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Abstract

The delimitation of taxa in the Saxifraga rivularis complex is controversial. In the checklist
for the Pan-Arctic Flora, the complex was tentatively divided into five species: the
circumpolar S. hyperborea, the amphi-Atlantic S. rivularis and three amphi-Pacific taxa (S.
bracteata, S. flexuosa and S. arctolitoralis). Two ploidal levels (2n = 26, 52) are known,
indicating a possible history of reticulate evolution. In the present study, a combined approach
using molecular (AFLP; 42 populations, 119 plants), ploidal (flow cytometry; 43 populations,
71 plants) and morphometric (81 populations, 216 plants) data were used to identify
evolutionary lineages within the complex, and to delimit taxonomic species.

Three distinct evolutionary lineages were identified in all analyses of the AFLP data:
the Saxifraga bracteata lineage, the S. flexuosa/hyperborea lineage and the S.
arctolitoralis/rivularis lineage. The three lineages had different DNA ratios: 0.20-0.21, 0.16-
0.17 and 0.36-0.38, respectively. The DNA ratios in combination with the intermediate
position of the S. arctolitoralis/rivularis lineage between the two others in multivariate
analysis of both genetic and morphological data, suggest an allopolyploid origin of this
lineage, with the other two lineages as progenitors.

No single morphological character included in this study unambiguously separated
among the lineages. They were, however, differentiated by combinations of characters, thus
the lineages should be recognised at species level: Saxifraga bracteata, S. hyperborea
(including S. flexuosa) and S. rivularis (including S. arctolitoralis).

Within the Saxifraga flexuosa/hyperborea lineage two genetical groups were
identified, correlating with geography rather than the morphological pattern giving rise to the
current taxonomic treatment. The groups may reflect genetical differentiation in glacial
refugia through the last glaciation, but are not yet reflected in morphological differentiation,
and a division into two taxa is therefore not supported. In the S. arctolitoralis/rivularis
lineage, the separation of a Beringian population representing S. arctolitoralis from the
Atlantic populations in AFLP data and morphology and the very distant geographical range
suggest a subspecific ranking of S. arctolitoralis. Most of the variation within the S. rivularis
complex is found in North Pacific areas. This, in combination with the proposed connection to
S. bracteata, suggests a Beringian origin for the S. arctolitoralis/rivularis lineage with a later

expansion to Atlantic areas.
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Introduction

Et artskompleks bestar av arter en uerfaren taksonom ikke kan se forskjell pa.

RE

Introduction

The arctic flora has been highly influenced by the climatic oscillations of the Quaternary (e.g.,
Andersen and Borns 1997). Glaciated and periglacial areas offer harsh conditions with very
low temperatures, little precipitation in shade of glaciers (Frenzel et al. 1992), and naturally
much disturbance, whereas glacial retreat leaves open soil to be colonised. Formation of
glaciers causes previous sympatric populations to become allopatric, and divergent evolution
will occur either by chance or by selection where populations are isolated in areas with, e.g.,
different climates, different bedrock or different biotic environments. Withdrawal of glaciers
creates secondary contact zones where hybridisation between the divergent lineages can
occur. These contact zones could be hotspots for evolution (Stebbins 1984). If two divergent
lineages still can interbreed without reduction in offspring fertility, the genetic difference
between the populations will decline. Low fertility in the hybrid offspring would allow the
populations to remain distinct, whereas the offspring could survive through vegetative

reproduction or become stabilised by chromosome doubling (Brochmann et al. in press).

Several hypotheses on the frequency and the evolutionary significance of polyploidy have
been proposed throughout the years (reviewed by Brochmann et al. in press; Soltis et al.
2003). Grant (1963) estimated that 47% of all flowering plants are polyploid, whereas other
authors have suggested a far larger percentage (Soltis et al. 2003). Otto and Whitton (2000)
stated that polyploidisation may be the single most common mechanism of sympatric
speciation in plants, and estimated that roughly 2-4% of all speciation events in angiosperms
and about 7% in ferns involve polyploidy. Soltis et al. (2003) asked whether there are any true
diploids. The often reduced fertility of early generations of new polyploids may increase
rapidly in later generations (Ramsey and Schemske 2002), but new polyploids still meet a
challenge of establishment among typically larger numbers of their progenitors. The different
hypotheses proposed on how the polyploids establish include habitat differentiation due to an

increased ecological amplitude or different ecological potential in the polyploid relative to its
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progenitors, and disturbance providing new habitats for the polyploids, not already occupied

by the progenitors (Soltis et al. 2003).

As one of our most polyploid-rich areas and certainly one of the most recent ones, the Arctic
has emerged as a model system for the study of the mode and frequency of polyploidisation
and its evolutionary significance (Brochmann et al. in press). The arctic flora includes
numerous polyploids that have originated at various scales in time and space. The majority of
these appear to be of hybrid origin, stabilised by polyploidy (Brochmann and Steen 1999).
Reconstruction of the evolutionary history of species complexes with several ploidal levels,
and sorting of taxonomical difficulties within these, are important steps on the way to an

understanding of these processes of reticulation and polyploidisation.

Saxifraga (Saxifragaceae) as currently defined includes about 440 species, mostly in the
Arctic and the North Temperate regions (Webb and Gornall 1989). The genus shows
considerable variation in morphology and chromosome number, the latter varying between 2n
= 10 and 2n = 198 with several assumed basic numbers. The flowers are five-merous with 5
sepals, 5 petals, 2 x 5 stamens and a gynoecium consisting of 2 carpels united to a variable
extent. They are usually pollinated by insects, although not adapted to any particular kind.
Saxifrages reproduce by seed and/or vegetatively by bulbils (e.g., in S. cernua; Webb and
Gornall 1989). Analyses based on rbcL and matK sequences indicate that Saxifraga is
polyphyletic (Soltis et al. 1996), and future disintegration of the genus is likely.

Gornall (1987) divided Saxifraga into 15 sections with a myriad of subsections and series.
Section Mesogyne Sternb. is almost exclusively arctic-alpine, with a circumpolar distribution,
and includes the following taxa: S. sibirica L., S. carpatica Sternb., S. cernua L. (including
the North European endemics S. svalbardensis Qvstedal and S. opdalensis A.Blytt), S. radiata
Small, S. granulifera Harry Sm., S. yoshimurea Miyabe & Tatew. and the S. rivularis L.
complex (Webb and Gornall 1989; Zhmylev 1997; Jintang et al. 2001). The section comprises
small perennials characterised by restricted vegetative growth, palmate, 5-11-lobed leaves
usually with a semicircular to kidney-shaped outline, terminal flowers that are solitary or in a
small cyme, white to pink petals and multicellular, uniseriate hairs on most plant parts (Webb
and Gornall 1989). The species in this section have chromosome numbers between 2n = 16
and 2n = 72. The available phylogenetic analyses based on matK, rbcL and ITS sequences
suggest that the section is monophyletic (Soltis ef al. 1996; Conti et al. 1999),

-6 -
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fj/,ﬁﬂ} Saxifraga rivularis incl. S. hyperborea

i
T var. flaxuosa

£5% 5. bractests

S. arctolitoralis

Figure 1: Distribution of the Saxifraga rivularis complex, modified after Hultén and Fries (1986), who included
S. hyperborea in S. rivularis. The distribution of S. arctolitoralis is added according to Rebristaya and Yurtsev
(1984) and revision by Reidar Elven of herbarium material in the University of Alaska Museum, Fairbanks
(ALA; 2003).

although only four of the eight Mesogyne species were investigated. Preliminary phylogenetic
analyses based on cpDNA sequences from an ongoing investigation of the phylogeny of
Mesogyne, including almost all species in the section, support the monophyly of the section,
and suggest that what here is defined as the S. rivularis complex represents a distinct linecage

within the Mesogyne (Gabrielsen et al. in prep).

The Saxifraga rivularis complex is a circumpolar species group of small perennial herbs with
palmate leaves, rounded leaf lobes, usually cymose inflorescences, ballistic seed dispersal,
and small flowers with white to pink petals. The plants grow in snowbeds and along rivers
and creeks in the Arctic and in northern Pacific and Atlantic alpine regions (Fig. 1; Hultén
1968; Yurtsev 1981). Two ploidal levels are recorded in this complex; 2n = 26 and 2n = 52,
traditionally considered to represent diploids and tetraploids, respectively (e.g., Zhukova and

Tikhonova 1971; Engelskjon 1979; Love and Love 1982; Zhukova and Petrovsky 1987). The
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high basic number of 13 strongly
indicates a hybrid origin from two
different lineages with different
primary basic numbers, but could also
be the result of aneuploid decrease in
a primary polyploid. Fixed
heterozygosity at an isozyme locus
indicates that the two ploidal levels

represent tetra- and octoploids,

respectively (Guldahl ef al. in prep).

Figure 2: Saxifraga rivularis L. cultivated in the phytotron, ) .
University of Oslo, originally collected in southern Norway. The Pan-Arctic Flora Project has

tentatively accepted five species in
the Saxifraga rivularis complex; the amphi-Atlantic S. rivularis L., the circumpolar S.
hyperborea R.Br. and the three amphi-Pacific taxa S. bracteata D.Don, S. flexuosa Sternb.
and S. arctolitoralis Jurtz. & V.V.Petrovsky (Elven et al. 2003). However, the species
delimitation is controversial due to morphological similarity and lack of molecular data to
support any hypothesis about evolutionary lineages. Still, in need of an initial framework I
choose to follow Elven et al. (2003). Analyses of cpDNA sequences, ITS sequences and
random amplified polymorphic DNA (RAPD) suggest that S. opdalensis and S. svalbardensis
are of hybrid origin, both with S. rivularis and S. cernua as parental species (Brochmann et al.
1998; Steen et al. 2000). Although these taxa are descendants from S. rivularis, they were not
included in the present study because they are well separated from the rest of the complex, in

both morphology and genetics (Jvstedal 1975; Bvstedal 1998; Steen et al. 2000).

Linnaeus (1753) described Saxifraga rivularis as having 5-lobed, palmate basal and lower
cauline leaves, ovate upper cauline leaves and bracts and unbranched stem beneath the cyme.
Further characteristics of S. rivularis are stems up to 15 cm long, small, loose tufts or
occasionally dense cushions as growth form, presence of runners, and white to pink, rarely
red petals (Fig. 2; Rebristaya and Yurtsev 1984; Webb and Gornall 1989; Lid and Lid 1994).
Linnaeus (1753) knew S. rivularis from river and creek margins in alpine parts of Lapland.
Later authors have expanded the distribution to include circumpolar arctic and alpine areas
when S. rivularis and S. hyperborea are treated as one taxon (Fig. 1; Polunin 1959; Hultén

1968; Rebristaya and Yurtsev 1984; Webb and Gornall 1989), or mostly amphi-Atlantic with
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extensions down to the Rocky
Mountains (Weber 1966; Love et al.
1971), whereas Elven et al. (2003)
suggest that S. rivularis is strictly
amphi-Atlantic. Saxifraga rivularis
has the chromosome number 2n = 52
(e.g., Engelskjon 1979; Love and
Love 1982).

Saxifraga hyperborea R.Br. (Fig. 3)

Figure 3: Saxifraga hyperborea R.Br. in Svalbard (Photo:

H. H. Grunds). was described by Robert Brown on

material collected at Melville Island
during an attempt to find the Northwest Passage in 1819-20 (Brown 1823). It was
characterised as having glabrous, palmate leaves, woolly stems, oblong to linear sessile bracts
and semi-inferior capsules (Brown 1823). The taxon is considered circumpolar by Elven et al.
(2003; Fig. 1), and can be distinguished from S. rivularis by its smaller size, darker red
colour, lack of runners and usually only 3-lobed leaves (Webb and Gornall 1989; Lid and Lid
1994). Saxifraga hyperborea has the chromosome number 2n = 26 (Engelskjon 1979).

Saxifraga bracteata D.Don (Fig. 4) was described from East Sibiria (Don 1822) as a tuft-
growing plant with large and numerous bracts in a near-capitate inflorescence, with flowers
similar to those of S. cernua. The
species has later been found on the
Seward Peninsula and in the
Aleutian Islands, Alaska, and along
the Russian shores from Chukotka,
through Kamchatka and the Kurile
Islands, into the north of Japan
(Fig. 1; Hultén and Fries 1986).
Saxifraga bracteata has the
chromosome number 2n =26

(Zhukova 1982; Zhukova and

Petrovsky 1987). Figure 4: Saxifraga bracteata D.Don cultivated in the phytotrone,
University of Oslo, collected on the Seward Peninsula, Alaska.
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Saxifraga flexuosa Sternb. (Fig.
5), described by K. M. Sternberg
in his Revisio Saxifragarum
(1831), can be distinguished from
S. rivularis by its strict
inflorescence, long, erect pedicels
with short, straight glandular hairs
and clawed petals (Webb and
Gornall 1989). The type is not
traced (Webb and Gornall 1989),
but was probably from Alaska
(Elven et al. 2003). Saxifraga
flexuosa is reported with the
chromosome number 2n =26
(Mulligan and Porsild 1968; Love
et al. 1971; Zhukova and
Tikhonova 1971) and is
distributed from Colorado through
the Rocky Mountains to Yukon

and Alaska at the American side Figure 5: Saxifraga flexuosa Sternb. in the Kigluaik Mts.,
. Seward Peninsula, Alaska.
of the Pacific, and from Chukotka ewar@ feninsuta, Alaska

to Kamchatka at the Asian side (Fig 1; Hultén and Fries 1986).

The type of Saxifraga arctolitoralis Jurtz. & V.V.Petrovsky (Fig. 6) was collected at the
north-eastern part of the Chukotka Peninsula, and described as being very close to S.
hyperborea R.Br., but differs in being lower of growth, with higher density of long,
multicellular, non-coloured hairs, generally thicker stems and leaves, and having twice the
chromosome number (i.e., 2n = 52; Yurtsev 1981). S. arctolitoralis is distributed along the
coast of Chukotka from the southern edge of the Chukotka Peninsula to Chaun Bay, on
Wrangel Island and along the coast of western and northern Alaska (Fig 1; Rebristaya and
Yurtsev 1984; Elven et al. 2003).

Looking at the number of synonyms recorded for the Saxifraga rivularis complex, the
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extensive confusion among
authors becomes evident.
Saxifraga hyperborea R.Br. has
been recognised as both a
subspecies and a variety of S.
rivularis: S. rivularis ssp.
hyperborea (R.Br.) Dorn and S.
rivularis var. hyperborea (R.Br.)
Hook, respectively (Elven et al.
2003). Saxifraga flexuosa Sternb.

has also been recognised as a

subspecies or a variety of S.

Figure 6: Saxifraga arctolitoralis Jurtz. & V.V .Petrovsky; rivularis: S. rivularis ssp. flexuosa

collection REO1-11 from Seward Peninsula, Alaska. (Sternb.) Gjrev., S. rivularis var.

flexuosa (Sternb.) Engl. & Irmsch. and S. rivularis var. stricta Engl. (Elven et al. 2003).
However, other authors have included this taxon as a subspecies of S. hyperborea: S.
hyperborea ssp. debilis (Engelm.) A.Love, D.Love & Kapoor (Love et al. 1971). 1 will return

to the latter in the discussion.

Besides the taxonomical confusion, several hypotheses about relationships have been
proposed in this complex. Rebristaya and Yurtsev (1984) suggested that Saxifraga
arctolitoralis 1s an autopolyploid descendant of S. hyperborea, and that S. rivularis has an
ancestor in common with S. hyperborea and S. bracteata, predicted to be a diploid medium-
sized plant growing on shady cliffs along the arctic coasts. Furthermore, they suggested that
S. flexuosa is no more than S. hyperborea growing in the shadow of creek margins
(Rebristaya and Yurtsev 1984). Brochmann et al. (1998) suggested that S. rivularis is of
hybrid origin, S. hyperborea being the mother, based on marK sequences and chromosome

numbers.

Previous studies including plants from the Saxifraga rivularis complex have discovered little
sequence variation between S. rivularis and S. hyperborea, and between these two and other
Mesogyne species (e.g., Soltis ef al. 1996; Brochmann et al. 1998; Conti et al. 1999). Hence, a
search for other methods was appropriate. Amplified fragment length polymorphisms

(AFLPs) are frequently used for resolving phylogenetic relationships at a low taxonomic
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level, when other methods fail to provide the necessary resolution (e.g., Hedrén et al. 2001;
Koopman et al. 2001; Zhang et al. 2001; Buntjer et al. 2002; Marhold et al. 2002; Beardsley
et al. 2003; Despres et al. 2003; Lihova et al. 2004), and have been used successfully at the
intraspecific level in close relatives of the S. rivularis complex (i.e., S. cernua L. and S.

sibirica; Kapralov, M. V., unpublished data; Bronken 2001; Kjolner et al. 2004).

The aims of this study were to identify evolutionary lineages in the Saxifraga rivularis
complex based on AFLP data and flow cytometry and to investigate their phylogenetic
relationships; i.e., to test the previous hypotheses by Rebristaya and Yurtsev (1984; S.
rivularis has an ancestor in common with S. hyperborea and S. bracteata, S. arctolitoralis 1s
an autopolyploid derived from S. hyperborea, and S. flexuosa and S. hyperborea are
conspecific) and Brochmann et al. (1998; S. rivularis is an allopolyploid with S. hyperborea
as one of the progenitors). I also aimed to find morphological characters delimiting taxonomic
species in the complex, hence testing the taxonomic hypotheses in Elven ef al. (2003; the S.

rivularis complex comprises five taxa at species level).
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Material and methods

Material

Material from most of the distribution area was collected during several seasons by several
collectors, including my own fieldwork in Alaska and the southern part of Norway (Tab. 1).
For the AFLP analysis, silica-dried material of usually three plants from each of 42
populations was included (Fig. 7). Fresh material of 71 plants from 43 populations cultivated
in a phytotron was used for flow cytometry (Fig. 8). 216 herbarium specimens from §1
populations were included in the morphometric analysis (Fig. 9). These include plants from
V. L. Komarov Botanical Institute, Russian Academy of Sciences (St. Petersburg; LE)
examined during a study trip, the Swedish Museum of Natural History (Stockholm; S) and the
Natural History Museums and Botanical Garden, University of Oslo (Oslo; O; Tab. 1). The

same populations were chosen for all three analyses when possible.

@ S. arctolitoralis
® S. bracteata

© S. flexuosa

® S. hyperborea
® S. rivularis

Figure 7: Silica-dried material used for AFLP analysis and approximate distributions of taxa after Hultén and
Fries (1986) and Elven et al. (2003).
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B S. arctolitoralis
W S. bracteata

[0 S. flexuosa

B S. hyperborea
B S. rivularis

Figure 8: Origin of cultivated material used for flow cytometry in this study (filled squares) and previous
chromosome counts or flow cytometry results (open squares; cf. Tab. 1). The approximate distributions of the
taxa are after Hultén and Fries (1986) and Elven et al. (2003).

A S. arctolitoralis
A S bracteata

A S. flexuosa

A S. hyperborea
A S rivularis

Figure 9: Origin of herbarium material used for morphometric analysis and approximate distributions of taxa
after Hultén and Fries (1986) and Elven et al. (2003).
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Material and methods

AFLPs

Amplified fragment length polymorphisms (AFLPs; Vos ef al. 1995) were obtained using
GeneAmp PCR system 9700 (Applied Biosystems, Foster City, California, USA). The
laboratory work was performed at the DNA laboratory at the Natural History Museums and

Botanical Garden, University of Oslo.

DNA was isolated using the Qiagen DNeasy™ Kit in accordance with the DNeasy Plant Mini
Handbook (Qiagen, Hilden, Germany), with the following exceptions. Approximately 1 cm’
of silica dried leaves was used, whenever sufficient material was available. The material was
crushed in 2 ml tubes with two tungsten carbide beads for 2 x 1 min in a mixer mill (MM301,
Retsch GmbH & Co., Haan, Germany) at 20 Hz. 400 pl AP1 buffer was added, and the
samples stored overnight at -80°C. After thawing in a 65°C heat block, 3.5 pl RNAse was
added, and the mixtures incubated for 20 min at 65°C. The isolated DNA was eluted twice in

50 pul AE buffer and stored at -20°C.

5.5 pl of each DNA extraction was added 0.125 pl EcoRI (5 U) and 0.020 pl Msel (1 U)
restriction enzymes, 1.0 pl 10 uM EcoRI and 1.0 pl 10 uM Msel adapters (Tab. 2), and 0.200
ul T4 DNA ligase (1 U) together with a reaction buffer containing 1.1 pul 10X T4 DNA buffer
(with ATP), 1.1 ul 0.5 M NaCl, 0.55 pul BSA (1 mg/ml) and 0.405 pl autoclaved dH»O, giving
a reaction volume of 11 pl. The mixture was incubated for 2 — 3 h at 37°C and diluted 10

times with autoclaved dH,O.

3 pl of the diluted restriction ligation product was added 2.5ul Taq buffer, 1.5 pl 1.5 mM
MgCly, 2.0 pl 10 mM dNTP, 0.1 pl AmpliTaq, 14.9 ul autoclaved dH,O and 0.5 pl 10 uM of

Table 2: Restriction sites, adapters and primer sequences used for AFLP analysis. Cutting sites are marked with
Land 1, selective bases are shown in bold. * gives primers coloured with 6-FAM, ** primers coloured with JOE.

Restriction enzymes EcoR1 Msel
Restriction sites 5°-G'AATT-3 5-T'TA-3’
3’-C TTAAG-5’ 3’-A AT T-5
Adapters 5’-CTCGTAGACTGCGTACC-3’ 5’-GACGATGAGTCCTGAG-3’
3’-CATCTGACGCATGGTTAA-5’ 3’-TACTCAGGACTCAT-5’
Pre-selective primers 5’-GACTGCGTACCAATTCA-3’ 5’-GATGAGTCCTGAGTAAC-3’
Selective primers 5’-GACTGCGTACCAATTCAGA-3’ * 5’-GATGAGTCCTGAGTAACAA-3’

5’-GACTGCGTACCAATTCAGA-3’ * 5’-GATGAGTCCTGAGTAACTG-3’
5’-GACTGCGTACCAATTCATC-3* **  5-GATGAGTCCTGAGTAACAA-3’
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each of EcoRI-A and Msel-C pre-selective primers (Tab. 2), giving a total reaction volume of
25 pl. The fragments were amplified according to the following PCR profile: 2 min at 72°C,
30 cycles of the three steps 30 sec at 94°C, 30 sec at 56°C and 1 min at 72°C, and one last
hold of 10 min at 72°C. The products were diluted 10 times with autoclaved dH,O.

After dilution, 5ul of the pre-selective products were added to a mixture of 2.5 ul Taq Gold
buffer, 2.5 ul 1.5 mM MgCl,, 2.0 ul 10 mM dNTP, 0.2 pl AmpliTaq Gold, 0.2 ul BSA, 11.6
ul autoclaved dH,O and 0.5 pl 10 uM of each of the selective primers EcoRI-A§§ and Msel-
C§§ (Tab. 2). The PCR profile consisted of 10 min at 95°C, 13 cycles of the three steps 30 sec
at 94°C, 1 min at 65-56°C (the temperature decreasing 0.7°C each cycle) and 1 min at 72°C,
23 cycles of the steps 30 sec at 94°C, 1 min at 56°C and 1 min at 72°C, and it finished off
with a 10 min hold at 72°C.

1.5 pl of each selective PCR product was mixed in 11.5 pl HiDi (formamide) and 0.5 pl
GeneScan Rox 500 size standard. The samples were denatured for 5 min at 95°C, and run at
the ABI 3100 Sequencer (Applied Biosystems, Foster City, California, USA) with 40 sec

injection time.

Eight pairs of AFLP selective primers were tested; E-AGA/M-CAA, E-AGA/M-CAG, E-
AGA/M-CTG, E-AGA/M-CTT, E-ATC/M-CAA, E-ATC/M-CAG, E-ATC/M-CTG and E-
ATC/M-CTT. Three of these (E-AGA/M-CAA, E-AGA/M-CTG and E-ATC/M-CAA) gave
clear profiles with presumably the wanted amount of polymorphisms, and further testing was

unnecessary.

The samples were visualised and aligned using GeneScan® Analysis Software version 3.7
(Applied Biosystems, Foster City, California, USA). Peaks in the range 50-500 base pairs
were scored as present (1) or absent (0), the intensity threshold being 200, using Genographer
version 1.6.0 (Benham 2001). Clear peaks beneath the threshold value were scored as

indeterminate (as ‘?”), giving the opportunity to analyse them as present, absent or missing.

After the first round of scoring, it was evident that the samples were not fully reproducible. 18
samples were then run through restriction and ligation, pre-selective PCR, selective PCR and
electrophoresis a second time, making it possible to compare the profiles of the same sample

from two different runs. Only markers giving the same result twice were then scored,
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resulting in a total of 53 markers.

The molecular variation was visualised using principal coordinate analysis (PCO) in
NTSYSpc version 2.02 (Rohlf 1999) with simple matching as a similarity measure based on

equality in both presence and absence of AFLP fragments.

The AFLP data were analysed by both hierarchical and non-hierarchical clustering.
Neighbour joining analyses were performed in PAUP* version 4.0b10 (Swafford 2001), with
Nei-Li distance measure (Nei and Li 1979) and 1000 jackknife and bootstrap replicates. A
Bayesian approach using Structure version 2 (Pritchard et al. 2000) calculated a logarithmic
probability for the data given a number of clusters, and assigned the specimens to this clusters
probabilistically. The method may be applied to dominant markers under a no admixture
model, assuming no linkage between the loci. 10 replicates of each value of K (= the number
of groups) were run for different selections of samples with a burn-in period of 100 000 and

1000 000 iterations.

Parsimony analysis was performed using heuristic search with 1000 replicates, tree bisection-
reconnection as branch-swapping algorithm and 10 addition sequence replicates in PAUP*
version 4.0b10 (Swafford 2001), as were 1000 jackknife and bootstrap replicates with nearest-
neighbour interchange algorithm. Tree scores were calculated. An analysis with the same
settings was also performed on the dataset excluding Saxifraga rivularis due to its polyploidy

and hypothesised hybrid origin.

Molecular variances (AMOVA) were calculated using the software Arlequin version 2.000
(Schneider et al. 1997). AMOVA can be used for AFLP markers as haplotypic data
(Schneider et al. 1997).

Flow cytometry

DNA ratios were obtained from Plant Cytometry Services, The Netherlands, based on fresh
plant material using DAPI staining and Lactuca sativa L. as internal standard. A few cm® (20-
50 mg) leaf material was chopped with a razor blade and a DNA buffer (at pH 8) containing
5.0 mM Hepes, 10.0 mM MgSO, x 7H,0, 50.0 mM KCl, 0.2% Triton X-100, 2% DTT
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(dithiothreitol) and 4 mg/l DAPI, was added. The solution was filtered through a nylon filter
of 40 um mesh size. The flow cytometer PAS II (Partec GmbH, Miinster, Germany) was used
with a high pressure mercury lamp (OSRAM HBO 100 Long Life; OSRAM GmbH,
Miinchen, Germany), heat protection filter KG-1, excitation filters UG-1 and BG-38, dichroic
mirrors TK 420 and TK 560 and emission filter GG 435. DNA histograms were obtained
using the Flows 2.00 Software Package (Partec GmbH, Miinster, Germany).

Morphometrics

45 primary and eight derived morphological characters (Tab. 3, Fig. 10, 11) where chosen
based on characters used in floras (i.e., Polunin 1959; Hultén 1968; Rebristaya and Yurtsev
1984; Lid and Lid 1994) and own observations. The morphological characters were scored
using a stereo magnifier and is further explained in Table 3. Only one replicate were made for

each plant due to the small size of most specimens.

Descriptive statistics for the five tentative taxa and all morphological characters were
calculated using SPSS 11.0 (SPSS Inc., Chicago, Illinois, USA). A Mann-Whitney U test for
equality of medians was performed by the same program for all morphological characters and
all combinations of taxa, as well as the combination of the groups 1a and 1b inferred from the

Structure analysis.

Multivariate analyses were run on 16 continuous and nine discrete morphological characters
(Tab. 3). The characters were chosen with the intention of separating the taxa, and only
characters giving significant differences between most taxa in the Mann-Whitney U test were
included. However, if a derived index character was included, at least one of the primary
characters from which it was calculated, was excluded from the analyses. The 16 continuous
morphological characters were analysed for all plants with PCO in NTSY Spc version 2.02
(Rohlf 1999), after standardising by ranging (scaling all characters between 0 and 1), and
using Euclidean distance measure. Kendall's 7 correlations between the PCO axes and the
continuous morphological characters included in the multivariate analysis were calculated in

SPSS 11.0 (SPSS Inc., Chicago, Illinois, USA).
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The nine discrete morphological characters were also
standardised by ranging and analysed with PCO using the
similarity measure of Rogers and Tanimoto (1960) that
makes special allowance for multistate characters (Sokal
and Sneath 1963). Kendall's 7 correlations between all PCO
axes and the discrete morphological characters included in
the analyses were calculated using SPSS 11.0 (SPSS Inc.,
Chicago, Illinois, USA).

Figure 10: Flower characters
measured: Length of hypanthium
(characters 13 and 14; cf. Tab. 3),
length of sepal (character 20),
width of sepal (character 21),
length of petal (character 26),
width of petal (character 27) and
length of gynoecium (character
30).

Figure 11: Basal leaf characters
measured: Length of basal leaf
lamina (character 44; cf. Tab.
3), width of basal leaf lamina
(character 45) and distance
from incision to basal leaf
lamina base (character 47).
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Results

AFLP variation

The use of AFLP was appropriate in this study. More variable markers were obtained than in
previous studies in Saxifraga section Mesogyne based on cpDNA sequencing and RAPDs
(e.g., Guldahl et al. in prep; Brochmann ef al. 1998). Although the number of AFLP markers
was low due to reproducibility problems, 53 markers were obtained (41 parsimony
informative; Appendix 1) seem to be sufficient to conclude about relationships at the
interspecific level. Furthermore, the final dataset only contained markers with unambiguous

peaks which were reproduced twice.

Seven markers were present in Saxifraga arctolitoralis, S. flexuosa, S. hyperborea and S.
rivularis, but not in S. bracteata (121.5a, 171.1a, 196.5a, 60.3b, 157.1b, 167.1b and 168.4b;
cf. Appendix 1), one marker was only present in S. bracteata (353.7a), one was exclusively
shared by S. arctolitoralis and S. bracteata (167c), and three were exclusively shared among
S. arctolitoralis, S. bracteata and S. rivularis (190.8b, 253.8b and 196.6¢). Exception for S.

bracteata, no taxa had fixed species-specific markers.

In all analyses the results were more or less the same, independent of whether uncertain peaks
were included as present or missing. Since the former gave a clearer picture, the latter is not

shown for any of the analyses.

PCO analyses

The PCO analyses of the total material grouped the plants into three distinct groups along
axes | and 2 (Fig. 12 a and b): one Saxifraga arctolitoralis/rivularis group, one S.
flexuosal/hyperborea group and one S. bracteata group. PCO axis 3 gave little new
information although it spanned 8.2 % of the variation, mostly the variation within the S.

flexuosa/hyperborea group (Fig. 12 c).

PCO analyses of the two largest groups were also performed separately. The Saxifraga

arctolitoralis/rivularis group showed some separation according to latitude along the first

-30 -



Results

PCO 2 (17.1%)

0.20

0.10

0.00

-0.10

-0.20

-0.30

-0.40

-0.50

-0.60

-0.70

-0.55

X Co %g‘ & = XX

(o]
[«

LS

1 L 4

-0.15
PCO 1 (38.3%)

-0.45 -0.35 -0.25 -0.05 0.05

0.15 0.25

E4 Scotland TMG-43

- Jan Mayen AK-109

0 E Greenland CB99-039 = S Greenland AK-281

¢ Svalbard TMG-34 A E Greenland CB99-027 O E Greenland CB99-038 X W Greenland AK-

X Canada RE3033

e Chukotka 05-03
Alaska SUP02-163

Alaska SUP02-154

@ SNorway AK-516
X Svalbard AK-559
Svalbard TMG-24

B S Norway AK-470
+ Svalbard AK-554 X Iceland AK-867

Svalbard TMG-26
= Canada RE3520 = Canada RE3525
Alaska SUP02-254
Alaska SUP02-181

& Alaska SUP02-188

+ Canada RE3425
Canada RE2263
Alaska SUP02-180
Chukotka 04-01

Alaska SR-1

® N Norway AK-745

Alaska SUP02-265

A Alaska SUP02-199

A N Norway AK-784

¢ Svalbard TMG-21

A Svalbard TMG-27

® Canada RE2981

4 Chukotka 05-01
Alaska REO1-10
Alaska RE-C1
Alaska REO1-11

240

b)

PCO 2 (17.1%)

0.20

0.10

0.00

-0.10

-0.20

-0.30

-0.40

-0.50

-0.60

-0.70

. S
o % ‘2 . 3 *
7 ® 0‘ L 3
’ o A A A
] . A Am
] Aa 4
AA
] A
. X
X X
8 X
-0.55 -0.45 -0.35 0.25 -0.15 -0.05 0.05 0.15 025

PCO 1 (38.3%)

S. arctolitoralis X S. bracteata S. flexuosa A S. hyperborea

@ S. rivularis

-31-




Results

©)
0.20
0.15 4
»° %
e
0.10
N
0.05 | A
® Vi = X« +
- ” K= X - ~® X
S 000 Xo - X L0
N Y [ | A -
® <o
-’
o -0.05 1 * 0.+ m A
8 -0.10 ~ é) A A A
A C X =0
-0.15 A = o
-0.20 ~ §
-0.25 ] A A
'030 T T T T T T T T
-0.55 -0.45 -0.35 -0.25 -0.15 -0.05 0.05 0.15 0.25
PCO 1 (38.3%)
%4 Scotland TMG 43 B S Norway AK-470 @ S Norway AK-516 ® N Norway AK-745 AN Norway AK-784
=Jan Mayen AK-109 =+ Svalbard AK-554 X Svalbard AK-559 XIceland AK-867 < Svalbard TMG 21
OE Greenland CB99-039 =S Greenland AK-281 X Svalbard TMG 24 21 Svalbard TMG-26 A Svalbard TMG 27
O Svalbard TMG 34 AE Greenland CB99-027 O E Greenland CB99-038 X W Greenland AK-240 @ Canada RE2981
X Canada RE3033 =+ Canada RE3425 == Canada RE3520 = Canada RE3525 A Chukotka 05-01
® Chukotka 05-03 Canada RE2263 Alaska SUP02-254 Alaska SUP02-265 Alaska REO1-10
Alaska SUP02-163 Alaska SUP02-180 Alaska SUP02-181 Alaska SR-1 Alaska RE-C1
Alaska SUP02-154 Chukotka 04-01 & Alaska SUP02-188 A Alaska SUP02-199 Alaska REO1-11

Figure 12: PCO analysis of the total material of the Saxifraga rivularis complex based on SM-similarity and 53
AFLP markers. a) Plants sorted by population along PCO axes 1 and 2. b) Plants tentatively sorted by taxon

along PCO axes 1 and 2. ¢) Plants sorted by population along PCO axes 1 and 3.
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Figure 14: PCO analysis of 11 populations of Saxifraga flexuosa and 16 populations of S. hyperborea based on
SM-similarity and 53 AFLP markers. a) Plants sorted by population. b) Plants tentatively sorted by taxon.
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axis, and the second axis separated the two populations from Beringia and East Greenland
from the other populations (Fig. 13). Otherwise little geographical structure was identified
within the lineage. The S. flexuosa/hyperborea group showed little structure corresponding to
the tentative species (Fig. 14). However, the Atlantic populations were mainly found at low
values for PCO axis 1, whereas the Beringian populations mainly were found at high values

for PCO axis 1.

Cluster analyses

In the Structure analyses, the highest probability of data given a number of groups (Ln P(D);
Fig. 15) were obtained at K = 7 and K = 8. However, the program was not able to assign all
the specimens to specific groups given these values of K, hence a lower number of groups
was appropriate. K = 4 gave stability in distribution of plants between the groups and in the
probability of the data (Fig. 15, 16), thus four was the highest reliable number of groups
obtained. One cluster comprised two Beringian populations (Group 3; the Saxifraga bracteata
cluster). One included populations mostly from the Atlantic coastlines, Norway and the S.
arctolitoralis population from Alaska (Group 2; the S. rivularis cluster). The third and fourth
clusters corresponded to the geographical pattern observed in the PCO analysis of the S.
flexuosal/hyperborea group (Fig. 14); group 1b included mainly Pacific populations (from
Chukotka, Alaska, Canada and West Greenland) and group la included mostly Atlantic
populations (from Svalbard, East Greenland and Canada, but also some specimens from
Alaska; Fig. 17). Analysing the three large groups separately gave no further information

about geographical structure within the taxa (not shown).

-600 -

700 - % x %X X ! g
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-900 1 %
3 -1000 1 X
& 21100 | x
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= -1200 -
-1300 1
-1400 1
-1500 1 y
'1600 T T T T T 1
0 2 4 6 8 10 12

Number of groups (K)

Figure 15: Logarithmic probability of data given a number of groups inferred from Structure analyses of 53
AFLP markers and 119 plants. 10 replicates are shown for each number of groups.
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Figure 16: Clustering of the total material of the Saxifraga rivularis complex into 4 groups inferred from
Structure analysis. Ln P(D) = -761.8. Saxifraga flexuosa and S. hyperborea are divided into groups la and 1b,
although not corresponding to the tentative taxa, S. rivularis and S. arctolitoralis are joined in group 2, whereas
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® Group la
® S. hyperborea °® BothI;groups
O S. flexuosa © Group 1b

Figure 17: The populations of Saxifraga flexuosa and S. hyperborea marked by taxon (left) and to which group
the population was assigned in the Structure analyses (right).

Neighbour joining analyses of the AFLP data split the plants into two well-defined clusters
separating Saxifraga bracteata from the rest, with 100 in both bootstrap and jackknife support
(Fig. 18). Treating the indeterminate values in the dataset as 'presence' gave some support to a
subcluster comprising S. hyperborea and S. flexuosa. The subcluster was not supported when

indeterminate values were treated as missing, but the tree topology was still more or less the
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same (not shown). The group of populations of S. rivularis and S. arctolitoralis was
paraphyletic in the midpoint rooted neighbour joining tree. However, when S. bracteata was
excluded from the analysis, S. rivularis and S. arctolitoralis made a closely packed cluster
separated from S. flexuosa/hyperborea with 83 in bootstrap value and 68 in jackknife support

(not shown).

Parsimony analyses

Parsimony analysis of the data gave strong jackknife and bootstrap support to a clade of
Saxifraga bracteata, and some support to a clade comprising S. hyperborea and S. flexuosa,
whereas the combined S. rivularis and S. arctolitoralis, although closely connected, was
paraphyletic (Fig. 19). Excluding S. rivularis and S. arctolitoralis from the analysis reduced

the homoplasy index (Tab. 4).

AMOVA analyses

61.93% of the variation was explained among the groups when the plants were divided into
three groups, whereas the within populations variation decreased from 20.42% to 14.30%
compared to keeping them all in one group (Tab. 5). Further division of one of the groups
(Saxifraga flexuosa/hyperborea, corresponding to group la and b in the Structure analysis;
Fig. 16), gave a small decrease in the among groups variation to 59.37% (Tab. 5). However,
when the S. flexuosa/hyperborea populations were analysed separately, the division reduced
the within populations variation and the among groups variation was 21.02%, almost twice as

much as if divided by tentative taxa (12.18%; Tab. 6).

Variation in ploidal levels

Three levels of DNA contents were found by flow cytometry; Saxifraga rivularis had DNA
ratios of approximately 0.38, S. hyperborea and S. flexuosa had DNA ratios of 0.16-0.18 and
the ratios of S. bracteata were 0.20-0.21 (Fig. 20; Appendix 2). The first corresponded to
chromosome number 21 = 52, whereas the last two corresponded to the chromosome number
2n =26. Thus, S. bracteata had larger chromosomes than S. flexuosa/hyperborea, while S.

rivularis had the same amount of DNA as the sum of the other two.
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Figure 18: Midpoint rooted neighbour joining tree of the total material of the Saxifraga rivularis complex from
Nei-Li distance based on 53 AFLP markers. Jackknife/bootstrap values higher than 50 are indicated above
supported branches. Distribution of five morphological characters among plants from populations included in the
analysis, but not necessarily the same specimens, are given to the right. Character codes are given in Table 3.
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Figure 19: One of the most parsimonious trees of the Saxifraga rivularis complex inferred from 53 AFLP
characters. Jackknife/bootstrap support higher than 50 is given above the branches. Midpoint rooted.
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Table 4: Tree scores from parsimony analysis of the total material of the Saxifraga rivularis complex and the
dataset without the S. rivularis and S. arctolitoralis plants.

All samples Excluding S. rivularis and

S. arctolitoralis
Tree length 196 135
Consistency index, CI 0.282 0.326
Retention index, RI 0.845 0.756
Rescaled consistency index, RC 0.238 0.246
Homoplasy index, HI 0.718 0.674

Table 5: AMOVA analysis of the total material of the Saxifraga rivularis complex divided into one, three and
four groups, obtained from the Structure analyses. P < 0.00001 for all the variance components.

Souce o Lt Sl T o o
Among populations 41 472.973 3.73628 79.58
2 % Within populations 77 73.833 0.95887 20.42
O 5 Total 118 546.807 4.69515
2 Among groups 2 260.184 4.15253 61.93
?0 @?&ﬁggfgggslamm 39 212789 159327 2376
g Within populations 77 73.833 0.95887 14.30
= Total 118 546.807 6.70468
. Among groups 3 289.956 3.39965 59.37
gﬁ @;?ﬁggfgggsla“‘ms 38 183.018 136745 23.88
5 Within populations 77 73.833 0.95887 16.75
£ Total 118 546.807 5.72598

Table 6: AMOVA analysis of 74 plants from 27 populations of Saxifraga hyperborea and S. flexuosa as one
group, and divided into two groups: one according to taxa and one following the results from the Structure
analysis. P <0.00001 for all the variance components.

Source of variation Degrees of  Sum of Variance Per.cel.atage of
freedom squares components  variation
Among populations 26 164.725 1.90610 62.98
P S Within populations 47 52.667 1.12057 37.02
O & Total 73 217.392 3.02666
o Among groups 1 29.722 0.71510 21.02
2 L :
S 2 /Among populations 25 134.954 156702 46.05
£ 2 within groups
g »»  Within populations 47 52.667 1.12057 32.93
oy Total 73 217.392 3.40269
Among groups 1 20.469 0.39161 12.18
2 .
S Among populations 25 144.256 170255 52.96
5 o within groups
g & Within populations 47 52.667 1.12057 34.86
= & Total 73 217.392 321473

-39 .-



Results

0.40 -
0.35 4
0.30 4

0.25

0.20 - )0020(

DNA ratio

0.15

0.10

0.05

000 T T T T T T T 1
0 10 20 30 40 50 60 70 80

‘XS. bracteata ' S. flexuosa A S. hyperborea @ S. rivularis

Figure 20: DNA ratio for 71 plants determined by flow cytometry using DAPI staining and Lactuca sativa L. as
internal standard. Saxifraga arctolitoralis was not included due to lack of material.

Morphological variation

The morphological data are given in Appendix 3, and descriptive statistics for all the
characters are given in Table 7. The Mann-Whitney U test showed significant differences
among the taxa in more than half of the characters when comparing Saxifraga bracteata to the
rest (i.e., 30 or more) whereas only 12 characters showed significant differences between S.
hyperborea and S. flexuosa (Tab. 8, 9). The other combinations of taxa showed significant
differences in 20-30 characters. When comparing the groups 1a and 1b obtained from the
Structure analysis (Fig. 16), including only plants that were allocated unambiguously, only
four characters showed significant differences between the groups (Tab. 8). Boxplots for

selected characters are shown in Figure 21.
Saxifraga bracteata had broadly elliptic petals and had runners. It was typically larger than

the other taxa, with longer flowering stems, longer and broader bracts and leaves, and larger

flowers, as well as more numerous flowers, bracts and lobes (Tab. 7, 8; Fig. 21).
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Table 7: (cont.)

Results

S. rivularis

Max Mean SD

Min

N

0.33
4.51
2.56
225
1.28
0.76
1.09
2.07
0.26
0.69
0.73
0.54
0.61
0.73
0.74

0.89
8.86
6.14
5.69
2.75
1.29
4.41
8.13
1.84
1.91
1.38
4.83
0.79
1.26
1.55

17.2

1.6
3.1

10.2

8.3

1.5

7.4
12.6

2.6

42

41

1.11 2.5

41

0.9 4.2

42

42

42

42

42

42

0.3

0.9

42

S. hyperborea

SD

Max Mean

Min

N

0.51

0.48
49.69

23
11
23

151
1.27
2.07

505

1.8
39

0.5

5.48
3.71
2.09
0.69
4.07
6.38
1.57
1.96
0.34
4.17
0.62
0.57
0.77

23

23

0.48
0.92
1.68
0.25
0.57
0.48
0.99
0.52
0.59
0.85

16
58
58
58
58
58
58
58

6.1

2.3

10.4

32
0.95

2.12

0.8

60
60
60

S. flexuosa

Mean SD

Max

Min

0.52
4.77
225
251
1.16
0.52
1.28
2.14]
0.17
1.03
0.48
0.86

0.53
5.63

15

14.2

2.3

6.5

12.5

15

5.57
2.73
0.46

9.2

1.4

15
13
43

44
6.86
1.55
2.27
0.33
451
0.47
0.78
0.76
1.02

2.8

34 14.4

1.06

42

1.89

42

5.5

1.1

42

42

43

0.5

43

0.72

41

0.8

41

0.16

41

S. bracteata

Mean SD

Max

Min

N

0.25
5.74

0.94
5.06
3.11

9.24
13.21

31

29
159

0.8

27

4.8

30
28

6.91
1.98

33.6

3.8

30
26
33
33
33
33
33
33
33
32
31

0.5
2.45
4.81
0.27
1.68
0.61
1.54
0.48
0.72
0.88
0.18

1.42
9.24
16.67
1.82
5.04
1.41
6.79
1.67
1.47
1.13
1.03

13.9

4.8

32
2.67

9.5
1.36

7.5

2.1

31

S. arctolitoralis

SD

Max Mean

Min

N

0.5
4.79]

0.67
10.67
5.68
4.17
225

19
13

7.5

3.08

3.5

2.5

1.2

1.04]

0.88
1.53
0.32
0.57
0.53
0.94
0.41
0.25
0.61
0.33

437
6.84

6.4

11.2

2.8

33
33
33
33
33

32
091

1.59

2.21

22
0.77
442

3.6

1.05
0.92

33
32
33

1.28
1.12

Character
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Saxifraga flexuosa and S. hyperborea could be
separated from S. rivularis and S. arctolitoralis
by their lack of runners, and by their typically
darker colour of hair partition walls (Tab. 7, 8;
Fig. 21). Saxifraga flexuosa and S. hyperborea
showed significant differences in the amount of
pigmentation and the colour of the hair partition
walls, S. hyperborea being typically more purple
than S. flexuosa (Tab. 7, 8; Fig. 21). Saxifraga
flexuosa had also typically longer flowering
s