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Abstract

As a preliminary step of genome analysis, we produced a total of 28—44 Gb DNA sequencing data of
whole-genome for thirteen Svalbard plants. We estimated genome sizes using these data with a k-mer-
based computation tool and found that genome sizes of eight species ranged from 180-894 Mb:
Cochlearia groenlandica 180 Mb, Dryas octopetala 204 Mb, Eriophorum scheuchzeri ssp. arcticum 306
Mb, Oxyria digyna 352 Mb, Salix polaris 383 Mb, Betula nana 689 Mb, Cassiope tetragona 798 Mb, and
Silene uralensis ssp. arctica 894 Mb. We could not estimate the genome size of the other five species. We
also analyzed variations in DNA sequences by identifying putative telomeric-repeat motifs in the thirteen
Svalbard plants. Eleven out of thirteen species contained the canonical plant telomeric-repeat motif,
TTTAGGG (Arabidopsistype), whereas S. oppositifolia contained the Chlamydomonas-type telomeric-
repeat motif (TTTTAGGG) and P, dahlianum had a novel telomeric-repeat motif, TTCAGGG. These
findings provide a quantitative guideline for whole-genome sequencing analysis of Arctic plants in the
future. The findings in this study provide a quantitative guideline for whole-genome sequencing analysis
of Arctic plants, and they also show the potential of Arctic plants to be a new source of telomere diversity.

Introduction

Arctic plants live in a vulnerable environment. They are exposed to a short growing season, temperature
fluctuations, strong winds, and oligotrophic soil (Lee 2020). Sometimes their habitats are disturbed by the
overflow of glacial melting water (Kim et al. 2022). The formation of thaw ponds by permafrost thawing
and the changes in temperature and precipitation result in vegetation shifts and/or community trait
change (van der Kolk et al. 2016; Bjorkman et al. 2018). Arctic plants are driven into competition with
subarctic plants and influenced by boreal animals such as moose, beaver, red fox, and boreal birds
expanding into the Arctic tundra (Speed et al. 2021). Before Arctic tundra plants become a minor
population or disappear completely, we should understand the remarkable legacy of their adaptation to
the harsh Arctic environment.

Genomic analysis is one of the ways to unveil the life phenomena of these Arctic plants. The genome is
the basis for a variety of follow-up studies and a source of insight into biological processes. Genome-
based discovery of plant characteristics includes the origins of polyploidy and whole-genome duplication,
reproductive diversity such as monoecious and dioecious flowers, self-incompatibility, and evolutionary
history (Michael and Jackson 2013; Slotte et al. 2013). Genomic information also reveals the regulation
of the development and differentiation of roots, leaves, flowers, and embryos (Du et al. 2018; Radoeva et
al. 2019; Beaudry et al. 2020; Deja-Muylle et al. 2020). The genome can provide essential information on
plant survival, such as susceptibility to fungal infections, disease resistance, and resistance to low
temperatures or drought (Guo et al. 2015; Mahmood et al. 2019; Goyal et al. 2020; Ke et al. 2020). The
genome of Arctic plants may reveal the secrets of these plants being able to survive in barren
environments abandoned by other plants.
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Estimating the genome size is the basic data for genome analysis. Based on the estimated genome size,
the amount of data to be sequenced for whole-genome analysis can be determined. Genome size is used
in population studies related to ploidy level, gene flow, and genetic diversity to understand the distribution
and adaptation of the populations along with history (Cuba-Diaz et al. 2017). Genome size, chromosome
number, and DNA amounts have been reported on Antarctic plants (Bennett et al. 1982; Cuba-Diaz et al.
2017; Pascual-Diaz et al. 2020; Siljak-Yakovlev 2020) and Arctic plants (Nowak et al, 2020), but the
genome information is still lacking on most Arctic plants.

Telomere is composed of highly conserved and tandemly repeated sequences, stabilizing chromosomes.
Telomeres provide the structural basis for chromosomes in eukaryotes (PeSka and Garcia 2020), and take
part in chromosome recognition and pairing at the beginning of meiosis (Aguilar and Prieto 2021).
Because the changes in telomere sequences affect the stability of the whole genome, telomeric-repeat
motifs are highly conserved in animals. However, plants exhibit extreme diversity in telomeric-repeat
motifs compared to animals (Fulneckova et al. 2013). The representative telomeric-repeat motif of plants
is TTTAGGG, called Arabidopsistype (Richards and Ausubel 1988). Several telomeric-repeat motifs have
been reported from plants: TTCAGG and TTTCAGG (Genlisea-type; Tran et al., 2015), TTTTTTAGGG
(Cestrum-type; Peska et al., 2015), CTCGGTTATGGG in Allium species (Fajkus et al. 2016). Even some
plants possess the vertebrate-type telomeric sequence, TTAGGG (Weiss and Scherthan 2002; Sykorova et
al. 2003; Sykorova et al. 2006).

A telomeric-repeat motif of a specific organism is analyzed based on the genome. But the genomes of
Arctic tundra plants have not yet been reported on. By 2020, the genomes of a total of 702 vascular
plants have been published (Sun et al. 2022), but few of them represented tundra plants.

Svalbard is an archipelago that extends between 74°-81° north latitudes and 10°-35° east longitudes.
Most of Svalbard was ice-covered during the last ice age 11,000 years ago (van der Bilt and Lane 2019),
and plants seemed to have migrated and settled down recently. A large proportion of Svalbard is still
covered by ice, thus the land where plants can grow is mostly concentrated along the coast and ice-free
valleys. More than 200 vascular plants have been reported from Svalbard, and among them, 48 plants are
rare species on the Red List (Lee 2020). So far, the genome information of Svalbard plants has not yet
been reported.

As a preliminary step of genome analysis, we have analyzed the genome size of thirteen tundra plants
commonly found in Svalbard by using next-generation sequencing (NGS). We also examined whether any
novel or noncanonical telomeric-repeat motif has evolved in tundra plants. Among the thirteen plants,
Cassiope tetragona, Dryas octopetala, and Salix polaris were shrubs observed at the climax of the
succession in Svalbard. Saxifraga oppositifolia and Silene acaulis are pioneer plants in glacier retreat
areas or abandoned coal piles (TéSitel et al. 2014; Oh and Lee 2021). Bistorta vivipara, Cochlearia
groenlandica, Oxyria digyna, Papaver dahlianum and Silene uralensis ssp. arctica are widely distributed
forbs, and Eriophorum scheuchzeri ssp. arcticumis a common graminoid in Svalbard. This paper
provides useful information for future whole-genome analysis and telomere research of Arctic plants.
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Materials And Methods
Sample collection and preprocessing

Arctic plant samples were collected from seven sites in Spitsbergen Island of the Svalbard archipelago:
Adventdalen, Blomsterdalen, Endalen, Longyearbyen, Stuphallet, Svalbard Airport, and Svalbard Governor.
The sampling period was from July 25 to August 3, 2021. The thirteen species dominant in Svalbard were
selected (Fig. 1), and only the amount of leaves required for analysis (0.1-2.0 g) was collected to
minimize the impact on the local population. The collected samples were immediately put in a yellow
envelope and dried with silica gel in the field. The plant leaves were lyophilized in the envelopes at the
Dasan research station and stored at 4°C until they were transferred to Korea in 15 mL conical tubes.

DNA extraction

DNA was extracted using GeneAll® Exgene™ Plant SV mini kit (GeneAll Biotechnology Co. Ltd., Seoul,
Korea). The DNA extraction method was carried out by modifying the protocol. As a pretreatment
operation, the tissue of the plant sample was pulverized using a mortar to obtain a powder sample. The
powder sample of 50—80 mg was placed in a 2.0 mL microcentrifuge tube, and 400 pL of PL buffer and 4
pL of RNase A (100 mg / mL) were added and then vortexed. The tubes were put in a constant
temperature water bath at 65°C for 3—4 hours with vortexing 6—8 times. After adding 140 pL of PD
buffer, it was placed on ice for 7 minutes and centrifuged at 14,000 rpm for 5 minutes and 30 seconds.
The supernatant was placed in an EzSep™ filter (blue) column and centrifuged at 14,000 rpm for 2
minutes. BD buffer solution of 1.5 times the volume was added to the filtrate, and pipetting was
performed about 15 times. The mixture was placed on a GeneAll® SV column and centrifuged at 8,000
rpm for 1 minute. And then 700 pL of CW buffer was added to the SV column, centrifuged at 8,000 rpm
for 1 minute, and 300 pyL of CW buffer was added and centrifuged once more at 14,000 rpm for 2
minutes. The SV column was transferred to a new 1.5 mL microcentrifuge tube, and 50 pL of AE buffer
was added to the column membrane, dissolved at room temperature for 1 to 1.5 hours, and centrifuged at
8,000 rpm for 1 minute. This process was performed once more to obtain a total volume of 100 pL. The
concentration and quality of the extracted DNA were checked through NanoPhtometer® NP80 (Implen
GmbH, Munich, Germany), and DNA quality was checked through electrophoresis.

NGS sequencing

NGS sequencing was performed by DNA Link (Seoul, Korea). DNA library for sequencing was produced
using lllumina's DNA sample prep kit, and the completed DNA library was sequenced with a paired-end
read of 151 bp using lllumina NovaSeq 6000 (lllumina Inc., San Diego, CA, USA). The prepared library was
loaded into the flow cell mounted on the cBot, a cluster generation device. The template was amplified
using the bridge amplification method, and the sequencing reaction started in the flow cell. In the
sequencing reaction, dNTPs with different fluorescent dyes were synthesized one base at a time in one
cycle, and the fluorescence of the used nucleotide was measured to analyze the sequence. The raw data
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were submitted to the KONA BioProject database (https://www.kobic.re.kr/kona/go_browse_bioproject)
under accession number PRUIKA220343.

Genome size estimation and assembly

KAT (version 2.4.1) was used to estimate the genome sizes of the thirteen Svalbard plants (Mapleson et
al. 2017). The command kat hist -m 27 was applied to all lllumina sequencing data that we prepared.
Platanus Assembler (version 1.2.4) was used to assemble Illumina reads of each species (Kajitani et al.
2014). First, we trimmed off low-quality regions of the lllumina reads using p/atanus_trim, and found
overlaps among these trimmed reads using platanus assemble. After these steps, we additionally merged
the resulting contigs into scaffolds using platanus scaffold.

Analysis of telomeric-repeat motifs

Telomeric-repeat motifs should be found as sequential and continuous repetitive sequences in a single
read. To analyze telomeric-repeat motifs, we subsampled 20 million reads from our lllumina reads of the
thirteen Svalbard plants. We only used 60-bp regions of each read by trimming off the starting 10 bp and
the last 81 bp. We then counted the reads containing the telomeric-repeat motifs, sequentially. The
telomeric-repeat units are TTTAGGG (Arabidopsis-type), TTAGGG (vertebrate-type), TTTTAGGG
(Chlamydomonastype), TTCAGG (Genlisea-type), TTTCAGG (Genliseatype), TTTTAGG (Klebsormidium-
type), and TTTTTTAGGG (Cestrum-type). After this analysis, we also found that Papaver dahlianum has
a novel telomeric-repeat motif, TTCAGGG, which was similar to Genlisea-types. We also counted
TTCAGGG (Papavertype) from all thirteen plant reads.

Results

We produced DNA sequencing data for the thirteen Svalbard plants to estimate their genome size. A total
of 28—44 Gb of DNA sequencing data was produced (Table 1), which was suitable for estimating genome
sizes of approximately 1 Gb. We estimated genome sizes using these data with a k-mer-based
computation tool and found that genome sizes of eight species ranged from 180—-894 Mb: Cochlearia
groenlandica 180 Mb, Dryas octopetala 204 Mb, Eriophorum scheuchzeri ssp. arcticum 306 Mb, Oxyria
digyna 352 Mb, Salix polaris 383 Mb, Betula nana 689 Mb, Cassiope tetragona 798 Mb, and Silene
uralensis ssp. arctica 894 Mb. The estimated genome sizes of Bistorta vivipara, Papaver dahlianum,
Polemonium boreale, and Silene acaulis were lower than 10 Mb. The genome size of Saxifraga
oppositifolia could not be not estimated by KAT.
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Table 1

The chromosome numbers, ploidy levels, genome size (haploid C-values), genome size range of plants in
the Family, estimated genome size, and draft genome assembly size of thirteen Svalbard plants. ND, Not

determined; Chromosome numbers and ploidy levels (https://svalbardflora.no/); Family genome size
(https://cvalues.science.kew.org/); The genome size of individual plants on the basis of genome

sequencing in the same genus (Sun et al. 2022).

Scientific Name Chromosome  Genome size of plants  Short-read Estimated

number in the Family genome
data size
(Ploidy level) (1C, Mb) (Mb)
(bp)

Poales 196-9657.9

Cyperaceae

Eriophorum scheuchzeri  2n =58 34,591,174,828 306

ssp. arcticum
(ND)

Ranunculales 529.2-8722

Papaveraceae

Papaver dahlianum 2n=70 P somniferum 2870 34,339,113,548 ND
(10x)

Caryophyllales 392-5782

Caryophyllaceae

Silene acaulis 2n=24 S. latifolia 2800 27,861,778,590 ND
(2x)

Silene uralensis ssp. 2n=24 44,301,561,122 894

arctica
(2x)

Polygonaceae 294-6110.3

Bistorta vivipara 2n=77-132 37,899,315,444 ND
(Polyploidy)

Oxyria digyna 2n=14 33,649,545,774 352
(2x)

Saxifragales 553.7-2450

Saxifragaceae

Saxifraga oppositifolia 2n =26, 39, 52 32,263,321,682 ND
(2x, 3x, 4x)
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Scientific Name Chromosome  Genome size of plants  Short-read Estimated

number in the Family _ genome
(Ploidy level) (1C, Mb) data size (Mb)
(bp)
Brassicales 156.8—-4639.3
Brassicaceae
Cochlearia groenlandica  2n=14 41,139,187,752 180
(2x)
Malpighiales 347.9-842.8
Salicaceae
Salix polaris 2n=114 S. brachista 420 34,654,183,202 383
(6x) S. dunnii 376
S. matsudana 656
S. suchowensis 425
S. viminalis 360
Rosales 98-3577
Rosaceae
Dryas octopetala 2n=18 D. drummondii 253 37,392,065,070 204
(2x)
Fagales 396.9-2533.3
Betulaceae
Betula nana ssp. nana 2n=28 B. nana 450 33,644,296,108 689
(2x) B. pendula 440
Ericales 465.5-29302
Ericaceae
Cassiope tetragona 2n=26 30,504,013,132 798
(2x)
Polemoniaceae 1288.7-6811
Polemonium boreale 2n=18 29,289,298,766 ND
(2x)
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We also analyzed variations in DNA sequences by identifying putative telomeric-repeat motifs in the
thirteen Svalbard plants (Fig. 2). Possible telomeric-repeat motifs of every species were successfully
discovered, and eleven out of thirteen species contained the canonical plant telomeric-repeat motif,
TTTAGGG (Arabidopsistype). Impressively, the remaining two species, P dahlianum and S. oppositifolia,
were found to have distinct, noncanonical plant telomeric-repeat motifs, TTCAGGG and TTTTAGGG,
respectively. The telomeric-repeat motif of S. oppositifolia was known to be the Chlamydomonas-type
telomeric-repeat motif (Fulneckova et al. 2012). However, the TTCAGGG telomeric-repeat motif of P
dahlianum was novel.

Discussion

We produced DNA data of thirteen Svalbard plant species and estimated the genome sizes of eight
species out of the thirteen. The genome sizes estimated by flow cytometry and by k-mer analysis of
genome sequences were similar in Salix brachista: 400 Mb and 421 Mb, respectively (Chen et al. 2019).
Because there is no information on the genome data of the eight Svalbard species, to check the accuracy
of our genome size, we listed the range of genome sizes using flow cytometry for the Family the plant
belonged to (Table 1; Pellicer and Leitch 2019). Draft genome assembly has never been reported for these
Svalbard plants, and Betula nana of the United Kingdom is the only plant with genome sequencing data
(Wang et al. 2013). As the other species had no genome data, we listed the genome sizes of individual
plants in the same genus on the basis of genome sequencing data (Table 1; Sun et al. 2022).

Cochlearia groenlandica is a diploid plant with 14 chromosomes, common in Svalbard and Greenland
(Luka et al., 2022). The genome size of C. groenlandica estimated in this study was 180 Mb, which was
smaller than those of Cochlearia species ranged 196—735 Mb estimated by flow cytometry (Peer et al.
2003; Kochjarova et al. 2006; Lysak et al. 2009). Cochlearia plants with a large DNA content have more
chromosome numbers: C. tatrae (2n = 42; 1C =491 Mb), C. borzaeana (2n = 48; 1C = 683 Mb), C. danica
(2n=42; 1C =686 Mb), and C. officinalis (2n = 32; 1C = 735 Mb) (Kochjarova et al. 2006; Lysak et al.
2009). The genome size of C. groenlandica was similar to 196 Mb of C. pyrenaica with 12 chromosomes.

Dryas octopetala is a diploid plant with 18 chromosomes, a common prostrate shrub forming a dense
mat in the Arctic. The Dryas genus comprises of three species: D. drummondii, D. integrifolia and D.
octopetala. Among them, D. drummondii contains root nodules while the others don't (Billault-Penneteau
et al. 2019). The genome size of D. drummondiiwas reported to be 253 Mb, which was obtained through
whole genome sequencing (Griesmann et al. 2018). The genome size of D. octopetala, 204 Mb, was
smaller than that of D. drummondii. The genome size of D. octopetala was estimated as 567 Mb from the
fluoresce of nuclei (Dickson et al. 1992), which seemed to be collected from North America. It is not clear
whether this difference in genome size is due to differences in experimental methods or whether the
plants are taxonomically different. Further study such as a comparative analysis of the genomes of
Svalbard plants and North American plants is therefore needed for clarification.
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Eriophorum scheuchzeri ssp. arcticum is a diploid plant with 58 chromosomes, a circumpolar species
living in the High Arctic. Its genome size, 306 Mb, is relatively small in the Cyperaceae (Table 1). The
genome sizes of E. angustifolium and E. vaginatum were 587 Mb and 489 Mb, respectively (Grime and
Mowforth 1982), and their chromosome number was both 58 (Love and Love 1981). The genome size of
E. scheuchzeri ssp. arcticum was smaller than that of Eriophorum plants with the same chromosome
number.

Oxyria digyna is a diploid plant with 14 chromosomes, a common forb in the Arctic and high mountains.

The genus Oxyria has only three species, and the genome size has not been reported on any of them. The
genome sizes of the closest genus, Rumex species, ranged from 470-6,110 Mb, which is larger than 352
Mb of O. digyna.

Betula nana ssp. nana is a diploid plant with 28 chromosomes, a cold-adapting circumpolar species. The
triploid Betula plant with 42 chromosomes was reported, which was a hybrid of B. nana and B.
pubescens (Anamthawat-Jénsson et al. 2010). The genome size of B. nana ssp. nana analyzed in this
study was 689 Mb, which is similar to the DNA content of the triploid, 670.8 Mb (Anamthawat-Jénsson et
al. 2010). The plastid DNA of B. nana living in Svalbard shared its characteristics with B. pubescens
(Eidesen et al. 2015). Therefore, the genome size estimated in this study seemed to be that of a triploid
hybrid plant. Further study is required to clarify the ploidy level, morphology, and chromosome number of
Svalbard B. nana ssp. Nana.

Sileneis a giant genus with nearly 900 species. The DNA content of six species out of 900 was analyzed
using flow cytometry and they were more than 900 Mb: S. ciliate 924 Mb; S. vulgaris 1,100 Mb; S. pendula
1,149 Mb; S. rupestris 1,663 Mb; S. /atifolia female 2,802 Mb; S. /atifolia male 2,861 Mb; S. chalcedonica
3,223 Mb (Siroky et al. 2001). The genome size of S. uralensis ssp. arctica, 894 Mb, estimated in this
study was smaller than those of Silene species. We could not estimate the genome size of S. acaulis, and
it is probably because the genome size is over 1 Gb.

Salix species are creeping shrubs that live in the Arctic and the alpine. The estimated genome size of S.
polaris was 383 Mb, which is similar to that of two Salix species based on the whole genome sequence
data: S. brachista 420 Mb, S. dunnii 376 Mb, S. matsudana 656 Mb, S. suchowensis 425 Mb, and S.
viminalis 360 Mb (Chen et al. 2019; Almeida et al. 2020; Wei et al. 2020; Zhang et al. 2020; He et al.
2021). These Salix species were all diploid plants with 38 chromosomes, on the contrary, S. polarisis a
hexaploid species with 114 chromosomes (Table 1). Due to the difference in the ploidy level, the C-value
of hexaploid S. polaris was 1,148 Mb.

The four Svalbard plants — C. groenlandica, D. octopetala, E. scheuchzeri ssp. arcticum, and O. digyna —
had small genome sizes (< 500 Mb), which could be good candidates to assemble high-quality, reference-
level genomes using current long-read sequencing technologies.

Unfortunately, we failed to estimate the genome size for five out of the thirteen species, which suggests
that these five Svalbard plants may have a much larger genome size than 1.0 Gb. Indeed, of these five
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species, S. oppositifolia was known to have a genome size of over 1.4 Gb (Loureiro et al. 2013). The
sequencing data in this study was just 32 Gb, as such it may not be enough to estimate such a large
genome. The genome sizes of relative plants of Polemonium boreale and Silene acaulis are much larger
than 1 Gb (Table 1). Bistorta vivipara and Papaver dahlianum are polyploidy plants. To analyze the
genomes of these plants, sufficiently large sequence data will be required.

The genome size of plants is proportional to the amount of noncoding DNA (Barakat et al. 1997), and the
noncoding DNA is mainly composed of repetitive DNA, such as transposable elements and telomeric
repeats (Kubis et al.1998). We have analyzed telomeric-repeat motifs from the genome sequencing data
of the thirteen Svalbard plants. We discovered a novel telomeric-repeat motif TTCAGGG in Papaver
dahlianum, which again emphasizes the importance of investigating poorly studied species in the polar
regions.

The DNA amount in a nucleus has been considered to be closely related to nuclear and cell sizes, and
negatively correlated with cell division rate (Bennett and Leitch 2005). Bennett (1972) suggested that
DNA amount is positively correlated with minimal generation time (MGT), which is the minimum time
required to produce the first mature seed since germination. The seed weight of legume species and the
seed dry mass of Allium species showed a positive correlation with the DNA amount (Bennett and Leitch
2005). As plant growth is affected by environmental factors such as temperature and moisture, MGT
changes according to the environment; in the Arctic tundra, with low temperature and short growing
season, the MGT becomes long. If the MGT of a plant is longer than one year, the plant should be
perennial. In fact, most Arctic tundra plants are perennial.

The genome size of Svalbard plants analyzed in this study was smaller than that of plants belonging to
the same genus or Family. Small amounts of DNA in polar plants have also been observed in Antarctic
and sub-Antarctic plants (Bennett et al. 1982). It is suggested that there is a maximum DNA amount per
diploid genome that allows plants to survive in extreme environments with low temperatures and a short
growing season (Bennett et al. 1982; Knight et al. 2005). Plants with higher DNA amounts than the
maximum DNA amount are supposed to be gradually excluded, and the DNA amount may determine the
latitudinal limits where the plants can be distributed (Bennett et al. 1982). The plants under global and
local conservation concerns in United Nations Environment Programme World Conservation and
Monitoring Centre (UNEP-WCMC) Species Database (http://quin.unep-wcmec.org/isdb/taxonomy/) posed
larger genome sizes than no concerned plants (Vinogradov 2003). In the Arctic where temperature
increases faster than anywhere else on Earth, and moisture condition changes dramatically in
permafrost, genome size could be one of the prioritized criteria to be considered to conserve endangered
tundra plants.

The findings in this study provide a quantitative guideline for whole-genome sequencing analysis of
Arctic plants. They also show the potential of Arctic plants to be a new source of telomere diversity. As we
used only thirteen species among the multitude of Arctic plants, it is anticipated that we could have
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elucidated much more unprecedented genetic and genomic variation if we study more arctic plants. It will
deepen our understanding of Arctic plants and their genome evolution.
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Figure 1

Thirteen Arctic plants analyzed in this paper. a Eriophorum scheuchzeri ssp. arcticum, b Papaver
dahlianum, ¢ Silene acaulis, d Silene uralensis ssp. arctica, e Bistorta vivipara, f Oxyria digyna, g
Saxifraga oppositifolia, h Cochlearia groenlandica, i Salix polaris male, j Salix polaris female, kK Dryas
octopetala, | Betula nana ssp. nana, m Cassiope tetragona, n Polemonium boreale
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Figure 2

Relative number of telomeric-repeat motifs that were previously known or newly identified in this study
(TTCAGGG). A total eight types of telomeric-repeat motifs were counted in raw DNA sequencing reads of
the thirteen Svalbard plants. Different colors represent different telomeric-repeat motifs.
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