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Abstract

A long standing view in bryophyte biogeography is that bryophyte species have wide
distribution ranges and low speciation rates. Here I study the population structure of the
common and widespread peatmoss Sphagnum compactum Lam. & DC. in Europe. I use low
coverage whole genome sequencing data from 41 individual samples, sampled from five
populations across Europe. The genetic clustering of the data was assessed using
model-based evolutionary clustering (ADMIXTURE) and principal component analysis. The
genetic differentiation among the clusters was inferred based on Fgr, and phylogenetic
relationship was assessed using a maximum likelihood approach. Split time between the
clusters was estimated using a coalescent based approach. The results show that the sampled
populations contain three genetically distinct clusters. The genetic differentiation, low gene
flow, and split times between the clusters could indicate that they represent separate species.
My results add to the increasing amount of evidence for genetic structuring in widely

distributed bryophytes species.



Acknowledgements

First, I want to thank my supervisors; Kristian Hassel, Lena Meleshko, and Magni Olsen
Kyrkjeeide, for invaluable academic guidance, encouragement, and patience throughout this
project. And especially Lena for all the lab work and help with bioinformatics, I don’t think
this would have been possible without you, thank you!

I also want to thank the rest of the Bryology Group, especially Kjell Ivar Flatberg and
Tommy Presto, for taking part in discussions about my results. Discussions with and advice

from members of the NTNU Museum Holomuseomics group is also greatly appreciated.

Thank you to my fellow students Ingvill, Charlotte, and Tiril. Sharing a reading room with
you throughout this process has been wonderful, thanks for great discussions, and fun coffee
breaks.

I am grateful to Ole, my twin brother and my father for practical help and encouragement,
informatics is not always easy for a biologist. I am grateful to my mom for emotional support,
and for reminding me to eat good food and drink nice wine. Thank you to Astrid and Trygve
for always supporting me. Finally, I want to thank all of my friends for the good times that

kept me sane during this project. Especially Thea for putting a smile on my face every day.



Contents

N o 53 1 - T i
AcCKNOWIedgements..........ooiiiimimiriiiisr s —————— ii
INErOAUCTION....ce e ———————— 2
Materials and Methods...........co s 4
T2 0010] 11 o T PP PP PPPPPT PP 4
DNA extraction, Library Preparation and SequencCing...........cccooocuiieiiiiiiiniiiiiiieeeee e 5
Sequencing Data ProCeSSING.......oiiuuiiiiiiiie et e e 5
SNP Calling and FilleriNG......cuuiiiiiiiieeeeeeeeeeeeee e, 5
Principal Component ANAIYSIS..........ccciiiiiiii e aae s e e seeesseseeeeeeeeeeeeeeeeeees 6
o [0 (=PSRRI 6
F ST @NAIYSIS. .. 6
Phylogenetic @analysSis..........ooo s 7
DemographiC NISTOIY ... e 7
=] 1] 8
Sequencing Summary, Mapping, SNP Calling and Filtering............cccccoeiiiiiiiiiis 8
P A e e e e e e e ————aee e e e e —————aeeeeeaaa————aeaaeeaaaana—araaaaas 8
a0 Lo 1D L = RS 9
S =TT 1YL P PPPPPPPP 10
PhylogenetiC analySiS.......ccooie oo 11
DemographiC NISTONY........oo e 13
[ 1T o B L= T o 14
Genetic distinctiveness of the Clusters...........oovviiiiiiiiii 14
Demographic history of the CIUSTErS............uuviiiiiiiiiiiiieeeeeeeeeee e 15
Implications for bryophyte biogeography ... 15
LT =T =Y TP 17
Appendix A - Supporting tables..........o e ——————— 23
Appendix B - SUppOrting figures..........cuuiiiiiiissi s 29



Introduction

Speciation is an evolutionary process that results in the reproductive isolation of populations.
Speciation can occur in allopatric or sympatric populations; in the former there is a
geographic barrier to gene flow, while in the latter there are no spatial barriers to gene flow
(Setre and Ravinet, 2019, pp. 194—-195). However, these two modes of speciation are at each
end of a continuum of gene flow among diverging populations, and most speciation events
fall somewhere in between (Butlin et al., 2008). Since speciation is the formation of
reproductive isolation between populations, studying population structure can give insight

into past and ongoing speciation events.

Population structure is the distribution of alleles in time and space. This distribution is the
result of evolutionary and ecological processes. Dispersal is one important process that
affects population structure (Alsos et al., 2007; Kyrkjeeide et al., 2016a; Mufioz et al., 2004).
Dispersal (gene flow) is an important factor in speciation, either constraining speciation by
homogenising the gene pool, or promoting speciation by providing the raw material for
adaptive divergence (Morjan and Rieseberg, 2004; Slatkin, 1987). Lack of dispersal, on the
other hand, results in isolated populations that evolve separately (Slatkin, 1987).

Population structure of extant northern species is affected by climate fluctuations during the
Quaternary that resulted in expansion and retraction of the Eurasian ice sheets due to changes
in latitudinal and altitudinal ranges (Hewitt, 2004; Stewart et al., 2010; Taberlet et al., 1998).
During the last glacial maximum (LGM, ~20 Kya), the Eurasian ice sheet covered most of
Fennoscandia and extended to continental Europe and the British Isles (Svendsen et al.,
2004). The extant northern species could have survived the LGM in two types of refugia:
refugia outside the ice sheet and cryptic northern refugia (in-situ survival) (Stewart et al.,
2010). Cryptic refugia were ice-free areas along the coast or mountains protruding from the
ice (nunataks) (Westergaard et al., 2019, 2011). Post-LGM recolonization of glaciated areas
from refugia outside the ice sheet is expected to result in populations with reduced genetic
diversity due to repeated founder events during recolonization, so-called bottleneck effects
(Hewitt, 1996). High genetic diversity of populations living in previously glaciated areas can
indicate that the area is a contact zone i.e. the species has survived in different refugia and

recolonized the same area after the LGM (Provan and Bennett, 2008).

Bryophytes (mosses, liverworts, and hornworts) mainly disperse by small spores, and are
capable of frequent long-distance dispersal (Mufioz et al., 2004). Bryophytes often have
exceptionally broad geographical distribution ranges (Shaw, 2001), that could be explained
by their dispersal capabilities. Based on that, one could expect a homogeneous distribution of
genetic variants across their distribution range (Klein et al., 2006; Szovényi et al., 2012), but
there is evidence for geographic genetic structure in bryophytes populations (Duffy et al.,

2022; Kyrkjeeide et al., 2016a). Recently, cosmopolitan bryophyte species from various



families have been circumscribed as multiple species based on molecular and thorough

morphological analysis (Hassel et al., 2018; Vigalondo et al., 2019).

Sphagnum L., the peatmosses, is a species rich (300-500 species) moss genus which
dominates northern peatlands (Shaw et al., 2003). In peatlands, peatmosses create conditions
which hamper decomposition, resulting in a build-up of peat (organic material) and net
carbon fixation (Rydin and Jeglum, 2013). Thus, peatmoss dominated peatlands serve an
important role for the global climate, storing about 30% of all soil organic carbon (Weston et
al., 2015). Peatmosses exhibit great variability in life history, ecology, and morphological
plasticity (Steneien et al., 1997, 2014). The life cycle of peatmosses is dominated by a
haploid gametophyte that produces gametes (in archegonia and antheridia), and fertilisation
results in a diploid sporophyte that is dependent on the gametophyte. The sporophyte
produces spores through meiosis. The genus includes both monoicous (archegonia and
antheridia on the same gametophyte) and dioicous species (archegonia and antheridia on
different gametophytes), and the former are more frequently found with sporophytes
(Cronberg, 1992). Selfing is common in monoicous Sphagnum species, but outcrossing do

also occur (Johnson and Shaw, 2015).

The extant species richness in Sphagnum originates from a rapid and relatively recent (7-20
Mya) burst of diversification likely associated with the Miocene cooling (Shaw et al., 2010).
Speciation is an ongoing process, a more “recent” example of speciation in Sphagnum is the
split between S. divinum Flatberg & Hassel vs. S. medium Limpr. which is estimated to be
~28,900 generations ago (Yousefi et al., 2017).

Sphagnum compactum Lam. & DC. is a monoicous peatmoss species with a nearly
cosmopolitan distribution which frequently produces spores (Cronberg, 1992). Johnson and
Shaw (2016) studied mating patterns in Sphagnum: sampling two S. compactum populations,
they found evidence for selfing and out-crossing in both populations. Suzuki (1965) describes
S. compactum as an easily identifiable species, although with some morphological differences
between samples from Japan and Germany. Daniels (1985) studied isozyme variation in S.
compactum samples from England and Finland, and found overall a high similarity, but
genetic distance was greater between the English and Finnish populations than among the
Finnish populations. Furthermore, in a phylogenomic analysis of 12 common Sphagnum
species sampled in three metapopulations from central Norway, Austria, and Germany,
Meleshko et al. (2021) found that S. compactum was the only species with evidence for
strong geographical structure, with samples from each metapopulation forming distinctive,

well-supported clades in the analysis.

In this study, I will explore the genetic structure of S. compactum in Europe by expanding the
dataset by Meleshko et al. (2021) and using low-coverage whole-genome sequencing data
analyses. I hypothesise that (1) the observed European clades are highly differentiated due to
speciation; and (2) the gene flow between them is low.



I aim to (1) explore the genetic variation of the three European S. compactum
metapopulations from Meleshko et al. (2021), (2) estimate genetic differentiation and
admixture between the populations, and (3) use a coalescence model to estimate time of

divergence between the populations.

Materials and Methods

Sampling

A total of 41 individual samples of Sphagnum compactum were included in the study: 24
from Norway, 12 from Austria, 5 from Germany, and 10 from Slovakia. Raw sequencing data
for 13 samples (8 from Norway, 3 from Austria, and 2 from Germany) was generated by
Meleshko et al. (2021). The 28 additional samples were selected based on a pilot study using
microsatellite markers following the method by Kyrkjeeide (2016b), the goal of the pilot
study was to identify samples that genetically cluster with the existing samples to increase the
reliability of the results. The geographical distribution of the samples is shown in fig. 1 (see
Appendix A Table A-1 for information about the specimens).

—
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Figure 1. Sampling localities for Sphagnum compactum individuals (each population indicated with a
different shape) included in the study.



DNA extraction, Library Preparation and Sequencing

Dried capitula tissue was lysed using a Qiagen Tissues Lyser II (Qiagen) for 120s at 30Hz,
and total DNA was extracted following the protocol (with minor modifications) for dried
plant samples for the E.ZN.A.® HP Plant DNA Mini Kit (Omega Bio-tek). DNA
concentration of all extracts was measured using a Qubit 2.0 Fluorometer (Thermo Fisher
Scientific). The extracted DNA was fragmented to a target length of 400 bp using a
Biorupter® Pico (Diagenode).

Genomic libraries were built following the BEST (Blunt-End-Singel-Tube) protocol
presented in Carge et al., (2018). The resulting libraries were quality-checked using Qubit
(Thermo Fisher Scientific) and TapeStation (Agilent) and pooled equimolarly into two pools.
DNA sequencing was performed on Illumina NovaSeq platform in 150-bp paired-end mode
at Novogene (UK).

Sequencing Data Processing

The raw sequencing data were processed using the Paleomix pipeline v.1.3.7 (Schubert et al.,
2014). Adapter contamination was trimmed using AdapterRemoval v2.3.3 (Schubert et al.,
2016), trimmed reads shorter than 25 bases were discarded. The trimmed reads were mapped
to a reference genome assembly of Sphagnum angustifolium (C.E.O.Jensen ex Russow)
C.E.O.Jensen (Healey et al., 2023) using the mem algorithm of BWA v0.7.17 (Li and Durbin,
2009). Reads with a mapping quality below 30 and unmapped reads were discarded during
mapping. SAMtools v1.16.1 (Danecek et al., 2021) were used to index and sort the resulting
BAM files. Picard tools v2.27 (“Picard toolkit,” 2019) were used to mark PCR duplicates and
validate the BAM files. The reads with inserts length below 50 were discarded.

SNP Calling and Filtering

Using GATK v4.1.9.0 (McKenna et al., 2010), SNPs and indels were called for each sample
with HaplotypeCaller using the “-ploidy 1” argument. Using CombineGVCFs, the resulting
per-sample files were combined into one multi-sample file, which was genotyped using
GenotypeGVCFs. Based on the GATK’s best practices pipeline (Van der Auwera and
O’Connor, 2020), the SNPs meeting any of the following criteria were excluded from the
resulting variant call format (VCF) file: QualByDepth < 2.0, FisherStrand > 60.0,
RMSMappingQuality < 40.0, MappingQualityRankSumTest < -12.5, ReadPosRankSumTest
< -8.0. Using VCFtools (Danecek et al., 2011), the SNPs were further filtered out based on
the per-individual depth (<5 and >40), sample size (<%: of individuals), and minor allele

frequency (<0.05). The resulting dataset hereafter is called the ‘nuclear SNP dataset’.



Principal Component Analysis

To visualise genetic differences between the sampled populations, a principal component
analysis (PCA) was carried out using ANGSD v0.941-6-g67b6b3b (Korneliussen et al., 2014)
by calculating a covariance matrix based on randomly sampled bases from each individual at
each position. First, per-Base Alignment Quality (BAQ) was calculated (with the “-baq 1”
option in ANGSD) to adjust quality scores around indels (Li, 2011), and the mapping quality
(MAPQ) score was adjusted to 50 for excessive mismatches. Then, bad reads (with flag
above 255), reads with low MAPQ score (<30), low base quality (<20), or that did not map
uniquely were discarded. The same read filtering as described here was also applied in other
analyses in ANGSD (hereafter ‘ANGSD read filtering’). Then, sites were filtered to a
per-individual depth between 5 and 40. Major and minor alleles were inferred by counting
bases across individuals and keeping the two most frequent bases, and then inferring the least
frequent of the kept bases as minor allele (Li et al., 2010). Then, sites were filtered based on
minor allele frequency (<0.05) and sample size (<34 of individuals). The resulting
covariance matrix was loaded into R 4.3.0 (R Core Team, 2023), where the function eigen
was used to compute eigenvalues and eigenvectors. To determine the significance of the
eigenvalues, a Tracy-Wisdom test was performed (Patterson et al., 2006) using the package
“AssocTest” (Wang et al., 2020).

Admixture

To infer population structure and admixture, the program ADMIXTURE v1.3 (Alexander et
al., 2009) was used. The model implemented in ADMIXTURE does not explicitly take
linkage disequilibrium into consideration, hence the nuclear SNP dataset was pruned using
the “~-thin” option of VCFtools (Danecek et al., 2011) so that the distance between each
SNP is >2000 bp. PLINK v1.90b7 (Chang et al., 2015) was used to convert the variant file
into a binary PLINK file which was used as input for ADMIXTURE. To select the best
number of genetic clusters (K), 10-fold cross-validation was used testing K=1 to K=6. For
each K, 10 independent runs were performed, and mean cross-validation error across all the
runs for each K was calculated to identify the best K. The ancestry coefficient matrix from
ADMIXTURE for the best K was loaded into R 4.3.0 (R Core Team, 2023) and visualised.

Fgr analysis

Genetic differentiation was measured by the fixation index (Fyy). Pairwise Fgr was calculated
for each population pair, and for each pair of the observed genetic clusters (identified with the
PCA and ADMIXTURE analysis) using RealSFS in ANGSD v0.941-6-g67b6b3b
(Korneliussen et al., 2014) based on two-dimensional site frequency spectrum (2D SFS).
First, ANGSD read filtering was performed. Then, the sites were filtered based on



per-individual depth (2-40) and sample size (<% of individuals). The site allele frequency
(SAF) likelihood was estimated assuming Hardy-Weinberg equilibrium and based on
individual genotype likelihoods estimated with the GATK likelihood model (McKenna et al.,
2010). To indicate that the data was haploid, the “-isHap 1” option was used. Then, a folded
maximum likelihood estimate of the 2D SFS was obtained for each population/genetic cluster
pair, from which pairwise Fg was estimated using an extended version of the
method-of-moments estimator (Reynolds et al., 1983) as implemented in ANGSD (Fumagalli
etal., 2013).

Phylogenetic analysis

Phylogenetic relationships between the sampled populations were inferred using the
maximum likelihood (ML) software RAXML v8.2.12 (Stamatakis, 2014). Using BCFtools
v1.5 (Danecek et al., 2021), the nuclear SNP dataset was merged with a VCF file containing
SNPs of Sphagnum lindbergii Schimp. that was obtained in the same manner as the nuclear
dataset described above. The resulting VCF file was converted into a multisample FASTA
file using a custom Python script and SeqKit (Shen et al., 2016). RAXML was used with 200
rapid bootstrap inferences followed by 20 ML searches under the generalised time reversible
model for nucleotide substitution and the gamma model of rate heterogeneity
(GTRGAMMA).

RAxXML was used with the same settings and models on a chloroplast dataset. The dataset
was obtained by mapping raw sequencing data from all samples and the outgroup to a
reference genome assembly of S. compactum’s chloroplast genome (GenBank accession
number KU725453.1) using the same approach as described above in “Sequencing Data
Processing”. Then, ANGSD v0.941-6-g67b6b3b (Korneliussen et al., 2014) was used to
convert the mapped reads to per-sample FASTA files. First, ANGSD read filtering was
performed. Then, sites were filtered based on per-individual depth (100-3000). Finally,
FASTA files were produced by using the base with the highest effective depth (-doFasta 3).
The individual FASTA files were concatenated into a multisample FASTA file using SeqKit
(Shen et al., 2016).

The resulting best-scoring ML trees were visualised using FigTree v1.4.4.

Demographic history

To infer the changes in demographic history of the studied populations, I used the pairwise
sequentially Markovian coalescent method implemented in the software package PSMC (Li
and Durbin, 2011). The method infers the effective population size (N,) through time based
on the patterns of heterozygosity across regions of a single diploid genome (Li and Durbin,

2011). In haploids, PSMC can be used to estimate divergence time between populations



(Cahill et al., 2016). To achieve this, pseudo-diploid sequences were created for all pairs of
populations using the sample with the highest sequencing coverage per population (>6x, see
Appendix A, Table A-2). First, the mapped reads were filtered for base (<20) and mapping
quality (<30) and converted into genotype likelihoods using the ‘mpileup’ tool by SAMtools
v1.14 (Danecek et al., 2021) . Then, the variants were called using ‘call’ by BCFtools v1.5
(Danecek et al., 2021) with the “-¢” and “-ploidy 1” options. The resulting VCF file was
converted to a FASTQ-file using PSMC’s utility “vcfutils.pl” with “vcf2fq” option keeping
the sites with per-individual depth of 10-50. For each pair, the resulting files were merged
using Seqtk v1.3 (Li, 2023) and converted to a PSMC input file (psmcfa) using PSMC’s
utility “fq2psmcfa” (Li and Durbin, 2011). Then, PSMC was run on each pair with the
following settings: the upper limit for TMRCA set to 10 (-t option), initial 6/p value set to 5
(-r option), and standard atomic time intervals (4+25%2+4+6). The results were visualised
using PSMC'’s utility “psmc_plot.pl”, assuming a generation time of 5 years and mutation

rate of 1.0*10°® per site per generation (2.0*10~ per site per year) (Linde et al., 2021).

Results

Sequencing Summary, Mapping, SNP Calling and Filtering

An average of 112+56M (SD) reads per sample was retained after quality filtering of the raw
sequencing reads, 22+12% (SD) of the reads mapped to the S. angustifolium reference
genome, and 22+8% (SD) of the reads that mapped to the S. angustifolium reference genome
were PCR duplicates. Coverage varied from 1.18 to 21.22 (mean coverage was 4.64+3.59
SD). After SNP calling and filtering, the nuclear SNP dataset contained 673K SNPs.

PCA

After filtering the raw dataset, the PCA analysis was based on 265,417 sites. The first four
principal components were statistically significant (P<0.001, see Appendix B fig. B-1). The
first axis (PCI) explains 30.34% of the variation, while the second axis (PC2) explains
16.92% of the variation (fig. 2 A). PC1 separates 10 of the Austrian samples (the ‘blue
cluster’) from the remaining samples (including two Austrian samples), and PC2 separates
the German samples from the other samples. The third axis (PC3) explains 4.48% of the
variation, and reveals additional variation among the 10 Austrian samples within the ‘blue
cluster’ (fig. 2 B). The Norwegian, Slovakian, and two Austrian (LI89 and UI91) samples

cluster together and show less variation compared to the other clusters.
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Figure 2. Principal component analysis of 41 Sphagnum compactum individuals, samples are
coloured according to sampling location. A. All individuals in the space of the first two principal
components and B. in the space of the first and the third principal components.

Admixture

The pruned nuclear SNP dataset used in the admixture analysis contained 69,182 SNPs. The
runs with K=3 had the lowest mean cross-validation error across all runs, and the run with the
lowest cross-validation error which equaled 0.339 (Appendix B fig. B-2). All German
samples are assigned to one cluster (‘yellow cluster’), while Norwegian and Slovakian
samples are assigned to a second cluster (‘red cluster’) (fig. 3). Two Austrian samples (LI89
and UI91) are admixed, with most of the ancestry being assigned to the ‘red cluster’ and a
small part (~7%) to the ‘yellow cluster’. The remaining Austrian samples are assigned to

their own cluster (‘blue cluster’).
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Figure 3. Barplot showing the results of ADMIXTURE analysis with K=3 for 41 Sphagnum
compactum samples.

Fst analysis

The Fg; values among the genetic clusters vary from 0.80 to 0.90 (Table 1), indicating that
the clusters are well-differentiated. The pairwise F; estimates based on sample location vary
from 0.22 to 0.86 (Table 2). The lower Fg; values (0.22-0.32) between the Norwegian and
Slovakian samples is in accordance with the PCA and ADMIXTURE results.

Table 1. Genome-wide pairwise weighted F; among observed genetic clusters
Blue Yellow Red

Blue
Yellow
Red

Table 2. Global pairwise weighted Fgr among five European S. compactum populations
Austria Germany Norway 1 Norway 2 Slovakia

Austria

Germany
Norway 1
Norway 2

Slovakia




Phylogenetic analysis

The phylogenetic relationships between the sampled specimens reconstructed using RAxML

based on nuclear (664,013 alignment patterns) and chloroplast (4,380 alignment patterns)

markers are incongruent. The ML tree based on the nuclear markers show high support

(bootstrap values >80) for two clades, one clade containing all German and Austrian samples

in addition to five Slovakian samples, the second clade containing the remaining samples
(fig. 4). Thus, only the blue genetic clusters identified in the PCA and ADMIXTURE

analysis represent a monophyletic clade. The branch leading to the blue cluster is very long

compared to other branches in the tree (fig. 5).

In the ML tree based on chloroplast markers, the three genetic clusters form well supported

clades, except for one Slovakian sample (T193) which is placed in the German clade (fig. 6).

The red cluster is inferred as the sister clade to the blue and yellow cluster.
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Figure 4. Phylogenetic tree for Sphagnum compactum sampled from five European populations based

on nuclear SNPs (673K SNPs). Bootstrap support values are printed at the nodes. Branches are
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Figure 6. Phylogenetic tree for Sphagnum compactum sampled from five European populations based
on chloroplast markers. Bootstrap support values are printed at the nodes. Branches are transformed.
Branches are coloured according to sampling location blue (Austria), yellow (Germany), red/orange
(Norway), and magenta (Slovakia).

Demographic history

The estimate of N, will tend towards infinite after the split of the two populations when the
PSMC model is applied to a pseudo-diploid genome sequence made from haploid sequences
from different populations (Cahill et al., 2016). PSMC plots of four pseudo-diploids made by
combining an Austrian sample with a sample from each of the other four sampled populations
indicate that the Austrian population started to diverge from the other populations more than
I million years ago (Mya) based on the assumed mutation rate and generation time (fig. 7).
The split between the German population and the Norwegian populations started 110-120
thousand years ago (Kya). The N, of the German-Slovakian pseudo-diploid starts to increase
rapidly around 110 Kya, indicating reduction in gene flow, however, it stops increasing at 100
Kya and then starts to reduce. The pseudo-diploids made by combining Norwegian and
Slovakian samples show a sudden increase in N, close to 10 Kya. The Austrian sample used
in the PSMC analysis belongs to the ‘blue’ cluster, so the estimated splits can be interpreted
as the split between clusters. The ‘blue’ cluster diverged first, followed by the divergence
between the ‘red’ and ‘yellow’ cluster.
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Figure 7. Effective population size (N,) estimated with PSMC for pseudo diploids made by

combining haploid sequences from five different populations. Each line represents a population pair.
When N, goes to infinity the population pair have diverged. The plots are scaled based on a generation
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time of 5 years and a mutation rate of 1.0¥107® per site per generation.
Key to population abbreviation: AT - Austria, DE - Germany, NO1 - Norway 1, NO2 - Norway 2, SK
- Slovakia.

Discussion

Lately, genomic data has been used to discover spatial genetic structure in bryophyte species
(Kyrkjeeide et al., 2016b; Vigalondo et al., 2019). This has resulted in species with wide
geographical ranges being circumscribed as several separate species (Hassel et al., 2018;
Shaw et al., 2023; Vigalondo et al., 2020). In this study, I confirmed that the three clades
observed by Meleshko et al. (2021) represent three distinct genetic clusters in Sphagnum
compactum sampled from five populations in Europe based on analysis of low coverage
whole genome sequencing data. The genetic differentiation, low gene flow, and deep split

times between the clusters could indicate that they represent separate species.

Genetic distinctiveness of the clusters

The number of genetic clusters in the data set was explored using PCA and ADMIXTURE
analysis. Both analyses identified three distinct genetic clusters. The ADMIXTURE analysis
indicates no recent gene flow between the clusters, except for two of the Austrian samples
that show a small amount of admixture. ADMIXTURE is suited to detect recent gene flow
because it does not fit a historical model (Alter et al., 2017). Thus, the inferred admixture
could be explained by recent gene flow. However, the overall lack of admixture indicates that
there are barriers to gene flow between the clusters and that the clusters could represent

separate species.

The pairwise Fg; values among the genetic clusters are high (0.80-0.90), and highest when
comparing the ‘blue cluster’ to the two others (0.87-0.90). This strongly suggests that the
clusters are highly differentiated from one another. The Fg; values are higher than those
reported for closely related species, such as S. divinum Flatberg & Hassel vs. S. medium
Limpr. (Yousefi et al., 2017), S. fuscum (Schimp.) H.Klinggr. vs. S. beothuk R.E. Andrus
(Kyrkjeeide et al., 2015), and S. balticum (Russow) C.E.O.Jensen vs. S. tenellum (Brid.) Brid.
(Stengien et al., 2011). However, one should keep in mind that estimates of Fg; vary
depending on method for estimating and data type (Holsinger and Weir, 2009), and thus
comparing results from different studies should be done with care. Genetic differentiation
between S. divinum and S. medium which diverged from each other ~28,900 generations ago
was estimated from genome-wide data (Yousefi et al., 2017), and is therefore comparable to
my results. Also, Meleshko et al. (2021) estimated Fgr among Sphagnum species using the
same methods as here, and the reported Fg; values among species pairs varied between 0.76

to 0.98. In turn, differentiation among morphologically defined morphs of S. warnstorfii was
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estimated as 0.21, which is lower than inferred here (Yousefi et al., 2019). The combination
of these results strongly suggest that the genetic cluster identified here represent genetically

separate species.

Demographic history of the clusters

The PSMC analysis of the pseudo-diploids estimated that the ‘blue cluster’ diverged first,
followed by the divergence between the ‘red’ and ‘yellow’ cluster. But, two of the plots
(‘DE-NO2’ and ‘DE-SK’) plateaued after an increase in N,, which can be interpreted as there

being some gene flow between the clusters after initial separation (Sato et al., 2020).

The results of a PSMC analysis need to be scaled based on estimates of generation time and
mutation rate. Erroneous estimates will affect how the PSMC-plot scales along the axes, but
not the principal shape of the curve (Nadachowska-Brzyska et al., 2016). Thus, the timing of
events will change when changing estimates of mutation rate, but the order will stay intact.
The assumed short generation time (5 years) used in this study is an educated guess based on
the fact that S. compactum is a pioneer species of disturbed peat and frequently found with
spores. The mutation rate (2.0*10° per site per year) used was estimated by Linde et al.
(2021) based on several moss lineages with differing life histories. Mutation rate is linked to
life span (Linde et al., 2021; Thomas et al., 2010). Thus, it is uncertain how precise the
estimated mutation rate is for S. compactum and the estimated split times could be biased.
However, the order of population splitting events is not affected since the principal shape of
the curve is not affected by generation time or mutation rate. Combined with the other results,
especially the long branch leading to the ‘blue’ cluster in the nuclear phylogeny, the splitting

order of the genetic clusters makes sense.

Population structure and demographic history of extant northern species is affected by LGM
(~20 Kya) (Hewitt, 2004; Stewart et al., 2010; Taberlet et al., 1998). However, even with
some uncertainty related to the estimated split times in S. compactum, the observed
differentiation among the clusters are much greater than differentiation linked to LGM in
bryophytes (Kyrkjeeide et al., 2014). Thus, it seems likely that the splits between the clusters
happened before LGM. There are three main routes of recolonization in bryophytes post
LGM: western, southern, and eastern route (Kyrkjeeide et al., 2014). The sampling in this
study is not broad enough to conclude where the clusters could have survived, but the
presence of the ‘red’ cluster in Norway and Slovakia could indicate an eastern refugia and

recolonization route.
Implications for bryophyte biogeography

The sampling in this study is limited to five populations across Europe, thus, geographic

range is not wide enough to say anything conclusive about the distribution ranges of genetic
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clusters. However, the results show that there is considerable genetic structure within S.
compactum, adding to the increasing amount of evidence that widely distributed peatmosses
are in fact genetically structured (Kyrkjeeide et al., 2016b, 2016a). A long standing view in
bryophyte biogeography is that bryophyte species have wide distribution ranges and low
speciation rates (Patifio and Vanderpoorten, 2018). Vigalando et al. (2019) challenged this
view in their study of the Lewinskya affinis complex, where they discovered seven species
with narrow distribution ranges, and hypothesise that the low levels of endemism
documented in bryophytes could be due to limitations in recognising species within plants
with reduced morphology. Thus, my results add to the growing number of bryophyte species
with wide distribution ranges that are being split up based on molecular evidence
(Escolastico-Ortiz et al., 2023; Fuselier et al., 2009; Hedenés, 2008; Kyrkjeeide et al., 2016b;
Vigalondo et al., 2019). Although this study doesn't address the taxonomic status of S.
compactum, the results indicate that S. compactum could potentially include several species.
Future studies addressing the taxonomic status of S. compactum should employ an integrative
approach, combining morphological and molecular data, to reveal if the clusters are

morphologically different.
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Appendix A - Supporting tables

Table A-1. Information summary for Sphagnum compactum individuals included in this

study. Sample NJ210 is a Sphagnum lindbergii sample.

samplelD

Herbarium
accession
ID

Date
sampling

Population

Country

Locality

Ecology

Altitude

Latitude

Longitude

L1109

LI819854

2009

Austria

Austria

Murauer
Berge NE
Tamsweg,
Uberlinggebiet

Uberling-Sonn
seite, Moor S
der
Uberlinghutte,
Ostteil

mountain pine
bog,
trichophoretu
m

1733

47.16967

13.91169

L1119

comp_2022
1

2022

Austria

Austria

Bundschuhtal,
Mehrlhiitte

transition mire

1720

46.98062

13.77496

LI29

TRH-B1117
09

01/06/17

Austria

Austria

Distr. Lungau,
Sauerfelder
Berg,
Salzriegelmoo
r

Grassed
fen/meadow
with Nardus
stricta,
Andromeda
polifolia and
Eriophorum
vaginatum

1867

47.10812

13.88392

LI39

TRH-B1117
10

01/06/17

Austria

Austria

Distr. Lungau,
Sauerfelder
Berg,
Salzriegelmoo
r

Grassed
fen/meadow
with Nardus
stricta,
Andromeda
polifolia and
Eriophorum
vaginatum

1867

47.10812

13.88392

LI49

TRH-B1117
11

2017

Austria

Austria

Distr. Lungau,
Sauerfelder
Berg,
Salzriegelmoo
r

1867

LI59

TRH-B1117
12

01/06/17

Austria

Austria

Distr. Lungau,
Sauerfelder
Berg,
Salzriegelmoo
r

Grassed
fen/meadow
with Nardus
stricta,
Andromeda
polifolia and

1867

47.10812

13.88392
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Eriophorum
vaginatum

LI69

TRH-B1117
13

2017

Austria

Austria

Distr. Lungau,
Sauerfelder
Berg,
Salzriegelmoo
r

1867

LI79

TRH-B1117
14

2017

Austria

Austria

Distr. Lungau,
Sauerfelder
Berg,
Salzriegelmoo
r

1867

LI89

LI819850

2009

Austria

Austria

Murauer
Berge NE
Tamsweg,
Uberlinggebiet

Uberling-Sonn
seite, Moor W
des
Zechenergrab
ens,
Zentralteil

transition
mire,
trichophoretu
m

1671

47.16622

13.89681

LI9

TRH-B1117
08

2017

Austria

Austria

Distr. Lungau,
Sauerfelder
Berg,
Salzriegelmoo
r

1867

LI99

LI1826120

2009

Austria

Austria

Murauer
Berge NE
Tamsweg,
Uberlinggebiet

Uberling-Scha
ttseite,
Grol3es
Schattseitmoo
r

mountain pine
bog, dangling
edge

1759

47.17289

13.90187

U191

94027

01/06/17

Austria

Austria

Distr. Lungau,
Sauerfelder
Berg

Ombrotrophic,
low lawn

1761

47.11799

13.8955

GI29 2

TRH-B1118
46

2017

Germany

German
y

Lower
Saxony,
Bispingen,
Benninghofer
Heide
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Gl39 TRH-B1118 [03/11/17 Germany |German |Lower 53.10247 9.92533
47 y Saxony,
Bispingen,
Benninghofer
Heide
Gl49_2 TRH-B1118 12017 Germany |German |Lower
48 y Saxony,
Bispingen,
Benninghofer
Heide
G159 TRH-B1118 12017 Germany |German |Lower
49 y Saxony,
Bispingen,
Benninghofer
Heide
Gl9 TRH-B1118 |03/11/17 Germany |German (Lower 53.10247 9.92533
45 y Saxony,
Bispingen,
Benninghofer
Heide
Al29 TRH-B1119109/08/17 |[Norway_2 |Norway [Draksten, Pure fen lawn |354 63.31293( 10.66901
11 mire N of
Svarttjgnnase
n
Al39 2 TRH-B1119|2017 Norway 2 [Norway [Draksten, 354
12 mire N of
Svarttjgnnase
n
Al49 2 TRH-B1119 (2017 Norway 2 |Norway |Draksten, 354
13 mire N of
Svarttjgnnase
n
Al9 TRH-B1119 |09/08/17 Norway 2 |[Norway [Draksten, Pure fen lawn | 354 63.31293( 10.66901
10 mire N of
Svarttjgnnase
n
AIB59 2 TRH-B1119109/08/17  |[Norway_2 |Norway [Draksten, Pure fen lawn | 354 63.31293( 10.66901
14 mire N of
Svarttjgnnase
n
Cl29 TRH-B1119]09/08/17  |Norway_2 |[Norway |Mire S of Ombrotrophic |177 63.36555( 10.52418
05 Greistad, NW |carpet
of Digresmyra
CI39 TRH-B1119|2017 Norway 2 [Norway [Mire S of 177
06 Greistad, NW

of Digresmyra
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Cl49 TRH-B1119 12017 Norway_2 |Norway [Mire S of 177
07 Greistad, NW
of Digresmyra
CI59 TRH-B1119109/08/17 |Norway_2 |[Norway [Mire S of Ombrotrophic |177 63.36555( 10.52418
08 Greistad, NW |carpet
of Digresmyra
NI29 TRH-B1119125/10/17 |Norway_1 |Norway |E of Ombrotrophic |99 64.26518( 11.45628
17 Langvatnet by |disturbed
Daltjgnnbakke |hollows,
n (Daltjgnna) |transition to
carpets
NI39 2 TRH-B1119|2017 Norway 1 [Norway |E of 99
18 Langvatnet by
Daltjgnnbakke
n (Daltjgnna)
NI49 2 TRH-B1119125/10/17 |Norway_1 |[Norway |E of Ombrotrophic |99 64.26518( 11.45628
19 Langvatnet by |disturbed
Daltjgnnbakke |hollows,
n (Daltjgnna) [transition to
carpets
NI59 2 TRH-B1119 12017 Norway 1 |Norway [E of 99
20 Langvatnet by
Daltjgnnbakke
n (Daltjgnna)
NI9 TRH-B1119125/10/17 |Norway_1 |[Norway |E of Ombrotrophic |99 64.26518( 11.45628
16 Langvatnet by |disturbed
Daltjignnbakke [ hollows,
n (Daltjgnna) |transition to
carpets
TI91 TRH-B1136 2016 Slovakia Slovakia Ombrotrophic |1618 49.2195| 20.22992
98 bog by lake,
depression
TI910 TRH-B1136 2016 Slovakia Slovakia Ombrotrophic |1618 49.2195| 20.22992
99 bog by lake,
depression
TI92 TRH-B1136 2016 Slovakia Slovakia Ombrotrophic |1618 49.2195| 20.22992
98 bog by lake,
depression
TI93 TRH-B1136|2016 Slovakia Slovakia Ombrotrophic [1618 49.2195| 20.22992
98 bog by lake,
depression
TI94 TRH-B1136|2016 Slovakia Slovakia Ombrotrophic [1618 49.2195| 20.22992
98 bog by lake,
depression
TI95 TRH-B1136[2016 Slovakia Slovakia Ombrotrophic (1618 49.2195] 20.22992
98 bog by lake,
depression
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TI96 TRH-B1136 2016 Slovakia Slovakia Ombrotrophic |1618 49.2195| 20.22992
99 bog by lake,
depression
TI97 TRH-B1136 2016 Slovakia Slovakia Ombrotrophic |1618 49.2195| 20.22992
99 bog by lake,
depression
TI98 TRH-B1136 2016 Slovakia Slovakia Ombrotrophic |1618 49.2195| 20.22992
99 bog by lake,
depression
TI99 TRH-B1136 2016 Slovakia Slovakia Ombrotrophic |1618 49.2195| 20.22992
99 bog by lake,
depression
NJ210 TRH-B1119 | 10/03/17 Norway |E of Intermediate 64.26684( 11.45651
89 Langvatnet by [fen carpet
Daltjgnnbakke
n (Daltjgnna)

Table A-2. Sequencing summary for all samples in the study. Samples in bold are used in

PSMC analysis.
Fraction of hits that
Total number of | Total number (Fraction of reads |were PCR Mean

samplelD retained reads |of hits that mapped duplicates coverage

L1109 81,743,574 26,230,018 0.32 0.16 3.21
L1119 119,531,562 19,729,666 0.17 0.19 3.99
LI29 106,045,325 10,969,341 0.10 0.17 2.96
LI39 103,366,533 30,268,436 0.29 0.07 7.18
LI49 118,281,366 20,403,581 0.17 0.17 4.05
LI59 164,245,506 12,815,549 0.08 0.09 3.23
LI69 180,903,852 64,279,994 0.36 0.22 12.36
LI79 223,263,462 49,254,816 0.22 0.21 9.53
LI89 66,460,534 17,461,530 0.26 0.45 2.23
LI9 95,693,604 15,642,994 0.16 0.20 3.33
LI99 85,378,725 38,970,105 0.46 0.17 5.85
U191 110,629,017 15,351,809 0.14 0.21 2.92
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Gl29_2 250,432,904 115,295,292 0.46 0.22 21.22
GI39 19,555,078 7,115,749 0.36 0.13 1.78
Gl49 2 94,309,371 23,787,627 0.25 0.27 4.30
G159 62,691,003 19,736,467 0.31 0.15 4.01
GI9 51,039,380 10,975,805 0.22 0.18 2.88
Al29 105,785,366 19,420,117 0.18 0.16 4.14
AlI39_2 182,910,698 48,577,246 0.27 0.22 8.90
Al49_2 146,973,540 53,156,879 0.36 0.25 10.26
Al9 36,405,206 19,361,276 0.53 0.10 5.72
AIB59_2 37,885,102 15,566,147 0.41 0.11 4.02
CI29 34,604,748 8,445,505 0.24 0.18 2.34
CI39 78,028,100 13,860,839 0.18 0.25 2.77
Cl49 116,287,790 35,404,805 0.30 0.25 6.93
CI159 124,186,209 12,458,509 0.10 0.39 2.50
NI29 90,976,813 6,523,826 0.07 0.25 1.43
NI39_2 89,655,174 16,611,359 0.19 0.18 3.21
NI49_2 42,592,514 12,956,487 0.30 0.20 3.35
NI59_2 158,212,300 34,863,250 0.22 0.26 6.63
NI9 269,534,230 20,397,230 0.08 0.42 3.49
TI91 101,719,476 14,004,013 0.14 0.30 2.31
TI910 86,114,818 19,436,097 0.23 0.21 3.79
TI92 64,015,568 15,901,122 0.25 0.20 2.99
TI93 99,607,336 12,583,607 0.13 0.30 227
TI94 152,523,049 16,272,550 0.11 0.19 2.99
TI95 209,614,333 33,268,723 0.16 0.27 6.01
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TI96 97,717,397 12,677,359 0.13 0.18 2.69
TI97 87,774,705 6,707,728 0.08 0.28 1.18
TI98 108,427,810 17,135,933 0.16 0.19 3.46
TI99 126,955,037 9,985,935 0.08 0.25 1.88
NJ210 55,896,288 28,139,159 0.50 0.12 8.15
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Figure B-1. Statistics for PCA. (A) Variance explained by each principal component and (B)
Tracy-Wisdom statistics for each principal component.
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Figure B-2. ADMIXTURE results summary. (A) Boxplot of 10-fold cross-validation error (y axis) in
all replicates for the corresponding number of K (x axis). (B) Replicates with lowest 10-fold
cross-validation error.
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Figure B-3. Barplot showing the results of ADMIXTURE analysis with K=4 for 41 Sphagnum
compactum samples.
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Figure B-4. Barplot showing the results of ADMIXTURE analysis with K=5 for 41 Sphagnum
compactum samples.
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