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Nordic Journal of Botany Elymus mutabilis is a morphologically diverse species in the Poaceae family growing in
Eurasia from northern Europe to far east Russia and southwards to central Asia. Elymus
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. . transbaicalensis occurs in similar habitats and is considered closely related to E. muta-
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bilis and sometimes even referred to as a subspecies or synonym. Based on high simi-

Subject Editor and larity in morphology and habitat, molecular studies are needed to establish whether
Editor-in-Chief: Torbjorn Tyler E. mutabilis and E. transbaicalensis can be considered as two distinct species. Thus, the
Accepted 25 January 2022 objective of this study was to study diversity, relationships among populations and the
Published 4 March 2022 phylogeographical structure of E. mutabilis and E. transbaicalensis using genotyping-

by-sequencing (GBS). In total 68 individuals of E. mutabilis were sampled from 18
populations collected from northern Europe, central Asia and far east Russia, repre-
senting the central and two peripheral parts of the natural distribution of the species.
The results reveal a clear distinction between E. mutabilis and E. transbaicalensis and
no introgression. The phylogeographic structure of E. mutabilis follows the geographi-
cal distribution of the species. Populations from northern Europe, southern Siberia
and far east Russia together form a clade separated from the peripheral populations in
central Asia, indicating a common ancestry of the latter. Phylogenetic analyses revealed
a radiation pattern among populations in northern Europe indicating a founding fol-
lowed by rapid dispersal.
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Introduction

Elymus s. lat. in the Triticeae tribe in Poaceae is most often circumscribed as an allo-
polyploid genus containing genomes from Pseudoroegneria (St) together with genomes
from either Hordeum (H), an unknown donor (Y) or a combination of all three types.
For most Elymus species, it is still uncertain which the donating species are. Apart from
the widespread St, H and Y genomes, Elymus also contains the restricted genomes P
(from Agropyron s. str.) and W (from Australopyrum) (Sun and Salomon 2009). The
center of diversity for the genus Elymuss. lat. is in central Asia with the highest number
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of species and a high degree of hybridization and introgres-
sion, making the taxonomy complicated. Elymus species are
wild relatives to some of the major cereals, such as wheat and
barley, hence a potential genetic resource for future cereal
and forage crop breeding (von Bothmer and Salomon 1994).
Thus, one major aim for studies of this group is to collect data
of value for breeding and conservation purposes.

Elymus murabilis (Drob.) Tzvel. is a perennial, caespitose
species with a scattered distribution in boreal Eurasia, from
northern Europe and eastwards to far east Russia where it
occupies forest clearings, riverbanks and meadows (Hultén
1971, Peschkova 1990). The species is morphologically
variable, also depending on growing conditions, and with
naturally occurring intermediates (Agafonov 2004). It is
sometimes referred to as a species complex, including a num-
ber of closely related taxa concentrated to central and east-
ern Asia such as E. mutabilis s.s., E. transbaicalensis (Nevski)
Tzvelev, E. praecaespirosus (Nevski) Tzvelev, E. viridiglumis
(Nevski) Czerep., E. charkeviczii (Prob.) Czerep. and E. sub-
fibrosus (Nevski) Czerep. (Agafonov et al. 1998, 2005, 2019,
Agafonov and Salomon 2002). The latter two have been
treated as morphological variants of E. mutabilis (Agafonov
and Salomon 2002, Agafonov et al. 2005). Elymus viridiglu-
mis is probably not a monophyletic distinct taxon but has a
complex origin where populations have been derived from
both E. caninus and E. mutabilis (Agafonov 2004, Emtseva
and Agafonov 2018, Shabanova (Kobozeva) et al. 2020).
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Flora of China (eFloras 2008) considers E. praecaespitosus
as a variety of E. mutabilis (E. mutabilis var. praecaespitosus
(Nevski) S. L. Chen) that differs in lacking rhizomes and hav-
ing glaucous spikelets, but the taxon has also been treated
as a subspecies (E. mutabilis subsp. praecaespitosus (Nevski)
Tzvelev). Elymus transbaicalensis is considered closely related
to E. mutabilis, and often described as a subspecies or a syn-
onym (Tzvelev 1973, POWO 2019). The two taxa have sym-
patric distributions and occur in similar habitats, though E.
transbaicalensis is restricted to western and southern Siberia,
Mongolia and northwestern China and may grow at lower
altitudes compared to E. mutabilis (Agafonov 2004). They are
morphologically similar but still considered as two distinct
species in the Flora of Siberia based on differences in glume
characteristics and anther size (Peschkova 1990, Agafonov
2004). Elymus mutabilis has a more or less hairy internal
glume surface and 1.5-2.5 mm long anthers, while E. mrans-
baicalensis has glabrous or scabrous internal glume surface
and 1.0-1.5 mm long anthers. They have partly sympatric
but scattered distribution areas though E. mansbaicalensis is
restricted to western and southern Siberia, Mongolia and
northwestern China. The distributions are disjunct for both
taxa, probably mainly due to the fact that suitable habitats are
missing in many areas (Fig. 1).

Both E. mutabilis and E. transbaicalensis are allotetraploids
(2n=4x=28) with a StStHH genome combination (Love
1984, Salomon et al. 1988). The two taxa belong to a larger

Figure 1. Distribution (lines) and sampled populations (dots) of Elymus mutabilis (red) and E. transbaicalensis (blue). Sympatric distribution
in checkered pattern. Distrubution patterns are combined and modified from Peschkova (1990), Hultén (1971) and Tzvelev (1976).



species group with a circumpolar distribution with StStHH
genome combinations including, for example, the wide-
spread E. trachycaulus, E. alaskanus, E. fibrosus and E. caninus
in Eurasia and North America together with a number of taxa
with more restricted distributions.

Agafonov (2004) expressed a need to verify the taxonomi-
cal status of E. mutabilis and E. transbaicalensis and used mor-
phology, biosystematics and genetic data for this purpose. He
found that the two taxa are morphologically discrete and differ
in electrophoretic patterns of endosperm storage proteins. The
species are predominately self-pollinating and thus reproduc-
tively isolated, but crossing experiments show a variation in
sexual compatibility among populations (biotypes). Offspring
is semi-fertile and the taxa belong to the same introgressive
gene pool (Agafonov et al. 1998, Agafonov 2004). Based on
these findings, Agafonov argued that E. mutabilis and E. trans-
baicalensis should be considered as distinct species.

Diaz et al. (1999a) used isozyme and allozyme data from
17 loci to study the genetic diversity within and among ten
populations of E. mutabilis in northern Europe. They found
no genetic variation and a low morphological variation in
this region. The techniques are, however, not as accurate as
modern DNA marker technology. An earlier study using iso-
zyme markers comparing populations from northern Europe,
China, Russia and Pakistan showed a higher genetic diversity
at the species level over the whole species distribution area
(Diaz et al. 1998).

Using single nucleotide polymorphisms (SNDPs) obtained
from genotyping by sequencing (GBS) has proven to be a
powerful approach in the characterization of genetic diversity,
breeding and phylogenetic inferences (Geibel and Hohlfeld
2003, Lu et al. 2013, Xiong et al. 2016, Chung et al. 2017,
Wagner etal. 2020), also in young lineages, within species and
complexes (Anderson et al. 2017, Pérez-Escobar et al. 2020).
The benefit of creating assemblies also without the require-
ment of a reference genome has made the technique popular
in non-model taxa. Contrary to whole-genome sequencing,
GBS uses a combination of building short read restriction
site associated libraries together with fragment barcoding
and subsequent DNA sequencing in a high-throughput plat-
form (Elshire et al. 2011). The major benefits are the low
cost, high-density genotyping and restricted sequencing to
reduce genome complexity and facilitate building assays. The
main drawbacks are relatively high proportion of missing
data, uneven genome coverage and potential issues related to
polyploidy. Diversity studies using GBS in Elymus have previ-
ously been done by Li et al. (2018), analyzing E. lanceolatus
ssp. lanceolatus.

The objectives of this study are to 1) find molecular evidence
for a taxonomic differentiation between E. mutabilis and E.
transbaicalensis, 2) find molecular evidence of eventual differ-
entiation between Nordic and Asian E. mutabilis populations,
3) study the diversity, gene flow and phylogenetic relationships
among populations and 4) study the phylogeographic struc-
ture of E. mutabilis. Most studies on Elymus species diversity
focus on limited geographical areas, but this study covers a
large area capturing a wide range of the species distribution.

Sympatrically grown individuals of E. mutabilis and E. trans-
baicalensis are compared with E. mutabilis populations from
northern Europe and far east Russia. The present study is part
of a larger investigation studying genome relationships, genetic
diversity and phylogenetic pathways in Eurasian and American
species of Elymus with the StH genome combination.

Material and methods

Plant materials

In the present study, 68 individuals of Elymus mutabilis
were sampled from a total of 18 populations (accessions)
from northern Europe, central Asia and far east Russia,
representing the central and two peripheral parts of the
natural distribution of the species (Fig. 1). In addition, 14
individuals of E. #ransbaicalensis from three populations
were included for genetic comparisons and as outgroup for
phylogenetic analyses of E. mutabilis. Seed material was
collected in wild native stands on several collection expedi-
tions between 1986 and 2003. Seeds were stored in —18°C
freezers at the Triticeae germplasm collection at the Swedish
University of Agricultural Sciences (SLU) in Alnarp, Sweden.
Determination of polyploidy was previously conducted for
some of the populations, indicated in Table 1. Since all taxa
within this group are known to be tetraploid the remaining
individuals in this study were assumed tetraploid (Love 1984,
Salomon et al. 1988, Diaz et al. 1999a). The number of indi-
viduals per population and accompanying data is presented
in Table 1. Seeds were germinated in a greenhouse and sam-
ples of leaf tissue were taken from one leaf for each individual
seedling. The plants were transplanted and put outside for
morphological confirmation using the diagnostic traits from
Peschkova (1990) and Agafonov (2004). Herbarium voucher
specimens are kept at SLU, Alnarp.

Genotyping-by-sequencing

DNA extraction

The leaf samples were freeze-dried overnight, ground in a
shaker (Retsch MM400) at 13 200 rpm for 2 min with two
4 mm size glass beads and finally stored in a —80°C freezer
prior to DNA extraction. The samples were pretreated using
the CTAB (cetyl trimetheyl ammonium bromide) method,
as described by Ahman and Bengtsson (2019) and genomic
DNA was extracted using DNeasy Plant DNA Extraction Kit
(Qiagen) with a Qiacube DNA extraction robotic worksta-
tion (Qiagen, Hilden, Germany), according to the protocol of
the manufacturer. DNA quality was controlled on a 1% aga-
rose gel relative to a DNA standard and quantifications were
performed using both Nanodrop and QubitFluorometer.
Samples were diluted to a final concentration of 20 ng pl™".

Restriction enzyme and sequencing
For each sample, 200 ng of genomic DNA were used to prepare
a GBS library (Elshire et al. 2011). Library preparations were



Table 1. List of included species, population (accession) numbers, the number of individuals per population, ploidy level (when known) and

region, country and location of origin.

Population number Species No. of individuals ~ 2n* Region Country Location
H7509 Elymus mutabilis 3 4x Central Asia China Xinjiang
H7601 Elymus mutabilis 5 4x Central Asia China Xinjiang
H3519 Elymus mutabilis 3 Central Asia Kyrgyzstan Kyrgyzstan
H10084 Elymus mutabilis 4 4x Central Asia Russia Altai
H10142 Elymus mutabilis 2 4x Central Asia Russia Altai
H10410 Elymus mutabilis 5 Central Asia Russia Southern Siberia
H10235 Elymus mutabilis 5 4x Central Asia Tajikistan Tajikistan
H10449 Elymus mutabilis 5 Far East Russia Russia Kamchatka
H10455 Elymus mutabilis 5 Far East Russia Russia Kamchatka
H10456 Elymus mutabilis 3 Far East Russia Russia Kamchatka
H10468 Elymus mutabilis 4 Far East Russia Russia Kamchatka
H10334 Elymus mutabilis 4 Northern Europe Finland Sodankyla
H10337 Elymus mutabilis 4 Northern Europe Finland Sodankyld
H10833 Elymus mutabilis 4 Northern Europe Norway Finnmark
H10839 Elymus mutabilis 1 Northern Europe Norway Finnmark
H10842 Elymus mutabilis 5 Northern Europe Sweden Lappland
H10326 Elymus mutabilis 3 Northern Europe Sweden Norrbotten
H10350 Elymus mutabilis 3 Northern Europe Sweden Norrbotten
H10051 Elymus transbaicalensis 5 4x Central Asia Russia Altai
H10114 Elymus transbaicalensis 4 4x Central Asia Russia Altai
H10378 Elymus transbaicalensis 5 Central Asia Russia Southern Siberia

conducted at the Institute for Plant Genetics and Crop Plant
Research (IPK), Gatersleben, Germany and the procedure fol-
lowed Wendler et al. (2014) using the two restriction enzymes
PstI-HF (CTGCAG, NEB Inc., Ipswich, UK) and Mspl
(CCGG, NEB Inc.). An Illumina HiSeq 2000/2500 (100 bp
single-end reads) was used to sequence the genomic libraries.
Barcoded reads were de-multiplexed using the CASAVA pipe-
line 1.8 (Illumina, Inc.). Adapter trimming was performed
with CUTADAPT (Martin 2011) and reads shorter than 60
bp, after removal of the adapter, were discarded. All demul-
tiplexed reads are available through the NCBI Short Read
Archive (SRA) under BioProject PRINA770613.

Bioinformatic and genetic diversity analysis

Assembly

De novo assemblies of loci were performed using the ipyrad
0.9.19 pipeline (Eaton 2014, Eaton and Overcast 2020) with
a few modifications to the recommended default parameter
settings for single-end read GBS data. The polyploidy level
was appointed as tetraploid with filtering of putative para-
logs set to a maximum of four alleles and eight heterozygous
positions per consensus sequence (the number of maximal
shared heterozygotic sites and indels). To assess the impact
of missing data and the effects of different sequence similar-
ity thresholds on tree topologies and population structures,
10 sets of assembled GBS loci data were created, compared
and evaluated. To determine the effect of clustering strategies
(which combine de novo assembly of short reads into clus-
ters of alleles representing different loci) on the subsequent
analysis, two contrasting thresholds of clustering values were
employed (for within-sample and across sample sequence
clustering (c)), ¢=0.85 and ¢=0.90, i.c. the threshold when
two sequences are identified as being homologous. Clustering

threshold settings are known to influence the number of
alleles per locus and the number of divergent alleles. An overly
stringent clustering threshold, as well as highly variable spe-
cies, may result in loss of divergent alleles or that orthologous
sequences are divided into separate loci, so called ‘over-split-
ting’ (Harvey et al. 2015). On the other hand, a too liberal
clustering threshold may result in so called ‘under-splitting’
with paralogous loci being combined into a single locus. As
a further filter of putative paralogs, five assemblies for each
clustering value were produced with different thresholds for
the minimum number of samples that must have shared data
at a given locus for it to be retained in the dataset (m): 4, 20,
40, 60 and 82, with the last being the full dataset.

Population genetic analyses

Maximum likelihood (ML) trees were inferred from the ten
assemblies using RAXML ver. 8.0 (Stamatakis 2014). After
removal of invariant sites with raxml_ascbias (<https://github.
com/btmartin721/raxml_ascbias>), the GTR +G substitution
model was implemented with correction for ascertainment bias
using the Lewis method, and with 100 bootstrap replicates. The
trees were visualized with FigTree ver. 1.4.4 (Rambaut 2018).
Analyses using STRUCTURE ver. 2.3.4 (Pritchard et al. 2000),
within the ipyrad-analysis toolkit module, were performed to
investigate relationships and estimated number of popula-
tions (K) among individuals using unlinked SNPs including
all 82 individuals and clustering set to 0.85. This dataset was
selected to avoid bias due to too much missing data (1.7%).
The range of K was set from two to 15, a burn-in of 9999 and
MCMC of 9999 replicates, with ten replicates for each value
of K. STRUCTURE HARVESTER (Earl and von Holdt
2012) was used to estimate the optimal value of K using delta
K (Evanno et al. 2005). Principal component analyses (PCA)
was further used for studying population structures and were



performed for all datasets within the ipyrad-analysis toolkit
module, and 3D plots of the first three resulting principal com-
ponents were generated using the plotly package in R (<hteps://
github.com/ploty/plotly.R>). To assess genetic variability and
compare genetic distances among populations and clusters from
the STRUCTURE analyses (c85m82 dataset with 22 941 SNP
markers), genetic variation between and within all populations
was quantified using a standard AMOVA (analysis of molecular
variance) under default settings using pairwise distances based
on haplotypes in Arlequin ver. 3.5.2 (Excoffier and Lischer
2010). Three genetic groups were tested: 1) K=3+admixed
genotypes (n=4), 2) K=8 (n=8) and 3) populations (n=21).
The fixation index, a measure of deviation from the Hardy—
Weinberg equilibrium (HWE) in total population (F;) and
within sub-populations (Fj), and of genetic differentiation
among sub-populations (F;), was calculated. The significance
of the fixation index was tested using a non-parametric permu-
tation approach described in Excoffier et al. (1992). SplitsTree4
(Huson and Bryant 2006) was used in order to reconstruct
possible network-like evolutionary relationships among popu-
lations. The analyses were performed on dataset c<90m20 and
c85m60 using nexus files converted from ipyrad u.snps files as
input files. Default settings, implementing neighbor-net analy-
sis with variance of ordinary least squares, were used. Missing
data were treated as unknown. Bootstrapping to test for sta-
tistical branch support was conducted with 1000 replicates.
For comparison with the ML approach, TETRAD within the
ipyrad-analysis toolkit module was used to conduct coalescent
phylogenetic analyses based on SVDquartets (Chifman and
Kubatko 2014, Eaton 2014). The analyses were performed on
dataset ¢85m60 and c90m20 with all possible quartets (1 749
060) and 100 bootstrap replicates.

Results

GBS sequencing

[lumina sequencing provided in total 485 993 257 reads
with an average of 5 926 747 raw reads per sample with a

standard deviation of 996 114. After quality filtering 474
750 846 reads remained to be used in the ipyrad assembly
pipeline. The assemblies with a parameter series of differ-
ing minimum sample coverage and clustering thresholds are
shown in Table 2. Changing the clustering parameter from
0.90 to 0.85 increased the percentage of missing data and
the number of variable sites, while the number of retained
loci and the number of variable sites decreased. Changing the
minimum sample coverage from 82, representing the full set,
to four resulted in an increase of missing data, number of loci
and number of variable sites. For both clustering parameters,
the average number of variable sites per locus increased when
reducing the sample parameter to reach a maximum for 20
samples (m20). The drop in the average number of variable
sites per locus for the lowest minimum number of sample
coverage (m04) shows a lower gain of variable sites in propor-
tion to the increase of loci retained (Table 2).

Genetic diversity and structure analysis

The Bayesian clustering analyses with STRUCTURE were
performed with no prior population information to eluci-
date the origin of the populations and patterns of admixture
between individuals. The delta K method revealed eight opti-
mal clusters (K= 8) and additionally three, ten and 12 subop-
timal clusters (Fig. 2). Grouping into K=10 and K=12 did
not provide any further information while K=3 was consid-
ered informative due to investigations for potential division
into subspecies (Supporting information). All cluster mod-
els make it evident that the 14 E. mransbaicalensis individuals
from three populations (H10051, H10114 and H10378), as
well as one individual from population H10142 are distinct
from the rest. The remaining 67 E. mutabilis individuals in
the K=3 group are divided into two clusters, one includ-
ing populations from northern Europe and far east Russian
and the other populations from China, Kyrgyzstan and
Tajikistan, with two intermediate admixed populations in
Altai and Xinjang. The cight-cluster grouping K= 8 showed a
more detailed pattern, where the populations from northern
Europe and far east Russia formed two evident groups, while

Table 2. Output from ten GBS datasets assembled with ipyrad 0.9.19 pipeline (Eaton 2014, Eaton and Overcast 2020).

c90m82 c90m60 c90m40 c90m20 c90m04 c85m82 c85m60 c85m40 c85m20 c85m04
Clustering 0.90 0.90 0.90 0.90 0.90 0.85 0.85 0.85 0.85 0.85
threshold
Minimum 82 60 40 20 4 82 60 40 20 4
sample
coverage
No. of loci 11971 60933 93 886 139 740 291 559 9039 53 235 84 197 122 759 250 945
Concatenated 1243951 5725736 8598496 12814565 26486031 941625 4997886 7687933 11208157 22692 584
length (bp)
Missing data 1.5% 12.6% 23.8% 39.2% 60.4% 1.7% 13.2% 24.9% 39.9% 60.4%
No. of variable 28 952 160 964 256 300 395 150 693 240 22941 152 500 254 973 385 653 667 967
sites (1)
Average no. of 2.42 2.64 2.73 2.83 2.38 2.54 2.86 3.03 3.14 2.66

variable sites
per locus (2)

! Parsimony-informative sites plus autapomorphies.
2 Total no. of variable sites divided by the number of loci.
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Figure 2. Population structure analysis of 18 populations of E. mutabilis and three populations of E. transbaicalensis for K= 8 using dataset

c85m82 in STRUCTURE software (Pritchard et al. 2000).

the central Asian populations were distributed over six well-
defined clusters without admixtures.

AMOVA analyses were performed in Arlequin using the
c85m82 dataset, for both populations and population struc-
ture groups: K3 plus admixed genotypes (here after referred
to as K3), K8, K10 and K12. The total molecular variance
explained within the K3 group was 58.5% (Fy,=0.585), and
20.0% (F3=0.493) among sub clusters in K3 (Table 3). The
corresponding molecular variance within and between clus-
ters of K8, K10 and K12 groups was 69.0% (F.=0.680)
and 7.4% (F;=0.237), respectively. This further suggests a
redundancy of describing the genetic structure as more than
eight clusters. The highest molecular variance can be found
among the 21 original populations (77.7%, Fg,=0.777).

Principal component analyses (PCA) showed clear and
similar patterns of genetic structure across all datasets (Fig. 3).
The results correspond to the STRUCTURE plots and the

phylogenetic networks revealing the same genetic relation-
ships with eight distinct clusters. The individuals within
populations grouped closely together indicating a low genetic
diversity within populations. The main axis of variation
(PC1 41.4%) distinctly differentiated E. transbaicalensis from
E. mutabilis. The second (PC2 11.5%) and third axis (PC3
8.5%) additionally revealed a pattern corresponding to the
geographical distributions of the E. mutabilis populations.
ML phylogenetic analyses were conducted across all ten
datasets resulting in consistently supported and distinct clades
for the majority of the populations (Fig. 4, Supporting infor-
mation). However, the different assembly settings showed
two conflicting topologies for the northern European popu-
lations. Six datasets (c85m04, c85m40, c90m40, c90m?20,
c90m04 and c90m60) place Finnmark/Norrbotten popula-
tions as a sister group to Sodankyld and Lappland/Norrbotten
populations, while four datasets (c85m20 c85m60,

Table 3. Results of analysis of molecular variance (AMOVA) performed in Arlequin ver. 3.5.2 (Excoffier and Lischer 2010) using pairwise dis-
tances based on haplotypes and dataset c85m82 including all 21 populations of E. mutabilis and E. transbaicalensis. Three genetic groups were

tested: 1) K=3+admixed genotypes (n=4),

2) K=8 (n=8) and 3) populations (n=21). The fixation index is a measure of deviation from the

Hardy—Weinberg equilibrium (HWE) in total population (F,;) and within sub-populations (F,), and of genetic differentiation among sub-popu-
lations (Fs;). The significance of the fixation index is tested using a non-parametric permutation approach described in Excoffier et al. (1992).

Source of variation Degrees of freedom

Variance components

Percentage (%) of molecular

variance explained Fixation index

K3 +admixed
Among clusters 3
Among individuals within clusters 78
Within individuals 82
Total 163
K8
Among clusters 7
Among individuals within clusters 74
Within individuals 82
Total 163
Populations
Among clusters 20
Among individuals within clusters 61
Within individuals 82
Total 163

1074.2 58.5 Fe=0.585%
375.6 20.0 F=0.493*
386.0 21.0 Fr=0.790*

1835.8 100

1126.0 69.0 Fe=0.690%
120.2 7.4 F=0.237*
386.0 23.7 Fr=0.763*

1632.2 100

1146.7 77.7 Feq=0.777%

0 0
386.0 26.2 Fr=0.739*
1476.4 100

*p <0.01, using 1023 permutations.
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Figure 3. Genetic relationship of the 21 populations of E. mutabilis and E. transbaicalensis in the c85m82 dataset as revealed by a three
dimensional principal component analysis (PCA) visualized with plotly (<hteps://github.com/plotly/plotly.R>). Populations are colored

according to geographical origin with E. transbaicalensis encircled.

c85m82 and ¢90m82) place the Sodankyli population as
a sister group to the Finnmark/Norrbotten and Lappland/
Norrbotten populations. The topology of the TETRAD trees
complied with the ML analyses except for the relationships
within the monophyletic European group (Fig. 5). The two
datasets (c85m60 and c90m20) place one of the Norrbotten
populations (norr_10326) as a sister group to the popula-
tions from Sodankyld (soda_10337 and soda_10334) and
the Lappland population (lapp_10842) as a sister group to
the two Finnmark populations (finn_10839 and 10822) and
the other population from Norrbotten (norr_10350). In
addition, branch support showed low values within several
populations.

The same pattern of genetic relationships as revealed with
STRUCTURE and PCA analyses was obtained from the ML
and TETRAD phylogenetic analyses with a clear differen-
tiation between E. transbaicalensis forming a monophyletic
clade separated from the monophyletic E. mutabilis clade
(Fig. 4). The topology suggests that individuals belonging
to a population mostly form monophyletic clades with the
notable exception of individuals from population H10142.
The E. mutabilis populations from Tajikistan, Kyrgyzstan and
China formed a monophyletic clade and were resolved as a
sister group to the rest of the populations with populations
from Altai and far east Russia forming a grade. Northern
Europe and southern Siberia populations are sister groups.

The overall result from SplitsTree correspond to the ML
and TETRAD analyses and show a low degree of reticulate
relationships. A close up on the populations from northern
Europe show similar radiation patterns in the ¢85m60 and
c90m20 datasets (Supporting information).

Discussion
Division of E. mutabilis and E. transbaicalensis

Species identification, delimitation and description are
means to understand and describe biodiversity and are
important for conservation planning, utilization and fur-
ther biological research (Bickford et al. 2007, Heath et al.
2008). Multiple polyploidization events from the same pro-
genitor taxa may lead to cryptic speciation forming distinct
lineages that are not accompanied by clear morphological
differentiation (Soltis et al. 2010). Recurrent formations
of polyploid species from the same diploid parental taxa
are considered to be more common than single events and
may be an important source of increased genetic variation
in polyploids depending on the contribution from diploid
progenitors (Symonds et al. 2010, McAllister and Miller
2016, Welles and Ellstrand 2016). The case of E. mutabilis
and E. transbaicalensis is a good example of a cryptic rela-
tionship. They are morphologically similar, but in this study
both the PCA and STRUCTURE analysis show a clear dis-
tinction between the two taxa. No hybrids or introgression
were detected by the phylogenetic analyses, however, the two
species are referred to as belonging to the same introgres-
sive gene pool (Agafonov 2004). The only population with
individuals not grouping together was H10142 in the Altai
Region in Central Asia with one individual placed in the £.
transbaicalensis clade and the other in the E. mutabilis clade.
A careful examination showed a faint morphological dif-
ferentiation between the two individuals. One of them had
more or less scabrous internal surface of the glumes with a
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tendency of hairiness, intermediate between the two species,
whereas the other was glabrous, typical for E. transbaicalen-
sis. This morphological ambiguity might be an indication of
introgressive hybridization but none of them show genetic
admixture in the STRUCTURE analysis.

It is evident that the two taxa should be considered as dis-
tinct species based on the data from this study together with
the morphological and biosystematic analyses of Agafonov
(2004). However, it is not clear if E. mutabilis and E.

transbaicalensis are derived from a split in a single lineage or
have originated from recurring hybridization events.

Elymus with its high diversity and multigenome constitu-
tion is an appropriate model genus to investigate formation
and diversification of polyploid lineages (Kellogg 2016). The
population structures suggest that E. fibrosus originated from
a single event while E. machycaulus, E. caninus and E. alas-
kanus have multiple independent origins, even though ecol-
ogy and other environmental factors cannot be excluded (Yan
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and Sun 2012, Wu et al. 2016a). A polymorphic H genome
in E. trachycaulus indicates a polyphyletic origin cither from
multiple independent formation events or introgression by
subsequent hybridization (Zuo et al. 2015). The genetic vari-
ation in the E. mutabilis clade, as seen in the PCA analysis,

follows the geographical distribution of the species. This
suggests a diverse and dispersed, but still coherent species
that has probably spread by a step-by-step expansion from
a single evolutionary lineage rather than multiple hybridiza-
tion events. However, in a study by Agafonov et al. (2019),



accessions of E. mutabilis fell into different clades with dif-
ferent H genomes, indicating multiple origins. They studied
three populations from Altai (H,), Ural and China (H,) and
have likely captured variation not seen in this study.

Further division within E. mutabilis

Divergence among E. mutabilis populations could be driven
by the joint effect of geographic distance and climatic hetero-
geneity. The STRUCTURE K=3 data suggests a potential
split in at least a southern taxon, including the populations
from Tajikistan, Kyrgyzstan and China, a northern taxon
including populations from southern Siberia, far east Russia
and northern Europe, and a potential hybrid zone or a cen-
ter of origin in Altai and north-western China (Supporting
information). This differentiation could potentially repre-
sent the subdivision of E. mutabilis ssp. mutabilis (Drobow)
Tzvelev and E. mutabilis ssp. praecaespitosus (Nevski) Tzvelev.
According to Flora of China (eFloras 2008), E. mutabi-
lis var. praecaespitosus is without rhizomes and spikelets are
usually glaucous or purplish glaucous while other varieties
are more or less rhizomatous with green or purple spikelets.
Examination of available herbarium material from the entire
distribution area shows a tendency to a geographical differ-
entiation (in e.g. stature, spike and awn length) but due to
the large variation and morphological overlap, for most areas
it does not seem justified with a subspecific taxonomic rec-
ognition. However, the material from central Asia (China,
Tajikistan and Kyrgyzstan) has longer and denser spikes and
is conspicuously more hairy and scabrid on the lemmas than
material from other areas, but for a formal taxonomic recog-
nition further material should be studied.

There is a genetic similarity between populations from
northern Europe and far east Russia seen in the PCA plot.
A distinct split is visible first with the third axes of variation,
which indicates a closer relationship between the periph-
eral populations compared to the populations in Tajikistan,
Kyrgyzstan and China. One explanation could be that the
environment is more important than geography as an isola-
tion factor. The northern populations have probably expe-
rienced range reductions during the last glacial period and
cold-tolerant populations have followed the ice as it retreated
as pioneers recolonized northern Eurasia. The analyses sug-
gest that E. mutabilis most likely originated in central Asia
and then spread northwards and southwards. Even though
there is a close relationship, the molecular analyses in this
study show that the populations in northern Europe are
distinct from populations in Asia, including far east Russia.
Morphological and phenological observations on wild-col-
lected material and plants in cultivation support this differen-
tiation. When cultivating the plants in southern Sweden for
the present study, individuals from northern Europe showed a
more compact growth habit with shorter internodes and were
less keen to flower compared to the Asian populations. This
could be an extreme on a gradient of variation or evidence
for a distinct group. This observed differentiation makes it
unlikely that more recent long-distance dispersal have shaped

the species genetic structure. Populations from far east Russia
are more morphologically similar to populations from central
Asia. Nevertheless, this shows the importance of conserving
peripheral populations.

The topological disparity in the ML and TETRAD analy-
ses and the radiation pattern in the Splitstree networks for the
northern European populations suggest a founding followed
by a rapid dispersal and incomplete lineage sorting making it
difficult to draw phylogenetic and biogeographical conclu-
sions. The difference in ML tree topology correlates with the
number of variable sites in the data. Four out of the five assem-
blies with the most variable sites place Finnmark/Norrbotten
populations as a sister group to Sodankyld and Lappland/
Norrbotten populations. Allowing sites with missing data
may increase the proportion of parsimony-informative sites
and in some cases also branch support for the phylogenetic
hypothesis (Huang and Knowles 2016, Crotti et al. 2019,
Pérez-Escobar et al. 2020). The results show that even large
datasets can have difficulties entangle relationships from
rapid radiation.

Introgression between E. mutabilis and E.
transbaicalensis

Introgressive hybridization between species is an additional
factor affecting genetic diversity and population structures.
More or less sterile interspecific hybrids are found where E.
mutabilis and E. caninus grow neighboring or at the same site
(Meledris 1955, Diaz et al. 1999a). Diaz et al. (1999b) found
that populations of E. caninus have a higher genetic diversity
when growing sympatrically with E. mutabilis than growing
alone or together with E. fibrosus, which suggests some degree
of interspecific gene flow. Wu et al. (2016b) used microsatel-
lite markers to investigate the amount of gene flow between
E. mutabilis, E. alaskanus and E. fibrosus in northern Europe.
Their results show that gene flow is higher between sympatri-
cally grown species than between spatially separated popula-
tions of the same species. They observed asymmetrical rates
of gene flow among the studied species, and the highest was
from E. fibrosus to E. mutabilis. They also found a weak cor-
relation between genetic distance and geographic distance in
E. mutabilis. In the present study, the STRUCTURE plot
suggests no gene flow between E. mutabilis and E. transba-
icalensis. This is in line with the findings of Agafonov (2004)
of reproductive barriers, even though he suggests that the two
taxa belong to the same introgressive gene pool where hybrid
formation is possible. High seed fertility in hybrids have been
confirmed in crosses between E. mutabilis s.s., E. charkeviczii
and E. subfibrosus (Agafonov et al. 2005). The lack of hybrids
and introgression is another argument for separating both
taxa.

Species variation

Genetic variation and population structures are affected by
several abiotic and biotic factors such as ecological forces,
population sizes, the spatial distribution of populations,
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breeding systems and dispersal (Loveless and Hamrick 1984).
Spatially well-separated populations are likely to show at least
some variation due to differences in fixed alleles and/or allele
frequencies caused by mutations, natural selection and/or
genetic drift (Diaz 1999). Members of Poaceae show great
variability in genetic composition and population structure
and the main influencing factors are in general the breeding
system and the geographical distribution range (Godt and
Hamrick 1998). Elymus trachycaulus, E. fibrosus, E. alaskanus
and E. caninus are similar to E. mutabilis and E. transbaicalen-
sis in their habit (perennial and caespitose), ecology (grow
in forest clearings, riverbanks and meadows), reproduction
system (predominantly self-pollinating) and genome compo-
sition (allotetraploid with a StStHH combination) (Sun et al.
1998a, b, Sun and Salomon 2003). However, molecular stud-
ies indicate that the five species significantly differ in genetic
variability and population structure, which suggests that
other factors play an important role in shaping population
structures and species variation. Altogether, E. wrachycaulus
and E. caninus have high genetic variation both within and
between populations, E. alaskanus has high genetic variation
among populations but not within populations, and E. fibro-
sus has low genetic variation both among and within popula-
tions. Wu et al. (2016b) also found that E. mutabilis was less
variable than, in ascending order, E. fibrosus, E. alaskanus and
E. caninus. In the present study, a higher genetic variation in
northern Europe populations is shown as expected from high
throughput genome-wide markers compared to older marker
methods. Isozymes and allozymes used by Diaz et al. (1999a)
are less sensitive to detect genetic variation than modern
molecular techniques and could be the reason why Diaz et al.
did not find variation in the Nordic E. mutabilis populations.
Still, the population sizes sampled in this study are too small
to gain reliable unbiased population statistics and further
data is needed to accurately assess the population genetics.

Geographical variation in diversity in E. mutabilis

Studies of geographical variation in population genetic struc-
ture in the temperate zone of the Northern Hemisphere show
in general a decline in within-population diversity and an
increase in the differentiation among populations from the
center of the species distribution range towards the periphery
(Eckert et al. 2008). The ‘abundant center’ model explains
this as a result of a decline in population size and increas-
ing in isolation towards the range limit and both historical
and contemporary ongoing evolutionary factors are potential
causes (Sagarin and Gaines 2002, Vucetich and Waite 2003,
Samis and Eckert 2007). Even though the sampled number
of individuals per population is low, the AMOVA analyses
show a higher variation between populations than within,
indicating a substantial inbreeding behavior and a low gene
flow between populations within E. mutabilis. The neighbor-
net analysis further shows a low degree of evolutionary reticu-
lation within E. mutabilis. The main genetic variation of E.
mutabilis is found in central Asia, which is in accordance
with the average pattern of distribution of genetic diversity.

11

It is necessary to study intraspecific variation in order to
assess conservation values and predict the consequences of
habitat losses due to global climate change and other reasons
(Eckert et al. 2008, Pauls et al. 2013). In this study, periph-
eral populations at the edge of the species range differentiate
from the central populations, which should be considered in
future conservation programs. However, Volis et al. (2016)
concluded that the extent of variation in molecular mark-
ers cannot predict plant performance in novel environments
while extent of variation in quantitative traits can. Even
though there is less diversity in the peripheral northern popu-
lations, there is most likely still diversity and adaptive poten-
tial not reflected in the diverse central populations.

Conclusion

Genotyping-by-sequencing is a well-suited method for the
purpose of both phylogenetic and population studies. The
current study provides molecular evidence for considering
E. mutabilis and E. transbaicalensis as two distinct species.
Additionally, a clear phylogeographic structure with a pattern
of variation corresponding to the geographical distribution of
E. mutabilis with the main genetic diversity in central Asia is
evident. Both geography and climate are potential drivers for
the divergence of the species. The genetic variation of popula-
tions in northern Europe are distinct from that of Asian popu-
lations, but shows a high similarity to populations from far
east Russia and southern Siberia. Thus, the populations in the
peripheral regions most likely originated in Altai and southern
Siberia from where it spread to other areas. A phylogenetic
radiation pattern among populations in northern Europe
indicates a founding followed by rapid dispersal. These find-
ings give further understanding of the complexity of Elymus
and pose new questions of polyploid formation and diversifi-
cation. Continued taxonomic work in Elymus is important to
explore the large variation over wide distribution areas.
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