way, it effectively performs consensus sequence detection while retaining mismatches and

gaps when needed.

Flye (Kolmogorov et al. 2019) is an alternative assembler developed for ONT data. Flye utilizes
a strategy called disjointigs which allows it to extend the overlapping sequences with potential
mismatches, errors, or gaps as contigs. This significantly reduces the computational load (i.e., it
can perform faster and is less memory intensive) and increases the length of contigs from error-
prone ONT reads compared to OLC or de Brujin graph-based approaches mentioned above. It
then performs self-alignment of the concatenated disjointigs to identify repetitive sites and build a
repeat graph. The repeat graph then resolves highly repetitive regions by looking for small
differences between repeat sequences through multiple rounds of read correction. Due to the
initial step not involving error correction and rigorous base-by-base alignment like MHAP, Flye
fully maximizes the long read length of ONT. By taking the repeat graph approach, it can generate
long contigs in a short time with high confidence which was previously impossible to do with only
short-read data. However, the drawback of Flye is limited accuracy and potential misassembly.
Because ONT raw reads are error-prone, the individual reads can contain numerous incorrect
base pair assignments. When erroneous reads are combined as a contiguous sequence, the
resulting contig could be completely a false overlap. Moreover, resolving minimal differences

between repeat copies is nearly impossible with inaccurately basecalled ONT reads.

1.3.5 Post-assembly process

Polishing
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As genome sequencing is never perfect, error correction or polishing of assembled draft genome
is important, even when integrated into assemblers as described above. If the assembly based
solely on ONT long-reads were used for variant calling, there is at least 1% error rate in predicted
indels (insertions and deletions), meaning one in 100 detected indels are false positives created
by sequencing error (Oxford Nanopore, 2021). A few programs are specifically designed to polish
the genome after draft assembly, and most importantly this can be done with short-read data to
compensate for the errors produced by long-read technologies. Pilon is a representative polishing
tool that provides error correction based on paired-end lllumina reads (Walker et al. 2014). The
ONT sequencer measures the changes in electric current, which struggles to accurately basecall
when it encounters low complexity regions such as homopolymers (Delahaye and Nicolas 2021).
While Illumina can use counts to determine how many C’s were present in a row through
fluorescence, for example, ONT needs to estimate how many C’s might have passed the pore
based on the constant current pattern in the given time recorded. The latter is challenging because
the DNA translocation speed is not always the same and depends on the condition, and
basecalling algorithms are still not perfect (Delahaye and Nicolas 2021). Additionally, ONT tends
to make small indel errors, which are rare occurrences in lllumina data. Because common lllumina
errors are associated with random point mutation caused by PCR (polymerase base pair
mismatch) or DNA damage during library preparation (Stoler and Nekrutenko 2021), often a
polisher like Pilon can significantly improve the draft genome assembly by identifying potential
base errors through alignment of short-reads and evaluating pileups, then correcting the potential

misassemblies caused by the indel errors (Walker et al. 2014).

Although the basecalling accuracy of a draft genome assembly can be significantly improved with
long-read data only (such as NextPolish; Vaser et al. 2017, Racon; Hu et al. 2020), the higher
accuracy provided from short-read data is beneficial when performing any kind of downstream
analysis. False positives can inflate the genomic divergence between compared species, for

example, and can easily overestimate their divergence time. Artificial indels or nucleotide variants
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introduced due to sequencing errors can result in frame-shift mutations or incorrect gene
annotations. Therefore, it is important to minimize basecalling errors as much as possible. Given
the reduced cost of short-read sequencing and the significant improvement in accuracy by
incorporating the data, the current standard for de novo genome assembly is to use the hybrid

approach to polish the assembly.

Phasing and polishing haplotigs

In early genome sequencing efforts, samples would be selected that had little or no
heterozygosity, for example inbred lines (e.g., Kawash et al., 2022). In this case, a single haploid
reference genome was produced which selected one parental allele in heterozygous positions
(Whibley et al. 2021). For diploid heterozygous samples, fully assembling separate parental
chromosomes is highly challenging due to their similarity. For instance, with 0.5% heterozygosity,
a typical value for many organisms, that means the two parental copies are ~99.5% identical. One
approach for solving this challenge is using inheritance information. If both the maternal and
paternal genomes are sequenced, then reads in the offspring can be partitioned into bins
corresponding to maternal and paternal genomes (e.g., Trio Binning (Cheng et al. 2021)). Some
existing assemblers using PacBio HiFi reads have a diploid-aware mode to generate a phased
genome assembly by determining primary haplotype and alternate haplotype from a single
heterozygous individual sample (e.g., FALCON, HiCanu, HiFiasm). These programs attempt to
first produce the best assembly, aligns reads again to the best reference assembly, and then the
bubbles in the assembly graph created by polymorphisms are used to identify heterozygous sites.
The partially assembled reads (contigs separated by the bubbles) are then split into two separate
graphs to perform assembly independently for each chromosome copy (Duitama 2023). However,
this algorithm relies heavily on the raw reads basecalling and variant calling accuracy and so the

accuracy is not guaranteed with more error-prone ONT reads.
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Without correctly phasing the genome, parental chromosomes may or may not be collapsed
together during assembly. If they are not collapsed, this can lead to false duplications, also known
as haplotigs, particularly when the studied genome is highly heterozygous (Rhie et al. 2021).
These would lead to misinterpretation regarding gene duplication, structural variation, and so on
in the downstream analysis. Phasing the assembled genome or at least minimizing the dual
presence of the same region of the genome in a haploid assembly is therefore very important.
Tools such as purge_haplotigs (Roach et al. 2018) have been developed to assign whether a
duplicated contig is truly a duplicate or a haplotig. This uses read depth data from the raw reads
mapped to the draft genome assembly and flag contigs as primary contig (1X), suspect contig
(~0.5X because it is heterozygous), or artifactual contig (too low or high coverage). After self-
alignment of those suspected contigs and determining which should be a haplotig or repetition,
redundant haplotigs are purged and combined with primary contigs to produce a curated haploid

assembly.

Scaffolding

De novo assemblers typically generate thousands of contigs, but to produce chromosome-level
assemblies that are gap-free, additional steps are taken to scaffold them. One way is using a
reference genome assembly from closely related species to align, orient, and order fragmented
contigs. Ragtag (Alonge et al. 2019) is an example of reference-based scaffolding software that
does this. While this is efficient and relatively fast to do, it comes with some drawbacks. The
quality and accuracy of the assembly depends on that of the reference genome assembly used.
If the reference genome was not correctly assembled, then this could lead to inflated
misassemblies with the input contigs. Another concern is how diverged the study organism is from
that of the reference genome. A divergent reference genome may lead to a scaffolded genome

that is structurally more similar to the reference used, than the true genome structure. To scaffold
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the contigs more directly without using a reference genome, a few physical mapping approaches

have been developed, including Hi-C, genetic marker mapping, and optical mapping.

Hi-C or the chromatin conformation capture is the most common scaffolding methods used in the
modern chromosome-level genome assembly work (Whibley et al. 2021). This method works
under the assumption that regions in the genome that are physically close together in the nucleus
makes the most physical contact with each other (Belton et al. 2012). To capture those physical
contacts, Hi-C protocol first fixes chromatin in place, then uses cross-linking enzymes to connect
nearby DNA sequences. The resulting sequencing library produces read pairs that link together
genomic regions that are physically nearby. After processing, the amount of read pairs linking
regions is used as a measure of proximity in the genome and is used to order and orient contigs.
Although this method is reliable and has been applied in numerous genome assembly projects,

the cost and complexity of the library preparation procedure restricts its uses.

Quality assessment of assembled genome

Intuitively, a complete reference genome assembly should include nearly all sequences placed
onto chromosome-level contigs. But this has proven very challenging to achieve, as shown by the
fact that the truly gapless complete human haploid genome assembly was just recently achieved
20 years after the initial reference genome assembly (Lander et al. 2001; Nurk et al. 2022). So
how do we know if a genome assembly is good enough? How do we judge which assembly is
better than the other? Several metrics for assembly are typically presented in de novo genome
assembly papers: total assembly size, number of contigs/scaffolds, N50 score of
contigs/scaffolds, BUSCO score, and number of genes annotated. The total genome size can be
reliably estimated either experimentally using flow cytometry or computationally using NGS
coupled with kmer analysis (Redpath et al. 2022), and an assembly larger or smaller than the
expected size can indicate uncollapsed haplotigs or overly-collapsed repeats respectively. Flow

cytometry estimates genome size using a DNA specific dye and measures the amount of
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fluorescence emitted from isolated nuclei (Hare and Johnston 2011). Kmer spectrum, or the
distribution of DNA length k, can be acquired from NGS data and used to estimate the total
genome length as well (Chor et al. 2009; Simpson 2014). The number of contigs indicates how
fragmented the resulting assembly is; fewer contigs mean a more contiguous assembly.
Ultimately, the goal of genome assembly is to have the scaffold number matching the known
chromosome number. The N50 score indicates that 50% of the total assembly length is contained
in the contig or scaffold of at least this length. The N90 score is similar but represents 90% of the
total assembly length. The last common way to assess genome completeness is to look for genes
that should be present. Benchmarking Universal Single-Copy Orthologues (BUSCO) genes are
highly conserved genes found in nearly all organisms. The BUSCO score describes whether

these genes are present in the genome (Simao et al. 2015) — the details are described below.

1.3.6 Genome annotation

Once a genome is assembled, the next step is to understand what is in the genome. Annotation
allows much broader applications in the downstream, including studies to infer phylogeny or gene
orthology or address ecological questions such as selection and adaptation. Genome annotation
identifies where genomic features are in the genome, for example transposable elements (TEs)
and genes. It also provides information about those elements, such as gene identifiers and their
protein coding products. Transposable elements are identified by unique structural components
such as the known transposase sequences or tandem repeats (Bourque et al. 2018), which can

be identified by screening a database of known TEs (e.g., Ou and Jiang 2018; Flynn et al. 2020).

There are two main approaches to identifying genes: 1) intrinsic or the ab initio predictions and 2)
extrinsic or evidence-based approaches with proteins and/or transcripts. The intrinsic approach
is a method that predicts gene structures solely from the nucleotide sequence (Ejigu and Jung
2020). Example programs include GlimmerHMM and Augustus (Stanke et al. 2006). The extrinsic

approach, sometimes called the similarity-based approach, relies on information outside of the
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genome sequence. For example, it can involve aligning sequenced mRNA to the genome, and
guiding gene identification based on this (Ejigu and Jung 2020). While this works for many genes,
it can struggle to identify all splice isoforms for a gene or identify genes with sporadic or low
expression levels that may not be captured in RNA sequencing. Intrinsic annotation methods do
not suffer from this issue, but rely on accurate gene models, which can vary between species.
For species evolutionarily distant from well-studied species, these gene models may be less
accurate. Some popular modern approaches often use a hybrid annotation pipeline, such as
BRAKER and MAKER pipelines, where they start with an ab initio prediction using trained sets of
gene models, then correct the prediction based on external evidence (Cantarel et al. 2008; Brina
et al. 2021). A recent comparative study recommends the use of both intrinsic and extrinsic

methods (Vuruputoor et al. 2022).

Lastly, BUSCO scores are useful to assess the completeness of genes annotated. The score
counts the presence of complete, duplicated, fragmented, and missing single-copy orthologs that
are found in >90% of the species within a taxonomic lineage (Waterhouse et al. 2013; Siméo et
al. 2015). Complete BUSCO indicates that the gene was found in the query sequence at an
above-expected alignment score and length, and the gene can be either single-copy or
duplicated. Fragmented BUSCO, on the other hand, indicates the partial presence of gene that
does not quite reach the alignment minimum, which could be due to incompleteness or significant
base pair mismatch. Any orthologs that do not count towards the above categories are considered
missing orthologs that should be present if the query organism is in the chosen lineage.
Consequently, a large amount of missing BUSCO genes indicates the incompleteness of the
query genome assembly or gene annotation. The current version of BUSCO offers a eudicot
dataset (eudicots_odb10) composed of 2,326 conserved genes found across 31 species (Manni

et al. 2021).
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1.3.7 Summary — what is the best practice?

Several benchmarking studies comparing different assembler and polisher performances have
been published (such as Sun et al., 2021; J. Wang et al., 2021), but with the fast pace of new
tools being developed every year, the best assembler and the associated combination of polishing
practices is up to the user’s judgement. In addition, since different biological systems have unique
genomic properties (e.g., size, ploidy, heterogeneity, GC content, repeat content), such
benchmarking studies often conducted with bacterial or human genomes might be inapplicable

for plant genomes.

1.4 Why lingonberry genome assembly matters

This literature review has highlighted some of the knowledge gaps that exist in lingonberry and
Vaccinium research in general, including its phylogenetic relationships with other species in the
genus and the under-investigated genomic diversity and subspecies divergence. Considering the
depth of morphological, phenological, and biochemical analyses underway, there is comparatively
little knowledge on lingonberry genomics. Many untouched questions regard the links between
these observable phenotypes and genomic signatures, which could take advantage of the
genomic resource | describe in the next chapter. For instance, why is the anthocyanin content so
variable depending on the individuals? Why are there such significant morphological differences
between the North American and European lingonberries? How did they become separate
subspecies and why are they (not) mixing? The reference genome assemblies for lingonberry
will, therefore, not only provide useful basis of molecular breeding (e.g., development of
lingonberry-specific genetic markers for cultivar selection and improvement) but also add

lingonberry as a study system to research edible wild berry diversity in North America.
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Chapter 2: Unveiling the evolutionary history of
lingonberry through genome sequencing and assembly of
European and North American subspecies

2.1 Scope of the project

Vaccinium vitis-idaea L., commonly known as lingonberry or cowberry, is an evergreen dwarf
shrub that has cultural, economic, and ecological importance. The bright-red coloured berries
have been consumed among Indigenous communities in northern North America and
Scandinavia as a relish and served with meat or fish in traditional meals (Turner 1975; Moerman
2010; Vaara et al. 2013). Berry picking has been a cherished cultural practice and nowadays
people commonly preserve berries as jams and process them into pastries like tart or cookies,
which are becoming more readily available commercially (“Arctic Lingonberry” 2022). A growing
body of research suggests that lingonberry fruits have medicinal benefits to human health such
as anticancer, cardioprotective, and neuroprotective properties (reviewed in Kowalska, 2021).
Other studies have also described lingonberry leaves to have medicinal value for potential natural
products discovery (Cuerrier 2011; Ferlemi and Lamari 2016; Raudone et al. 2019). Despite a
long history of utilization as a culturally important food source and its recognized health benefits,

the domestication of lingonberry is at its infancy in North America.

As an evergreen boreal forest understory species, lingonberry mainly propagates vegetatively by
forming a mat-like clonal communities through rhizomes (Hjalmarsson and Ortiz 1998), or
sexually through seeds which is primarily driven by insect pollination (Jacquemart and Thompson
1996). The species has two recognized subspecies (ssp.) based on their geographical origin: V.
vitis-idaea ssp. minus and ssp. vitis-idaea, and the species is widely distributed in the circumpolar
region (Figure 1.1). The European subspecies, ssp. vitis-idaea, currently has active breeding
programs with more than a dozen cultivars available for commercial production, with improved
yield and berry size (Penhallegon 2009). The North American ssp. minus, on the other hand, is

considered a wild plant and little breeding efforts has taken place. The two subspecies are
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distinguishable based on several morphological differences (Table 1.1) as well as genetic
differences (Garkava-Gustavsson et al. 2005; Debnath 2007a). The extent of genomic differences
between the two subspecies has not been studied before, and it is somewhat unclear whether

they occur sympatrically in the overlapping ranges.

Long-read sequencing technology has fueled exponential growth in the assembly of plant

genomes (https://www.plabipd.de/timeline1_view.html); there are at least 1,205 unique flowering

plant species genomes assembled at higher than scaffold-level (NCBI search terms:
“Magnoliopsida (flowering plants)” “scaffold+”, by May 24™ 2023) and this number is likely
underestimated because some genomes may not be deposited in the NCBI archive. The use of
long-reads has been particularly relevant for plant genomes due to their high repeat proportion
and propensity for polyploidy. Within Vaccinium, high quality genomes have been assembled for
nine species (Colle et al. 2019; Diaz-Garcia et al. 2021; Wu et al. 2021; Yu et al. 2021; Cui et al.
2022; Kawash et al. 2022; Yang et al. 2022; Mengist et al. 2023), and there is an ongoing
pangenome project for cultivated blueberry and cranberry involving 32 cultivars (Edger 2023). In
contrast, genomics research on lingonberry is at its infancy; only a handful of genetic, chloroplast
or mitochondrial genomic studies have been conducted (Garkava-Gustavsson et al. 2005;
Debnath 2007a; Gailtte et al. 2020; Kim et al. 2020; Tian et al. 2020). My goal is to provide useful
genomic resource to the lingonberry community, through genome assembly of the two distinct
subspecies: Vaccinium vitis-idaea ssp. vitis-idaea and ssp. minus. To achieve this goal, my

specific objectives are:

1) To assemble the genomes of two lingonberry subspecies to chromosome level and define
the genomic differentiation between the two subspecies.

2) To explore the demographic history of the two subspecies and infer their divergence time.
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3) To annotate the genome with genes using RNA sequencing and perform functional
annotation using orthologous genes in model systems, then further quantify expression
levels of important enzymes in anthocyanin production.

4) To compare the lingonberry genome to other related Vaccinium species (e.g., V.
macrocarpon, V. darrowii, V. corymbosum, V. myrtillus) and clarify its phylogenetic

position.

The resources created from my project are being made publicly available, in the hope of furthering
our understanding of lingonberry evolution and aiding the future breeding efforts by accelerating

the molecular screening of lingonberry cultivars.
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2.2 Materials and methods

2.2.1 Plant material

The clones of a commercial lingonberry plant (Vaccinium vitis-idaea L. ssp. vitis-idaea var. ‘Red
Candy’) were obtained from Lochside nursery (Victoria, BC) in September 2021 and July 2022
and kept in the greenhouse, designated as LC1 and LC2, respectively. The original plants were
claimed to be collected from a wild-grown stand (location unknown). The wild lingonberry clone
(V. vitis-idaea L. ssp. minus) designated as LW1, originally collected from Baie-Trinite, Quebec,
Canada (Latitude: 49° 25'N; Longitude: 67° 18'W; Debnath, 2007a) was obtained from
collaborators at Agriculture and Agri-Food Canada St. John’s Research and Development Centre,
NL, and kept in the greenhouse. The three accessions were vouchered and deposited at
University of Victoria herbarium collection: LC1 = UVIC 48749, LC2 = UVIC 48750, LW1 = UVIC

48751, respectively.

2.2.2 High-molecular-weight DNA extraction

Young and mature shoots were excised from each subspecies (LC1, LW1). The leaves (1-2 g dry
weight) were collected from shoots and wiped with 70% ethanol prior to extractions. The sterilized
leaves were flash-frozen in liquid nitrogen and ground into fine powder using mortar and pestle
(~5 min). High-molecular-weight (HMW) DNA was extracted using Nucleobond® HMW DNA
extraction kit (Takara Bio, San Jose, CA) following the manufacturer’s protocol, with double the
amount of starting material and the buffers accordingly. The DNA was then size-selected using
Short Read Eliminator — size XS or normal kit (Circulomics, PacBio, Menlo Park, CA) to remove
fragments smaller than 10 kbp or 25 kbp, respectively. The extracted DNA was assessed for
quality using Qubit (Invitrogen, Qubit® 2.0 Fluorometer) and Nanodrop (Thermo Scientific,

NanoDrop® Spectrophotometer ND-1000) and stored at 4 °C until sequencing.
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2.2.3 RNA extraction

Total RNA was extracted for the commercial lingonberry clones, LC1 or LC2, in the greenhouse
from five tissue types: young expanding leaf (LC1), flower (LC2), unripe berry (greenish white;
LC2), ripe berry (red; LC2), and rootstalk (underground rhizome; LC2). Note that the rootstalk was
technically an underground shoot, but it does not have green leaves. The root tissue could not be
sampled due to soil contaminations and difficulty in extracting enough root mass without killing
the plant. For leaf and flower samples, a modified CTAB protocol was used to isolate RNA (Muoki
et al. 2012; Yoshida et al. 2015). For rhizome, Spectrum™ Plant Total RNA Kit (Sigma) was used
to extract RNA according to the manufacturer’s protocol. For berries (LC2), a modified CTAB
protocol optimized for bilberry was used to isolate and purify RNA (Jaakola et al. 2001). Due to
low recovery of pure RNA, the unripe and ripe berries were combined to make up one berry

sample in my study, resulting in a total of four RNA samples prepared for sequencing.

2.2.4 Sequencing

Long-read sequencing libraries were prepared with the Ligation Sequencing Kit (SQK-LSK110 or
SQK-LSK114, ONT) which were then sequenced on MinlON Flow Cell R9 (FLO-MIN106D) or
R10.4.1 (FLO-MIN114), respectively, following the manufacturer’s protocols. For LC1, a total of
three runs were performed on a single R9 flow cell, each run followed by a washing step (Flow
Cell Wash Kit; EXP-WSHO004). Additionally, three runs were performed on a single R10.4.1 flow
cell with ‘accurate (250 bp per second) sequencing mode. For LW1, a total of ten runs were
performed on three R10.4.1 flow-cells with ‘accurate (250 bp per second)’ sequencing mode. All
the raw output FAST5 reads were then basecalled using Guppy basecalling software

v6.1.2+e0556ff (https://nanoporetech.com/) and minimap2 v2.22-r1101 (Li, 2018) using the super

accurate or ‘sup’ model (-c dna_r9.4.1_450bps_sup.cfg). For reads generated with R10.4.1 flow
cells, the reads were further duplex-basecalled according to the Guppy Duplex-basecalling

pipeline v6.3.8+d9e0f64 (https://nanoporetech.com/). In brief, raw FAST5 files were basecalled
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using the ‘fast’ model (dna_r10.4_e8.1 fast.cfg), and the duplex candidates were listed as read-
pair candidates. Those reads were then duplex-basecalled by Guppy-duplex. The remaining
reads were identified on the simplex reads already basecalled with the ‘sup’ model
(dna_r10.4_e8.1_sup.cfg) using a custom perl script, and finally the duplex basecalled reads were
combined with the duplex-filtered simplex reads. The generated FASTQ files were concatenated
as a single raw-reads output for the downstream procedures. Note that the raw basecalled reads

were filtered by the mean >Q10 prior to concatenating.

For short-read sequencing, the extracted DNA and RNA samples were sent to the Michael Smith
Genome Sciences Centre at UBC for sequencing. The DNA library was prepared as a PCR-free
genome and was sequenced on lllumina NovaSeq paired-end mode, targeting 75M individual
reads per sample. The RNA library was prepared using the PolyA+ mRNA Library Construction
service provided and sequenced on lllumina NovaSeq paired-end mode, targeting 50M reads per
sample (LC1 leaf, LC2 flower/berry/rootstalk). The raw output FASTQ files were visually quality

checked with fastqc v0.11.9 (Andrews 2019).

2.2.5 Assembly and polishing

Several different assemblers and polishing methods were implemented to achieve the best
assembly result. The assemblers Flye v2.9-b1778 (Kolmogorov et al. 2019), Miniasm v0.3.r179
(Li 2016), wtdbg2 v2.5 (Ruan and Li 2020), SmartDenovo v1.4.0 (Liu et al. 2021), and Canu v2.2
(Koren et al. 2017) were tested. | have done the assembly with the above five programs and |
picked the best assembly method based on the one with the least number of total contigs and the
longest N50 value. The final assembly pipeline for each subspecies is as follows. For the
commercial lingonberry or LC1 assembly, initial draft genome was assembled with SmartDenovo
v1.4.0 (Liu et al. 2021), polished with the ONT reads three times using NextPolish v1.4.0 (Hu et
al. 2020) and with lllumina reads three times using Pilon v1.24 (Walker et al. 2014). In brief, the

raw FASTQ paired-end reads were first filtered and trimmed using Trimmomatic v0.39 (Bolger et
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al. 2014)(the parameters used were ILLUMINACLIP:TruSeq3-PE.fa:2:30:10:2:True
SLIDINGWINDOW:4:15 LEADING:3 TRAILING:3 MINLEN:36). The successfully paired reads
were aligned to the respective long-read polished draft genome using BWA mem v0.7.17 (Li,
2013), then sorted and indexed with samtools v1.10 (Danecek et al. 2021) prior to polishing with
Pilon for a total of three rounds with default parameters. Last, haplotigs and other redundant
contigs were removed using purge_haplotigs v1.1.2 (parameters -l 5 -m 42 -h 95 -j 70 -s
70)(Roach et al. 2018). For the wild lingonberry or LW1 assembly, raw ONT reads were corrected
and trimmed with Canu and then assembled by SmartDenovo. The draft assembly was similarly
polished with ONT reads using NextPolish three times, with lllumina reads three times using Pilon
(same parameters as LC1), and haplotigs were removed using purge _haplotigs (paramters -I 5 -
m 40 -h 95 -j 70 -s 70). Note that each polishing step was done up to three rounds, or until before
the BUSCO score started to decline. The de novo assembled genome was then scaffolded to
chromosomes based on mapping contigs to the bilberry genome (V. myrtillus; C. Wu et al., 2021),
using Ragtag v2.1.0 (Alonge et al. 2019). | did not enable the ‘correction’ mode on Ragtag,
meaning it was not looking for potential misassemblies in the de novo assembled contigs because
“misassemblies” may represent genome structure differences between bilberry and lingonberry.
The final genome assembly was assessed for contiguity (N50, N90 values), per-base accuracy
(QV score or consensus accuracy, error rate) and completeness (BUSCO %) using BBMap
v38.86 (Bushnell 2014), Merqury meryl v1.4 (Rhie et al. 2020) and BUSCO v5.1.2 with
parameters: --lineage_dataset eudicots_odb10, --mode genome (Simao et al. 2015; Manni et al.

2021), respectively.

2.2.6 Gene and TE annotation

Adapter trimming of lllumina RNA reads was performed by Trimmomatic v0.39 (Bolger et al. 2014)
(parameters used are ILLUMINACLIP:TruSeq3-PE.fa:2:30:10:2:True SLIDINGWINDOW:4:15
LEADING:3 TRAILING:3 MINLEN:36). The quality of RNA reads was visually checked with fastqc,

making sure that there was no sequence bias or decline in read quality throughout. The reads
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were then aligned to the scaffolded genome including all contigs using Hisat2 v2.2.1 with default
parameters (Kim et al. 2019). Additionally, published transcriptome data from V. vitis-idaea var.
‘Sunna’ (green, white, red berries) was collected (Tian et al. 2020) and aligned to the LC1
genome. Following alignment, transcript assembly was performed using StringTie v2.1.5 with
default parameters (Pertea et al. 2015), and the transcripts were stored as a structural definition
file gtf. Upon conversion of gtf to the appropriate gff3 format, gene features (i.e., untranslated
regions (UTRs), exons, introns, genes, mMRNAs) were predicted on the assembled transcripts
using TransDecoder v5.5.0 (Haas 2023). The longest open reading frame (ORF) prediction
(command: TransDecoder.LongOrfs) was run with -S option to ensure the orientation of the paired
lllumina reads. A Blastp reference library was prepared with Arabidopsis and Vaccinium known
proteins from the UniProt database, to retain homologous hits on ORFs even if they do not exceed
the coding likelihood scores used to filter ORF candidates in the preceding steps. | used
Arabidopsis and Vaccinium protein databases because Arabidopsis is the most well annotated
flowering plant with gene models available in eudicots, and the Vaccinium database was the
closest published protein gene models to lingonberry, in the hope of discovering berry-specific
genes. Finally using this information, genes were predicted (command: TransDecoder.Predict)
with the parameter --retain_blastp_hits. The final output was produced in annotation format gff3,
relative to the LC1 scaffolded genome assembly, and used in downstream analysis. In cases
where there were isoforms (genes of same genomic position, slightly different splicing pattern) or
overlapping genes (splicing variants or conflicting candidate gene models), the longest gene hit

was chosen as the best candidate sequence.

Transposable element (TE) annotation was done following the Extensive de novo TE annotator
pipeline v2.0.0 (EDTA; Ou et al. 2019). In brief, candidate TEs were identified using LTR-Finder
(Xu and Wang 2007; Ou and Jiang 2019), LTRharvest (Ellinghaus et al. 2020), LTR_retriever (Ou
& Jiang, 2018), TIR-Learner (Su et al. 2019), generic repeat finder (Shi and Liang 2019), and

HelitronScanner (Xiong et al. 2014), followed by RepeatModeler (Flynn et al. 2020) to find any
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missed TEs based on structural-based methods. Finally, the combined repeat libraries were
filtered so that coding sequences (CDS) from my transcript-based gene annotation did not get
masked by repetitive regions. Additional filters to effectively remove false positives were also
provided at each step of combining multiple independent programs, according to the EDTA
pipeline (Ou et al. 2019). Centromeres regions of the bilberry genome (V. myrtillus) were
transferred to my lingonberry genomes using syntenic positions (Wu et al. 2021) to approximately

map the centromere location.

2.2.7 Flavonoid biosynthesis gene expression in different tissues

Flavonoids are important berry components for both flavour and health effects. To better
understand flavonoid synthesis in lingonberry, enzymes in the flavonoid biosynthesis pathway in
lingonberry genome were identified and then quantified using RNAseq data. Because genes that
code for enzymes in anthocyanin production could be of industry and evolutionary interest, |
focused my analysis on 20 enzyme-coding genes directly involved in the flavonoid biosynthesis
pathway in blueberry (Colle et al. 2019). | first identified gene orthology between lingonberry and
other Vaccinium species using OrthoFinder (Emms & Kelly, 2019). When running OrthoFinder,
four species were included: V. macrocarpon var. ‘Stevens’, V. corymbosum var. ‘Draper’, V. vitis-
idaea var. ‘Red Candy’, and R. williamsianum as an outgroup. Note that the tetraploid ‘Draper’
protein sequences were kept as a full set preserving all four haplotypes to find a potential match
in lingonberry for all 20 enzymes in the pathway. Orthofinder places genes into orthogroups
representing orthology. Any lingonberry gene found in the same orthogroup as a blueberry

flavonoid biosynthesis gene was classified as a putative lingonberry flavonoid biosynthesis gene.

Using the LC1 assembly and gene annotation file produced above as a reference, expression
levels of the annotated transcripts/genes were estimated by Hisat2 using the -A, -G and -e option
(Kim et al. 2019). The abundance estimate was reported in the units of FPKM, corresponding to

fragments per kilobase of transcript per million mapped fragments (Zhao et al. 2021). FPKM is
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the within-sample normalized value useful for expression levels in a single sample. To estimate
the gene/transcript abundance per sample type, the RNAseq data from LC1 leaf, LC2 flower,
rootstalk, berry, and the published green/white/red berries (Tian et al. 2020) were mapped to the

LC1 reference genome.

2.2.8 Genomic divergence between subspecies

To calculate pairwise nucleotide divergence between the two lingonberry subspecies genomes,
the 12 scaffolded chromosomes were aligned using minimap2 v 2.24-r1122 (Li, 2018, 2021) with
the LW1 scaffolded genome as a reference and the LC1 scaffolded genome as a query (default
parameters: -ax ams5 --cs=long). Following data format conversions (paftools.js sam2paf | view
-f maf), the alignment file was filtered to remove duplicate alignments and the pairwise divergence
was calculated per 10 kbp windows using maffilter v1.3.1 (Dutheil et al. 2014; parameters:
Subset(remove_duplicates=yes, keep=no), MinBlockLength(min_length=1000), WindowSplit
(preferred_size=10000, align=ragged_left), SequenceStatistics (Pairwise Divergence)). The
program computes the number of base pair mismatches based on the alignment file and reports
this value as the divergence in % mismatch in the specified window size. Additionally, to explore
the presence of structural variations and basic sequence variations, Synteny and Rearrangement
Identifier v1.5 (SyRI; Goel et al. 2019) was used on the aligned chromosomes, with default

parameters.

2.2.9 Demographic history estimate

To investigate the past population history and the common ancestry between the two subspecies
of lingonberry, | utilized the multiple sequentially Markovian coalescent model (MSMC2; Schiffels
and Wang 2020) and the pairwise sequentially Markovian coalescent model (PSMC; Li and
Durbin 2011). MSMC2 requires that the analyzed populations are mapped to the same reference
genome. For the purpose of comparing the two methods in parallel, | chose to use LW1 as a

reference genome for both subspecies because of better contiguity and base pair accuracy than
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LC1. To first calculate the effective population size of each subspecies, the paired lllumina reads
were mapped to the genome using BWA mem v0.7.17 (Li, 2013). PCR and optical duplicates
were then removed using GATK Picard v2.23.2 ‘MarkDuplicates’ function (Van der Auwera and
O’Connor 2020). The resulting bam file and the genome were used as an input to identify both
heterozygous variants and mask files separately for each chromosome per subspecies following
bamCaller.py in MSMC2 v2.1.3 (Schiffels and Wang 2020). In brief, SNPs were first called using
bcftools v1.16 (Danecek et al. 2021) with the command ‘mpileup’ and ‘call’ with the parameters: -
g20-Q 20-C 50 and -c-V indels, respectively. The results were then filtered and organized based
on read coverage (mean coverage set to 38 for LW1, 37 for LC1; filtering applied is the minimum
of x1/2 mean coverage to the maximum of x2 mean coverage). An additional mappability mask
was generated to avoid calling variants from significantly repetitive regions using GenMap v1.3.0
(Pockrandt et al. 2020) with the parameter: -K 30 -E 2. For the PSMC inputs, SNPs were similarly
called using bcftools ‘mpileup’ and ‘call’ with the same parameters as above, and the results were
filtered with the minimum coverage of x1/3 and maximum of x2 mean coverage, as recommended
(Li & Durbin, 2011). No repeats mappability mask was considered in the PSMC analysis. When
running the models, a generation time of 5-10 years was chosen based on a prior experiment
observing minimum of 8 years required to consider a seedling fully reproductive (Hjalmarsson
and Ortiz 1998) and considering the natural age of first flowering (Ritchie 1955). However, given
the potential for reproduction after first maturity, | recognize that this may underestimate the
average reproductive age of the natural population. A mutation rate of 3 x 10° substitutions per

generation from Arabidopsis thaliana was used (Exposito-Alonso et al. 2018).

2.2.10 Genome-wide heterozygosity percentage

To discover any potential signatures of inbreeding, the pattern of heterozygous site distribution
from the SNP data prepared from above was investigated. In brief, heterozygous sites were
identified using vcftools —freq2 command (Danecek et al. 2011). The percent heterozygosity was

then calculated by:
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# heterozygous calls
% het = - x 100%
# callable sites

per 100 kbp window across the chromosomes. Those sites that did not have minimum coverage
or were too repetitive based on the mappability masks used in MSMC2 were excluded when
calculating the percent heterozygosity. In order to look for statistical evidence of inbreeding,
vcftools —het command was used (Danecek et al. 2011). Additionally, run of homozygosity (ROH)
was computed using ROHan with parameters: t -25 --tstv 1.71 --rohmu 2e-5 for ssp. minus and -
t 25 --tstv 1.69 --rohmu 2e-5 for ssp. vitis-idaea (Renaud et al. 2019). The —tstv or
transition/transversion ratio was species specific, and was determined by bcftools stats (Danecek
et al. 2021) and taking the average ratio among 12 chromosomes for each subspecies. The rest

of the parameters were kept as default.

2.2.11 Phylogenetic tree construction

Phylogenetic trees were constructed using three different approaches. The first approach follows
the default pipelines provided using OrthoFinder v2.5.4 (Emms & Kelly, 2019). In brief, a total of
10 species protein sequences in amino acid fasta format were collected from published studies:
eight Vaccinium species: Vaccinium vitis-idaea from this study, V. corymbosum var. ‘Draper’ v1.0
first 12 chromosomes (Colle et al. 2019), V. macrocarpon var. ‘Stevens’ v1.0, V. microcarpum v1
(Diaz-Garcia et al. 2021), V. oxycoccos NJ96-20 v1 (Kawash et al. 2022), V. myrtillus NK2018_v1
(Wu et al. 2021), V. darrowii v1.2 (Cui et al. 2022), and V. caesariense W85-20 PO v2 (Mengist et
al. 2023). Kiwi fruit (Actinidia chinensis v3.0) genome and Azalea (Rhododendron williamsianum)
genome were used as outgroups (Tang et al. 2019; Soza et al. 2019). The species tree was
constructed based on the individual gene trees inferred from the orthologous gene groups as per

OrthoFinder pipeline (Emms & Kelly, 2018; Emms & Kelly, 2017).

To confirm whether the species tree with OrthoFinder was correctly inferred, species tree based

on only single-copy genes was built accordingly. The protein sequences from all the 249 single-
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copy orthologs identified by OrthoFinder were taken and aligned by MAFFT v7.310 (Katoh and
Standley 2013) for each gene separately. Then the aligned files were used to generate species
tree in IQ-TREE v2.0.7 (Minh et al. 2020b) with default parameters. Gene concordance factors
were also calculated based on the proportion of the single-copy gene trees supporting the

resulting species tree topology (Minh et al. 2020a).

For further validation using conserved genes only, single-copy BUSCO genes were extracted and
aligned to infer the species tree. To do this, BUSCO analysis was first performed on the genome
assembly itself for each 10 species included, rather than the protein sequences used in the
previous two approaches, with --lineage_dataset eudicots_odb10, --mode genome (Simao et al.
2015; Manni et al. 2021). Then the identified single-copy genes were aligned using MAFFT v7.310
and the individual gene trees were inferred with IQ-TREE v1.5.5 (Nguyen et al. 2015; parameters:
-s and -nt 1). Outlier long branches were trimmed by TreeShrink v1.3.9 (Mai and Mirarab 2018)
with default parameters. Finally, the species tree was constructed using the trimmed gene tress
in Astral Ill v5.7.8 (Zhang et al. 2018). For this analysis, both lingonberry subspecies (V. vitis-
idaea ssp. vitis-idaea and ssp. minus) could be included because the BUSCO analysis was
performed on the assembly not necessarily the annotated protein sequences. Consequently, a

total of 11 species were included in the final tree.

For visualization and data interpretation, all the species trees were exported in Newick format,
and then viewed in FigTree. Trees were rooted manually to Actinidia chinensis based on the

known oldest divergence time with Vaccinium genus (Kumar et al. 2017).
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2.3 Results

2.3.1 Sequencing and assembly statistics

A summary of sequencing data generated from this study is found in Appendix A. Collectively,
35.3 Gbp (~50.0X) of clean long-read data was generated from MinlON reads (read N50 = 20.56
kbp), and additional 12.42 Gbp (~37X) of short-read data was generated from Illumina for the
commercial subspecies, LC1. The draft assembly solely from long-read data by SmartDenovo
and three rounds of correction resulted in 616.251 Mbp assembly consisting of 1,358 contigs with
N50 = 1.039 Mbp and per-base accuracy of 99.903%. With additional three rounds of correction
using short-reads, the draft genome had 614.857 Mbp in total length and improved per-base
accuracy of 99.959%. The corrected assembly was then analyzed for coverage and processed to
remove potential duplicates due to heterozygosity or other organismal DNA contaminations with
purge_haplotigs, resulting in 548.004 Mbp haploid representative genome assembly with BUSCO
(Complete) score of 96.6% and contig N50 = 1.170 Mbp. Note that the amount of duplicate
BUSCO hits was reduced by 1% (9.1 to 8.1%) in the last process. Similarly, 28.6 Gbp (~46.9X)
of long-read data (read N50 = 23.16 kbp) and 10.9 Gbp (~35X) of short-read data were generated
for the wild subspecies, LW1. The draft assembly after polishing had 545.497 Mbp of total
assembly length (contig N50 = 1.309 Mbp, BUSCO (Complete) = 96.9%, per-base accuracy =
99.975%). After cleaning the assembly with purge_haplotigs, the size of the assembly was
reduced to 518.642 Mbp with improved contig N50 (1.400 Mbp) and similar BUSCO (Complete)

= 96.8% with slight decrease in duplicate hits.

Initially, scaffolding to the cranberry (V. macrocarpon var. ‘Stevens’) chromosome-level assembly
was attempted because of its similar morphological features and the uncertainty of lingonberry’s
phylogenetic position. However, scaffolding to the bilberry (V. myrtillus) genome generated a
significantly more contiguous assembly for both LC1 and LW1, resulting in the total of 757 and

696 contigs, scaffold N50 of 43.867 Mbp and 42.799 Mbp, and 98.0% and 98.5% of the contigs
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anchored to chromosomes. Based on the better contiguity and the fact that bilberry was more
closely related to lingonberry in our subsequent phylogenetic analyses, the bilberry genome-
based assembly was considered to better represent the structure of the lingonberry genome, and
thus was used as a reference genome in the downstream analysis. These final assembly statistics

are found in the table below and the detailed step-by-step stats are found in the supplementary

file (Table 2.1, Supplementary Tables).

Table 2.1: Genome assembly statistics. De novo assembly was done by SmartDenovo (LC1) or Canu +
SmartDenovo (LW1). Haploid only assembly (for a diploid genome) means heterozygous alleles are
represented as a mixed haplotype from either of the homologous copy, but not both. The allelic
sequences with less confidence were purged during assembly correction based on sequence coverage
(Roach et al. 2018). The de novo assembled draft haploid genome was then scaffolded by mapping to
bilberry (Vaccinium myrtillus) reference genome (Wu et al. 2021).

V. vitis-idaea ssp. vitis-idaea (LC1) De novo assembly Haploid only Scaffold assembly
Total length (Mbp) 614.857 548.004 548.071
Contig N50 (Mbp) 1.028 1.170 1.170
Scaffold N50 (Mbp) - - 43.867
#fragments/contigs 1358 757 757
#scaffolds - - 92
BUSCO (C%) 96.8 96.6 96.5
BUSCO (S%) 84.3 87.5 88.4
BUSCO (D%) 12.5 9.1 8.1
QV score 33.8254 - -
Accuracy (1-error rate) 99.959% - -
Genome anchored to chr (%) - - 98.0
#genes annotated - - 27,243
Coding gene content (%) - - 7.59
TE content (%) - - 45.82

V. vitis-idaea ssp. minus (LW1) De novo assembly Haploid only Scaffold assembly
Total length (Mbp) 545.497 518.642 518.704
Contig N50 (Mbp) 1.309 1.400 1.400
Scaffold N50 (Mbp) - - 42.799
#fragments/contigs 1030 696 696
#scaffolds - - 76
BUSCO (C%) 96.9 96.8 96.9
BUSCO (S%) 89 89.7 90.5
BUSCO (D%) 7.9 7.1 6.4
QV score 35.9577 - -



Accuracy (1-error rate) 99.975% - -

Genome anchored to chr (%) - - 98.5
#genes annotated - - NA

Gene content (%) - - NA

TE content (%) - - NA

RNA sequence data was produced from leaf sample (~7.8 Gbp), rhizome (~6.9 Gbp), flower
(~11.4 Gbp), and berry (~11.7 Gbp) samples in the commercial subspecies. In addition,
lingonberry fruit transcripts data from published work was added to our analysis (~22.5 Gbp; Tian
et al.,, 2020). The overall alignment rate for the combined transcripts was 96.16%. With the
alignment of RNA reads to the LC1 reference genome, a total of 27,243 genes were annotated
(BUSCO (C): 91.4%), 25,796 of which were mapped onto chromosomes, covering 39.63% of the
genome. Excluding non-coding sequences (introns, untranslated regions, etc.), the coding
sequence content was 7.59% across the genome, with an average length of 237 bp.
Transposable elements were also discovered using multiple independent programs, excluding
regions with coding sequences already annotated, leading to cover about 45.82% of the genome

overall (Table 2.1).

| found that TE density was fairly even across the genome but there tended to be less genes
around the centre of the chromosomes and more on the chromosome arms (Figure 2.1, Table
2.2). When plotting the TE distributions by different types (Figure 2.2), some differences in density
across the chromosome were observed. For example, long-terminal-repeat retrotransposons
(LTRs) seem to mirror the distribution of the gene density, having higher density around the centre
of the chromosomes, whereas the hAT-TIR or a type of terminal inverted repeat has a contrasting

distribution that follows the gene density distribution quite closely (Figure 2.2).
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Figure 2.1: a) Gene and TE distributions in lingonberry genome (Vaccinium vitis-idaea ssp. vitis-idaea,
var. ‘Red Candy’). b) Gene and c) TE densities by distance from centromeres. Centromere positions are
approximately mapped from bilberry genome as a range, and distance was calculated to its middle value
(Wu et al. 2021). Red shades indicate the gene density and purple shades indicate the transposable
element (TE) density. Genes were filtered to represent only the longest gene in case of isoforms and
splicing variants present. All densities are presented as the number of feature counts per 1 Mbp

window.
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Table 2.2: Chromosome lengths and putative centromere positions on lingonberry genome.
Centromere positions are putatively assigned based on the bilberry genome (Wu et al. 2021).

Chromosome on LC1

Length (bp)

Centromere start Centromere end

Chro1 46899524 18000000 21000000
Chr02 55732239 19000000 20000000
Chr03 42352093 19900000 21000000
Chro4 48573227 21000000 24000000
Chr05 43929065 21000000 22500000
Chr06 47187867 30000000 34000000
Chr07 42979545 18000000 22000000
Chr08 43866791 19000000 21000000
Chr09 42388640 17000000 19000000
Chri10 40397952 18000000 21000000
Chril 41428829 15000000 20000000
Chri2 41566430 19000000 20000000
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Figure 2.2: Scatter plots of long-terminal-repeat (LTR) and hAT terminal inverted repeat (hAT TIR)
densities in comparison to gene density against the distance from the centre of chromosomes. Red
points indicate gene density, light blue indicates hAT-TIR transposon density, and purple indicates LTR
retrotransposon density. All densities are presented as the number of feature counts per 1 Mbp

window.
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2.3.2 The flavonoid biosynthesis pathway in lingonberry

Gene expression levels for lingonberry genes orthologous to blueberry flavonoid biosynthesis
genes (Colle et al. 2019) were quantified in berries, flower, rhizome, and leaf tissue samples
(Figure 2.3). Those enzymes include phenylalanine ammonia-lyase (PAL), 4-hydroxycinnamoyl-
CoA ligase (4CL), cinnamate 4-hydroxylase (C4H), hydroxycinnamoyl-CoA shikimate/quinate
hydroxycinnamoyl transferase (HCT), 4-coumaric acid 3’-hydroxylase (C3H), hydroxycinnamoyl-
CoA quinate hydroxycinnamoyl transferase (HQT), chalcone synthase (CHS), chalcone-
flavanone isomerase (CHI), flavanone 3-beta-hydroxylase (FHT), flavonol synthase (FLS),
flavonoid 3’hydroxylase (F3'H), flavonoid 3’,5’-hydroxylase (F3'5’H), dihydroflavonol reductase
(DFR), leucoanthocyanidin reductase (LAR), anthocyanidin synthase (ANS), anthocyanidin
reductase (ANR), UDP glucose:flavonoid 3-O-glucosyl transferase (UFGT), anthocyanin O-
methyltransferase (OMT), transparent testa 12 (TT12), and transparent testa 19 (TT19). The

proposed enzymatic pathway is shown in Figure 2.3.

For all 20 genes identified in V. corymbosum var. ‘Draper’ that were described to be associated
with flavonoid biosynthesis pathway | found at least one ortholog in lingonberry. These orthologs
were identified based on the orthogroup classification using OrthoFinder (Emms and Kelly 2019).
Many genes seem to exist in more than one copy; however, C3H, HQT, CHI, F3’'H, DFR, ANS,
and ANR have only one copy each. Although many of the flavonoid related genes were expected
to be highly expressed in berries compared to other tissue types, rootstalk and leaf expressed
C4H, HCT, HQT, CHI, FHT, F3’H, LAR, and ANS at much higher levels than the berry samples.
Some genes with multiple copies seem to possess specific tissue localizations. For example, the
CHS and 4CL genes were found to exist in three copies, where one is highly expressed in berries
(increasing as it ripens) while one is almost completely not expressed and the other is highly
expressed in rhizome and leaf. Others like PAL, HCT, F3'5’'H, and OMT seem to be expressed
only one of the gene copies at high level and the rest are very minimal. Notably, genes unique to

different tissue types include: TT19 is very highly expressed (873 FPKM) in only the red berry;
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C3H is almost close to zero except in flower (5 FPKM); FLS has one of the copies expressed
highly in rhizome (58 FPKM) and the other copy highly expressed in flower (66 FPKM); HCT is

only highly expressed in rootstalk (136 FPKM).

Phenylalanine
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Figure 2.3: Heatmap of gene abundance related to flavonoid biosynthesis. Columns represent sample
type and rows represent gene IDs on lingonberry genome. Samples (from left to right) were taken from
Vaccinium vitis-idaea var. ‘Red Candy’ root, leaf, flower, and berry, as well as published transcripts data
from var. ‘Sunna’ at different ripening stages; green berry, white berry, and red berry (Tian, et al. 2020).
Abundance is measured by fragments per kilobase of transcript per million mapped fragments (FPKM).
Note that the red colour gradient is normalized within each heatmap, so quantitative comparison
cannot be made across heatmaps. The enzyme pathway is based on Colle et al. (2019).

To visually compare how much expression level differs between samples and across enzymes
within the pathway, the log scaled FPKM was plotted in a heatmap (Figure 2.4). A few genes such

as PAL, CHS, and ANS were expressed at much higher levels (1000+ folds) than others.
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Figure 2.4: Heatmap of flavonoid biosynthesis related gene abundance in lingonberry. Gene
abundance was measured in the unit of FPKM, and the values are log scaled for visualization purpose,
where red indicates the most expressed and green indicates the least. Rows represent different copies
of each orthologous gene in lingonberry (enzyme name_STRG-id), and columns are sample types.
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2.3.3 Divergence between two subspecies genomes

To infer quantitative genomic divergence between the two lingonberry subspecies, the
chromosomes from LC1 and LW1 assemblies were aligned and analyzed for sequence
divergence and structural variations. The average pairwise divergence between the two
subspecies genomes was 0.86% and the sequence divergence was uniformly scattered across
12 chromosomes (Figure 2.5). The most divergent window had a percent mismatch of 5.63% on

chromosome 2, but no other windows had higher than 5% divergence (Figure 2.6).
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Figure 2.5: Pairwise divergence between Vaccinium vitis-idaea ssp. minus (LW1) and ssp. vitis-idaea
(LC1). The percentage of base pair mismatch was determined based on the aligned sequences in 10 kbp
windows. Any alignments <1000 bp was filtered out before plotting. The reference genome was set to
ssp. minus. Rows are sorted by chromosomes as labelled on the right.
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Figure 2.6: Histogram of pairwise divergence (%) between lingonberry subspecies. Chromosomes from
Vaccinium vitis-idaea ssp. minus genome (LW1) and V. vitis-idaea ssp. vitis-idaea var. ‘Red Candy’ (LC1)
genome were aligned and windowed into 10 kbp to compute pairwise sequence divergence in % of bp
mismatch. Any alignments <1000 bp was filtered out before plotting.

For structural and sequence-level variations other than the base pair mismatch, SyRI was able to
detect 55.3% and 51.1% of genome in synteny while 12.6% and 10.8% were highly diverged
sequences on LW1 and LC1 assembly, respectively (Table 2.3, 2.4). Numerous small
translocations, inversions, and duplication were seen; in particular, chromosome 9 was enriched

with translocations and chromosome 5 with many different variants (Figure 2.7).
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Table 2.3: Detected structural variations between lingonberry subspecies. Reference genome was set
as Vaccinium vitis-idaea ssp. minus and the query genome was V. vitis-idaea ssp. vitis-idaea var. ‘Red
Candy’. Variations were detected by SyRI on the 12 chromosomes only and unplaced contigs were not
considered into analysis.

Structural variation Count Length LW1 Genomic Length LC1 Genomic

type (bp) proportion  (bp) proportion
LwWi LC1

Syntenic regions 10836 282579977 55.3% 274823289 51.1%

Inversions 217 9184582 1.8% 8521831 1.6%

Translocations 8171 63007344 12.3% 63820410 11.9%

Duplications (LW1) 1654 14209243 2.8% NA NA

Duplications (LC1) 10279 NA NA 33875804 6.3%

Not aligned (LW1) 16370 165867888  32.5% NA NA

Not aligned (LC1) 25429 NA NA 158473390  29.5%

Table 2.4: Detected sequence level variations between lingonberry subspecies. Reference genome was
set as Vaccinium vitis-idaea ssp. minus and the query genome was V. vitis-idaea ssp. vitis-idaea var. ‘Red
Candy’. Variations were detected by SyRI on the 12 chromosomes only and unplaced contigs were not
considered into analysis.

Sequence variation Count Length LW1 Genomic Length LC1 Genomic

type (bp) proportion (bp) proportion
LwWi LC1

SNPs 2756611 2756611 0.5% 2756611 0.5%

Insertions 282583 NA NA 6284926 1.2%

Deletions 279127 6983472 1.4% NA NA

Copy gains 447 NA NA 2175958 0.4%

Copy loses 710 2673598 0.5% NA NA

Highly diverged 17940 64258577 12.6% 57777646 10.8%

Tandem repeats 39 80644 0.0% 121033 0.0%
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Figure 2.7: Alignment between two lingonberry subspecies. Horizontal lines represent chromosomes
on each genome: blue is V. vitis-idaea ssp. minus (LW1), red is V. vitis-idaea ssp. vitis-idaea var. ‘Red
Candy’ (LC1). Structural variations are shaded in colours: grey for syntenic region; orange, inversion;
green, translocation; light blue, duplication. Plots are made with plotsr (Goel and Schneeberger 2022).
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2.3.4 Historical population size and origin of lingonberry

MSMC and PSMC are two population models that use the distribution pattern of heterozygous
sites within an individual’s genome to infer a coalescent history, including past effective population
sizes (Ne). While PSMC is strictly a pairwise comparison, meaning it works only with a single
diploid individual, MSMC can extend to more than two haplotypes (Schiffels and Wang 2020). In
addition, MSMC provides a cross coalescent model to estimate when the two distinct populations
coalesce back to the same population. This would indicate the approximate divergence time

between the two compared populations.

Surprisingly, both PSMC and MSMC2 estimated an ongoing population bottleneck for both LC1
and LW1 populations (Figure 2.8, 2.9). Using a generation time estimate range of 5-10 years,
LC1 and LW1 began declining in Ne around 0.8-1.7 MYA and 1.5-3.2 MYA. The minimum and
maximum Ne observed for LW1 and LC1 was 35,148 at 0-0.156 MYA and 62,993 at 0-0.248
MYA, and 592,896 at 1.596-3.191 MYA and 636,105 at 0.858-1.716 MYA, respectively (Table
2.5). Plots shown below are models with generation time of 5 years as an example since modifying
generation time to 10 years resulted in a time shift of ~0.8 MYA later without any change to the
Ne. The cross coalescent time analysis with MSMC2 failed to produce a complete collapse of
recombination patterns between the two subspecies, as indicated by the relative cross-coalescent
rate not reaching 1 (Figure 2.10). However, the highest cross-coalescent rate corresponded to
the time where the two populations seemed to merge in their Ne plots, (Figure 2.8, 2.9) around

10 MYA (Figure 2.10).
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Figure 2.8: Past effective population size of lingonberry with PSMC. Effective population size (Ne) of a)
Vaccinium vitis-idaea ssp. minus (blue; LW1) and b) V. vitis-idaea ssp. vitis-idaea var. ‘Red Candy’ (red;
LC1). Plots are generated with the generation time of 5 years and mutation rate of 3 x 10°
mutations/generation.
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Figure 2.9: Past effective population size of lingonberry with MSMC2. Log-scaled effective population
size (Ne) of Vaccinium vitis-idaea ssp. minus (blue; LW1) and V. vitis-idaea ssp. vitis-idaea var. ‘Red
Candy’ (red; LC1). Plots are generated to show up to 10 MYA, with the generation time of 5 years and
mutation rate of 3 x 10° mutations/generation.
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Table 2.5: Maximum and minimum effective population sizes (Ne) and timing estimated with MSMC2.
Mutation rate of 3x10° substitutions per generation was based on Arabidopsis thaliana mutation rate
estimate (Exposito-Alonso et al. 2018). The minimum generation time was determined based on the
time it required for a lingonberry seed to grow into maturity (i.e. fully reproductive) in a field
experiment (Hjalmarsson and Ortiz 1998).

Subspecies Ne Time (MYA)  generation time mutation rate
(years) (subs. per gen.)
ssp. minus max. 592,896 1.596-3.191 5-10 3x10°
min. 35,148 0-0.156 5-10 3x10°
ssp. vitis-idaea  max. 636,105 0.858-1.716 5-10 3x10°
min. 62,993 0-0.248 5-10 3x10°
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Figure 2.10: Cross-coalescence rate between lingonberry subspecies with MSMC. Cross-coalescence
rate of 0 would indicate a completely separate, independent population, whereas 1 would indicate the
compared two populations have the same recombination pattern meaning they share the common
ancestry.

To test what could have led to the dramatic decline in the present-day effective population size
as seen on those models, percent heterozygosity across the genome was plotted. The genome-
wide heterozygosity percentage in LW1 was slightly lower than LC1 throughout the genome by
0.1-0.2% (mean %het: 0.24, 0.38, respectively). However, there was no evidence of recent

inbreeding (inbreeding coefficient of O for both subspecies). Furthermore, the analysis of vcf files
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with ROHan showed that only 0.0% or 0.3% was in a run of homozygosity for ssp. minus and ssp.

vitis-idaea, respectively (Figure 2.11, 2.12).
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Figure 2.11: Percent heterozygosity across the V. vitis-idaea ssp. minus genome (LW1). Percent
heterozygosity is calculated as the number of heterozygous calls detected divided by the number of
total callable sites per 100 kbp window. Regions with less than 1000 callable sites were excluded from
plotting. The absence of a datapoint/line thus indicates a region of missing data.
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Figure 2.12: Percent heterozygosity across the V. vitis-idaea ssp. vitis-idaea var. ‘Red Candy’ genome
(LC1). Percent heterozygosity is calculated as the number of heterozygous calls detected divided by the
number of total callable sites per 100 kbp window. Regions with less than 1000 callable sites were
excluded from plotting. The absence of a datapoint/line thus indicates the region of missing data.

2.3.5 Vaccinium phylogenetics: species tree and gene trees

The protein sequence alignment across seven published Vaccinium species and two outgroup
species with the V. vitis-idaea protein sequences generated in this study resulted in the total

number of 351,892 genes analyzed, of which 323,463 were categorized into 30,569 orthogroups
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by OrthoFinder (Emms and Kelly 2019). Actinidia chinensis protein and Rhododendron
williamsianum protein sequences were used as outgroups based on previous phylogenetic
studies with Vaccinium (Schlautman et al. 2017; Diaz-Garcia et al. 2021; Kawash et al. 2022).
The mean orthogroup size was 10.6 genes and 6,021 orthogroups were shared by all the species,
of which 249 were single-copy orthogroups. The species tree generated using a consensus
method (STAG; Emms and Kelly 2018) produced a topology somewhat in agreement with
previous studies (Figure 1.3b, ¢, 2.13). | found clades for cranberries (V. microcarpum, V.
oxycoccos, V. macrocarpon) and blueberries (V. darrowii, V. caesariense, V. corymbosum), while
bilberry (V. myrtillus) was identified as the closest relative of lingonberry (V. vitis-idaea). Gene
concordance values, however, were generally low especially among species in the blueberry,
bilberry, and lingonberry (ranging from 0.17—-0.23). The node splitting lingonberry and bilberry

from other blueberries had only 17.3% of gene trees supporting the topology.
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Rhododendron_williamsianum

V_oxycoccos
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V_microcarpum
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V_darrowii
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V_corymbosum_Draper
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Figure 2.13: Phylogeny of Vaccinium species with OrthoFinder. Phylogram of genus Vaccinium was
constructed based on amino acid sequences of orthologous protein data. Species tree was inferred by a
consensus tree of all the input gene trees (single-copy and multi-copy genes) using STAG (Emms and
Kelly 2018). A total of eight different Vaccinium species were included, with Actinidia chinensis (kiwi
fruit) and Rhododendron williamsianum (azalea) as the outgroups. Numbers at the node indicate gene
concordance value (0-1).
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To further confirm the above phylogenetic relationship, a total of 249 strictly single-copy
orthologues sequences identified using OrthoFinder were extracted and aligned individually. Then
the maximum likelihood species tree was constructed using a concatenation method (Minh et al.
2020b; Figure 2.14). For this, bootstrap values were calculated at each node using 1000
replicates, and it was found to be mostly close to 100 except one node involving blueberry species
scoring only 64. In fact, the only discrepancy between this tree and the previous tree was this
blueberry group where one of the wild progenitors of commercial blueberry species (V.
caesariense) and the primary haplotype of commercial blueberry (V. corymbosum) were more
closely related than the other wild progenitor (V. darrowii) in the OrthoFinder tree. The gene
concordance factors were comparable or slightly higher for this concatenated species tree than

the OrthoFinder tree.
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64/29.3

V_darrowii

0.04

Figure 2.14: Phylogeny of Vaccinium species based on single-copy orthologues. Multiple sequence
alignment was performed on single-copy orthologues using MAFFT, then the maximum likelihood
species tree and gene trees were built using IQ-TREE2. Nodes are labelled with bootstrap values (1000
replicates)/gene concordance factor (0—100).
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As a third approach, 2,226 conserved BUSCO genes were extracted and aligned individually to
estimate the species tree (Figure 2.15). For this approach, ASTRAL was used to infer a species
tree, which takes individual gene trees as input and finds a species topology that reconciles the
variation in the gene tree topology (Sayyari and Mirarab 2016; Zhang et al. 2018). The results
showed that the general classifications (cranberries and blueberries) were well supported by gene
trees, indicated by the node splitting cranberries apart from the rest of the species having 91.67%
gene concordance factor, as well as 83.32% for cranberry clustering, and 60.33% for blueberry
clustering. The two lingonberry subspecies clustered together in the tree as expected, with a gene
concordance factor of 72.79%. However, roughly 10% of the gene trees supported alternate
topology where V. vitis-idaea ssp. minus was more closely related to bilberry (V. myrtillus) than
V. vitis-idaea ssp. vitis-idaea or vice versa (data not shown). Some low support basal nodes were
also apparent including the node splitting blueberries with lingonberry and bilberry, and bilberry
with lingonberry (gene concordance factor of 26.65% and 24.54%, respectively; >50% of gene

trees supporting alternate branching patterns).
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Figure 2.15: Phylogeny of Vaccinium species using BUSCO genes. All the single-copy BUSCO genes
found from running BUSCO analysis on each genome assembly (--genome, eudicots_odb10) were
extracted. Only genes with more than three species aligned were retained. Multiple sequence alighnment
was performed using MAFFT, then the individual gene trees were built using IQ-TREE, and the most
concordant species tree based on all gene trees was built with Astral Ill. Nodes are labelled with gene
concordance factor (0—100). The tree branches were proportionally transformed for visualization in
FigTree.

The overall topology of different berry groups observed was consistent across three methods. |
find that lingonberry is most closely related to bilberry and is more closely related to blueberry

species than cranberry species.
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2.4 Discussion

2.41 Genome assembly and annotation

2.4.1.1 Draft genome assembly quality
Using a hybrid approach combining the long-read sequencing (ONT) and short-read sequencing
(llumina) data, the two lingonberry subspecies genomes (Vaccinium vitis-idaea ssp. vitis-idaea
var. ‘Red Candy’; LC1, and Vaccinium vitis-idaea ssp. minus; LW1) were de novo assembled into
757 contigs of the total length 548.004 Mbp (contig N50 = 1.170 Mbp, BUSCO (Complete) =
96.6%), and 696 contigs of the total length 518.642 Mbp (contig N50 = 1.400 Mbp, BUSCO
(Complete) = 96.8%), respectively. The assembled genome size was consistent with the previous
flow cytometry study predicting ~550 Mbp (Redpath et al. 2022). The latter wild subspecies
assembly, LW1, was slightly smaller in size than expected from flow cytometry data but
considering the high BUSCO score and the difference in subspecies designation, my assemblies
are both reasonably complete. Compared to the short-read only assemblies which generally do
not reach N50 of 1 Mbp, my ONT-based assemblies are significantly more contiguous (Rhie et
al. 2021), and my assembly statistics are comparable to many draft genome assemblies of similar
size (e.g., Hamilton, Vaillancourt, Wood, & Buell, 2023; Marrano et al., 2020; C. Wu et al., 2021;
Y. Zhang et al., 2023). However, recently published reference-quality genomes are often more
contiguous at the contig-level and are further de novo scaffolded into chromosomes using
physical linkage approaches like Hi-C and optical mapping (e.g., contig N50 = 29.5 Mbp by
Nakandala et al., 2023; contig N50 = 15.4 Mbp by Wu et al., 2023; contig N50 = 7.57 Mbp by
Zhang et al., 2023). Moreover, in well-studied crops like blueberry and sweet orange, haplotype-
resolved assemblies are available allowing in-depth inheritance analysis (Mengist et al. 2023; Wu
et al. 2023). The two lingonberry genomes created in this study are therefore not at the quality
initially planned but can serve as a reference genome to identify genes, polymorphic genetic

markers and compare with related species.
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There are several reasons why the assembly was not chromosome-level, and there are ways to
improve future assembly efforts. First, the high error rate of the raw long-read data can make the
assembly difficult. This is because during the assembly process, the sequencing error creates
many possible paths that result in bubbles on the assembly graph, similar to how highly
heterozygous genomes behave (Liu et al. 2021). This is usually compensated by high read depth
as read error is usually not replicated and so they can be identified by their low depth, but when
errors are biased towards certain parts of the genome (repetitive, non-unique, homopolymer
sites), they can be troublesome (Delahaye and Nicolas 2021). Even though ONT has improved
its basecalling accuracy over time (88.7% of reads were >Q10 in R10 vs. 69.4% in R9.4), a total
of ~17.4X and ~7.1X of sequenced reads were removed because they did not pass the Q10
threshold. The duplex reads had an average Q score of 25-30, indicating an error rate of one
base pair in one thousand and equally accurate to the much shorter lllumina reads. But only about
6—-12% of the reads were duplex reads and the rest were simplex reads with Q16—-18 (Appendix
B). Given the increases in read accuracy for ONT data even over the course of this project and
planned technological developments that increase the duplex read rate, error-prone reads will be

less of an issue with future ONT genome assemblies.

Aside from higher accuracy, longer reads can also improve assembly contiguity. When
assembling a human genome, the contig N50 was doubled by inputting an extra 5X coverage of
ultra-long reads, defined as reads >100 kbp (Jain et al. 2018). Similarly, the previous reference
genome of Arabidopsis thaliana has been improved with the additional ultra-long reads (Wang et
al. 2022). My raw reads averaged ~20 kbp in length, with 1,408 ultralong reads (~0.326X) for LW1
and 1,739 ultralong reads (~0.381X) for LC1, which could be improved further to collect longer
reads. This would require gentler extraction and handling of the HMW DNA as well as more
rigorous filtering of short DNA fragments. One possible way my assembly could be improved
without performing further sequencing, is to re-analyze using more advanced basecalling

algorithms, such as Bonito (https://github.com/nanoporetech/bonito). This method improves
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basecalling accuracy by producing a species-specific model (Silvestre-Ryan and Holmes 2021).
Unfortunately, this requires existing genomic resources as a truth-set for the model development,

which is not possible now, but may be possible for future lingonberry genomes.

Since lingonberry shares the diploid karyotype with other Vaccinium species (2n = 24, Redpath
et al., 2022) and the most closely related assembled genome is from bilberry (V. myrtillus), |
mapped the lingonberry contigs to the bilberry chromosome-level assembly as the reference
genome (Wu et al. 2021) to anchor them onto 12 chromosomes. More than 98% of my contigs
were scaffolded onto chromosomes (LC1: 98.9%, LW1: 98.5%) with a scaffold N50 of 43.867
Mbp and 42.799 Mbp, respectively, allowing a wide range of downstream analyses using these
assemblies as a reference genome. The caveat to this reference-based scaffolding of the genome
is that the final chromosome-scale assembly does not necessarily represent the real genome
structure of lingonberry. This is because the true structural variations such as large insertions or
deletions, duplications, translocations, or inversions, could be rearranged during scaffolding
following my methods. Ragtag, an automated homology-based scaffolding tool | used for
lingonberry scaffolding (Alonge et al. 2019), makes decisions on the orientation and order of
individual contigs in my lingonberry assembly based on its alignment to the bilberry genome. The
consequence of this is a possibility of contig misplacement if there were true structural variations
existing between lingonberry and bilberry genome. That being said, a recent study in Eucalyptus
scaffolded ONT genomes on congeneric reference genome to study genome structure evolution
and found that a very small proportion of synteny breakpoints were at contig joins, as might be
expected if scaffolding is inducing false rearrangements (Ferguson et al. 2023). Taken together,
my scaffolded genome is not a true unbiased representation of the lingonberry genome structure
but is likely very close to it. Future efforts could generate an unbiased scaffolding using Hi-C or
optical mapping and additionally test for the amount of bias introduced by scaffolding to a related

reference genome.
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2.41.2 Gene/TE annotation
Conceptually, there are three main approaches to gene annotation. The first approach is intrinsic
or ab initio predictions where the statistical models determine the most probable combinations of
genetic structures (e.g., exons, introns, promoters) based solely on the nucleotide sequence in
the genome (Majoros et al. 2004). The second is extrinsic or evidence-based approach where
some form of external evidence such as proteins, cDNA, or assembled transcripts, are used to
predict gene locations and structures on the genome. The third approach is a combined method
in which the pipeline uses both the ab initio statistical models without external evidence and the
mappings of external evidence as ways to predict gene structures (Ejigu and Jung 2020).
Because of the pros and cons of using either intrinsic or extrinsic approach alone, the baseline
methods applied in genome annotation have been pipelines that use a combined approach, and
there are several automated programs to do that (e.g., MAKER, BRAKER, Comparative
Augustus). MAKER pipeline has been most commonly used among the non-model species
genome assembly and annotation projects, including the commercial blueberry and cranberry
(Colle et al. 2019; Diaz-Garcia et al. 2021). It annotates the genes by first masking the repetitive
regions in the genome, aligning RNAseq to the genome as evidence of transcription, and lastly
doing ab initio gene predictions based on the stored evidence using multiple gene finders
incorporated in the program (Campbell et al. 2014). More recently, BRAKER2 is claimed to
perform better over MAKER and was used in wild blueberry and bilberry assembly projects (Wu
et al. 2021; Yu et al. 2021). This pipeline runs by first training the ab initio gene predictor with
existing protein database the users provide, then the predictor uses this information to look for
gene structures in the genome by scanning the whole sequence. Lastly and optionally, RNAseq
or transcripts assembly can be used to filter unlikely genes after the de novo prediction (Brina et

al. 2021).

However, it is recognized that above-mentioned automated pipelines can frequently create false

positives and errors in annotations such as deletion/insertion in exons that can lead to frameshifts,
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requiring the use of downstream filtering (Gabriel et al. 2021; Vuruputoor et al. 2022). Moreover,
the initial training involved in the first step of the ab initio predictions depends on the quality and
availability of the comprehensive and relevant protein dataset (Brina et al. 2021). For non-model
species that do not have established sets of verified genes, a comparative study suggests that
the annotation based on only RNAseq evidence is the best in terms of reducing the errors and
finding only the true genes on the genome (unpublished work from Freedman, et al. 2023 at

https://github.com/harvardinformatics/GenomeAnnotation). Thus, to facilitate gene annotation on

the lingonberry assembly with least possible errors, | chose to perform only the extrinsic approach

that uses genome-guided predictions from aligned RNAseq data of the same species.

RNA sequencing was performed on four different tissue types: leaf, rhizome, flower, berry.
Eventually, the LC1 assembly was annotated with 27,243 genes (BUSCO (Complete) = 91.4%)
which was relatively fewer than the expected 30-40,000 genes in the existing literatures on
Vaccinium species (Wu et al. 2021; Cui et al. 2022; Mengist et al. 2023). In addition, the BUSCO
score for the protein-coding genes was lower than that of the genome assembly (96.5%). The
missing ~5% BUSCO genes may be a result of transcript misassembly. Because BUSCO genes
are conserved genes, this means they are likely expressed by default in any flowering plants
(Simao et al. 2015; Manni et al. 2021), it is doubtful to think that the RNAseq from four different
tissue types could not capture their presence. The fact that both methods do not detect the same
BUSCO genes highlights the limitations to genome annotation even for high quality genomes,
and highly conserved genes. In fact, different methods often do not identify identical genes for the
same reference genome (Weisman et al. 2022). This is likely because gene annotation is not a
solved problem and because a “gene” is a biologically blurry concept. Genes constantly turn over
in evolutionary time scale from de novo gene birth to pseudogenization and defining a hard
boundary between gene and non-gene is impossible (Benovoy and Drouin 2006). In conclusion,

my gene annotation provides a useful and reasonable representation of the gene content of
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lingonberry, but like all non-model organisms, should be treated as a hypothesis rather than an

absolute truth.

2.4.1.3 Flavonoid biosynthesis evolution
In this study, 51 putative flavonoid pathway related genes composed of 20 distinct
enzymes/structural gene categories were identified through orthology to the tetraploid commercial
blueberry genome (Colle et al. 2019). Lingonberry has been described to contain cyanidin-derived
anthocyanins in the berries (Brown et al. 2012; Amundsen et al. 2021), and anthocyanins are
what makes the blue/red pigmentation in Vaccinium berries (Albert et al. 2023). Moreover,
anthocyanins and the related flavonoids are the major targets of breeding due to their health
benefits (Edger et al., 2022). Therefore, the genes involved in phenolic production are of industry

interest.

While there has been effort to build QTL maps associating genomic regions to increased
anthocyanin production in commercial blueberry and cranberry (Diaz-Garcia et al. 2018;
Montanari et al. 2022), the genetic basis for anthocyanin biosynthesis in lingonberry is relatively
understudied. Previous studies have found varying levels of flavonoids across cultivars and within
populations, and showed significant effects of genotypes on the total anthocyanin content
(Debnath and Sion 2009; Vilkickyte et al. 2022). Alam et al. (2018) attempted to associate SNPs
with the total anthocyanin content in lingonberry using 1,586 loci but observed significant
variability within samples and highlighted possible environmental influences. Since anthocyanins
serve physiological roles in protection against abiotic stresses (Albert et al. 2022, 2023), whether
individual genotypes associate with the biochemical profiles rather than the environmental
conditions is hard to distinguish. The QTL study that specifically targeted the increased
anthocyanin production in blueberry suggested candidate genes including BADH acyltransferase
and UDP glucose:flavonoid 3-O-glucosyl transferase (UFGT) to be highly correlated with the

increased anthocyanin profile (Montanari et al. 2022). | was able to annotate four copies of UFGT
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in the lingonberry genome, one of which was highly expressed in red berries (STRG.15162 on
chromosome 4; Figure 2.4). The genomic resource created in my study could be used to find such
orthologues and provide a starting point to develop a set of lingonberry-specific markers that could
be useful to accelerate the breeding efforts by encouraging marker-assisted selection.
Additionally, | have identified candidate flavonoid synthesis genes, and combined with gene
expression from multiple tissues | have found genes that are likely to be involved specifically in

berry flavonoids.

For instance, phenylalanine ammonia-lyase (PAL), the first committed step in making
anthocyanins following the essential amino acid phenylalanine, was highly expressed in red
berries but relatively low in white and green berries. Similarly, one copy of TT19 was expressed
very highly in red berries but not in green or white (Figure 2.3). Transparent testa 19 (TT19) is
described to function as glutathione S-transferase in allowing the accumulation of anthocyanins
in the vacuoles in Arabidopsis (Kitamura et al. 2004). It would therefore make sense to have high
TT19 expression in the storage tissue where the anthocyanins accumulate, for example, berries.
My results are in line with the lingonberry transcriptome study from V. vitis-idaea var. ‘Sunna’
(Tian et al. 2020), including what the authors have pointed out about the odd discovery of F3'5’H.
They mention that because the delphinidin-derived anthocyanins (with 3’ and 5’ OH groups) have
not been detected in lingonberry, it is unexpected to find the F3'5’H gene in lingonberry fruit
transcriptome. There were two putative copies of F3’5’H in my annotation, and one of them was
detected in all tissue types sampled. One possibility is that the produced delphinidin-derived
molecules are not the preferred storage form in lingonberry and thus they exist for a short period
in a transitory phase, making it impossible to be detected when measured in berries (Tian et al.
2020). Another explanation could be that they are only primarily made in non-berry tissue like
leaves and flowers, which could result in the observed expression pattern (Figure 2.3, 2.4). While
this enzyme is critical in making complex anthocyanins that produce blue or purple hues in fruits,

it is an intermediate step for making the downstream flavonoids other than anthocyanins in the
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intricate metabolic network, such as proanthocyanidins (Figure 2.3). Proanthocyanidins have
been described to perform critical defence roles against herbivores; particularly, in immature

berries, they provide unpalatable flavours to deter herbivore ingestion (Albert et al. 2022).

Although studies on flavonoid related genes tend to focus on their health outcomes, my result
have some interesting findings regarding gene evolution. Looking at the expression profiles by
tissue types (Figure 2.3), some genes are present in multiple copies, and sometimes they include
active/inactive forms, or are expressed in a tissue-specific manner. It is biologically relevant to
find flavonoid genes expressed in leaf tissue since numerous flavonoids have been quantified
and described in metabolic profiles of lingonberry leaves (Liu et al. 2014; Ferlemi and Lamari
2016; Vilkickyte and Raudone 2021). On the other hand, their expression in rhizome was not
recognized before. Considering various physiological roles of flavonoids in plants (Albert et al.
2022), the fact that most of the genes downstream of the chalcone synthase (CHS) including CHI,
FHT, F3'H, LAR, ANR, and OMT are more abundant in rhizome/leaves suggests that flavonoids
play roles in vegetative tissues possibly related to stress tolerance or rhizobia interactions (Albert
et al. 2022). However, follow-up functional studies are needed to confirm their physiological roles,

particularly in the rhizome.

Gene duplication/deletion is a well-recognized molecular mechanism that drives the creation of
novelty in genome evolution. The fact that there are tissue-specific copies of the same enzyme
such as 4CL, CHS, and FLS (Figure 2.3, 2.4), may suggest that they have been neofunctionalized
or subfunctionalized. It has been described that the FLS gene, for example, has three paralogs
in Vaccinium, one of which is almost perfectly conserved at protein-level sequences across
species while the other two are not (Pucker et al. 2020). In lingonberry, the highly conserved
functional copy is likely STRG.13258 as seen in the sequence alignment and the other two copies
are categorized as paralogs to each other and not under the same orthogroup as the conserved

copy (data not shown). This could be an example of neofunctionalization as FLS is a central
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enzyme in flavonol production (Pucker et al. 2020); the duplicated copy may have developed new
functions such as altered specificity to their substrates (Albert et al. 2023). Alternatively,
subfunctionalization is possible as the expression level of STRG.13258 and STRG.5589 are
almost complementing each other when looking at the tissue localization (Figure 2.4). Patterns of
such gene duplications compared to the closely related Vaccinium species may provide

interesting insights into how they evolved and why they are tissue specific.

2.4.2 Species and subspecies origin of lingonberry

2.4.2.1 Phylogenetic relationship with other Vaccinium species
The phylogeny of Vaccinium has been a struggle to resolve. Frequent polyploid formation, hybrid
species formation (Lyrene et al. 2003), as well as ongoing introgression from closely related
species (Bjedov et al. 2015) all contribute to this issue. While classifying them into sections may
help categorize them by morphology or habitat types, the current Vaccinium phylogeny consists
of potential polyphyletic groups (Edger et al., 2022). To resolve this issue, previous works have
applied several molecular markers but found conflicting phylogenetic patterns depending on
which markers were used (see Figure 1.3). For example, one of the earliest attempts combining
the morphological and molecular phylogenetics used only two chloroplast genes and indicated
that lingonberry and cranberry are sister to each other, while blueberry and bilberry are more
distant (Kron et al. 2002b). One other study conducted more recently using 507 SSR markers
developed for cranberry also supported this topology (Rodriguez-Bonilla et al. 2019). But
comparatively more studies agree on an alternative topology where lingonberry is more closely
related to blueberries than cranberries, and is sister to bilberry and other bog blueberries
(Schlautman et al. 2017; Kim et al. 2020; Fahrenkrog et al. 2022). Phylogenetic inference
performed on recent genome assemblies has focused beyond the genus and not resolved intra-
genus relationships within Vaccinium. The blueberry and cranberry assembly studies both looked
at the commercial vs. wild progenitor (Diaz-Garcia et al. 2021; Cui et al. 2022) to search for useful

genetic materials for crossing, rather than disentangling the Vaccinium phylogeny. Little research
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has been done on the evolutionary relationships of Vaccinium species using genome-scale

molecular markers.

My study aimed to update our understanding of Vaccinium phylogeny using the whole genome
data and found that the overall species tree topology based on three different methods was
consistent with previous studies (Schlautman et al. 2017; Kim et al. 2020; Fahrenkrog et al. 2022)
in which lingonberry (V. vitis-idaea) is closest to bilberry (V. myrtillus), followed by blueberries (V.
corymbosum, V. darrowii, V. caesariense) and cranberries (V. macrocarpon, V. oxycoccos, V.
microcarpum) (Figure 2.13, 2.14, 2.15). The advantage of using genome-wide molecular markers
is that it has the power to look at the genealogy of many orthologous genes individually, then find
the most congruent species topology based on the topology of all gene trees. When speciation is
recent, or ancestral branches are short (i.e. past rapid speciation), it is common for gene trees to
disagree with the overall species tree due to incomplete lineage sorting (Coyne and Orr 2004).
The species trees from my work have presented fairly low gene concordance factors (< 30%) for
nodes among closely related species, indicating the history of incomplete lineage sorting or

possibly introgression.

Lingonberry is sometimes referred as ‘mountain cranberry’ or ‘alpine cranberry’ (Penhallegon
2006) due to their red berry colours and their similar taste profile. Using the phylogenetic
relationship drawn from this study, we can ask whether the ancestral plant had red or blue berries
or neither. Both scenarios require two steps of colour change (Figure 2.16); thus, the colour of
the ancestral state is ambiguous. However, considering the complexity of blue/purple colouration
(i.e., decorated sugar and hydroxylation patterns on anthocyanins), convergent evolution of red
berries is arguably more plausible. Berries are culturally and economically important, and there
have been active research on elucidating the mechanism of anthocyanin composition and
biosynthesis (Albert et al. 2023), which affects berry skin colouration. Bringing the evolutionary

standpoint to metabolic regulation might reveal the underlying molecular basis for anthocyanin
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and the surrounding flavonoid production in berries. Particularly, adding species closely related

to lingonberry and bilberry could address and resolve those questions.
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Figure 2.16: Berry colour evolution in Vaccinium. Hypothetical evolution of colour morphology if the
ancestral population had a) blue or b) red berries.

The split between blueberry species and bilberry/lingonberry has only ~25% gene concordance
factor, which indicates that there is significant incomplete lineage sorting or introgression. The
habitat types of lingonberry and bilberry are similar, and they are representative subarctic dwarf
shrubs usually found to live in proximity in natural populations (Bjedov et al. 2015; Gailite et al.
2020). The ability to occasionally form hybrid populations has been also observed in Nordic
populations, which could also introduce frequent gene flow. But considering the diversity of
Vaccinium, bilberry may not be the sister species to lingonberry. My current analysis is missing
several possible candidates. Species like bog blueberry (V. uliginosum) is shown to be the closest
relative in chloroplast genomes (Kim et al. 2020), and they share their habitats in Canadian Arctic
(Boulanger-Lapointe et al. 2020). Species in the section Pyxothamnus (e.g., V. ovatum, V.
meridionale, V. floribundum) could also be potentially closely related to lingonberry according to
their positionality in Rodriguez-Bonilla et al. (2019). Given the large range and difference in
geography between the two lingonberry subspecies, it is possible they hybridize with different
species and have different introgression patterns. In the flora of the Canadian Arctic, V. myrtillus

is not described but V. uliginosum is (Aiken, et al., 2007), while in Sweden and other Nordic
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nations, both species are described to dominate the alpine (Auffret et al. 2010; Gailite et al. 2020).

Using the genomes developed here as a reference, future researchers could test this hypothesis.

2.4.2.2 Genomic divergence between North American and European subspecies
The concept of subspecies in plants has been historically defined as local races or groups of
morphologically identifiable populations within the same species depending on their geographical
origin (Grant 1981; Mallet 2013). Systematically speaking, this subspecies classification comes
below the species classification, meaning they can interbreed readily in the hybrid zones even
though they could sometimes produce slightly maladapted offspring. Because of their not-yet fully
speciated status, subspecies can also be described as incipient species (Mallet 2013). With this
definition, it seems reasonable to call the European and North American lingonberries as separate

subspecies entities.

The two lingonberry subspecies are defined by geographic origin and morphological differences
(Figure 1.2b, Table 1.1) but it is unclear whether this represents a sharp division between
subspecies, or a gradual change across its circumpolar range. Even though morphological
differences are reasonably well-recognized, the actual geographical distributions of the
subspecies are vague, and they span all continents in the Northern hemisphere (Figure 1.1). If
the ancestral population of the lingonberry subspecies was geographically isolated between
Europe and North America, the two genomes could have accumulated variations independently
over a long enough time such that they may show reduced hybrid fithess when compared to each
other when in secondary contact. Nonetheless, lingonberry populations in these intermixing areas
possibly the case in Russia largely lack genetic or genomic data. Future studies should fill this
gap by sampling across the circumpolar range, and compare to the reference genomes created
here as the two extremes of the subspecies spectrum. The whole genome alignment showed that
the two lingonberry subspecies have the average pairwise divergence of 0.86% and no particular

windows were notably different in divergence (Figure 2.5). The syntenic blocks identified between
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the two genomes covered 51.1% and 55.3% (Table 2.3), which indicated a good colinear
relationship considering 45.82% of the genome is repetitive or unalignable (Table 2.1). Relatively
even genomic divergence is consistent with isolation without gene flow, which is expected based

on their geographic separation.

One way of estimating divergence times between populations is using the statistic D, (Nei and Li
1979). It accounts for the amount of variation segregating within populations and uses that to

normalize the amount of variation that has accumulated since the populations diverged, using the

(Ttx+1y)

formula D, = Dyy — . In this case, Dxy represents the sequence divergence between the

two subspecies genomes and « is the proportion of heterozygosity in each genome. | can then
calculate a divergence time in generations by dividing D, by twice the average mutation rate (3 x
10®). This estimate puts the divergence time between subspecies at ~1 MYA. This estimate of
divergence time is preliminary, due to the minimal sample size, and does not account for other
factors such as variation in mutation rate or generation time. Population-level sampling is needed

to better understand the amount of diversity within and between the lingonberry subspecies.

2.4.2.3 Subspecies origin — impacts of repeated glacial cycles during Pleistocene
Between 0.9-2.4 MYA, the Earth had the major ice ages in the Quaternary period. During this
time, an Arctic ice cap was established, and the northern ice sheets repeatedly advanced and
receded in ~41,000 years cycles (Hewitt 2000). Species that existed prior to these glaciation
events inevitably experienced an extreme change in climate, especially subarctic or arctic-alpine
plants, as they were living on the southern edges of the ice sheets (Hewitt 2000). Hultén (1937)
noted that the presence of Beringia (= Bearing Land Bridge, the bridge between Alaska and
Eurasia) during the Pleistocene (1-2 MYA) acted as a refugium for most contemporary subarctic
plant species; Beringia once bridged the two continents, North America and Eurasia, and became
the place of origin of plants that have subsequently expanded their range into the circumpolar

region. Empirical studies support this theory, showing that those subarctic species that underwent

74



repeated fragmentation and reformation in their ancestral populations form a genetic structure
that divides contemporary populations into five main groups: Siberian, Beringian, Canadian, east
Canadian/west Greenlandic, and east Greenlandic/ west Scandinavian, among which Beringian
population tends to have the highest genetic diversity (Eidesen et al. 2013). This can be explained
by the species radiation from Beringia starting at the end of Pleistocene, as proposed by Hultén
(1937), because the populations in other parts such as Europe and Canada have undergone a
period of population bottlenecking, resulting in small effective population size, and thus show

limited genetic diversity within the geographical populations.

Based on my MSMC analysis (Figure 2.9, Table 2.5), both European and North American
lingonberry subspecies were at their maximum Ne around 1-3 MYA and have been declining
since then, indicating a major population bottleneck. Given its current range, lingonberry has likely
undergone repetitive range contractions followed by expansion due to ice sheets advancing and
receding. The survivors from the glacial refugia on the south ends of the ice sheets would have a
small population size initially, leading to population bottlenecks post-glaciation. Lingonberry was
included in a previous genetic study that particularly looked at this effect of glaciation on genetic
structure (Eidesen et al. 2013), which found that lingonberry followed the Beringian glacial refugia
model in the Pleistocene. Another study within Europe and Norwegian nations (Garkava-
Gustavsson et al. 2005) also found genetic structure, where samples from Sweden, Finland,
Norway, Estonia, and Russia resulted in a significant genetic difference between countries.
Because of rapid colonization in the circumpolar range post-glaciation, the patterns of genetic
variation within countries are usually heterogeneous in wild lingonberry populations, as shown in
the wild Canadian populations (ssp. minus) (Debnath 2007a; Debnath and Sion 2009) and
Swedish populations (ssp. vitis-idaea) (Persson and Gustavsson 2001; Garkava-Gustavsson et
al. 2005). Nevertheless, the impact of glacial refugia other than Beringia is also possible such as
those in Japanese populations (lkeda et al. 2015). However, for my samples from Quebec,

Canada (LW1), and Netherlandish variety ‘Red Candy’ (LC1), the Ne maxima at 1-3 MYA could
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correspond to the refugia in Beringia. Noneetheless, it should be noted that the timing of my
models is limited by the confidence in the generation time and mutation rate parameters. For
lingonberry, both parameters are undefined and are approximate estimates based on indirect
inference from the literature (Ritchie 1955; Exposito-Alonso et al. 2018); thus, the timing of events

should be interpreted with caution.

An alternative explanation for this Ne decline towards the present could be that the individuals |
used for this study were inbred and generally low in genetic diversity, resulting in smaller effective
population size. This has been observed in continuous and widespread contemporary populations
like western redcedar, where the recent range expansion is seen as having been at the cost of
losing genetic diversity through inbreeding (Shalev et al. 2022). However, this is unlikely for
lingonberry based on the heterogeneous genetic structure within countries, as mentioned above.
Moreover, selfing is not a primary reproductive strategy for lingonberry since it is documented to
preferentially produce more berries when pollinated by insects (Guillaume and Jacquemart 1999;
Nuortila et al. 2002), which would logically lead to higher seed dispersal and reproductive fitness.
Nevertheless, it can self-fertilize, so it is possible that the specific individual | used for sequencing
in this study was from a highly inbred population. This is likely not the case though because |
found no evidence for long runs of homozygosity, which would be characteristic of recent

inbreeding (Figure 2.11, 2.12).

Taken together, the parallel declines in Ne for both subspecies is consistent with a hypothesis

that repeated glaciation driven bottlenecks reduced diversity despite its current expansive range.
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2.5 Conclusion

This study defined the subspecies divergence in lingonberry at the whole-genome scale, for the
first time, using genome assemblies. With the sequence variants detection and genome
annotations, basic genomic knowledge was built for lingonberry including genome-wide
heterozygosity estimates, its phylogenetic position in the genus, and genes involved in flavonoid
biosynthesis pathway. The data generated in this study will facilitate future work, such as
generation of genetic markers for breeding and analysis of population structure across the species
range. Further, the results encouraged future scientists in the field to address novel hypotheses
regarding not only the evolution of lingonberry, but also the evolution of diverse edible berries in

the genus Vaccinium.
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Chapter 3: Concluding remark

Lingonberry is a culturally and economically important berry-bearing crop that has growing
potential for domestication and potential use in medicine or natural products. Despite continuing
efforts in defining biochemical and metabolic profiles across different cultivars and wild
populations, genomic studies of lingonberry are far behind compared to other berry crops.
Genomic resources accelerate the breeding efforts by providing a molecular tool to select progeny
with desirable traits when crossed or even before being crossed (e.g., marker-assisted breeding,
genomic selection). Additionally, genomics provides a way to answer evolutionary questions

about lingonberry’s past and future evolution.

Vaccinium encompasses diverse morphologically distinct species shaped by the frequent
polyploidization, hybrid formation, and introgression (Vander Kloet 1988; Lyrene et al. 2003;
Redpath et al. 2022). Polyploidization doubles the amount of genetic material, which fuels
evolutionary changes by introducing space to create diversity (Heslop-Harrison et al. 2023). In
Vaccinium, polyploidization is sometimes responsible for a new species formation such as the
commercial tetraploid blueberry (Colle et al. 2019; Mengist et al. 2023), and other times it merely
represents the spontaneous formation of populations that differ in ploidy but are not necessarily
separate species like tetraploid lingonberry in Japan (Wakui and Kudo 2021). But at the same
time, intraspecies polyploidization could be an adaptive strategy for an organism under stressful
or changing conditions like in the case of arctic or alpine plants (Brochmann et al. 2004; Wakui
and Kudo 2021). Future work could use genomics to quantify the distribution of tetraploid
lingonberry across the range and determine whether it's responsible for latitudinal variations, as
predicted. Furthermore, it could address whether tetraploid lingonberry has repeatedly evolved

(e.g., Soltis et al. 2004; Redpath et al. 2022), or originated from a single polyploidy event.

Some species in Vaccinium are sub-arctic plants and are survivors of the repeated glacial cycles

including lingonberry (V. vitis-idaea) and bog blueberry (V. uliginosum) (Eidesen et al. 2013), and
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my model suggests these glacial cycles had large effects on lingonberry populations. However,
they thrive in modern times, and are predicted to further expand their range under climate change
(Egorova 2020; Hirabayashi et al. 2022). The rapid range expansion after glaciation raises many
questions about how and whether lingonberry populations are adapted to their local habitat. This
will become increasingly important as climate change causes plant species to shift their range

north.

Aside from polyploidization, novel adaptive materials can also be introduced into the species
genome by gene duplications through other phenomena like TEs or repeats. In fact tandem
repeats are described to be frequent drivers of adaptive evolution in a subtropical blueberry (Cui
et al. 2022). Gene duplications create genetic redundancy and an opportunity to diversify genes
through sub- or neofunctionalization. This may have occurred in the flavonoid related genes in
lingonberry which show differential expression across tissues. Tissue specific expression of
duplicated genes could be explored further to elucidate the physiological functions of those
enzymes in the flavonoid pathway which is known to have various roles in stress tolerance (Albert
et al. 2022, 2023), or they could possibly interact with other pathways to perform completely
different functions. Phylogenetic analysis implies that berry color has changed multiple times in
the genus. Given the tight regulatory network of anthocyanin biosynthesis with the berry skin
colour and complexity of its regulation (Zhao et al. 2019; Diaz-Garcia et al. 2021), studying the

metabolic system with evolutionary perspective may advance our understanding.

My research created a valuable resource to initiate future studies on alpine/sub-arctic plant
evolution and diversity. Looking forward, lingonberry could be developed as a model species for
persistence and evolution in arctic and alpine species under climate change. Follow-up studies
on lingonberry population-level genomics will clarify answers to some of these unapproached
questions and hypotheses raised in this study and reveal the evolutionary footprint of this

charismatic plant.
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Appendix A: Sequencing data summary tables

Table Al: Oxford Nanopore (ONT) MinlON reads output from this study.

# MinKN DATE MODE of DATA  est. BASE
LIB  # USED (how POR OW sequen DURATI sequenci (fast5, PAIR >Q10 N50 %
RUN  SAMPLE ID Genus Species . KIT manytimes) ES ver. ced ON (h) ng GB) (Gbp) (Gbp) (kbp) duplex NOTES
vitis-idaea FLO- SQK-
RedCandy_SREXS_ Vaccin var. Red MIN106 LSK11 120 05-
101_May5_2022 ium  Candy R9.4 D 0 0 021.11.7 May-22 72 NA 137 17.2 12.3 20.5NA
vitis-idaea FLO- SQK-
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vitis-idaea FLO- SQK-
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RedCandy_Takara_ vitis-idaea SQK-
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RedCandy_Takara_ vitis-idaea SQK-
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5XS_02_Oct_3 2022 ium Candy R10.4 MIN114 4 1 68822.05.5 22 48 NA 67 7.43 6.49 241 7.1
stopped by
RedCandy_Takara_ vitis-idaea SQK- accident
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66_2022 ijum  Candy R10.4 MIN114 4 2 60022.08.9 22 12 (250bp) 31 257 233 216 9 outage)
stopped by
minus_Takara_01_ SQK- accident
SREXS_01_0Oct6_20 Vaccin vitis-idaea FLO- LSK11 120 06-Oct- accurate (memory
722 ium  ssp. minus R10.4 MIN114 4 0 022.08.9 22 12 (250bp) 36 2.95 2.75 219 12.1outage)
RedCandy_Takara_ vitis-idaea SQK-
04_SREXS_03_Oct_ Vaccin var. Red FLO- LSK11 07-Oct- accurate restarted with
87_2022 ium  Candy R10.4 MIN114 4 2 60022.08.9 22 24 (250bp) 39 3.04 2.69 189 6.8 loaded flow cell
minus_Takara_01_ SQK-
SREXS_01_1_0Oct7_ Vaccin vitis-idaea FLO- LSK11 120 07-Oct- accurate restarted with
92022 ium  ssp. minus R10.4 MIN114 4 0 022.08.9 22 24 (250bp) 11 0.778 0.697 22.0 7.9 loaded flow cell
RedCandy_Takara_ vitis-idaea SQK-
04_SREXS_03_Oct_ Vaccin var. Red FLO- LSK11 ~30 08-Oct- accurate
108 2022 ium  Candy R10.4 MIN114 4 30 22.08.9 22 96 (250bp) 15 1.13 0.981 185 4.5
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minus_Takara_02_ SQK-
SRE_01_250ct2022 Vaccin vitis-idaea FLO- LSK11 120 25-Oct- accurate
11 1 ium  ssp. minus R10.4 MIN114 4 0 022.08.9 22 72 (250bp) 89 6.53 5.97 2237 11
minus_Takara_02_ SQK-
SRE_01_250ct2022 Vaccin vitis-idaea FLO- LSK11 25-Oct- accurate
12 2 ium  ssp. minus R10.4 MIN114 4 1 40022.08.9 22 72 (250bp) 44 3.22 3.12 2478 10.4
minus_Takara_02_ SQK-
SRE_01_6Dec_202 Vaccin vitis-idaea FLO- LSK11 06-Dec- accurate
132 ium  ssp. minus R10.4 MIN114 4 1 61822.10.7 22 48 (250bp) 43 3.12 261 242 9.1
minus_Takara_02_ SQK-
SRE_01_9Dec_202 Vaccin vitis-idaea FLO- LSK11 149 09-Dec- accurate
142 ium  ssp. minus R10.4 MIN114 4 0 022.10.7 22 68 (250bp) 113 8.03 6.74 235 9
minus_Takara_02_ SQK-
nsSRE_01_9Dec_20 Vaccin vitis-idaea FLO- LSK11 09-Dec- accurate
1522 ium  ssp. minus R10.4 MIN114 4 2 18922.10.7 22 72 (250bp) 23 1.7 1.45 243 6.6
minus_Takara_02_ SQK-
nsSRE_01_12Dec_2 Vaccin vitis-idaea FLO- LSK11 12-Dec- accurate
16022 ium  ssp. minus R10.4 MIN114 4 1 79322.10.7 22 45 (250bp) 56 3.91 3.51 234 8.9
minus_Takara_02_ SQK-
nsSRE_01_14Dec_2 Vaccin vitis-idaea FLO- LSK11 14-Dec- accurate
17022 ium  ssp. minus R10.4 MIN114 4 2 28622.10.7 22 48 (250bp) 19.7 1.34 1.19 22 7.6
minus_Takara_02_ SQK-
nsSRE_01_16Dec_2 Vaccin vitis-idaea FLO- LSK11 16-Dec- accurate
18022 ium  ssp.minus R10.4 MIN114 4 3 17922.10.7 22 72 (250bp) 9.5 0.644 0.548 23.1 6.0
Red
Total:  Candy 405.9 44.831 35.261- -
minus 444.2 32.222 28.585 - =
Red
Average: Candy 50.74 5.60 441 20.56 7.22
minus 44.42 3.22 2.86 23.16 8.86
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Table A2: lllumina reads output from this study.

Target reads per sample DATE RAW DATA FILTERED DATA
SAMPLE ID Species PLATFORM LIB KIT (million) sequenced (GB) (GB)
RedCandy_leaf RN  Vaccini vitis-idaea var. Red llumina PE150
1 A um Candy NovaSeq bp PolyA+ mRNA 50 09-Mar-23 52.47 51.83
RedCandy_rootstalk Vaccini vitis-idaea var. Red llumina PE150
2 _RNA um Candy NovaSeq bp PolyA+ mRNA 50 09-Mar-23 46.44 45.84
RedCandy_flower_ R Vaccini vitis-idaea var. Red llumina PE150
3 NA um Candy NovaSeq bp PolyA+ mRNA 50 09-Mar-23 76.76 75.84
RedCandy_berry R Vaccini vitis-idaea var. Red llumina PE150
4 NA um Candy NovaSeq bp PolyA+ mRNA 50 09-Mar-23 79.20 78.29
Vaccini  vitis-idaea var. Red llumina PE150 PCR-Free
5 RedCandy_DNA um Candy NovaSeq bp Genome 75 13-Feb-23 36.27 35.32
Vaccini  vitis-idaea var. Red llumina PE150 PCR-Free
6 RedCandy_DNA um Candy NovaSeq bp Genome - 20-Mar-23 48.97 47.46
Vaccini  vitis-idaea ssp. llumina PE150 PCR-Free
7 minus_DNA um minus NovaSeq bp Genome 75 13-Feb-23 72.59 70.67
Red Candy
Total: (DNA) 85.24 82.79
minus (DNA) 72.59 70.67
Red Candy
(RNA) 254.86 251.80
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Appendix B: Raw reads quality on ONT MinlON
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Figure B1: Raw reads Qscore distribution for MinlON R9.4 results. The plot is generated with the
combined V. vitis-idaea var. ‘Red Candy’ raw reads data before quality filtering. Basecall was done with

guppy v6.1.2+e0556ff with “sup” model.
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Figure B2: Example Qscore distribution for a MinlON R10 run with “slow” transversion speed mode
simplex reads only. The plot is generated with the first run on V. vitis-idaea var. ‘Red Candy’ raw reads
data on R10 before quality filtering. Basecall was done with Guppy v6.1.2+e0556ff with “sup” model,

and duplexed reads were removed to generate this plot.
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Figure B3: Example Qscore distribution for a MinlON R10 run with “slow” transversion speed mode,
duplex reads only. The plot is generated with the first run on V. vitis-idaea ssp. minus raw reads data on
R10 before quality filtering. Basecall was done with Guppy Duplex-basecalling pipeline v6.3.8+d9e0f64,
and only duplexed reads are plotted.
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