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Abstract 
Hybridization is an important evolutionary force. It may lead to the formation of new, 

adaptive genotypes, or even the formation of a new species. However, it also may lead to 

replacement, or merging of species. Hybridization has long been suspected between Veronica 

spicata and V. longifolia in the Oslo area in southeastern Norway. The putative hybrids are 

said to backcross with V. spicata, forming a hybrid swarm. Because V. spicata is endangered 

(EN) Norway, it is important to investigate if ongoing hybridization takes place or if 

suspected hybrids are a part of a V. spicata which is more morphologically variable than 

presumed.  

Three specimens were sampled from each of six putative hybrid localities, five V. spicata and 

five V. longifolia localities in southeastern Norway. The following methods were used: 

morphometric analysis based on 26 morphological traits, pollen stainability as indication of 

fertility, flow cytometry for estimation of ploidy level, and Next-Generation Sequencing of 10 

putatively unlinked marker regions using the Ion Torrent PGM: the nuclear regions ITS, 

CYC2, AroB EIF3E, At103 and Agt1, and the chloroplast regions trnS-trnG-trnG, trnQ-rps16, 

rpoB-trnC and trnL-rpl32. 

No evidence of ongoing hybridization was found. If the findings in this study can be 

extrapolated to the rest of the Oslo area, it seems that a broader concept of V. spicata should 

be implemented. However V. spicata, the putative hybrids and V. longifolia were rather 

admixed in the phylogenetic trees, suggesting that hybridization may have taken place earlier 

in the evolutionary history of V. spicata and V. longifolia. The pattern observed may also be 

explained by incomplete lineage sorting. Ancient hybridization cannot be separated from 

incomplete lineage sorting based on the current sample size.  

The flow cytometry revealed a tetraploid cytotype (2n = 68) of V. longifolia in southeastern 

Norway, which differ from the diploid cytotype (2n = 34) found in northeastern Norway and 

the rest of the Nordic countries. This may indicate that the southeastern population may have 

migrated from Southeastern Europe where the tetraploid cytotype is more prevalent.  
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1 Introduction 

1.1 Hybridization  

Natural hybridization, i.e. gene flow between differentiated taxa, is a common phenomenon 

among plants (Whitney et al. 2010) . A large study found that it occurred in 40 % of the 

vascular plant families investigated (Whitney et al. 2010). Although hybridization is common, 

its frequency varies in different taxonomic groups. Certain families and genera have more 

hybridization than others, e.g. Rosaceae, Salicaceae and Poa (Poaceae), while others are not 

known to hybridize at all, e.g. Apiaceae and Geranium (Geraniaceae) (Stebbins 1959, 

Whitney et al. 2010). Although many taxa are known to hybridize, the total number of 

individuals that actually involved in hybridization is low (Genovart 2009). 

Hybridization serves as an important evolutionary force among plants. It may strengthen or 

weaken reproductive barriers (Arnold 1992). It may also lead to the formation of a new 

species, often through polyploidy. If the hybrid is not sterile, it might backcross with one or 

both its parents. Repeated backcrossing might lead to introgression, i.e. permanent 

incorporation of DNA from the gene pool one species to another (Arnold 1993). This may 

create new, adaptive genotypes faster than mutations alone (Twyford and Ennos 2012) or, in 

extreme cases, merge previously diverged species (Arnold 1992). Hybridization may also lead 

to local extinction of a species because of replacement and genetic mixing (Rhymer and 

Simberloff 1996, Allendorf et al. 2001).  

1.1.1 Factors promoting hybridization  

Unstable environments, e.g. due to habitat disturbance, may promote hybridization (Anderson 

1948, Stebbins 1959, Heiser 1979, Campbell and Wright 1996, Vilà et al. 2000). In a stable 

environment with well adapted species, hybridization rarely occurs. Also, there will not be 

any ecological niches available for the few hybrids that are created. Habitat disturbance might 

create new, unoccupied niches suitable for the hybrid’s genotype (Anderson 1948, Stebbins 

1959, Brochmann et al. 1998). Unstable habitats, or areas with much disturbance, may also 

provide corridors for the movement of species, thereby generating possible hybrid zones 

(Brochmann 1984, Rieseberg and Carney 1998). Hybridization may take place in a localized 

hybrid zone, often characterized by steep environmental gradients (Abbott and Brennan 
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2014). The chances of interspecific pollination are low compared to intraspecific pollination 

when both parents are abundant. Hybridization is therefore more likely to occur where one of 

the parental species is scarce. The same effect appears if the parental species have somewhat 

different flowering season, so that one species start flowering when the other is at its peak 

(Stebbins 1959).  

1.1.2 Methods for detecting hybridization 

Morphology 
A common view has been that hybrids are a morphological intermediate between their parents 

(Anderson 1948, Stebbins 1959, Raitanen 1967). However, when Rieseberg and Ellstrand 

(1993) reviewed data from 46 hybridization studies, they found that parental traits were just 

as common as intermediate traits in the hybrid generation. A high proportion of the hybrids, 

64 % of the F1 hybrid generation and 89 % of later generation hybrids, showed extreme (i.e. 

transgressive or novel) character traits. They concluded that hybrids will display a mosaic of 

intermediate, parental and extreme traits, depending on allelic expression patterns. 

Quantitative traits tend to show intermediate values in the hybrid, while qualitative traits tend 

to show parental values. In addition, the sessile nature of plants favors phenotypic plasticity, 

i.e. the capacity of a genotype to produce different phenotypes when exposed to different 

environmental factors, as a way of adapting to a heterogeneous environment (Dudley 

2004).Thus, morphology alone is insufficient for detecting hybridity.  

Fertility 
Hybrid sterility is one of the most common postzygotic isolation mechanisms in plants, and is 

therefore viewed as a straightforward indicator of hybridity (Lihova et al. 2007). Studies of 

natural hybrids as well as hybridization experiments have shown that hybrid fertility is highly 

variable, depending on how distantly related the parental species are, and if they are of the 

same ploidy level. Genetic incompatibility between parents may be due to factors such as 

chromosomal structural differences, i.e. duplications, translocations and inversions. This may 

result in incomplete and/or irregular pairing in the meiosis, which can be observed as a high 

frequency of uni- or multivalents 

(Gerstel 1954, Stebbins 1959, Li et al. 1997, Levin 2002, Arnold and Martin 2010). Hybrid 

sterility is particularly pronounced when hybridization occurs between parental species of 
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different ploidy levels, e.g. a diploid and a tetraploid. Diploid individuals have two sets of 

chromosomes in their somatic cells, while polyploid individuals have more than two 

chromosome sets. Expected outcome of hybridization between a diploid and a tetraploid is 

either an intermediate triploid level or, if the gamete from the diploid is unreduced, a 

tetraploid level hybrid. Triploid individuals are often completely sterile because of 

insufficient or irregular chromosomal pairing in the meiosis and subsequent failure to produce 

viable gametes. Hybrid tetraploids on the other hand, may be fertile (Levin 2002). Fertility 

also tends to increase in F2 and following hybrid generations (Stebbins 1959, Lihova et al. 

2007). 

Molecular markers 
The use of DNA markers has become crucial for investigating hybridization because it makes 

it possible to show the genetic contributions of parental genotypes in putative hybrids (Sang 

and Zhong 2000). Nuclear DNA (nDNA) markers are bi-parentally inherited, thus F1 hybrids 

will be heterozygous for species-specific alleles (Rieseberg and Carney 1998). Later 

generations will have various combinations of alleles due to e.g. backcrossing, segregation 

and allele conversion (Rhymer and Simberloff 1996). Past hybridization may therefore 

display the same characteristics as for incomplete lineage sorting (Eaton and Ree 2013). 

Incomplete lineage sorting, means the failure of ancestral gene copies to coalesce into a 

common ancestral copy until deeper than previous speciation events) (Maddison 1997). 

Chloroplasts are maternally inherited in most angiosperms, and may be used as a supplement 

to nDNA showing the direction of hybridization, i.e. if only males from one species cross 

with females from the other species, or if reciprocal cross occurs (Rhymer and Simberloff 

1996).  

 

Next-Generation Sequencing (NGS), also called High-Throughput Sequencing (HTS), is the 

start of a new era in the field of biology. It may facilitate e.g. whole genome-mapping, ancient 

DNA research and locating of cancer-specific alleles (Schuster 2008). While the classical 

Sanger Sequencing attains one consensus sequence, NGS not only sequences a vast number of 

alleles at once, but also shows the quantity of each allele. Furthermore, NGS allows for 

simultaneous sequencing of many individuals for several DNA regions, or even whole 

genomes, making it a potentially cost- and time-efficient method for generating large amounts 

of data (Straub et al. 2012). Ion semiconductor sequencing on the Personal Genome Machine 
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(PGM) is a type of NGS sequencing that uses a method of pH-measuring for sequencing. 

Deoxynucleotide triphosphates (dNTPs) are in turn, flowed over millions of pico-wells. Each 

well contains a template DNA fragment. Whenever a polymerization event occurs, a proton is 

released, causing a measurable change in pH (Rothberg et al. 2011). PGM should fit for 

investigation of hybridization, as many markers can be tested simultaneously. Furthermore, 

this method of sequencing makes the expensive step of cloning unnecessary. However, PGM 

sequencing, the method has a relatively high error rate. Particularly frequent are indel- and 

homopolymer-related errors (Bragg et al. 2013). 

1.2 Genus Veronica L. 

Genus Veronica is a large and diverse group. It belongs to family Plantaginaceae, and consists 

of about 450 species (Stevens 2001, Meudt et al. 2015). Its species are distributed mainly in 

temperate zones in the northern hemisphere (Anderberg 1997). Veronica contains annual to 

perennial herbs, often with blue to white flowers, with a broad upper corolla lobe (fused 

together by two lobes), two side-lobes and one narrow lower lobe (Lid and Lid 2005). The 

two stamens are located at the basis of the upper corolla lobe. The fruit is a capsule, often 

heart-shaped and somewhat flattened and with a middle septum (Lid and Lid 2005). Albach et 

al. (2004) defines the subgenus Pseudolysimachium ((W.D.J.Koch) M.M.Mart.Ort., Albach & 

M.A.Fisch., based on phylogenetic analyses of DNA-sequence data and morphological 

synapomorphies, like terminal inflorescence, racemose or spiciform; small, linear bracts; 

pedicel rarely longer than corolla; calyx divided into four lobes, rarely longer than corolla; 

dark blue corolla and flattened seeds. All species within this subgenus are perennial, and 

probably of polyploid origin. Base chromosome number is x = 17. Veronica spicata L. and V. 

longifolia L. are placed in subgenus Pseudolysimachium. The two are probably sister species 

(Albach 2008, Albach and Meudt 2010). Pseudolysimachium has also been regarded as a 

separate genus (e.g. Trávníček et al. 2004)  

1.2.1 Veronica spicata L. 

Veronica spicata, or spiked speedwell, typically reaches 5−60 cm in height. Its stem is erect 

or ascending from a rhizome, usually pubescent or with glandular hairs, sometimes branching 

just below the inflorescence. The leaves are opposite 2−8 cm long, with hairs that are plain or 

glandular. The leaves range from linear to lanceolate to ovate in shape, and are usually 



5 
 

broadest near the middle. The leaf base is cuneate, and the petiole is normally short. The leaf 

margin may be crenate or crenate-serrate, and may be sub-entire near basis and apex. The 

inflorescence is a dense subspicate raceme, and reaches up to 30 cm. The pedicel is up to 1 

mm long, and usually much shorter than the bracts. The calyx is lobed, and can sometimes 

have glandular hairs. The corolla is dark blue and 4− 8 mm in diameter (Raitanen 1967, Fægri 

1970, Tutin et al. 1976, Stace 1997, Lid and Lid 2005). According to Tutin et al. (1976), the 

capsule is 2−4 x 2−4 mm, emarginated and glabrous, but according to Lid and Lid (2005), the 

capsule is round with glandular hairs. V. spicata is protogynous and self-compatible. Its main 

pollinators are bees and bumblebees (Wilson et al. 2000). 

Ecology and distribution 

Veronica spicata is found in open calcareous-rich shallow-soil lowland systems, often on dry 

grasslands or rocky slopes (Tutin et al. 1976, Lid and Lid 2005). This habitat type is declining 

in Norway and both the habitat type and the species are red listed in Norway. The habitat is 

regarded as vulnerable (VU), and the species as endangered (EN). The main threats are 

development and overgrowing (Kålås et al. 2010, Lindgaard and Henriksen 2011). Veronica 

spicata is distributed in most of Europe, but is rare in the west (Tutin et al. 1976). It is also 

native to western Asia (Lid and Lid 2005). A worldwide distribution map is located in Figure 

1. In Norway the distribution is limited to the southeastern part of the country, ranging from 

Fredrikstad (Østfold county) and Bamble (Telemark) up to Oslo and Akershus and Ringerike 

in Buskerud (Lid and Lid 2005). Veronica spicata is cultivated as a garden plant, and has 

probably escaped from gardens along the south coast of Norway (Lid and Lid 2005). 
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Figure 1: Map showing worldwide distribution of Veronica spicata (Retrieved from Hultén and Fries 1986). 

1.2.2 Veronica longifolia L.  

 Veronica longifolia, or garden speedwell, is highly variable, especially in size and leaf shape. 

It reaches 30 −120 cm in height. The stem is robust and erect. The upper part of stem might 

have fine hair covering; the rest is usually glabrous. The stem may be branched just below the 

inflorescence. Leaves are 4−12 cm long, opposite or in whorls of 3−4, often serrated or 

doubly serrated along the whole margin. The lamina is glabrous or sparsely hairy. The leaf 

may be lanceolate to linear-lanceolate, and is typically broadest near basis. The leaf apex may 

be acuminate, and base cuneate to truncate. The inflorescence is a dense raceme, up to 25 cm, 

and often with one or more small lateral branches. The pedicels are 1−2 mm long, and shorter 

than the pointed bracts. Calyx lobes are acute and about 2−3 mm long. The corolla is lilac or 

pale to dark blue, and 6−8 mm in diameter. The capsule is short, about 3 x 3 mm, egg-shaped 

to round, emarginated and glabrous (Raitanen 1967, Tutin et al. 1976, Stace 1997, Lid and 

Lid 2005). Veronica longifolia is insect-pollinated and self-compatible (Winter et al. 2008).  
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Ecology, distribution and nomenclature 
V. longifolia typically grows on shores and riverbanks, in thickets and forest margins, and 

moist meadows. It often prefers fertile, alluvial habitats (Lid and Lid 2005, Elven et al. 

2013b). Its distributed ranges from northern, eastern and central Europe (Tutin et al. 1976), 

and western, central and eastern Asia, (USDA 2015). A worldwide distribution map is located 

in Figure 2. In Norway it has two distinct distribution areas: one in the North-East and one in 

the South-East. The southern distribution ranges from Halden (Østfold county) and Kragerø 

(Telemark), north to Åmot (Hedmark), Lillehammer (Oppland) and Nes (Buskerud). In north 

it is fairly common from Nordreisa (Troms), and east to South-Varanger (Finnmark) (Lid and 

Lid 2005, Elven et al. 2013b). The northern population is by some classified as a separate 

species, V. septentrionalis Boriss., or variety, V. longifolia var. borealis Trautv. (Lid and Lid 

2005). Veronica longifolia is here treated in the broader sense, with V. maritima L. included, 

as is done in Lid and Lid (2005) and The Plant List (2013) v1.1 (Published on the Internet; 

http://www.theplantlist.org/ (accessed 17.08.2015)). Veronica longifolia is, like V. spicata, 

cultivated as a garden plant, and often escapes. Escaped and sometimes naturalized 

individuals occur in the lowlands throughout Norway up to West-Finnmark (Lid and Lid 

2005). 
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Figure 2: Map showing worldwide distribution of Veronica longifolia (Retrieved from Hultén and Fries 1986). 
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1.3 Main differences between Veronica spicata and 
V. longifolia 

  

Table 1 sums up the main differences between V. spicata and V. longifolia. Based on 

morphology, the species differ mainly in overall size, hair and glandular hairs, plus the shape 

and margin of the leaves. They also have different ploidy levels at least in the Nordic 

countries. Furthermore, they have different ecologic preferences.  

Table 1: Main differences between V. spicata and V. longifolia (based on info from mainly Raitanen 1967, 
Tutin  et al. 1976, Lid and Lid 2005). 

 Veronica spicata Veronica longifolia 

Height 5−60 cm 30−120 cm 

Stem hair Hair present along the whole stem At least the lower half glabrous 

Inflorescence Unbranched Often branched at basis 

Pedicel ≤ 1 mm 1−2 mm 

Sepal lobes Rounded Acute 

Capsule Round with short glandular hairs Emarginated, glabrous 

Calyx Many times (2−10) longer than pedicel 
As long as or somewhat longer than 
pedicel 

Glandular 
hairs 

On leaves and sepals Usually lack 

Leaf length 2−8 cm 7−8 cm 

Leaf position Opposite Opposite or whorl of 3−4 

Leaf margin 
Rounded teeth. Often entire/subentire at apex and 
basis 

Serrated or doubly serrated all along the 
margin 

Leaf width Broadest near middle Broadest near basis 

Leaf base Cuneate Cordate to truncate 

Ecology Shallow-soil, calcareous-rich, open, dry habitats Moist habitats 

Ploidy level Mostly tetraploid (2n=68) Mostly diploid (2n=34) 

1.3.1 Ploidy levels 

Both species are reported both as diploid (2n=34) and tetraploid (2n=68), (e.g. Tutin et al. 

1976, Trávníček et al. 2004, Lid and Lid 2005, Albach et al. 2008). In the Nordic countries, 
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V. longifolia is reported as diploid only (with one exception), and V. spicata as tetraploid only 

(Raitanen 1967, Kukkonen 1986, Lövkvist and Hultgård 1999). There exists only one 

chromosome number report for each species from Norway, n = 17 for V. longifolia from 

Finnmark and 2n = 68 for V. spicata from Akershus (Engelskjøn 1979). 

1.4 Hybridization between Veronica spicata and V. 
longifolia 

Graze (1933) did artificial crossings within subgenus Pseudolysimachium and managed to 

produce fertile tetraploid hybrids between a diploid mother plant and a tetraploid father. 

These tetraploid hybrids could readily backcross with tetraploid parents. Reports of natural 

hybridization exist in areas where Veronica spicata and V. longifolia grow in the same 

geographical area, but occupying different ecological habitats: in Sweden (Du Rietz 1930, 

Lehmann 1940), Finland (Raitanen 1967), Germany (Borsos 1967) and the Czech Republic 

(Trávníček et al. 2004). 

No systematic research on hybridization between the studied species has been done in 

Norway. However, hybridization followed by backcrossing with V. spicata has long been 

suspected in the Oslo area because of observation of individuals with intermediate 

morphological trais in V. spicata dominated areas. Several floras claim that V. spicata and V. 

longifolia produce fertile individuals in nature (Lid and Lid 2005, Mossberg and Stenberg 

2012). Putative hybrids are today reported as occurring in vast numbers in the inner Oslofjord 

area, often even without its parental species present (Artskart, located at 

http://artskart.artsdatabanken.no 15.08.2015). It may be noted, however, that many of these 

putative hybrid populations have been determined to V. spicata by other collectors. Possible 

hybrid-zones may be found at Malmøya, Hellvik, Nesoddtangen and Ekeberg in the inner 

Oslofjord area, where V. longifolia is said to grow sparsely along with V. spicata and putative 

hybrids. 

1.5 Objective and hypotheses 

Veronica spicata is an endangered species, and it is therefore crucial to gain more knowledge 

about its morphological and genetic variation. Also, it is important to study its relationship to 

the closely related V. longifolia and to investigate if, and to what extent, hybridization 
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between the two takes place. Such knowledge is essential in order to take measures to prevent 

further decline of numbers of individuals and populations. Because hybridization may have a 

negative impact on already vulnerable populations, this issue is regarded as particularly 

important. The main objective of this thesis is to investigate putative hybrid populations in the 

Oslo area in order to find out whether they represent recent hybrids, or if they are a part of an 

entity of V. spicata, which is more morphologically variable than previously thought. Based 

on what is known about the characteristics of two species and their putative hybrid in the Oslo 

area, three main hypotheses are formulated:  

1) Hybridization between V. spicata and V. longifolia is occurring today as a result of 

secondary contact between two ecologically separated species. This hypothesis is hereafter 

referred to as the ongoing hybridization hypothesis. 

2) Veronica spicata and V. longifolia are two well-established species, obviously closely 

related, but still separate entities, which seldom or never hybridize. Veronica spicata is a 

more variable species than so far believed, and specimens reported as hybrids are a part of this 

morphological variation. This hypothesis is hereafter referred to as the no hybridization 

hypothesis.  

Even if there is no ongoing hybridization, it might still have occurred in an earlier stage of the 

two species’ evolutionary history. A third hypothesis is therefore formulated: 3) the ancient 

hybridization hypothesis, postulating that hybridization has taken place in the past, but seldom 

or never happens today.  

To test these hypotheses several methods are applied: morphometric analysis, estimation of 

ploidy levels by flow cytometry, pollen stainability for indication of fertility, and 

phylogenetic analyses based on putatively unlinked and neutral DNA sequence markers. 

1.5.1 Deductions made from the hypotheses 

1) Ongoing hybridization: The putative hybrids might be morphologically intermediate, but 

may also have parental or extreme traits. Reduced or variable fertility of the putative hybrid 

might be observed. Both tetraploid and triploid DNA level of the putative hybrid is possible, 

but with a triploid level, the hybrid will be sterile. The putative hybrid is expected to be 
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heterozygous for species-specific alleles, and thus appear with both V. spicata and V. 

longifolia clade in the nuclear phylogenetic trees.  

2) No hybridization: If the putative hybrids are a part of the morphologic variation for V. 

spicata, the putative hybrid will be similar to V. spicata in the morphometric analyses. Thus, 

the morphometric data might group the hybrids with V. spicata, but will to a certain degree be 

in an intermediate position closer to V. longifolia. An intermediate position is expected as the 

most “longifolia-like” specimens have tended to be classified as hybrids by local botanists. 

The putative hybrids will be of the same ploidy level and fertile as V. spicata as they actually 

are a part of this species. The phylogenetic trees will be congruent and separate V. spicata and 

V. longifolia. The putative hybrid will appear together with V. spicata.  

3) Ancient hybridization: Morphology might be uninformative with regards to past 

hybridization. Fertility is probably stabilized on a high level for all populations. Ploidy level 

of the putative hybrid will probably be the same as for V. spicata as they are of the same 

species. Incongruence between different genetic markers will probably be pronounced. The 

putative hybrids may appear both with V. spicata and V. longifolia in the phylogenetic trees, 

but the pattern will probably not be as clear as if they were F1 hybrids.  
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2 Materials and Methods 

2.1 Sampling 

The sampling was carried out in Akershus, Oslo, Hedmark and Østfold counties, in 

southeastern Norway. Populations from this area were chosen based on locality records from 

the Norwegian GBIF-node Artskart 1.6. (Available at: artskart.artsdatabanken.no, accessed 

2014.06.01). The strategy for the sampling was to get a selection of putative pure populations 

of V. spicata and V. longifolia as well as their putative hybrid. It was aimed to choose 

populations that were geographically distant. Populations were defined as hybrid populations 

mainly based on notes on herbarium labels made by collectors. To allow for comparisons with 

populations outside the study area, V. spicata from Sweden, collected by collaborators was 

included in the study. For simplicity, the following abbreviations are made in material and 

methods and results part of this study: (1) spicata for Veronica spicata (2) longifolia for 

Veronica longifolia (3) hybrid for putative hybrids.  

Sixteen localities were visited during the flowering season from July to September 2014. A 

map showing the localities are shown in Figure 3. A table with descriptions of each locality is 

shown in Appendix table I. Three to four individuals were gathered from each population. 

Ideally the individuals were collected at least 1 m apart from each other, and had both 

capsules and flowers present on their raceme. Leaf material for DNA extraction was collected 

and immediately stored in containers with silica gel. Leaf number was quantified in the field 

before pressing the specimens for vouchers. The remaining morphological characters were 

quantified from the pressed material. From some of the localities (3, 5, 11 and 15) whole 

individuals were collected and replanted at the Natural History Museum, University of Oslo 

for testing of flow cytometry on fresh leaf material. 
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Figure 3: Map showing the 16 localities included in the study. The dots in blue represent putative Veronica 
longifolia localities, red dots putative V. spicata and purple dots putative hybrids. Populations 10 and 11 are 
hidden behind 9. 

2.2 Morphometry 

A total of 48 individuals, three per locality, were included in the morphological analyses. 

Morphological characters were selected based on species descriptions from various authors 

(Raitanen 1967, Tutin et al. 1976, Lid and Lid 2005), and characters used for species 

delimitation were given special attention. A scoring chart of 40 morphological characters was 

produced. Of this, 26 characters were included in morphometric analyses: seven quantitative, 

six quantitative ratios, seven qualitative binary and six qualitative multistate. A detailed list of 

morphometric characters is shown in Appendix table II. Micro-morphological (1 – 8) and 

inflorescence (13 – 15, 18, and 19) characters were measured using a binocular microscope. 

Capsule shape was excluded as a character as it was more or less emarginated in all cases. 

Glandular hairs on the bracts near the inflorescence (7) was added as a character in this study 

after observing interspecific variation.  
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2.2.1 Leaf measurements 

In order to get more accurate leaf measurements in an efficient way, computer software was 

used in addition to manual scoring and measurements. To aid this, leaves were both 

photographed onto millimetre paper and scanned on white background with a scale. Leaf 

characters 24–32 (Appendix table II) were measured in LAMINA (Leaf shApe 

detarMINAtion) 1.0.2 (Bylesjö et al. 2008). From the standard output from LAMINA of 26 

characters, nine characters believed to be variable between the studied species were selected 

for further analyses. Individual mean from based on three leaves was calculated in Microsoft 

Excel for each character. For the remaining leaf characters, mainly the median leaf was used 

as base for measurement. Serration type, double serrations and leaf base (36 – 38) were 

quantified manually. Leaf apex angle (35) was measured in ImageJ v1.46r (Schneider et al. 

2012). Leaf examples for spicata, longifolia and hybrids are shown in Appendix figure I−III.  

2.2.2 Morphometric analyses  

In order to eliminate scale effects, leaf serration number (30) and distance to the widest point 

of the leaf (40) were divided on leaf length, and raceme length was divided on total plant 

height. The remaining continuous variables were for the same reason log-transformed. In 

order to avoid bias, mean pedicel length (16) and number of leaves per node (23) was used in 

the analysis. Morphometric analyses were carried out using PAST 3.08 (Hammer et al. 2001). 

A Principal Coordinates analysis (PCoA) was performed to reveal possible grouping of the 

individuals based on morphological characters. Gower distance was used for continuous and 

ordinal variables, while Jaccard’s distance was used for binary variables.  

2.3 Flow cytometry 

Ploidy level was inferred from nuclear DNA content determined by flow cytometry following 

the simplified two-step protocol (Doležel et al. 2007) using the internal reference standard 

(Pisum sativum 'Ctirad', 2C = 8.84 pg, (Greilhuber and Ebert 1994). Isolated nuclei of 

majority of the samples were stained with 4,6-diamino-2-phenylindole (DAPI) and run in a 

Cyflow ML flow cytometer (Partec, Münster, Germany) equipped with the UV-led lamp. For 

genome size estimation, four samples were stained with pripidium iodide (PI) and run on a 

CyFlow SL flow cytometer (Partec, Münster, Germany) equipped with a green (532 nm) 

solid-state laser. The analyses were performed in Laboratory of Flow Cytometry, Department 
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of Botany, Faculty of Science, Charles University in Prague, CZ. Overview of the samples 

measured can be viewed in Appendix table IV. 

2.4 Pollen staining 

When possible, two individuals from each population were used for pollen quantification. 

One or two anthers were removed from each individual, and the pollen grains applied to a 

microscope slide before one drop of Lactophenol Cotton Blue was added for staining and a 

cover slip was placed on the top. Stainability was recorded in a microscope earliest 24 hours 

after staining. The pollen was classified as well-stained, or unstained and/or crumpled. About 

100 pollen grains per individual were counted. Pollen quality was expressed as the percentage 

of well-stained grains.  

2.5 Molecular work 

All laboratory work was performed at the Natural History Museum, University of Oslo.  

2.5.1 DNA extraction 

Total genomic DNA from silica-dried leaf material was extracted following the DNeasy Plant 

Mini protocol (Qiagen,), with minor modifications (Appendix 4). 

2.5.2 Selection of DNA marker regions 

Potential DNA marker regions were amplified and sequenced using the Sanger method. The 

Sanger protocol is shown in Appendix 4. Regions that showed variation between spicata and 

longifolia were used further in PGM sequencing. In total, 10 marker regions were selected; 

six nuclear regions: the ribosomal internal transcribed spacer (ITS), low copy Conserved 

Ortholog Set (COS) genes AroB, At103, Agt1 and Eif3E and Low-copy gene CYCLOIDEA 2 

(CYC2), and four chloroplast intergenic spacer regions: trnL-rpl32, trnS-trnG-trnG, rpoB-

trnC, trnQ-5´rps16. Only ITS, CYC2 and rpoB-trnC have previously been tested on spicata 

and longifolia. The primer sequences for each region are shown in Appendix table V 
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2.5.3 DNA amplification 

The selected regions were amplified using Polymerase Chain Reaction (PCR). Three different 

polymerase kits were used for amplification. AmpliTaq DNA polymerase (Applied 

Biosystems) was used for testing of variability, but also for amplification of the trnL-rpl32 

region. The high fidelity polymerase Platinum Taq (invitrogen) was used to minimize the 

effect of PCR induced errors. However, amplification problems with Platinum Taq led to the 

switch to Q5 (New England Biolabs). 

 

AmpliTaq DNA polymerase buffer II kit (Applied Biosystems) was used following the 

manufacturer’s protocol. AmpliTaq PCR reactions consisted of 200/400 µM dNTPs (Applied 

Biosystems), 0.03/0.05 g/L bovine serume albumin (Invitrogen), 1.88/3.00 mM MgCl2 (25 

mM) 0.4/0.5 U AmpliTaq DNA Polymerase (Life Technologies), 0.63/1X PCR Buffer II 

(GeneAmp), 0.25/0.32 µL of each primer (10 µM) and 1/5 µL template DNA for 12.5 or 20 

µL reactions. For PlatinumTaq 20 µL PCR reactions were used, consisting of 17.2 µL 

Platinum PCR SuperMix (Invitrogen) x, 0.25 µM of each primer (10 µM) and 2 µL template 

DNA. For Q5 the 11 µL reactions consisted of 0.5 U Q5 High-Fidelity DNA Polymerase 

(New England Biolabs), 2.2 µL Q5 Reaction Buffer (5x) (New England Biolabs), 200 µM 

dNTPs (Applied Biosystems), 45 µM of each primer (10 µM) and 1 µL DNA. 

 

PCR was performed on a thermal cycler, either of the type T100 or S1000 (Bio-Rad 

Laboratories). A temperature gradient setup was run for all regions in order to optimize 

annealing temperatures. The programs set for the different regions and polymerases are 

shown in Appendix table VI 

2.5.4 Gel check 

 Amplification success was checked by running a gel electrophoresis using 1 % SeaKem LE 

Agarose (Lonza) stained with GelRed (Biotium) nucleic acid dye.  

2.5.5 Ion Torrent PGM library preparation and sequencing 

PGM sequencing was conducted in two 314 chips, sequencing 16 individuals per chip. Two 

individuals per population were sequenced, except for populations 14 and 16, for which only 

one individual was sequenced.  
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DNA quantification 
Amplicons shorter than 1500 base pairs (bp) were quantified on a Fragment Analyzer 

(Advanced Analytical), using the DNF-910 dsDNA Reagent Kit. Longer amplicons were 

purified with ExoSAP-ITand measured on a Qubit 2.0 Fluorometer (Life Technologies) using 

the Qubit dsDNA HS Assay Kit.  

Normalizing and pooling of samples 
Amplicons belonging to the same individual were pooled together into one Eppendorf LoBind 

tube. Based on the results from quantification, the amplicons were normalized to attain 1.5 ng 

of each amplicon product. Several samples contained very little or no DNA. In such cases, the 

entire amplicon product was used.  

Fragmentation 
The ION torrent sequencing kit recommends an insert size of 400 bp. As all the regions 

exceed this length, the amplicons had to be fragmented before sequencing. The fragmentation 

was performed on a Covaris M220 Focused ultrasonicator (Covaris, inc.). Two different 

protocols were tested: the Micro tube snap-cap 130µl 800bp and the 1500 bp protocol. The 

800 bp protocol had a larger amount of fragments at the desired length of about 400, and so 

this was used further.  

Adapter ligation 
NEBNext Fast DNA Library Prep Set for Ion Torrent with barcoded adapters from Life 

Technologies (#1-16) was used in this step. The kit protocol with modifications is listed in 

Appendix 4.  

Quantification and quality control of library steps 
To check library preparation success and which dilution best fit for sequencing, the samples 

were run on the Fragment Analyzer using the DNF-474 High Sensitivity NGS Fragment 

Analysis Kit (Advanced Analytical).  

Template preparation and enrichment 
The library products were diluted to 15pM before template preparation and enrichment on an 

Ion OneTouch 2 Instrument following the Ion PGM Template OT2 400 protocol. Qubit 

quality control of ISPs: Qubit Fluorometer 2.0 with the Ion Sphere Quality Control Kit was 
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used to estimate amount of template-positive ISP. The output value was entered into Qubit 2.0 

Easy Calculator (Ion Community) to measure amount of template-positive ISPs.  

Sequencing 
Sequencing was performed on the Ion Personal Genome Machine (PGM) with The Ion PGM 

Hi‑Q Sequencing Kit, following the sequencing protocol for Ion 314 Chip 2. The sequencing 

program was set to 1100 flows of dNTPs. 

2.5.6 Assembly of contiguous sequences 

After demultiplexing using the Torrent Suite Software, as a part of the «automated sequencing 

data analysis» on the Torrent server, all reads were mapped to reference sequences produced 

in this study using Sanger sequencing (see above) except for CYC2 and rpoB-trnC, where V. 

spicata sequences from GenBank (FJ848287 and FJ848179, respectively) were used. The 

reads were mapped with Mira 4.9.5.2 (Available at: http://sourceforge.net/projects/mira-

assembler/) using the default settings in “fragment mapping assembly” mode. Reads that 

mapped to a specific reference sequence were separately de novo assembled using the default 

settings in “fragment de novo assembly” mode in Mira 4.9.5.2. 

2.5.7 Sequence alignment and editing  

The contiguous sequences created by Mira 4.9.5.2. were inspected and edited using Aliview 

v1.17.1 (Larsson 2014). The contigs were aligned using the algorithms MAFFT 7 (Katoh and 

Standley 2013) or MUSCLE 3.8.425 (Edgar 2004), and manually adjusted. SplitsTree 4.13.1 

(Huson and Bryant 2006) was used to detect deviant sequences. Several chimeric sequences 

were removed from the nuclear datasets. Sequences missing most of the data were also 

removed, as this gave better support values in analyses. Deviant bases appearing alongside 

homopolymer regions were not trusted as true mutations, thus these were isolated by 

introducing gaps in the alignments.  

2.5.8 Molecular analyses  

Preliminary trees were constructed using FastTree 2.1.0 (Price et al. 2010) and FigTree 1.4.2 

(Rambaut, 2014) (Available at: http://tree.bio.ed.ac.uk/software/figtree/) to get an overview of 

any clustering. For available regions, all sequences for V. spicata and V. longifolia, as well as 
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some outgroup sequences, were downloaded from GenBank. The downloaded sequences are 

shown in Appendix table VII. 

The nuclear regions were analyzed separately. From visualization in SplitsTree 4.13.1, At103 

and CYC2 seemed to consist of two paralogues, i.e. two genes related by gene duplication. 

The putative paralogues were analyzed individually. The phylogenetic analyses were done 

using and Bayesian Inference (BI) and Maximum Parsimony (MP). Best-fit substitution 

model for Bayesian inference was selected for each region using jModelTest2 2.1.7. The best-

fit models can be viewed in   
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Appendix table VIII. A Bayesian Markov chain Monte Carlo search of parameter space was 

conducted using MrBayes 3.2.5 (Ronquist and Huelsenbeck 2003). MrBayes was 

programmed for two parallel runs, each one with one million generations, using four chains, 

sampling and diagnostics every 1000 trees and with the first 25 % of the trees being discarded 

as burn-in. The script used in MrBayes is shown in Appendix 4. Convergence of the MCMC 

runs was checked in Tracer 1.6.0 (Rambaut et al. 2014) before creating a summarized target 

tree in TreeAnnotator 1.8.2 (Rambaut and Drummond, 2011. Available at: 

www.beast.bio.ed.ac.uk), with the first 10 % of the trees discarded as burn-in. The trees were 

presented in FigTree. Maximum Parsimony was inferred without gaps, using PAUP 4.0b10 

(Swofford, 2001) using a heuristic search strategy, random addition sequence with 100 

replicates and tree-bisection reconnection (TBR) branch-swapping. Nodal support was 

assessed using the non-parametric bootstrap procedure (Felsenstein 1985) with 1000 

replicates. The script used in PAUP is shown in Appendix 4. The phylogenetic trees were 

visualized in FigTree 1.4.2. The phylogenetic trees from BI were used for all nuclear regions. 

Where the MP were in accordance with BI, bootstrap values from MP was inserted together 

with the posterior probability values from BI using Adobe Illustrator CC 2015.  

Plastid sequences  
All plastid regions were concatenated into one alignment using the online software FaBox 

v1.41 (Villesen 2007). Because rpoB-trnC stood for most of the plastid variation, this region 

was also analyzed separately. For the concatenated plastid sequences, a haplotype network 

was constructed, showing how many substitutions that divide the groups. The concatenated 

matrix was converted into a phylip-file using FaBox v1.41 before performing a phylogenetic 

network estimation using TCS 1.21 (Clement et al. 2000). The network was edited using 

Adobe Illustrator CS6. 



 
 
 

22 
 

3 Results 

3.1 Morphometry 

3.1.1 Principle Coordinates Analysis (PCoA)  

The PCoA based on 26 morphological characters separates most of the longifolia individuals 

from the rest of the material along the first axis (Figure 4). The hybrids cluster partly with 

spicata, but also appear somewhat intermediate between the species. Individual 13-B of 

longifolia comes out in a somewhat intermediate position. Of spicata, individuals from 

populations 1, 2 and 8 comes out in an intermediate position. Of the hybrids, individuals from 

populations 5, 6 and 10 come out in an intermediate position. Hybrid individual 06-B clusters 

with the longifolia group.  

 

Figure 4: Plot from Principle Coordinates Analysis (PCoA) based on 26 morphological characters. Blue 
squares represent longifolia individuals; purple triangles represent hybrids, and red dots represent spicata. 
PcoA1 explains 46.9 % of the variation, and PCoA 2 explains 7.9 % of the variation. 
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3.1.2 Single characters 

The raw data table of morphological characters is located in Appendix table III. The following 

characters varied very little between spicata and longifolia and the hybrid, and are therefore 

not treated further: glandular hairs on the stem (2 and 4), hairs on the upper part of the stem 

(3), mean pedicel length (16), branching (17), sepal lobe shape (18), calyx pedicel-ratio (19), 

leaf number per median nodes (23), Leaf width/length (29), leaf serrations/ length (34) angle 

of leaf apex (35) and leaf distance to the widest point/length (40).  

Several characters seemed to separate the species quite well, although none of them were 

absolute. Of the qualitative characters, glandular hairs on bracts (7) and capsule (8) were not 

present in any of the longifolia individuals, but in most of spicata and the hybrids. Glandular 

hairs was more variable on leaves (5) and sepals (6). They were lacking in some individuals 

of spicata and hybrids, but present in two longifolia individuals. Stem hair on the lower part 

of the stem (1) was lacking in most longifolia individuals. It also lacked on some of the 

putative hybrids, but only in one spicata individual. All the longifolia individuals scored “a 

lot” for the presence of double serrations in the leaf margin (36) Also several of the hybrids 

had double serrated margin, but none of spicata did. The same individuals that had double 

serrations also had serrations all along the leaf margins (37. Shape of the leaf base (38) varied 

in longifolia between cordate and truncate. The hybrids had one individual with cordate leaf, 

while the rest were either truncate or cuneate. Most individuals of spicata had cuneate leaf 

bases. 

Boxplots for quantitative morphometric characters (without log-transformation) can be found 

in Appendix figure IV. The quantitative characters that showed the most variation between 

longifolia, spicata and the hybrids were plant height (11, Appendix figure IV-A), raceme 

length/plant height (12, Appendix figure IV-12), squared leaf perimeter/leaf area (26, 

Appendix figure IV-E), leaf length (27, Appendix figure IV-F), leaf serration depth (32, 

Appendix figure IV-H) and leaf serration width/depth (33, Appendix figure IV-I). The hybrids 

were intermediate for all quantitative characters. Longifolia had higher values than spicata in 

all the characters except for raceme length/plant height. 
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3.2 Flow cytometry 

The results from flow cytometry indicate the same ploidy level for all samples. All samples 

had similar fluorescence ratio between the sample and internal reference standard indicating 

similar nuclear DNA content, with maximum variation between two samples of 26 % (Table 

2). Minimum value is for PI-stained sample 20, while max value is for DAPI-stained 

individual 11-E. Table 3 shows that there is a statistical difference between the mean values for 

samples stained with PI and DAPI (p > 0.05). Estimated genome size could be calculated for 

the samples measured with PI: mean 2C-value for the two spicata was 2.86; 2C-value was 

3.05 for the hybrid, and 2.83 for longifolia. More details regarding the flow cytometric 

analysis is shown in Appendix table IV. Because the samples measured with DAPI were close 

in size to the samples measured with PI, the 2C-values calculated for PI can be extrapolated to 

all the samples. A flow cytometry histogram for individual 01-A, showing relative size of 

fluorescence peak is included in Appendix figure V. 
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Table 2: flow cytometry for estimation of genomic content. Relative fluorescence is shown for all samples as 
sample/standard ratio. Estimated 2C-values as a measure of total genome content is calculated for the individuals 
stained with PI. The maximum range of values is 0.08. 

Sample ID species tissue fluorescent dye sample/standard ratio 2C 

3A spicata fresh DAPI 0,368  

5 hybrid fresh DAPI 0,381  

11E hybrid fresh DAPI 0,389  

11F hybrid fresh DAPI 0,381 
 

15 longifolia fresh DAPI 0,364 
 

01A spicata silica-dried DAPI 0,366 
 

02A spicata silica-dried DAPI 0,360 
 

03A spicata silica-dried DAPI 0,354 
 

04A longifolia silica-dried DAPI 0,366 
 

05A hybrid silica-dried DAPI 0,361 
 

06A hybrid silica-dried DAPI 0,369 
 

07C hybrid silica-dried DAPI 0,343 
 

08A spicata silica-dried DAPI 0,366 
 

09C hybrid silica-dried DAPI 0,364 
 

10C hybrid silica-dried DAPI 0,354 
 

11A hybrid silica-dried DAPI 0,362 
 

12C spicata silica-dried DAPI 0,371 
 

13A longifolia silica-dried DAPI 0,328 
 

14A longifolia silica-dried DAPI 0,356 
 

15A longifolia silica-dried DAPI 0,355 
 

15B longifolia silica-dried DAPI 0,356 
 

16B longifolia silica-dried DAPI 0,357 
 

17C spicata silica-dried DAPI 0,382 
 

18D spicata silica-dried DAPI 0,353 
 

19E spicata silica-dried DAPI 0,350 
 

11E hybrid fresh PI 0,345 3,053 

14 longifolia fresh PI 0,320 2,828 

1A spicata fresh PI 0,337 2,982 

20 spicata fresh PI 0,309 2,73 

 

Table 3: t-test for equal means between samples stained with DAPI and PI conducted in PAST 3.08. The 
test showed a significant difference (p<0.05) of 0.03449 between the means.  

 
DAPI PI 

N 25 4 

Mean 0,36224 0,32775 

95% conf. (0,35685 0,36763) (0,30185 0,35365) 

Variance 0,00017052 0,00026492 

Difference between means 0,03449 

t 4,7604 

p (same mean) 5,80E-05 
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3.3 Pollen stainability 

Table 4 shows the proportion of stainable pollen. Although pollen stainability varied within 

populations, population means were quite high, ranging between 59 − 99 %, The boxplot over 

each group (Figure 5) showed that the hybrids had high pollen stainability, with a median of 

about 90 %, whereas longifolia had lower viability, with a median of about 70 %. Spicata had 

a median of about 95 %.  

Table 4: Proportion of viable pollen (%) per individual for two individuals per population, B and C, and 
population mean 

Population Determination Individual B  Individual C  Population mean 

1 spicata 95,3 93,6 94,5 

2 spicata 90,7 86,8 88,7 

3 spicata 52,8 99,1 76,0 

5 hybrid 89,4 77,2 83,3 

6 hybrid 98,1 85,1 91,6 

7 hybrid 99,1 99,0 99,1 

8 spicata 97,2 95,1 96,1 

9 hybrid 63,7 95,3 79,5 

10 hybrid 64,7 97,2 81,0 

11 hybrid 73,5 100,0 86,7 

12 spicata 96,5 58,0 77,2 

4 longifolia 23,5 95,0 59,3 

13 longifolia 100,0 82,4 91,2 

14 longifolia 72,1 ˗ 72,1 

15 longifolia 63,0 ˗ 63,0 

16 longifolia 59,5 90,7 75,1 
 

   

Figure 5: Boxplot showing pollen stainability (%) for the putative groups, spicata, hybrid and longifolia. 
The box indicates the interquartile (25–75 %) range. The bar within the box indicates the median value. 
Whiskers below and above the box indicate the whole range of values. 
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3.4 Molecular analysis 

The first run in the PGM sequencing had 38 % usable reads, while the second run had 45% 

usable reads (Appendix figure VI). Below the phylogenetic analyses for each region are 

presented and described. For all regions the BI and the MP trees were congruent in there 

largest clades, thus only the BI trees are presented here (figures 6−14). Posterior probability 

values ≥ 0.85 are shown in black, while bootstrap-percentages≥ 50 are shown in grey. The 

smaller clades were not congruent between the different gene trees.  

3.4.1 Phylogenetic trees 

The trees with available outgroups, CYC2 (Figure 10 and 11), ITS (Figure 13) and rpoB-trnC 

(Figure 14), show that spicata and longifolia form a well-supported monophyletic clade. Most 

of the phylogenetic trees, i.e. Agt1, AroB, At103 par.2 and CYC2 par.1 and par.2, show a 

subdivision of the B clade into two smaller clades.  

In Agt1 (Figure 6) clade A is more distant from the two remaining branches forming clade B. 

One of these branches contains mainly spicata, but also hybrids. The other branch consists of 

a mixture of species. For AroB (Figure 7) clade A consists mainly of longifolia, but has one 

spicata and two hybrids. Clade B is comprised of two main branches, both with a mixture of 

spicata and hybrids. One of the branches in clade B contains a longifolia. For At103 par.1 

(Figure 8) clade A consists of all longifolia individuals, but also a few spicata and hybrids. 

Clade B consists of spicata and hybrids. For At103 par.2 (Figure 9) the division into Clade A 

and clade B is supported with 0.83 only, but it shows the same pattern as the other 

phylogenetic trees. Clade A consists of most of longifolia, but also several hybrids and one 

spicata. Clade B is comprised of two branches, though one with only 63 in bootstrap support. 

This branch has a mixture of spicata and hybrids. The other, smaller branch consists mainly 

of spicata, but also a couple of putative hybrids and one longifolia. For CYC2 par.1 (Figure 

10) spicata, longifolia and the hybrids form a monophyletic clade. Clade A consists of most 

of longifolia, but also a few spicata and hybrids. Clade B is comprised of two main branches. 

One of them is a mixture of all three, and the other branch consists of spicata and putative 

hybrids. For CYC2 par.2 (Figure 11) the tree shows a pattern similar to the other threes, with 

one longifolia clade and one spicata clade, comprised of two smaller branches. For EIF3E 

(Figure 12) clade A consists of most of longifolia, but also a fair amount of hybrids and a 
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couple of spicata. Clade B consists of most of spicata, several putative hybrids and one of 

longifolia. For ITS (Figure 13) the clade with 0.56 is support is comprised mainly of V. 

spicata and a few hybrids. The clade with 0.31 is comprised mainly of longifolia, but also 

includes spicata and hybrids. For rpoB-trnC (Figure 14) most of longifolia form a clade 

together with a few hybrids and. spicata. The other clade, consisting of spicata and hybrids 

only, is not supported. 
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Figure 6: Bayesian consensus tree inferred from the nDNA region Agt1Bayesian tree is shown. Posterior 
support values are shown in black, while bootstrap support values are shown in grey. Longifolia individuals are 
shown in blue, hybrids in purple and spicata in red.  
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Figure 7: Bayesian consensus tree inferred from the nDNA region AroB. Posterior support values are shown 
in black, while bootstrap support values are shown in grey. Posterior support values are shown in black, while 
bootstrap support values are shown in grey. Longifolia individuals are shown in blue, hybrids in purple and 
spicata in red.  

 

 

  



31 
 

 

 

Figure 8: Bayesian consensus tree inferred from the nDNA region At103, paralogue 1: Posterior support 
values are shown in black, while bootstrap support values are shown in grey. Posterior support values are shown 
in black, while bootstrap support values are shown in grey. Longifolia individuals are shown in blue, hybrids in 
purple and spicata in red.  
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Figure 9: Bayesian consensus tree inferred from the nDNA region At103, paralogue 1. Posterior support 
values are shown in black, while bootstrap support values are shown in grey. Longifolia individuals are shown in 
blue, hybrids in purple and spicata in red. 
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Figure 10: Bayesian consensus tree inferred from the nDNA region CYC2, paralogue 1. Posterior support 
values are shown in black, while bootstrap support values are shown in grey. Longifolia individuals are shown in 
blue, hybrids in purple and spicata in red. 
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Figure 11: Bayesian consensus tree inferred from the nDNA region CYC2, paralogue 2. Posterior support 
values are shown in black, while bootstrap support values are shown in grey. Longifolia individuals are shown in 
blue, hybrids in purple and spicata in red. 
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Figure 12: Bayesian consensus tree inferred from the nDNA region EIF3E. Posterior support values are 
shown in black, while bootstrap support values are shown in grey. Longifolia individuals are shown in blue, 
hybrids in purple and spicata in red. 
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Figure 13: Bayesian consensus tree inferred from the nDNA region ITS. Posterior support values are shown 
in black, while bootstrap support values are shown in grey. Longifolia individuals are shown in blue, hybrids in 
purple and spicata in red. 
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Figure 14: Bayesian consensus tree inferred from the nDNA region rpoB-trnC. Posterior support values are 
shown in black, while bootstrap support values are shown in grey. Longifolia individuals are shown in blue, 
hybrids in purple and spicata in red. 

 

3.4.2 Comparison of phylogenetic trees 

Most phylogenetic trees, i.e. Agt1 (Figure 6), AroB (Figure 7), At103 (Figure 8 and Figure 9), 

EIF3E (Figure 12) and CYC2 par.1 (Figure 10) had two well-supported clades, one 

dominated by longifolia individuals, hereafter called clade A, and one dominated by spicata 

and hybrids, called clade B. The belonging of individuals to the two main clades, A and B, is 

summarized in Table 5. Several individuals were represented with alleles in clade A and B 

both. A summarized table of A and B occurrences for spicata, longifolia and hybrids can be 

found in Table 6. Of the hybrids, 11of 12 individuals were represented in clade A in at least 

one of the phylogenetic trees, spicata was so in 8 of 12 individuals, while longifolia was so in 

B in 6 of 8 individuals (Table 6). However, the hybrids and spicata were homozygous for AA 

more often than longifolia was for BB. Figure 15 shows that the proportion of AA 

occurrences was 5 of 57 in spicata and 11 of 60 in the hybrids. Longifolia had only 1of 47 BB 
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occurrences. The regions CYC2 par.2 (Figure 11) and ITS (Figure 13) were excluded from 

the clade comparison because of low support-values. 

Table 5: Clade comparison for the gene trees Agt1, AroB, EIF3E, At103 par1 and 2 and CYC2 par1. 
Showing for every tree whether the sequenced individuals cluster in clade A (longifolia-dominated) or B 
(spicata-dominated). AB is when the individuals are in both clades in a gene tree. On individual basis, the 
number of A’s, B’s and AB’s are calculated.  

Sample 

ID 

Det. 

species 
A B AB Agt1 AroB EIF3E 

At103 

par1 

At103 

par2 

CYC2 

par1 

01-B spicata 2 5 1 AB B B A B B 

01-C spicata 1 6 1 AB B B B B B 

02-B spicata 0 2 0 B 

  

B 

  

02-C spicata 0 2 0 B 

   

B 

 

03-B spicata 4 4 3 AB B AB A AB 

 

03-C spicata 2 6 2 AB B AB B B B 

08-B spicata 3 4 1 A AB B A B B 

08-C spicata 2 4 1 A B B 

 

B AB 

12-B spicata 1 6 1 B B B B B AB 

12-C spicata 1 5 1 AB B B 

 

B B 

18-B spicata 0 4 0 B B B 

 

B 

 

18-C spicata 0 4 0 B 

 

B 

 

B B 

05-B hybrid 3 2 2 

 

AB AB 

  

A 

05-C hybrid 2 3 2 B AB AB 

   

06-B hybrid 4 3 1 B B A A A AB 

06-C hybrid 5 4 3 A B AB A AB AB 

07-C hybrid 3 5 2 AB B A B AB B 
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Table 5 (continued) 

Sample 

ID 

Det. 

species 
A B AB Agt1 AroB EIF3E 

At103 

par1 

At103 

par2 

CYC2 

par1 

07-D hybrid 0 4 0 B B 

  

B B 

09-B hybrid 3 6 3 AB AB B B AB B 

09-C hybrid 1 6 1 B AB B B B B 

10-B hybrid 4 2 1 A 

 

A B A AB 

10-C hybrid 1 3 0 B B A B 

  

11-B hybrid 3 5 3 AB B AB 

 

AB B 

11-C hybrid 3 6 3 AB B AB B B AB 

04-B longif 6 1 1 AB A A A A A 

04-C longif 6 1 1 AB A A A A A 

13-B longif 6 0 0 A A A A A A 

13-C longif 6 0 0 A A A A A A 

14-B longif 6 1 1 A A A A A AB 

15-B longif 6 2 2 AB A A A AB A 

15-C longif 4 1 0 B A A 

 

A A 

16-B longif 6 2 2 A AB AB A A A 
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Figure 15: Stacked bar chart showing relative occurrences of genotypes AA, BB and AB in spicata, 
hybrids and longifolia. Spicata have 5 AA occurrences, 41 BB, and 21 AB. Hybrids have 11 AA occurrences, 
28 BB, and 21 AB. Longifolia have 39 AA occurrences, 1 BB and 7 AB. 

 

Table 6: Summarized occurrences in the A and B clade in the trees Agt1, AroB, CYC2 par1, At103 par 1 
and 2 and EIF3E for spicata, hybrids and longifolia. AB occurrences count whenever an individual is 
represented in both clades in a phylogenetic tree 

spicata hybrid longifolia 

Sequenced individuals 12 12 8 

At least one A per individual 8 11 8 

At least one B per individual 12 12 6 

At least one AB per individual 8 10 5 

 

3.4.3 Concatenated plastid sequences 

Of the plastid data, only rpoB-trnC and trnS-trnG-trnG contained informative sites. The 

concatenated plastids formed two main clades, A and B, in the TCS network, separated by 

four substitutions, as shown in Figure 16. Clade A consisted of two smaller groups, A1 and 

A2. They contained all of the longifolia individuals, but also putative hybrids 05-B and -C, 
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06-C and spicata individuals 01-C, 02-B, and 18-B and –C from Sweden. BI on rpoB-trnC 

alone supports one clade dominated of longifolia.  

 

 

 

Figure 16: TCS haplotype network for the concatenated plastid regions showing that four substitutions 

divide the two main groups A and B. A is divided into two groups, A1 and A2, separated by one substitution. 

A1 forms the main group while A2, comprising of population 4. Individuals in purple are hybrids, blue are 

longifolia, and red are spicata.  
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4 Discussion  
No evidence for ongoing hybridization between V. spicata and V. longifolia can be found in 

this study, but it is possible that hybridization has occurred in the past. This conclusion is 

based mainly on comparisons of the phylogenetic trees, but is supported also by pollen 

viability, morphometry and ecology. The low sampling size prevents excluding the possibility 

of ongoing hybridization in the Oslo area completely, but if the trend found in this study 

applies to the rest of the area, it appears that the extent of hybridization is not as large as 

earlier presumed. Rather, V. spicata exhibits great morphologic variability, where the largest, 

most robust individuals have by some been interpreted as hybrids (Artskart). Thus, ongoing 

hybridization does not seem to pose a threat for V. spicata in the Oslo area. Even though the 

putative hybrids probably are included in the wider interpretation of V. spicata, they are 

referred to as putative hybrids in the discussion to avoid confusion.  

The results from flow cytometry demonstrated that the ploidy levels are the same for all 

investigated individuals. Different ploidy levels between V. longifolia and V. spicata would 

have made hybridization less likely. Because the ploidy level is the same, however, it cannot 

exclude any of the three hypotheses. Ploidy level is therefore not discussed further in relation 

to these. The other evidence is discussed below.  

4.1 Ongoing hybridization 

4.1.1 DNA sequence data 

In total, the putative hybrid individuals showed heterozygosity for the A and B allele only in 

35 % of their markers in the nuclear gene trees (Figure 15). Had the putative hybrids in fact 

been recent hybrids, a much higher occurrence of heterozygosity would be expected 

(Rieseberg and Carney 1998). The parental species were also heterozygous in several regions: 

V. spicata in 19 % and V. longifolia in 15 % of total occurrences. As much as five out of eight 

sequenced V. longifolia individuals were heterozygous in at least one marker region. Veronica 

longifolia was sampled in areas far away from the distribution of V. spicata, thus ongoing 

hybridization cannot explain observed heterozygosity in their case. Thus, the genetic data is 

not in accordance with the ongoing hybridization hypothesis. Other processes than ongoing 

hybridization, e.g. incomplete lineage sorting, likely explains the observed genetic data. 
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However, several of the individuals had relatively low coverage in the PGM sequencing. This 

might have caused a bias in the number of AB occurrences in the nuclear gene trees. 

However, a more random loss of alleles than observed would be expected if amplification and 

sequencing bias had been prevalent (Popp pers. comm.). 

4.1.2 Pollen stainability 

The large proportion of well-stained pollen indicates high fertility of the putative hybrids. 

This is not what is normally expected when hybridization is ongoing. The pollen-viability of 

putative hybrids was nearly as good as for V. spicata, which was notably higher than for V. 

longifolia. The variable pollen viability observed in V. longifolia can, however, probably be 

attributed to disturbed development of the flowers due to the very dry season when fieldwork 

took place. Also with parents of the same ploidy level, F1 hybrids would likely have had 

reduced fertility. If they had been recent backcrossed individuals, they would be expected to 

have a more variable fertility than observed, as e.g. was found for hybrids in genus 

Cardamine (Lihova et al. 2007). Fertile hybrids between V. spicata and V. longifolia have 

been produced artificially (Graze 1933, Trávníček et al. 2004). Additionally, Trávníček et al. 

(2004) claims to have found fertile hybrids between the two in nature. The hybrid 

determination seems to be based on morphology and the fact that the parental species grew in 

close proximity to one another at the particular site described in this paper. The high fertility 

of the asserted hybrids led Trávníček et al. (2004) to suspect that they were backcrossed 

individuals, forming a hybrid swarm. The hybrids were found on one locality among more 

than a hundred studied populations of V. spicata and V. longifolia. The existence of similar, 

very rare hybridization events in the Oslo area cannot be ruled out even if the results in this 

study do not support ongoing hybridization.  

4.1.3 Ecology 

Several authors agree that V. spicata and V. longifolia are separated by their differences in 

habitat demands (Du Rietz 1930, Trávníček et al. 2004). Veronica spicata prefers dry, 

calcareous-rich habitats, while V. longifolia prefers damp habitats and is not dependent on 

calcareous-rich soil. It is therefore rather rare that the two occur in sympatry today. This 

limits the chance of ongoing hybridization.  
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There are a few reports of V. longifolia growing nearby V. spicata and putative hybrids in the 

inner Oslofjord area (Artskart). If these were correctly identified to V. longifolia, there is a 

chance of ongoing hybridization. These few specimens do, however, not explain the vast 

number of hybrids reported in this area. Furthermore, even though the species appear 

together, they do not necessarily hybridize. Kukkonen (1986), for instance, could not find any 

evidence for hybridization in any of the localities where the species occurred together in 

Finland. Even if intermediate characters were observed, the species were of different ploidy 

levels, and all the putative hybrids had high pollen viability.  

4.1.4 Morphometric data 

In the PCoA based on morphometric data, a clear separation between V. spicata and most of 

the putative hybrids is not possible. This does not rule out hybridization, as hybrids might 

exhibit some parental traits (Rieseberg and Ellstrand 1993). However, all characters summed 

up, a more intermediate value would be expected had they been hybrids, as found e.g. in 

genus Potentilla (Léveillé-Bourret et al. 2014). The morphometric analysis is therefore in 

genus accordance with the other data in showing that ongoing hybridization is unlikely. There 

exist a few putative hybrids that are intermediate between V. longifolia and V. spicata in the 

PCoA (Figure 4). These intermediates have a low amount of heterozygosity in the genetic 

data, which makes it less likely that the morphological similarity is due to ongoing 

hybridization. In Finland extensive morphological variation of V. spicata led Raitanen (1967) 

to formulate the hypothesis that they were in fact the result of hybridization with V. longifolia. 

However, this view was opposed by Kukkonen (1986). Kukkonen (1986) agreed with Fischer 

(1974) who claimed that the extent of hybridization in the Nordic countries is grossly 

overestimated. He based this claim on examination of herbarium material of putative hybrids 

from the Nordic countries, as well as crossing experiments, and concluded that at least 

hybridization across different ploidy levels is rare. The morphological variation in Finland is, 

according to Kukkonen (1986), more likely attributed to repeated introduction-events of V. 

spicata with various origins. 
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4.2 No hybridization  

The level of incongruence and admixture of species in the phylogenetic trees is too high to 

say for certain that the V. spicata and V. longifolia have not hybridized at some point during 

their common evolutionary history. Thus, the no hybridization hypothesis has to be rejected. 

4.3 Ancient hybridization 

4.3.1 DNA sequence data 

As already discussed, the proposed ongoing hybridization is not supported by the data in this 

study. The rather complex and incongruent phylogenetic trees have to be explained in a 

different way. The two species were not fully separated in any of the phylogenetic trees. Most 

of the V. spicata and putative hybrids occur in the longifolia-like A-clade for some of the 

markers. Moreover, more than half of V. longifolia occur in the spicata-dominated B-clade for 

one or more markers. Two processes are likely to produce this mixture of alleles: past 

introgressive hybridization and incomplete lineage sorting. Both ancient hybridization and 

incomplete lineage sorting are commonly seen in lineages with a recent split (Maddison 

1997). These two processes cannot be distinguished based on the current dataset in this study. 

There is a relatively high occurrence of A-alleles in the V. spicata and putative hybrids 

compared to B-alleles in V. longifolia. This could mean ancient hybridization, followed by 

backcrossing and introgression in V. spicata. However, it could also be that V. spicata has had 

a lower rate of gene conversion than V. longifolia. Another explanation is that V. spicata has 

had a persistently large population size that has enabled it to retain the high proportion of A-

alleles. 

4.3.2 Morphometric data  

The relatively isolated position of V. longifolia individuals and the failure to separate most of 

the putative hybrids from V. spicata in the morphometric PCoA, may be explained by ancient 

hybridization. Ancient hybridization may in this sense have led to introgression of genes from 

V. longifolia into V. spicata, thereby making V. spicata more genetically diverse, and 

increasing its potential for morphological variability. The presence of intermediate individuals 

in the morphometric PCoA (Figure 4) can in this case be assigned to this increased variability 
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or phenotypic plasticity. The fact that individual 06-B from Nesoddtangen is grouping 

together with V. longifolia is a bit surprising. This is probably due to lack of glandular hairs as 

well as the rather longifolia-like appearance of the leaves (Appendix figure II). Seen as a 

whole, the plant still looks more spicata-like. It looks less robust than a typical V. longifolia, 

though robustness is not tested in the analysis. Individual 06-B does, however appear more 

often in the longifolia clade alone, than in the spicata clade, so it is unclear to which species it 

belongs. 

4.4 General discussion 

4.4.1 Morphological characters for species delimitation 

Veronica spicata and V. longifolia have previously been separated particularly on the basis of 

number of leaves per node, leaf serrations, amount of hair and the presence of glandular hair. 

The results in this study indicate that a wider concept of V. spicata than the one previously 

used, should be adopted. It is therefore necessary to evaluate which characters can be used for 

the new species delimitation. With the putative hybrids included as V. spicata in a broader 

sense, the following morphological characters may serve as candidates for delimitation 

between the species: glandular hair on bracts (char. 7, Appendix table III), leaf serration 

width/depth (char. 33, Appendix figure IV-I) and number of leaves per three median nodes 

(char. 16, Appendix table III ). Leaf serration width/depth is calculated from output 

measurements from LAMINA software, and proves as a valuable indication of the shape of 

the serrations, which in V. longifolia tends to be serrate, while in V. spicata tends to be 

dentate to serrate. V. spicata mostly possesses two leaves in the median nodes, while V. 

longifolia possesses at least three leaves, except for population 16. Population 16 is, however, 

suspected to be a garden escapee (Appendix table I).   

Although no character seems absolute in distinguishing the species by itself, the PCoA clearly 

separates V. spicata and V. longifolia. This demonstrates the importance of looking at several 

morphological characters simultaneously when studying closely related species (Léveillé-

Bourret et al. 2014).  
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4.4.2 Ploidy level 

The estimated 2C-value of 2.9 for V. spicata stained with PI is close to the 2C-value of 2.81 

found in Bardy et al. (2011) for tetraploid V. spicata. The estimated 2C-value of 2.83 for V. 

longifolia is about 30 % lower than estimated value of 3.69 found in tetraploid V. longifolia 

by Meudt et al. (2015). However, flow cytometry may produce highly variable results, 

depending e.g. on sample preparation, use of standard and type of instruments (Doležel and 

Bartoš 2005). The specimen analyzed by Meudt et al. (2015) is measured on silica-dried 

material, which usually gives less precise data than fresh material. In addition, it originates 

from distant area (Russia) and might e.g. represent an independently originated polyploid 

lineage, which may be a reason for the observed difference. The 2C-value estimated in this 

study is still about twice as high as previous measurements for diploid V. longifolia (Meudt et 

al. 2015), thus the V. longifolia individual is most likely also tetraploid. The differences 

between samples stained with DAPI and PI from the present study (Table 2) is not surprising 

considering DAPI and PI binds to different parts of the DNA: PI binds to all four bases of the 

DNA, while DAPI binds to A-T rich regions only. Furthermore, for most of the samples 

stained with DAPI, silica-dried material was used.  

The tetraploid level estimated for V. spicata is consistent with chromosome counts from the 

rest of the Nordic countries (Raitanen 1967, Kukkonen 1986, Lövkvist and Hultgård 1999). 

Moreover, the specimen from population 20 is sampled at Kalvøya island, the locality which 

contains the only published chromosome count from the Oslo area, which was also tetraploid 

with 2n = 68 (Engelskjøn 1979). Tetraploid level for V. longifolia is, on the other hand, not in 

accordance with the previous chromosome count in Norway, where V. longifolia was reported 

to be diploid (Engelskjøn 1979). This count was from Finnmark in Northern Norway. All 

chromosome counts elsewhere in the Nordic countries also showed a diploid chromosome 

level (Raitanen 1967, Kukkonen 1986, Lövkvist and Hultgård 1999), with one exception in 

Finland (Raitanen 1967). This locality was, however, re-visited by Kukkonen (1986), who 

found only diploid specimens. The studied populations of V. longifolia thereby represent a 

new tetraploid cytotype for the Nordic area. Tetraploid V. longifolia is predominant in the 

Czech Republic and Slovakia in Eastern Europe (Trávníček 2000).  
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4.4.3 Biogeography 

It is a common view that at the peak of the last glaciation, about. 20 000 − 25 000 years ago, 

much of Scandinavia was covered by the Fennoscandian ice sheet (Elven et al. 2013a). Most 

of the Norwegian plant species probably immigrated during and after the last deglaciation. As 

the studied V. longifolia from Southeastern Norway is of a different cytotype than the 

population in Northeastern Norway (Finnmark), the two may be of different origins. It is 

possible that the southern and northern V. longifolia populations occupied different refugia 

during the glaciation. As seen from the current distribution (Figure 2), it is possible that the 

northeastern population migrated from a northeastern refugium, e.g. Finland or Russia, while 

the southeastern population might have migrated from Southeastern Europe. This pattern fits 

with the findings of only diploid V. longifolia in Finland, while the populations in the Czech 

Republic and Slovakia predominately are tetraploid (Trávníček 2000). The high level of 

morphological variation together with the fact that not all V. spicata (including putative 

hybrids) in the Oslo are completely dependent on calcareous-rich soils, may suggest 

immigration of V. spicata from two different populations. This could also explain the 

bipartition of the spicata clade found in most of the phylogenetic trees. In that case, it will be 

a similar situation as in Finland, where Kukkonen (1986) suggested the high level of variation 

in V. spicata was due to repeated introduction events.  

4.4.4 PGM sequencing for investigating hybridity  

As seen from the comparison between phylogenetic trees (Table 5), there was somewhat low 

coverage in the genetic data. This means that individuals represented in one clade in the 

phylogenetic trees might actually be represented in both. There are several potential 

explanations for the low coverage. The DNA concentration was variable and quite low in 

some of the extracted DNA samples. Furthermore, several of the samples were not amplified 

to a sufficient quantity. Lastly, the PGM sequencing had somewhat low yield.  

4.4.5 Phylogenetic analyses 

The ITS tree (Figure 13) had a division into a longifolia- and spicata-dominated clade, but with 

support values too low to be considered robust. However, the ITS is tandemly repeated in the 

genome, and may exists in up to thousands of copies. The presence of multiple paralogues 

might contribute to low support values in the phylogenetic tree because of difficulty in 
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separating them from orthologues (Álvarez 2003). However, the low support value(s) may 

also result from too little interspecific variation. Considering that V. spicata and V. longifolia 

putatively are young species, gene conversion might be incomplete in the ITS region. 

Although the remaining regions of this study were low-copy number genes, at least two 

regions consisted of probable paralogues: CYC2 and At103. They were more clear-cut 

paralogues than ITS, and could therefore be divided into two datasets and analyzed 

separately. The paralogy might be related to a polyploidy event early in the evolutionary 

history of genera Veronica (Albach and Chase 2004) and Pseudolysimachium (Meudt et al. 

2015) or the local poyploidy event(s) in Norway, followed by loss of paralogues in the 

remaining nuclear regions, EIF3E, Agt1 and AroB. The paralogues could also result from 

small, more localized gene duplication event.  

The plastid regions were highly conserved compared to the nuclear regions, but they are 

maternally inherited, and thus have a different evolutionary history than the nuclear regions. 

Interestingly, the V. spicata population 18 from Simrishamn, Sweden, a locality well outside 

the distribution range for V. longifolia, ended up in the longifolia-clade A in the plastid TCS 

network (Figure 16). Population 18 is only represented in the spicata-clade B clade in the 

nuclear regions (Table 5). However, the BI and MP analyses showed that the relationship 

between the species was largely unresolved based on plastid sequences (Figure 14). Thus the 

two clades found in TCS should be interpreted with care. Also, Albach and Meudt (2010) 

could not separate V. spicata from V. longifolia based on plastid data.  
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Further investigations 
A similar study to this, but done on a larger scale, regarding both geographic area covered and 

number of populations included, is needed to verify the preliminary conclusions drawn here. 

Phenotypic plasticity is an issue not covered in this thesis. Whether differences between 

individuals is caused by genetics alone or environmental factors, may be elucidated by 

cultivation under similar conditions, like in the classical Common Garden experiments of 

Turesson (1922). It would also be of interest to investigate the fertility of putative hybrids 

further by doing seed germination tests. To investigate ancient hybridization versus 

incomplete lineage sorting, one can use e.g. coalescence modelling or Patterson’s D-statistics 

(Martin et al. 2015). However, in order for these tests to be statistically robust, more data, 

both individuals and genetic markers, is needed.  
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Appendix 1: Field description     
Appendix table I: Overview of localities, collectors, ecology, and the type of analyses in which the localities are included. 
Collectors: AMO = Anne Marte Opstad, OS = Odd Stabbetorp, BS = Brita Stedje, RE = Reidar Elven, AE = A. Elven, HS = H. Solstad, FK = Filip Kolář    
Analysis: M = Morphometry, P = pollen stainability, DNA = DNA sequencing FC = flow cytometry  

Population 
number 

Determi-
nation 

Coun-
try 

County Munici-
pality 

Locality Collector GPS Type of 
analysis 

Ecology 

1 V. spicata N Oslo Oslo Lindøya, Kjøkkenodden BS, 8.7.14 
32V 0595360 
N6640160 

M, P, 
DNA, FC 

Calcareous-rich, dry coastal rock slope with low 
vegetation 

2 V. spicata N Akershus Asker Blakstadbukta 
AMO, OS, 
BS, 11.7.14 

32V 0582767 
N6632378 

M, P, 
DNA, FC 

South-facing calcareous-rich, dry coastal rock 
slope with low vegetation 

3 V. spicata N Akershus Asker Nesøya, E tip 
AMO, OS, 
BS, 11.7.14 

32V 0586461 
N6638107 

M, P, 
DNA, FC 

Calcareous-rich, dry coastal rock slope with low 
vegetation 

4 
V.  longi-
folia 

N Akershus Ås Ås, E of Børsum Gård 
AMO, OS, 
BS, 16.7.14 

32V 0599305 
N6614112 

M, P, 
DNA, FC 

Crag surrounded by cultivated field. Fairly dry, 
somewhat high vegetation 

5 hybrid N Akershus Nesodden 
Hellvik, N of Gamle 
Brygge 

AMO, OS, 
BS, 16.7.14 

32V 0594783 
N6635447 

M, P, 
DNA, FC 

E-facing coastal rock slope. Relatively deep and 
moist soil. Non-calcareous substrate 

6 hybrid N Akershus Nesodden Nesodtangen, W 
AMO, OS, 
BS, 16.7.14 

32V 0592697 
N6638047 

M, P, 
DNA, FC 

Open coastal rock slope. Relatively dry, with 
Calluna vulgaris. Non-calcareous substrate 

7 hybrid N Oslo Oslo Malmøya, SE tip 
AMO, OS, 
BS, 16.7.14 

32V 0598711 
N6637619 

M, P, 
DNA, FC 

Calcareous-rich, dry coastal rock slope with low 
vegetation 

8 V. spicata N Akershus Bærum 
Oksenøya, Storøykilen, 
"Hawk Mountain" 

AMO, BS, 
18.7.14 

32V 0589776 
N6640768 

M, P, 
DNA, FC 

Crag with mainly open, shallow and calcareous-
rich soil. Some patches with deeper soil and 
bushy vegetation 

9 hybrid N Oslo Oslo 
Ekeberg, SW of 
Kongshavn VGS 

AMO, BS, 
21.7.14 

32V 0598349 
N6641162 

M, P, 
DNA, FC 

Mix of dry calcareous-rich patches and more 
deep, moist and non-calcareous substrate. 
Relatively high vegetation. 

10 hybrid N Oslo Oslo 
Ekebergskråningen, 
near Café Utsikten 

AMO, BS, 
21.7.14 

32V 0598495 
N6640864 

M, P, 
DNA, FC 

Mix of dry calcareous-rich patches and more 
deep, moist and non-calcareous substrate. 
Relatively high vegetation. 
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Appendix table I (continued) 
Population 
number 

Determi-
nation 

Coun-
try County 

Munici-
pality Locality Collector GPS 

Type of 
analysis Ecology 

11 hybrid N Oslo Oslo 
Bleikøya, 
Bleikøykalven 

AMO, BS, 
21.7.14 

32V 0597678 
N6640458 

M, P, 
DNA, FC 

Nesting area for birds. Somewhat dry, 
calcareous-rich, coastal rock slope with low 
vegetation 

12 V. spicata N Oslo Oslo Bygdøy, Frognerkilen 
AMO, 
30.7.14 

32V 0594361 
N6643321 

M, P, 
DNA, FC 

Calcareous-rich, dry coastal rock slope with low 
vegetation 

13 
V.  longi-
folia 

N Østfold Spydeberg Skogen 
AMO, OS, 
BS, 3.9.14 

32V 0618604 
N6605624 

M, P, 
DNA, FC 

Moist early in the season, but can dry up during 
the season. Non-calcareous substrate 

14 
V.  longi-
folia 

N Østfold Trøgstad Kallak 
AMO, OS, 
BS, 4.9.14 

32V 0634039 
N6615657 

M, P, 
DNA, FC 

Somewhat dry, cultivated land. Fairly high 
vegetation in proximity to stream. Non-
calcareous substrate 

15 
V.  longi-
folia 

N Akershus 
Aurskog-
Høland 

Fosser Gård 
AMO, OS, 
BS, 5.9.14 

32V 0640128 
N6633931 

M, P, 
DNA, FC 

Open, cultivated land at the shore of a lake. 
Shallow, moist soil. Non-calcareous substrate 

16 
V.  longi-
folia 

N Akershus Lørenskog Hill W of Langvannet 
AMO, 
7.9.14 

32V 0609564 
N6645699 

M, P, 
DNA, FC 

Moist hillside next to a garden. Might be a 
garden escapee. Non-calcareous substrate 

17 V. spicata S 
 

Simrishamn Vitemölle Backar 
RE, AE, 
2.6.14 

33U VB 49,73 FC Dry, sandy, calcareous-rich meadow 

18 V. spicata S 
 

Simrishamn Bäckhalladalen 
RE, AE, 
HS, 5.6.14 

33U VB 
570,590 

DNA, FC 
Forestal slope, open with somewhat calcareous-
embossed vegetation 

19 V. spicata S 
Väster-
götland 

Skara Österplana 
RE, AE, 
8.6.14 

33V VE 
078,977 

FC Calcareous-rich slope, open and dry 

20 V. spicata N Akershus Bærum Kalvøya 
FK, 
5.7.2015 

59.8863, 
10.5385 

FC Calcareous-rich, open and dry grasslands 
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Appendix 2: Morphometry 
 

 

 

  

 Appendix figure III: Leaves from individuals representing the putative 
Veronica spicata populations. From left to right: 01-B, 02-D, 03-B, 08-C 
and 12-C. Photographed onto millimetre paper for scale. 

 

Appendix figure II: Leaves from individuals representing the putative Veronica 
longifolia populations. From left to right: 04-C, 13-B, 14-B, 15-C and 16-D. 
Photographed onto millimetre paper for scale.  

Appendix figure I: Leaves from individuals representing the putative hybrid 
populations. From left to right: 05-B, 06-C, 07-C, 09-C, 10-B and 11-C. 
Photographed onto millimetre paper for scale. 
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Appendix table II: description of morphological characters. Characters included in morphometric analysis are shown in 
bold, and are marked with “+”. Characters 20 and 37 are not included in any analyses. Boxplots for quantitative characters 
are shown in Appendix table III 

Character 
number Character Quantification 

method Character explanation Unit Type of 
character 

Included 
in PCoA 
(+/-) 

Box 
plot 

1 Stem hair ¼ 
up from base 

Microscope 0= none, 1 = some, 2 = 
a lot  

Ordinal + 
 

2 Glandular 
hairs ¼ up Microscope 0= not present, 1= 

present  Binary +  
3 Stem hair ¾ 

up Microscope 
0= none, 1 = some, 2 = 
a lot  Ordinal +  

4 Glandular 
hairs ¾ up Microscope 0= not present, 1= 

present  Binary +  
5 Glandular 

hair - leaves Microscope 
0= not present, 1= 
present  Binary +  

6 Glandular 
hair - sepals Microscope 0= not present, 1= 

present  Binary +  
7 Glandular 

hair - bracts Microscope 
0= not present, 1= 
present  Binary +  

8 Glandular 
hair - capsule Microscope 0= not present, 1= 

present  Binary +  

9 Stem height up 
to raceme 

Measured with 
ruler, up to first 
pedicel 

 
cm Quantitative - 

 

10 
Raceme length 

Measured with 
ruler, from first 
pedicel 

 
cm Quantitative - 

 

11 
Total height Stem height + 

raceme height  cm Quantitative + A 

12 Raceme 
length/total 
height    

Quantitative 
(ratio) + B 

13 Pedicel length, 
uppermost 

Microscope, 
flower in full-
bloom 

 
mm Quantitative - 

 

14 Pedicel length, 
middle 

Microscope, 
flower in full-
bloom 

 
mm Quantitative - 

 

15 Pedicel length, 
lowermost 

Microscope, 
flower in full-
bloom 

 
mm Quantitative - 

 

16 Pedicel length 
mean    

Quantitative + C 

17 
Branching Manual 

counting 

Number of fertile 
shoots (including main 
shoot)  Quantitative + D 

18 
Sepal lobes 

Microscope, 
flowers in full 
bloom 

0= rounded, 1= 
Inbetween, 2= acute  Ordinal +  

19 
Calyx/pedicel Microscope 

0= calyx at least twice 
as long as pedicel, 1= 
inbetween, 2= calyx 
about as long as pedicel 

 Ordinal +  

20 No. Of leaves 
at node 1 

In the field, the 
three 
middlemost 
nodes 

  
Quantitative - 

 

21 No. Of leaves 
at node 2 

In the field, the 
three 
middlemost 
nodes 

  
Quantitative - 
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Appendix table II (continued) 

Character 
number Character Quantification 

method Character explanation Unit Type of 
character 

Included 
in PCoA 
(+/-) 

Box 
plot 

22 No. Of leaves 
at node 3 

In the field, the 
three 
middlemost 
nodes 

  
Quantitative - 

 

23 Mean number 
per node    Quantitative +  

24 Leaf area 
(cavities filled) 

LAMINA: Area 
2 (cavities 
filled) 

 
mm Quantitative - 

 

25 
Leaf perimeter 

LAMINA: 
Perimeter 2 
(excl. cavities) 

 
mm Quantitative - 

 

26 Squared leaf 
perimeter/leaf 
area 

LAMINA: 
Squared 
Perimeter 
2/Area 2 (a 
measure of the 
circularity of 
the leaf) 

 mm Quantitative 
(ratio) + E 

27 
Leaf length 

LAMINA: 
Horiz. size 
center  

mm Quantitative + F 

28 
Leaf width 

LAMINA: 
Vertical size 
centre 

 
mm Quantitative - 

 

29 Leaf 
width/length 

LAMINA: 
Vert. size 
center / Horiz. 
size center 

  
Quantitative 
(ratio) + G 

30 Number of leaf 
serrations 

LAMINA: 
Num. Indents   

Quantitative - 
 

31 Leaf serration 
width 

LAMINA: 
Indent width 
mean 

 
mm Quantitative - 

 

32 Leaf serration 
depth 

LAMINA: 
Indent depth 
mean  mm Quantitative + H 

33 Leaf serration 
width/depth 

Indent width 
mean/indent 
depth mean   

Quantitative 
(ratio) + I 

34 Serrations/leaf 
length 

Indents/horiz. 
size center   

Quantitative 
(ratio) 

+ J 

35 Leaf apex 
angle ImageJ  

degr
ees Quantitative + K 

36 Double 
serrations 

Manual scoring 
from photo 

0=none, 1= some,2 =a 
lot  

Ordinal + 
 

37 All serrated 
leaf margin? 

Manual scoring 
from photo 

0=no: apex and/or 
basis entire/subentire, 
1= yes  Binary +  

38 
Leaf base Manual scoring 

from photo 
0=cuneate,1= truncate, 
2 = cordate  Ordinal +  

39 Leaf distance to 
widest point 

Manual scoring 
from photo  

mm Quantitative - 
 

40 
Distance 
widest 
point/leaf 
length 

Manual scoring 
from photo  mm Quantitative 

(ratio) + L 
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Appendix table III: morphometric raw data. Character explanation can be found in Appendix table II. The following abbreviations are used: Det. for determined species, s for V. spicata, h 
for hybrids and l for V. longifolia. Missing values are marked with “?”.  

ID Det. 1 2 3 4 5 6 7 8 11 12 16 17 18 19 23 26 27 29 32 33 34 35 36 37 38 40 
1-B 
 

s 2 1 2 1 0 1 1 1 28,40 0,41 0,50 4 2 0 2 27,41 29,42 0,30 0,44 7,84 0,59 47,09 0 0 0 0,37 

1-C 
s 

2 0 2 0 1 0 1 0 28,00 0,34 0,80 1 2 0 2 25,10 34,89 0,31 0,47 8,42 0,45 49,40 0 0 1 0,34 

1-D 
s 

2 0 2 0 0 0 0 0 22,00 0,47 0,20 1 2 0 2 28,03 29,09 0,24 0,32 8,48 0,69 70,53 0 0 0 0,27 

2-B 
s 

1 1 2 0 0 1 1 1 37,10 0,26 1,00 6 2 2 2 21,70 39,83 0,32 0,40 7,42 0,66 55,31 0 0 0 0,38 

2-C 
s 

0 0 2 0 0 1 1 0 52,90 0,22 1,17 6 2 2 2 35,04 44,20 0,23 0,49 6,28 0,68 26,88 0 0 0 0,41 

2-D 
s 

1 0 2 0 1 1 1 1 40,00 0,30 0,87 1 2 0 2 34,21 43,55 0,27 0,66 4,68 0,72 49,82 0 0 0 0,37 

3-B 
s 

2 0 2 1 1 1 1 ? 23,90 0,41 1,00 1 2 1 2 34,35 23,10 0,26 0,41 6,81 0,78 58,57 0 0 0 0,65 

3-C 
s 

2 1 2 1 1 0 1 1 19,80 0,46 0,77 1 2 0 2 27,83 28,00 0,28 0,46 5,82 0,80 53,88 0 0 0 0,43 

3-D 
s 

2 0 2 1 0 1 1 1 18,40 0,50 0,40 1 2 0 2 31,32 21,27 0,22 0,34 6,93 0,72 30,73 0 0 0 0,47 

8-B 
s 

1 0 2 0 1 0 1 0 40,60 0,42 0,40 1 1 0 2,33 38,64 45,35 0,19 0,40 8,58 0,60 28,42 0 0 0 0,24 

8-C 
s 

2 0 2 0 1 1 1 1 48,10 0,30 0,30 5 1 0 2 34,65 40,82 0,23 0,50 6,14 0,67 37,78 0 0 0 0,24 

8-D 
s 

0 0 2 0 0 0 1 0 24,30 0,40 0,27 1 0 0 2 35,17 26,09 0,20 0,33 9,57 0,51 45,21 0 0 0 0,38 

12-B 
s 

2 0 2 0 1 1 1 1 11,00 0,55 1,00 1 1 0 2 31,87 15,38 0,20 0,31 7,50 0,28 66,33 0 0 0 1,30 

12-C 
s 

1 0 2 0 1 0 1 1 18,60 0,34 0,30 1 0 0 2 32,05 21,31 0,21 0,30 7,76 0,66 39,86 0 0 0 1,17 

12-D 
s 

1 0 2 0 1 1 1 1 27,40 0,27 0,23 1 1 1 2 40,76 39,87 0,19 0,48 6,11 0,67 49,88 0 0 0 0,58 

5-B 
h 
 

1 0 2 0 1 1 1 1 48,80 0,22 1,23 1 2 2 2 24,71 48,26 0,40 0,61 4,06 0,88 25,93 1 1 2 0,58 

5-C 
h 

1 0 2 0 1 1 1 0 31,00 0,50 2,10 1 2 2 2 29,86 48,45 0,31 0,54 5,39 0,76 27,33 1 0 1 0,72 

5-D 
h 

1 0 2 0 1 0 1 ? 66,10 0,08 ? 4 2 2 2 38,95 70,13 0,32 0,76 3,46 0,78 35,87 2 1 1 0,37 
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Appendix table III (continued) 
ID Det. 1 2 3 4 5 6 7 8 11 12 16 17 18 19 23 26 27 29 32 33 34 35 36 37 38 40 

6-B 
h 

0 0 2 0 0 0 0 0 60,50 0,13 1,33 2 2 1 2 36,77 62,36 0,25 0,54 5,56 0,68 33,93 1 1 0 0,10 

6-C 
h 

0 0 2 0 1 0 1 0 57,70 0,13 1,13 4 2 2 3 77,26 71,87 0,17 0,81 3,53 0,74 64,34 2 0 0 0,21 

6-D 
h 

0 0 1 0 1 1 1 1 66,10 0,21 2,10 2 2 2 2 43,36 92,58 0,25 0,73 4,20 0,68 50,29 1 1 1 0,25 

7-B 
h 

1 1 2 0 1 0 1 1 20,30 0,41 0,60 4 0 0 2 42,71 25,58 0,19 0,38 7,38 0,72 37,20 0 0 0 0,94 

7-C 
h 

1 0 2 0 1 1 1 1 26,70 0,32 0,40 1 0 0 2 26,78 29,91 0,31 0,48 6,76 0,70 34,79 0 0 0 0,67 

7-D 
h 

1 0 2 1 1 0 1 1 39,80 0,25 0,63 7 1 0 2 33,76 39,65 0,24 0,44 6,95 0,64 31,14 0 0 0 0,25 

9-B 
h 

1 0 2 0 1 1 1 1 38,80 0,37 1,10 1 1 0 2 35,63 38,18 0,27 0,56 5,49 0,75 54,07 0 0 0 0,52 

9-C 
h 

1 0 2 1 1 1 1 1 54,60 0,26 1,10 1 1 1 2 47,03 57,53 0,26 0,84 3,87 0,65 35,98 1 0 0 0,52 

9-D 
h 

1 0 1 0 1 1 1 1 58,40 0,29 0,37 3 1 0 2,33 38,30 44,05 0,25 0,69 4,98 0,60 37,53 0 0 0 0,45 

10-B 
h 

0 0 2 0 0 1 1 1 91,20 0,26 0,47 6 1 0 2 37,60 83,35 0,27 0,91 4,36 0,59 48,94 1 1 0 0,54 

10-C 
h 

0 0 2 0 1 1 1 1 63,90 0,24 1,40 1 1 0 2 48,38 59,60 0,19 0,66 4,33 0,74 37,35 2 1 0 0,35 

10-D 
h 

1 0 2 0 0 1 1 1 29,20 0,38 1,13 1 0 1 2 23,55 33,06 0,33 0,44 6,60 0,63 55,06 0 0 0 0,30 

11-B 
h 

1 0 2 1 1 1 1 1 33,40 0,37 0,57 2 1 0 2 42,04 48,58 0,21 0,57 5,63 0,74 42,05 1 1 0 0,45 

11-C 
h 

1 0 2 1 1 1 1 1 36,20 0,30 0,30 6 0 0 2 28,14 32,05 0,28 0,41 11,18 0,46 43,42 0 0 0 0,37 

11-D 
h 

2 1 2 1 1 1 1 1 41,40 0,18 0,57 7 1 0 3 20,54 33,03 0,43 0,43 6,79 0,73 62,10 0 1 1 0,24 

4-B 
l 
 

0 0 2 0 0 0 0 0 73,70 0,14 0,83 4 1 1 3 42,60 60,97 0,30 0,71 3,72 0,71 46,86 2 1 2 0,16 

4-C 
l 

0 0 2 0 0 0 0 0 68,70 0,17 0,50 4 1 0 3 32,73 47,34 0,43 0,76 3,63 0,67 44,46 2 1 2 0,19 

4-D 
l 

0 0 2 0 0 0 0 0 53,10 0,19 0,80 1 2 0 3 33,12 48,04 0,35 0,75 3,73 0,71 42,23 2 1 2 0,40 

13-B 
l 

1 0 2 0 1 1 0 0 39,60 0,21 1,47 1 2 2 3 51,78 53,51 0,30 0,99 2,78 0,77 27,63 2 1 1 0,17 
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Appendix table III (continued) 
ID Det. 1 2 3 4 5 6 7 8 11 12 16 17 18 19 23 26 27 29 32 33 34 35 36 37 38 40 

13-C 
l 

0 0 1 0 0 0 0 0 28,00 0,23 0,83 1 1 1 2 29,61 42,58 0,37 0,65 4,45 0,75 41,78 1 1 2 0,16 

13-D 
l 

0 0 1 0 0 0 0 0 30,10 0,05 1,00 1 1 2 3 42,48 39,52 0,21 0,51 5,65 0,66 33,69 2 1 1 0,18 

14-B 
l 

0 0 0 0 0 0 0 ? 73,70 0,11 1,13 9 2 2 4 60,98 63,94 0,21 0,65 4,39 0,70 19,65 2 1 1 0,22 

14-C 
l 

0 0 1 0 0 0 0 0 70,60 0,09 ? 1 2 2 3 54,06 58,66 0,20 0,61 4,73 0,74 24,17 2 1 1 0,24 

14-D 
l 

0 0 2 0 0 0 0 0 31,20 0,07 1,50 1 2 2 3 36,89 59,11 0,24 0,52 5,61 0,65 16,56 1 1 2 0,63 

15-B 
l 

0 0 1 0 0 0 0 0 79,10 0,13 ? 5 2 2 3 55,68 69,95 0,24 0,77 4,09 0,65 13,14 1 1 1 0,16 

15-C 
l 

0 0 2 0 0 0 0 0 61,40 0,17 ? 1 2 2 3 70,85 63,91 0,21 0,77 3,19 0,76 16,64 2 1 1 0,08 

15-D 
l 

0 0 2 0 0 0 0 0 83,00 0,20 ? 8 2 2 3 51,38 64,57 0,25 0,71 4,10 0,78 17,39 1 1 1 0,19 

16-B 
l 

0 0 1 0 0 0 0 ? 87,30 0,20 1,10 5 2 2 2 77,20 88,37 0,16 0,92 3,73 0,55 17,58 2 1 ? 0,08 

16-C 
l 

0 0 1 0 0 1 0 0 74,40 0,21 1,27 16 2 2 1,67 77,89 86,51 0,18 0,93 3,90 0,54 28,67 2 1 ? 0,25 

16-D 
l 

1 0 2 0 0 0 0 0 49,50 0,25 ? 5 2 2 2 88,47 95,77 0,19 1,26 3,22 0,49 31,39 2 1 ? 0,36 



 
 

Appendix figure IV: Boxplots showing quantitative traits for V. spicata, hybrids and V. longifolia. The box indicates the 
interquartile (25–75 %) range. The bar within the box indicates the median value. Whiskers below and above the box indicate 
the range of values. Character number and name is in the uppermost corner. The following characters are shown: Figure A) 
character 11 – plant height. B) Character 12 – raceme length/plant height. C) Character 16 – pedicel length. D) Character 17 
– branching of the shoot. E) Character 26 – squared leaf perimeter/area. F) Character 27 – leaf length. G) Character 29 – leaf 
width/length. H) Character 32 – leaf serration depth. I) Character 33 – leaf serration width/depth.. J) Character 34 – number 
of leaf serrations/leaf length. K) Character 35 – angle of leaf apex. L) Character 40 – distance to widest point of the leaf/leaf 
length. The boxplots continue over the next two pages. 
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Appendix figure IV (continued):  
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Appendix 3: Flow cytometry 
Appendix table IV: flow cytometry 

Sample 
ID 

species 
analysis 
date 

tissue 
fluorescent 
dye 

standard 
FL 
sample 

FL 
standard 

CV 
standard 

CV 
sample 

11E hybrid 
29.10.201
4 

fresh DAPI 
Pisum 
sativum 

118,96 305,42 2,47 2,25 

11F hybrid 
29.10.201
4 

fresh DAPI 
Pisum 
sativum 

115,79 303,7 2,03 1,67 

15 
longi-
folia 

29.10.201
4 

fresh DAPI 
Pisum 
sativum 

111,45 306,21 1,84 1,54 

3A spicata 
29.10.201
4 

fresh DAPI 
Pisum 
sativum 

111,96 304,65 2,11 1,73 

5 hybrid 
29.10.201
4 

fresh DAPI 
Pisum 
sativum 

114,37 300,44 2,92 1,75 

01A spicata 5.5.2015 
silica-
dried 

DAPI 
Pisum 
sativum 

112,91 308,32 4,33 2,27 

02A spicata 5.5.2015 
silica-
dried 

DAPI 
Pisum 
sativum 

111,77 310,61 3,78 2,26 

03A spicata 5.5.2015 
silica-
dried 

DAPI 
Pisum 
sativum 

107,87 305,08 4,31 2,23 

04A 
longi-
folia 

5.5.2015 
silica-
dried 

DAPI 
Pisum 
sativum 

108,15 295,35 2,98 2,12 

05-A hybrid 5.5.2015 
silica-
dried 

DAPI 
Pisum 
sativum 

110,98 307,28 4,57 2,15 

06A hybrid 5.5.2015 
silica-
dried 

DAPI 
Pisum 
sativum 

111,88 303,15 4 1,96 

07C hybrid 5.5.2015 
silica-
dried 

DAPI 
Pisum 
sativum 

97,44 284,22 8,36 2,85 

08A spicata 5.5.2015 
silica-
dried 

DAPI 
Pisum 
sativum 

104,58 285,83 3,71 2,38 

09C hybrid 5.5.2015 
silica-
dried 

DAPI 
Pisum 
sativum 

104,74 287,98 3,85 1,91 

10C hybrid 5.5.2015 
silica-
dried 

DAPI 
Pisum 
sativum 

105,36 297,58 3,35 1,43 

11A hybrid 5.5.2015 
silica-
dried 

DAPI 
Pisum 
sativum 

112,11 309,47 5,99 2,26 

12C spicata 5.5.2015 
silica-
dried 

DAPI 
Pisum 
sativum 

114,83 309,49 4,05 2,01 

13A 
longi-
folia 

5.5.2015 
silica-
dried 

DAPI 
Pisum 
sativum 

95,84 292,59 5,59 3,33 

14A 
longi-
folia 

5.5.2015 
silica-
dried 

DAPI 
Pisum 
sativum 

104,39 293 2,61 2,83 

15A 
longi-
folia 

5.5.2015 
silica-
dried 

DAPI 
Pisum 
sativum 

107,17 302,03 3,71 2,81 

15B 
longi-
folia 

5.5.2015 
silica-
dried 

DAPI 
Pisum 
sativum 

106,45 299,39 4,03 2,95 

16B 
longi-
folia 

5.5.2015 
silica-
dried 

DAPI 
Pisum 
sativum 

102,92 288,43 7,39 2,08 

17C spicata 5.5.2015 
silica-
dried 

DAPI 
Pisum 
sativum 

113,4 297,04 5,86 2,48 

18D spicata 5.5.2015 
silica-
dried 

DAPI 
Pisum 
sativum 

108,19 306,9 4,28 3,48 

19E spicata 5.5.2015 
silica-
dried 

DAPI 
Pisum 
sativum 

105,19 300,58 3,61 1,59 

11E hybrid 16.7.2015 fresh PI 
Pisum 
sativum 

141,79 410,53 3,2 1,5 

14 
longi-
folia 

16.7.2015 fresh PI 
Pisum 
sativum 

129,65 405,22 3 2,13 

1A spicata 16.7.2015 fresh PI 
Pisum 
sativum 

136,7 405,21 2,7 1,6 

20 spicata 16.7.2015 Fresh PI 
Pisum 
sativum 

124,95 404,56 2,8 1,9 
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Appendix figure V: flow cytometry histogram of suspensions of DAPI-stained nuclei from silica-dried leaves for V. 
spicata individual 01-A. The relative size for fluorescence peak is shown for 01-A and the internal standard Pisum sativum. 
The figure is created in Microsoft Excel 
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Appendix 4: Molecular work 

DNA extraction protocol 

From DNeasy Plant Mini Kit (2012) 

1. Disrupt samples (≤100 mg wet weight or ≤20 mg lyophilized tissue) using 

the TissueRuptor, the TissueLyser II, or a mortar and pestle. 

- Modification: approximately 15−40 mg of dried leaf tissue was put into a 2 mL collection tube 

together with two 3 mm Tungsten Carbide beads 3mm (Qiagen) and grinded in a MM301 

mixer mill (Retsch GmbH Co) for 2 x 30 seconds. 

2. Add 400 µL Buffer AP1 and 4 µl RNase A. Vortex and incubate for 10 min 

at 65°C. Invert the tube 2–3 times during incubation. 

3. Add 130 µL Buffer P3. Mix and incubate for 5 min on ice. 

4. Centrifuge the lysate for 5 min at 20,000 x g 

(14,000 rpm). 

5. Pipet the lysate into a QIAshredder spin column placed in a 2 mL collection 

tube. Centrifuge for 2 min at 20,000 x g. 

6. Transfer the flow-through into a new tube without disturbing the pellet if 

present. Add 1.5 volumes of Buffer AW1, and mix by pipetting. 

7. Transfer 650 µL of the mixture into a DNeasy Mini spin column placed in a 

2 mL collection tube. Centrifuge for 1 min at ≥6000 x g (≥8000 rpm). 

Discard the flow-through. Repeat this step with the remaining sample. 

8. Place the spin column into a new 2 mL collection tube. Add 500 µL 

Buffer AW2, and centrifuge for 1 min at ≥6000 x g. Discard the flowthrough. 

9. Add another 500 µL Buffer AW2. Centrifuge for 2 min at 20,000 x g. 

Note: Remove the spin column from the collection tube carefully so that the 

column does not come into contact with the flow-through. 

10. Transfer the spin column to a new 1.5 mL or 2 mL microcentrifuge tube. 

11. Add 100 µL Buffer AE for elution. Incubate for 5 min at room temperature 

(15–25°C). Centrifuge for 1 min at ≥6000 x g. 

- Modification: To gain a higher concentration of DNA, Buffer AE is reduced to 65 µL 

12. Repeat step 11. 



 
 

Appendix table V: overview of DNA sequence regions and primer combinations used.  

Region 
Forward 
name 

Forward sequence 
Reverse 
name 

Reverse sequence 

Approx.  

length 
(bp) 

Article 

CYCLOIDEA 2 Forward DYTVTCCATCGGCATTGC Reverse GATGAAYTTRTGCTGATCCAAAATG 500-570 
Albach and Meudt 
(2010) 

rpoB-trnC trnC (GCA) CAC CCR GAT TYG AAC TGG GG rpoB CKACAA AAY CCY TCR AAT TG 938-1243 Shaw et al. (2005) 

Internal Transcribed Spacer 
(ITS) 

ITS5 GGAAGTAAAAGTCGTAACAAGG ITS4 TCCTCCGCTTATTGATATGC 558–710 Baldwin et al. (1995) 

trnS-trnG-trnG trnS(GCU) 
AAC TCG TAC AAC GGA TTA GCA 
ATC 

trnG(UUC) GAA TCG AAC CCG CAT CGT TAG 1500 Shaw et al. (2007) 

AroB Forward GCATTCTACCAARCWCARTGTGT Reverse 
GCTTTGTTTTCACATGAWCKCTTDATA
GCA 

302-438 Li et al. (2008) 

Agt1 Forward GATTTCCGHATGGATGANTGGGG Reverse CCAYTCCTCCTTCTGHGTGCAGTT 300–972 Li et al. (2008) 

Eif3E Forward 
TTTGAATGTGGCAACTAYTCTRGTGC
TGC 

Reverse ACCTCTTCACACTCYYTCATCTT 
481–
1140 

Li  et al. (2008) 

At103 Forward CTTCAAGCCMAAGTTCATCTTCTA Reverse 
TTGGCAATCATTGAGGTACATNGTMAC
ATA 

298–429 Li et al. (2008) 

rpl32-trnL trnL(UAG) CTG CTT CCT AAG AGC AGC GT rpL32-F CAG TTC CAA AA A AAC GTA CTT C 543-1417 Shaw et al. (2007) 

trnQ-5'rps16 rpS16x1 GTT GCT TTY TAC CAC ATC GTT T trnQ(UUG) GCG TGG CCA AGY GGT AAG GC 588-1975 Shaw et al. (2007) 

  



 
 

Appendix table VI: PCR cycling conditions for the different marker regions and polymerases.  
 

 AmpliTaq PlatinumTaq Q5 

ITS  
94°C - 2 min; (95°C - 30 s; 55°C - 30 s; 72°C - 40 s) X 30 

cycles; 72°C - 7 min; 8 °C- hold 
98 °C - 1 min; (98 °C - 10 s; 62 °C - 30 s; 72 °C - 45 s) X 

28 cycles; 72 °C - 5 min; 4 °C - hold 

CYC
2  

94 °C - 2 min; (94 °C - 30 s; 55 °C - 1 min; 72 °C - 2 min) 
X 5 cycles; (94 °C - 30 s; 60 °C - 1 min; 72 °C - 2 min) X 

35 cycles; 72 °C - 5 min; 12 °C - hold 

98 °C - 1 min; (98 °C - 10 s; 61 °C - 30s; 72 °C - 45 s) X 
28-33 cycles; 72 °C - 5 min; 4 °C - hold 

rpoB
-trnC  

95 °C - 2 min; (95 °C - 1 min; 54 °C - 1 min; 72 °C - 90s) 
X 36 cycles; 72 °C - 5 min; 8 °C - hold 

94 °C - 2 min; (95 °C - 1 min; 55 °C - 1 min; 72 °C - 90 s) 
X 33 cycles; 72 °C - 5 min; 8 °C - hold 

98 °C - 1 min; (98 °C - 10 s; 57 °C - 30 s; 72 °C - 80 s) X 
28 cycles; 72 °C - 5 min; 4°C - hold 

trnS-
trnG  

94 °C - 2 min; (95 °C - 1 min; 50 °C - 1 min; ramp 0.3 °C/s 
up to 65°C; 65°C - 4 min) X 30 cycles; 65°C - 4 min; 8°C - 

hold 

98 °C - 1 min; (98 °C - 10 s; 66 °C - 30s; 72 °C -90 s) X 
28s; 72°C - 5 min; 4 °C - hold 

AroB  
94°C - 2 min; (94°C - 40 s; 53°C - 30 s; 72°C - 40 s) X 33 

cycles; 72°C - 5 min; 8°C - hold 
98 °C - 1 min; (98 °C - 10 s; 52-54 °C - 30s; 72 °C - 45 s) 

X 28-33 cycles; 72 °C - 5 min; 4 °C - hold 

Eif3E 
95°C - 2 min; (94°C - 40 s; 51°C - 30 s; 72°C - 40s) X 33 

cycles; 72°C - 5 min; 8°C - hold  
98 °C - 1 min; (98 °C - 10 s; 52-53°C - 30s; 72 °C -905 s) 

X 28-33 cycles; 72 °C - 5 min; 4 °C - hold 

At 
103  

94°C - 2 min; (94°C - 40 s; 54°C - 30 s; 72°C - 40 s) X 33 
cycles; 72°C - 5 min; 8°C - hold 

98 °C - 1 min; (98 °C - 10 s; 58 °C - 30s; 72 °C - 90 s) X 
28 cycles; 72 °C - 5 min; 4 °C - hold 

Agt1  
94°C - 2 min; (94°C - 40 s; 57°C - 30 s; 72°C - 40 s) X 33 

cycles; 72°C - 5 min; 8°C - hold 
98 °C - 1 min; (98 °C - 10 s; 60 °C - 30s; 72 °C - 90 s) X 

28 cycles; 72°C - 5 min; 4°C - hold 

trnL-
rpl32

F 

80 °C - 5 min; (95 °C - 1 min; 50 °C - 1 min; ramp 0.3 °C/s 
up to 65°C; 65°C - 4 min) X 30 cycles; 65°C - 4 min; 8°C - 

hold 
 

98 °C - 1 min; (98 °C - 10 s; 61 °C - 30 s; 72 °C - 90 s) X 
28 cycles; 72 °C - 5 min; 4 °C - hold 

trnQ-
rps16  

94 °C - 2 min; (95 °C - 1 min; 50 °C - 1 min; ramp 0.3°C/s 
up to 65°C; 65°C - 4 min) X 30 cycles; 65°C - 4 min; 8°C - 

hold 

98 °C - 1 min; (98 °C - 10 s; 63-64 °C - 30s; 72 °C -90 s) X 
28-33 cycles; 72 °C - 5 min; 4 °C - hold 



 
 

Sanger sequencing for testing of variability 

1. All PCR-products were purified with ExoSap-IT to break down residual primer sequences and 

nucleotides. This was done with USB ExoSAP-IT PCR Product Cleanup (Affymetrix), 

following its manufacturer’s protocol, but with following exceptions: 2 µL of 1:10 Exo-SAP-

IT was added to each sample, and because of this dilution, incubation time was extended to 45 

min. The purification was performed on a T100 thermal cycler with the program 45' 37 °C, 15' 

80 °C, hold 8 °C.  

2. Sequencing was performed with BigDye Terminator v1.1 cycle sequencing kit (Applied 

Biosystems). Reactions were made in volumes of 10 µL, consisting of 1.75 µL BigDye 

Terminator v1.1 Sequencing Buffer (5X), 0.40 µL BigDye Terminator v1.1, 1 µL primer 

(10µM), 1µL PCR-product and 5.85 µL deionized water. The sequencing was done on a T100 

thermal cycler with the program 96 °C 1' (96 °C 10", 50°C 5'', 60 °C 4') x 30, 8 °C hold.  

3. Purification of the sequenced products was carried out by ethanol precipitation. 1µL of 125 

mM ethylenediaminetetraacetic (EDTA), 1 µL of sodium acetate and 25 µL of 96 % ethanol 

was added to each sample. The samples were then incubated for 15 minutes at room 

temperature before centrifugation at 5500 rpm at 4 °C for 25 minutes using a Rotanta 46RS 

(Hettich) centrifuge. Excess liquid was removed by spinning the samples upside-down on lint-

free paper at 400 rpm for 20−30 seconds. The samples were precipitated by adding 35 µL 70 

% ethanol, centrifuging at 4 °C for 20 minutes at 5500 rpm. The drying step was repeated, 

followed by removal of any remaining liquid 2 minutes in a SpeedVac DNA120 

(TermoSavant) vacuum centrifuge.  

4. The dried samples were re-suspended in 11 µL HiDi Formamide (Applied Biosystems). 10 µL 

of dissolved DNA was transferred onto an ABI plate for capillary analysis on an ABI prism 

3130xl Genetic Analyzer (Applied Biosystems). 

5. Sequences obtained using Sanger sequencing were edited and aligned in CodonCode Aligner 

v 4.2.7 (CodonCode Corporation) and the Clustal W algorithm (Larkin et al. 2007). 
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Appendix figure VI: summary for the two runs of PGM sequencing. 

 
Appendix table VII: sequences downloaded from GenBank. Country of origin for the voucher and GenBank accession 
numbers are included.  

Taxon name Country ITS CYC2 rpoB-trnC 

Paederota lutea L.f. 
  

FJ848270 FJ848168 

Veronica abyssinica Fresen. 
  

FJ848271 
 

Veronica chamaedrys L. Norway 
 

HQ853666 
 

Veronica cupressoides Hook.f. New Zealand 
 

FJ848322 
 

Veronica glandulosa Hochst. ex Benth. 
  

FJ848278 FJ848171 

Veronica glandulosa Germany AF313008 
  

Veronica hookeri (Buchanan) Garn.-Jones New Zealand 
  

EU349507 

Veronica hulkeana F.Muell. New Zealand 
 

FJ848312 FJ848194 

Veronica intercedens Bornm. Russia 
 

HQ853667 
 

Veronica lanceolata Benth New Zealand 
 

FJ848327 
 

Veronica longifolia L. Russia KJ425809 
  

Veronica longifolia Russia KJ425815 
  

Veronica longifolia Russia KJ425808 
  

Veronica longifolia Russia KJ425818 
  

Veronica longifolia Russia KJ425812 
  

Veronica longifolia Russia KJ425813 
  

Veronica longifolia Russia KJ630609 
  

Veronica longifolia Russia KJ425822 
  

Veronica longifolia Germany AF313021 
  

Veronica longifolia Germany FJ848285 
 

FJ848178 

Veronica longifolia Germany KJ630608 
  

Veronica longifolia United Kingdom KJ425782 
  

Veronica longifolia United Kingdom AY673619 
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Appendix table VII (continued) 

Taxon name Country ITS CYC2 rpoB-trnC 

Veronica longifolia Turkey KJ630610 
  

Veronica longifolia Turkey KJ425835 
  

Veronica longifolia Turkey KJ425831 
  

Veronica longifolia Turkey KJ425833 
  

Veronica longifolia Turkey KJ425834 
  

Veronica longifolia Turkey KJ425832 
  

Veronica longifolia Turkey KJ425836 
  

Veronica longifolia Ukraine KJ425828 
  

Veronica longifolia Ukraine KJ425826 
  

Veronica longifolia Ukraine KJ425827 
  

Veronica longifolia Ukraine KJ425824 
  

Veronica longifolia Mongolia KJ425795 
  

Veronica missurica USA (cult. UK) KJ630619 FJ848180 
 

Veronica officinalis L. 
  

FJ848281 
 

Veronica planopetiolata G.Simpson & J.S.Thomson New Zealand 
 

FJ848331 
 

Veronica planopetiolata 
 

AF229050 
 

EU349515 

Veronica quadrifaria T.Kirk New Zealand AF037377 FJ848321 FJ848321 

Veronica senex (Garn.-Jones) Garn.-Jones New Zealand 
 

FJ848332 
 

veronica serpyllifolia L. 
  

FJ848284 FJ848177 

veronica serpyllifolia 
  

FJ649688 
 

Veronica sibthorpioides Debeaux et al. 
  

FJ848289 
 

Veronica spicata L. Russia KJ425775 
  

Veronica spicata Russia KJ425777 
  

Veronica spicata Russia KJ425772 
  

Veronica spicata 
  

FJ848287 FJ848179 

Veronica spicata Germany AF313022 FJ848286 
 

Veronica spicata United Kingdom AY673621 
  

Veronica spicata United Kingdom AY673622 
  

Veronica spicata Russia KJ425846 
  

Veronica spicata Russia KJ425847 
  

Veronica spicata Romania KJ425784 
  

Veronica spicata Romania KJ425801 
  

Veronica spicata Romania KJ425803 
  

Veronica spicata Romania KJ425805 
  

Veronica spicata Romania KJ425802 
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Appendix table VII (continued)     

Taxon name Country ITS CYC2 rpoB-trnC 

Veronica spicata Romania KJ425804 
  

Veronica spicata Austria KJ425781 
  

Veronica spicata Austria KJ425800 
  

Veronica spicata Austria KJ630614 
  

Veronica spicata Ukraine KJ425761 
  

Veronica spicata Ukraine KJ425763 
  

Veronica spicata Ukraine KJ425760 
  

Veronica spicata Ukraine KJ425764 
  

Veronica spicata Ukraine KJ425837 
  

Veronica spicata Ukraine KJ425789 
  

Veronica spicata Ukraine KJ425797 
  

Veronica spicata Ukraine KJ425785 
  

Veronica spicata Ukraine KJ425842 
  

Veronica spicata Ukraine KJ425821 
  

Veronica spicata Japan KJ425825 
  

Veronica spicata Ukraine KJ425838 
  

Veronica spicata Ukraine KJ425820 
  

Veronica spicata Ukraine KJ425819 
  

Veronica spicata Ukraine KJ425814 
  

Veronica spicata Ukraine KJ425798 
  

Veronica spicata Ukraine KJ425796 
  

Veronica spicata Ukraine KJ425790 
  

Veronica spicata Romania KJ425794 
  

Veronica thomsonii (Buchanan) Cheeseman New Zealand 
 

FJ848308 
 

Veronica triloba Opiz 
  

FJ848290 FJ848185 

 
 
  



73 
 

Appendix table VIII: Best-fit substitution models for Bayesian Inference.  

Region Model 

Agt1 HKY+G 

AroB F81+G 

At103 paralogue 1 F81+G 

At103 paralogue 1 HKY+G 

CYC2 paralogue 1 F81+G 

CYC2 paralogue 2 HKY+G 

Eif3E F81+G 

ITS F81+G 

rpoB-trnC HKY+G 

Concat plastids F81+G 

PAUP script 

BEGIN PAUP; 

 set autoclose=yes warntree=no warnreset=no; 

 log start file=AA.log replace; 

 factory; 

 hsearch addseq=random nreps=100 randomize=trees swap=tbr nchuck=20 chuckscore=1 mult=off;  

 [the last part here (nchuck/chuckscore) saves 20 trees, one step long or longer, from each of the 100 replicates] 

 Showtree; 

 savetrees brlens=yes file=MP_trees.tre replace; 

 condense; 

 contree all/ strict=yes showtree=yes treefile=contree.tre; 

 include all; 

 bootstrap grpfreq=y nreps=1000 brlens=yes treefile=boot.tre search=heuristic /swap=tbr addseq=random nreps=4 

multrees=off; 

 savetrees file=bootcons.tre root=yes savebootP=both maxdecimals=0 from=1 to=1 replace; 

END; 

MrBayes script 

BEGIN mrbayes; 

set autoclose=yes nowarn=yes quitonerror=no; 

log start filename=logfile.log; 

lset nucmodel=4by4 nst=1 rates=gamma ngammacat=4; 

mcmc ngen=1000000 nruns=2 Nchains=4 samplefreq=1000 mcmcdiagn=yes diagnfreq=1000 relburnin=yes burninfrac=0.25 

printfreq=1000 

append=no checkpoint=yes checkfreq=1000; 

sump relburnin=yes burninfrac=0.25; 

sumt relburnin=yes burninfrac=0.25; 

log stop; 

 


