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Abstract

Climate warming alters plant composition and population dynamics of arctic ecosys-
tems. In particular, an increase in relative abundance and cover of deciduous shrub
species (shrubification) has been recorded. We inferred genetic variation of common
shrub species (Alnus alnobetula, Betula nana, Salix sp.) through time. Chloroplast ge-
nomes were assembled from modern plants (n = 15) from the Siberian forest-tundra
ecotone. Sedimentary ancient DNA (sedaDNA; n = 4) was retrieved from a lake on
the southern Taymyr Peninsula and analyzed by metagenomics shotgun sequencing
and a hybridization capture approach. For A. alnobetula, analyses of modern DNA
showed low intraspecies genetic variability and a clear geographical structure in hap-
lotype distribution. In contrast, B. nana showed high intraspecies genetic diversity
and weak geographical structure. Analyses of sedaDNA revealed a decreasing rela-
tive abundance of Alnus since 5,400 cal yr BP, whereas Betula and Salix increased.
A comparison between genetic variations identified in modern DNA and sedaDNA
showed that Alnus variants were maintained over the last 6,700 years in the Taymyr
region. In accordance with modern individuals, the variants retrieved from Betula
and Salix sedaDNA showed higher genetic diversity. The success of the hybridization
capture in retrieving diverged sequences demonstrates the high potential for future
studies of plant biodiversity as well as specific genetic variation on ancient DNA from
lake sediments. Overall, our results suggest that shrubification has species-specific
trajectories. The low genetic diversity in A. alnobetula suggests a local population
recruitment and growth response of the already present communities, whereas the
higher genetic variability and lack of geographical structure in B. nana may indicate a
recruitment from different populations due to more efficient seed dispersal, increas-

ing the genetic connectivity over long distances.
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1 | INTRODUCTION

Ongoing climate change is altering plant composition and biomass
in arctic ecosystems. A major contributor to the observed changes
is the increase in relative abundance and cover of deciduous shrub
species including alder, birch, and willow. This process is collo-
quially known as shrubification (Crofts et al., 2018; Myers-Smith
et al., 2011). Increased shrub cover alters ecosystem properties.
Changes in biodiversity and carbon budgets due to shrubification
have been reported, potentially affecting climate warming effects
(Blok et al., 2010; Crofts et al., 2018; Lantz et al., 2013; McLaren
& Turkington, 2010; Myers-Smith et al., 2011; Myers-Smith &
Hik, 2013). Species richness, for instance, can decline with increas-
ing shrub dominance across the Arctic (Pajunen et al., 2011). This has
been linked to the competitive exclusion of shade-intolerant spe-
cies, in particular lichens and mosses growing under shrub canopies
(Pajunen et al., 2011; Walker et al., 2006). On the other hand, low
densities of shrubs have been associated with increased understory
species richness (Crofts et al., 2018).

Drivers of shrubification and its consequences are still poorly
understood, particularly with respect to the vast sub-arctic Siberian
areas (Niemeyer et al., 2017). These areas are dominated by alders
(Alnus), dwarf birches (Betula), and willows (Salix). For all these taxa,
temperature limitation of reproduction most likely determines their
current northern extent in the low Arctic (Myers-Smith et al., 2011),
but how they may respond to current changes will probably differ.
Shrub species such as Betula nana seem to respond fast and tend to
outcompete other tundra plants under more favorable growing con-
ditions (e.g., increased air temperatures, higher nitrogen availabil-
ity; Bret-Harte et al., 2001, 2002; Myers-Smith et al., 2011). Alder
also shows positive growth responses to increased temperatures;
an increase in annual growth of Alnus fruticosa was recorded at the
southernmost site on Siberia's Yamal Peninsula (Forbes et al., 2010).
Shrub willows are also involved in the shrubification of the Russian
artic (Myers-Smith et al., 2011). A strong relationship was found be-
tween shrub ring width in an abundant tundra willow and summer
temperature for the period 1942-2005 (Forbes et al., 2010). Hence,
while a recent increase in shrub biomass is rather well documented,
it remains an open question whether the recruitment is a pheno-
logical response of the local communities already present or due to
recruitment from remote communities.

The expansion or contraction of a species range after changes
in biotic or abiotic conditions is the main driver of current genetic
structure (Clarke et al., 2019; Epp et al., 2015). Glacial refugia
and secondary contact zones are the principal sources of hybrid-
ization which increase genetic diversity (Havrdova et al., 2015;
Hewitt, 1999; Taberlet et al., 1998), whereas range contraction is

most likely to cause loss of genetic diversity, reducing the species’

ability to adapt to a changing climate (Alsos et al., 2012; Vranckx
et al., 2012). Decreasing genetic diversity is also associated with in-
creasing distance from refugia (Stamford & Taylor, 2004) as well as
with founder effects and bottlenecks following postglacial dispersal
(Hewitt, 1996; Jadwiszczak, 2012). However, studies have shown
that dispersal ability can counterbalance the loss of genetic diversity
due to range contraction in several shrub species (Alsos et al., 2009,
2012).

Changes in shrub abundance and composition along with Siberian
treeline changes are well known from the paleo-record on millen-
nial timescales. Alnus sp. is, for instance, known to have retreated
southwards during glacial periods and shifted northwards during
the late glacial and early Holocene (Klemm et al., 2016; Myers-Smith
etal., 2011; Naito & Cairns, 2011; Zimmermann, Raschke, Epp, Stoof-
Leichsenring, Schirrmeister, et al., 2017), and retreated since then.
Continuous vegetation turnover from open forest to single-tree tun-
dra in southern Taymyr over the last 7,100 years was reflected by a
decrease of Alnus and the increase of Salix, both in a palynological
study (Niemeyer et al., 2017) and a metabarcoding study using sed-
imentary ancient DNA (sedaDNA) records (Epp et al., 2018). These
alternating contractions and expansions of shrubs due to climatic
fluctuations during the Quaternary have probably affected the geo-
graphical distribution of plastid haplotypes in modern shrub popula-
tions (Casazza et al., 2016).

Previous studies on modern Alnus, Betula, and Salix have suc-
cessfully used shotgun metagenomics to explore chloroplast genetic
variation and to infer population dynamics (Dabrowska et al., 2006;
Eidesen et al., 2015; Jadwiszczak et al., 2012; Salojarvi et al., 2017;
Li et al., 2005; Palmé, 2003; Thomson et al., 2015; Wu, 2015; Yang
et al., 2018). Locations of glacial refugia and the direction of post-
glacial migrations of shrubs have been studied in different areas of
Europe and Asia (Douda et al., 2014; Gryta et al., 2017; Hantemirova
et al, 2018; Havrdova et al., 2015; Mandédk et al., 2016; Petit
et al., 2003), while the northern Siberian tundra-taiga ecotone has
been largely unexplored.

The chloroplast genome is haploid and maternally inherited in
Alnus, Betula, and Salix. It is more prone to stochastic events (i.e., ge-
netic drift) because its effective population size is half that of diploid
genomes. In addition, when chloroplast genomes are maternally in-
herited, the dispersal is limited to seed dispersal that generally occurs
over shorter distances than pollen (Lopez et al., 2008). For these two
reasons, analyses of genetic variation based on chloroplast genomes
usually reveal pronounced geographic structure (Magri, 2008; Petit
et al., 1993) that can be suitable for phylogeographic analyses (Gryta
etal., 2017).

Since sedaDNA is predominantly of local origin (Parducci
et al., 2013, 2015), the comparison of modern DNA from focal

species with sedaDNA retrieved from lake sediment cores has
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great potential to reveal paleovegetation changes in periglacial re-
gions (Jgrgensen et al., 2012; Willerslev et al., 2003; Zimmermann,
Raschke, Epp, Stoof-Leichsenring, Schwamborn, et al., 2017).
Hitherto, the metabarcoding approach was mainly used to evaluate
biodiversity and population dynamics despite its limited information
(Epp et al., 2018). Current advances in high-throughput DNA se-
quencing technologies allow comprehensive population studies over
the whole chloroplast genome, for instance by the combination of
shotgun sequencing and hybridization capture. Schulte et al. (2020)
show that shotgun sequencing can result in low sequencing cover-
age of specific taxa of interest due to the extremely high presence
of unknown DNA sequences in sedaDNA. To address this problem,
they used a hybridization capture approach specifically designed for
the Larix chloroplast genome. This method successfully enriched
targeted sequences and improved accurate detection of genetic
variants in sedaDNA (Schulte et al., 2020). However, conserved
chloroplast DNA (cpDNA) regions from nontargeted taxa were also
captured through the cp conserved regions.

In this study, we compare genetic variation through time to infer
shrub population dynamics in common shrub species of the Siberian
forest-tundra ecotone (Alnus alnobetula, Betula nana, Salix sp.). We
sequenced and assembled 15 chloroplast genomes based on modern
DNA (seven A. alnobetula, seven B. nana, one Salix sp.). The samples
of A. alnobetula and B. nana were sampled along a west-east gra-
dient of the Siberian forest-tundra ecotone. We identified genetic
variations and estimated haplotype networks among the chloroplast
genomes of each taxa. To infer historical genetic variation, we used
both shotgun and hybridization capture sequencing data retrieved
from four sedaDNA samples by Schulte et al. (2020). The samples
were obtained from four different age segments of a sediment core
from lake CH12 in the Taymyr region. Since the hybridization cap-
ture baits were originally designed for the Larix chloroplast, only the
conserved chloroplast sequences of nontargeted taxa were cap-
tured. The sedaDNA sequencing data were taxonomically assigned
to Alnus, Betula, and Salix with a lowest common ancestor approach
using a chloroplast genome database. Absolute and relative abun-
dances of each of the taxa were identified in order to investigate
shrub population dynamics through time. Genetic variations iden-
tified in modern individuals were compared with ancient sedaDNA
variants. Our study presents new insights of the genomic diversity in
A. alnobetula, B. nana, and Salix sp. in relation to vegetation patterns

through space and time.

2 | MATERIALS AND METHODS
2.1 | Plant material

Fresh plant material from seven Alnus alnobetula ssp. fruticosa (Rupr.)
Raus (sample name: A01-A07) and seven Betula nana ssp. exilis
(Sukaczev) Hultén (sample name: BO1-B07) samples were collected
and identified from three regions located along a west-east gradi-

ent running from the southern Taymyr Peninsula (~97-105°E), the
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Lower Omoloy River (~132°E), and the Lower Kolyma River (~161°E;
Figure 1). In addition, one unknown species of Salix sp. (sample name:
S01) was collected at the Lower Omoloy River (Table 1). Satellite im-
ages and vegetation maps (Stone & Schlesinger, 2003) were used to
select uniform vegetation stands within three vegetation types: ‘sin-
gle-tree tundra’, ‘forest-tundra’ (open stands at the northern forest
margin), and ‘closed forest’ (Wieczorek et al., 2017). Short twigs with
leaves were collected and placed in separate filter bags and dried
on silica gel during fieldwork. A reference collection is stored at the
Alfred-Wegener-Institute Helmholtz Centre for Polar and Marine

Research, Potsdam.

2.2 | DNA extraction and sequencing

DNA extraction and sequencing procedure were performed as de-
scribed in Zimmermann et al. (2019). 20 mg of leaf per individual
were transferred into impact-resistant 2 ml tubes together with two
DNA-free steel beads of 5 mm diameter. The samples were frozen in
liquid nitrogen for 3 min and ground to powder with FastPrep-24 (MP
Biomedicals) for 50 s at 4 m/s. The DNeasy Plant Mini Kit (Qiagen)
was used to isolate total genomic DNA, according to the manufac-
turer's protocol with two modifications: (a) 9 ul of 1 M Dithiotreitol
(VWR) was added to each sample during lysis after the RNase treat-
ment and (B) the elution was performed twice with 100 ul molecular
biology grade water (Omnilab) with an incubation time of 5 min. For
each sample, we carried out two extractions (and three extractions
for sample BO3; Table 1), which were combined and concentrated
using the Genomic DNA Clean & Concentrator Kit (Zymo Research
Europe GmbH). Gel electrophoresis was performed in order to check
the DNA quality, while the DNA concentration was quantified with
the Qubit dsDNA BR Assay on the Qubit 2.0 fluorometer (Invitrogen).
DNA library preparation, shotgun sequencing, and demultiplexing
were performed by the StarSEQ sequencing service. The TruSeq
Nano DNA Library Prep Kit (lllumina) was used to build libraries. A
distinct index was given to each sample in order to sequence several
individuals in parallel (medium size of library = 500 bp). Paired-end
sequencing (2 x 150 bp) was performed on an lllumina NextSeq 500

platform (lllumina).

2.3 | Sequence processing and de novo assembly of
chloroplast genomes

The bioinformatic pipeline followed the procedure described in
Zimmermann et al. (2019). The quality check was performed with
FastQC (Li et al., 2005). The residual Illumina adapter sequences
were then trimmed using Trimmomatic v. 0.3.2 (Bolger et al., 2014;
settings: sliding window, window size = 4, average quality = 15,
minimum quality to keep a base = 3, minimum length to keep a
sequence = 40 nt). De novo assembly of each individual was con-
ducted with CLC Genomics Workbench 8.0 (https://www.giagenbioi

nformatics.com/) with an automatic word size, a minimum contig
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FIGURE 1 Global composition and land cover map retrieved from the GlobCover Portal (© ESA 2010 and UCLouvain—http://due.esrin.
esa.int/page_globcover.php) showing the sampled shrub individuals location as well as the sediment core site at lake CH12

length of 200 nt, and a bubble size of 50. The reads were mapped
back to the contigs and the paired-end information was used to join
contigs and build scaffolds. In order to verify the specimen plant
identification, the contigs were mapped to all published complete
chloroplast genomes of the corresponding genus. The reference
chloroplast genomes were downloaded from the National Center
for Biotechnology Information Reference Sequence database (NCBI
RefSeq; O'Leary et al.,, 2016).The complete reference chloroplast
genomes of Alnus alnobetula ssp. alnobetula isolate CF09-AV1 (ac-
cession no.. MF136498.1), Betula nana ssp. exilis (accession no.:
KX703002.1) and Salix purpurea (accession no.: KP019639) showed
the maximum identical sites and pairwise identity. All scaffolds from
each sample of the same taxa were mapped to the respective ref-
erence chloroplast genome using the function “map to reference”
in Geneious Prime (http://www.geneious.com, (Eiter et al., 2003);

mapping parameters: maximum gaps per read = 10%, maximum

gap size = 50, word length = 24, maximum mismatches = 20%). The
aligned scaffolds to the reference chloroplast genomes were over-
lapping without gaps in all taxa. The consensus was then generated
from the multiple alignment in order to obtain the draft chloroplast
genome. The Burrows-Wheeler Aligner v. 0.7.12 (BWA mem default
settings; Li & Durbin, 2009) was used to perform the reference-
guided assembly of the trimmed reads of each sequenced individual

on the corresponding circular draft chloroplast genome.

2.4 | Chloroplast genome annotation, variant
detection, and haplotype network

The draft chloroplast genomes were annotated integrating cpGAVAS
(Liu et al., 2012), Geneious Prime, and tRNAscan-SE v. 1.21 (Schattner
et al., 2005) specifically for transfer RNAs (Lopez et al., 2008; Petit
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TABLE 1 List of the sequenced individuals

Sample
Sample name code Region Site (°N)
AO1 SK1386 Taymyr 13TY-09
A02 SK1388 Taymyr 13TY-09
AO3 SK992 Taymyr 13TY-07
A04 Beleg 60 Taymyr 13TY-04-L10-09
AO05 A2 Omoloy 140M-2hS-1
AO06 Beleg 11 Kolyma 12KO-04-11
AO07 Beleg 39 Kolyma 12KO-05
BO1 Beleg107  Taymyr 13TY-09
B02 Beleg19 Taymyr 13TY-02
B0O3 B945 Omoloy 140M-V3
B0O4 B922 Omoloy 140M-V3
BO5 B1 Omoloy 140M-V1
B06 B3706 Omoloy 140M-2hS-3
BO7 Beleg 7 Kolyma 12KO-04-11
S01 S4 Omoloy 140M-01-1

et al.,, 1993). The circular gene maps were created with OGDraw v1.2
(Lohse et al., 2013). The positions of the start and stop codons of each
gene were checked by translating the coding sequences with codon
translation table 11. To evaluate genetic variations, a whole genome
alignment of all chloroplast genomes of each taxon was conducted with
the progressive Mauve v. 2.3.1 (Darling et al., 2010) plugin in Geneious.
Single-nucleotide polymorphisms (SNPs) and insertions and deletions
(InDels) among the individual chloroplast genomes were checked
through visual inspection. Haplotypes were defined as unique combi-
nations of variants in one individual (Clement et al., 2000). The SNP-
based haplotype networks for the chloroplast (copDNA) sequences of
each taxon were generated by computing absolute pairwise distances
and a statistical parsimony approach with TCS (Clement et al., 2000)
implemented in PopART v. 1.7 (Population Analysis with Reticulate
Trees [Leigh & Bryant, 2015]).

2.5 | Analyses of sedimentary ancient DNA

Core samples were obtained from a sediment core from lake CH12
(72.399°N, 102.289°E, 60 m a.s.l.) in the Khatanga region of the

Latitude
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Longitude Vegetation GenBank

(°E) zone Species accession

102.09771 taiga Alnus alnobetula MT872517
ssp. fruticosa

102.09771 taiga Alnus alnobetula MT872518
ssp. fruticosa

100.81295 taiga Alnus alnobetula MT872519
ssp. fruticosa

105.44804 taiga Alnus alnobetula MT872520
ssp. fruticosa

133.07899 polygonal Alnus alnobetula MT872521

shrub tundra ssp. fruticosa

161.205179  taiga Alnus alnobetula MT872522
ssp. fruticosa

161.02342 taiga Alnus alnobetula MT872523
ssp. fruticosa

102.09771 taiga Betula nana ssp. MT872524
exilis

105.7316 tundra Betula nana ssp. MT872525
exilis

132.57007 tundra Betula nana ssp. MT872526
exilis

132.57007 tundra Betula nana ssp. MT872527
exilis

132.69852 treeline Betula nana ssp. MT872528
exilis

132.232316 treeline Betula nana ssp. MT872529
exilis

161.205179  taiga Betula nana ssp. MT872530
exilis

132.69852 treeline Salix sp. MT872531

northern Siberian lowlands, with the Taymyr Peninsula to the
north and the Putorana Plateau to the south (Clarke et al., 2019;
Wieczorek et al., 2017). The sampling location is in the northern part
of the treeline ecotone and currently surrounded by a vegetation
of single-tree tundra. The lake catchment is mainly characterized by
southern shrub tundra dominated by Ericaceae dwarf-shrubs. Alnus
alnobetula and B. nana have a scattered distribution and low stature.
Salix ssp. grows predominantly along the river and lake shorelines
(Klemm et al., 2016).

Laboratory work and data processing were performed by
Schulte et al. (2020). Core samples were collected at the following
depths/ages: 121.5 cm/~6,700 cal yr BP, 87.5 cm/~5,400 cal yr BP,
46.5 cm/~1900 cal yr BP, and 2.5 cm/~60 cal yr BP. The four sam-
ples were sequenced with both hybridization capture and shotgun
sequencing methods. Hybridization capture baits were specifically
designed by Zimmermann et al. (2019) for targeting the Larix gme-
linii (NCBI accession no.: MK468637.1 [Zimmermann et al., 2019])
chloroplast genome. As parts of the chloroplast genome are highly
conserved across taxa (Green, 2011), plant chloroplast DNA of non-
targeted taxa were captured. The sequenced reads of the capture

and shotgun datasets were taxonomically classified at the genus
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level using both Ganon IV (Piro et al., 2020) and Kraken 2 v.2.0.7-
beta (Wood et al., 2019) with default parameters against a custom
database of 8,132 complete plant chloroplast genomes (downloaded
from NCBI in July 2019). Reads classified as one of the shrub taxa of
interest (Alnus, Betula, or Salix) were extracted and used for further
analyses. For each taxon-specific subset of sequences, the reads
were mapped against the corresponding draft chloroplast genome
using BWA aln algorithm (v. 0.7.12; Li & Durbin, 2009). To confirm
the reads sequence identity with the species of modern individu-
als, 100 randomly picked reads were verified with Blast (Altschul
et al.,, 1990). Assembled and unassembled reads were processed
separately. PCR duplicates were removed with samtools markdup (Li
et al., 2009). Ancient DNA damages were estimated using mapDam-
age (v. 2.0.8; Jonsson et al., 2013) by Schulte et al. (2020), in order to
prove the authenticity of the obtained data.

To compare genetic variations of modern individual with se-
daDNA variants, a whole genome alignment of all the individuals’
chloroplast genomes with all capture and shotgun classified reads
for each corresponding taxon was computed with Geneious Prime.
The variants of capture and shotgun reads were checked through vi-
sual inspection. In order to evaluate the hybridization efficiency, the
percentage of pairwise identity between L. gmelinii (NCBI accession
no.: MK468637.1) and A. alnobetula, B. nana, and Salix sp. draft chlo-
roplast genomes was calculated through the function “distance - % of
bases/residues which are identical” of the plugin MAFFT alignment
Vv7.450 (Katoh, 2002; Katoh & Standley, 2013). Due to the overall low
depth of coverage and partial breadth of coverage, genetic varia-
tion within sedaDNA could not be accurately evaluated. To substan-
tiate the reliability of sedaDNA, all capture and shotgun classified
reads were aligned separately to each Alnus individuals’ chloroplast
genomes using the function “map to reference” on Geneious Prime
(mapping parameters: maximum gaps per read = 5%, maximum gap
size = 50, word length = 24, maximum mismatches = 5%) in order to

evaluate the coverage and the number of identical sites.

3 | RESULTS

3.1 | Chloroplast genome assembly and genetic
variation of modern individuals

3.1.1 | Chloroplast genome structure of A.
alnobetula, B. nana, and Salix sp. individuals

The A. alnobetula draft chloroplast genome was generated from
66,582,099 paired reads that passed trimming. Betula nana and Salix
sp. draft chloroplast genomes were assembled from 55,566,536
and 7,400,002 paired reads, respectively. Maximum contig lengths
obtained by the individual assemblies range between 47,614 and
89,456 bp in A. alnobetula; 67,592 to 124,641 bp in B. nana, and
84,703 bp in Salix sp.

The A. alnobetula complete chloroplast genomes from 7 individ-
uals ranged from 160,479 to 160,502 bp in length. The complete

chloroplast genomes from 7 individuals of B. nana showed a wider
range of length (160,343 to 160,525 bp), mostly due to a 70 bp InDel
among the B. nana individuals (Table S1). To account for this varia-
tion, two different draft chloroplast genomes were used for B. nana.
To assemble the unknown Salix sp. (S01), all contigs were mapped to
each Salix reference chloroplast genome available. Salix purpurea (ac-
cession no.: KP019639) showed the most identical sites and highest
pairwise identity and was selected as the reference chloroplast ge-
nome. The size of the single assembled Salix sp. chloroplast genome
was 155,784 bp.

The minimum depth of coverage per base among all individual
chloroplast genomes varied between 16x (BO7) and 991x (B04).
All chloroplast genomes showed a typical quadripartite structure
that consists of a pair of inverted repeat (IR) regions, separated by
the long single copy (LSC) and short single copy (SSC) regions. The
length of the IR varied from 26,031 bp in A. alnobetula, 25,865 bp in
B. nana to 27,459 bp in Salix sp. The GC content was 36.4%, 36.1%,
and 36.7% for A. alnobetula, B. nana, and Salix sp. respectively.

The annotated draft chloroplast genome obtained from the
seven A. alnobetula individuals had a length of 160,494 bp. The chlo-
roplast genome had 123 genes, including 85 protein-coding genes,
30 tRNA genes, and 8 rRNA genes (Figure 2). In the two IR regions,
six protein-coding genes (ndhB, rpl23, rps7, rps12, ycf2, ycf15), four
rRNA genes, and five tRNA genes were duplicated. All chloroplast
genomes had the same gene number and gene order as observed
in the Alnus alnobetula (accession no.: MF136498.1) reference chlo-
roplast genome. An extension of 29 bp at the IRb/SSC border and a
contraction of 7bp at the LSC/IRb border were present in all individ-
uals in contrast to the reference.

The annotated draft chloroplast genome obtained from the
7 B. nana individuals had a length of 160,564 bp. The chloroplast
genome had 134 genes, including 86 protein-coding genes, 8 ribo-
somal RNA genes, and 40 tRNA genes (Figure 3). Twenty genes oc-
curred as double copies in the IR regions, including all rRNA species
(4.5S, 5S, 16S, 23S rRNA), 9 tRNA (trnA-UGC, trnl-CAU, trnl-GAU,
trnL-CAA. trnM-CAU, trnN-GUU, trnR-ACG, trnT-GGU, trnV-GAC),
and 7 protein-coding genes (ndhB, rpl2, rpl23, rps7, rps12, ycfi,
ycf2; Hu et al., 2017). All chloroplast genomes had the same gene
number and gene order as observed in the B. nana (accession no.:
KX703002.1) reference chloroplast genome. The locally collinear
blocks (LCBs) identified by the Mauve aligner reveal high sequence
similarity (~99%) across the IR regions between A. alnobetula and B.
nana, while the SSC and LSC regions show ~85% and ~75% pairwise
identity, respectively.

The chloroplast genome of the Salix sp. individual had a length of
155,570 bp and included 110 unique genes, whereof 76 protein-cod-
ing genes, 30 tRNA genes, and four rRNA genes (Figure 4). This
matched the S. purpurea chloroplast genome used as a reference. A
total of 18 of these genes (seven tRNAs, seven protein genes, four
rRNAs) were duplicated in the IR regions. The genes rpl22 and ycfl
span the boundary of IRb/LSC and IRa/SSC, respectively, which
were partially duplicated in the IR regions forming pseudogenes.

The rps12, which encodes the 30S ribosomal protein S12, was a
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FIGURE 2 Circular gene map of A. alnobetula draft chloroplast genomes. Genes outside the circle are transcribed clockwise while genes

inside the circle are transcribed counter-clockwise

trans-spliced gene with the 5’-end located in the LSC region and the
duplicated 3’-end located in the IR regions. The trnK-UUU had the
largest intron (2,552 bp), which contains the matK gene.

3.1.2 | Genetic variation and haplotype network
The complete chloroplast genome alignment of Alnus revealed 16

SNPs (eight transversions, eight transitions; Figure 5), five InDels
(Table S2), and 13 homopolymer stretch differences (4x poly(T),

8x poly(A), 1x poly(G)). Five SNPs located in coding regions led to
change of the translated amino acid (aa) sequence. The SNPs on
ndhF, ndhG, and ycf1 were singletons and the amino acid property
also changed (Table 2). One SNP on the ndhF, ndhG, and rpl22 genes
was shared by the individuals from Omoloy (A05) and Kolyma (AQ6,
AO07). Two SNPs on ycf1 were only present in one out of two indi-
viduals from Kolyma (AO7). ycfl and ndhF were located on either
side of the junctions IRb/SSC/Ira. In all seven chloroplast genomes,
the ycf1 gene crossed the SSC/IRa boundary region, resulting in the

incomplete duplication of this gene in two IRs. The rpl22 gene was
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also close to the LSC/IRb junction. In noncoding regions, there were
11 SNPs, of which one was a singleton.

Eleven SNPs showed one variant among the individuals from
Taymyr and another variant among the individuals from both
Omoloy and Kolyma (Figure 5, position highlighted in red), displaying
potential as spatially diagnostic markers for the Taymyr region. One
variation (Figure 5, position highlighted in light green) was a potential
marker for Omoloy geographic discrimination and another variation
for Kolyma (Figure 5, position highlighted in blue). Considering both
SNPs and InDels, the number of pairwise differences between the

chloroplast genomes ranged from a minimum of three among the

individuals from the Taymyr region to a maximum of 13 between the
individuals from Taymyr and Kolyma/Omoloy regions.

The TCS haplotype network based on the 16 previously de-
scribed SNPs from A. alnobetula individuals showed a clear spatial
signal between the haplotypes from Taymyr, Omoloy, and Kolyma
regions (Figure 6a). Haplotypes within the Omoloy and Kolyma pop-
ulations appeared closest together in the haplotype network.

The complete chloroplast genome alignment of 7 B. nana indi-
viduals revealed 61 SNPs (Figure 7), 15 InDels (Table S2), and 55 ho-
mopolymer stretch differences (30x poly(T), 24x poly(A), 1x poly(G)).
There were six singleton SNPs located in the coding regions, four
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of which led to a change in the translated amino acid sequence and
its properties (Table 2). Nine variations, two of which were located
on the genes rps8 and psaC, showed one variant only present on
the individual from Kolyma while another variant was present in the
individuals from Taymyr and Omoloy (Figure 7 - position highlighted
in blue). There were no variations shared by all individuals from
Omoloy or Kolyma. In noncoding regions, we detected 55 SNPs, of
which 33 were singletons. A 70 bp deletion occurred in the non-
coding region rpl22-rps19 of one individual from Taymyr (BO1) and
two individuals from Omoloy (BO5, BO6). We detected 25 pairwise

differences between the chloroplast genomes of the two individuals
from the Taymyr region and 30 pairwise differences between the
individuals from Omoloy.

No clear spatial signal was detected among the B. nana haplo-
types. The Omoloy haplotypes form two distinctive groups, with
the Taymyr and Kolyma haplotypes between them (Figure 6b). The
haplotype network was repeated for SNPs only in noncoding re-
gions and for SNPs only in coding regions (Figure 6c-d). The hap-
lotype network showed a stronger spatial signal for SNPs in coding

regions.
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FIGURE 5 Single-nucleotide polymorphisms (SNPs) detected in the whole chloroplast gnome alignment of the seven Alnus alnobetula
individuals. The reference chloroplast genome and the sedaDNA retrieved from core samples through hybridization capture and shotgun
sequencing methods were mapped subsequently in order to evaluate their variants corresponding to the SNPs’ positions. An SNP’s position
corresponds to the reference chloroplast genome. If an SNP is located within a gene, the corresponding gene name is given in the first

row. If no reads were retrieved from core samples, no variant is reported. Color code: Taymyr specific variation = yellow; Omoloy specific
variation = orange; Kolyma specific variation = green; potential marker for Taymyr geographic discrimination = position highlighted

in red; potential marker for Kolyma geographic discrimination = position highlighted in blue; potential marker for Omoloy geographic

discrimination = position highlighted in light green

TABLE 2 Chloroplast genes with nonsynonymous single-nucleotide polymorphisms (SNPs), the SNP position on the respective reference

chloroplast genome, and the changes in amino acid properties

SNP
Taxa Genes Chloroplast region position
A. alnobetula rpl22 LSC 88,782
A. alnobetula ndhF SSC 115,779
A. alnobetula ndhG SSC 124,616
A. alnobetula ycfl SSC 130,211
A. alnobetula ycfl SSC 130,647
B. nana psaB LSC 1,475
B. nana petD LSC 82,030
B. nana rps8 LSC 85,230
B. nana ccsA SSC 120,504
Salix sp. rpoB LSC 132,213
Salix sp. rpoC1 LSC 135,800

The whole chloroplast genome alignment between the Salix indi-
vidual SO1 (from Omoloy) and the reference Salix purpurea (accession
no.: KP019639) had 31 SNPs (Figure 8), 9 InDels (Table S2), and 55 ho-
mopolymer stretch differences (24x poly(T), 31x poly(A), 1x poly(C)).
Transversions made up 58% (Vranckx et al., 2012) of the SNPs, while
42% (Epp et al., 2015) of the SNPs are transitions. 14 SNPs were lo-

cated within genes, of which five were located in introns. Two SNPs

Amino acid property

Amino acid change changes

Proline (P) > Alanine (A) Hydrophile > hydrophile
Hydrophile > Acid

Hydrophile > Acid

Asparagine (N) > Aspartic acid (D)
Glycine (G) > Glutamic acid (E)
Arginine (R) > Glycine (G) Basic > Hydrophile
Asparagine (N) > Threonine (T)
Glycine (G) > Serine (S)
Aspartic acid (D) > Alanine (A)

Arginine (R) > Glutamine (Q)

Hydrophile > hydrophile
Hydrophile > hydrophile
Acid > Hydrophile
Basic > Hydrophile
Leucine (L) > Phenylalanine (F) Hydrophope > Aromatic
Valine (V) > Isoleucine (1)

Threonine (T) > Methionine (M)

Hydrophope > Hydrophope
Hydrophile > Hydrophope

led to changes in the translated amino acid sequence. In one case, the
amino acid property also changed (Table 2). One SNP was located
on ndhB, which was doubled in the IRs regions. Three SNPs were lo-
cated on ycf1, which crossed the IRb/SSC boundary region, resulting
in the incomplete duplication of this gene in two IRs. Furthermore,
two SNPs were detected in transfer RNA genes, trnl-UAA, and trnK-

UUU. Two InDels were in intragenic regions of rpl16 and clpP genes.
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3.2 | Chloroplast genetic variation in lake sediment
core samples from Taymyr

3.2.1 | Taxonomic assignment, reads counts, and
breadth of coverage

Only the conserved chloroplast regions between L. gmelinii and

Alnus, Betula, and Salix were captured since the hybridization

capture baits were specifically designed for targeting L. gmelinii
(Schulte et al., 2020; Zimmermann et al., 2019). The percentage
of pairwise identity between the chloroplast genomes of L. gmeli-
nii and A. alnobetula, B. nana, and Salix sp. was 28.1%, 32.2%, and
38.3%, respectively. Taxonomic assignment was performed in
order to extract the reads classified as Betula, Alnus, or Salix using
both Ganon IV (Piro et al., 2020) and Kraken 2 v.2.0.7-beta (Wood
et al., 2019) tools. Ganon IV (Table 3) showed 10%-40% higher
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FIGURE 7 Single-nucleotide polymorphisms (SNPs) detected in the whole chloroplast gnome alignment of the seven B. nana individuals.
The reference chloroplast genome and the sedaDNA retrieved from core samples through hybridization capture and shotgun sequencing
methods were mapped subsequently in order to evaluate their variants corresponding to the SNPs’ positions. An SNP’s position corresponds
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assigned read counts depending on the sample, in both hybridi-
zation capture and shotgun datasets. However, the proportion of
read counts among the samples was comparable with the results
obtained by Kraken 2 (Table S3). The hybridization capture data
had a lower breadth of coverage then the metagenomics shotgun
data on average (Table 3). Despite this, the ratio of read counts and
breadth of coverage was proportional and comparable between
the hybridization capture and shotgun data (Table 3; Figure 9).
Overall, Salix and Betula chloroplast genomes had the highest

and the lowest breadth of coverage, respectively. Hybridization

capture sequencing data had a higher rate of PCR duplicates due
to additional 18 amplification cycles performed after capturing.
To evaluate the abundance of Alnus, Betula, and Salix, we
calculated the percentage of sample reads relative to the corre-
sponding sample read sum of Alnus, Betula, and Salix (Table 3).
Alnus and Salix showed comparable relative percentages of reads
at 6,700 and 5,400 cal yr BP (Table 3; Figure 10). An increase
of Salix and a decrease of Alnus reads were visible between
5,400 cal yr BP and 60 cal yr BP. The surface sample (60 cal yr
BP) showed the lowest relative percentage of Alnus and the
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TABLE 3 Taxonomic assignment of reads to Alnus, Betula, and Salix for each capture and shotgun sample, performed with Ganon IV

(Materials and methods)

Assembled reads Unassembled reads Total read Breadth of Relative

Dataset (+duplicates) (+duplicates) counts coverage (%) (%)

Alnus—Capture—60 cal yr BP 32(1,421) 1(5) 33 2.60 0.74
Alnus—Capture—1900 cal yr BP 409 (43,751) 41 (1,053) 450 21.20 711
Alnus—Capture—5,400 cal yr BP 953 (46,091) 53 (660) 1,006 28.50 43.08
Alnus—Capture—6,700 cal yr BP 1,008 (43,919) 64 (623) 1,072 29.10 47.16
Alnus—Shotgun—60 cal yr BP 16 (22) 0 16 1.20 0.26
Alnus—Shotgun—1900 cal yr BP 609 (721) 18 (20) 627 31.20 7.35
Alnus—Shotgun—5,400 cal yr BP 763 (808) 9(11) 772 33.50 41.20
Alnus—Shotgun—6,700 cal yr BP 578 (617) 9 (10) 587 29.50 50.60
Betula—Capture—60 cal yr BP 137 (18,703) 15 (449) 152 8.90 3.43
Betula—Capture—1900 cal yr BP 259 (26,067) 29 (985) 288 15.20 4.55
Betula—Capture—5,400 cal yr BP 33(1,593) 3(80) 36 2.20 1.54
Betula—Capture—6,700 cal yr BP 35(1,189) 2(7) 37 2.80 1.63
Betula—Shotgun—60 cal yr BP 281 (347) 5(5) 286 17.70 4.68
Betula—Shotgun—1900 cal yr BP 412 (483) 13 (13) 425 23.60 4.98
Betula—Shotgun—5,400 cal yr BP 27 (29) 0 27 1.70 1.44
Betula—Shotgun—6,700 cal yr BP 18 (19) 0 18 1.30 1.55
Salix—Capture—60 cal yr BP 3,783 (523,884) 463 (10,789) 4,246 51.70 95.82
Salix—Capture—1900 cal yr BP 5,024 (564,634) 571 (11,785) 5,595 55.70 88.35
Salix—Capture—5,400 cal yr BP 1,227 (57,425) 66 (576) 1,293 33.30 55.37
Salix—Capture—6,700 cal yr BP 1,082 (41,608) 82 (898) 1,164 32.40 51.21
Salix—Shotgun—60 cal yr BP 5,647 (6,970) 161 (184) 5,808 75.70 95.06
Salix—Shotgun—1900 cal yr BP 7,289 (8,740) 185 (207) 7,474 77.80 87.66
Salix—Shotgun—5,400 cal yr BP 1,060 (1,117) 15 (16) 1,075 43.40 57.36
Salix—Shotgun—6,700 cal yr BP 545 (574) 10 (11) 555 30.30 47.84

Note: Relative = % of sample reads relative to the corresponding sample reads sum of Alnus, Betula, and Salix.

highest relative percentage of Salix. A slight increase of Betula
was detected between 5,400 and 1900 cal yr BP.

3.2.2 | Comparison of genetic variations between
modern individuals and lake sedimentary DNA

Reads assigned to Alnus, Betula, and Salix in the metagenomics shot-
gun sequencing and hybridization capture experiments were aligned
to the corresponding assembled modern chloroplast genomes to
evaluate patterns of genetic variations through time. Only the SNP
positions previously detected among the assembled modern chloro-
plast genomes were evaluated.

The results showed that 13 out of 16 variations previously
identified in our chloroplast genome sequences from modern
A. alnobetula assemblies were covered by sedaDNA reads from
shotgun metagenomics or hybridization capture experiments
(Figure 5). All of the capture and shotgun reads showed the variant
only detected in the Taymyr region, and all detected variation were

congruent with the potential diagnostic variations for the Taymyr

region revealed in modern samples (Figure 5, position highlighted
in red), as well as one variation (Figure 5, position highlighted in
light green) for Omoloy and one variation for Kolyma (Figure 5,
position highlighted in blue).

From the 61 SNPs detected in our B. nana assemblies, 44 SNPs
were covered by sedaDNA reads from shotgun metagenomics or
hybridization capture. Twenty variations match a variant shown
by either BO1 or BO2 individuals from Taymyr (Figure 7, variants
highlighted in red), while 24 variations match both BO1 and B02
individuals. Since the sedaDNA (CH12 core from Taymyr) data
showed variants present only in the individuals from Taymyr or
Omoloy, seven out of nine variations (Figure 7, position high-
lighted in blue) were identified as potential biogeographic markers
for Kolyma. The read count and breadth of coverage for Betula
were very low (1%-2%) in the deeper core samples (6,700 and
5,400 cal yr BP).

For Salix, sedaDNA reads covered 31 (97%) of the variations iden-
tified between the Salix sp. (5S01) assembly and the Salix purpurea ref-
erence chloroplast genome (Figure 8). Fifteen (48%) and five (16%)
variations found in capture and shotgun data were in accordance
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with the individual SO1 or the reference Salix purpurea, respectively.
Whereas, ten variations (32%) showed both the individual and the
reference variants.

To further substantiate the reliability of the sediment core data,
the complete dataset of sedaDNA reads were aligned to each of the
modern genomes. The results reported in Table S4 and Figure S1
show that the number of “identical sites” are consistently higher in
the individuals from the Taymyr region in comparison to the individ-

uals from Omoloy and Kolyma regions.

4 | DISCUSSION

4.1 | De novo assembly of chloroplast genomes in
modern shrub individuals

4.1.1 | Genomes and genetic variation

The assembled chloroplast genomes of all A. alnobetula, B. nana, and
Salix sp. individuals have the same gene number and gene order as
the corresponding reference chloroplast genomes. The size of the
generated A. alnobetula draft chloroplast genome is 22 bp larger
than the reference genome (accession no.. MF136498.1; Gryta
et al., 2017) due to an expansion of 29 bp at the IRb/SSC border
and a contraction of 7 bp at the LSC/IRb border in all A. alnobetula
individuals. The IR borders are among the most variable chloroplast
coding regions in many plant species, likely under purifying selection
(Firetti et al., 2017; Gu et al., 2019; Yang et al., 2018, 2019), and with

I T I
5400 1900 60

cal yr BP

a putative role in chloroplast genome stability and evolution (Yang
et al.,, 2019; Zhu et al., 2016). The gene ycf1, lying at the IRs/SSC
boundaries in all our assemblies, shows two SNPs in one A. alnobet-
ula individual from Kolyma and three SNPs in the Salix sp. individual.
Previous studies proposed ycf1 as a promising cpDNA barcode of
land plants due to its species-level resolution (Dong et al., 2015). The
SNPs identified in our study are therefore evaluated as candidate
biogeographic markers for A. alnobetula individuals from the Kolyma

region and Salix sp. individuals from Omoloy.

4.1.2 | Phylogeography

The genetic variations detected in the assemblies can be used
to explore their biogeographical relationships (Wu, 2015; Yang
et al., 2018), although due to the small sample size, our results rep-
resent a population subset and a partial genetic characterization.
Parsimony-based chloroplast haplotype networks of A. alnobetula
show a clear geographical structure. The haplotypes within the
Omoloy and Kolyma populations are more closely related to each
other than the A. alnobetula lineage from Taymyr. In accordance with
previous studies (Eidesen et al., 2013), our result suggests that the
Lena River might serve as a barrier to gene flow between the Taymyr
region and the two eastern regions, Omoloy and Kolyma. Our results
are in line with former studies of A. alnobetula from other geographi-
cal regions (Douda et al., 2014; Gryta et al., 2017; Hantemirova
et al., 2018), which all report low intrapopulation variability and

pronounced phylogeographic structure in this species. Considering
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the extensive geographic distances between Taymyr, Omoloy, and
Kolyma, we detected a lower intrapopulation variability than studies
on smaller areas of Europe and southern Asia (Douda et al., 2014;
Gryta et al., 2017; Hantemirova et al., 2018). Overall, we identified
11 SNPs and 2 insertions as potential candidate biogeographic mark-
ers for the Taymyr region, 1 SNP for Omoloy, and 1 SNP for Kolyma
which can be screened in future studies with larger sample sizes cov-
ering more populations.

In B. nana, we identified 9 SNPs as potential biogeographic markers
for Kolyma, while no specific variant was found for Taymyr or Omoloy.
We found higher genetic variation but no clear spatial structure among
B. nana individuals. Although B. nana produces smaller amounts of pol-
len and seeds compared to tree birches (Wang et al., 2014), its seeds
are smaller and lighter in comparison to A. alnobetula, which might
maintain higher genetic variability in B. nana chloroplast genomes
(Alsos et al., 2012). Previous studies show that the cpDNA haplotypes
can be extensively shared among populations of Betula, both within
and between species (Palmé, 2003), which may confound phylogeo-
graphic patterns. However, in our study areas, B. nana is not growing
in sympatry with their southerly neighboring tree birch species (B. pu-
bescens and B. pendula) (Andreev et al., 2002; Niemeyer et al., 2015;
Safronova & Yurkovsksya, 2019). The study areas are mostly isolated
from tree birches by monodominant larch forests. Therefore, we as-
sume that the chance of modern hybridization is negligible. Moreover,
previous studies have shown that gene flow into B. nana from B. pubes-
cens is less likely due to the reproductive barrier between diploids and
tetraploids (Zohren et al., 2016). On the other hand, there is evidence
that between 8,000 and 9,000 yr BP B. pendula spread to 72°N in the
Taymyr region, due to warmer summer temperatures (Kremenetski
et al., 1998). Hybridization and introgression processes with diploid
neighboring species (e.g., B. pendula) could therefore have happened
in the past and be a possible source of haplotype sharing in Betula
(Dabrowska et al., 2006; Eidesen et al., 2015; Jadwiszczak et al., 2012;
Salojarvietal., 2017; Li et al., 2005; Palmé, 2003; Thomson et al., 2015).
Although we did not perform sequence divergence or allele frequency
distribution analysis with neighboring birches, our hypothesis might
serve as a stimulus for future studies.

Overall, the low genetic diversity among A. alnobetula from
Taymyr, Omoloy, and Kolyma suggests that the recent northward
shrubification might be due to local population recruitment and
growth response of the already present local community. In con-
trast, the higher genetic variability in B. nana suggests that re-
cruitment might originate from different populations due to more
efficient seed dispersal, increasing the genetic connectivity over
long distances, whereas A. alnobetula seeds are larger and heavier
and consequently have a shorter dispersal distance. The de novo
assembled chloroplast genomes, the potential biogeographic mark-
ers, and the chloroplast haplotype networks provided in our study
provide a basis for further investigations of past and present shrub
population dynamics in northern Siberia and their phylogenetic re-
lationship. Due to small sample size, we used the modern genomes
mainly to guide the analyses of ancient genomes rather than having a

comprehensive genome characterization of modern individuals.

4.2 | Past shrub population dynamics at the Siberian
tundra-taiga ecotone

In order to investigate shrub paleodynamics, we used both metagen-
omic shotgun sequencing and hybridization capture enriched se-
qguencing data retrieved from four lake sedaDNA samples by Schulte
et al. (2020). The reads were taxonomically assigned to Alnus, Betula,
and Salix genus. The hybridization capture data show a lower breadth
of coverage then shotgun data on average due to the specificity of
the hybridization capture baits for targeting the chloroplast genome
of L. gmelinii (Schulte et al., 2020; Zimmermann et al., 2019). Only
the cp conserved regions of Alnus, Betula, and Salix were captured, of
which only a reduced pool can be uniquely assigned to specific taxa
using the lowest common ancestor approach. However, the propor-
tions of read counts and breadth of coverage among the taxa are
comparable between the capture and shotgun data. Previous stud-
ies have shown the potential of the hybridization capture method to
retrieve diverged sequences up to a maximum of 25%-40% in dif-
ferent studies on chloroplast, mitochondrial, and nuclear genomes
(Li et al., 2013; Paijmans et al., 2016; Pefalba et al., 2014). Our study
reveals the reliability and feasibility of hybridization capture for
plant biodiversity studies on ancient DNA through the enrichment
of diverged sequences. The capturing of conserved chloroplast re-
gions using a set of diverged targeted species could lead to a detailed
understanding of genetic variations as well as a broader picture of
biodiversity changes through time.

Our results show a decrease of Alnus, a slight increase of
Betula, and a significant increase of Salix in the Taymyr region
during the last 5,400 years, reflecting a strong environmental
turnover from open Larix taiga, mainly characterized by Alnus with
a low cover of Betula and Salix sp., to single-tree tundra (Niemeyer
et al.,, 2017). This confirms previous palynological and metabar-
coding investigations of the same sediment core as well as the
core from the neighboring lake CHO6 which revealed a general
larch forest decline along with a decrease of Alnus understory
during the last ~6,000 years in the Taymyr region (Epp et al., 2018;
Klemm et al., 2016). Comparable shrub dynamics were observed
by a recent study, using both metabarcoding and pollen data, in
two sediment cores at the tundra-taiga ecotone (70.96-70.53°N)
in the Omoloy region. Pollen records from the Nikolay Lake
(73°20’'N, 124°12'E) reported by Andreev et al. (2004) are as well
in line with our results. Therefore, multiple pollen and sedimentary
DNA records from lakes which lay at a comparable latitude to our
lake CH12 (72.399°N) are in line with our results, revealing simi-
lar shrub dynamics along the Siberian tundra-taiga ecotone. The
mid-Holocene vegetation was characterized by open Larix taiga
with Alnus shrubs in the understory (Klemm et al., 2016; Naito
& Cairns, 2011; Zimmermann, Raschke, Epp, Stoof-Leichsenring,
Schirrmeister, et al.,, 2017). The modern vegetation of shrub
tundra, dominated by sedges and grasses with only sparse Larix
stands, became established at approximately 2,200 cal yr BP (Epp
et al., 2018; Klemm et al., 2016). A similar timing of strong change

has also been reported from other sites in the Taymyr region
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(Andreev et al., 2011; Klemm et al., 2016) and throughout most
circumarctic environments (Epp et al., 2018; Kaufman et al., 2004,
Klemm et al., 2016; Luoto et al., 2014; Salonen et al., 2011). The
beginning of the Holocene was characterized by an increase in
summer temperature by 5-6°C in Taymyr followed by a climate
deterioration and the reduction of the Alnus fruticosa range after
5,000 cal yr BP (Kremenetski et al., 1998). Alnus may have re-
treated southwards together with Larix while Salix spp. and Betula
spp. replaced Alnus spp. in its once favored places. However, pos-
sible overrepresentation of Salix sp. via both the source signal
(i.e., Salix growing close to the lake and tributary rivers rims) and
preservation signal (i.e., differences in the original DNA content of
the leaves and DNA degradation) need to be taken into account
(Forbes et al., 2010; Niemeyer et al., 2017).

The hybridization capture and shotgun sequencing reads were
aligned to the individuals’ chloroplast genomes of the correspond-
ing taxa in order to compare the genetic variations previously
identified among the individuals with the sedaDNA variants. All
the genetic variants detected in the Alnus individuals from the
Taymyr region correspond to the variants in the sedaDNA. Eight
potential markers for Taymyr geographic discrimination in Alnus
are supported by the sedaDNA data. This shows that genetic vari-
ants were maintained through the last 6,700 years in Alnus indi-
viduals from the Taymyr region. Furthermore, the higher “identical
sites” between the full sedaDNA dataset and the individuals’ chlo-
roplast genomes from the Taymyr region strengthen the reliability
of sedaDNA data. Whereas, sedaDNA from Betula shows a pattern
of variations in accordance with the higher genetic diversity ob-
served in modern individuals: 18% and 29% of variations match
with Taymyr individuals BO1 and BO2, respectively, while 54% of
variants match with both. Seven variations are confirmed as po-
tential markers for Kolyma geographic discrimination of Betula
since they were not present in sedaDNA.

Our study shows the hybridization capture method potential to
retrieve specific genetic variants in sesdaDNA. Future method devel-
opment toward specific targets’ enrichment could lead to a detailed
understanding of ancient genetic variations. Future studies investi-
gating shrub genetic diversity and population dynamics through time
using the haplotype and the potential markers identified in our study
can now be undertaken. This would allow a better understanding
of past shrub dynamics due to glacial contractions and postglacial

population expansions.

5 | CONCLUSIONS

Current environmental changes, particularly climate warming and
its feedback mechanisms are affecting plant composition and
biomass of arctic and alpine ecosystems. The increase in relative
abundance and cover of deciduous shrubs in sub-arctic Siberian
areas is rather well documented (Frost & Epstein, 1960s). To in-
vestigate the dynamics of shrubification, we sequenced and as-

sembled 15 chloroplast genomes based on modern DNA (7 A.
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alnobetula, 7 B. nana, 1 Salix sp. individual). We identified genetic
variations and estimated haplotype networks for the chloroplast
genomes of each taxon. To infer prehistorical genetic variation
and past population dynamics, we used taxonomically assigned
metagenomics shotgun and hybridization capture sequencing data
retrieved from four sedaDNA samples by Schulte et al. (2020).
The samples were obtained from four different age segments of a
sediment core from lake CH12 in the Taymyr region. Genetic vari-
ations identified in modern individuals were then compared with
sedaDNA variants.

The low genetic diversity and the spatial structure of haplo-
types among modern A. alnobetula individuals suggest that the
recent northward shrubification might be due to local population
recruitment and growth response of already present local com-
munities, whereas the higher genetic variability and absence of a
spatial signal in B. nana might indicate recruitment from different
populations due to more efficient seed dispersal. The analysis of
sedaDNA reveals a decrease of Alnus and an increase of Betula
and Salix in the Taymyr region over the last 5,400 years, reflect-
ing the strong environmental turnover from open Larix taiga to
shrub tundra. The comparison of modern DNA with sedaDNA
shows that genetic variants were maintained throughout the last
6,700 years in Alnus individuals from the Taymyr region, while
Betula and Salix have higher genetic diversity in both modern in-
dividuals and sedaDNA. The success of the hybridization capture
in retrieving diverged sequences demonstrates the high potential
for future studies of plant biodiversity as well as specific genetic
variation on ancient DNA from lake sediments. Overall, our study
provides new insights into past and modern genetic signatures as
well as shrub vegetation dynamics through time at the Siberian
tundra-taiga ecotone. Further research is needed to gain a bet-
ter understanding of past population dynamics in relation to the
current shrubification which has probably already begun to alter

ecosystem properties.

ACKNOWLEDGMENTS

We thank our Russian and German colleagues who helped in field-
work in 2012, 2013, and 2014 to obtain the samples. We thank
Cathy Jenks for English language proofreading. This project has
received funding from the European Research Council (ERC) under
the European Union's Horizon 2020 research and innovation pro-
gram (grant agreement no. 772852, ERC consolidator grant "Glacial
Legacy") and the Initiative and Networking fund of the Helmholtz
Association. We acknowledge support by the Open Access
Publication Funds of Alfred-Wegener-Institut Helmholtz Zentrum

fr Polar- und Meeresforschung.

CONFLICT OF INTEREST
The authors declare no potential conflicts of interest.

AUTHOR CONTRIBUTION
Stefano Meucci: Conceptualization (equal); Data curation (equal);

Formal analysis (equal); Investigation (equal); Methodology (equal);



MEUCCI ET AL.

2190 WI LEY_ECObe and Evolution

Open Access,

Visualization (equal); Writing-original draft (equal). Luise Schulte:
Data curation (equal); Formal analysis (equal); Investigation
(equal); Methodology (equal); Resources (equal); Software (equal);
Supervision (equal); Writing-review & editing (equal). Heike
Zimmermann: Conceptualization (equal); Data curation (equal);
Formal analysis (equal); Investigation (equal); Methodology (equal);
Resources (equal); Software (equal); Supervision (equal); Writing-
review & editing (equal). Kathleen Stoof-Leichsenring: Resources
(equal); Writing-review & editing (equal). Laura Epp: Writing-review
& editing (equal). Pernille Bronken Eidesen: Writing-review & ed-
iting (equal). Ulrike Herzschuh: Conceptualization (equal); Funding
acquisition (equal); Project administration (equal); Resources (equal);
Supervision (equal); Writing-review & editing (equal).

DATA AVAILABILITY STATEMENT

Chloroplast genome assemblies: The samples have been submitted
to NCBI under the GenBank accession numbers available in Table 1
and under the BioProject PRJINA616329. Sedimentary ancient DNA
sequenced by hybridization capture and shotgun sequencing meth-
ods: The lllumina sequence data are submitted to the European
Nucleotide Archive under project number PRJEB35838, accession
numbers ERS4197088 - ERS4197099.

ORCID

Stefano Meucci https://orcid.org/0000-0002-4353-5203
Ulrike Herzschuh https://orcid.org/0000-0003-0999-1261
REFERENCES

Alsos, I. G., Alm, T., Normand, S., & Brochmann, C. (2009). Past and fu-
ture range shifts and loss of diversity in dwarf willow (Salix herbacea
L.) inferred from genetics, fossils and modelling. Global Ecology and
Biogeography, 18(2), 223-239.

Alsos, |. G., Ehrich, D., Thuiller, W., Eidesen, P. B., Tribsch, A.,
Schonswetter, P., Lagaye, C., Taberlet, P., & Brochmann, C. (2012).
Genetic consequences of climate change for northern plants.
Proceedings of the Royal Society B-Biological Sciences, 279(1735),
2042-2051.

Altschul, S. F., Gish, W., Miller, W., Myers, E. W., & Lipman, D. J. (1990).
Basic local alignment search tool. Journal of Molecular Biology, 215(3),
403-410. https://doi.org/10.1016/50022-2836(05)80360-2

Andreev, A. A., Schirrmeister, L., Tarasov, P. E., Ganopolski, A., Brovkin,
V., Siegert, C., Wetterich, S., & Hubberten, H.-W. (2011). Vegetation
and climate history in the Laptev Sea region (Arctic Siberia) during
Late Quaternary inferred from pollen records. Quaternary Science
Reviews, 30(17-18), 2182-2199.

Andreev, A. A, Siegert, C., Klimanoyv, V. A,, Derevyagin, A. Y., Shilova, G.
N., & Melles, M. (2002). Late Pleistocene and Holocene vegetation
and climate on the Taymyr Lowland, Northern Siberia. Quaternary
Research, 57(1), 138-150.

Andreev, A., Tarasov, P., Schwamborn, G., llyashuk, B., llyashuk, E.,
Bobrov, A., Klimanov, V., Rachold, V., & Hubberten, H.-W. (2004).
Holocene paleoenvironmental records from Nikolay Lake, Lena
River Delta, Arctic Russia. Palaeogeography, Palaeoclimatology,
Palaeoecology, 209(1-4), 197-217.

Blok, D., Heijmans, M. M. P. D., Schaepman-Strub, G., Kononov, A. V.,
Maximoyv,T.C.,&Berendse,F.(2010).Shrubexpansionmayreducesum-
mer permafrost thaw in Siberian tundra. Global Change Biology, 16(4),
1296-1305. https://doi.org/10.1111/j.1365-2486.2009.02110.x

Bolger, A. M., Lohse, M., & Usadel, B. (2014). Trimmomatic: A flexible
trimmer for lllumina sequence data. Bioinformatics, 30(15), 2114-
2120. https://doi.org/10.1093/bioinformatics/btu170

Bret-Harte, M. S., Shaver, G. R., & Chapin, F. S. (2002). Primary and sec-
ondary stem growth in arctic shrubs: Implications for community re-
sponse to environmental change. Journal of Ecology, 90(2), 251-267.

Bret-Harte, M. S., Shaver, G. R., Zoerner, J. P., Johnstone, J. F., Wagner,
J. L, Chavez, A. S, Iv, R. F. G, Lippert, S. C., & Laundre, J. A. (2001).
Developmental plasticity allows betula nana to dominate tundra sub-
jected to an altered environment. Ecology, 82(1), 18-32. https://doi.
org/10.2307/2680083

Casazza, G., Grassi, F., Zecca, G., & Minuto, L. (2016). Phylogeographic
insights into a peripheral refugium: The importance of cumulative
effect of glaciation on the genetic structure of two endemic plants.
PLoS One, 11(11). https://doi.org/10.1371/journal.pone.0166983

Clarke, C. L., Edwards, M. E., Gielly, L., Ehrich, D., Hughes, P. D. M.,
Morozova, L. M., Haflidason, H., Mangerud, J., Svendsen, J. I., &
Alsos, I. G. (2019). Persistence of arctic-alpine flora during 24,000
years of environmental change in the Polar Urals. Scientific Reports,
9(1), 1-11.

Clement, M., Posada, D., & Crandall, K. A. (2000). TCS: A computer pro-
gram to estimate gene genealogies. Molecular Ecology, 9(10), 1657~
1659. https://doi.org/10.1046/j.1365-294x.2000.01020.x

Crofts, A. L., Drury, D. O., & McLaren, J. R. (2018). Changes in the under-
story plant community and ecosystem properties along a shrub den-
sity gradient. Arctic Science, 4(4), 485-498. https://doi.org/10.1139/
as-2017-0026

Dabrowska, G., Dzialuk, A., Burnicka, O., Ejankowski, W., Gugnacka-
Fiedor, W., & Goc, A. (2006). Genetic diversity of postglacial relict
shrub Betula nana revealed by RAPD analysis. Dendrobiology, 55,
19-23.

Darling, A. E., Mau, B., & Perna, N. T. (2010). Progressivemauve: Multiple
genome alignment with gene gain, loss and rearrangement. PLoS One,
5(6). https://doi.org/10.1371/journal.pone.0011147

Dong, W., Xu, C., Li,C.,Sun, J., Zuo, Y., Shi, S., Cheng, T., Guo, J., & Zhou, S.
(2015). ycf1, the most promising plastid DNA barcode of land plants.
Scientific Reports, 5, 8348. https://doi.org/10.1038/srep08348

Douda, J., Doudov4, J., Drasnarova, A., Kunes, P., Hadincova, V., Krak, K.,
Zakravsky, P., & Mandak, B. (2014). Migration patterns of subgenus
Alnus in Europe since the last glacial maximum: A systematic review.
PL0S One, 9(2). https://doi.org/10.1371/journal.pone.0088709

Eidesen, P. B., Alsos, I. G., & Brochmann, C. (2015). Comparative analy-
ses of plastid and AFLP data suggest different colonization history
and asymmetric hybridization between Betula pubescens and B. nana.
Molecular Ecology, 24(15), 3993-4009.

Eidesen, P. B., Ehrich, D., Bakkestuen, V., Alsos, |. G., Gilg, O., Taberlet,
P., & Brochmann, C. (2013). Genetic roadmap of the Arctic: Plant
dispersal highways, traffic barriers and capitals of diversity. New
Phytologist, 200(3), 898-910. https://doi.org/10.1111/nph.12412

Eiter, T., Faber, W.,, Fink, M., Pfeifer, G., & Woltran, S. (2003). Geneious
Basic: An integrated and extendable desktop software platform for
the organization and analysis of sequence data. CEUR Workshop
Proceeding, 78(12), 69-83.

Epp, L. S., Gussarova, G., Boessenkool, S., Olsen, J., Haile, J., Schrgder-
Nielsen, A., Ludikova, A., Hasselm, K., Stengien, H. K., Funder, S.,
Willerslev, E., Kjeer, K., & Brochmann, C. (2015). Lake sediment multi-
taxon DNA from North Greenland records early post-glacial appear-
ance of vascular plants and accurately tracks environmental changes.
Quaternary Science Reviews, 117(0318), 152-163.

Epp, L. S., Kruse, S., Kath, N. J., Stoof-Leichsenring, K. R., Tiedemann,
R., Pestryakova, L. A., & Herzschuh, U. (2018). Temporal and spa-
tial patterns of mitochondrial haplotype and species distributions in
Siberian larches inferred from ancient environmental DNA and mod-
eling. Scientific Reports, 8(1), 17436. https://doi.org/10.1038/s4159
8-018-35550-w


https://orcid.org/0000-0002-4353-5203
https://orcid.org/0000-0002-4353-5203
https://orcid.org/0000-0003-0999-1261
https://orcid.org/0000-0003-0999-1261
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1111/j.1365-2486.2009.02110.x
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.2307/2680083
https://doi.org/10.2307/2680083
https://doi.org/10.1371/journal.pone.0166983
https://doi.org/10.1046/j.1365-294x.2000.01020.x
https://doi.org/10.1139/as-2017-0026
https://doi.org/10.1139/as-2017-0026
https://doi.org/10.1371/journal.pone.0011147
https://doi.org/10.1038/srep08348
https://doi.org/10.1371/journal.pone.0088709
https://doi.org/10.1111/nph.12412
https://doi.org/10.1038/s41598-018-35550-w
https://doi.org/10.1038/s41598-018-35550-w

MEUCCI ET AL.

Firetti, F., Zuntini, A. R., Gaiarsa, J. W,, Oliveira, R. S., Lohmann, L.
G., & Van Sluys, M. A. (2017). Complete chloroplast genome se-
quences contribute to plant species delimitation: A case study of the
Anemopaegma species complex. American Journal of Botany, 104(10),
1493-15009.

Forbes, B. C., Fauria, M. M., & Zetterberg, P. (2010). Russian Arctic warm-
ing and “greening” are closely tracked by tundra shrub willows. Global
Change Biology, 16(5), 1542-1554.

Frost, G. V., & Epstein, H. E. (2014). Tall shrub and tree expansion in
Siberian tundra ecotones since the 1960s. Global Change Biology,
20(4), 1264-1277.

Green, B. R. (2011). Chloroplast genomes of photosynthetic eu-
karyotes. The Plant Journal, 66(1), 34-44. https://doi.
org/10.1111/j.1365-313X.2011.04541.x

Gryta, H., Van de Paer, C., Manzi, S., Holota, H., Roy, M., & Besnard,
G. (2017). Genome skimming and plastid microsatellite profiling of
alder trees (Alnus spp., Betulaceae): Phylogenetic and phylogeo-
graphical prospects. Tree Genetics and Genomes, 13(6). https://doi.
org/10.1007/s11295-017-1204-2

Gu, C.,Ma, L.,Wu,Z., Chen, K., & Wang, Y. (2019). Comparative analyses of
chloroplast genomes from 22 Lythraceae species: Inferences for phy-
logenetic relationships and genome evolution within Myrtales. BMC
Plant Biology, 19(1), 1-19. https://doi.org/10.1186/s12870-019-1870-3

Hantemirova, E. V., Pimenova, E. A., & Korchagina, O. S. (2018).
Polymorphism of chloroplast DNA and phylogeography of green
alder (Alnus alnobetula (Ehrh.) K. Koch s. |.) in Asiatic Russia. Russ.
Journal of Genetics, 54(1), 64-74.

Havrdova, A., Douda, J., Krak, K., Vit, P, Hadincova, V., Zakravsky, P.,
& Mandak, B. (2015). Higher genetic diversity in recolonized areas
than in refugia of Alnus glutinosa triggered by continent-wide lineage
admixture. Molecular Ecology, 24(18), 4759-4777.

Hewitt, G. M. (1996). Some genetic consequences of ice ages, and their
role in divergence and speciation. Biological Journal of the Linnean
Society, 58(3), 247-276. https://doi.org/10.1006/bijl.1996.0035

Hewitt, G. M. (1999). Post-glacial re-colonization of European biota.
Biological Journal of the Linnean Society, 68(1-2), 87-112.

Hu, Y., Chen, X., Zhou, T., Hou, N., & Zhao, P. (2017). Characterization of
the complete chloroplast genome of an endangered species dwarf
birch (Betula nana L.). Conservation Genetics Resources, 9(1), 55-58.
https://doi.org/10.1007/s12686-016-0618-8

Jadwiszczak, K. A. (2012). What can molecular markers tell us about the
glacial and postglacial histories of European birches? Silva Fennica,
46(5), 733-745. https://doi.org/10.14214/sf.923

Jadwiszczak, K. A., Drzymulska, D., Banaszek, A., & Jadwiszczak, P.
(2012). Population history, genetic variation and conservation status
of the endangered birch species Betula nana L. Poland. Silva Fennica,
46(4), 465-477.

Jénsson, H., Ginolhac, A., Schubert, M., Johnson, P. L. F., & Orlando, L.
(2013). MapDamage2.0: Fast approximate Bayesian estimates of an-
cient DNA damage parameters. Bioinformatics, 29(13), 1682-1684.
https://doi.org/10.1093/bioinformatics/btt193

Jorgensen, T., Haile, J., Moller, P., Andreev, A., Boessenkool, S.,
Rasmussen, M., Kienast, F., Coissac, E., Taberlet, P., Brochmann, C.,
Bigelow, N., Andersen, K., Orlando, L., Gilbert, M., & Willerslev, E.
(2012). A comparative study of ancient sedimentary DNA, pollen and
macrofossils from permafrost sediments of northern Siberia reveals
long-term vegetational stability. Molecular Ecology, 21(8), 1989-2003.
https://doi.org/10.1111/j.1365-294X.2011.05287.x

Katoh, K. (2002). MAFFT: A novel method for rapid multiple sequence
alignment based on fast Fourier transform. Nucleic Acids Research,
30(14), 3059-3066. https://doi.org/10.1093/nar/gkf436

Katoh, K., & Standley, D. M. (2013). MAFFT multiple sequence align-
ment software version 7: Improvements in performance and us-
ability. Molecular Biology and Evolution, 30(4), 772-780. https://doi.
org/10.1093/molbev/mst010

Fcology and Evolution o 2191
= WILEY |27

Kaufman, D. S., Ager, T. A., Anderson, N. J., Anderson, P. M., Andrews, J.
T., Bartlein, P. J., Brubaker, L. B., Coats, L. L., Cwynar, L. C., Duvall, M.
L., Dyke, A.S., Edwards, M. E., Eisner, W. R., Gajewski, K., Geirsdottir,
A., Hu, F. S, Jennings, A. E., Kaplan, M. R., Kerwin, M. W, ... Wolfe,
B. B. (2004). Holocene thermal maximum in the western Arctic (O-
180°W). Quaternary Science Reviews, 23(5-6), 529-560.

Klemm, J., Herzschuh, U., & Pestryakova, L. A. (2016). Vegetation, cli-
mate and lake changes over the last 7000 years at the boreal treeline
in north-central Siberia. Quaternary Science Reviews, 147, 422-434.
https://doi.org/10.1016/j.quascirev.2015.08.015

Kremenetski, C. V., Sulerzhitsky, L. D., & Hantemirov, R. (1998). Holocene
history of the northern range limits of some trees and shrubs in
Russia. Arctic and Alpine Research, 30(4), 317-333.

Salojarvi, J., Smolander, O. P., Nieminen, K., Rajaraman, S., Safronov,
0., Safdari, P., Lamminmaki, A., Immanen, J., Lan, T., Tanskanen,
J., Rastas, P., Amiryousefi, A., Jayaprakash, B., Kammonen, J. |,
Hagqvist, R., Eswaran, G., Ahonen, V. H., Serra, J. A., Asiegbu,
F. O., ... Kangasjarvi, J. (2017). Genome sequencing and popula-
tion genomic analyses provide insights into the adaptive land-
scape of silver birch. Nature Genetics, 49(6), 904-912. https://doi.
org/10.1038/ng.3862

Lantz, T. C., Marsh, P.,, & Kokelj, S. V. (2013). Recent shrub prolifer-
ation in the mackenzie delta uplands and microclimatic implica-
tions. Ecosystems, 16(1), 47-59. https://doi.org/10.1007/s1002
1-012-9595-2

Leigh, J. W., & Bryant, D. (2015). POPART: Full-feature software for hap-
lotype network construction. Methods in Ecology and Evolution, 6(9),
1110-1116.

Li, C., Hofreiter, M., Straube, N., Corrigan, S., & Naylor, G. J. P. (2013).
Capturing protein-coding genes across highly divergent species.
BioTechniques, 54, 6.

Li, H., & Durbin, R. (2009). Fast and accurate short read alignment with
Burrows-Wheeler transform. Bioinformatics, 25(14), 1754-1760.
https://doi.org/10.1093/bioinformatics/btp324

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N.
et al (2009). The sequence alignment/map format and SAMtools.
Bioinformatics, 25(16), 2078-2079. https://doi.org/10.1093/bioin
formatics/btp352

Li, J., Shoup, S., & Chen, Z. (2005). Phylogenetics of Betula (Betulaceae)
inferred from sequences of nuclear ribosomal DNA. Rhodora,
107(929), 69-86. https://doi.org/10.3119/04-14.1

Liu, C., Shi, L., Zhu, Y., Chen, H., Zhang, J., Lin, X., & Guan, X. (2012).
CpGAVAS, an integrated web server for the annotation, visualiza-
tion, analysis, and GenBank submission of completely sequenced
chloroplast genome sequences. BMC Genomics, 13(1), 1. https://doi.
org/10.1186/1471-2164-13-715

Lohse, M., Drechsel, O. Kahlau, S., & Bock, R. (2013).
OrganellarGenomeDRAW—A suite of tools for generating physical
maps of plastid and mitochondrial genomes and visualizing expres-
sion data sets. Nucleic Acids Research, 41, W575-W581. https://doi.
org/10.1093/nar/gkt289

Lopez, S., Rousset, F., Shaw, F. H., Shaw, R. G., & Ronce, O. (2008).
Migration load in plants: Role of pollen and seed dispersal in hetero-
geneous landscapes. Journal of Evolutionary Biology, 21(1), 294-309.
https://doi.org/10.1111/j.1420-9101.2007.01442.x

Luoto, T. P., Kaukolehto, M., Weckstrom, J., Korhola, A., & Viliranta, M.
(2014). New evidence of warm early-Holocene summers in subarctic
Finland based on an enhanced regional chironomid-based tempera-
ture calibration model. Quaternary Research, 81(1), 50-62.

Magri, D. (2008). Patterns of post-glacial spread and the ex-
tent of glacial refugia of European beech (Fagus sylvat-
ica). Journal of Biogeography, 35(3), 450-463. https://doi.
org/10.1111/j.1365-2699.2007.01803.x

Mandak, B., Havrdova, A., Krak, K., Hadincova, V., Vit, P., Zakravsky, P.,
& Douda, J. (2016). Recent similarity in distribution ranges does not


https://doi.org/10.1111/j.1365-313X.2011.04541.x
https://doi.org/10.1111/j.1365-313X.2011.04541.x
https://doi.org/10.1007/s11295-017-1204-2
https://doi.org/10.1007/s11295-017-1204-2
https://doi.org/10.1186/s12870-019-1870-3
https://doi.org/10.1006/bijl.1996.0035
https://doi.org/10.1007/s12686-016-0618-8
https://doi.org/10.14214/sf.923
https://doi.org/10.1093/bioinformatics/btt193
https://doi.org/10.1111/j.1365-294X.2011.05287.x
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1016/j.quascirev.2015.08.015
https://doi.org/10.1038/ng.3862
https://doi.org/10.1038/ng.3862
https://doi.org/10.1007/s10021-012-9595-2
https://doi.org/10.1007/s10021-012-9595-2
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.3119/04-14.1
https://doi.org/10.1186/1471-2164-13-715
https://doi.org/10.1186/1471-2164-13-715
https://doi.org/10.1093/nar/gkt289
https://doi.org/10.1093/nar/gkt289
https://doi.org/10.1111/j.1420-9101.2007.01442.x
https://doi.org/10.1111/j.1365-2699.2007.01803.x
https://doi.org/10.1111/j.1365-2699.2007.01803.x

MEUCCI ET AL.

2192 WI LEY_ECObe and Evolution

Open Access,

mean a similar postglacial history: A phylogeographical study of the
boreal tree species Alnus incana based on microsatellite and chloro-
plast DNA variation. New Phytologist, 210(4), 1395-1407.

MclLaren, J. R., & Turkington, R. (2010). Ecosystem properties deter-
mined by plant functional group identity. Journal of Ecology, 98(2),
459-469. https://doi.org/10.1111/j.1365-2745.2009.01630.x

Myers-Smith, I. H., Forbes, B. C., Wilmking, M., Hallinger, M., Lantz, T,
Blok, D., Tape, K. D., Macias-Fauria, M., Sass-Klaassen, U., Lévesque,
E., Boudreau, S., Ropars, P., Hermanutz, L., Trant, A., Collier, L. S.,
Weijers, S., Rozema, J., Rayback, S. A., Schmidt, N. M, ... Hik, D. S.
(2011). Shrub expansion in tundra ecosystems: Dynamics, impacts
and research priorities. Environmental Research Letters, 6(4). https://
doi.org/10.1088/1748-9326/6/4/045509

Myers-Smith, I. H., & Hik, D. S. (2013). Shrub canopies influence soil tem-
peratures but not nutrient dynamics: An experimental test of tundra
snow-shrub interactions. Ecology and Evolution, 3(11), 3683-3700.
https://doi.org/10.1002/ece3.710

Naito, A. T., & Cairns, D. M. (2011). Patterns and processes of global
shrub expansion. Progress in Physical Geography, 35(4), 423-442.
https://doi.org/10.1177/0309133311403538

Niemeyer, B., Epp, L. S., Stoof-Leichsenring, K. R., Pestryakova, L. A,,
& Herzschuh, U. (2017). A comparison of sedimentary DNA and
pollen from lake sediments in recording vegetation composition at
the Siberian treeline. Molecular Ecology Resources, 17(6), e46-e62.
https://doi.org/10.1111/1755-0998.12689

Niemeyer, B., Herzschuh, U., & Pestryakova, L. (2015). Vegetation and
lake changes on the southern Taymyr peninsula, northern Siberia,
during the last 300 years inferred from pollen and Pediastrum green
algae records. Holocene, 25(4), 596-606.

Q’Leary, N. A., Wright, M. W, Brister, J. R., Ciufo, S., Haddad, D.,
McVeigh, R., Rajput, B., Robbertse, B., Smith-White, B., Ako-Adjei,
D., Astashyn, A., Badretdin, A., Bao, Y., Blinkova, O., Brover, V.,
Chetvernin, V., Choi, J., Cox, E., Ermolaeva, O.,... Pruitt, K. D.
(2016). Reference sequence (RefSeq) database at NCBI: Current
status, taxonomic expansion, and functional annotation. Nucleic
Acids Research, 44(D1), D733-D745. https://doi.org/10.1093/nar/
gkv1189

Paijmans, J. L., Fickel, J., Courtiol, A., & Hofreiter, M. F. D. (2016). Impact
of enrichment conditions on cross-species capture of fresh and de-
graded DNA. Molecular Ecology Resources, 16(1), 42-55.

Pajunen, A. M., Oksanen, J., & Virtanen, R. (2011). Impact of shrub can-
opies on understorey vegetation in western Eurasian tundra. Journal
of Vegetation Science, 22(5), 837-846.

Palmé, A. (2003). Evolutionary history and chloroplast DNA variation in
three plant genera: Betula, Corylus and Salix: The impact of post-glacial
colonisation and hybridisation. Universitetstryckeriet.

Parducci, L., Matetovici, I., Fontana, S. L., Bennett, K. D., Suyama, Y.,
Haile, J., Kjaer, K. H., Larsen, N. K., Drouzas, A. D., & Willerslev, E.
(2013). Molecular- and pollen-based vegetation analysis in lake sed-
iments from central Scandinavia. Molecular Ecology, 22(13), 3511~
3524. https://doi.org/10.1111/mec.12298

Parducci, L., Véliranta, M., Sakari Salonen, J., Ronkainen, T., Matetovici,
l., Fontana, S. L., Eskola, T., Sarala, P., & Suyama, Y. (2015). Proxy
comparison in ancient peat sediments: Pollen, macrofossil and
plant DNA. Philosophical Transactions of the Royal Society B:
Biological Sciences, 370(1660),20130382. https://doi.org/10.1098/
rstb.2013.0382

Penalba, J. V., Smith, L. L., Tonione, M. A,, Sass, C., Hykin, S. M., Skipwith,
P. L., McGuire, J. A, Bowie, R. C. K., & Moritz, C. (2014). Sequence
capture using PCR-generated probes: A cost-effective method of
targeted high-throughput sequencing for nonmodel organisms.
Molecular Ecology Resources, 14(5), 1000-1010.

Petit, R. J., Aguinagalde, I., De Beaulieu, J. L., Bittkau, C., Brewer, S.,
Cheddadi, R., Ennos, R., Fineschi, S., Grivet, D., Lascoux, M., Mohanty,
A., Miiller-Starck, G., Demesure-Musch, B., Palmé, A., Martin, J. P,

Rendell, S., & Vendramin, G. G. (2003). Glacial refugia: Hotspots but
not melting pots of genetic diversity. Science, 300(5625), 1563-1565.
https://doi.org/10.1126/science. 1083264

Petit, R. J., Kremer, A., & Wagner, D. B. (1993). Geographic structure of
chloroplast DNA polymorphisms in European oaks. Theoretical and
Applied Genetics, 87(1), 122-128. https://doi.org/10.1007/BF002
23755

Piro, V. C., Dadi, T. H., Seiler, E., Reinert, K., & Renard, B. Y. (2020). ganon:
precise metagenomics classification against large and up-to-date
sets of reference sequences. Bioinformatics, 36(1), i12-i20.

Safronova, I., & Yurkovsksya, T. (2019). The latitudinal distribution of
vegetation cover in Siberia. BIO Web Conference, 16, 00047.

Salonen, J. S., Seppa, H., Viliranta, M., Jones, V. J., Self, A., Heikkila,
M., Kultti, S., & Yang, H. (2011). The Holocene thermal maximum
and late-Holocene cooling in the tundra of NE European Russia.
Quaternary Research, 75(3), 501-511.

Schattner, P., Brooks, A. N., & Lowe, T. M. (2005). The tRNAscan-SE,
snoscan and snoGPS web servers for the detection of tRNAs and
snoRNAs. Nucleic Acids Research, 33(Suppl. 2), 686-689. https://doi.
org/10.1093/nar/gki366

Schulte, L., Bernhardt, N., Stoof-Leichsenring, K. R., Zimmermann, H. H.,
Pestryakova, L. A., Epp, L. S., & Herzschuh, U. (2020). Hybridization
capture of larch (Larix Mill) chloroplast genomes from sedimentary
ancient DNA reveals past changes of Siberian forest. Molecular
Ecology Resources. https://doi.org/10.1111/1755-0998.13311

Stamford, M. D., & Taylor, E. B. (2004). Phylogeographical lineages of
Arctic grayling (Thymallus arcticus) in North America: Divergence, or-
igins and affinities with Eurasian Thymallus. Molecular Ecology, 13(6),
1533-1549.

Stone, T. A., & Schlesinger, P. (2003). RLC vegetative cover of the former
Soviet Union, 1990. : Oak Ridge Natl Lab Distrib Act Arch Center.
Stoof-Leichsenring, K. R., Herzschuh, U., Pestryakova, L. A., Klemm, J.,
Epp, L. S., & Tiedemann, R. (2015). Genetic data from algae sedi-
mentary DNA reflect the influence of environment over geography.

Scientific Reports, 5, 1-11. https://doi.org/10.1038/srep12924

Taberlet, P., Fumagalli, L., Wust-Saucy, A. G., & Cosson, J. F. (1998).
Comparative phylogeography and postglacial colonization routes in
Europe. Molecular Ecology, 7(4), 453-464.

Thomson, A. M., Dick, C. W., & Dayanandan, S. (2015). A similar phy-
logeographical structure among sympatric North American birches
(Betula) is better explained by introgression than by shared biogeo-
graphical history. Journal of Biogeography, 42(2), 339-350.

Vranckx, G., Jacquemyn, H., Muys, B., & Honnay, O. (2012). Meta-
analysis of susceptibility of woody plants to loss of genetic diver-
sity through habitat fragmentation. Conservation Biology, 26(2),
228-237.

Walker, M. D., Wahren, C. H., Hollister, R. D., Henry, G. H. R., Ahlquist,
L. E., Alatalo, J. M., Bret-Harte, M. S., Calef, M. P., Callaghan, T. V.,
Carroll, A. B., Epstein, H. E., Jonsdéttir, I. S., Klein, J. A., Magnusson,
B., Molau, U., Oberbauer, S. F,, Rewa, S. P, Robinson, C. H., Shaver,
G. R., & Wookey, P. A. (2006). Plant community responses to ex-
perimental warming across the tundra biome. Proceedings of the
National Academy of Sciences of the United States of America, 103(5),
1342-1346.

Wang, N., Borrell, J. S., Bodles, W. J. A., Kuttapitiya, A., Nichols, R. A., &
Buggs, R. J. A. (2014). Molecular footprints of the Holocene retreat
of dwarf birch in Britain. Molecular Ecology, 23(11), 2771-2782.

Wieczorek, M., Kruse, S., Epp, L. S., Kolmogorov, A., Nikolaev, A. N.,
Heinrich, I., Jeltsch, F., Pestryakova, L. A., Zibulski, R., & Herzschuh,
U. (2017). Dissimilar responses of larch stands in northern Siberia to
increasing temperatures—A field and simulation based study. Ecology,
98(9), 2343-2355. https://doi.org/10.1002/ecy.1887

Willerslev, E., Hansen, A. J., Binladen, J., Brand, T. B., Gilbert, M. T. P,,
Shapiro, B., Bunce, M., Wiuf, C., Gilichinsky, D. A., & Cooper, A.
(2003). Diverse plant and animal genetic records from holocene and


https://doi.org/10.1111/j.1365-2745.2009.01630.x
https://doi.org/10.1088/1748-9326/6/4/045509
https://doi.org/10.1088/1748-9326/6/4/045509
https://doi.org/10.1002/ece3.710
https://doi.org/10.1177/0309133311403538
https://doi.org/10.1111/1755-0998.12689
https://doi.org/10.1093/nar/gkv1189
https://doi.org/10.1093/nar/gkv1189
https://doi.org/10.1111/mec.12298
https://doi.org/10.1098/rstb.2013.0382
https://doi.org/10.1098/rstb.2013.0382
https://doi.org/10.1126/science.1083264
https://doi.org/10.1007/BF00223755
https://doi.org/10.1007/BF00223755
https://doi.org/10.1093/nar/gki366
https://doi.org/10.1093/nar/gki366
https://doi.org/10.1111/1755-0998.13311
https://doi.org/10.1038/srep12924
https://doi.org/10.1002/ecy.1887

MEUCCI ET AL.

pleistocene sediments. Science, 300(5620), 791-795. https://doi.
org/10.1126/science. 1084114

Wood, D. E., Lu, J., & Langmead, B. (2019). Improved metagenomic anal-
ysis with Kraken 2. Genome Biology, 20(257), 1-13.

Wu, Z. (2015). The new completed genome of purple willow (Salix pur-
purea) and conserved chloroplast genome structure of Salicaceae.
Journal of Nature and Science, 1(3), 1-2.

Yang, Z., Wang, G., Ma, Q., Ma, W,, Liang, L., & Zhao, T. (2019). The com-
plete chloroplast genomes of three Betulaceae species: Implications
for molecular phylogeny and historical biogeography. PeerJ, 7, e6320.
https://doi.org/10.7717/peerj.6320

Yang, Z., Zhao, T., Ma, Q., Liang, L., & Wang, G. (2018). Comparative ge-
nomics and phylogenetic analysis revealed the chloroplast genome
variation and interspecific relationships of Corylus (Betulaceae)
species. Frontiers in Plant Science, 9, 1-13. https://doi.org/10.3389/
fpls.2018.00927

Zhu, A., Guo, W., Gupta, S., Fan, W., & Mower, J. P. (2016). Evolutionary
dynamics of the plastid inverted repeat: The effects of expansion,
contraction, and loss on substitution rates. New Phytologist, 209(4),
1747-1756. https://doi.org/10.1111/nph.13743

Zimmermann, H. H., Harms, L., Epp, L. S., Mewes, N., Bernhardt, N.,
Kruse, S., Stoof-Leichsenring, K. R., Pestryakova, L. A., Wieczorek,
M., Trense, D., & Herzschuh, U. (2019). Chloroplast and mitochon-
drial genetic variation of larches at the Siberian tundra-taiga ecotone
revealed by de novo assembly. PLoS One, 14(7), e0216966. https://
doi.org/10.1371/journal.pone.0216966

Zimmermann, H. H., Raschke, E., Epp, L. S., Stoof-Leichsenring, K. R.,
Schirrmeister, L., Schwamborn, G., & Herzschuh, U. (2017). The
history of tree and shrub taxa on bol'shoy lyakhovsky Island (New

Fcology and Evolution o 2193
= WILEY- 2%

Siberian Archipelago) since the last interglacial uncovered by sedi-
mentary ancient DNA and pollen data. Genes, 8(10), 273. https://doi.
org/10.3390/genes8100273

Zimmermann, H. H., Raschke, E., Epp, L. S., Stoof-Leichsenring, K. R.,
Schwamborn, G., Schirrmeister, L., Overduin, P. P., & Herzschuh, U.
(2017). Sedimentary ancient DNA and pollen reveal the composition
of plant organic matter in Late Quaternary permafrost sediments of
the Buor Khaya Peninsula (north-eastern Siberia). Biogeosciences,
14(3), 575-596. https://doi.org/10.5194/bg-14-575-2017

Zohren, J., Wang, N., Kardailsky, I., Borrell, J. S., Joecker, A., Nichols, R. A.,
& Buggs, R. J. A. (2016). Unidirectional diploid-tetraploid introgres-
sion among British birch trees with shifting ranges shown by restric-
tion site-associated markers. Molecular Ecology, 25(11), 2413-2426.

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Meucci S, Schulte L, Zimmermann HH,
et al. Holocene chloroplast genetic variation of shrubs (Alnus
alnobetula, Betula nana, Salix sp.) at the siberian tundra-taiga
ecotone inferred from modern chloroplast genome assembly
and sedimentary ancient DNA analyses. Ecol Evol.
2021;11:2173-2193. https://doi.org/10.1002/ece3.7183



https://doi.org/10.1126/science.1084114
https://doi.org/10.1126/science.1084114
https://doi.org/10.7717/peerj.6320
https://doi.org/10.3389/fpls.2018.00927
https://doi.org/10.3389/fpls.2018.00927
https://doi.org/10.1111/nph.13743
https://doi.org/10.1371/journal.pone.0216966
https://doi.org/10.1371/journal.pone.0216966
https://doi.org/10.3390/genes8100273
https://doi.org/10.3390/genes8100273
https://doi.org/10.5194/bg-14-575-2017
https://doi.org/10.1002/ece3.7183

