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Abstract

Premise and aims of the thesis: Eukaryotes that have more than the two standard sets
of chromosomes are called polyploids. The process of going through a whole genome
duplication is called polyploidization, and this is a common mechanism in plant
speciation. There are two main types of polyploidy: autopolyploidy and
allopolyploidy. Autopolyploidy is the result of a genome duplication within one
species, and allopolyploidy is the result of a genome duplication following a

hybridization between two different species.

The genus Potentilla in the rose family (Rosaceae) is remarkable in that species range
in ploidy level from diploid (2x) to hexadecaploid (16x). They are found all around the
Northern Hemisphere, from lowland to mountain regions, and are generally
characterized by yellow flowers and palmately compound leaves. However,
taxonomists have long had problems with agreeing on which species should be
included in the genus. Even today some authors exclude certain species from
Potentilla, with the consequence of making it a non-monophyletic genus (i.e. not all of

the descendants of their most recent common ancestor are included in the group).

Even though the prevalence of polyploidy in plants is well-known, it has not been
reflected in phylogenetic research. This is a problem, especially concerning
allopolyploids, because the understanding we get of their evolutionary history is then
much simplified. Many studies have used DNA sequences that often represent only
one ancestral lineage (chloroplast, nuclear ribosomal), thus omitting parts of the
species’ heritage. In previous phylogenetic analyses, a few major subclades were
identified in Potentilla (informally named Alba, Anserina, Argentea, Fragarioides,
Ivesioid and Reptans), but their relationships to one another differed depending on
what type of DNA was studied. In addition, some species were found in different
subclades in trees based on different DNA sequences. The fact that these sequences

may be uniparentally inherited and that most of the species are polyploid led to an



interpretation of an evolutionary history that involves hybridization and

polyploidization in Potentilla.

The type of DNA sequence best suited for investigating the evolutionary history of
polyploids are low-copy nuclear DNA markers (LCN markers). They are present in
each subgenome and inherited from both the maternal and the paternal parent. Thus,
they have the potential to trace the relationships of each ancestral lineage of
polyploids. LCN markers were in this thesis used for three different purposes in
Potentilla: 1), to infer the relationships of the major subclades in the genus (Paper I);
2), to trace the putative hybrid origins of a number of North American polyploid
species in the ‘Rivales group’ (Papers II and III); and 3), to assess the generic

delimitation of Potentilla (Paper IV).

Results and conclusions: A fully resolved and supported tree showing the major
subclades in Potentilla was obtained after excluding the Fragarioides species from the
dataset. Two of the clades, the Ivesioid and Reptans clades, showed signs of being of
autopolyploid origin. In contrast, five of the six species in the Rivales group occurring
in North America were inferred to be allopolyploids with ancestral lineages in the
Argentea and Ivesioid clades. Thus, hybridization and polyploidization seem to have

played a larger role later in the evolution of the genus, after the major clades diverged.

Four lines of evidence — ploidy level, distribution of extant species, relationships seen
in the gene trees, and a set of network analyses — indicated that precursors to three of
the North American Rivales species have taken part in hybridizations that eventually
formed a common ancestor for the high-ploidy Rivales species P. intermedia and P.
norvegica. Parts of this population dispersed to Eurasia, while the rest remained in
North America. Both lineages went through at least one more hybridization each and
formed P. intermedia in Eurasia and P. norvegica in North America. Since many
floras state that P. norvegica is of European origin, this will have implications for its

assessment as native or introduced on both continents.

The gene trees inferred in Papers I, IT and III showed a network of gene flow between

the Alba, Argentea, Fragarioides, Ivesioid and Reptans clades. Thus, the generic



delimitation of Potentilla was set to include these clades, and excluding the Anserina
clade. With this delimitation only six species, out of the ca 400 in the whole genus,

had to be recombined to get new Potentilla names.

Future perspectives: The LCN markers revealed relationships that could not have
been found by the traditionally used chloroplast or nuclear ribosomal markers. This
points to the importance of continuing using LCN markers when investigating the
evolutionary history of polyploids. Additional markers are, however, needed to resolve
some relationships, especially the putatively diploid Fragarioides species destabilizing
the backbone phylogeny, and some species in the Rivales group of which we could not
find all putative ancestral lineages. The High-Throughput Sequencing technique

Target Capture could potentially generate enough data to solve these problems.

Software programs that analyze reticulate evolution still struggle with species of high
ploidy levels, and a good deal of manual preparation of analyses and interpretation of
the results are still needed. In addition, a discussion is needed concerning criteria for
species delimitation of allopolyploids. If the ancestral lineages are distantly related,
this could have implications at even higher taxonomical levels, such as genera and

families.
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1. Introduction

1.1 Polyploidization — a driving force in plant evolution

Many philosophers and naturalists have throughout history developed hypotheses on
why there are so many different organisms on Earth (Uddenberg 2003). Ever since
Darwin and Wallace, the theory of evolution has met both praise and heavy resistance,
and still does. Within the scientific community the theory of evolution is, however, not
just what everyday speech defines as a theory, but a well-established fact. Evolution
through spontaneous mutations and natural selection is generally a slow process,
working over thousands or millions of years, but sometimes the process is extremely
quick, establishing a population of a new species over only a few generations. This
rapid speciation can be explained by polyploidization — a doubling of all chromosomes
in a genome — which may lead to a reproductive barrier towards individuals in the
original population that have not gone through polyploidization. Polyploid individuals
can then be regarded to constitute a new lineage that evolves independently from the

rest of the population, and therefore be considered a new species (de Queiroz 2005).

Polyploidy differs from the standard eukaryotic (sporophytic) genomic state of
diploidy (2x) in there being three or more chromosome sets in each cell. It exists in
both plants, animals and fungi (Albertin and Marullo 2012), but, as far as known, it is
most common in plants. The majority of all flowering plants may in fact be
paleopolyploids, stemming from a whole genome duplication event early in their
evolutionary history (Cui et al. 2006). Since then, lineages have reverted back to
functioning like diploids (diploidization) (Leitch and Bennett 2004; Bento et al. 2011;
Mandakova et al. 2017). Nevertheless, polyploidization has continued to be an
important process for speciation, and humans have taken advantage of this when
developing new cultivars for crops and ornamental flowers (Mason and Batley 2015,

Manzoor et al. 2019).
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There are two main types of polyploidy: autopolyploidy, where a duplication has
occurred within one species, and allopolyploidy, where a genome duplication has
followed a hybridization between two different species (Kihara and Ono 1926). There
are a number of different pathways in which a plant may reach a polyploid state,
involving, for instance, unreduced gametes or post-zygotic doubling of the genome.
Figures 1 and 2 show how tetraploid (4x) auto- and allopolyploids may arise from
diploid progenitors. The shortest way from diploid to polyploid is when two unreduced
gametes fuse and form a tetraploid zygote (Figures 1.1 and 2.1). Another way is
somatic doubling, which is caused by mitotic errors in a newly formed zygote (Figures
1.2 and 2.2). The third pathway that both auto- and allopolyploidization theoretically
may go through includes a triploid bridge, where one reduced and one unreduced
gamete fuse and form a triploid zygote (Figures 1.3 and 2.3). If this triploid is able to
develop into an adult plant and produce gametes, any unreduced gametes it produces
may then fuse with reduced gametes of a diploid and form tetraploid zygotes. An
allopolyploid can also form via a homoploid hybrid bridge, where a homoploid hybrid
first is formed via reduced gametes from two different species, and this hybrid is then
fertilized by the unreduced gametes of another homoploid hybrid with the same
parental species (Figure 2.4). There are additional variations to the pathways depicted,
as, for instance, the unreduced gametes from a diploid may fuse with the reduced
gametes of an autotetraploid of a different species and give rise to the same type of
allotetraploid as in Figure 2. This latter example could also be defined as
autoallopolyploidy, since a part of the hybrid genome comes from an
autopolyploidization event. It is, however, difficult to determine which road to
polyploidy is, or has been, the most common in plants. Matsuoka et al. (2013) showed
that unreduced gametes are important in wheat, and Ramsey and Schemske (1998)
argue that the triploid bridge could statistically play a large role in the doubling of the

genome.
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Figure 1. Pathways from diploid to autotetraploid. Adapted from Mason and Pires (2015).
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Figure 2. Pathways from diploid to allotetraploid. Adapted from Mason and Pires (2015).
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The reason for polyploidy being common among plants has been debated over the
years. Newly formed polyploids are likely going through a period of genetic
instability, where epigenetic forces work to both activate and suppress gene expression
(Comai et al. 2000, Ramsey and Schemske 2002). During this process, individuals
may have reduced fertility, but a population may be maintained through apomixis or
self-fertilization (Sax 1954, Guggisberg et al. 2006). Once stability has been reached, a
polyploid genome may provide heterosis and gene redundancy. Heterosis, or hybrid
vigour, is sometimes referred to as the opposite of inbreeding depression, since the
offspring show higher vigour than their parents due to increased heterozygosity at their
loci (Timberlake 2013). Gene redundancy comes from there being multiple genes with
the same function, which means that deleterious mutations at one locus may be
masked by the other, still functioning, copies (Ascencio and LeLuna 2013). Therefore,
the result of the mutation has little or no effect on the organism’s overall fitness. On
the opposite, mutations may in rare instances lead to a new function of one of the
copies (neofunctionalization), while the other copies retain the original function
(Prince and Pickett 2002). These traits may lead to a higher degree of durability and
adaptability, and thus aid in colonization of other habitats than the parental species are

normally found in (Brochmann et al. 2004).

1.1.1 Polyploidy in plant research

Even though polyploidy has been known for over 100 years (Lutz 1907), tracing
polyploid evolutionary history is still not an easy task. Different methods have been
used, from comparative morphology and cytological studies, to molecular methods
such as restriction fragment analysis and the use of DNA sequence data. The two
types of molecular markers mostly used today in plant systematics research —
chloroplast DNA (cpDNA) and nuclear ribosomal DNA (nrDNA) — have been
instrumental in resolving both ancient and more recent nodes (Embley et al. 1994,
Bouetard et al. 2010). Their advantage is that they are relatively easy to amplify
because of their high number of copies in each cell. However, they are not very well
suited for differentiating between autopolyploidy and allopolyploidy since cpDNA is

usually inherited on the maternal side and nrDNA is often subjected to concerted
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evolution (homogenization towards one of the parents’ copy) (Small et al. 2004).
Lundberg et al. (2009) relied on concerted evolution towards the paternal parent to
detect allopolyploidy in the strawberry subtribe Fragariinae (Rosaceae). By
comparing trees based on cpDNA and nrDNA, they looked for incongruent
relationships that could indicate hybridization. However, with this method,
hybridizations followed by concerted evolution towards the maternal parent would

go undetected.

For that reason, low-copy nuclear (LCN) markers are better suited to trace
polyploidizations since they are inherited biparentally, less subjected to concerted
evolution and, at least initially after a polyploidization event, present in each
subgenome (Small et al. 2004). Also, instead of the need for two trees,
polyploidization can with this type of marker be detected in a single phylogenetic
gene tree, since the gene copies of an autopolyploid (paralogues) would be each
other's sisters, while the gene copies of an allopolyploid (homoeologues) would be

sisters to their respective ancestral lineage (Figure 3). Nevertheless, different LCN

Gene tree Species tree

bifurcating bifurcating or reticulate
A B D A B D

Species C | | | | | |
autopolyploid

Species C | |
allopolyploid

Figure 3. The different patterns that autopolyploid and allopolyploid species display in gene trees
and in species trees.
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markers may have different evolutionary histories due to horizontal gene transfer,
deep coalescence and incomplete lineage sorting (Maddison 1997). In addition, LCN
markers can not be concatenated into larger datasets since it is not possible to know
before analysis which copies belong to homologous subgenomes. If the resulting
gene trees of the different markers show different topologies, concatenation is still
not possible. It is therefore important to investigate several LCN markers in order to
find the species tree. In the case of allopolyploids, their evolutionary history cannot
be illustrated with a traditional bifurcating tree, but with a reticulate tree (a network)

where some lineages merge (Figure 3).

The traditional, well-tested method for extracting and separating the many copies of a
LCN marker in a polyploid is molecular cloning followed by Sanger sequencing.
This can either be done in vitro, where the PCR product is diluted to such low
concentration that a second PCR only has a single template molecule to initiate the
amplification from (Marcussen et al. 2012), or in vivo, by inserting the PCR products
into vectors that are taken up by bacteria. The bacteria are then diluted and spread
across a growth medium, and the resulting colony will thus contain the clones from a
single bacterium and one specific PCR product (Ford and Gottlieb 1999, Brassac et
al. 2012). The modern high-throughput method of Target Capture followed by next
generation sequencing has the advantage of being able to produce a hundred-fold
many more markers than cloning in the same amount of time, but the bioinformatic
process to sort the data post-sequencing is also much more extensive (Eriksson et al.
2017, Kamneva et al. 2017). Therefore, this new technique has so far mostly been

applied to tetraploids, and very rarely hexaploids (6x) or octoploids (8x).

1.2 Potentilla L. of the Rose family (Rosaceae)

The Rose family (Rosaceae) is well-known for its economically important crops, such
as cherries (Prunus), apples (Malus), and strawberries (Fragaria), and ornamentals
such as roses (Rosa), whitebeams (Sorbus) and cotoneasters (Cotoneaster). The family
is also known for its many polyploid taxa (Vamosi and Dickinson 2006). Most genera

have a base chromosome number of 7, 8 or 9, while some genera in the subfamily
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Amygdaloideac have a base chromosome number of 17, believed to have arisen
through an ancient polyploidization event (Evans and Campbell 2002). Early
molecular studies of the family revealed the base chromosome number to be a better
indicator of relationships than the traditionally used character fruit type (Morgan et al.
1994). The current classification of subgroups within Rosaceae include three
subfamilies (Dryadoideae, Rosoideae and Amygdaloideae) and a number of tribes and

subtribes within these (Potter et al. 2007, Xiang et al. 2017, Zhang et al. 2017).

The genus Potentilla L. is currently classified in subfamily Rosoideae, tribe
Potentilleac and subtribe Potentillinae (Eriksson et al. 1998, Dobe§ and Paule 2010,
Topel et al. 2011). All species in Potentilla are herbs characterized by white, red or
yellow petals, an epicalyx, subterminal styles, pinnate or palmately compound leaves
and lateral stipular auricles (Sojak 2008, Sojak 2010). They are mostly pollinated by
bees and flies, and their fruit type is an achene (Mclver and Erickson 2012, Ertter et al.
2014). There are species native to all continents on the Northern Hemisphere, and a
few species are native to South America (POWO). The genus is remarkable in that the
ploidy levels range from diploid to hexadecaploid (16x), and single species can be of
multiple ploidy levels (Kalkman 2004, Rice et al. 2014). In addition to reproducing

sexually, some species are facultative apomicts (Asker 1970, Eriksen 1996).

1.2.1 Intrageneric relationships in Potentilla

Even before Linnaeus (1753) and later, taxonomists have classified the species of
Potentilla in a number of different genera and sections (e.g. Séguier 1754, Rydberg
1898, Sojak 2010, Kechaykin and Shmakov 2016). The most comprehensive
monograph so far written is that of Theodor Wolf (1908), who assigned just over 300
species to the genus. Eriksson et al. (1998) performed the first molecular study of
Potentilla and discovered that the circumscription at the time was polyphyletic. This
caused some species described as Potentilla by Linnaeus (1753) to be reclassified in
other genera, e.g. to Drymocallis L. and Dasiphora Raf. In contrast, some species of
other genera were incorporated in Potentilla, e.g. from Duchesnea Sm. and Sibbaldia

L. (Eriksson et al. 2003, 2015). Subsequent molecular studies have found a number of
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supported subclades within the genus, informally named the Alba, Anserina, Argentea,
Fragarioides, Ivesioid, and Reptans clades (Topel et al. 2011) (Figure 4). The Alba
clade consists of many of the genus’ white-flowered members and they are mainly
found in mountainous regions in Europe and Asia. The Anserina clade is today
classified as the genus Argentina Hill. (Sojak 2010, Roskov et al. 2019, POWO), and
most species are found in Asia. The Argentea clade is the most species-rich and its
members are found all around the Northern Hemisphere. In contrast, the Fragarioides
clade consists of four species that are found only in East Asia. The species of the
Ivesioid clade are restricted to western North America and have, due to some species’
differing morphology, often been assigned to other genera (Ertter and Reveal 2014).
Finally, the Reptans clade is a small clade with a circumpolar distribution that includes
the type species of Potentilla, P. reptans L. The name of a type species is
taxonomically connected to the genus it is classified in, and therefore the name

Potentilla cannot be applied to a group of species that does not include P. reptans.

Even though the subclades are well-supported in several markers, there are a few
noticeable incongruences when comparing cpDNA and nrDNA trees (Dobes and Paule
2010, Topel et al. 2011, Feng et al. 2017). These incongruences include the position of
the Anserina clade in relation to Potentillinae and its sister subtribe Fragariinae, and
the position of the Reptans clade in relation to the Fragarioides, Argentea and Ivesioid
clades. In addition to incongruences between the clades, the internal relationships of
the clades are in many cases also uncertain. For example, the large Argentea clade is at
present almost completely unresolved, and a few species switch position between the
Argentea and Ivesioid clades. Nevertheless, there are also some congruencies in the
trees. For instance, the Argentea and Ivesioid clades seem to be closely related, the
Anserina clade is always positioned outside of the other subclades and the majority of

the species are found in the same subclades in all trees.



Rosaceae subtribe Potentillinae; a)
Potentilla aurea in the Argentea clade, b) P. tilingii in the Ivesioid clade, c) P. reptans in the Reptans
clade and type species of Potentilla, d) P. clusiana in the Alba clade, e) Argentina anserina in the
Anserina clade, f) P. norvegica in the Rivales group. Photos by Nannie L. Persson, 2017 & 2019.
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1.2.2 The Rivales group

All the species that have been seen to switch positions between the Argentea and
Ivesioid clades were classified by Wolf (1908) in his “Grex” Rivales and occur in
North America (POWO). He defined larger groups based on style shape and its
position on the ovary, and Rivales is further characterized by that the species are
relatively short-lived, have long and narrow styles, and have an affinity for moist soil.
In addition to North America, the group consists of species native to Europe, Asia and
South America. The species that has been included in most phylogenetic analyses is
the circumpolar Potentilla norvegica L., which is in the Argentea clade in analyses
based on cpDNA (Eriksson et al. 2003, Dobes$ and Paule 2010, Topel et al. 2011), and
in the Ivesioid clade in analyses based on ntDNA (Eriksson et al. 1998, Topel et al.
2011). In the combined cpDNA and ntDNA analysis by Koski and Ashman (2016), P.
intermedia L., P. newberryi A.Gray, and P. rivalis Nutt. resolved together with P.
norvegica in the Ivesioid clade. In contrast, P. biennis Greene is always resolved with
the Ivesioid clade, and P. supina L. is always resolved with the Argentea clade (Dobes

and Paule 2010, Topel et al. 2011, Koski and Ashman 2016).

Available chromosome counting data reveal P. intermedia, P. norvegica, P. rivalis and
P. supina to be polyploid, while no such data exist for P. biennis and P. newberryi
(Rice et al. 2014). For P. intermedia, there are reports on tetra-, hexa- and octoploid
individuals, for P. norvegica there are octo- and decaploid (10x) individuals, for P.
rivalis there are decaploid individuals (and tetraploid for P. pentandra Engelm., at
present considered to be synonymous with P. rivalis) and for P. supina there are tetra-
and hexaploid individuals (Rice et al. 2014). In light of several species being
polyploid, Tdpel et al. (2011) suggested that the incongruences seen between their
trees based on cpDNA and nrDNA could be explained by allopolyploidization.

Potentilla norvegica was described as two species by Linnaeus (1753) — P. norvegica
and P. monspeliensis L. — but today P. monspeliensis is usually classified as a
subspecies to P. norvegica; P. norvegica ssp. hirsuta (Michx.) Hyl. In general, P.

norvegica ssp. hirsuta is most common in North America, and is therefore sometimes
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referred to as the American form. Similarly, the autonym P. norvegica ssp. norvegica
is sometimes referred to as the European form, but there are numerous findings of P.
norvegica ssp. hirsuta in Europe and vice versa. Most floras state that the species
originated in eastern Europe, and that P. norvegica ssp. hirsuta later dispersed to
Europe from North America (Tutin et al. 1968, Hultén 1971, Kurtto et al. 2004, Lid
and Lid 2013).

However, no molecular phylogenetic studies have previously been performed in order
to test whether allopolyploidization is the cause of the incongruences seen in the trees,
if the Rivales species share hybridization events, and if geographical origin and

morphology are consistent with the intraspecies phylogeny of P. norvegica.
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2. Aims of the thesis

The understanding we have today of the evolutionary history of plants is not incorrect,
but much simplified given that polyploidy exists on the majority of the branches.
Markers of cpDNA and ntDNA have been of tremendous importance in building the
foundation of the tree, but they have not been able to resolve all the nodes even after
more taxa and more markers have been added to the datasets. In addition, the
relationships they present are usually uniparental. Therefore, another type of data is
needed, and few previous studies have attempted to resolve the evolutionary history of
high-level polyploids using biparentally inherited low-copy nuclear (LCN) markers.
Trees based on LCN markers in polyploids are multi-labelled and may be difficult to

interpret, but they also bring us closer to the true evolutionary history of organisms.

The genus Potentilla is of particular systematic interest due to its wide range in ploidy
levels (2x — 16x), wide range in distribution and wide range in types of habitat. While
the type of habitat for each species is usually restricted, some species show a
circumpolar distribution and some species have multiple ploidy levels. The different
relationships seen for the subclades and for certain species indicate different histories
of the genes analyzed. Considering the many polyploid taxa in the genus, it is likely
that some of the incongruences seen are caused by hybridization in combination with

polyploidization (allopolyploidization).

Most classifications of Potentilla were made before the first molecular analyses of the
genus and its closest relatives (e.g. Linnaeus 1753, Rydberg 1898, Wolf 1908), and
these circumscriptions turned out to be non-monophyletic (Eriksson et al. 1998). After
several molecular studies have been published, some more recent authors still suggest
classifications that are non-monophyletic (Mabberley 2002, Ertter et al. 2014,
Kechaykin and Shmakov 2016).

Thus, the main objectives of this thesis were to resolve the uncertain nodes in
Potentilla concerning the relationships among the major clades (Paper I) and the origin

of a few species in the Rivales group (Wolf 1908) suspected to be closely related. First
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focusing on P. norvegica (Paper II), the dataset was later extended to include all

Rivales species occurring in North America (Paper III).

On the basis of the new phylogenies produced in Papers I, II and 111, as well as those
published in previous studies, a suggestion for a monophyletic generic delimitation of

Potentilla was made (Paper 1V).
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3. Materials and Methods

Unless specified otherwise, all methods described below concern Papers I, II and III.

3.1 Material collection and taxon selection

Material for DNA extraction and morphological studies was obtained from herbaria
(BG, E, GB, JEPS, MARY, O, S, UPS, W and WU) and botanical gardens (Bergius
Botanic Garden Stockholm, Bonn University Botanic Gardens, The Linnéan Gardens
of Uppsala The Museum Garden in Bergen and Royal Botanic Garden Edinburgh).
Two collection trips were also made, one to Austria in July 2017 and one to California,

USA, in August 2019.

To resolve the phylogenetic position of the Potentilla subclades (Paper 1), taxa were
chosen to represent the six major clades (Alba, Anserina, Argentea, Fragarioides,
Ivesioid and Reptans) identified by Dobes§ and Paule (2010), Topel et al. (2011) and
Feng et al. (2017). Taxa that have recently been classified in the genera Horkelia,
Horkeliella and Ivesia of the Ivesioid clade (Ertter and Reveal, 2014), Duchesnea of
the Reptans clade (Chaoluan et al. 2003; Ertter and Reveal 2014) and Argentina and
Tylosperma of the Anserina clade were also included. Species of lower ploidy levels

were prioritized over those of high ploidy levels when selecting representative species.

To evaluate the taxonomic status and history of the two P. norvegica subspecies — P.
norvegica ssp. hirsuta and P. norvegica ssp. norvegica — (Paper II), herbarium
material of one morphologically typical individual of each subspecies were selected
from Scandinavia and central Europe, as well as two North American and one eastern

Russian specimen of ssp. hirsuta.

To investigate the cause of the Rivales species showing different clade relationships
(Papers 1II and III), all Rivales species occurring in North America were included (P.
biennis, P. intermedia, P. newberryii, P. norvegica, P. rivalis and P. supina), as were

two East Asian Rivales species (P. centigrana and P. cryptotaeniae).
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3.2 Morphological methods

A number of Potentilla norvegica herbarium specimens were investigated to study the
defining characters of its two subspecies (P. norvegica ssp. norvegica and P.
norvegica ssp. hirsuta); leaflet form, leaflet dentation and stipule dentation (Ascherson

and Graebner 1904, Lid and Lid 2013, Mossberg and Stenberg 2014) (Paper II).

3.3 Molecular methods

3.3.1 Molecular markers and primer design

One ntDNA marker, four cpDNA markers and six low-copy nuclear (LCN) markers
were used to produce gene trees and species trees; the nuclear ribosomal internal
transcribed spacer (ITS), the chloroplast gene maturase K (matK) and spacers trnLF,
trnC and trnSG, and the LCN genes DHAR2 (dehydroascorbate reductase 2) (two
regions), GAPCP1 (glyceraldehyde-3-phosphate dehydrogenase), GBSSI-1 (granule-
bound starch synthase 1-1), GBSSI-2 (granule-bound starch synthase I-2) and Sbel
(starch branching enzyme I). Four new primer pairs for amplification and sequencing
were designed for the LCN markers DHAR2, with primer sites in exons 1 and 4 and in
exons 4 and 5, GAPCPI1, with primer sites in exons 11 and 14, and GBSSI-1, with
primer sites in exons 1 and 4. Suitable primer placements were found through
alignment of an unpublished genome of Potentilla argentea with other Potentilla and

Fragaria sequences available at GenBank.

3.3.2 Extraction and production of DNA sequences

DNA extraction from silica gel-dried or herbarium leaf material were performed using
the Qiagen DNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA) and standard

protocols for Polymerase Chain Reactions (PCR) and Sanger sequencing.

To separate the different LCN gene copies that had been amplified in the PCR,
molecular cloning was performed on the PCR products from polyploids and specimens

failing direct sequencing, using the StrataClone PCR Cloning kit (Agilent
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Technologies, Santa Clara, CA, USA). To ensure a 95% probability of finding all gene
copies, the number of clones sequenced for each specimen was at least 6 clones for
tetraploids, 11 for hexaploids, 16 for octoploids and 21 for decaploids (Lundberg et al.,
unpublished).

3.4 Sequence treatment and alignment

Forward and reverse reads of each species or clone were assembled and proofread
using the Staden Package (Staden 1996) and aligned in AliView version 1.18 (Larsson
2014). Identical sequences within species were removed, but those across different

species were not.

The alignments of cloned specimens were analyzed in SplitsTree version 4.14.6
(Huson and Bryant 2006) to identify PCR-induced inter-homoeolog recombinants
(Marcussen et al. 2015). Those identified as recombinants were removed from the

alignments.

3.5 Phylogenetic analyses

3.5.1 Bayesian Inference and Maximum Likelihood

Codon positions and introns of each marker were coded according to the evolutionary
models and partitioning schemes suggested by PartitionFinder2 (Lanfear et al. 2016),
while the Mk model (Lewis 2001) was applied for indels.

To infer gene phylogenies, Bayesian Inference (BI) analyses were run in MrBayes
version 3.2.6 (Huelsenbeck and Ronquist 2001, Ronquist et al. 2012) under the
Metropolis Coupled Markov Chain Monte Carlo algorithm (Yang and Rannala 1997,
Altekar et al. 2004), with one cold chain and three heated chains for each of two runs.
Sampling from the chain was done every 1000™ generation and run until the chains had

converged (according to the criteria listed in Persson and Rydin 2016).
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Maximum Likelihood (ML) analyses (Felsenstein 1981) were performed in RAXML
version 7.2.8 (Stamatakis 2006) and run for 1000 rapid bootstrap replicates
(Felsenstein 1985) (Papers II and III). The GTR+G model (Tavaré 1986, Yang 1993)
was applied for the nucleotides and the Mk model (Lewis 2001) was applied for the

indels.

In order to test which species were destabilizing the relationships between the major
clades (Paper I), a selective taxon removal approach was taken. Five different datasets
were tested for each marker; all taxa included, removal of the Fragarioides species P.
dickinsii Franch. & Sav., removal of the Fragarioides species P. fragarioides L.,

removal of both Fragarioides species, and removal of all species of the Reptans clade.

A clade was considered strongly supported if its Bayesian posterior probability was

0.95 or higher, or if the bootstrap support was 75 or higher.

3.5.2 Multispecies Coalescent analyses

To account for incongruences seen in the gene trees, species phylogenies were inferred
under the Multispecies Coalescent (MSC) model in *BEAST (Heled and Drummond
2010), as implemented in BEAST version 1.8.0 (Drummond et al. 2012) (Papers I and
IT). This type of analysis can account for incomplete lineage sorting (ILS) (Maddison
1997) and different histories of loci. Two different clock models and tree priors were
tested using path sampling and stepping stone sampling (Baele et al. 2012, 2013). Two
independent analyses with the models and priors best fit to the data were run, as was
an additional run with sampling only from the prior to ensure that the data, rather than
the priors, were driving the results. The tree files were combined in LogCombiner with

a burnin of 20% of each run.

3.5.3 Estimation of divergence times

In order to determine the mean ages of the clades in Potentilla, an estimation of
divergence times was performed on a combined dataset of the three cpDNA markers

trnC, trnLF and trnSG (Paper III). Sequences from species of Fragariinae, Aremonia
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Neck. ex Nestl. and Rosa L. were obtained from Genbank. Four fossil calibration
points were used, three of which had been used in previous studies. The fourth
calibration point represented the stem node of the Ivesioid species and had, as far as
known, not been used previously when dating divergence times within Rosaceae
(Becker 1961). The analysis procedure was the same as that for the MSC analyses in
BEAST, with model and prior testing and sampling from only the prior.

3.5.4 Network analyses

To test whether the Rivales species share ancestral lineages and hybridization events
(Paper III), network analyses using the parsimony criterion were performed in
PhyloNet version 3.7.3 (Wen et al. 2018), based on the gene tree topologies of
DHAR?2 and GAPCP1. The number of distinct clades seen for each Rivales species in
the trees defined the number of reticulations (hybridizations) that they could
theoretically have gone through. Since the analyses were computationally heavy,
especially when adding more reticulation events, each species had to be analyzed
separately. The analyses were run for 100 iterations and the three most parsimonious
trees were returned. To choose the optimal network, the networks were compared to

the BI and dated trees.
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4. Results and Discussion

4.1 Intrageneric relationships of the major clades in
Potentilla

4.1.1 Gene trees

Paper 1 concerned the relationships of the major clades in Potentilla, and different
relationships were retrieved from each analysis of the complete datasets of the six
markers included; nrITS, chloroplast matK and the low-copy nuclear (LCN) markers
DHAR2, GAPCP1, GBSSI-2 and Sbel. The clades themselves were supported in a
majority of the markers, but the two species included from the Fragarioides clade, P.
dickinsii and P. fragarioides, did not form a monophyletic group in trees based on any
marker. The differing relationships were also seen for the datasets where either P.
dickinsii, P. fragarioides or the Reptans clade were removed. However, when
excluding both P. dickinsii and P. fragarioides, the Alba clade was sister to the rest of
Potentilla, and then the Reptans species resolved as sisters to the Argentea plus
Ivesioid clade. Topel et al. (2011) suggested allopolyploidy as a possible explanation
for the differing phylogenies, but P. dickinsii and P. fragarioides are diploid according
to chromosome counts (Rice et al. 2014). Homoploid hybridization could explain their
number of chromosomes, but both species had more than two supported positions in
the trees. Incomplete lineage sorting (ILS) could therefore be an additional process

behind the incongruences.

In the LCN markers, relationships indicating autopolyploid origins of the Ivesioid and
Reptans clades were seen. This was especially evident in the GAPCP1 tree, where
there were two subclades in both clades and sequences from all Ivesioid and Reptans

species, respectively, were resolved in both subclades.
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4.1.2 Species trees

Two species trees were inferred by Multispecies Coalescent (MSC) analyses in Paper
I, one based on the complete datasets and one excluding the Fragarioides species. The
tree including all taxa was not completely resolved; the nodes where P. dickinsii and
P. fragarioides branched off were not supported. However, when excluding the
Fragarioides species, the backbone was strongly supported. The internal relationships
of the clades were unresolved, and in the case of the Ivesioid and Reptans clades that

was probably due to their autopolyploid origins, as indicated in the gene trees.

4.1.3 The lvesioid clade and its taxonomical treatment

Most species of the Ivesioid clade are assigned to the genera Horkelia, Horkeliella and
Ivesia in the latest edition of Flora of North America (Ertter and Reveal 2014), but all
molecular studies based on cpDNA and nrDNA data that have been performed on
Potentilla have shown these species to be nested within the genus (Eriksson et al.
1998, Eriksson et al. 2003, Dobes and Paule 2010, Topel et al. 2011, and Feng et al.
2017). All molecular markers in Papers I, II and III show the same pattern, and the
least cumbersome solution to achieve monophyly would be to include these species in
Potentilla. In that case, only a handful of species would have to be assigned new
names, since most of the species in the clade already have synonyms in Potentilla after
other authors’ classifications, e.g. that of Greene (1887). The alternative would be to
divide the about 400 species currently named Potentilla into multiple genera. Since the
type species is found in the small Reptans clade, P. reptans, only these species could
retain the name Potentilla without having to conserve a new type. The generic

delimitation is discussed further below (Paper V).

4.2 The evolutionary history of the Potentilla Rivales group

4.2.1 Potentilla norvegica and its two subspecies

The herbarium specimens studied for the characters defining the two P. norvegica

subspecies, P. norvegica ssp. norvegica and P. norvegica ssp. hirsuta, were mostly
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intermediate in morphology (Paper II). Neither was there any clade seen in the gene
trees that was specific to, or excluding, any subspecies or geographic origin of the
seven specimens included in the molecular analyses. Thus, there was no support for
neither species nor subspecies differentiation, but rather extensive intraspecies

morphological variation.

4.2.2 Potentilla norvegica and P. intermedia have a common
evolutionary history

Between the three gene trees in Paper II, homoeologues of the Rivales species P.
intermedia and P. norvegica were resolved as sisters in four distinct clades. Three of
these were found in the Argentea clade, and one in the Ivesioid clade. This pattern
suggests that the two species are allopolyploid and share some hybridization events in
their evolutionary history. This is the first time that LCN markers have resolved the
evolutionary history of species of high ploidy level in Potentilla. The markers revealed
a much more complicated history than cpDNA or ntDNA markers could ever do, and
this points to the importance of using LCN markers in future studies of the

evolutionary history of polyploid species in general, and Potentilla in particular.

4.2.3 The reticulate relationships of the North American Rivales
species

In Paper III, the dataset in Paper II was extended to include all six species of the
Rivales group that occur in North America; Potentilla biennis, P. intermedia, P.
newberryi, P. norvegica, P. rivalis and P. supina (Wolf 1908, POWO). In addition to
cpDNA and nrDNA data, three LCN markers were analyzed — one of which was also
used in Papers I and II (GAPCP1), and two which were also used in Paper I (DHAR2
exons 1-4 and GBSSI-2). The tree of GBSSI-2 was largely unresolved, but the trees of
the other two markers were used as input for the network analyses. The close
relationship of P. intermedia and P. norvegica was confirmed with the two additional
markers, and some of their homoeologues were also in clades with the other four
Rivales species analyzed. No chromosome counting data exist for P. biennis and P.

newberryi, but P. biennis could be sequenced without first cloning the LCN markers
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and presumably it is therefore diploid or a homozygous polyploid. Potentilla
newberryi was found in three distinct clades and it is therefore most likely an

allopolyploid, and possibly hexaploid.

The network analyses did not indicate that P. newberryi, P. rivalis or P. supina shared
ancestral lineages. Thus, none of them gave rise to one another as the extant species
we know of today. However, it could be concluded from the gene trees and the
network analyses that their precursors of lower ploidy levels may have been involved
in the formation of P. intermedia and P. norvegica. Thus, based on the relationships
seen and the current distributions of the species, the most recent common ancestor
(MRCA) of P. intermedia and P. norvegica was most likely formed in North America.
Each of P. intermedia and P. norvegica had homoeologues in two additional distinct
clades in which the other species were not present. Hybridization with these lineages
presumably occurred in Eurasia for P. intermedia and in North America for P.
norvegica. This goes against the common statement in many floras, that P. norvegica
is native to eastern Europe and not likely native to North America (Hitchcock and

Cronquist 1961, Tutin et al. 1968, Hultén 1971, Kurtto et al. 2004, Lid and Lid 2013).

The results of Papers I, II and III may on a smaller scale have implications for the
conservation status of P. norvegica as native or introduced in Europe and North
America. Some authors have mentioned P. norvegica as a weed (Werner and Soule
1976, Mossberg et al. 1992, Lid and Lid 2013), which could influence this assessment.
On a larger scale, the polyphyletic origin of established, independently evolving
allopolyploids should be taken into account when reassessing generic delimitations in

the future.

4.3 A suggestion for a monophyletic generic delimitation of
Potentilla

Based on the relationships inferred in Papers I, II and III, as well as those in previous
studies, we suggested the generic delimitation of Potentilla to include the Alba,
Argentea, Fragarioides, Ivesioid and Reptans clades, but excluding the Anserina clade.

The strongest argument for this delimitation, and not a narrower one, is the apparent
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network of gene flow between some of the clades. The Rivales species P. intermedia,
P. newberryi and P. norvegica were shown to have ancestral lineages in both the
Argentea clade and in the Ivesioid clade, while the Fragarioides species P. dickinsii
and P. fragarioides were found in the Reptans and Alba clades in trees based on
different markers. Potentilla fragarioides was even resolved as sister to the rest of

Potentilla (excluding the Anserina clade) in one marker.

An exclusion of the Anserina clade was motivated by its uncertain phylogenetic
position. With cpDNA, the clade is strongly supported as sister to Potentilla, but with
nrDNA, the clade is instead weakly supported as sister to the subtribe Fragariinae
(Eriksson et al. 2003; Topel et al. 2011; Feng et al. 2017). In addition, there are
morphological characters that separate the species of this clade from the rest of
Potentilla (Sojak 2010). Argentina has also become a widely used genus name for the
majority of the species of this clade, adopted by recent floras and databases (Krok and

Almquist 2012; Lid and Lid 2013, Roskov et al. 2019, POWO).

As mentioned under section 4.1.3, this delimitation also meant that very few species
had to be given new names in order for the name Potentilla to refer to a monophyletic
group. Only six species in the Ivesioid clade, out of the ca 400 in the entire genus, had

to be recombined.
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5. Future perspectives

5.1 The putatively autopolyploid origin of the Ivesioid
species and the Reptans clade

In the gene trees in Paper I, the internal relationships of the Ivesioid clade (the Rivales
species excluded) and the Reptans clade indicated autopolyploid origins of the clades.
This was most evident in the GAPCP1 tree, where both clades were divided into two
subclades with one gene copy from each species in both subclades. However, with the
same marker but a different taxon set, the two Ivesioid subclades were not resolved in
the GAPCP1 tree in Paper III. In that tree, two subclades were supported, but there
were also unresolved species outside of these clades. In the other LCN trees, the
resolution was too low to be able to say anything for certain about an autopolyploid
origin. The only known diploid species of the Reptans clade, P. flagellaris
D.F.K.Schltdl. (Wolf 1908), has, to our knowledge, never been part of any molecular
analysis but could potentially help resolve the origin of this clade. Also in the Reptans
clade is P. indica (Jacks.) Th.Wolf, which according to chromosome counts has a
higher ploidy level than the rest of the species in the clade (6x and 12x instead of 4x),
and it is possible that this species has gone through additional rounds of
autopolyploidization. In order to resolve the clades’ origins, additional LCN markers

and taxa are needed, especially for the Ivesioid clade.

5.2 The species-rich Argentea clade

Previous phylogenetic analyses based on cpDNA and nrDNA, as well as those in
Papers I and III, have been largely unsuccessful in resolving the relationships within
the Argentea clade, the most species-rich clade in Potentilla. Looking at the datasets
presented in the papers in this thesis, there is very little variation within the chloroplast
markers. The rapid speciation in this clade could potentially be explained by
polyploidization. The analyses based on LCN markers have indeed been more

successful in resolving relationships since nuclear markers have a higher evolutionary
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rate and can detect polyploidization events in a single gene tree. To resolve the clade,
but to reduce the complexity of the trees, species of higher ploidy levels should
initially be omitted from phylogenetic analyses with LCN markers. Extensive
sampling of diploid and tetraploid species could be used to build a backbone
phylogeny, in which species with higher ploidy levels could be added later.

5.3 Additional allopolyploid species in need of investigation

There seems to be very few Potentilla species with only diploid populations, and in
addition to the species focused on in this thesis, several other species have also shown
indications of being allopolyploid; e.g. P. aurea, P. heptaphylla, P. incana and P.
pensylvanica (Papers 1II, III). The tetraploid North American species P. pensylvanica
showed a close relationship to the diploid East Asian species P. chinensis. This
relationship could be of particular interest, since authors have disagreed on whether
Asian P. pensylvanica is a different species than the one occurring in North America
(reviewed in Sojak 2009). Both P. pensylvanica and P. chinensis have pinnate leaves,

and an overlapping distribution in East Asia.

5.4 Other molecular methods and the need for software
programs producing reticulate trees

Molecular cloning followed by Sanger sequencing is the traditional method of
separating the different gene copies of polyploids, and this is the method that has been
used in all molecular papers in this thesis (Papers I, I, IIT). Molecular cloning has the
advantage of being able to handle sequences from PCR products of several thousand
base pairs (although internal primers would have to be used for sequencing), but the
process is much more money and time consuming per marker compared to High-
Throughput Sequencing (HTS) techniques. Thousands of markers could potentially be
targeted per sequencing round with this newer sequencing method. Target Capture is
an alternative method to PCR where probes, which would be equivalent to PCR
primers, hybridize with target sequences in the genome and separate them from the

unwanted sequences. The difficulties lie in assembling the resulting 150-200 base pair
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long sequenced fragments, and then to separate them into orthologues and
homoeologues. Naturally, this assembly and separation gets harder the higher the
ploidy level of the species. To our knowledge it has, so far, rarely been done for
polyploids, and it is an open question whether it is a method that can be applied with
high polyploids, such as those studied here. However, in order to resolve the complex
relationships seen during the work with this thesis, more information is key to be able
to answer the remaining phylogenetic questions in Potentilla, but also to resolve the

evolutionary histories of polyploids in general.

The software used in Paper III to produce reticulate trees, PhyloNet (Wen et al. 2018),
constitutes a user-friendly program that takes gene trees as input and infers networks
for the hybrid species included. Automated processes are always preferable to manual
processes in terms of repeatability, but this program required meticulous manual
consideration of the trees when defining the homoeologues in the input file, as well as
careful studies of the results and if the orders of hybridization events suggested were
plausible. As for now, it is doubtful that analysis of allopolyploids will ever be fully
automated, but with more and more people using HTS methods, it will be easier to
obtain a good amount of underlying data for this type of analysis. And with that,
hopefully the programs for network analysis will be developed further.

5.5 Evaluation of the taxonomic treatment of polyploids

When Linnaeus introduced the binomial nomenclature system (Linnaeus 1753), he
defined species based on morphological similarity. To him, species were distinct and
constant units that had been created by a deity (Uddenberg 2003). Later, species were
thought of as dynamic entities, and perhaps the best known species concept today is
the biological species concept (Mayr 1942), where “species are groups of actually or
potentially interbreeding natural populations, which are reproductively isolated from
other such groups”. Even though all life on Earth stem from the same origin and share
basic traits, extant organisms are fundamentally different in their physiology,
morphology and ecology. Different organisms are affected by different genetic, biotic

and abiotic processes, and what drives speciation in one group may have little effect in
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other groups. Thus, as noted by Mayr himself, the biological species concept is not as
well-suited for plants as it is for most animals, since plants can reproduce asexually
(Stebbins 1950, Benson and Hartnett 2006), and fertile hybrids occur frequently
(Ownbey 1950, Grant and Wilken 1988, Arnold 1994).

The International Code of Nomenclature for algae, fungi and plants (Turland et al.
2018) provides guidelines on how to name species. However, it is first up to the
researchers to decide through phylogenetic, ecological and morphological studies
whether what they have found is a new species or not. The unified species concept by
de Queiroz (2005) could be better suited, since it focuses on lineages and shared
evolutionary history rather than only reproductive abilities. This concept could
theoretically be applied to species with a hybrid origin, since lineages (i.e. species)
may fuse. In a wider sense, established, independently evolving hybrids (including
both homoploids and allopolyploids) could also affect where delimitations for genera,
and even higher ranks, are drawn under a hierarchical naming system, depending on

how distantly related their subgenomes are.
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Abstract

The genus Potentilla (Rosaceae) has been subjected to several phylogenetic studies, but resolving its evolutionary history
has proven challenging. Previous analyses recovered six, informally named, groups: the Argentea, Ivesioid, Fragarioides,

Reptans, Alba and Anserina clades, but the relationships among some of these clades differ between data sets. The Reptans
clade, which includes the type species of Potentilla, has been noticed to shift position between plastid and nuclear ribosomal
data sets. We studied this incongruence by analysing four low-copy nuclear markers, in addition to chloroplast and

nuclear ribosomal data, with a set of Bayesian phylogenetic and Multispecies Coalescent (MSC) analyses. A selective taxon
removal strategy demonstrated that the included representatives from the Fragarioides clade, P. dickinsii and P. fragarioides,
were the main sources of the instability seen in the trees. The Fragarioides species showed different relationships in each
gene tree, and were only supported as a monophyletic group in a single marker when the Reptans clade was excluded

from the analysis. The incongruences could not be explained by allopolyploidy, but rather by homoploid hybridization,
incomplete lineage sorting or taxon sampling effects. When P. dickinsii and P. fragarioides were removed from the data set,

a fully resolved, supported backbone phylogeny of Potentilla was obtained in the MSC analysis. Additionally, indications of

autopolyploid origins of the Reptans and Ivesioid clades were discovered in the low-copy gene trees.

Keywords: Autopolyploidy; Fragarioides; incomplete lineage sorting; Multispecies Coalescent; Potentilleae.

Introduction

Polyploidy is a well-known and common phenomenon in
plants, defined as having three or more complete sets of
chromosomes. All extant species of flowering plants may in fact
be paleopolyploids, as a result of whole-genome duplications
early in the history of the angiosperms (Cui et al. 2006). However,
through a number of different processes resulting in genomic
reorganizations, many species with polyploidy in their ancestry

now function as diploids (Leitch and Bennett 2004; Bento et al.
2011; Mandakova et al. 2017). The genus Potentilla (Rosaceae)
consists of ~400 species which are mainly yellow-flowered,
herbaceous perennials from the Northern Hemisphere. There are
diploid as well as polyploid species (Index to Plant Chromosome
Numbers, IPCN 1979; Kurtto et al. 2004), with ploidy levels of up
to hexadecaploid (16x) (Kalkman 2004), and a base chromosome
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number of 7. Polyploidization as well as hybridization are
considered important processes in the evolution of Potentilla
(Potter et al. 2007; Dobes$ and Paule 2010; Paule et al. 2011, 2012).

In the latest monograph of Potentilla, Wolf (1908) identified
just over 300 species and divided them into six subsections
based on style shape and its position on the ovary. Even though
the first molecular studies of Potentilla showed that the genus
was not monophyletic as circumscribed by Wolf (Eriksson et al.
1998, 2003), recent classifications maintain a non-monophyletic
Potentilla by recognizing the genera Horkelia, Horkeliella, Ivesia
and Duchesnea (Chaoluan et al. 2003; Ertter and Reveal 2014a, b;
Kechaykin and Shmakov 2016). Although certain aspects of their
morphology differ from most other Potentilla species, molecular
studies have consistently shown that these genera are nested
within the Potentilla clade (Eriksson et al. 1998, 2003; Dobe$ and
Paule 2010; Topel et al. 2011; Feng et al. 2017; Xiang et al. 2017;
Persson et al. 2020).

The phylogenetic study of Potentilla by Topel et al. (2011),
based on chloroplast and nuclear ribosomal data, identified six
major clades that were informally named the Argentea, Ivesioid,
Fragarioides, Reptans, Alba and Anserina clades. They found the
style type character used by Wolf (1908) to be informative, largely
corresponding to the different clades. Using the same type of
molecular data, Dobe$ and Paule (2010) and Feng et al. (2017) also
recovered these clades. However, not all of the clades are well-
supported, nor are the relationships between them certain. One
of the most prominent incongruences concerns the Reptans
clade and its position in relation to the Fragarioides clade. The
Reptans clade includes the type species of Potentilla, P. reptans,
and corresponds to ‘Grex’ Tormentillae in the monograph by
Wolf (1908). It comprises eight species that are found in Europe,
Asia and North America (Global Biodiversity Information Facility,
GBIF Secretariat 2019), characterized by having long pedicels
(Wolf 1908). All species but one are polyploid (IPCN) and they
form a clade in previous phylogenetic analyses (Eriksson et al.
1998, 2003; Dobes and Paule 2010; T6pel et al. 2011; Feng et al.
2017). Grex Fragarioides comprises, according to Wolf (1908),
two species; P. fragarioides and P. freyniana, characterized by
pinnate leaves where the three terminal leaflets are much larger
than the proximal leaflets. Topel et al. (2011) associated two
additional species with this clade; P. dickinsii in Grex Eriocarpae,
characterized by the indumentum of the fruits (Wolf 1908) and
P. stolonifera (Grex Fragarioides, as P. fragarioides var. stolonifera).
These four species are found in East Asia (GBIF) and are diploid
according to published chromosome counts (IPCN).

Reconstructing species phylogenies with chloroplast DNA
can be problematic with polyploids (and allopolyploids in
particular), since chloroplast DNA is uniparentally inherited and
therefore not able to recover polyploid signals. Similarly, nuclear
ribosomal DNA is typically subject to concerted evolution with
homogenization towards either the maternal or the paternal
lineage (Wendel 2000). In certain cases, discrepancies seen
between chloroplast and nuclear ribosomal phylogenies may be
explained by hybridization and diversification of fertile hybrids or
byallopolyploidization (Lundbergetal. 2009; Topeletal. 2011). Low-
copy nuclear (LCN) markers are better candidates for resolving
relationships where the species are known to be polyploid. This
is because subgenome-specific copies are, at least initially after
a polyploidization event, present in each subgenome, inherited
biparentally and less influenced by concerted evolution (Small
et al. 2004). Several studies have used LCN markers to resolve
phylogenetic relationships, and to trace polyploidization and
hybridization events, at different taxonomic levels within
Rosaceae, such as the Maloideae subfamily (Evans and Campbell

2002), subtribe Geinae (Smedmark et al. 2005), Prunus (Shi et al.
2013) and Potentilla (Persson et al. 2020). However, LCN markers
have so far not been used to resolve the phylogenetic backbone
structure of Potentilla. A robust backbone is of great benefit to
future studies within Potentilla, as a basis for studies of historical
biogeography or for classification. It can also be used to select
proper outgroups when investigating internal relationships of
the subclades. Lastly, certain flower and leaf characteristics have
been used in classifications of tribe Potentilleae, and we need
this backbone in order to more securely trace the evolution of
such characteristics on the branches of the phylogeny.

The aim of this study is to (i) infer the backbone phylogeny of
Potentilla and (ii) to identify underlying sources of incongruence
between conflicting topologies. We present four gene trees based
on LCN markers and compare our results with chloroplast and
nuclear ribosomal phylogenies. In addition, two species trees
are presented, showing a supported backbone after the sources
of incongruence are removed.

Materials and Methods

Plant material

Twenty-four specimens from 19 species (including subspecies)
were selected to represent the six major clades identified in
recent studies of Potentilla (Dobe$ and Paule 2010; Topel et al.
2011; Fenget al. 2017), including species that have been classified
in the genera Horkelia, Horkeliella and Ivesia of the Ivesioid
clade (Ertter and Reveal 2014a), Duchesnea of the Reptans clade
(Chaoluan et al. 2003; Ertter and Reveal 2014b) as P. indica in
this study and Argentina and Tylosperma of the Anserina clade
(Table 1). Plant material for DNA extraction was obtained from
botanical gardens (Bergius Botanic Garden Stockholm, Bonn
University Botanic Gardens, The Linnéan Gardens of Uppsala
and Royal Botanic Garden Edinburgh) and herbaria (BG, E, GB,
MARY, O, S and UPS).

DNA extraction

DNA was extracted from 20 mg of dried leaves using the DNeasy
Plant Mini Kit (Qiagen). In order to increase the amount of
extracted DNA, the samples were left to lyse at 59 °C overnight
before increasing the temperature to 65 °C.

Genetic markers and DNA amplification

One chloroplast and five nuclear markers were analysed in this
study; the chloroplast gene maturase K (matK), the nuclear
ribosomal internal transcribed spacer (ITS) and the LCN genes
dehydroascorbate reductase 2 (DHAR2), glyceraldehyde-3-
phosphate dehydrogenase (GAPCP1), granule-bound starch
synthase I-2 (GBSSI-2) and starch-branching enzyme I (Sbel).
The forward and reverse strands of the genomes of Fragaria
vesca (Shulaev et al. 2011) and P. micrantha (Buti et al. 2018) were
searched through for the LCN primer sequences [see Supporting
Information—Table S1]. Primer specificity was assessed by
using the Search for Motifs option in Geneious version 10.2.3
(Markowitz et al. 2012), allowing for up to three mismatches.
DNA was amplified in a mixture of 1-20 ng total DNA, 1x
Ex Taq Buffer, 0.2 mM of each dNTP, 0.4 pM of each primer, 0.75
U TaKaRa Ex Taq Hot Start Version and dH,O to a total volume
of 25 pL. The PCR thermal cycling was run on a C1000 Touch
thermal cycler (Bio-Rad Laboratories). Amplification of matK, ITS,
GAPCP1, GBSSI-2 and Sbel was performed using a touchdown
PCR procedure, starting with a 3 min initial denaturation at 94 °C.
Then, 11 cycles of 45 s denaturation at 94 °C, 30 s of successively
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decreasing annealing temperatures starting at 55 °C with 0.5 °C
decrement per cycle and 1 min extension at 72 °C. This was
followed by 36 cycles of 45 s denaturation at 94 °C, 30 s annealing
at49°C and 1 min extension at 72 °C,and a 7 min final extension at
72 °C. Amplification of DHAR2 was performed at higher annealing
temperatures, starting with a 3 min initial denaturation at 94 °C.
Then, 16 cycles of 45 s denaturation at 94 °C, 30 s of successively
decreasing annealing temperatures starting at 65 °C with 0.5 °C
decrement per cycle and 1 min extension at 72 °C. This was
followed by 31 cycles of 45 s denaturation at 94 °C, 30 s annealing
at 55 °C and 1 min extension at 72 °C, and a 7 min final extension
at 72 °C. The primers used for the different markers are given in
Supporting Information—Table S1.

Cloning

The amplified fragments of matK and ITS displayed no or little
intra-species variation and did not need cloning. This was also
true for the LCN marker Sbel, and since the other three LCN
markers did not show any indications of hybridization between
the major clades (see Bayesian inference section), Sbel was
not cloned.

PCR products from DHAR2, GAPCP1 and GBSSI-2 of species
known to be polyploid or failing direct sequencing were cloned
using the StrataClone PCR Cloning Kit (Agilent) following the
manufacturer’s instructions. Cloned DNA was amplified in
a second PCR in the same mixture as described above, only
replacing DNA extract with transformed cells. The universal
primers M13 forward and M13 reverse were used to amplify the
cloning vector, with a 10 min initial denaturation at 94 °C, 35
cycles of 45 s denaturation at 94 °C, 45 s annealing at 55 °C and
3 min extension at 72 °C, and a 10 min final extension at 72 °C.

Purification and sequencing

All PCR products were purified using Exosap-IT (GE Healthcare),
following the manufacturer’s instructions. The number of clones
sequenced for each specimen was at least 6 for tetraploids,
11 for hexaploids and 21 for decaploids, corresponding to
95 % probability of finding all gene copies (Lundberg et al.
manuscript). The amplification primers were also used for
sequencing. Sequencing reactions were performed using the
BigDye Terminator Cycle Sequencing kit (Applied Biosystems)
according to the manufacturer’s instructions. DNA was
sequenced using an ABI Prism 3730XL DNA analyser (Applied
Biosystems). All labwork was performed in the Biodiversity Lab
and Sequencing Lab at the University of Bergen, Norway.

Sequence treatments

The Staden Package (Staden 1996) and AliView v. 1.18 (Larsson
2014) were used for sequence proof reading, assembly and
alignment. Scoring of uncertain or polymorphic sites was
done with standard IUPAC codes. All sequences were first
aligned automatically using MUSCLE (Edgar 2004), followed by
manual adjustments. To identify PCR-induced inter-homoeolog
recombinants (Marcussen et al. 2015), the sequences of cloned
specimens were analysed in SplitsTree v. 4.14.6 (Huson
and Bryant 2006). Those identified were removed from the
alignments. All sequences have been submitted to GenBank
(Table 1) and alignments have been submitted to Dataverse NO
(https://doi.org/10.18710/XRQEKH).

Model testing and Bayesian inference

Phylogenies for the individual markers were reconstructed by
Bayesian inference (BI; Yang and Rannala 1997) with MrBayes
v. 3.2.6 (Huelsenbeck and Ronquist 2001; Ronquist et al. 2012)

using the MC? algorithm (Altekar et al. 2004). The alignments of
matK, DHAR2, GAPCP1, GBSSI-2 and Sbel were divided in up to
five character sets each, corresponding to codon positions (3),
introns (1) and indels (1). Boundaries for exons and introns were
found by alignment with annotated Fragaria sequences from
GenBank (Shulaev et al. 2011) and indels were coded according
to the simple indel coding method of Simmons and Ochoterena
(2000). Partitioning schemes and their models were based on the
results from PartitonFinder2 (Lanfear et al. 2016) under the AICc
criterium for models available in MrBayes. The Mk model (Lewis
2001) was used for the coded indels. Analyses were investigated
for chain stationarity and accepted if the following criteria
were fulfilled: the standard deviation of split frequencies was
below 0.01, the chain swap was between 20 and 80 % (McGuire
et al. 2007), there was no trend seen in the overlay plot and the
Potential Scale Reduction Factor values (Gelman and Rubin 1992)
had reached 1.0 for all parameters. The analyses were run for 5
million generations, every 1000th generation was sampled and
burn-in was set to 25 or 30 %. Additional analyses were run using
the same methods, taking a selective taxon removal approach
by excluding either P. dickinsii, P. fragarioides, both P. dickinsii and
P. fragarioides (of the Fragarioides clade), or the species of the
Reptans clade, to test how this would affect the phylogeny. The
trees were rooted on the Anserina clade, since it has been shown
to be an outgroup to Potentilla (Eriksson et al. 2003; Topel et al.
2011; Feng et al. 2017).

Multispecies Coalescent analyses

Species phylogenies were inferred under the Multispecies
Coalescent (MSC) model to account for ancestral polymorphisms
and conflicts seen in the gene trees. The MSC model can
take incomplete lineage sorting (ILS) into account, but not
reticulations or gene duplication and loss (GDL) (Bravo et al. 2019).
One ortholog is expected per set of chromosomes, and therefore
we expected a single amplified fragment per chromosome set (if
minor allelic variation is disregarded). Thus, for each species, the
number of gene variants should be less or equal to their ploidy
level (Table 1). There were no indications of reticulations in our
gene trees, nor any indication of paralogs, since the expected
number of gene variants was not exceeded in any species (see
Bayesian inference section). Thus, we assumed that our sample
did not violate the MSC model. The MSC analyses were run in
*BEAST (Heled and Drummond 2010), as implemented in BEAST
v. 1.8.0 (Drummond et al. 2012) using the same alignments as
in the BI analyses. Two data sets were analysed, one including
P. dickinsii and P. fragarioides, and one excluding them. The
data sets comprised 19 and 17 species, respectively, in which
P. dickinsii and P. ancistrifolia var. dickinsii were designated as
the same species (Takeda 1911), as were Ivesia kingii and Ivesia
kingii var. eremica (Ertter 1989). The substitution model for each
marker was selected using PartitionFinder2 (Lanfear et al. 2016)
under the AICc criterium for models available in BEAST. For
each data set, two clock models were tested; strict and relaxed
uncorrelated log normal (Drummond et al. 2006). For each clock
model, two tree priors were tested; a birth-death process (Kendall
1948) and a birth process (Yule 1924). The analyses were run for
150 million generations, with sampling from the chain every
1000th generation, and rooted on the Anserina clade. To test the
fit of the models to the data, path sampling and stepping-stone
sampling (Baele et al. 2012, 2013) were performed with 150 steps
with a length of 1 million iterations each. Log marginal likelihood
differences larger than three were considered significant (Kass
and Raftery 1995). Two independent analyses were run using the
best-fitting models, and the results were inspected using Tracer
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v. 1.7.1 (Rambaut et al. 2018). To test that the prior did not have
stronger influence over the results than the data, an additional
run with sampling from prior only was performed. The tree files
from the independent runs of each data set were combined
using LogCombiner of the BEAST package with a burn-in of 25 %
of each run. PartitionFinder2, MrBayes and BEAST were run at
the CIPRES Science Gateway (Miller et al. 2010).

Results

Genetic markers

The search for the primer sites in the published genomes of
F. vesca (Shulaev et al. 2011) and Potentilla micrantha (Buti et al.
2018) generated only one hit in each genome for DHAR2, GAPCP1,
GBSSI-2 and Sbel, confirming their specificity.

Bayesian inference

Models and partitioning schemes for the BI analyses are found
in Supporting Information—Table S2. Supported clades are
defined as having a posterior probability (pp) of 20.95.

The matK tree with all species included (Fig. 1A) recovers
the Argentea, Ivesioid and Reptans clades (all pp 1.0). The Alba
species are in unresolved positions to the rest of the ingroup
(pp 0.94), in which the Reptans clade is sister to a clade (pp 1.0)
that consists of P. dickinsii, P. fragarioides, the Argentea clade
and the Ivesioid clade. Potentilla fragarioides, Argentea and the
Ivesioids are in a trichotomy (pp 1.0). Excluding only P. dickinsii
[see Supporting Information—Fig. S1] reduces the posterior
probability for the clade of Reptans, P. fragarioides, Argentea and

P. fragarioides

»
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' -
gordonii @
=}
1. kingii 2
1. multifoliolata
4 P dickinsii_1
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m
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A

the Ivesioids from 0.94 to 0.51. When P. fragarioides is excluded
[see Supporting Information—Fig. S2], there are only small
changes in the posterior probabilities of the tree, and the same
is true in the tree in which the Reptans clade is excluded [see
Supporting Information—Fig. S4]. Exclusion of both P. fragarioides
and P. dickinsii [see Supporting Information—Fig. S3] collapses
the clade of Argentea, the Ivesioids and Reptans.

The ITS tree with all species included (Fig. 1B) recovers the
Argentea, Ivesioid and Reptans clades (all pp 1.0). Apart from the
Argentea and Ivesioid clades being sisters (pp 1.0), there is no
other supported resolution among the clades. Potentilla dickinsii
and P. fragarioides are, however, associated with the Alba species
in all trees resulting from the removal analyses [see Supporting
Information—Figs S5-S8]. This connection is weakly supported,
except when the Reptans clade is removed [see Supporting
Information—Fig. S8]. In that tree, the Alba species are in a clade
(pp 1.0) with both P. dickinsii and P. fragarioides nested inside.

The DHAR? tree with all species included (Fig. 2A) recovers
the Argentea, Ivesioid and Alba clades (pp 1.0, 1.0 and 0.98,
respectively), as well as a clade comprising Argentea and the
Ivesioids (pp 1.0). In this tree, the Reptans species are divided
into two clades where one (‘Reptans I'; pp 1.0) is sister (pp
1.0) to P. dickinsii, and the other (‘Reptans II'; pp 1.0) is sister to
P. fragarioides with low support (pp 0.85). The clade of Reptans
Iplus P. dickinsii is sister (pp 1.0) to a clade (pp 1.0) that consists of
the Reptans II plus P. fragarioides clade, and the clade of Argentea
and the Ivesioids. There is some evidence of duplicated patterns
of relationships in the Reptans II clade (P. reptans and P. erecta are
sisters in both subclades; pp 1.0), as well as in the Ivesioid clade
where Horkelia bolanderi, H. californica and Ivesia multifoliolata

. |: P. heptaphylla
P. hirta
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o 1. kingii

H. bolanderi

1. multifoliolata
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, A. anserina |
T. lignosa

B

Figure 1. Fifty per cent majority rule consensus tree from the BI analyses of the chloroplast matK gene (A) and nuclear ribosomal ITS (B). Posterior probabilities are
shown on the branch above the corresponding nodes. Specific individuals are indicated by Roman numerals. Clade affiliations of species are given to the right, where

horizontal lines indicate that the clade is supported (cf. Table 1).
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Figure 2. Fifty per cent majority rule consensus tree from the BI analyses of the nuclear low-copy genes DHAR2 (A), GAPCP1 (B), GBSSI-2 (C) and Sbel (D). Posterior
probabilities are shown on the branch above the corresponding nodes. Specific individuals are indicated by Roman numerals. Clade affiliations of species are given
within vertical lines to the right, where horizontal lines indicate that the clade is supported (cf. Table 1).

constitute one subclade (pp 1.0) while the other sequences
of the same species are in unresolved positions outside of
this subclade. None of the removal analyses [see Supporting
Information—Figs S9-S12] change the topology of the trees, and
there are only small changes in the posterior probabilities of

the clades.

The GAPCP1 tree with all species included (Fig. 2B) recovers the
Argentea, Ivesioid, Reptans and Alba clades (all pp 1.0), as well as
the clade comprising Argentea and the Ivesioids (pp 1.0). A clade
including all species but the Alba clade is very weakly supported
(pp 0.62). Both P. dickinsii and P. fragarioides are in a clade (pp 1.0)
with the Reptans clade, but the posterior probability for P. dickinsii
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being the immediate sister to Reptans is low (pp 0.88). Within the
Reptans clade there are two subclades (both pp 1.0), each including
gene copies of the same species, and with P. erecta as sister to the
rest (pp 1.0). The Ivesioid clade is also divided into two subclades
(both pp 1.0) with gene copies of all included Ivesioid species in
each subclade, but there is no further supported pattern. When
removing P. dickinsii there are only small changes in the posterior
probabilities in the tree [see Supporting Information—Fig. S13],
but when removing P. fragarioides [see Supporting Information—
Fig. S14] and both P. dickinsii and P. fragarioides [see Supporting
Information—Fig. S15], there is support for the clade including
all species but the Alba clade (pp 1.0 instead of pp 0.62 or lower).
Removal of the Reptans clade does not change the topology of the
tree, and shows P. dickinsii and P. fragarioides as sisters (pp 1.0) [see
Supporting Information—Fig. S16].

The GBSSI-2 tree with all species included (Fig. 2C) recovers
the Argentea, Ivesioid and Alba clades (pp 0.96, 1.0 and 1.0,
respectively), as well as the clade comprising Argentea and the
Ivesioids (pp 1.0). Potentilla dickinsii is sister (pp 0.99) to the Alba
clade and this clade is sister (pp 1.0) to the rest of the ingroup
(pp 1.0), which contains the Reptans species, P. fragarioides and
the Argentea plus Ivesioid clade. There is some evidence of
duplicated patterns of relationships in the Reptans clade, where
sequences from the four included Reptans species form one
subclade (pp 1.0), while the other sequences of the same species
are in unresolved positions outside of this subclade. Removal
of P. dickinsii, P. fragarioides or both of them does not change the
topology of the trees [see Supporting Information—Figs S17-519].
A notable change in the analysis excluding the Reptans clade
[see Supporting Information—Fig. S20] is the drop in posterior
probability for the Argentea clade (from pp 0.96 to pp 0.62).

The Sbel tree with all species included (Fig. 2D) recovers
the Argentea, Ivesioid, Reptans and Alba clades (all pp 1.0).
The Argentea and Ivesioid clades are sisters (pp 1.0), and the
Reptans clade is in turn their sister (pp 0.99). Potentilla dickinsii is
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the sister of these three clades with very low support (pp 0.55),
while P. fragarioides is supported as sister (pp 1.0) to the rest of
the ingroup (pp 0.99). The removal analyses [see Supporting
Information—Figs $21-524] result in no changes in the topology.

MSC analyses

Models for the markers in the MSC analyses are found in
Supporting Information—Table S3. For both data sets, a relaxed
log-normal clock model and a birth-death process as tree prior
were best fit to the data [see Supporting Information—Table S4].
The two MSC analyses recover the Argentea, Ivesioid, Reptans
and Alba clades (all pp 1.0) (Fig. 3). In the analysis including
P. dickinsii and P. fragarioides (Fig. 3A), the former is sister with
low support (pp 0.90) to a very weakly supported clade (pp 0.44)
constituting Argentea, the Ivesioids, P. fragarioides and Reptans,
and the latter is sister with very low support (pp 0.49) to the
clade (pp 0.98) of Argentea and the Ivesioids. The MSC analysis
excluding P. dickinsii and P. fragarioides (Fig. 3B) shows a fully
resolved tree of the major clades, where the Alba clade is sister
(pp 1.0) to the rest of the ingroup (pp 0.94), in which the Reptans
clade is sister to Argentea and the Ivesioids (pp 1.0).

Discussion

This study resolves the backbone phylogeny of Potentilla using
LCN markers. Our gene trees revealed patterns that could not
have been discovered by chloroplast or nuclear ribosomal
data, which makes it clear that LCN markers are crucial to the
study of the evolutionary history of polyploids. Except for the
Fragarioides clade, the clades found by Topel et al. (2011) are
supported in the majority of our gene trees.

The Fragarioides species

In our gene trees, the Fragarioides species P. dickinsii and
P. fragarioides did not constitute a clade on their own (Figs 1

1 |: P. hirta
P. heptaphylla

I. multifoliolata

VILNIOUY

1. kingii
1. gordonii
H. californica

SaloIsan

.94 H. purpurascens
H. bolanderi

70l P. reptans

.61 P. erecta
1 P. simplex
—— P. indica

a2 [ P. sterilis
1 E P. micrantha
P. biflora

P. anserina
B

SNVLd3IN

vaw

VNIMISNY

0.009

Figure 3. Bayesian consensus tree from the MSC analyses including P. dickinsii and P. fragarioides (A) and excluding P. dickinsii and P. fragarioides (B). Posterior probabilities
are shown on the branch above the corresponding nodes. Clade affiliations of species are given within vertical lines to the right, where horizontal lines indicate that

the clade is supported.

020z @unr || uojsenb Aq /615£8S// L OBRId/g/Z L Aoelisqe-sjonle/e|dqor/woo dno-ojwapeoe/:sdny Wolj pepeojumoq



Resolving backbone phylogeny of Potentilla using LCN markers | 9

and 2), except in GAPCP1 only when the Reptans species
were excluded [see Supporting Information—Fig. S16]. The
Fragarioides species not being resolved as a monophyletic
group is in agreement with most other previous analyses, where
P. fragarioides is resolved as sister to P. freyniana or P. stolonifera
to the exclusion of P. dickinsii (Dobe$ and Paule 2010; Tépel et al.
2011, chloroplast tree; Feng et al. 2017). The only exception seems
to be in the nuclear ribosomal tree by Tépel et al. (2011), where
P. dickinsii is supported as sister to P. fragarioides and P. stolonifera.
We therefore suggest that P. dickinsii should not be treated in the
same infrageneric taxon as the other Fragarioides species.

Both P. dickinsii and P. fragarioides showed several different
relationships in our gene trees; P. dickinsii was either sister to
a clade consisting of P. fragarioides, Argentea and the Ivesioids
(matK; Fig. 1A), in an unresolved ingroup consisting of the
Reptans clade, P. fragarioides, the Alba species and a clade with
Argentea plus the Ivesioids (ITS; Fig. 1B), sister to Reptans
1 (DHAR2; Fig. 2A), unresolved with P. fragarioides and Reptans
(GAPCP1, Fig. 2B), sister to Alba (GBSSI-2; Fig. 2C) or unresolved
with Alba and a clade consisting of Reptans and Argentea plus
the Ivesioids (Sbel; Fig. 2D). The position of P. fragarioides was
either in an unresolved clade with Argentea and the Ivesioids
(matK; Fig. 1A), in an unresolved ingroup consisting of the
Reptans clade, P. dickinsii, the Alba species and a clade consisting
of Argentea plus the Ivesioids (ITS; Fig. 1B), unresolved with
Reptans II and a clade consisting of Argentea plus the Ivesioids
(DHAR2; Fig. 2A), unresolved with P. dickinsii and Reptans
(GAPCP1; Fig. 2B), unresolved with the Reptans species and
Argentea plus the Ivesioids (GBSSI-2; Fig. 2C) or sister to the
rest of the ingroup (Sbel; Fig. 2D). Except in a few cases, the
relationships seen in the low-copy markers were not seen
in our or previous chloroplast and ribosomal DNA analyses;
P. fragarioides was sister to the rest of Potentilla in the ribosomal
tree of Eriksson et al. (1998), as in our Sbel tree. In the same tree,
P. dickinsii was sister to Alba, which is a relationship seen in our
GBSSI-2 tree and in our nuclear ribosomal tree when excluding
the Reptans clade [see Supporting Information—Figs S5 and S8].

Exclusion of one or the other of P. dickinsii or P. fragarioides
did not reduce incongruence among the gene trees [see
Supporting Information—Figs S1, S2, S5, S6, S9, S10, S13, S14,
S17 and S18)]. However, when both P. dickinsii and P. fragarioides
were excluded, the LCN markers showed the Reptans clade
as sister to Argentea plus the Ivesioids (GAPCP1 and Sbel;
see Supporting Information—Figs S15 and S23), or as a grade
below the Argentea plus Ivesioid clade (DHAR2 and GBSSI-2;
see Supporting Information—Figs S11 and S19). This topology
was not contradicted by the chloroplast or ribosomal trees [see
Supporting Information—Figs S3 and S7), although neither
resolved these relationships with support. With this stable
phylogenetic position of the Reptans clade in the backbone of
the trees, we interpret P. dickinsii and P. fragarioides to be the main
sources of conflicts seen in the gene phylogenies of Potentilla,
and not the Reptans clade as initially thought.

The Reptans clade

The Reptans clade has been monophyletic in previous
phylogenetic analyses (Eriksson et al. 1998, 2003; Dobe$ and
Paule 2010; Tépel et al. 2011; Feng et al. 2017) and this was also
true in most of our markers, the exceptions being DHAR2 and
GBSSI-2 (Fig. 2A and C). In DHAR?2, the clade was split into two
clades, ‘T’ and ‘I’, where clade I was sister to P. dickinsii and clade
11 was sister with low support to P. fragarioides. In GBSSI-2, the
clade was unresolved. The division of the Reptans clade into
subclades in the DHAR2, GAPCP1 and GBSSI-2 trees (Fig. 2A-C),

and all but one species being polyploid (IPCN), suggests an early
genome duplication event (autopolyploidization) in this clade.
This is particularly evident in the GAPCP1 tree, where there
are two supported subclades, and each species is represented
in both. Of the Reptans species included in our study, P. erecta
and P. reptans are tetraploids, P. indica is deca- and dodecaploid
(10x, 12x), while the ploidy level of P. simplex is not known
(IPCN; Kurtto et al. 2004). We found two and three different gene
variants in P. simplex, that were placed in different subclades,
which suggests that it may also be at least tetraploid. However,
it is not possible to know based on our sample if the addition
of unsampled species that belong to the Reptans clade would
change these patterns, and therefore additional data are required
to confirm an autopolyploid origin. Potentilla flagellaris included
in the Reptans group by Wolf (1908; in Grex Tormentillae) is
reported to be diploid (Sokolovskaya et al. 1985), but has never
been part of a phylogenetic analysis. Inclusion of this species
in future analyses might shed more light on the evolutionary
history of the Reptans clade.

The Reptans species P. indica was recently classified in the genus
Duchesnea (Chaoluan et al. 2003; Ertter and Reveal 2014b; Kechaykin
and Shmakov 2016), but recognition of this genus renders Potentilla
non-monophyletic. The idea that genera, as well as other taxa,
named under the International code of Botanical Nomenclature
should be monophyletic is well-established in the taxonomic
community (Angiosperm Phylogeny Group 1998; Backlund and
Bremer 1998). All our analyses and those from previous studies
(Eriksson et al. 1998, 2003; Tépel et al. 2011; Feng et al. 2017; Xiang
et al. 2017) show that P. indica is a close relative to the type species
P. reptans, and should therefore be included in Potentilla.

The Ivesioid clade

As in the Reptans clade, the division of the Ivesioid clade into
subclades in the DHAR2, GAPCP1 and GBSSI-2 trees (Fig. 2A-C),
and the apparent lack of diploid species (Baldwin et al. 2012;
IPCN), suggests an autopolyploidization event early in the
clade’s history. Only a few Ivesioid species have been subject
to chromosome counting, and most of them are tetraploid (4x)
(Baldwin et al. 2012; IPCN). The exception is Horkelia marinensis
(not included in this study), which is octoploid (8x) (Baldwin
et al. 2012). We found between two and four gene variants in
the species included in our study, but this number was not
consistent across the markers, which may be indicative of
extensive allele variation in addition to polyploidization.

The latest edition of Flora of North America classified the
Ivesioids in the genera Horkelia, Horkeliella and Ivesia (Ertter and
Reveal 2014a). All our analyses, as well as those from previous
studies (Eriksson et al. 1998, 2003; Dobes$ and Paule 2010; Topel et al.
2011; Feng et al. 2017; Xiang et al. 2017; Zhang et al. 2017; Persson
et al. 2020), consistently show that they are nested within the
Potentilla clade. Thus, as with Duchesnea, recognition of these genera
causes Potentilla to be non-monophyletic. Keeping the genera of the
Ivesioid clade separate from Potentilla would mean that hundreds
of species outside of the Reptans clade, instead of about 10 Ivesioid
species, would have to be formally transferred to new genera.
In addition, the recent study by Persson et al. (2020) suggested a
history of allopolyploid speciation between the Argentea and
Ivesioid clades. Such a close evolutionary relationship adds weight
to the argument of the inclusion of the Ivesioid species in Potentilla.

Explanations for incongruent gene trees

Given our sample and that the major clades are supported in
our species trees, hybridization does not seem to have played
a prominent role before they formed, but rather during their
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diversification. Topel et al. (2011) suggested allopolyploidy as
a plausible explanation for why the Reptans clade and the
Fragarioides species showed different relationships in their
chloroplast and ribosomal phylogenies. However, in our gene
trees the Reptans species show relationships that rather indicate
an autopolyploid origin of the clade (Fig. 2A-C), and P. dickinsii
and P. fragarioides are diploids in all published chromosome
counts (IPCN). Homoploid hybridization between diploid
ancestors could explain the chromosome numbers of P. dickinsii
and P. fragarioides, but both species showed several different
supported relationships in the gene trees, which means that
more than two parental lineages may have been involved. In
that case, the incongruences cannot be explained by a single
hybridization event or hybridization alone.

In addition to hybridization, ILS is an evolutionary process
that can lead to conflicting gene phylogenies (Doyle 1992;
Maddison 1997). Gene trees usually coalesce deeper than the
speciation events and are therefore expected to differ from
the actual species phylogeny (Oxelman et al. 2017). Figure 4
shows how the LCN phylogenies in Fig. 2 may be contained
within the species phylogeny in Fig. 3A. Assuming there were
no polyploidizations or hybridizations between lineages before
radiation of the clades, we interpret the gene variants conserved
to have evolved before the time of diversification of the different
clades. In DHAR? (Fig. 4A), the Reptans species are divided into
the Reptans I and II clades, where I is sister to P. dickinsii and II is
sister (with low support) to P. fragarioides. Therefore, under this
interpretation, a second gene variant evolved at least before the
divergence of P. dickinsii, where one variant is conserved in the
Reptans I and P. dickinsii lineage. The other variant evolved into
two new variants before the divergence of Reptans I, and one of
those variants is conserved in the Reptans II and P. fragarioides
lineage. In GAPCP1 (Fig. 4B), P. dickinsii is sister to Reptans, and
P. fragarioides is in turn their sister. Therefore, a second gene
variant evolved at least before P. dickinsii diverged. One of those

Ans.

A

Ans. Alba P dick. Rep. P frag.

Ives. Arg.
A

Alba P dick. Rep. P.frag. Ives. Arg.

variants evolved into two new variants, where one is conserved
in P. fragarioides and the other one in P. dickinsii and Reptans.
In GBSSI-2 (Fig. 4C), P. dickinsii is sister to Alba, and therefore a
second gene variant evolved at least before divergence of Alba,
where one variant is conserved in these two lineages. There was
very low support for P. fragarioides being sister to Reptans in the
GBSSI-2 tree, but there might have evolved two new variants
from the one variant not conserved in Alba and P. dickinsii before
the divergence of the Reptans lineage. One of those variants was
then conserved in Reptans and P. fragarioides. In Sbel (Fig. 4D),
P. fragarioides is sister to the rest of the ingroup (due to rooting
on the Anserina clade). Therefore, a second gene variant evolved
before the Anserina lineage diverged. One of those variants is
conserved in Anserina and P. fragarioides, and the other one in
Alba, Reptans, P. dickinsii, the Ivesioids and Argentea. No marker
is immune to ILS, but a larger number of unlinked nuclear low-
copy markers applied in a MSC model could potentially resolve
the relationships of P. dickinsii and P. fragarioides to the major
clades of Potentilla.

Species trees and the backbone phylogeny

Since there were no indications of reticulate relationships
between the clades in our gene trees, we performed MSC
analyses to infer species trees. This was done to see if the shared
patterns in the gene trees when P. dickinsii and P. fragarioides
were excluded would be confirmed. This kind of analysis is
advantageous over concatenation, since the model is able to
take ILS and different histories of loci into account (Degnan
and Rosenberg 2009). In addition, concatenation would not be
possible for the cloned markers, since we do not know which
gene variants belong to the same chromosome sets. The MSC
analysis excluding P. dickinsii and P. fragarioides showed a fully
resolved tree down to the level of the previously defined clades
(Fig. 3B); where Alba was sister to the rest of the ingroup (pp
0.94), in which Reptans was sister to Argentea plus the Ivesioids

Ans. Alba P dick. Rep. P.frag. Ives. Arg.

B

Ans. Alba P dick. Rep. P. frag. Ives. Arg.
WV

C

N\

D

Figure 4. Plausible scenarios for how the gene trees of the nuclear low-copy markers in Fig. 2 may have evolved within the species phylogeny in Fig. 3 under ILS.
Colours indicate different gene variants. (A) DHAR2, (B) GAPCP1, (C) GBSSI-2, (D) Sbel. Abbreviations: Ans. = Anserina clade; P. dick. = P. dickinsii; Rep. = Reptans clade;

P. frag. = P. fragarioides; Ives. = Ivesioid clade; Arg. = Argentea clade.
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(pp 1.0). As expected, the tree was not fully resolved when
P. dickinsii and P. fragarioides were included (Fig. 3A) since
the nodes directly related to the position of P. dickinsii and
P. fragarioides were not supported. The low resolution within
the Ivesioid and Reptans clades may be due to the presumably
autopolyploid origins of these clades, as indicated by our
interpretation of the gene tree topologies.

Recombination and hybridization are evolutionary processes
that violate the MSC model (Bravo et al. 2019). Those processes
result in reticulate relationships, and allopolyploid species are
known to occur in Potentilla (Paule et al. 2011; Persson et al. 2020).
Due to both auto- and allopolyploid taxa being present in the
genus, it is evident that the complete evolutionary history of
Potentilla, as opposed to the backbone relationships, may only be
possible to describe correctly with a reticulate tree.

Sampling effects

It is clear from our results that inferred relationships may be
strongly affected by the inclusion or exclusion of single species.
In our study, we focused on the relationships between the major
clades, exploring under which sampling regimes we would get a
supported phylogenetic backbone for Potentilla. This meant that
we included representatives of the most well-supported clades,
but also that some groups were excluded. In particular, we did
not sample species of the Himalayan clade that were previously
classified in Sibbaldia (Eriksson et al. 2015). In previous analyses
using chloroplast and nuclear ribosomal data (Dobe$ and Paule
2010; Eriksson et al. 2015; Feng et al. 2017), this clade is either
resolved as sister to Alba or in an unresolved position in relation
to Alba and the rest of Potentilla. Thus, inclusion of this clade
would have been unlikely to affect the results presented here.
There are possibly other species in addition to P. dickinsii and
P. fragarioides that might affect the phylogeny in similar ways,
but if so, they are still to be sampled for phylogenetic analysis.
Inclusion of any close relatives to P. dickinsii and P. fragarioides in
future studies could potentially stabilize their positions in the
tree, and reveal more information about putative hybridizations
in their evolutionary history.

Conclusions

In this study, we have found a supported phylogenetic backbone
of Potentilla, based on the relationships between the four major
clades of Potentilla: the Alba clade as sister to the rest, then the
Reptans clade, and then the Argentea clade as sister to the
Ivesioid clade.

The different nuclear low-copy genes show incongruent
phylogenetic relationships in our sample of Potentilla species,
and we conclude that these incongruences are mainly caused
by P. dickinsii and P. fragarioides.

Potentilla dickinsii and P. fragarioides have sometimes been
joined in the informal Fragarioides group. We have no results that
support this grouping as monophyletic, and suggest that these
species should not be classified in the same infrageneric taxon.

We found no evidence in our sample for any hybridization
or allopolyploidization events between the major clades, and
suggest that early Potentilla evolution was affected by other
processes such as ILS.

Possible autopolyploidization events were inferred in the
Reptans and Ivesioid clades.

This study adds to the abundant molecular evidence that
a monophyletic status of Potentilla would be achieved by an

inclusion of all the Ivesioid genera (Horkelia, Horkeliella and
Ivesia), as well as Duchesnea.
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Table S1. Primer pairs used for amplification of the markers
analysed.

Table S2. Evolutionary models for the different markers in
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Table S3. Evolutionary models for the different markers in
the Multispecies Coalescent analyses.

Table S4. Log marginal likelihood values for analyses in
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Figures S1-524. Consensus trees from the Bayesian
inference analyses.
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Abstract

Background: Most cinquefoils (Potentilla L., Rosaceae) are polyploids, ranging from tetraploid (4x) to dodecaploid (12x),
diploids being a rare exception. Previous studies based on ribosomal and chloroplast data indicated that Norwegian
cinquefoil (P. norvegica L) has genetic material from two separate clades within Potentilla; the Argentea and the Ivesioid
clades — and thus a possible history of hybridization and polyploidization (allopolyploidy). In order to trace the putative
allopolyploid origin of the species, sequence data from low-copy, biparentally inherited, nuclear markers were used.
Specimens covering the circumpolar distribution of P. norvegica and its two subspecies were included, along with the
morphologically similar P. intermedia. Potentilla species of low ploidy level known to belong to other relevant clades
were also included.

Results: Gene trees based on three low-copy nuclear markers, obtained by Bayesian Inference and Maximum Likelihood
analyses, showed slightly different topologies. This is likely due to genomic reorganizations following genome duplication,
but the gene trees were not in conflict with a species tree of presumably diploid taxa obtained by Multispecies Coalescent
analysis. The results show that both P. norvegica and P. intermedia are allopolyploids with a shared evolutionary history
involving at least four parental lineages, three from the Argentea clade and one from the Ivesioid clade.

Conclusions: This is the first time that reticulate evolution has been proven in the genus Potentilla, and shows the
importance of continuing working with low-copy markers in order to properly resolve its evolutionary history. Several
hybridization events between the Argentea and Ivesioid clades may have given rise to the species of Wolf's grex Rivales.
To better estimate when and where these hybridizations occurred, other Argentea, lvesioid and Rivales species should
be included in future studies.
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Background

The evolution of species is usually considered to be a slow
process, working over thousands or even millions of years.
Sometimes, however, new species evolve within a rela-
tively short period of time through polyploidization. This
phenomenon is common throughout the vascular plants,
where genome duplications can be found from the ferns
[1] and lycopods [2], to the asterids [3]. Two main types of
polyploidization are recognized; autopolyploidization,
where the duplication occurs within a single species, and
allopolyploidization, where the duplication occurs in com-
bination with hybridization between two different species
[4]. A doubling of the chromosomes can make a sterile hy-
brid fertile [5, 6] and cause a reproductive barrier between
individuals of the new genomic state and the old state [6,
7]. This may create a new, independently evolving, lineage
that could thus be regarded as a new species [8].

The rose family (Rosaceae Juss.) is well known for its
many polyploid taxa, and there seem to have been a large
number of independent auto- and allopolyploidization
events during its evolutionary history [9-11]. Chromosome
counting data, summarized by Vamosi and Dickinson [12],
suggest that around half of the family’s genera include at
least one polyploid species. Some, as for instance Acaena
L., Alchemilla L. and Sorbaria (Ser.) A. Braun, consist only
of polyploids.

The cinquefoils, Potentilla L, is an example of a genus in
Rosaceae with mixed ploidy levels. According to the
Chromosome Counts Database [13] only a few species
seem to be exclusively diploid, e.g. P. biflora Willd. ex
Schltdl,, P. freyniana Bornm. and P. valderia L. At the other
end, P. gracilis Douglas ex Hook., P. tabernaemontani
Asch. and P. indica (Jacks.) Th. Wolf have been reported to
have dodecaploid (12x) populations. Furthermore, it is not
uncommon for single species to have multiple ploidy levels.
The genus has undergone a major recircumscription since
the first molecular studies of the group were performed
[14, 15]; both plastid and nuclear ribosomal markers
showed that it had been polyphyletic. They strongly indi-
cated that some previous Potentilla species are more closely
related to the strawberries, Fragaria L., in the Fragariinae
clade, such as those species now assigned to the genera
Dasiphora Raf. and Drymocallis Fourr. In contrast, the
genus Duchesnea Sm. and some species of Sibbaldia L.,
were instead shown to belong to Potentilla [14, 16]. How-
ever, the debate on where to draw the generic delimitation
is still ongoing; as whether to include the genus Argentina
Hill. and its sisters [15, 17] or not [18—20]. Regardless
whether Argentina is included or not, the genus is still poly-
phyletic in certain classifications where Duchesnea (P.
indica) and the genera of the North American Ivesioid
clade (Horkelia Cham. & Schltdl., Horkeliella (Rydb.) Rydb.
and Ivesia Torr. & A.Gray) are separated from Potentilla
[17, 21, 22]. Within Potentilla in the strict sense, there are a
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number of well supported subclades, such as the Alba,
Reptans and Ivesioid clades [23]. The most species-rich
subclade, called either “Argentea” [23] or “core group” [18]
in previous studies, is, however, in itself poorly resolved
[18, 20, 23].

Previous studies have found a possible connection be-
tween the Argentea and Ivesioid clades in the polyploid
species P. norvegica L. This species has been shown to have
different phylogenetic relationships depending on whether
the analyses were based on chloroplast [15, 18, 23] or nu-
clear ribosomal data [14, 15, 23]; with chloroplast data the
species groups with the Argentea clade, but with ribosomal
data it groups with the Ivesioids. T6pel et al. [23] specu-
lated that this may be due to an evolutionary history of
polyploidization in combination with hybridization between
these two clades. It is, however, not previously known to
what extent these two processes have played a part in the
formation of P. norvegica, or if the discordance between
chloroplast and ribosomal data is the result of other
processes, such as a single hybridization event followed by
introgression [24].

In his monograph of Potentilla, Wolf [25] placed P.
norvegica together with 20 other species in his “grex”
Rivales. Of these, P. intermedia L. and P. supina L. have
a similar circumpolar distribution as P. norvegica, while
the North American species P. biennis Greene and P.
rivalis Nutt. are morphologically similar to P. norvegica.
Another common feature is that they are annuals or
short-lived perennials [17, 25]. Potentilla norvegica was
originally described by Linnaeus [26] as two separate
species based on stem and leaflet morphology of Euro-
pean specimens; P. norvegica L. and P. monspeliensis L.
In 1803, Michaux [27] described P. hirsuta Michx. based
on North American specimens, but Ledebour [28] later
synonymized P. monspeliensis and P. hirsuta under P.
norvegica. Nevertheless, there is striking morphological
variation within the species, and today two subscpecies
are generally accepted. However, it has been unclear
which subspecies name has priority. In 1904, Ascherson
and Graebner [29] described “P. norvegica 1. monspe-
liensis”, by some nomenclatural databases interpreted as
a subspecies [30, 31]. However, Hylander [32] must have
interpreted this as a variety. Since names only have pri-
ority at the same nomenclatural rank [33], he was able
to list “Il. momnspeliensis” under P. norvegica ssp. hirsuta
(Michx.) Hyl. The name that will be used in this study is
therefore Potentilla norvegica ssp. hirsuta, which refers
to specimens displaying the morphology first used to de-
scribe P. monspeliensis. Since P. norvegica ssp. hirsuta is
the most common subspecies in North America, it is
sometimes referred to as the American form, and the
autonym ssp. norvegica as the European form, but there
are numerous findings of ssp. hirsuta in Europe. Most
floras argue for an East European origin of the species,
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and that ssp. hirsuta later has dispersed to Europe from
North America [34-38]. However, no molecular phylo-
genetic work has been performed in order to test these
hypotheses.

The two types of molecular data most commonly used
in phylogenetic studies of plants both have the incon-
venience that they are not able to detect reticulate pat-
terns in phylogenetic trees. The chloroplast is inherited
uniparentally and nuclear ribosomal markers are most
often subject to concerted evolution, while low-copy nu-
clear markers are inherited biparentally and present in
each subgenome after a polyploidization event [39]. This
means that they have the potential to retrieve polyploid
signals in a single gene tree. For instance, Smedmark
et al. [40] resolved the Colurieae clade in Rosaceae with
its many polyploid species using this type of marker.
However, different gene trees do not necessarily depict
the same evolutionary history, due to processes such as
horizontal gene transfer, deep coalescence and lineage
sorting [41]. Furthermore, since it is not possible to
know beforehand which sequences are homologous,
low-copy markers cannot be concatenated to form larger
datasets. Therefore, when polyploidy is present, it is
important to investigate several low-copy markers in
order to find the species tree. In a phylogenetic gene
tree covering a simple polyploidization event, the
gene copies of an autopolyploid (paralogues) would
be each other’s sisters, while the gene copies of an al-
lopolyploid (homoeologues) would be sisters to their
respective parental lineage. This has a number of ef-
fects on species trees, since the evolutionary history
of an allopolyploid would be better represented by a
reticulate pattern where lineages merge, rather than
by a traditional bifurcating tree [24].

By using low-copy nuclear markers, this study aims
to determine (1) if Potentilla norvegica and P. inter-
media have an allopolyploid evolutionary history
resulting from hybridization between the Argentea
and Ivesioid clades; (2) if this is the case, do they
share polyploidy events; and (3) if morphology and
geography are concordant with intraspecies phylogeny
in P. norvegica.

Results

Sequence alignment

All markers shared some identical Potentilla norvegica
sequences across individuals, which are marked in
brackets in the gene trees (Figs. 1, 2 and 3).

In addition, two GAPCP1 sequences from P. inter-
media were identical to two P. norvegica sequences (P to
97E and D to 113D), while the GBSSI-1 P. intermedia
sequence Kb and P. norvegica sequence 96N differed in
only one base pair.
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Phylogenetic analyses

Partitioning and model suggestions

The lowest log likelihood value for the partitioning and
model analyses were obtained under the AICc criterium
for all markers. Partitioning schemes and their assigned
models are found in Table 1.

Bayesian and ML analyses

The Bayesian phylogenetic analysis of GAPCP1 resolved
Potentilla norvegica sequences in four clades (Fig. 1).
Three of these clades were sisters to Argentea species
(clade Al, posterior probability 1.0; A2, pp. 1.0; B, pp.
0.96) and one was sister to the Ivesioids (C, pp. 1.0). Po-
tentilla intermedia was found in the same four clades. The
A1l and A2 clades formed a polytomy together with two P.
intermedia sequences (A, pp. 0.99). The node connecting
the A and B clades, ie. corresponding to the Argentea
clade, was not strongly supported (pp 0.82). The Ivesioid
genera (Horkelia, Horkeliella and Ivesia) in clade C were
divided into two subclades (both pp. 1.0), with at least one
sequence from each species in each subclade. The Max-
imum Likelihood analysis showed the same topology, but
only clades Al and A2 were supported (bootstrap support
100 and 96, respectively).

The Bayesian analysis of GBSSI-1 showed P. norvegica
sequences in three clades (Fig. 2), of which two correspond
to A2 (pp 0.97) and C (pp 1.0) in the GAPCP1 tree. There
was, however, no P. norvegica homoeologue associated with
the Argentea species in clade B (pp 1.0). Potentilla inter-
media homoeologues were found in clades A2, B and C.
Clades A2 and B were sisters with low support (pp 0.82).
They formed a polytomy (pp 0.87) with the third P. norve-
gica clade (pp 1.0) and a small clade consisting of one P.
norvegica and one P. intermedia sequence (pp. 0.93). This
polytomy was in turn in a polytomy (pp 1.0) with clade C
and the Argentea species from clade Al (pp 1.0). Thus,
there was no Argentea clade in this tree. Within clade C,
the Ivesioid species formed one subclade (pp 0.98), in which
two of the four Ivesia sequences were sisters to Horkelia
(pp 0.99), while the other two were unresolved. The ML
analysis showed clades A1 (bs 66), A2 (bs 78), B (bs 99) and
C (bs 93), but their relative positions were not supported.
The clade with only P. norvegica sequences, present in the
Bayesian tree, was placed as sister to P. aurea and P. brau-
neana (A1) in the ML tree. Even though bootstrap support
was low, we will refer to this P. norvegica clade as A1".

The Bayesian analysis of DHAR2 (Fig. 3) also showed
P. norvegica in three clades, two of them corresponding
to Al (pp 1.0) and C (pp 0.93) in the other trees, while
the third had not been seen previously. This clade con-
sisted of P. norvegica, P. intermedia and one P. hepta-
Pphylla sequence, and was supported as sister to clade C
(pp 1.0), while the clade itself had low support (pp 0.86).
There was no supported Argentea clade in this tree. The
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i'__rp norvegica 113A
P. norvegica 97P

SPIOISOA|

Ivesioids formed one subclade in clade C, where one of
two Horkelia sequences and one of two Ivesia sequences
were sisters (pp 1.0), while the other two were unre-
solved. The ML analysis showed no conflicting topology
of the major clades, but there were two Ivesioid sub-
clades (bs 83 and 100), with one Ivesia and one Horkelia
sequence in each, and those were supported as sisters
(bs 80). The sister clade to clade C was also supported
(bs 76).

No clade was specific to, or missing, any of the two P.
norvegica subspecies or seven individuals throughout all
three gene trees. For instance, clade C was missing indi-
vidual 97 in the GAPCP1 tree and individuals 92, 95, 97
and 112 in the DHAR?2 tree, while all individuals were
represented in this clade in the GBSSI-1 tree.

Five species with previously published diploid chromo-
some counts [13], P. aurea, P. chinensis, P. clusiana, P.
fragarioides and P. heptaphylla, failed direct sequencing
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Fig. 3 Bayesian 80% majority rule consensus tree of the DHAR2 gene in Potentilla. Support values are shown on the branch below the
corresponding nodes: Bayesian Inference posterior probabilities to the left, and Maximum Likelihood bootstrap values to the right of the slashes.
Clades discussed in the text are marked with letters (and numbers). The extent of the Argentea clade and the Ivesioid clade is noted to the right.
Species name suffixes indicate individuals and letters indicate clones (cf. Table 2). Species name colours: Dark green — P. norvegica; light green —
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and were therefore molecularly cloned. In the GBSSI-1
and DHAR2 trees, P. aurea was sister to P. brauneana
in clade A1 (pp 1.0). However, in the GAPCP1 tree two
P. aurea sequences were placed in clade Al, but the
other two were placed in clade A2 as sisters to P. chinen-
sis (pp 0.82). In the GAPCP1 tree, all P. heptaphylla se-
quences were placed in clade B, but in the GBSSI-1 tree
two sequences were found in Al and two found in A2.
In the DHAR?2 tree they were even further apart, with
one sequence as sister to P. chinensis in A2/B and one
as sister to P. norvegica and P. intermedia in the sister

clade to clade C. The sequences of P. chinensis, P. clusi-
ana and P. fragarioides formed clades of their own.

Control analyses

The control ML analyses for putatively missed P. norve-
gica gene copies did not reveal any new clades or over-
looked patterns in terms of subspecies or geographical
origin. However, two excluded P. intermedia GBSSI-1 se-
quences were indicated to belong in clade Al. One of
these was added to the dataset, but the Bayesian analysis
resulted in the collapse of clades B and C, which received
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Table 1 Partitioning and evolutionary models used for analysis
in MrBayes, as suggested by PartitionFinder2

GAPCP1
Subset  1st codon 2nd codon  3rd codon introns
Model  F81+G JC GTR+G HKY + G
GBSSI-1
Subset  1stcodon  2nd codon  3rd codon + introns
Model  GTR+1+G  JC+I GTR+1+G
DHAR2
Subset  intron
Model  HKY+1+G

high support in the other trees. Similarly, one P. inter-
media DHAR2 sequence was indicated to belong in clade
C, but when added to the dataset it also resulted in the
collapse of several clades. Both sequences were therefore
excluded again from their respective datasets.

Multispecies coalescent analysis

The substitution model suggested for all markers was
HKY [42], with gamma as site heterogeneity model for
GAPCP1 and GBSSI-1, and invariant sites for DHAR?2.
The clock model and tree prior that was best fitted to
the low-copy marker only dataset was a relaxed uncorre-
lated lognormal clock with a birth-death process, and for
the combined low-copy and chloroplast marker dataset a
relaxed uncorrelated lognormal clock with a birth
process. The two trees had the same topology, but some
of the support values differed (Fig. 4). In both trees, the
Ivesioid clade was supported (pp 1.0) and P. aurea and
P. brauneana were sisters (pp 1.0), corresponding to
clade Al in the gene trees. Potentilla hirta, P. hepta-
phylla and P. argentea formed a polytomy (pp 0.95 in
the low-copy marker dataset and pp. 0.88 in the com-
bined dataset) corresponding to clade B, while P. chinen-
sis of clade A2 was unresolved. The Argentea clade
received low support (pp 0.82) in the low-copy marker
tree and full support (pp 1.0) in the combined tree.

Morphological study

Most specimens studied from the collections of BG, GB,
O, S and UPS were of intermediate morphology. They
had, for instance, whole stipules (ssp. norvegica), but obov-
ate leaflets and obtuse leaflet teeth (ssp. hirsuta). For
European specimens, there was approximately equal oc-
currence of typical individuals of the two subspecies. For
the North American and East Russian specimens, typical
individuals showing the ssp. hirsuta morphology were
more common than those showing the ssp. norvegica
morphology. The few North American specimens showing
the ssp. norvegica morphology were all but one (Alaska,
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i |:P. brauneana
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P. hirta

<}

S — P. heptaphylla

0.97/1

P. argentea

H. californica
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Fig. 4 Bayesian 80% majority rule consensus tree from the
multispecies coalescent analysis. Support values are shown on the
branch below the corresponding nodes: Posterior probabilities from
the analysis of low-copy markers only are shown to the left of the
slashes, and those from the analysis including both low-copy and
chloroplast markers are shown to the right. Clades discussed in the
text are marked with letters (and numbers). Species name colours:
Blue - Ivesioid species; purple — Argentea species

USA) collected in the East (Ontario, Canada, to New York,
USA), a pattern also seen by Rydberg [43].

Discussion

Despite the slightly different topologies of the three single-
copy nuclear markers presented in this study, it is clear
that both Potentilla norvegica and P. intermedia are allo-
polyploids with a shared evolutionary history involving
one parental lineage in the Ivesioid clade and multiple par-
ental lineages in the Argentea clade. These results rule out
a simple case of introgression, and reveal a complex reticu-
late evolutionary history of several hybridization events in
combination with polyploidization. For P. norvegica, there
was no condordance between geography and intraspecies
phylogeny. Thus, on the basis of our data we see no sup-
port for species differentiation, as first suggested by Lin-
naeus [26], since the majority of the individuals studied in
the herbaria were of intermediate morphological form.
Neither did our molecular data support a division into
subspecies, but a more extensive study involving more in-
dividuals of especially ssp. norvegica would be better able
to investigate the relationship between them.

As previously shown in studies based on chloroplast
and ribosomal data [14, 15, 18, 20, 23, 44], the Ivesioid
clade is deeply nested in Potentilla (Figs. 1, 2 and 3).
Thus, following the established practice of only recog-
nizing monophyletic taxa, the Ivesioid genera Horkelia,
Horkeliella and Ivesia should be incorporated in
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Potentilla. The type species of Potentilla, P. reptans, is
part of the small Reptans clade, which is the sister clade
to the Argentea and Ivesioid clades. If the Ivesioid genera
were to be retained, the many species of the large Argen-
tea clade would have to be reclassified, and it is probable
that almost all would have to change names. However, the
new evidence presented here of a hybridization event be-
tween the Argentea and Ivesioid clades indicate a close re-
lationship between the groups, and adds a compelling
argument for including the Ivesioid genera in Potentilla.

The three gene trees conform well to the backbone refer-
ence (Fig. 4), apart from some P. aurea and P. heptaphylla
sequences. It is, however, clear that one P. norvegica
GBSSI-1 homoeologue (subgenome-specific gene copy) is
missing in clade B and one P. intermedia GBSSI-1 homo-
eologue is missing in clade A1" (Fig. 2). In the DHAR2 tree
(Fig. 3), there is a major rearrangement in which the Ive-
sioid clade C is sister to what could be assumed to be parts
of clade A2 or B. In addition, contrary to previous analyses
based on chloroplast and nuclear ribosomal data [16, 18,
20, 23], the support for the Argentea clade was low both in
the individual gene trees (Figs. 1, 2 and 3) and in the spe-
cies tree based on low-copy markers only (Fig. 4). Thus, it
is evident that phylogenetic relationships of low-copy nu-
clear genes are complicated by a number of evolutionary
processes. A polyploid genome with high genetic redun-
dancy may be subjected to large genomic alterations, such
as deletions, insertions, or recombinations, to a high extent
without causing fatal effects [45]. For instance, entire
homoeologues may be lost as a response to genomic
reorganization after polyploidization [46, 47] or via incom-
plete lineage sorting during speciation after hybridization
[41]. Furthermore, if an interallelic recombination [24]
splits a gene in two unequal parts during meiosis, the new
recombinant will position itself as sister to its major donor
in the gene tree, and such a process might explain the
clade rearrangement seen in the DHAR?2 treee.

Previous dating analyses have assigned somewhat dif-
ferent ages to the Potentilla crown group (excluding
Argentina), either between ca 36 to 15 Mya [18, 20, 48]
or between ca 56 to 32 Mya [44]. Estimations of the
Agentea-Ivesioid split also varies, with ages between
15.2-9.8 Mya [18, 48] and 36.6—18.7 Mya [44]. There is
also disagreement as to whether the Argentea crown
clade is younger [44] or older [18, 48] than the Ivesioid
crown clade, but this may be a sampling issue since
undersampling of a species rich sister clade would tend
to result in underestimating the age of its crown. Today,
the Argentea clade consists of the majority of the Poten-
tilla species. They have a circumpolar distribution in the
Northern Hemisphere, are adapted to a variety of cli-
mates, and are of multiple ploidy levels. In contrast, the
Ivesioids are limited to dry areas in western United
States [21] and are, as far as known, tetraploid [13].

Page 8 of 17

According to Topel et al. [44] they also evolved in the
same area, while Dobe$ and Paule [18] estimated an ori-
gin in East Asia both for the Potentilla crown group and
the Ivesioids. However, considering the Ivesioids being
geographically restricted and ecologically specialized, the
Western American origin of the crown clade found by
Topel et al. [44] may be the most plausible. It is notable,
however, that if they are indeed sister groups, their stem
lineages are of the same age, and any species that would
fall below the crown clades of Argentea or the Ivesioids
are either unsampled or extinct.

During the Eocene (56-33.9 Mya [49]), before or in
the early stages of the diversification of the Potentilla
crown group, the North Atlantic land bridge was broken
up [50, 51] and the Turgai strait still separated Asia from
Europe [51]. A land bridge over the Bering strait existed
during most of the later Tertiary to mid Pliocene [51—
53], and the original dispersal of the Ivesioid and Argen-
tea ancestors from Asia to North America is most likely
to have occurred before its breakup. Today the Bering
Strait area is subject to very cold and long winters,
but the clade ages suggested by Topel et al. [44] indi-
cate that the dispersal may have coincided with the
Mid Miocene Climatic Optimum, when the Earth was
on average 3°C warmer than present [54]. However,
considering the current cold climate tolerance of both
P. norvegica and P. intermedia [17, 38], dispersal did
not necessarily have to have coincided with warmer
periods. Therefore, the younger clade ages estimated
by Dobe$ and Paule [18] and Feng et al. [20] need
not be dismissed.

Regardless of their relative ages, and judging from ex-
tant species, the Argentea clade has gone through many
more speciations, polyploidizations and hybridizations
than the Ivesioid clade. Nonetheless, there is an indica-
tion of an early autopolyploid event in the Ivesioids, and
this is especially evident in the GAPCP1 tree (Fig. 1); the
two subclades in clade C each contain one or two se-
quences of all Ivesioid species included.

The single P. norvegica homoeologue in clade C (Figs. 1,
2 and 3) indicates that the Argentea-Ivesioid hybridization
may have happened before polyploidization and diversifi-
cation of the Ivesioid crown group. This makes the
hybridization event difficult to pinpoint geographically;
Topel et al. [44] predicted a wide climate preference for
the Ivesioid ancestor, and both P. norvegica and P. inter-
media have weedy growth habits and can be found all
around the Northern Hemisphere. Neither is it possible to
say, based on our species sample and the resolution of our
gene trees, if the Argentea-Ivesioid hybridization is the
oldest or the most recent. To illustrate the mode of speci-
ation that P. norvegica and P. intermedia have gone
through, one possible chain of events is shown in Fig. 5
based on our interpretation of the GAPCP1 tree.
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homoeologue 1

- - - -unknown 1/2 hybrid
homoeologue 2

- - -unknown 1/2/3 hybrid
homoeologue 3

P. intermedia

P. norvegica
homoeologue 4

Fig. 5 Manually constructed reticulate tree based on our interpretation
of the homoeologues in the GAPCP1 gene tree. The tree shows one
hypothesis of the events needed for the four GAPCP1 homoeologues
to end up in Potentilla norvegica and P. intermedia

Argenteal

Ivesioids

The phylogenetic pattern seen in chloroplast markers of
Rivales species (in the sense of Wolf [25]) occurring in
North America suggests that other species than P. norve-
gica and P. intermedia may have connections to the
Argentea-Ivesioid hybridization event [18, 44]. Based on
chloroplast data, P. norvegica, P. newberryi, P. rivalis and
P. supina resolve with the Argentea clade, while P. biennis
is sister to the Ivesioid clade. For P. norvegica, it is evident
that the pollen donor came from the Ivesioid clade [23],
and therefore it is notable that P. biennis is the only Riv-
ales species that resolves with the Ivesioid clade. Potentilla
biennis, P. newberryi and P. rivalis have a limited central
to western North American distribution similar to that of
the Ivesioids [17]. In addition, P. biennis and P. rivalis are
morphologically similar to P. norvegica. Thus, it seems
likely that the Argentea-Ivesioid hybridization event oc-
curred in North America rather than in Asia. That would
make the Eastern European origin of P. norvegica, as pro-
posed by many floras [35, 37, 38], doubtful. It is therefore
possible that the Rivales group originated following mul-
tiple hybridization events between the two clades. To bet-
ter pinpoint where they occurred and which evolutionary
routes that were then taken by the lineages that emerged,
additional Argentea and Rivales species of various ploidy
levels should be included in future analyses, such that all
continents are better covered.

The four homoeologues that were found in P. norvegica
had a high degree of variation. In the case of P. inter-
media, this variation seemed even greater, since it is found
in more subclades than P. norvegica. Both P. norvegica
and P. intermedia have more than one ploidy level re-
ported [13], and there are many other examples of plant
populations with mixed ploidy levels [42, 55-57]. Sterile
hybrids may still be able to produce offspring through
apomixis, and this apomixis is in turn heritable [58]. Ac-
cording to Asker [59], both P. norvegica and P. intermedia
can reproduce in this manner, which could explain the
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existence of multiple ploidy levels and high sequence vari-
ation within the two species. In addition, several of the pu-
tatively diploid species (P. aurea, P. chinensis, P. clusiana,
P. fragarioides and P. heptaphylla) [13] included in this
study failed direct sequencing of all markers, and showed
a remarkable sequence variation. Potentilla heptaphylla
was resolved together with P. argentea and P. hirta in the
backbone reference (pp 0.95/0.88) (Fig. 4), but was seen in
three different clades (A2, B and C) in the separate gene
trees. This suggests allopolyploidy rather than single gene
duplications, since the gene copies were resolved as sisters
to different species in the same gene tree. The ploidy level
of P. aurea is difficult to determine solely from the results
presented here, since it is found in clades Al and A2 in
the GAPCPI1 tree, but only in clade Al in the GBSSI-1
and DHAR?2 trees. However, as seen for P. norvegica in
the GBSSI-1 and DHAR? trees, it is possible that P. aurea
and P. heptaphylla have lost homoeologues too. Future
studies of polyploid species in Potentilla should consider
chromosome counting and flow cytometry of the speci-
mens included in order to more securely connect the gene
trees with ploidy level, in addition to recreate a more ac-
curate, reticulate species tree.

Conclusions

This is the first study of species level relationships and re-
ticulate patterns in Potentilla based on low copy nuclear
markers. With this type of data it was possible to reveal a
complex evolutionary history of polyploidizations and hy-
bridizations, not only within previously identified sub-
clades, but also between subclades. The nature of the
results, and implications for the interpretation of evolu-
tionary events and distribution patterns, demonstrate the
importance of continued work with this kind of data.

The gene trees showed that P. norvegica and P. inter-
media are allopolyploids with multiple parental lineages in
the Argentea clade, and one in the Ivesioid clade. This
close relationship between the two clades is one of several
arguments for an inclusion of the genera of the Ivesioid
clade (Horkelia, Horkeliella and Ivesia) in Potentilla. This
inclusion would help to make Potentilla monophyletic.

Gene sequences from both Potentilla norvegica and P.
intermedia are present in the same major clades. This
indicates that the allopolyploidy events occurred in their
common ancestral lineage.

This study shows no support for species differentiation
of P. norvegica, as previously suggested, since there was
no condordance between geography and intraspecies
phylogeny. In addition, the majority of the preserved
specimens studied were of intermediate morphological
form between the two subspecies. A more extensive
study including more specimens is needed in order to
determine the support for recognition of the subspecies.
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Hybridization between the Argentea and Ivesioid
clades may have occurred several times and given rise to
the species of Wolf's grex Rivales [25]. To better esti-
mate when and where these hybridizations occurred,
other Argentea and Rivales species of various ploidy
levels should be included in future studies, such as P.
rivalis and P. biennis.

Methods

Taxon selection

To cover the circumpolar distribution of Potentilla norve-
gica L., [60] herbarium material of one morphologically typ-
ical individual of each subspecies, ssp. norvegica and ssp.
hirsuta (Michx.) Hyl., were included from Scandinavia and
central Europe, in addition to two North American and
one eastern Russian specimen of ssp. hirsuta. From the
Argentea clade, species were selected if they had reported
diploid populations [13], and from the Ivesioid clade the
type species of Horkelia and Ivesia were selected. Low-
ploidy outgroup species were selected from the Reptans,
Fragarioides and Alba clades. Potentilla intermedia L. was
also included since it shares several features with P. norve-
gica: similar morphology, weedy growth habit and assigned
to grex Rivales by Wolf [25], and could therefore be sus-
pected to have a similar evolutionary history as P. norvegica.
All specimens included are listed in Table 2.

Primer design
New primer pairs were designed for three low-copy nuclear
markers (Table 3); GAPCP1 (glyceraldehyde-3-phosphate
dehydrogenase) with primer sites in exons 11 and 14,
GBSSI-1 (granule-bound starch synthase I) in exons 1 and
4 and DHAR?2 (dehydroascorbate reductase 2) in exons 4
and 5. In order to find suitable primer placements, the 150
base pair long Illumina raw reads of a Potentilla argentea
genome (putatively diploid [63]), were assembled using
SOAPdenovo2 [64] on the Abel cluster (hosted by the Uni-
versity of Oslo, Norway). Alignments of the resulting con-
tigs to available Rosaceae sequences at GenBank were used
to screen for conserved regions in the markers. Candidate
sequences were blasted in Geneious version 10.2 [65] to the
Fragaria vesca genome published at Genbank [66] and to
the P. argentea contigs to ensure that they would not amp-
lify multiple regions. Annotation was based on the F. vesca
genome (GAPCP1: XM_004306515; GBSSI-1: XM_
004306569; DHAR2: XM_004307358).

The P. argentea sequences used in this study were
taken from these contigs, and were therefore not pro-
duced as the rest of the sequences (see below).

Molecular methods

DNA extraction and PCR

Twenty milligrams of silica gel-dried or herbarium leaf
material were extracted using the Qiagen DNeasy Plant
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Mini Kit (Qiagen, Valencia, CA, USA) following the
manufacturer’s instructions, with the exception that the
samples were left overnight at 56 °C and then allowed to
lyse at 65°C for 10 min. PCR mixtures included 2.5 pl
10x buffer (Mg2+ plus, 20mM), 2ul ANTP (2.5 mM
each), 1 pl forward and reverse primers (10 uM), 0.15 ul
TaKaRa Ex Taq HotStart DNA polymerase (5U/ul)
(Takara Bio, Shiga, Japan), 1-2 pl template, and ddH,O
to add up to 25pl. The reactions were run on a PCR
C1000TM Touch Thermal Cycler (Bio-Rad Laboratories,
Hercules, CA, USA). For GAPCP1, the reactions were
amplified through 3 min initial denaturation at 95°C,
followed by 35 cycles of denaturation for 30s at 95°C,
annealing for 30s at 51°C and extension for 1min at
72°C. A final extension was performed for 5min at
72°C. For GBSSI-1 and DHAR2, the reactions were
amplified through a touch-down program with 3 min
initial denaturation at 94-°C, followed by 10 cycles of de-
naturation for 45 s at 94 °C, annealing for 30 s starting at
55°C and then 0.5°C lower for each cycle, and 60s ex-
tension at 72°C. Thirty-five cycles with a constant an-
nealing temperature at 49°C followed, and a final
extension for 7 min at 72 °C. The reactions were checked
on a 1% agarose GelRed-stained (Biotium Inc., Free-
mont, CA, USA) gel under UV light.

Cloning

Cloning of PCR products was performed on polyploids and
specimens failing direct sequencing, using the StrataClone
PCR Cloning kit (Agilent Technologies, Santa Clara, CA,
USA) following the manufacturer’s instructions, with the
exceptions that 40 and 80 pl of the transformation mixture
were plated and that the reaction mixture was halved for
species of lower ploidy level (4x). PCR reactions were per-
formed on positive transformants with primers M13-20
and M13 reverse (as found in the manual) together with
Ex-Taq HS polymerase as described above. Amplification
started with an initial denaturation for 10 min at 94°C,
followed by 35 cycles of denaturation for 45s at 94 °C, an-
nealing for 45 s at 55 °C and extension for 3 min at 72°C. A
final extension was performed for 10 min at 72°C. PCR
products were then checked on a 1% agarose gel.

Purification and sequencing

All PCR products were purified using the Exo-Sap method
[67]. The number of clones sequenced corresponded to
95% probability of finding all gene copies, that is at least 6
clones for tetraploids, 11 clones for hexaploids, 16 clones
for octoploids and 21 clones for decaploids (Lundberg
et al., unpublished). Two species of Ivesia have been re-
ported to be tetraploids [61], and therefore the Ivesioid
species included in this study were also treated as such.
The samples were prepared using a BigDye Terminator
Cycle sequencing kit (Applied Biosystems, Waltham, MA,
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Table 3 Primer sequences used for PCR and sequencing
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Marker Primer name Sequence 5-3" Reference

GAPCP1 1k TGT CGA CTT GAG AAG GGT GGT TC This paper
14R CTT ATG CTG CCA CCA ATG CCA TG This paper
CGPPB5575 FWD CAT GTG CTC TAT GAG GTC CA [62]
CGPPB5575 REV ATC AGG TAT GCT GCT GAT GG [62]

GBSSI-1 1F TGG AG CAA GAC TGG TGG ACT TG This paper
4R GCA CAA CAA GCT GAATCT AAGTTG G This paper

DHAR2 4F AAG TAC ACT GAG GTA TGC TGT TC This paper
5R GTT GAC TTT CGG CTC CCATC This paper

Cloning vector M13-20 GTA AAA CGA CGG CCA G StrataClone manual
M13 Reverse CAG GAA ACA GCT ATG AC StrataClone manual

USA) and run on an ABI 3730XL DNA Analyser (Ap-
plied Biosystems). For DHAR?2, some samples were sent
to Macrogen Sequencing Service (Amsterdam, The
Netherlands) after purification. All other molecular lab-
work was carried out at the Biodiversity Laboratories
(DNA Section) at the University of Bergen.

Sequence treatment and alignment

For each marker, forward and reverse reads for each spe-
cimen or clone were assembled using PreGap4 and
Gap4 of the Staden Package [68]. Automatic alignment
of each cloned species separately (and specimen, in the
case of P. norvegica) was performed in AliView v. 1.18
[69] using MUSCLE [70]. Putative PCR errors were cor-
rected and identical sequences were removed. An align-
ment with all P norvegica specimens was then
performed, in order to remove identical sequences
shared between individuals.

To detect PCR recombinants, the alignments of cloned
specimens were loaded into SplitsTree v. 4.14.4 [71]. Se-
quences identified as putative PCR recombinants had no,
or very short, individual edges and long, parallel, connect-
ing edges to their parental sequences [72]. All remaining
sequences were automatically aligned together in AliView
followed by manual adjustments.

Phylogenetic analyses

Model testing

Substitution model testing was performed on each
marker with PartitionFinder2 [73], with GAPCP1 and
GBSSI-1 divided into subsets of introns and the
three codon positions, under the BIC and AICc cri-
teria for the models available in MrBayes. DHAR2
was not divided into subsets, since the amplified re-
gion almost exclusively consists of the intron be-
tween exons 4 and 5.

Indel coding

Indels found in two or more sequences were manually
coded according to the Simple Indel Coding method as
present (1), absent (0) or inapplicable (N) [74].

Bayesian inference

Bayesian Inference analyses were run for each marker
separately in MrBayes v. 3.2.6 [75, 76], using the Me-
tropolis Coupled Markov Chain Monte Carlo algorithm
[77], including one cold chain and three heated chains
for each of two runs. Division of the alignments into
subsets and assignment of models were coded according
to the results from PartitionFinder2 (Table 1). The Mk
model [78] was applied for the indels, where the likeli-
hood prior Coding and rate prior were set to variable.
The analyses were run for 5 million generations for
GAPCP1 and GBSSI-1, and 7.5 million generations for
DHAR?2, with sampling from the chain every 1000th
generation and with a burnin of 20%. An analysis was
accepted if the standard deviation of split frequencies
was below 0.01, the chain swap was between 20 and 80%
[79] (McGuire et al. 2007), no trend was seen in the
overlay plot and the Potential Scale Reduction Factor
[80] values had reached 1.0 for all parameters. A clade
was fully accepted if its Bayesian posterior probability
was 0.95 or higher. In order for the DHAR2 analysis to
converge, 13 P. norvegica sequences and one P. inter-
media sequence that were suspected to cause problems
had to be removed. These were identified by inspecting
the whole dataset in SplitsTree. PartitionFinder2 and
MrBayes were run at the CIPRES Science Gateway [81].

Maximum likelihood

Maximum Likelihood analyses were performed in RAXML
version 7.2.8 [82, 83]. under the GTR + G (nucleotides,
DNA) [84] and Mk (indels, MULTI) [71] models with
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1000 rapid bootstrap replicates [85]. A clade was fully ac-
cepted if its Bootstrap support was 75 or higher.

Rooting and tree graphics

The resulting consensus trees from the BI and ML ana-
lyses were inspected using FigTree version 1.4.1 [86] and
rooted on P. biflora and P. clusiana Jacq. of the Alba
clade. The Alba clade is the sister clade to the rest of the
species included in this study [18, 23]. All branches with
posterior probabilities below 0.8 were collapsed in Mes-
quite version 3.10 [87]. The layouts were further edited
using GIMP version 2.8.10 (www.gimp.org) and Inkscape
version 0.48 (www.inkscape.org).

Control analyses

To ensure that no gene copies were incorrectly dis-
carded as PCR recombinants, all unique sequences of
the Ivesioids (Horkelia, Horkeliella and Ivesia), P.
intermedia and P. norvegica were subjected to an ML
analysis each (without coded indels), together with a
reduced dataset of the species representing the larger
clades seen in the gene trees.

Multispecies coalescent analysis
Due to initial results from the BI and ML analyses show-
ing somewhat different topologies for the different

Table 4 Voucher list; chloroplast markers
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markers, some species were subjected to a Multispecies
Coalescent analysis [88] in BEAST v. 1.8.0 [89] at CIPRES
[81], in order to create a species tree as a backbone refer-
ence. Two datasets were created, one with the three low-
copy markers only, and one with the low-copy markers in
combination with three chloroplast regions from previous
studies (trnL-F, trnC-ycf6 and trnS-ycf9) (Table 4) [18, 44,
90]. Substitution model testing was performed in Partiton-
Finder2 on each region, not accounting for codon posi-
tions. Two clock models were tested; strict and relaxed
uncorrelated log normal [91]. For each of these, two tree
priors were tested; a birth-death process [92] and a birth
process [93]. The analysis of the dataset with low-copy
markers only was run for 50 million generations with
sampling every 1000th generation, and the combined
dataset for 150 million generations with sampling every
1000th generation. To test the fit of the models to the
data, path sampling and stepping-stone sampling [94, 95]
were performed with 50 steps, each with a length of 1 mil-
lion iterations for the low-copy marker dataset, and 150
steps with a length of 1 million iterations for the com-
bined dataset. Log marginal likelihood differences larger
than three were considered significant [96]. The analysis
with the models best fit to the data was run two independ-
ent times, and the results were inspected using Tracer v.
1.7.1 [97]. In order to test if the prior, rather than the data,

Taxon Voucher Collection site Ploidy level  Clade trnL-trnF trnS-ycfo trnC-ycf6

Horkelia californica 4° Ivesioids ~ FR872958 - -

Cham. & Schltdl.

Horkeliella purpurascens Ertter 4980 (UC) California, USA 42 Ivesioids  GQ384737 GQ384569 GQ384891

(S.Watson) Rydb.

Ivesia gordonii (Hook.) Huber 1182 (MO) Utah, USA 42 Ivesioids ~ GQ384725 GQ384557 -

Torr. & AGray

Potentilla argentea L. Gregor (HEID) Rhineland-Palatinate, 2468 Argentea  GQ384652 GQ384485  GQ384820

Germany

Potentilla argentea L. Dobes (HEID) Lower Austria, Austria 24,68 Argentea  GQ384665 (GQ384497 GQ384833

Potentilla argentea L. Kramer et al., Botanical North Rhine-Westphalia, 24,68 Argentea  GQ384675 GQ384507 GQ384843
Garden Bonn Germany

Potentilla aurea L. Dobes (HEID) Tyrol, Austria 2 Argentea  GQ384667 GQ384499  (GQ384835

Potentilla aurea L. Paule (HEID) Julian Alps, Slovenia 2 Argentea  GQ384673  GQ384505 (GQ384841

Potentilla biflora Willd. S. Kharkevich, T. Buch Magadan Oblast, Russia 2 Alba GQ384682  (GQ384514  GQ384850

ex Schitdl.

Potentilal brauneana Hoppe  Dobes (HEID) Tyrol, Austria 2 Argentea  GQ384668 (GQ384500 GQ384836

Potentilla chinensis Ser. Zhechai (CM) China 2 Argentea  KT991783 - -

Potentilla clusiana Jacq. Leopoldinger, Univerity of ~ Upper Austria, Austria 26 Alba GQ384640 GQ384473  GQ384808
Salzburg Botanical Garden

Potentilla heptaphylla L. Dobes (HEID) Lower Austria, Austria 246 Argentea  GQ384666 GQ384498 (GQ384834

Potentilla hirta L. Dobes (HEID) Alpes-Maritimes, France 2 Argentea  GQ384634 GQ384467 (GQ384802

Potentilla reptans L. Botanical Garden Pays de la Loire, France 4 Reptans  GQ384638 GQ384471 GQ384806

Nantes Mairie

Ploidy level (CCDB [13], IPCN [61]), clade [23] and Genbank accessions
“Based on Ivesia baileyi var. beneolens (A.Nelson & J.F.Macbr.) Ertter and /. rhypara var. shellyi Ertter
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Fig. 6 Images of Potentilla norvegica leaves and stipules, illustrating the typical characters for ssp. norvegica and ssp. hirsuta: Leaflet and tooth
shape (a and b) and stipule dentation (c and d). The specimen in a and ¢ was collected by Gugnacka s.n. (UPS) in Poland, here denoted
individual 95. The specimen in b and d was collected by Rouleau nr. 6057 (UPS) in Canada, here denoted individual 92

was driving the results, an additional run with sampling
from prior only was performed. The tree files were then
combined using TreeAnnotator of the BEAST package
with a burnin of 20% of each run.

Morphological study

Potentilla norvegica specimens were inspected at, or on
loan from, the herbaria of Stockholm (S), Uppsala (UPS)
and Gothenburg (GB) in Sweden, and the herbaria of
Bergen (BG) and Oslo (O) in Norway. They were used
to study the defining characters of the two P. norvegica
subspecies (ssp. norvegica and ssp. hirsuta); leaflet form,
leaflet dentation and stipule dentation [29, 38, 98] (Fig. 6
and Table 5).

Table 5 Morphological characters used to differentiate between
the two subspecies of Potentilla norvegica

ssp. norvegica ssp. hirsuta

Basal leaflets oblanceolate obovate

acute terminal tooth obtuse terminal tooth
long terminal tooth short terminal tooth

Stipule teeth 0-3 2 - several
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