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* Background and Aims Bristol rock cress is among the few plant species in the British Isles considered to have
a Mediterranean—montane element. Spatiotemporal patterns of colonization of the British Isles since the last inter-
glacial and after the Last Glacial Maximum (LGM) from mainland Europe are underexplored and have not yet in-
cluded such floristic elements. Here we shed light on the evolutionary history of a relic and outpost metapopulation
of Bristol rock cress in the south-western UK.

* Methods Amplified fragment length polymorphisms (AFLPs) were used to identify distinct gene pools. Plastome
assembly and respective phylogenetic analysis revealed the temporal context. Herbarium material was largely used to
exemplify the value of collections to obtain a representative sampling covering the entire distribution range.

* Key Results The AFLPs recognized two distinct gene pools, with the Iberian Peninsula as the primary centre of
genetic diversity and the origin of lineages expanding before and after the LGM towards mountain areas in France
and Switzerland. No present-day lineages are older than 51 ky, which is in sharp contrast to the species stem group
age of nearly 2 My, indicating severe extinction and bottlenecks throughout the Pleistocene. The British Isles were
colonized after the LGM and feature high genetic diversity.

* Conclusions The short-lived perennial herb Arabis scabra, which is restricted to limestone, has expanded its
distribution range after the LGM, following corridors within an open landscape, and may have reached the British
Isles via the desiccated Celtic Sea at about 16 kya. This study may shed light on the origin of other rare and pecu-
liar species co-occurring in limestone regions in the south-western British Isles.
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INTRODUCTION

Climatic fluctuation during the Quaternary with its Pleistocene
glaciation and deglaciation cycles drastically changed envir-
onmental conditions for plants (e.g. Willis and MacDonald,
2011; Allen et al., 2012), affecting sea levels (Richardson
et al., 2014), opening and closing land bridges and corridors,
and causing changes in landscape relief (Betzin et al., 2016;
Santiso et al., 2016), sediments and soil types (e.g. Starnberger
et al., 2013; Holtvoeth et al., 2017). As a result, species either
had to migrate or adapt to these changing conditions, or both.
Migration, survival and extinction gave rise to major southern
glacial refugia in Europe, with the peninsulas of Iberia and
Italy and the Balkans having been identified as the most im-
portant refugia for our present-day floras (Hewitt, 2000).
Several studies have also recognized refugia north of these
three regions including cryptic glacial refuge areas (e.g. Provan
and Bennett, 2008; Tzedakis et al., 2013) and those character-
ized by prominent land features, e.g. ‘mountain islands’ (nun-
atak hypothesis, Brochmann et al., 2003) and coastal lines

(Kadereit and Westberg, 2007). Moreover, the structure of
refuge areas was often more complex [e.g. refugia within re-
fugia in the Iberian Peninsula (Abelldn and Svenning, 2014)]
than previously expected and the assumption of having only
southern refugia does not reflect adequately the complexity
of the processes that shaped current patterns of biodiversity
(Feliner, 2011).

In most phylogeographical studies, species distribution pat-
terns and the occurrence of refuge areas are explained by the
influence of the last three glaciation and deglaciation cycles,
spanning almost 500 000 years (e.g. Hohmann and Koch,
2017), with the most prominent effect on present-day biota
caused by the last glacial period (Weichselian in Central Europe
or Wiirm glacial in the alpine region) and recolonization after
the Last Glacial Maximum (LGM, 20 000-26 000 years ago).
However, with mounting evidence of cryptic refugia and of po-
tential periglacial survival there is an increasing demand for
time-calibrated studies to test for alternative and/or additional
recolonization scenarios.
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Time-calibrated spatial scenarios can be developed in
a comparative way by combining evidence from different
datasets. This can be achieved, for example, by comparing
dated macrofossil and pollen data with present-day species
distribution data (Brewer et al., 2017), using past climate re-
constructions in combination with ecological niche modelling
(Svenning et al., 2011), or by extrapolation from known past
spatio-temporal scenarios for ecologically similar species or
ecologically linked species (Avise et al., 2016). A complemen-
tary method is to use genetic data to unravel spatial distribution
patterns of genetic variation that results from demographic pro-
cesses, and use the same dataset for temporal inferences (e.g.
Durvasula et al., 2017; Koch et al., 2017a). However, resolving
short periods of time such as glacial and postglacial scenarios
by molecular marker systems requires a large number of loci, at
best covering the entire nuclear genome randomly, using a tech-
nique such as amplified fragment length polymorphism (AFLP;
Vos et al., 1995) which is an anonymous genome-wide DNA
fingerprinting technique that can be used also in the context
of unknown genomes. Furthermore, for estimating divergence
times mutational models need to be available for the analysed
data type, as is the case for DNA sequencing data. Therefore,
in this study we use a combination of AFLP data for assessing
gene-pool structure with sequencing of whole-plastid genomes
by a genome-skimming approach (Straub et al., 2012) to esti-
mate divergence times at high resolution.

This study focuses on A. scabra (Bristol rock cress), a short-
lived perennial herb from the Brassicaceae family, which be-
longs to the so-called core-Arabis clade (Karl and Koch, 2013,
2014; Koch and Grosser, 2017). Despite detailed analysis of
the systematics and evolutionary history of the genus Arabis,
its taxonomic treatment still includes numerous paraphyletic
groups (Koch et al., 2010; Karl and Koch, 2013), mainly be-
cause (1) there is hardly any morphological character or char-
acter combination exclusively identifying the various clades
within Arabis (Koch et al., 2018), and (2) determination of re-
lated species within groups of taxa is often hindered, because
characters are either missing (e.g. no fruits are available) or
occur in rare combinations in the frequently formed hybrid in-
dividuals or populations (Koch and Grosser, 2017). This study
relies almost exclusively on herbarium material in order to
cover the entire distribution range of A. scabra and therefore
the correct determination of voucher material is of utmost im-
portance. The closest relatives of A. scabra are A. ciliata and
A. serpyllifolia (Karl and Koch, 2014), but phylogenies de-
rived from few nuclear and plastid DNA loci showed minor
incongruencies, so relationships of A. scabra to other species
and possible hybridization and introgression patterns are still
unclear (Karl and Koch, 2014). However, cytogenetic analysis
clearly showed that A. scabra is a diploid with 2n = 16 chromo-
somes (Pring, 1961; Koch er al., 1999), indicating that this
taxon is not the result of a complex reticulate evolutionary his-
tory, as often found in other Arabis species assemblages.

Arabis scabra is a Mediterranean—montane element (Jalas
and Suominen, 1994) growing in shallow soils, on scree and on
rock edges within open woodland on carboniferous limestone.
The Mediterranean distribution encompasses northern and
north-eastern Iberian mountain ranges, including the Pyrenees.
In France the species has a continuous distribution range
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throughout the south-eastern mountain ranges towards the
most south-eastern edge of Switzerland (Jalas and Suominen,
1994). In north-western Europe A. scabra is known only from
the Bristol area in the UK, and has been documented from the
Avon Gorge since 1686 (Pring, 1961). Due to its particular dis-
junct distribution pattern, A. scabra is an interesting subject for
studying more recent (postglacial) evolutionary histories. Arabis
scabra belongs to the Lusitanian flora and floristically has been
considered as an Erysimum duriaei element. This group of taxa
encompasses ~140 European species, which are distributed
primarily in the mountains of northern Spain, the Pyrenees,
south-eastern France and the south-western edge of the Alps
(Finnie et al., 2007). They are mostly non-woody, cold-adapted
or cold-tolerant perennials and the vast majority are European
endemics (86 %). Furthermore, they include three represen-
tatives with extreme cases of outlying populations found on
the British Isles, namely A. scabra, Meconopsis cambrica and
Saxifraga hirsuta. Past studies revealed that M. cambrica sur-
vived periglacially and was introduced to the British Isles be-
fore the LGM (Valtuena et al., 2012), while other species from
the Lusitanian flora, such as Pinguicula grandiflora, Saxifraga
spathularis, Daboecia cantabrica and Euphorbia hyberna, col-
onized the British Isles postglacially (Beatty and Provan, 2013,
2014; Beatty et al., 2015). For the other species sharing the
present-day distribution pattern with A. scabra it is unclear
whether there are parallel spatio-temporal patterns for colon-
ization of the British Isles.

In this study we aim to define the genetic structure underlying
the distribution of A. scabra and unravel its evolutionary his-
tory by applying a combination of AFLPs, sequencing of two
loci from the plastid genome and the nuclear-encoded rDNA
spanning ITS1 to 5.8 S rIDNA-ITS?2 for the entire dataset, and
whole-plastome sequencing for a subset of 22 accessions,
which were selected according to the results of AFLP ana-
lysis and geographical distribution. Furthermore, diagnostic
SNPs based on the whole-plastome sequencing were analysed
for the entire set of accessions included. Arabis scabra was
sampled across its entire distribution range, mainly taking ad-
vantage of herbarium material to further highlight herbaria
as primary biorepositories and sources of research material
(Koch et al., 2017b).

Based on our combined datasets, we formulate a postgla-
cial ‘out of Iberia’ hypothesis and show that populations from
the British Isles originated from postglacial range expansion.
Additionally, there is also evidence for multiple inter- and post-
glacial range expansion from the Iberian Peninsula as the pri-
mary centre of diversity towards the south-western Alps.

MATERIALS AND METHODS

Plant material, taxon sampling and experimental strategy

An initial screening of documented and sampled populations
of Arabis scabra kept in various European herbaria was per-
formed using the Global Biodiversity Information Portal
(GBIF) (https://www.gbif.org/). In order to select accessions
for molecular analysis we defined some criteria that would
allow us to work only with high-quality and reliable material.
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(1) From all retained data points (1055 in total) we discarded
all accessions with unknown or imprecise source information
for our molecular analysis. (2) Remaining accessions were
checked against the floristic literature to cover the entire distri-
bution range of the species. (3) We further limited our sample
collection to a geographically representative set focusing on ac-
cessions with well-preserved leaf material, thereby minimizing
subsequent experimental failures due to low sample and DNA
quality. All accessions fulfilling the three criteria defined above
were subjected to DNA sequencing of markers from the nuclear
genome (ITS; internal transcribed spacers 1 and 2 of ribosomal
DNA) and plastid genome (#rnL intron and #rnLF intergenic
spacer) for phylogenetic analyses in order to prove species
identity and to identify potential events of hybridization and
reticulate evolution. Only accessions that yielded high-quality
PCR fragments and reliable DNA sequence information (86 in-
dividuals from 80 accessions) were used for AFLP analysis in
order to characterize geographically structured gene pools. The
final selection of accessions included nine individuals that were
indicated and labelled on the vouchers as A. scabra but where
some doubt remained about their identity. Nevertheless, these
samples were included in the initial analysis.

A subset of 22 samples was selected based on the results
derived from sequencing of plastidic and nrDNA markers as
well as on AFLP data and geographical origin. These samples
were subjected to a genome-skimming approach to assemble
entire plastid genomes (Hohmann ef al., 2015) for temporal
high-resolution phylogenetic analysis. Finally, diagnostic SNPs
were selected based on whole-plastome sequencing data, which
were then sequenced for the complete set of A. scabra acces-
sions. Accession details are provided in Supplementary Data
Table S1. DNA sequence data from the entire genus Arabis
have been published earlier (Karl and Koch, 2013, 2014; Koch
and Grosser, 2017), so that no further outgroups were needed.

DNA extraction, amplification and sequencing of plastidic and
nrDNA marker sequences

Total DNA was extracted using the Invisorb Spin Plant Mini
Kit (Stratec Biomedical, Birkenfeld, Germany). PCR amplifica-
tion of the phylogenetic and barcode markers used (nuclear ITS,
plastid #rnL intron and trnL-trnF intergenic spacer; hereafter
named combined as the frnLLFregion) were performedinavolume
of 25 uL, using 10 pum of each primer, a total of 2.0 mm MgCl,
and 0.5 U of Mango-Taq polymerase (Bioline, Luckenwalde,
Germany). The primers used for ITS amplification were origin-
ally designed by White et al. (1990) with some modifications
made (18F, 5-GAA AGG AGA AGT GCT AAC AAG A-3;
25R, 5-GGG TAA TCC CGC CTG ACC TGG-3). For
some DNA fragments PCR quality was further increased
to amplify ITS1 and ITS2 separately using internal primers
ITS2a (5-GCT GCG TTC TTC ATC GAT GC-3’) and ITS3
(5-GCA TCG ATG AAG AAC GTA GC-3’), respectively.
Amplification of the #rnL intron and the #rnL-trnF intergenic
spacer was performed using primers ¢, d and e from Taberlet
et al. (1991) (c, 5'-CGA AAT CGG TAG ACG CTA CG-3"; d,
5-GGG GAT AGA GGG ACT TGA AC-3%;and e, 5'-GGT TCA
AGT CCC TCT ATC ATC CC-3") and a primer designed by
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Dobes et al. (2004) (5’-GAT TTT CAG TCC TCT GCT
CTA C-3’). Primers were extended by the M13 sequence
for subsequent sequencing using M13 universal sequencing
primers. The amplifications were run on a PTC 200 Peltier
Thermal Cycler (MJ Research, Waltham, MA, USA) under
the following conditions for ITS: 3 min of initial denatur-
ation at 95 °C; 30 cycles of amplification for 30 s at 95 °C,
30 s at 44 °C and 1 min at 72 °C; and 5 min of final elong-
ation at 72 °C. For the plastid loci, annealing temperature was
increased to 50 °C. PCR success was checked with electro-
phoresis in a 1 % agarose gel in TAE buffer. PCR product
clean-up was executed using the Wizard® SV Gel and PCR
Clean-Up System (Promega, Madison, USA). Custom Sanger
sequencing was performed by GATC Biotech (Konstanz,
Germany). The electropherograms were checked and trimmed
using the program SeqMan DNASTAR Lasergene software
package (DNASTAR, Madison, WI, USA).

Sequence alignment and phylogenetic analysis of plastidic and
nrDNA marker sequences

The ITS DNA sequence data generated here were added to
datasets published earlier and focusing on phylogenetic re-
lationships among Eurasian Arabis hirsuta and related taxa
(Karl and Koch, 2014). This dataset contained one accession
of A. scabra, and also one representative of its closest relatives,
Arabis ciliata and Arabis serpyllifolia. The final alignment had
a length of 635 bp and contained 69 different sequences from
140 accessions and is available with the online material, which
also includes GenBank accession codes for already published
data (Supplementary Data Table S2). Plastid DNA sequences
from the trnLF region were combined into one single concaten-
ated alignment of 775 bp (alignment lengths of the #rnL intron
and trnL-trnF intergenic spacer were 327 and 448 bp, respect-
ively). The NEXUS input file is provided in Supplementary
Data Table S3 and comprises 70 different sequences from 141
accessions.

In our phylogenetic analyses based on ITS as well as
trnLF data, Pseudoturritis turrita was used as an appropriate
outgroup (Karl and Koch, 2013). We performed maximum like-
lihood (ML) as well as Bayesian inference (BI) analyses. The
best-fitting nucleotide substitution model (SYM + I + G model
for ITS and TPM1uf + G model for #rnLLF) was selected using
MrModeltest 2.3 (Nylander, 2004), according to the Akaike in-
formation criterion (AIC). The ML analyses were performed
in RAXML (Stamatakis, 2014) implemented in raxmlGUI
(Silvestro and Michalak, 2012), with the search strategy set
to rapid bootstrapping. Clade support was evaluated with a
bootstrap of 1000 replicates. In the Bayesian analyses using
MrBayes v. 3.2.6 (Ronquist et al., 2012), four simultaneous
runs with four chains each were run for 50 million gener-
ations, sampling every 1000 trees. The first 25 % of these trees
were discarded as burn-in when computing the consensus tree
(50 % majority rule). For efficient swapping of the chains, the
temperature of the heated chain was set to 0.005. Sufficient
mixing of the chains was considered to be reached when the
average standard deviation of split frequencies was below 0.01.
Stationarity of the Markov chains was also confirmed in Tracer
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(http://tree.bio.ed.ac.uk/software/tracer/), and reliable effective
sample size values (>200) were ensured.

Generation of AFLP data and genetic analysis

We successfully generated AFLP profiles for 86 individuals
from 80 accessions of A. scabra and the various non-A. scabra
(as an additional control group) following Vos er al. (1995)
and Meudt and Clarke (2007). Genotyping error assessment
was done as described by Bonin ef al. (2004) with eight rep-
licates included. Digestion of diluted genomic DNA (~30 ng)
and ligation of dsDNA adaptors was performed simultaneously
using endonucleases EcoRI and Msel, and T4 DNA Ligase
(New England Biolabs, Frankfurt am Main, Germany). PCR
reactions were carried out with AmpliTaqg DNA Polymerase
in AmpliTaq buffer II for PCR step 1 (pre-selective PCR) and
with AmpliTaq Gold and AmpliTaq Gold Buffer (all from Life
Technologies, Darmstadt, Germany) for PCR step 2 (selective
PCR). Oligonucleotides and fluorescent-labelled oligonucleo-
tides (with fluorophores FAM, HEX and ATTOS550) were
obtained from biomers.net (Ulm, Germany). A set of six com-
binations of selective primers was chosen for the study: (1)
EcoRI + ACA (FAM)/Msel + CAT; (2) EcoRI + AAC (HEX)/
Msel + CAT; (3) EcoRI + AGC (ATTO550)/Msel + CAT; (4)
EcoRI + ACA (FAM)/Msel + CTC; (5) EcoRI + AAC (HEX)/
Msel + CTC; and (6) EcoRI + AGC (ATTO550)/Msel + CTC.
Thermocycling conditions for pre-selective PCR were as fol-
lows: 94 °C, 4 min; 12 x [94 °C, 30 s; 65-72 °C, 30 s (ramping
of 0.7 °C per cycle); 72 °C, 1:30 min]; 20 x [94 °C, 30 s;
56 °C, 1 min, 72 °C, 1:30 min]; 72 °C, 1 min; final hold at
8 °C. Selective PCR was as follows: 72 °C, 2 min; 20 x [94 °C,
20 s; 56 °C, 30 s; 72 °C, 2 min]; hold at 72 °C for 60 min.
Before fragment detection, amplicons were pooled, and an in-
ternal sizing standard (GS 500) was included to maintain con-
sistency of band scoring between capillaries, since fragment
migration occurs at different rates in each capillary. Raw data
were corrected for optical interactions among the four detec-
tion channels (‘bleed-though’ or ‘pull-up’) by the service pro-
vider (GATC Biotech, Konstanz, Germany). Size calling and
manual genotype calling were performed with GeneMarker
1.95 (SoftGenetics, State College, PA, USA) for fragments
with a length of 65-550 bp. Scored data were exported as a
binary data table for further analysis.

Because of the low levels of genetic polymorphism ex-
pected considering missing DNA sequence variation among the
sequenced loci (ITS and trnL-trnLLF) in A. scabra, the AFLP 0/1
matrix was critically inspected for putative genotyping errors:
(1) general genotyping error, and (2) influence of quality of the
herbarium material on banding profiles (number and length
of fragments). For (1), the general genotyping error was esti-
mated following the procedure described by Bonin ez al. (2004)
with eight replicates from A. scabra included. For a more gen-
eral data inspection (2), principal component analysis (PCA)
and eigendecomposition of the resulting association matrix
were performed with the eigen() function in R (R Core Team,
2014) and total number of fragments and length of fragments
were superimposed accordingly as described in Koch et al.
(2017b) for quality control of the data. Finally, samples were
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omitted from the AFLP data set if they showed unusual frag-
ment profiles as visualized by PCA (Supplementary Data Fig.
S1).

Genetic assignment of accessions was inferred under the
no admixture model implemented in STRUCTURE 2.3.4.
(Pritchard et al., 2000) using the uncorrelated allele frequencies
and the recessive alleles options (Falush et al., 2007). Burn-in
period comprised 250 000 Markov chain Monte Carlo (MCMC)
steps and data collection was carried out over another 250 000
steps. Ten replicate simulations were run for each value of K
(the number of ancestral clusters assumed by STRUCTURE)
ranging from 1 to 20. Individual ancestry was averaged across
all replicate simulations for each value of K using CLUMPP
Version 1.1.2 (Jakobsson and Rosenberg, 2007). A formal de-
termination of the optimal value of K was carried out using
Evanno’s mean AK (Evanno et al., 2005) and symmetrical
similarity coefficients (Ehrich et al., 2007). A distance-based
unrooted NeighborNet graph was generated with SplitsTree4
version 4.14.4 (Huson and Bryant, 2006) using Jaccard’s dis-
tance (Jaccard, 1901), which calculates the dissimilarity be-
tween asymmetrical binary variables, implemented in the
vegan package from the software R Studio V0.0.98.501 (R
Core Team, 2014). Estimation of molecular diversity indices
(gene diversity, Tajima’s D, Watterson’s estimator 8 S and 0 7t)
were performed with Arlequin v. 3.5.2.2 (Excoffier and Lischer,
2010). Samples were also grouped according to major regions
of the UK, Spain and France/Switzerland (Fig. 1). The signifi-
cance of the D statistic was tested using the program Arlequin
v. 3.5.2.2 (Excoffier and Lischer, 2010) by generating random
samples under the hypothesis of selective neutrality and popu-
lation equilibrium, using a coalescent simulation algorithm
adapted from Hudson (1990).

To further investigate the correlation of genetic dissimilarity
(Jaccard distance) with geographical distance, we generated a
Mantel correlogram (Legendre and Legendre, 2012) with dis-
tance classes of 50 km using the mantel.correlog function from
the vegan package (Oksanen et al., 2017). The significance of
Mantel’s r was tested by generating 1000 random permutations.
Bonferroni’s correction was applied to P values for multiple
testing.

Assembly of plastid genomes, phylogenetic network and tree
analysis and estimation of divergence times

According to the results of AFLP analysis we selected a
set of 22 accessions representing (1) the different gene pools
and (2) the different regions [final coverage: UK, orange and
blue nuclear gene pool; France, orange and blue gene pool;
Spain, orange gene pool from the northern (ESPA-D) and the
southern (ESPE-F) distribution area] to examine plastome
DNA sequence variation at high temporal resolution (Fig. 1).
We used the same DNA as for AFLP analysis. Libraries were
sequenced at the Deep Sequencing Core Facility, University
of Heidelberg, and were prepared from total genomic DNA
with the Illumina TruSeq Kit (Illumina, San Diego, CA,
USA) in paired-end mode with an insert size of 200400 bp.
Read length was 150 bp. Samples were barcoded for multi-
plexing and ~13 million reads were generated per sample.
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FiG. 1. (A) Distribution of sampled Arabis scabra accessions and their codes (combined sets of accessions are colour-coded and numbered) in Central Europe.
The distribution of Arabis scabra according to Atlas florae Europaeae (Kurtto et al., 2013) is also indicated. (B) Bar plots of the respective assignment of AFLP
genotypes to the two identified genetic clusters grouped by accession sets 1-10 (see also Fig. 4).

Sequencing was conducted on an Illumina HiSeq4000 ma-
chine. Assembly of plastid genomes generally followed the
procedure described in Hohmann ef al. (2015) and Novikova
et al. (2016). Quality of the obtained sequencing data was
assessed by using the program fastqc (Andrews, 2010) and
sequences were trimmed for adapter contamination and
quality using the program Trimmomatic (Bolger et al.,
2014). Chloroplast sequences were obtained by a reference-
based mapping approach. For this, reads were mapped on the
plastid genome of Arabis alpina (GenBank accession number
HF934132) using the program bwa (Li and Durbin, 2009).
Duplicated sequences were removed using the SAMtools
tool rmdup (Li et al., 2009). Mapping quality was im-
proved using the gatk 3.8 tools RealignerTargetCreator and
IndelRealigner (DePristo ef al., 2011). In order to obtain
only chloroplast sequences that are backed up by a sufficient
sequencing depth, the gatk 3.8 tool CallableLoci (Van der
Auvera et al., 2013) was used to indicate regions that have
a sequencing depth >10 and a mapping quality >30. Based
on this information callable regions were extracted. Finally,
the new chloroplast sequences were generated using the
gatk 3.8 tools UnifiedGenotyper for generating the geno-
types and the FastaAlternateReferenceMaker for generating
the new sequences in fasta format. Sequences were anno-
tated in Geneious version 7.1.7 (Biomatters, Auckland, New
Zealand) using Arabidopsis thaliana as reference (GenBank
accession AP000423) and using the default alignment param-
eters, and then transferring the annotations. Sequences were
then aligned using the program MAFFT version 7.017
(Katoh and Standley, 2013) and the resulting alignments
were adjusted by hand using the program PhyDE (Miiller
et al., 2005). Entire plastomes of A. scabra were aligned to
outgroup plastomes from Arabis stelleri (KY126841), Arabis
hirsuta (NC009268), Arabis alpina (HF934132) and Draba
nemorosa (NC009272). Arabis alpina and Draba nemorosa
have both been shown to be in a sister group relationship to

the so called core Arabis and were therefore chosen as an
appropriate outgroup (Karl and Koch, 2013; Kiefer et al.,
2014). Furthermore, Arabis hirsuta and Arabis stelleri were
included in the analysis as additional taxa representing the
core Arabis clade (Karl and Koch, 2013). In a first step the
dataset of the ingroup (32 SNPs) was examined using the
program TCS1.21 (Clement et al., 2000) for reconstructing
a statistical parsimony network and identifying identical
sequences.

In order to determine the best partition scheme as well as
the most suitable molecular evolutionary model for each par-
tition, the entire plastid genome alignment was analysed
by PartitionFinder v1.1.1 (Lanfear et al., 2012), where the
branchlengths parameter was set to linked. The program was
run twice for each alignment, in one case exploring models
covered by RAxML-ng (Kozlov et al., 2019) while in the other
case suitable models for BEAST analysis (Drummond et al.,
2012) were covered. The best partition scheme and associated
models were then used as input information along with the an-
notated alignments for analysis by RAXML-ng (Kozlov et al.,
2019) and BEAST (Drummond et al., 2012). In RAXML-ng
1000 bootstrap replicates were generated. BEAUTi was used for
generating an input file for BEAST analysis. Models and parti-
tions were set according to the result from the PartitionFinder
analysis. The split between Arabis alpina and Draba nemorosa
was calibrated according to the dates determined by Hohmann
et al. (2015). Clocks and trees were treated as linked. The
MCMC chain was run for 1 000 000 000 generations and
every 100 000 generations a tree was sampled. In total eight
runs were performed. Log files were examined using the pro-
gram Tracer (Rambaut et al., 2018). The program logcombiner
v. 1.7.5. (Drummond et al., 2012) was used to combine log and
tree files. The first 25 % of the trees and log information was
discarded as burn-in. Log files were then re-examined in Tracer
to make sure that effective sample size values were all >200
and that the chosen burn-in was sufficient. In a last step, the
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program treeannotator v. 1.7.5. (Drummond et al., 2012) was
used for plotting the estimated divergence times onto the top-
ology of the best tree recovered. The tree was visualized using
the program FigTree (Rambaut, 2018).

Generation and analysis of diagnostic markers defining A. scabra
lineages

Network analysis recognized four groups of haplotypes
among A. scabra accessions. Accordingly, four regions from
the plastome alignment [Supplementary Data Table S4] were
selected, which carry sequence variation, and this was used
further to assign remaining accessions to these four haplo-
type groups. Primer combinations (after several rounds of op-
timization of primer sequence and PCR conditions) and PCR
conditions to amplify and sequence these four regions were
as follow: BLUE_for, 5'-TACCCAAAACAAACGCGCTA-3,
BLUE_rev, 5-AACCTGCTAACGAACCGAAC-3’, annealing
temperature 58 °C; GREEN_for, 5-CCTCGTACGGCTCCA
GAAAA-3, GREEN_rev, 5-GAGTACTTAAGGATTCTCTG
TGT-3’, annealing temperature 55 °C; ORANGE_for,
5-TCTTTCACATGTCTTCTGTCAA-3’, ORANGE_reyv,
5-TCAGTATCCAGGCTCCGTTT-3’, annealing temperature
55 °C; BRISTOL_for, 5-GTATAGGTTCAAATCCTATTGGA
CGC-3’, BRISTOL _rev, 5-TCAAGAACAACTGGAACGTT
TTC-3’, annealing temperature 58 °C. All remaining A. scabra
accessions were subjected to respective PCR reactions and PCR
products were processed and sequenced as described above for
ITS and trnLF regions. Subsequently accessions were assigned
to lineages based on the sequenced markers.

RESULTS

Taxon identity and phylogenetic inferences based on plastid and
nrDNA markers

Nine accessions originally determined as A. scabra did not
result in DNA sequence data matching previously published
sequences of A. scabra, which was checked with the phylo-
genetic placement tool in BrassiBase (Koch ez al., 2012; Kiefer
et al., 2014). All of them were determined to be other Arabis
species. The nine non-A. scabra accessions belong to Arabis
alpina (accession 32), Arabis collina (accession 007), Arabis
Jjuressi (accession 46), Arabis stellulata (accession 60), Arabis
ciliata (accessions 25, 65, 74, 76) and Arabis serpyllifolia
(accession 44). The number of ~10% of wrongly determined
Arabis species in public herbaria was not unexpected, and this
major error must be taken in account when utilizing data re-
trieved from databases such as GBIF or relying on original vou-
cher information.

Analysis of all remaining accessions of A. scabra revealed
that all individuals investigated were identical with respect to
ITS (Fig. 2), trnL and trnLF (Fig. 3) sequences. Therefore, one
representative sequence only was included in all phylogen-
etic reconstructions. According to our phylogenetic analysis
A. scabra is most closely related to A. ciliata and A. serpyllifolia
and the Iberian Arabis beirana and Arabis stenocarpa (trnLF
data, Fig. 3). ITS data do recognize this monophyletic clade,
but phylogenetic analysis also places A. vochinensis and North
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African Arabis doumetii and Arabis erubescens along an un-
resolved polytomy (Fig. 2). We therefore introduced the name
‘A. ciliata alliance’ for this group of taxa, which started to
evolve ~2.4 mya during the onset of Pleistocene glaciation and
deglaciation cycles (Koch et al., 2010). In particular, ITS data
indicate a long and separate evolutionary history of A. scabra,
and consequently any missing DNA sequence information
from ITS, trnL. and #rnLF was unexpected and can be re-
garded as first evidence for severe range contractions and gen-
etic bottlenecks during Pleistocene glaciation and deglaciation
cycles. In the original dataset from Karl and Koch (2014) one
A. scabra sequence from Spain was included carrying few se-
quence ambiguities, explaining the difference in phylogenetic
reconstructions compared with all newly analysed accessions.
New sequence information has been submitted to GenBank
(Supplementary Data Table S1).

AFLP gene pools and genetic analyses

Eighty-six individuals (including the nine non-A. scabra ac-
cessions) yielded a highly reproducible AFLP pattern with an
error rate of 1.93 %. The 0/1 matrix resulting from the banding
pattern consisted of 291 loci, of which 114 were segregating
(Supplementary Data Table S5). A PCA approach was used to
determine individuals showing unusual variation (Koch et al.,
2017b). This analysis indicated five additional accessions from
A. scabra (accessions 2.6, 2.7, 2.8, 70, 77; Supplementary Data
Fig. S1), which could not be separated from technical artefacts
due to low DNA quality. Consequently, these accessions were
also omitted from the final AFLP analysis. The remaining 72
accessions of A. scabra (now excluding non-A. scabra and in-
dividuals with a low-quality banding pattern) were grouped
into ten a priori and geographically defined sets (Fig. 1). Six
of these sets were from Spain and comprised 42 accessions in
total, two sets were from south-eastern France/Switzerland,
comprising 16 accessions, and one set contained ten individ-
uals from the UK. The remaining set (set 9) comprised four ac-
cessions geographically intermediate between the Spanish and
south-western French sets. Distribution of the number of frag-
ments and their frequencies indicated substantial differentiation
within and among sets of accessions with respect to private and
rare alleles, which occur in almost any accession and set of ac-
cessions (Table 1). Furthermore, comparison of the three major
geographically defined sets of accessions placed the UK set at
intermediate levels of genetic polymorphism intermediate be-
tween Spain and France/Switzerland.

Estimation of population structure based on the AFLP data
was done by STRUCTURE analysis. The optimal K was de-
termined by applying two different methods. Calculation of
the symmetrical similarity coefficient (SSC) resulted in op-
timal K=2 (SSC > 0.99), while Evanno’s method of mean
AK showed K =3 to be the most suitable number of clusters.
However, a pattern of two clusters did not conflict with the
K = 3 result (Fig. 4, Supplementary Data Fig. S2).

As the smallest best K is assumed to be the most suit-
able number of clusters, genetic structure is best described
by two major gene pools, which essentially separate moun-
tain regions of the Iberian Peninsula from the south-western
French/Swiss distribution area. The geographically inter-
mediate set 9 and accessions from the UK displayed an


http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcaa053#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcaa053#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcaa053#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcaa053#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcaa053#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcaa053#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcaa053#supplementary-data

Koch et al. — The evolutionary history of Bristol rock cress

109

Arabis alpina Tanzania
L Arabis alpina 032 Spain

Pseudoturritis turrita ltaly

(10.0-) 14.4 (-21.5) mya

0.95

°

(0.96-) 2.1 (-3.6) mya
0.96

(0.96-) 2.4 (-3.6) mya

5-) 1.2 (-2.1) mya

(0.85-)[2.0 (-3.41)

Draba hisp: Spain Nuclear ITS
Arabis aculeolata OR USA
Arabis blepharopylla CA USA
Arabis crucisetosa ID USA
Arabis nuttallii BC Canada
0.85 Arabis furcata OR USA

Arabis georgiana AL USA
Arabis macdonaldiana CA USA
Arabis modesta CA USA GU18207
Arabis oregana OR USA

Arabis patens NC USA

Arabis amplexicaulis India
1 Arabis bijuga Pakistan
Arabis nuristanica Afghanistan
Arabis pterosperma India

Arabis borealis S| Russia
1 Arabis eschscholtziana AK USA
1 Arabis olymipica WA USA
Arabis pycnocarpa NM USA
Arabis flagellosa Japan
0.78| [— Arabis paniculata China
1 r Arabis serrata Japan
Arabis serrata South Korea
Dendroarabis fruticulosum Kazachstan
———— Pachyneurum grandiflorum S| Russia
0.91 E Arabis beirana Portugal
Arabis stenocarpa Portugal
Arabis cliliata Switzerland
Arabis cliliata 025 Spain
Arabis cliliata 065, 076 France
Arabis cliliata 074 France
Arabis doumetii Morocco

Arabis ciliata
alliance

0.98

Arabis erubescens Morocco
0.97[ Arabis scabra Spain .
Arabis scabra all populations Arabis scabra
M|— Arabis serpyllifolia Spain #
Arabis i i i

Arabis stelluata Austriax

Arabis coburgii Bulgaria

Arabis procurrens Romania

— Arabis allionii ltaly

Arabis juressi 046 Spain

M|_— Arabis juressi Spain
Arabis sadina Portugal

Arabis nemorensis Poland

Arabis nipponica Japan

Arabis stelleri South Korea

Arabis takesimana South Korea

Arabis sagittata italy

[— Arabis planisiliqua Spain

Arabis stelleri Japan

Y& L Arabis sudetica Greece

'— Arabis hirsuta France

Arabis pumila Iltaly

Arabis soyeri Switzerland

Arabis stellulata 060 Switzerland *

Arabis surculosa

Arabis cretica Greece

Arabis androsacea Turkey

0.99

Arabis pu Morocco

Arabis sc iana Croatia

@ Karl etal., 2012

1

(6.61-) 6.90 (-7.13) mya

‘————————————— Avrabis bryoides Greece

1 [ Arabis colln laly @ Karl & Koch, 2014

Arabis collina 007 France
Arabis carduchorum Armenia

@ Karl & Koch, 2013

Arabis sachokiana Georgia

0.97
0.2

FiG. 2. Bayesian analysis of the ITS DNA sequence data set. Bayesian posterior support is indicated along the branches. Divergence time estimates (mya) have

been redrawn from various phylogenetic analyses (Karl et al., 2012; Karl and Koch, 2013, 2014). New DNA sequences are highlighted in red (Supplementary Data

Tables S1 and S2). All Arabis scabra accessions analysed carried identical DNA sequences. *Conflicting phylogenetic signal among Arabis stellulata. *Different
phylogenetic position of Arabis serpyllifolia compared with plastid data.

obvious mixture of these two gene pools. Results of the
STRUCTURE analysis are confirmed by SplitsTree analysis
considering that accessions with mixed gene pools have
been assigned to the respective dominant genetic cluster
(Supplementary Data Fig. S3).

Genetic diversity statistics (gene diversity, 0 7T, 0 S, Tajima’s
D) were calculated for accession sets 1-10 and for the main
geographically defined regions (Spain and France/Switzerland;
Table 2). Gene diversity in Spain (accession sets 1-6) and
France/Switzerland (accession sets 7 and 8) is comparable to
and correlates well with the two identified genetic clusters. The
set of samples originating from the UK shows high genetic di-
versity, which is explained by a mixture of the two gene pools.
Tajima’s D was calculated as a measure for indicating demo-
graphic expansion, contraction or introgression. We obtained

various negative values of Tajima’s D indicating population
size expansion; however, the values were only significant for
the Spanish genetic cluster.

Furthermore, a Mantel test was performed to correlate
geographical with genetic distance. A significant positive
correlation of genetic dissimilarity (Jaccard distance) with geo-
graphical distance was observed only at distances <300 km
(total dataset, Fig. 5A), and Spanish populations contributed
most to this significant signal (Fig. 5B, C). The distance of
>300 km correlates well with the distance between the two geo-
graphically defined genetic clusters and might indicate substan-
tial genetic isolation between clusters and only limited isolation
by distance within genetic clusters. This result is in agreement
with the weak genetic differentiation into two gene pools as re-
vealed by the STRUCTURE analysis.
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Assembly and analysis of the plastid genomes

The entire plastid genome assembly of the 22 A. scabra ac-
cessions resulted in 22 different genomes (GenBank accession
numbers in Supplementary Data Table S1). The average length
of the plastid genome was 153 702 + 13 bp. Within A. scabra 35

SNPs were detected, of which 29 were located in non-coding
regions (Supplementary Data Table S4). The respective statis-
tical parsimony network reconstructed by TCS1.21 recognized
four major groups (Fig. 6). The result of the network analysis is
fully consistent with the outcome of the RAXML analysis based
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TABLE 1. Summary statistics of the AFLP data set. Sets of accessions are numbered 1-10 as shown in Fig. 1

No. of fragments

Accession set N Fixed Polymorphic No. of private fragments No. of rare* fragments
UK (set 10) 10 64 42 20 16 (16)
FRA 20 49 45 10 909)
Set 7 10 56 26 3 3(3)
Set 8 [§ 60 25 4 5(5)
Set 9 4 63 17 0 1(1)
ESP 42 51 71 35 33 (16)
Set 1 4 65 16 2 2(2)
Set 2 9 64 23 3 1(1)
Set 3 11 61 31 4 44
Set 4 7 60 22 5 5(5)
Set 5 5 71 4 0 0 (0)
Set 6 6 68 27 12 44

N, number of individuals.
*<10 %, number of unique fragments are given in brackets.

Set 10 7 8 9 1 2

UK FRA A FRAB FRACESPA

ESP B

K=02
LnP(D) = -2102
SSC=0.989
K=03
LnP(D) =-2102
SSC=0.99

3 4 5 6
K=04
LnP(D) =-2102
SSC =0.992

ESP D

ESPC ESPE ESPF

FIG. 4. Results of combined STRUCTURE runs of AFLP data for assumed number of genetic clusters ranging from K = 2 to K = 4, showing stable genetic assign-
ment. LnP(D), mean posterior probability value per cluster K; SSC, mean symmetrical similarity coefficient.

on the entire plastome alignment and including the outgroup
taxa (Supplementary Data Fig. S4). All accessions included
in the AFLP analysis were screened by diagnostic SNP com-
binations differentiating the four groups of haplotypes identi-
fied by network analysis and phylogenetic tree reconstruction
(Fig. 6B). The Iberian Peninsula harbours plastid types from
groups II, IIT (Spain only) and IV. Towards Switzerland haplo-
types from group II and IV are replaced by haplotype 1. The
accessions from near Bristol, UK, exclusively carry haplotype
I plastid copies, indicating a geographical connection with ei-
ther the South of France or the Iberian Peninsula. In order to

determine split times of haplotype lineages a BEAST analysis
was performed. The analysis resulted in an identical tree top-
ology concerning the core Arabis clade (Supplementary Data
Fig. S4). The two major A. scabra plastome haplotype groups
diverged from each other ~51 ky ago. Both lineages split off
in group I/IT and II/TV 29 and 26 ky ago, respectively. Hence,
it can be derived that a vicariance event happened ~26-29 ky
ago, giving rise to haplotype III in Spain and haplotype I in
Switzerland and neighbouring France close to the maximum
glaciation in the Pyrenees, as a ‘glacial borderline’ separating
the two areas (Fig. 6).
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TABLE 2. Genetic diversity statistics of the AFLP data set for individual sets of accessions (1-10) and sets combined into major geo-
graphical and genetic clusters. The three highest values are indicated in bold

Distribution area S (polymorphic loci) Gene diversity (s.d.) 0 (s.d.) 0S (s.d.) Tajima’s D
(sample size)
Accession set
1 ESP-A (4) 16 0.078 (0.055) 9.00 (6.28) 8.73 (5.03) 0.318
2 ESP-B (9) 23 0.083 (0.048) 9.50 (4.81) 8.46 (3.85) 0.607
3 ESP-C (11) 31 0.067 (0.038) 7.67 (3.87) 10.58 (4.49) -1.276
4 ESP-D (7) 22 0.062 (0.039) 7.14 (3.81) 8.97 (4.36) -1.153
5 ESP-E (5) 4 0.014 (0.011) 1.60 (1.12) 1.92 (1.27) —-1.093
6 ESP-F (6) 27 0.121 (0.074) 13.86 (7.27) 11.82 (5.89) 1.090
7 FRA-A (10) 26 0.065 (0.038) 7.47 (3.81) 9.19 (4.04) —0.894
8 FRA-B (6) 25 0.092 (0.057) 10.60 (5.63) 10.94 (5.47) -0.200
9 FRA-C (4) 17 0.076 (0.053) 8.67 (5.08) 9.57 (6.56) —0.667
10 UK (10) 42 0.105 (0.059) 12.04 (5.96) 14.85 (6.32) -0.928
Major genetic clusters
1-6 ESP (42) 71 0.077 (0.042) 9.81 (4.58) 16.50 (5.04) —1.456*
7-8 FRA (16) 38 0.086 (0.044) 8.79 (5.16) 11.45 (4.58) -0.973
*P <0.05.
DISCUSSION of perennial herbs (86 %), is very similar compared with the

Phylogenetics and biogeographical information coincide

Arabis scabra and all the other Arabis species analysed herein
(except A. alpina) belong to the ‘main Arabis clade’, which
consists of ~65 species (Karl and Koch, 2013). The stem
group age of this clade has been calculated to be 10-13 my,
with a crown group age of ~7 my. The putative geograph-
ical origin of the crown group is uncertain and spans in par-
ticular the Caucasus, eastern Mediterranean and south-eastern
European regions (Karl and Koch, 2013). With the onset of
Pleistocene climatic fluctuations, evolutionary lineages from
the main Arabis clade expanded into different regions, such as
eastern Asia and North America, but also reached the western
Mediterranean region and northern Africa, as exemplified
herein by the A. ciliata alliance (Figs 2 and 3). As a conse-
quence, there is substantial biogeographical-floristic coinci-
dence with phylogenetic data considering the entire A. ciliata
alliance: A. scabra and A. serpyllifolia are grouped within
the ‘Erysimum duriaei’ floristic element group (Finnie et al.,
2007). Further, A. ciliata shows close affinities with this distri-
bution pattern (Finnie et al., 2007). Analysing distribution data
from Atlas florae Europaeae, Finnie et al. (2007) found this
‘Erysimum duriaei’ floristic element as a group of 140 species
primarily distributed in the mountains of northern Spain, the
Pyrenees, south-eastern France and the south-western edge of
the Alps. Among all European elements defined in that study,
the ‘Erysimum duriaei’ element showed the highest level of en-
demism (86 % of the species) and the lowest percentage of trees
and shrubs (together only 5 %). Furthermore, the vast majority
of species are perennial (89 %). Two other species, endemic
to Portugal, Arabis beirana and Arabis stenocarpa, fit with
this pattern, and also Arabis vochinensis and Arabis stellulata
have been assigned to the related ‘Salix serpyllifolia’ floristic
elements, showing a wider occurrence in the mountains of cen-
tral and southern Europe. However, key characteristics of the
‘Salix serpyllifolia’ floristic element, such as a high level of en-
demism (89 %), occurrence of trees (only 2 %) and dominance

‘Erysimum duriaei’ element. The North African species from
Morocco, Arabis doumetii, Arabis erubescens and Arabis
pubescens, were not classified by Finnie et al. (2007), but most
likely they have close biogeographical affinities with the Iberian
taxa. These deep phylogenetic footprints in present-day floristic
biogeographical patterns have been described for some other
evolutionary lineages of Brassicaceae. The largest genus of
Brassicaceae, with more than 400 species (Draba), shows sig-
nificant correlations of evolutionary lineages with world-wide
floristic patterns dating back to the Pliocene (Jordon-Thaden
and Koch, 2008), and also the genus Brassica (44 species)
exhibits significant signatures (Arias et al., 2014) within the
Mediterranean region, which also led to the recognition of a
‘Brassica cretica’ floristic element (Finnie et al., 2007). Other
examples with different geographical-floristic affinities are
from the genera Alyssum and Biscutella (Finnie et al., 2007),
and the genus Cochlearia (Finnie et al., 2007; Koch, 2012).
From all the different Arabis species (‘Erysimum duriaei’ and
‘Salix serpyllifolia’ floristic elements, A. ciliata alliance) it was
only A. scabra that was able to colonize the British Isles. Only
two other Arabis species are native to the British Isles, namely
A. hirsuta and A. alpina, both belonging to different evolu-
tionary lineages and floristic elements from Central Continental
Europe and the alpine/arctic region (Karl et al., 2012; Karl and
Koch, 2014; Koch and Grosser, 2017); and only A. alpina has
a well-studied bio/phylogeographical history. Arabis alpina ex-
panded its distribution range postglacially from refuge areas
in Central Europe and rapidly colonized the entire arctic circle
(Koch et al., 2006; Ehrich et al., 2007; Ansell et al., 2011; Karl
et al., 2012), including the British Isles.

Phylogeographical evidence for late Pleistocene and postglacial
range expansion

DNA sequence analyses of ITS and the initial screening from
the plastid #7nLF region revealed no sequence variation among
all studied accessions of A. scabra. This clearly indicates a
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more recent Pleistocene evolutionary history of the gene pool,
and the differentiation of the gene pool does not date back to the
early Pleistocene close to the stem age of the species. A more
detailed insight into the temporal dynamics of the evolution of
the species is provided by whole-plastid genome sequences.
Although we selected accessions from the entire distribution
range of the taxon and AFLP gene pool, genetic variation
among entire plastid genomes remained very low (35 SNPs
in total), and accordingly the majority of SNPs are located in
non-coding regions (29). If we assume a plastome-wide muta-
tion rate of u=7.798 x 107! mutations/site/year (Koch et al.
2017b), an accumulation of 12 mutations per 100 000 years can
be expected (or diverged genomes separated by 24 mutations)
over the entire plastid genome. However, the mutation rate
for non-coding regions is higher and has been calculated for
Brassicaceae as u = 2.004 x 107'° and would result in ~3 times
faster temporal scenarios (Koch ef al. 2017b). The split between
haplotypes from group I/II versus III/IV in A. scabra is charac-
terized by a mean of 14 mutations (counting the Inverted Repeat
only once), which provides a maximum of ~70 600 years ago;

the application of the faster mutation rate provides an estimate
of ~18 200 years ago (minimum—maximum, 18-71 kya). This
temporal scenario is also supported by BEAST analysis using
secondary calibrations and estimating a plastome stem group
split 51 kya (Fig. 6).

Results of divergence time estimates fit with the expectation of
a strong isolation effect during the last glaciation (20-100 kya)
either between Spain and the south-western Alps (Pyrenees
as barrier) or even among mountain ranges within the Iberian
Peninsula. The low levels of genetic polymorphism within the
two major plastid genome clades (Fig. 6) in combination with
crown ages younger or close to the LGM (within groups II and
IV 7000-10 000 years ago) can be best explained with a post-
glacial range expansion and migration scenario. However, what
is the original refuge area? Either the Iberian Peninsula or the
south-western Alps? AFLP data favour a Spanish refuge area,
because the proportion of rare and unique alleles is higher there
and is indicative of older and longer-term refuge areas com-
pared with the French distribution range (Table 1). To fit all gen-
etic data with alternative glacial-postglacial range contraction
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France
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FiG. 6. Results of TCS analysis (A) indicate two major clades (I/II and III/IV) based on plastome data. The root is indicated (*) and divergence time estimates are
redrawn from BEAST analysis (Supplementary Data Fig. S4). (B) SNP screening for all Arabis scabra accessions and plastid haplotype assignment according to
TCS analysis.

and expansion we have to consider two alternative scenarios
(Fig. 7). The first scenario assumes that the last glaciation
forced A. scabra into an Iberian and a French refuge region.
Postglacially, A. scabra expanded its distribution range, gene
pools might have even merged, and within an open landscape
the species was able to reach also the British Isles. With further
increasing temperatures the distribution range shrank and popu-
lations became isolated again (Fig. 7A, B, E). Alternatively,
A. scabra survived the last glaciation maximum on the Iberian
Peninsula. Postglacially, populations colonized the French and
Swiss regions and genetic differentiation was structured along
the colonizing gradient. This expansion also reached the British
Isles and, similar to scenario 1, subsequent continued warming
caused severe range contractions and populations were forced
back into mountainous regions (Fig. 7C-E). AFLP data cannot
readily distinguish between these two scenarios (Figs 1B and 7),
whereas plastome data favour a multiple colonization scenario
(inter- and postglacial) out of the Iberian Peninsula, and scen-
ario 1 can therefore be considered the preferred explanation for
the present-day distribution pattern and the phylogeographical
history of A. scabra.

Outpost or relict populations on the British Isles

Considering divergence time estimates from plastome data,
we might have to assume severe regional structuring of gen-
etic variation during the last glaciation on the Iberian Peninsula
(e.g. separating subclades I and III geographically). The sub-
sequent origin of further lineages and plastome types is dated
close to the LGM and to dates more recent than the LGM
(Fig. 6, clades II and 1V). Furthermore, effective population
sizes must have been small, because only little genetic variation

has been accumulated and maintained in plastomes during the
last glaciation, as is also true for AFLP data. Populations may
have been always at risk of going extinct, and colonization may
have happened by rare dispersal events on local and regional
scales only, which is also seen in the Mantel correlograms
(Fig. 5B). However, there must have been a migration corridor
from Central Europe towards the British Isles. Present-day gen-
etic variation in the Bristol region is high even compared with
its putative source regions, indicating that either a past large
effective population size and/or multiple colonization events
generated high present-day genetic variation. Genetic vari-
ation is as high as in the putative mainland European source
populations, which most likely underwent severe postglacial
genetic bottlenecks. Arabis scabra is a short-lived biennial or
rarely perennial plant. It grows on shallow soil, scree and rocky
ledges, not competing with woodlands. This is true not only
for the Avon Gorge near Bristol in the UK, but also for French
Prealps and Spanish mountain regions such as the Pyrenees and
Cantabrian mountains, with a strict preference for calcareous
bedrock types and affiliation with vegetation types (basically
lithophytes) such as Potentilletalia caulescentis Braun-Blanquet
(Braun-Blanquet and Jenny, 1926). Plastome types from clade
II in A. scabra may indicate a migration or dispersal corridor
out of Spain and the Pyrenees. Respective affinities of the
British Isles with the Lusitanian flora have been shown in a few
phylogeographical studies (Valtuena et al., 2012; Beatty and
Provan, 2013, 2014; Beatty et al., 2015; Martin et al., 2016),
and most often colonization has been set in a postglacial tem-
poral context (Pinguicula grandiflora, Saxifraga spathulata,
Daboecia cantabrica, Euphorbia hyberna, Silene nutans) with
the exception of Meconopsis cambrica as a glacial relict in the
UK (Valtuena et al., 2012) or Galium fleurotii, for which peri-
glacial refugia in unglaciated Great Britain have been assumed
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F1G. 7. Hypothesized alternative scenarios of postglacial colonization of Arabis scabra in Central Europe and the settlement of British relic populations. Scenario

1 (A, B, E): (A) distribution of two main gene pools (blue and orange) at the LGM; (B) postglacial expansion and northward migration; (E) result of subsequent

population retraction and isolation. Scenario 2 (C, D, E): (C) Distribution of one gene pool in Spain during the last glaciation; (D) postglacial expansion towards

the south-western Alps and also northward migration. The limits of the British—Irish ice shield (hatched areas, after Sejrup et al., 2005) and Pyrenean glaciers (grey

area, after Ehlers and Gibbard, 2004) at the LGM are indicated. The dashed lines indicate the LGM coastline (Taberlet ez al., 1991). The European/alpine glaciers
are not shown. The crosses represent our accessions.

(Kolar et al., 2013). For several taxa multiple founder events
in Great Britain have been postulated (Saxifraga spathularis,
Daboecia cantabrica; likely in Meconopsis cambrica and
Euphorbia hyberna). The same is true for Campanula
rotundifolia (Sutherland and Galloway, 2018), which may have
colonized south-western Great Britain postglacially via a cor-
ridor from the French Prealps and from south-western Germany
towards Belgium. Arabis scabra plastome types from Bristol,
UK, differ by one single mutation equalling ~7500 years of di-
vergence. Of course, the number has neither a significance level
nor any meaningful standard deviation (+7500 years), but does
not violate a hypothesis that the species followed a coloniza-
tion route from refugia in Central and south-western Europe,
eventually crossing the dry Celtic Sea prior to the sea-level rise

16-15 kya (Clark et al., 2012). Interestingly, there are other
species in the Bristol region (Cheddar Gorge and Mendip
Hills), such as Cochlearia pyrenaica (Pyrenean scurvygrass)
and Dianthus gratianopolitanus (Cheddar pink), showing a
very similar spatiotemporal context (laboratory of M. A. Koch,
unpubl. data). These species show a strict preference for calcar-
eous bedrock types, as A. scabra does, which limits the present-
day distribution in south-western Great Britain. The actual
population size of A. scabra in the Bristol area varies from year
to year, and counts of the whole population between 1977 and
1989 ranged from ~500 to 5400 individuals (A. scabra account
in Online Atlas of the British and Irish Flora, Botanical Society
of Britain and Ireland and the Biological Records Centre
(BRC); https://www.brc.ac.uk/plantatlas/plant/arabis-scabra).
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Consequently, we have to consider A. scabra both, as an out-
post of a former wider distribution area and a relict popula-
tion that remarkably did not undergo a stronger bottleneck than
populations in mainland Europe, possibly due to an almost an-
nual life history, which may have helped the species to over-
come short-term bottlenecks or fluctuations in population size
or due to preservation of seeds in the soil seed bank, as presence
in soil seed banks has also been shown for a related short-lived
taxon (A. hirsuta; Thompson et al., 1997).

Conclusions

The short-lived perennial herb A. scabra, which is restricted
to limestone throughout its entire distribution range, has ex-
panded its distribution range after the LGM following corridors
within an open landscape and may have reached the British
Isles via the desiccated Celtic Sea at ~16 kya. This study may
shed light on the origin of other rare and peculiar species
co-occurring in limestone regions in the south-western British
Isles, and indicate the importance of this region as a long-term
stable refugium of plant biodiversity.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.
oup.com/aob and consist of the following. Table S1: detailed
accession list and GenBank accession codes. Table S2: NEXUS
file of Arabideae ITS sequence data. Table S3: NEXUS file of
Arabideae trnLF plastid sequence data; Table S4: plastome
SNP matrix. Table S5: NEXUS file of AFLP fragments. Figure
S1: principal component analysis of AFLP data. Figure S2:
simulation of population structure. Figure S3: split tree graph
of AFLP data based on Jaccard’s distances. Figure S4: RAcML
analysis bootstrap support and BEAST analysis.
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