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Chapter 1

The potato

The year 2008 has been declared the United Nations International Year of the Potato, intended to
“ralse awareness of the key role played by the ‘humble tuber' in agriculture, economy and world
food security” (http:/fwww.potato2008.org/). Ironically, in May 2008 a conflict between Peru and Chile
arose about the origin of the cultivated potato, Chile claiming that 99% of the world's potatoes derive
from material native to its territory, while Peru points to the area near Lake Titicaca as the site of origin
of the crop. The origin of the potato has thus become a ‘hot potato’ (hitp://www.usatoday.com/ news/
worid/2008-05-27-peru-chile-potato_N.htm). Regardless of who is right in this case, the discussion
demonstrates the importance given 1o the issue of genetic resources of the cultivated potato. Even in
these modern times it is worth competing for the honour of being the country of origin of the potato.

Potato is a crop with a long history. It was cultivated for many millennia in the Andes region in South
America. Plant remains from archaeological sites, dating back as far as 2500 BC and 5000 BC, have
provided evidence for ancient potato cultivation (Hawkes, 1990). After the conquest of the Americas in
the 16% century by the Spanish conquistadores they were successfully introduced in Europe and were
distributed from there to other continents. In moest countries in Europe and in the Americas the potato
is still one of the largest sources of starch in the daily diet and the potato production still continues to

increase, mainly in the developing countries (http://www cipotato org/ potato/facts/arowth.agp).

Potato systematics

Because potato is such an economically important crop, it is not surprising that its bolany and
taxonomy has been the subject of intensive study for many years, The crop has been classified in a
number of cultivated taxa (the species Solanum tuberosum, S. ajanhuiri, S. chaucha, S. curtilobum,
S. juzepczukii, S. phureja and S. stenofomum; Hawkes 1990) but these taxa have recently (Huaman,
Spooner, 2002) been considered as formal cultivar-groups within one cultigenic species S. tubsrosum,
following the rules of the International Code of Nomenclature for Cultivated Plants (Bricksll et al.,
2004). Besides Solanum tuberosum there are circa 200 wild tuber-bearing species, belonging to
section Pefofa Dumort. within subgenus Potaloe (G. Don) D'Arcy of the large genus Sofanum.

It was recognized early that these wild refatives of the cultivated potato could provide crossing material
to improve the cultivated material, so they have been the subject of study already since the 19* century.
At the end of the 18" century and the beginning of the 20" century, taxonomists like G. Don, Bitter
and Dunal produced the first classifications of the group of tuber-bearing Solanum species. Later,
especially Russian scientists extended the knowledge on the taxonomy of wild potatoes, Vavilov and
other scientists carried out many expeditions in South America. After the Second World War, J.G.
Hawkes, C. Ochoa and many others described substantial numbers of new taxa.
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1. General introduction

The taxonomy of the tuber-bearing species is complicated because of the occurrence of phenomena
fike polyploidization, hybridization and morphological plasticity. Furthermore, crossing barriers
between certain species are presumably influenced by an unknown mechanism called EBN (Embryo
Balance Number) (Hawkes & Jackson, 1992; Johnston et al., 1980) which adds to the confusion.
Despite many extensive studies from various taxonomists several taxonomic problems still remain.
These are mainly:

1) The difficulty of correct identification using morphological keys;

2) Over-classification of parts of section Pefofa (overclassification means in this case that (too) many
taxa like species, subspecies, varieties, etc., have been assigned to explain the variation visible, but
that less species exist in reality);

3) Problematic classification of the series (Spooner & Salas, 2006; Spooner & van den Berg, 1992).
Nonetheless, the increasing application of molecular methods provides hope for a more suitable and
durable potato taxonomy. Until now several molecular studies using various methods like RAPDs,
AFLP and RFLP have been conducted. However, most molecular studies have only focused on a
small part of the variation present within section Petota (Spooner & Castillo, 1997; Spooner et al.,
1996); (Sukhotu & Hosaka, 2006; van den Berg et al,, 2002).

Phytophthora infestans and its Impact on potato cultivation

The name Phytophthora infestans (Mont.) de Bary (de Bary, 1876) suits the disease this pathogen
causes. "Phytophthora” means in classic Greek "plants destroyer” and “infestans” refers to its infectious
abilities. P, infestans causes late blight, the most important disease in potato cultivation. Late blight
has the ahility to destroy entire fields of potato in a few weeks or even days. It affects foliage and
stems and additionally it can also infect fruits and tubers (Fry, 2008). In 1845 and 1846 severe late
blight epidemics destroyed potato crops in the whole of Europe, causing the infamous Irish potato
famine and the following mass emigration of Irish people to the U.S.A. Nowadays, late blight remains
a major prablem in potato production. The costs of control efforts and lost production are estimated at
more than $3 billion dollar each year (CIP, 1998). The control of the disease heavily dependents on
the use of fungicides, but despite the frequent use late blight still proofs increasingly difficult to control
(Erwin & Ribeiro, 1996; Fry, 2008; Hijmans et a/., 2000).

P infestans belongs to the oomycetes, organisms that resemble fungi but are more closely related to
the algae. One of the many features that distinguish comycetes from true fungi is that comycetes are
diploid and iack a free haploid life stage (Judelson & Blanco, 2005). In the normal, asexual, life cycle
of P, infestans the pathogen forms a mycelium in the host plant. It then produces zoospores, which
detach easily fram the mycelium thus spreading the disease rapidly (Grunwald & Filier, 2005).
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Until the 20" century, P. infestans was known as an asexual organism worldwide existing only as
mating type A1, excepl for central Mexico where A1 and A2 mating types were found. Recently, since
the 80ths the situation has changed, both mating types are now present in Europe and other parts of
the world, and sexual reproduction can occur. Through sexual reproduction the pathogen produces
oospores that stay alive longer than zoospores and can hibernate in the soil. The sexual life-cycle
complicates the fight against P infestans because it gives the pathogen the possibility of enhancing
its genetic variation while it aiso produces longer-living spores (Fry, 2007).

Already in the first half of the 20" century it was recognized that potato clones reported to be resistant
eisewhera became severely diseased when exposed to populations of P infestans in the Toluca
Valley in Central Mexico (Galindo & Gallegly, 1960; Gallegly & Galindo, 1958; Niederhauser & Millis,
1953). It is therefore not surprising that the A2 mating type was first reported from the Toluca valley
(Galindo & Gallegly, 1960; Gallegly & Galindo, 1958). The region of the Toluca vailey is considered to
be the centre of origin and genetic diversity for P. infestans {Flier et af., 2003; Grunwald & Flier, 2005)
and it stills plays an important role in the study of the biology of P. infestans.

Late blight resistance genes In potato

Plants are attacked by a wide range of organisms including viruses, bacteria, oomycetes, fungi,
nematodes and insects. They have evolved passive and active ways to defend themseives against
these attackers. One of the active defence systems is a type of immunity that is described by the
“gene for gene” resistance theory, which was developed by Flor in the 1940’s. It considers the gene
causing resistance, the R gene in the host, to be complementary to an avr (avirulence) gene in the
pathogen (Flor, 1942). The pathogen infection in the plant leads to the recognition of an avirulence
gene product, a so-called elicitor, by a corresponding R gene product in the host plant. The initial
recognition sets of a complex cascade of defence responses that eventually all lead to the restriction
or the further development of the pathogen (Keen, 1990). If the plant lacks the appropriate R gene or
the pathogen lacks the avr gene, activation of plant defence responses may be delayed or ineffective
and the disease can develop (Thatcher, 2005).

To date, more than 90 resistance genes have been cloned from plants, by a wide variety of methods
inciuding map-based cloning, transposon tagging, and homology based DNA library screening
(ingvardsen et al., 2008). In the genus Solanum, many R genes have been mapped and cloned
(sequenced) in the last two decades (van Ooijen et al, 2007). Some of these R genas confer
resistance lo P infestans, some to potato virus X, and others to potato cyst nematodes. The R genes
are sometimes found in cultivated potato germplasm but mainly originate from wild potato germplasm.
Many of the R genes in Solanum seem to be positioned in relatively few DNA clusters (Bakker ef al.,
2003; Wang et al., 2008). Within these clusters, repeats of similar genes, as well as several different
genes can be recognized. For the clusters in the Solanum genome, as known so far, wa refer to
the ‘SQOLanaceae Function Map for Pathogen Resistance’, which is compiled by Gebhardt and co-
workers and is a representation of published literature in the form of a genetic map (Meyer sf al.,

2005) (hitp:/gabi.rzpd.de/projects/Pomamo/).
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Over the last century, 11 late blight resistance genes were introduced into cultivated potato from
the wild potato species S. demissurn (Gebhardt & Valkonen, 2001). As the resistances conferred by
thase R genes were quickly broken by the pathogen (Wastie, 1991), the presence of R genes in other
relatives of the cultivated potato was investigated as well. In the following species late blight R-genes
or QTLs have been identified and mapped: S. microdontum, S. mochiquense, S. paucissectum, 8.
spegazinni, S. pinhatisectum, S. berthauitii and S. bulbocastanum and S. stofoniferum (Bisognin et al.,
20085; Ewing et al., 2000; Ghislain ef al., 2001; Kuhl ef a/., 2001; Naess e! al., 2000; Oberhagemann et
al., 1999; Park et al., 2005; Rauscher et al., 2006; Sandbrink et af., 2000; Sliwka et al., 2006; Smilde
et al., 2005; van der Vossen ef al., 2003; Villamon ef al., 2005; Wang ef a/., 2008).

Most R genes can be assigned to one of the five major classes of R genes (Dangl & Jones, 2001).
The largest of these classes contains genes that encode proteins with a nucleotide binding site and
a leucine-rich repeat region (the so calied NBS-LRR genes). NBS-LRR resistance genes and the
resistance gene analogs (RGA's) are numerous in plant genomes and are often organized in clusters
(AGI, 2000; Michelmore & Meyers, 1998). RGA's are parts of the genome that are presumed genes
and share conserved common motifs with known R genes. They may possibly also code for proteins
invalved in resistance physiclogy, but this has yet to be described. The NBS region of R genes and
RGA's contain highly conserved common motifs like the P-loop, the kinase-2 motif and the GLPL
motif (Meyers ef al., 1999; Meyers et al., 2003; Monosi sf al., 2004). The conservad motifs within the
NBS-LRR genes have been used successfully to sequence {parts of) NBS regions from various plant
species (Collins ef a/., 1998; Pflieger ef al., 1999; van der Linden et al., 2004; Zhang et al,, 2007}. Van
der Linden et al. (2004) published on a method called Nucleotide Binding Site profiling (NBS profiling).
NBS profiling is a PCR based method that uses primers that target different conserved motifs in the
NBS domain. It produces a DNA profile that is highly enriched for R genes and RGA's. Studies in
apple (Calenge et al., 2005) and in potato, tomato, barley and lettuce (van der Linden ef al., 2004)
show that NBS profiling produces markers that are tightly linked to R genes and R gene clusters. The
maijor advantage of this method is that it can be applied to study resistance in plants, even if there is
na information available on the resistance gene present in the plant (Wang et al., 2008).

Aims and scope of this study

The present PhD project is part of the potato programme carried out within the Centre for Biosystems
Genomics (CBSG). The CBSG is a network of Dutch scientists in the field of plant genomics, as well
as Dutch companies involved in plant genomics, breeding, cultivation and processing. The aim of the
CBSG is to contribute 1o sustainable improvement of important world food and non-food crops. The
potato programme is composed of a resistance and a quality part, each with a number of subprojects
that are strongly interconnected (http://www.cbsg.nl/). in the potato programme, one project analyses
over 1000 potato accessions for P, infestans resistance, using the same plants that were used in
this PhD project to analyse the biosystamatics, while ancther project delivered information on the
locations of the Resistance Gene Homologs on the different chromosomes. The present project (P4)
has close relationships with these subprojects P1 and P3 (Figure 1).
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Figure 1. The relationships of project P4 (this PhD thesis) and other resistance prajects within CBSG.

The evolution of new races of £ infestans is rapid and the spread of races that have overcome
resistance genes is a serious problem. As a consequence, there is a continuous and growing need 1o
find new R genes that can be deployed in breeding (Fry, 2008). The wild gene poot of S. tuberosum
can offer new resources of R genes. There are many wild species that have not been tested yet for
the presance of R genes against P, infestans. For an efficient study of vatuable traits in general and .
infestans resistance in particular, it is important to have information on the phylogenetic relationships
of the wild tuber-bearing species. This will ensure that the search for new resistances efficientty
utilizes all of the possible sources and will not be restricted to just a part of the group.

The present study aimed at elucidating the taxonomy of wild potatoes and searching for new resistance
genes against P infestans. To elucidate the systematic relationships of the wild Solanum section
Petota taxa, we analysed a large AFLP dataset. No other study has been based on such extensive
sampling. The taxonomic information generated will aliow the easy selection of genebank accessions
for a range of purposes, amongst others for finding new sources of resistance.
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Thesis contents

Chapter 2 provides a review of the results of molecutar analyses of datasets of tuber-bearing Sofanum
spacies. A short introduction on the classical taxonomy of section Pefota is given, followed by an
overview of recent new insights. Remaining taxonomic problems and remaining needs for research
are discussed. The purpose of Chapter 3 is to gain insight in the internal taxonomic structure of
section Pefofa by using both cpDNA sequences and AFLP patterns for the same individuals, This
allows a direct comparison of the results of both methods. This reveals major incangruencies between
the AFLP data and the chloroplast data which might point at the occurrence of former hybridization
events. tn Chapter 4 the taxonomic structure present in section Petota is analyzed by using AFLP.
Phylogenetic and a phenetic analysis were performed on the largest dataset ever constructed for
Solanum section Petota. In total, arcund 1000 accessions were sampled, and approximately 5000
individual plants were genotyped using over 200 AFLP markers. The data obtained were used to
evaluate the 21 series hypothesis put forward by Hawkes and the 4 clade hypothesis of Spooner and
co-workers. From the results in Chapters 3 and 4 we learnt that most of the wild Solanum species from
South America are closely related and that species boundaries between many species are unclear.
In Chapter 5, using a poputation genetics approach, the status of species names (species labels) in
Solanum section Pefota was investigated with a strong focus on the South American species. Herewith,
we attempt to elucidate the inner systematic structure of the South American part of Solarium section
Petota. In Chapter 6, a novel approach fo map the position of new resistance genes is presented
and tested. it aims at quick identification of the gene cluster and obtaining markers that can be used
for introgression breeding. Our approach consisted of combining NBS profiling on smalt segregating
populations, followed by sequencing and annotating of polymorphic NBS bands and confirming map
positions by using PCR based markers. The thesis is completed with a general discussion in Chapter
7, in which the results from all the chapters are evaluated and concluding remarks are made.
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Chapter 2

Introduction

In this chapter, we look at the results of analyses of molecular data sets that have been used to answer
questions on the taxonomy of the group of tuber-bearing Sofanum spp., Solanum sect. Pefota, the
cultivated potato and its wild relatives.

Taxonomic background

Wild and cultivated potatoes

The cuitivated potato is an unusual crop in that it has an extremely large secondary genepool consisting
of related wild species that are tuber-bearing, albeit with small inedible tubers. The taxenomy of
the cultivated potato and its wild relatives has been the subject of study for many years. Most of
these studies relied on morphological cbservations and, on a limited scale, experimental methods
like cytogenetics and hybridization experiments. More than 200 species have been described and
many infraspecific taxa. These taxa have been classified in series, with different authors recognizing
different numbers of series, often with different circumscriptions. Two authorative treatments (Correl,
1962; Hawkes, 1990) recognized 26 and 21 series, respectively (Table 1). Hawkes (1989) suggested
a division of the series into two superserigs, Stellata and Rotata, emphasizing the outlina of the
corolla as a major distinctive character. Some of the series contain only one or just a few species,
indicating that their relationship to the other species is not clear. On the contrary, series such as
Pjurana and, especially, Tuberosa, are large groups of species that may not be closely related to each
other. Hijmans and Spooner {2001) and Hijmans et al. (2002} documented the geagraphic distribution
of wild potato species, with the majority occurring in Argentina, Bolivia, Mexico and Peru, many with
only restricted distribution areas.

There are polyploid series present with diploids, triploids, tetraploids, pentaploids and hexaploids.
The polyploids are considered to be allopolyploids derived from hybdridization events involving
2n gametes. The odd numbered polyploids, while mostly sterile, are able to maintain themselves
vegetatively through the tubers. The cultivated potato, Solanum tuberosum L., is accommodated
in series Tuberosa, a rather large and variable group without clear diagnostic characters. The link
between wild and cultivated potatoes, the direct ancestors of the crop, must be looked for in the so-
called brevicaule complex, a group of morphologically variable, diploid species within series Tuberosa.
Within this complex, about 20 species have been distinguished, but Ugent (1966) suggested that
these could be drastically reduced to one species (Solanum brevicaule) and Van den Berg et al.
(1998) by and large confirmed that conclusion. Morphologicaily, many of the wild species in the
brevicaule complex are similar to some of the cultivated potatoes, the main differences being found in
leaf dissection, in corolia colour and — obviously — in the tuber.
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Table 1. series according to Hawkes {7950)

Series according to Hawkes (1990)
Subsection Estolonifera
Series Etuberosa
Series Juglandifolia
Subsection Potatoe
Superseries Stellata
Series Morelliforme
Series Bulbocastana
Series Pinnalisecta
Series Polyadenia
Series Commersoniana
Series Circaeifolia
Series Lignicatifia
Series Olmosiana
Series Yungasensa
Superseries Rotata
Series Megistacroloba
Series Cuneoalata
Series Conicibaccata
Series Piurana
Series Ingifolia
Series Maglia
Series Tuberosa
Series Acauvlia
Series Longipediceliata
Series Demissa

The origin of the cultivated potatoes has been described as the result of successive hybridizations
between diploid members of the brevicaule complex, accompanied by chromosome doubling leading
to the tetraploid forms. The crop itself has been classified into seven cultivated species (Sofanum
gfanhuiri, Solanum chaucha, Solanurn curtilobum, Solanum juzepczukii, Solanum phureja, Solanum
stenotomum and S. tuberosum with two subspecies, fuberosum and andigena), showing several
ploidy levels. The discussion about the taxonomic status of cultivated plant material (Hetterscheid
& Brandenburg, 1995) suggests that the taxon 'species’ (with its connotation of a product resulting
from evolutionary processes) is not suitable for the classification of cultivated ptants as the influence
of humans sericusly disturbs the patterns of variation used to classify species. Rather, cultivated
material should be treated as artificial entities such as landraces or cultivars and classified into cultivar
groups as advocated in the International Code of Nomenclature of Cultivated Plants (ICNCP, 2004),
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This was anticipated by Dodds (1962), who, in an appendix to Correll's book, suggested the informal
groups Stenotomum, Phureja, Chaucha, Andigena and Tuberosum within the species 5. tuberosum
to accommodate the cultivated potatoes. Huaman and Spooner (2002) suggested a similar solution
with eight groups (Ajanhuiri, Juzepczukii, Curtilobum, Chilotanum, Andigenum, Chaucha, Phureja
and Stenotomum). The crop ‘potato’, making up the total of these groups, can still be assigned to the
‘species’ S. tuberosum, if so desired. This species name should then be considered as a cultigen (a
species consisting of cultivated plants only, and as such without wild representatives, without a natural
geographic distribution area and without a natural population structure). If the six other species names
are used, these too are to be considered as cultigens (Table 2).

Table 2. Alternative classifications of the cuitivated potatoes

Cultigen Groups Dodds (1962) Groups Huaman & Spooner (2002)
Modern vatisties, cultivar-group name(s)

Solanum tubsrosum Tuberosum group yet to be proposed

Solanum stenofomum Stenotomum Group Stenotomum group

Solanum phureja Phureja Phureja Group

Solanum chaucha Chaucha Chaucha Group

Solanum andigena Andigena Andigenum Group

Solanum curtilobum S. x curtifobum Curtilobum Group

Solanum juzepczukii S. x juzepczukii JuzepczukKii Group

Solanum ajanhuiri Ajanhuiri Group

Chilotanum Group

The evolutionary framework

The place of origin of the group of tuber-bearing potato species has been suggested to be the Mexican/
Central American area, where those species are found that are considered to be phylogenetically
primitive. These species are diploids, with stellate corollas and an endosperm balance number (EBN)
of 1 (EBN refers to a genetic isolating mechanism that allows crosses between species with the same
EBN and prevents crosses between different EBN groups; there are five combinations of ploidy level
and EBN that determine crossability groups: 2x/EBN1, 2x/EBN2, 4x/EBN2, 4x/EBN4 and 6x/EBN4;
Hawkes, 1990). The further history of the group has been principally determined by two migrations
across the landbridge between North and South America. A first migration southward from the
Mexican/Central American area introduced the diploid tuber-bearing species to the variety of niches
available in the South American continent, especially those in the mountain range of the Andes. This
provoked a rapid speciation, producing the numerous species now occurring in Ecuador, Peru, Bolivia
and Argentina. This speciation was accompanied by an increase in EBN and chromosome doubling.
Morpholegically, the corolla shape developed from stellate to rotate. A northward migration led to
the establishment of polyploid species of the series Conicibaccata in Central America and, finally, to
the derived polyploids nowadays found in Mexico, which include the well-known hexaploid species
Solanum demissum. The cultivated forms originated in the area around lake Titicaca, on the border of
Peru and Bolivia, where several members of the brevicaule complex still occur.
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Remaining taxonomic problems

Much of what is known about the taxonomy of potato is due to the work of two formidable taxonomists,
Jack Hawkes and Carlos Ochoa. They described numerous species, classified them in series and
provided keys based on mompholegical characters. However, these keys are generally difficult to
apply because of the extensive variability in characters such as leaf dissection, pubescence and
corolla colour. Many described species are extremely similar to each other, and the group of tuber-
bearing Solanum spp. seems to be somewhat over-classified, with the application of a rather narrow
typological specias concept, where all deviations from the ‘typical’ habit are considered to be due to
hybridization. Although hybridization within EBN groups is certainly taking place, another approach
would be the recognition of a smaller number of broader circumscribed species, applying a polythetic
species concept that allows overlap of character states among species. In certain groups, there is a
lack of distinctive characters and species boundaries are difficult to trace. Especially, the interaction
between witd and cultivated forms and the influence of human selection have obscured species
boundaries, and in some cases, desctibed species might be weedy relatives of cultivated plants or
escapes from cultivation. Also, the series classification is problematic, with some series difficult to
distinguish from each other and others containing subgroups that could be distinguished as separate
series. Consistent with work in other groups within the genus Sofanum (Knapp, 1991, 2000), it would
be advisable to apply the informal concept of ‘species groups' instead of the formal taxon ‘series’.
The advance of molecular methods has offered the hope to arrive at solutions of the aforementioned
problems and improve our understanding of the taxonomy of the potato.

Molecular data

Molecular markers applied to tuber-bearing Solanum spp.

The available morphological data on potato species have been supplemented with data from cytology,
serology, isozymes and several types of DNA data. The cytological data have helped in acquiring
more insight into the origin and distribution of polyploids in the group {Swaminathan & Howard, 1953),
the serological data gave indications of interrelationships among groups of species but ware difficult
to interpret (Lester, 1965) and the isozyme data provided valuable information mainly on the diversity
of the cultivated forms (Quiros & McHale, 1985; Douches & Quircs, 1988). DNA data are basically in
one of two types: restriction site and primer-based data, like restriction fragment length polymorphism
{RFLP), RAPD, amplified fragment length polymorphism (AFLP), simple sequence repeat (SSR};
giving genome-wide, multilocus information and sequence data providing detailed, single locus
information on only a small part of the genome. There is a strong relationship between the level of
variability of 2 molecular marker and its suitability at a given taxonomic level.

18
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Methods of analysis of molecular data sets — phanetic varsus cladistic approaches

The preferred method to visualize taxonomic interrelationship is to construct bifurcating trees
{although scatter plots from ordination techniques have aiso been found useful). It Is important to
distinguish the two fundamentally different approaches to tree building, i.e. phenetic versus cladistic
approaches, which are distance-based versus character-based, respectively. The distance-based
approach calculates the pairwise distances between ali combinations of the investigated entities
[often called operational taxonomic units (OTUs)], resulling in a triangular distance (or similarity)
matrix. Starting from this matrix, different algorithms are used to produce distance-based trees or
dendrograms. Consecutive clustering of OTUs with the smaliest distances resulls in an Unwaeighted
Pair Group Method using arithmic averages (UPGMA) tree, whereas for Neighbour Joining trees at
each clustering step the effect on the total tree length is taken into account. Both approaches make
use of overall similarity based on all the characters simultaneously. Character-based approaches try
to construct a tree topology where the character states of each character ¢can be placed in a consistent
way (e.g. such that a character state changes into another state just once on the tree). The branches
in the tree are considered to be natural groups, cailed clades (hence cladistic approach). Usually,
an analysis generates many possible character-based trees (and just one or very few distance-
based trees), making it necessary to adhere 1o an optimality criterion to choose the ‘best’ tree. In
the character-based approach, this is often the parsimony criterion where the shortest tree (with the
minimum number of steps between character states) is considered best.

Application of molecular data to the taxonomy of the tuber-bearing Sofanum spp.

Delimitation of the group

The genus Solanum has been subdivided into seven subgenera. The group of wild relatives of the
potato is classified within the subgenus Potatoe in section Petota. Hawkes (1989) subdivided this
section into two subsections, Potatoe and Estolonifera, accommodating two non-tuber-bearing series
{Etuberosa and Juglandifolia} in the latter. Using chloroplast DNA RFLPs, Spooner et al. (1993} showed
that these two non-tuber-bearing series were in fact less closely related to the tuber-bearing series
than to the tomato and should be excluded from section Pefota. This article also presented conclusive
evidence for the inclusion of the genus Lycopersicon in the genus Solanum, as a section closely
refated to, but separate from, the potatoes. The nomenctatural conseguences of this were published
by Child (1990). Kardolus (1998) showed a scatterplot of the first two multidimensional scaling axes
calculated from an AFLP data set, where most of the investigated tuber-bearing species form a dense
cluster with only a few species outside this core group. Besides three tomato species and members
of series Etuberosa, also representatives of the Mexican diploid species, series Circaeifolia and two
accessions of Solanum mochicense were plotted away from the dense central cluster. This would
indicate that the Mexican diploid species and the South American species Sofanum circaeifolium
and S. mochicense are relatively distantly reiated to the South American species and the Mexican
polyploids.
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Overall phylogeny of the group based on molecular markers

Many studies have focused on the elucidation of the structure within the group of tuberbearing Solanum
spp., using several molecular markers. Most of these have used RFLPs of the chloroplast (Hosaka et
al., 1984; Spooner ef al., 1991a; Spooner & Sytsma, 1992; Spooner & Castillo, 1997) or the nuclear
genomea {Debener et al., 1990). Later, the so-cailed AFLP reactions were applied (Kardolus, 1998;
Kardolus et al., 1998), and recently, SSR (Bryan et a/.,, 1999) and sequence data (Volkov et a/., 2001,
2003) became available.

Hosaka et al. (1984) used cpDNA digest patterns to study the interrelationships of 26 species of
section Pefota, supplemented with four cutgroup species of the genus Lycopersicon and the series
Juglandifolia and Etuberosa. They found clear differences between the outgroup species and the wild
potato species, but within section Pefofa were only able to distinguish the Mexican diploid species from
the rest (comprising the Mexican polyploids and the South American species). Debener et al. (1990)
used nuctear RFLPs, studying 14 wild and 2 cultivated potato species, with Solanum etuberosum as
an outgroup. They could distinguish clearly separated groups, with all the species of series Tuberosa
in two related groups, one with wild representatives and one with the cultivated potato, S. fuberosum,
clustering with S. stenotormum and Sofanum canasense. Solanum acaule and S. demissum together
formed a well-separated branch, and S. etuberosum was most distant. Spogner and collaborators
(Spooner et al., 1991a; Spooner & Sytsma, 1992; Spooner & Castillo, 1997) used probes rather than
directly observed cpDNA digest patterns and greatly extended the number of species studied. They
provided evidence for four clades: (1) The Mexican diploids, but excluding Solanum bulbocastanum,
Solanum cardiophyllum and Solanum verrucosum. (2) S. bufbocastanum and S. cardiophyfium. (3)
Members of series Piurana, with a number of species from other series. (4) Sofanum verrucosum, all
remaining South American species and the polyploid species from Mexico and Central America.

Kardotus et al. (1998) and Kardolus (1298) applied AFLP. In the latter study, 53 species were
investigated. The method proved to be highly efficient in producing 997 markers with three primer
combinations. Three tomato species and two species from series Etuberosa constituted the
outgroups. Representatives of the Mexican diploids were placed as the sistergroup of the rest of the
tuber-bearing species. The species of series Tuberosa were subdivided into geographical groups,
with S. tuberosum in the Peruvian group assaciated with species such as S. canasense, Sofanum
bukasovii and Solanum multidissectum and other members of the brevicaulte complex from Bolivia
and Argentina grouping together. Sofanum demissum was united with species of series Acaulia,
recalling the results of Debener et al, {1990). Series Circaeifolia was placed as the most primitive
group of the South American species. Bryan et al. {1999) used polymorphic SSRs from the chioroplast
genome (cpSSRs), studying 24 species and 30 cultivars. This marker system detected high levels of
interspecific cpDNA variation, and the authors suggest its utility in population genetics, germplasm
management and phylogenetic studies. The resulting UPGMA tree, however, does not provide much
resolution, with cultivated accessions clustering among the wild species (indicating the introgression
from wild species into cultivated material) and a tree topology that does not enable the recognition of
clear subgroups.
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Volkov et al. (2001) used nucleotide sequences of 5S ribosomal DNA genes of 26 wild species, 4 S.
tuberosum-breeding lines and a tornato accession, with Solanum dulcamara as outgroup. This first
sequence data set proved difficult to analyse because of the high abundance of indels in comparison
with base substitutions, and the dendrograms resulting from different clustering algorithms differed
essentially from each other. Because the dendrogram topology was extremely unstable, the authors
evaiuated the indels ‘manually’, producing a schematic representation of the molecular @volution.
This shows the Mexican diploids (series Polyadenia, Pinnatisecta and Bulbocastana) as basal and
a group with rather conserved 5S rDNA organization comprising Sclanum brevidens, Solanum
commersonii, S. circaeifolium and — surprisingly — S. bukasovii, which is far removed from the
remaining cluster of species belonging to superseries Rotata. Within the latter group, the species
of series Tuberosa are divided into several subgroups, and S. acaule and S. demissum are grouped
together. Aithough the overali picture conforms with earlier results, the sequenced region does not
seem to be optimal for phylogenetic reconstruction. Volkov et al. (2003) tumed to the 5 _ external
transcribed spacer {(ETS) region of rDNA, comparing 30 species of Solanum sect. Pefota, with S.
dulcamara as outgroup. Three structural variants of ETS (variants A-C) could be recognized . Variant
Ais presentin the outgroup 8. dulcamara, in the non-tuber-bearing species of series Etuberosa and in
the representatives of the Mexican diploid series Bulbocastana, Pinnatisecta and Polyadenia. Species
of the series Commersoniana and Circaeifolia possess variant B, and variant C is present in all other
investigated species. Variant C can be subdivided into two subgroups, C1 and C2. Group C1 contains
species from the series Megistacroloba, Conicibaccata and Acaulfia, whereas group C2 consists of all
dipioids of series Tuberosa. The dendrograms presented show many polytomies {(multiple branching
instead of dichotomously branching), indicating that resolution within the groups is mostly lacking.
Also, representatives of a species like S. demissum are widely separated in all trees, indicative of
intraspecific variation. According to the authors, the groups are defined by large rearrangements, while
base substitutions aflow additional discrimination of closely relaled species, and this broad range of
resolving power is taken to suggest the utility of this marker system for phylogeny reconstruction. The
authors further suggest — in contrast with the evolutionary scenario in Hawkes (1990) — an origin of
primitive Petota spp. in South America, followed by a migration of primitive Sfellata spp. to Mexico,
and a development in South America from other primitive Steflata towards more advanced Stellata
and Rotata spp. Summarizing the data from the various studies mentioned above, it seems clear
that our insight into the phylogenetic structure of the group of tuber-bearing Sofanum spp. has been
improved by molecular studies. The phylogenetic position of certain species, like e.g. the Mexican
diploids, and the series Circaeifolia, and the reality of a S. acaule/S. demissum assemblage, are
supported by several sources. However, the lack of resolution within section Petota (4 clades instead
of 20 series based on chloroplast RFLP data) seems to be a real phenomenon. Except for the rather
distinctive groups in Mexico, the differentiation among the other South American groups is not iarge,
and it remains difficult to subdivide the group into natural units.

The studies discussed above have one serious problem in common: most of them were not able
to sample the complete width of the variation of the group of tuberbearing Solanum spp., and
undersampling can influence the results of (especially cladistic) analyses. The most complete effort
has been the studies by Spooner and collaborators.
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If one combines these three studies, 86 species from most of the series are considered, but this still
is only fess than haif of the total number of species. The most promising ways forward could be the
extension of a molecular data set to encompass all the relevant taxa of the group {Jacobs et al., 2005)
and the search for suitable nuclear sequences as undertaken by Spooner and collaborators [nitrate
reductase {NIA), Rodriguez and Spooner, 2004; single-copy waxy gene (GBSSI), Spooner et al.,
2004; internal transcribed spacer (iTS), Stephenson et al., 2004j

Detailed studies of parts of the group

Molecular data have been utilized to study certain groups of species in detail. For convenience sake,
these studies will be discussed according to the series names applied, even though not all series
received support in the phylogenstic studies mentioned in the previous paragraph.

Series Acaulia

Series Acaulia has attracted many workers, due to the extreme frost tolerance present in the species
S. acaule. The pentaploid cultivated potato S. curtilobum, which is used to produce the freeze-
dried ‘chuno’, resulited from crosses between Andigenum-type potatoes and the triploid cultigen
8. juzepczukii, itself a cross between S. acaule and diploid Stenotomum potatoes. The taxa within
the series comprise tetraploids and hexaploids, which have been recognized at different taxonomic
levels by different authors. Hosaka and Spooner (1982}, using RFLPs af genomic DNA, studied 105
accessions of S. acaule including all four subspecies (acaule, aemulans, alhicans and punae)that were
recegnized at that time. The results placed subspecies albicans as most distant (this hexaploid taxon
was later raised to the species level), could not distinguish subspecies acaule and punae and divided
subspecies aemulans into two groups, from the pravinces ta Rioja and Jujuy (Argentina), respectively.
Kardolus (1998), studying this group with AFLP reactions, also could not consistently distinguish the
subspecies acaule and punae, but recognized a new, hexaploid subspecies, subspecies palmirense.
The occurrence of this hexaploid cytotype within the species S. acaule may indicate the need to re-
evaluate the recognition of Solanum afbicans on the species level. McGregor et al. (2002} investigated
314 accessions of the Centre for Genetic Resources, The Netherlands (CGN) germplasm collection
with AFLP reactions and concluded that most plants were grouped in an UPGMA tree according to
the species and subspecias designations in the passport data. The subspecies acaule and punae
were distinguishable, although only separated by a smalil genetic distance. The classification of the
hexaploid palmirense taxon in S. acaule, separate from S. albicans, was confirmed. Nakagawa and
Hosaka (2002) combined RFLP data from chloroplast and nuclear DNA to study the relationships
between S. acaule, S. albicans and 27 morphologically closely related species. They found high
similarity between S. acaule, S. albicans and S. demissum, and suggested Solanum megistacrolobum
and Solanum sanctae-rosae as the closest relatives, and possibly involved in the origin of the series
Acaulia spp.
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Seven culligenic species S. stenotomum, S. ajanhuiri, S. chaucha, S. phureja, S. curtilobum,
S. juzepczukii and S. tuberosum (with two subspecies: andigena and fuberosum) are currently
recognized as cultivated species (Hawkes, 1990). All tetraploid South-American landraces are
classified in S. tuberosum ssp. andigena. All modern cultivars known to us as the common potato
can be accommodated in 8. tuberosurn ssp. luberosum. The fransition from subspecies andigena to
subspecies tuberosum apparently resulted from transporting material from the short-day environment
of the Peruvian/Bolivian Andes to long-day circumstances. This transport accampanied by adaptation
is believed by Hawkes (1990) to have occurred twice: the first event would have taken place in
Chile where original subspecies andigena material, brought here by migrating Indian tribes from the
Andes, underwent adaptation to long-day length and cool climatic conditions, and the second time,
this development took place was in Europe after the Spaniards introduced the potato there. Hawkes
(1990) regarded the cultigen S. stencfomum as being the most primitive of the cultivaled material and
as the progenitor of the other cultivated ‘taxa’. A wild diploid species like Solanum leptophyes would
have been the progenitor of S. stenotomum. Solanum tuberosum ssp. andigena ariginated from a
hybridization event between S. stenotomum and the wild species Solanum sparsipilum. Solanum
tuberosum ssp. tuberosum later developed fram subsp. andigena. Grun (1990) described a similar
origin of the cultivated potato, with the primitive diploid cultigen S. stenotomtm arising from a wild
progenitor from the brevicaule complex.

The most extensive study using molecular data on the origin of S. fuberosum, the relationships among
the cultivated species and the relationships between wild and cultivated species, has been conducted
by Hosaka and co-workers. [n a series of publications ranging from 1986 to 2004, they focused on
restriction data of cpDNA of wild and cultivated potatoes. Hosaka (1986) distinguished seven different
chloroplast haplotypes in a selection of wild and cultivated species:

(1) type T was restricted to S. fuberosum ssp. {uberosum,

{(2) type A was characteristic for S. fuberosum ssp. andigena and Solanum maglia;

(3) type S was found in Solanum goniocalyx, S. phureja, S. stenotomum, S. chaucha and

one accession of subspecies andigena;s

(4) type C was found in S. acaule, S. bukasovii, S. canasense, S. multidissectum and

8. juzepczukii;

(5) type W was found in wild species and was considered as the most primitive type;

(6) type W was found in S. chacoense {. gibberufosum;

(7} type W”" was found in Sofanum tarijense.

The author conciuded that, indeed, the cultivated potatoes derived from S. stenofornum, which itself
might have developed from S. canasense, and, furthermore, that the chioroplast genome of the
European potato derived from Chilean material, which itself was the result of the combination of the
nuclear genome of subspecies andigena with cytoplasm from an unknown species.

In 1988, a series of three articles on cpDNA data of potato were published by Hosaka and co~workers.
Hosaka et al. (1988) showed that the differences between types T and W found with five different
restriction enzymes in the earlier study (Hosaka, 1986) were in fact all caused by one physical deletion
in the chioroplast genome of the T-type chioroplast.
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The authors concluded that the T-type chloroplast could easily have evolved from the primitive W-type,
whereas in the former publication this had not seemed probable. Hosaka and Hanneman {1988a)
found a geographical cline from the Andean region to coastal Chile, supporting the Andean origin of
Chilean subspecies fuberosum. Material considered as a relic of the first European potato (a hybrid of
the cuitivar ‘Myatt's Ashleafl’) showed the A-type chloroplast, confirming Mawkes' opinion that the first
European potatoes were subspecies andigena, later replaced by subspecies fuberosum from Chile.

Hosaka and Hanneman (1988b) noted extensive cpDNA variation in cultivated potatoes as well as
in wild potato species. They hypothesized that the Andean cultivated tetraploid potato, subspecies
andigena, could have arisen many times from the cuitivated diploids. Hosaka (1995} determined the
chioroplast types of 35 accessions of S. stencfomum and 97 accessions of putative ancestral wild
species, including S. brevicaule, S. bukasovii, Solanum candolleanum, S. canasense, S. leptophyes
and S. multidissectum. Except for S. brevicaule, which had only the W type, the wild species proved
polymorphic for cpDNA types. Sexual polyploidization formed a wide cpDNA diversity among the
Andean tetraploid potatoes and selection caused the limited diversity found in Chilean tetraploid
potatoes.

Hosaka (2002) explored the maternal ancestry of the common potato by determining the presence/
absence of a 241-bp deletion characteristic for the T-type cpDNA. Sixteen of 80 accessions of S.
tarijense, S. berthaultii and S. neorossii showed the same deletion at the same position. Hosaka
(2003) found that al! the T-type accessions of cultivated potatoes shared this haplotype only with
some accessions of S. tarjense. The author concluded that some populations of S. farijense acted
as the maternal ancestor of potato. Hosaka {2004), investigating 215 accessions of S. stenotomum
and 286 accessions of S. tubsrosum subsp. andigena, noted the absence of T-type chloroplast in S.
stenotomum while this type was present in nine accessions of subsp. andigena and concluded that
8. stenotomum did not play a role in the formation of the tetraploid potatoes, All the data presented
above are based on cpDNA and therefore only show maternal inheritance. Furthermore, the cpDNA
types do nat seem to be monomaorphic within species, which makes it difficult to discuss ancestor/
derivative relationships between species. There is a need for suitable nuclear markers {such as AFLP
or a suitable nuclear sequence) to complement the work done on the chioroplast genome. Many
studies have taken this approach.

Debener et al. (1891) showed with nuclear RFLPs that S. andigena, S. stenotomum and S. canasense
were very closely related to each other and could in fact not be distinguished with the single locus
information. Miller and Spooner (1999) used single to low-copy nuclear RFLPs and RAPDs to
investigate the species boundaries and relationships among the members of the brevicaule complex.
They confirmed the separation of populations from Peru and immediately adjacent northwestern Bolivia,
including most cultivated accessions, and of populations from northwestern Bolivia and Argentina, This
had been found by Van den Berg et al. (1998) using morphological data and Kardolus et al. (1998)
using AFLP, which also showed S. tubsrosum clustering together with the wild Peruvian species S.
canasense and S. muitidissecturn. Miller and Spooner (1999) indicated the paraphyletic nature of the
brevicaule complex and the need to reduce the number of species names in this group.
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Raker and Spooner {2002) tested the genetic differences between accessions of S. tuberosum ssp.
andigena and S. tuberosum ssp. tuberosum using nuclear DNA microsatellites. The two subspecies
could be separated from each other although the separation is not very firm. Other cultivaled species
(S. stenofornum and S. phureja) and wild species (S. bukasovii, S. multidissectum and S. canasense)
used in this study were mixed with S. tuberosum ssp. andigena.

Sukhotu et al. {2004) combined data on the cpDNA types of Hosaka with chloroplast microsatellite
markers and nuclear RFLPs. The differences among cpDNA types were highly correlated with the
microsatellite markers. The nuclear RFLPs supported the differentiation between the W type versus
the C, S and A types, but not the differentiation among the three latter types, suggesling frequent
genetic exchange among them. In a UPGMA dendrogram of the nuclear DNA restriction data, three
clusters could be identified, with both S. tuberosum ssp. andigena and S. fuberosum ssp. tuberosum
accessions placed together with most other cultivated Andean spp. and members of the brevicaule
complex.

In a recent study of the brevicaule complex, Spooner et al. (2005a), using AFLP data, reconfirmed
the distinction of the northemn and southern subgroups within the complex and argued that cuitivated
potatoes have had a monophyletic origin in the northern part of the distribution area of the brevicaule
complex, as all the landrace populations form a clade in the parsimony cladogram. The progenitor of
the cultivated potato should thus be sought in the members of the brevicaule complex occurring in
southem Peru. The authors note that these species are poorly defined and may have to be reduced
to a single species, the earliest valid name being S. bukasovii. The brevicaule complex Hself is
designated to be polyphyletic.

The origin of our modern cultivaled potaio varieties and the manner of introduction of the cultivated
potato in Europe have been the subject of controversy, According to many authors, the first polato
material to be introduced in Europe belonged to S. tuberosum ssp. andigena. Most of the potato stock
derived from this original materiai was believed to have been wiped out during the late-blight outbreak
in Europe in the 1840s. After this, the breeding stock would have been repiaced with introductions
from Chile of §. tubsrosum ssp. tuberosum material (Grun, 1880). Juzepczuk and Bukasov (1929)
had, however, suggested that the early European introductions already consisted of subspecies
tuberosum germplasm from Chile, because of the similarity in morphology and growing conditions.
Spooner et al. (2005b) published results from a nuclear microsatellite analysis of mainly Indian
potato cultivars. The analysis included several accessions that were considered to be derlved from
5. tuberosum ssp. andigena to test the idea. that the first potato introductions in the old worid were
actually subspecies andigena. Late blight was not recorded in India until 1870, so only after the late
blight disaster in Europe. The andigena germpiasm in india would therafore not have been aliminated
by the epidemic. The microsatellite results shawed, however, that all Indian cultivars, including those
that were thought to be derived from subspecies andigena, clustered together with the subspecies
tuberosum landraces and European cultivars. All 12 tested subspecies andigena landraces from
Central and South America clustered together separately from this group. The andigena introduction
theory was thus not supported.
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Spoaner et al. (2005b) concluded that no remnant landraces of subspecies andigena were involved
in the development of the Indian germplasm. Considering this evidence and other historical and
cytological information, they suggested that the early introductions of cultivated potatoes of India (and
Europe) came from both the Chile and the Andes. The Chilean landraces became the predominant
breading germplasm before the outbreak of late blight, likely because of their pre-adaptation to long-
day/cool climate conditions. Remarkably, five Indian cultivars that, based on the nuclear microsatellite
data were linked to subspecies tuberosum, facked the typical 241 bp deletion. This could have been
caused by either a subspecies fuberosum progenitor facking the typical deletion ar the incorporation
of other non-tuberosum accessions as maternal material.

Huaman and Spooner (2002) examined morphological support for the classification of landrace
populations of cultivated potatoes. They recognized alt landrace populations as a single species, S.
tuberosum, with eight cultivar groups. Following the philosophy of cultivar-group classification, the
remaining cultivated malerials, e.g. the modern varieties, were not automatically classified as a ninth
‘Tuberosum’ group. Many authors have suggested that molecular markers are appropriate to identify
cultivars and reveal infraspecific variation (e.q. Debener ef al,, 1990; Hosaka et a/,, 1994; Bryan ot al.,
1999; Barnet of al., 2002), but these methods have not been used to produce an overall classification
of cultivars. Most studies are restricted to the assessment of genetic diversity of cultivars or their
discrimination with fingerprinting techniques (Gérg ef al,, 1992).

Provan et at. (1999) used polymorphic chloroplast and nuclear SSRs to study the diversity in most
modern potato cultivars grown in the UK. In total, 151 of 178 accessions tested showed the same
chloroplast haplotype, named haplatype A, which corresponds with the T type of Hosaka (1986). Amuch
higher diversity was found in the remaining accessions outside the T-type group, which were assigned
to 25 different hapiotypes. The diversity of the nuclear SSR loci did not show this difference between
the T-type group and the rest. The authors suggested that the dominance of the T-type cyloplasm
was caused by the use of only a limited number of maternal lineages in breeding programmes. Bryan
et al. (1999) using cpSSRs demonstrated that among a set of 30 tetraploid potato cultivars, a single
chloroplast haplotype was prevatent and thay attributed this to the widespread use as a female parent
of the imported US cultivar ‘Purple Chili’ in the latter half of the 189th century. The chloroplast diversity
that is present has arisen through introgression from wild and primitive cultivated material. The low
level of genetic diversity of European cultivated potatoes was confirmed in an analysis using ISSRs
by Bornet et al. (2002). Their results showed that European potatoes are quite homogenous, and the
genetic diversity was very low compared with Argentinian cultivars.

Molecular data have been used to address three main issues about the cultivated potato:

(1) the mode of origin of the crop and the refationships with its wild relatives;

{2) the relationship between the andigena and tuberosum groups and the introduction of the cultivated
potato from South America to Europe and the rest of the world;

{3) the genetic diversity of the crop.
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The conclusions about these issues are not unequivocal. Results from the chloroplast and nuclear
genome conflict as to the role taxa like S. farijense, S. stenotomurn and the brevicaule complex
have played in the origin of the crop. Different data sets give rise to different hypotheses on the
multiple or single domestication event(s) that occurred, most probably, in southern Peru. The role that
Chilean material played in the infroduction of the cultivated potato in Europe has been clarifiad. The
genetic diversity of the crop has been shown to have suffered a severe maternal bottleneck during
the development of the modern cultivated potato. Finally, the classification of the modern cultivars of
potato in subgroups has not really been addressed yet with molecular markers.

Conclusions

Molecular data have been used fo establish the phytogeny of the group of tuber-bearing Solanum
spp., to evaluate hybridization hypotheses, to evaluate infraspecific classifications, to establish the
ancestry of the cultivated potato, to trace introgression from wild species and to assess genetic
diversity within species and cultivated materiat. In the context of genehank management, the effect
of seed increases on the diversity of genebank accessions (Del Rio & Bamberg, 2003), and the
extent of redundancy (McGregor st al., 2002) has been studied. Furthermore, molecular data allow
checking for misidentifications and can he utilized in risk-assessment studigs. Although the search
for the phylogenetic structure of the group has suffered from a lack of resolution, at the species level,
the utility of AFLP is evident, as long as closely related taxa are compared. There remains a need
for a suitable nuclear marker to fill the gap between the high level chloroplast derived data and the
fingerprinting data like SSRs, but this will most probably be forthcoming in the near future.
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Abstract

Chioroplast (cp) DNA sequence data and nuclear AFLP data were used for phylogeny reconstruction
in Solanum section Patota. A comprehensive set of accessions {199 accessions from 174 taxa),
covering the section as widely as possible, was chosen from gene banks worldwide. The chloroplast
regions tmTLF (1907 nucleotides) and psbA/trnH (464 nucleotides) were sequenced. AFLP data were
obtained for two primer combinations. The AFLP tree showed much more phylogenetic resolution
than the tree based on Chloroplast DNA. Neither the chloroptast results nor the AFLP results provide
support for maintaining the classification of section Petota in 21 series, as proposed by Hawkes. The
majority of the series proposed by Hawkes could not be identified as separate ¢clades. Comparison
of the cladograms obtained from the cpDNA and AFLP data, showed several incongruencies. These
differences are most likely related to the mode of inheritance of the different genomes targeted, in
combination with extensive hybridization between species. The low resolution found in large sections
of the trees suggests that many species within the section Petota have not diverged substantialy.

Introduction

The tuber-bearing Solanum species, including the cultivated potato and its wild relatives, are
accommodated in Sofanum section Petota. Based on morphological characteristics, crossability and
cylology, Hawkes (1990) divided the species of section Petfota in 21 series, 19 of which contain
tuber-bearing species plus two series (Efuberosa and Juglandifolia) containing related non-tuber-
hearing species. The series were put in an order that reflected Hawkes ideas on their evolulionary
relationships. Since Hawkes (1990), besides further morphological studies, many molecular studies
have been carried out to establish the taxonomic structure within section Pefota, focusing on the
nuclear and chloroplast genome (for a review see Van den Berg & Jacobs, 2007).

Both sequences and restriction fragments of Chloroplast DNA (cpDNA) have been used to solve
taxonomic problems at different taxonomic levels (Olmstead & Palmer, 1994), using coding regions like
rbcl for revealing family level taxonomy and non-coding regions for lower taxonomic levels. Mutation
rates in cpDNA are low, which makes cpDNA vaiuable for inferring relationships at the interspecies
level and above (Palmer, 1987). Mutation rates in non-coding chloroplast sequences are higher than
coding cpDNA regions (Gielly & Taberlet, 1994). For section Pstofa, cpDNA restriction fragments
length polymorphisms (RFLPs) have been used but most studies have treated only a small part of
the section, except for Spooner and Castillo (1997), Spooner and Sytsma (1992), and Spooner et al.
(1991). These three studies together treated 90 accessions from 86 species representing 17 series.
The results from these cpDNA RFLPs did not yield support for a classification of potato species into
19 series. Only four clades of different size were found {Spooner and Castiillo, 1997).

For closely related taxa, especially at the species levet, the AFLP method has the potential to solve
phylogenies when other markers fail due to lack of genetic variability (Despres et al., 2003).The AFLP
method generates a large number of polymorphisms (Wolfe & Liston, 1998).
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Several authors report that the AFLP method could generate non-homologous fragments, especially
at higher taxonomic levels {Despres et al., 2003; Koopman & Gort, 2004). Still, in spite of possible
homoplasy, AFLP datasets generally contain sufficient phylogenetic signal (Koopman, 2005). Again,
only a few AFLP studies covered a substantial part of section Pefota. Kardolus {1298) studied the
AFLP patterns of 53 taxa, representing 17 series in total. He also found that the phylegenetic relations
did not reflect the series classification by Hawkes (1990). Lara-Cabrera and Spooner {(2004) used
AFLP data to infer the phylogeny of the North and Central American diploid potato species. Their
results support sister taxon relationships for a number of species. S. cardiophyllum subsp. ehrenbergii
and S. stenophyillidiurm; S. tarnii and S. trifidum; S. jamesii and S. pinnatisectum; S. lesteri and S,
polyadenium and S. clarum and S. morelfiforme.

The purpose of the present study is to gain insight in the internal taxonomic structure of saction Petota
by using both cpDNA sequences and AFLP patterns for the same individuals, which will allow a direct
comparison of the results of both methods. We have analyzed as many species and as many series
from section Pefota as were available. The only two series not represented here are series ingifolia
and series Olmosiana. The results are used to evaluate the classification of Hawkes (1990) and the
four clade hypothesis of Spooner and Castillo (1997).

Materials and methods

Plant material

The material used was chosen to sample the Solanum section Pefota material available in the
genebanks worldwide as widely as possible. In total, 199 accessions from 174 taxa were used. Table
1 lists the accessions used and gives species names according to the passport information from
the genebanks and notes on synonymy based on several recent publications. Seeds were surface-
sterilized and sown in vifro at 25°C. The collection of individual Solanum clones was grown in vitro for
at least 6 weeks on MS medium supplemented with 20% sucrose (Murashige & Skoog, 1962) at 18°C.
DNA was extracted from leafs according to the method described by Stewart and Via (1993).

Nomenclature

The labels used in this paper are taken from the original passport data belonging to the genebank
accessions. They are not corrected according to the synonymy in recent taxonomic revisions because
we do not want to change an original label of an accession without actually checking the identity of
that accession. Moreover, by displaying the original genebank species names, the discrepancies of
our results with earlier taxonomic treatments become apparent. We have included information on
revised taxonomy from Hawkes (1990), Ochoa (1990Q), Ochoa (1999), Spooner and Hijmans (2001},
Spooner et al. (2004), Spooner and Salas (2006), Van den Berg and Spocner (1992) and Huaman
and Spooner (2002} in Table 1.
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Chloroplast DNA sequencing

To amplify the chioroplast #nTLF region, primers a (CATTACAAATGCGATGCTCT)
I d (GGGGATAGAGGGACTTGAAC} and c¢ (CGAAATCGGTAGACGCTACG) [ f
(ATTTGAACTGGTGACACGAG) described by Taberlet et al. (1991), were used. Because some
of the samples did not amplify very well with the primer combination a/d, an extra primer, which
is here described as primer b4 (CGGATTCGGGTCGTCAT), was used for some of the samples.
Amplification of the intergenic spacer between psbA and tmH was done by using primers psbAH
(CGAAGCTCCATCTACAAATGG) and trmHM (ACTGCCTTGATCCACTTGGC) described by
Hamilton (1999). All samples were sequenced in both directions at least once. The expected length
for the chloroplast regions émTLF was 1907 nucleotides and that of the psbA/tmH region was 464
nucleotides. To amplify the samples, appraximately 10 ng of genomic DNA was mixed in a total volume
of 20 ul containing (endconcentration per reaction) 1x PCR buffer, 2 mM MgCI2, 0.1 mM mixture of
all dNTPs, 0.2 pM each primer and 0.4 unit Goldstar ® DNA polymerase (Eurogentec). Tha following
PCR protocol was used: a first step of 3 minutes at 94 °C followed by 30 cycli of 0.5 minutes at 94 °©
C, 0.5 minutes at 50 ° C, 2 minutes at 72 ° C, concluding with 10 ° C. PCR products were checked for
presence and correct length on a 1.0% agarose gel. Ali the PCR products were purified by fiiltration
in Sephadex G-50 columns. Around 50 ng of the PCR product was added to a total volume of 10 pl
containing 0.5 pM primer, 2 pl AmerDye and 2 ul Amerdye Buffer (Amersham). The PCR programme
included 25 cycles of 20 seconds at 94 ° C, 15 seconds at 50° C, and 1 minute at 60° C, ending with
10° C. The sequence products were purified in Sephadex G-50 columns. The samples were run on a
ABI| 3000 sequence machine. Sequences were aligned with the sofiware program Seqman DNAstar
V6.

AFLP analysis

AFLP analysis was carried out as described by Vos et al. (1995) using the enzyme combination
EcoRIfMsel. The two primer combinations (PCs), E32/M48 and E35/M48, used for the analysis were
selected based on previous results obtained with potato material.

The gel analysis on a capillary electrophoresis system (MegaBACE™) was performed according
to Van Eijk et al. (2004). MegaBACE allows multiloading of two AFLP reactions in parallel, each
reaction is labeiled with a specific fluorphorescent. Only the EcoRlI-primers were end-labelled using
fluorescent label (FAM and JOE). Pseudo gel images were generated and all AFLP markers were
scored dominantly using proprietary software developed specifically for AFLP analysis at Keygene
N.V. This software allows the display, and analysis of pseudo gel images. For the analysis of pixel
images, the software provides tools to navigate through the image to size and quantify the AFLP bands
with great precision. Each band of a specific marker is classified with respect to its intensity using a
mixture model of normal distributions, as described by Jansen et al. (2001). A MegaBACE ET900-R
size standard from Amersham Biosciences was used in each capillary to estimate the molecular
weight of the fragments. AFLP® is a registered trademark and the AFLP technology is covered by
patents and patent applications of Keygene N.V.
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Data Analysis

The data were analyzed as two separale data sets (a cpDNA data set and an AFLP data set).

Both phenetic and cladistic analyses were conducted using PAUP 4.0 Altivec (Swofford, 2002). To
calculate the distance matrix in the phenetic analyses we used the Neili distance ( Nei & Li, 1979)
for the AFLP data and the Jukes-Cantor distance measure for the cpDNA data. Neighbor Joining
clustering was carried out on both data sets. In the cladistic analysis heuristic searches were run by
using a 2-step-procedure modified from Maddison (1991). In step 1 of this procedure a set of 10.000
starting trees is created using the options TBR, MULPARS, SAVEREPS. One firee for each replicate
was saved. The resulting trees of step 1 were then used as starting trees in step 2 of the procedure.
in step 2, the options TBR, MULPARS, SWAPALL and Nbest=10.000 were used. Probably more trees
with this length could have been found but because of memory capacity the search was restricted
fo find no more than 10.000 trees. Jackknife analysis was performed to obtain statistical support for
the branches of both phenetic and cladistic trees. In the heuristic search the jackknife analysis was
performed using 1000 replicates, TBR swapping, multrees=yas, saving no mare than five shortest
trees per starling tree.

Testing significance of congruence between datasets

As visual comparison suggested incongruence between the AFLP and the cpDNA trees, the
significance of the incongruence in the phylogenetic trees was tested by using the Incongruence
Length Difference test, implemented in PAUP as the so-called partition homogeneity test (Farris et al.,
1995). The Neighbor Joining trees were tested by using the Mantel test as implemented in Ntsys 2.1
and described by Lapainte and Legendre (1992).

Results

Because of the similar topology of the trees resulting from the phenetic and cladistic analyses we
only present the results of the heuristic searches. Figure 1 and 2 show the strict consensus trees
based on the 10.000 most parsimonious trees derived from the cpDNA and AFLP data, respectively.
The most important results of the Neighbor Joining (NJ) and Maximum Parsimony (MP) Jackknife
analyses are summarized in Tabte 2. The clades shown in the strict consensus tree of the 10.000
most parsimonious trees coincide with the groups found in the jackknife tree of the NJ analysis. The
jackknife support for the groups found in the NJ jackknife analysis is also very simitar to that of the MP
analysis, as shown in Table 2. The results are described using the series names of Hawkes (1990).
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The Chioroplast DNA results

The trnTLF sequences yielded 15 informative indels and 91 snp’s, the psbA/trnH sequences gave 3
indels and 42 snp’s. Indeis were (except for a microsatellite region in psba/mH that was :excluded
because of instability) included in the dataset. They were coded as absent/present (T/A) irrespactive
of their length. This resulted in a combined chloroplast sequence dataset with 2421 nucleotides and
151 parsimony informative markers and 109 non-informative markers.

The 10.000 most parsimonious trees found all had a length of 282 steps (with CI=0.691 and RI=
0.890). The strict consensus tree of the cpDNA data with jackknife support values is shown in figure
1. In this tree clades are labeled from Ato Q.

Clade Q represents the outgroup. The ingroup consists of two successive polytomies. The first
polytomy contains the second polytomy plus four branches each representing individual accassions.
The second polytomy consists of Clade Ato P plus a iarge number of branches representing individual
accessions.

Clade A contains accessions of the Central and North American polyploid species of series
Longipedicellata and Demissa, plus S. verrucosum and S. andreanum from series Tuberosa group
i {Mexico, Venezuela, Colombia and Equador). Between Clade A and the clades B to P, the tree
continues with a large block of unsupported branches each consisting of individual accassions.
These accessions mainly represent diploid and polyploid species of series Tuberosa group i (Peru),
Tuberosa group iii {Bolivia, Argentina and Chile) and Tuberosa group iv (cultivated species}, some
polyploid species from series Conicibaccata and species from the series Piurana, Yungasensa,
Megistacroloba, Cuneoalata, Lignicaulia, Commersoniana, Maglia and Acaulia.

Clades B to G each unite only two to four species. Clade H contains mainly species of series
Tuberosa from Bolivia, Argentina and Chile. The accessions of species from series Circaeifolia are
split up in 3 separate clades (J, K, and L). Clade M contains accessions mainly from series Piurana,
although there are representatives of other series in this clade: S. chomatophilum, S. irosinum and S.
paucijugum from series Conicibaccata, S. immite, S. augustii, 8. acroscopicum from series Tuberosa
{from Bolivia Argentina and Chile), and S. sogarandinum from series Megistacroloba. Tha clades
N, O and P contain all the Mexican and Northerm American diploids species. Clade N consists of all
the accessions of S. bulbocastanum but not S. clarum that Hawkes (1990) also considered to be a
member of series Bufbocastana. Clade O contains three accessions of S. cardiophyfium. Two other
accessions of S. cardiophylium and the S. cardiophyllum subsp. ehrenbergii accessions are placed
in clade P. This clade includes almost all the North/Central American diploid species belonging to the
series Pinnatisecta, Polyadenia and Morelliformia, plus S. clarum of series Bulbocastana. Clade Q
contains the cutgroup accessions of S. etuberosum, S. palustre and S. fernandezianum.
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Figure 1. Strict consensus tree of 10.000 most parsimonious trees based on chioroplast DNA data. Jackinife values >50
are indicated above the branches.
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The AFLP results

Onily markers which could be scored dominantly in an unambiguous manner were scored (presence/
absence polymorphisms). In total 224 AFLP markers were scored. The 10.000 most parsimonious
trees had a length of 3088 steps (with CI=0.073 and RI=0.664). The strict consensus tree of these
10.000 maost parsimonious trees (figure 2) shows more structure than the strict consensus of the cpDNA data,
but the jackknife support of several of these groups is low.

The clades in figure 2 are coded from | to XIV.

Clade |, VII, Vill, IX, and XI do not show jackknife supports above 50. They mainly contain accessions
of species belonging to series Tuberosa plus some species belonging to seties Megistacrofoba,
Yungasensa and Commersoniana. Clade |l is not supported itself but contains a highly supported
clade with only accessions representing taxa from series Circaeffolia; S.circaeifolium, 8. circaeifolium
subsp. quimense, S. capsicumbaccatum and S. soestii. Clade (Il is a highly supported clade with the
Conicibaccata species S. sucubunenss, S. orocense, S. agrimonifolium, 8. colombianum, S. longiconicum,
S. fahaultii, S. subpanduratum, S. otites, and S. garcia-bamigae. Clade IV contains representatives of series
Demissa : S. iopetalum, S. brachycarpum, S. guerreroense and S. schenckil. However, it does not contain
S. demissum which is placed in clade X. Clade V contains accessions of the Mexican and North American
polyploid series Longipedicellata : S. hjertingii, S. matehuale, S. fendler subsp. arizonicum, S. papita, S.
polytrichon and S. feptosepaium. Clade VI only consists of the species S. verrucosurm and S. macropitosum.
Ciade X is not supported but contains a highly supported clade of the species S. acaule and S. demissum
and their closest relatives. The jackknife support for their common branch is high (99) but for the branch
connecting them with S. sanctae-rosae, S. megistacrolobum, and S. megistacrolobum subsp. toralapanum
the jackknife value is lower (64). The accessions of S. demissum, S. semidemissum and S. edinense form a
strongly supported {jackknife value 87) clade. The clade of S. acaule and species related to S. acawle does
not appear in the strict censensus while in the jackknife tree this clade has also high support (Table 2).

Clade Xl consists of the Piurana accessions S. paucissectum, S. chomatophifum, S. solisfi, S. plurae, S.
paucijugum, S. tuguerrense and S. irosinum. Clade Xl consists of a group of accessions from Mexican
diploid series Morelliformia, Polyadenia, Pinnatisecta and Bulbocastana. Within this clade several
subclades can be distinguished. Clade XIV contains the outgroup accessions of species S. etubsrosum,
8. palustre, and S. femandezianum.

Statistical tests

Many differences between the cpDNA tree and the AFLP tree are apparent. Two tests, the ILD test
for the cladistic trees and the Mantel test for the phenetic trees, were carried out 10 evaluate the
significance of the observed differences. The Mantel test showed a correllation of r=0.56 (poor fit)
between the tree structure of the cpDNA and the tree structure of the AFLP data, with a p value of
0,001. The ILD test resulted in a value of 124 but with a p value of 0.085: the observed ILD is not
significantly greater than can be expected from chance. This means that the null hypaothesis, the
dalasets are congruent with each other, cannot be rejected.
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Discussion

Comparing the Chloroplast DNA results to previous studies

The groups found in our Chloroplast DNA results correspond largely with the results from three cpDNA
restriction site studies (Spooner et al., 1991; Spooner & Sytsma, 1992; Spooner & Castillo, 1997).
They found four clades:

Clade 1, consisting of Mexican dipicid species, is similar to our group of Mexican diploid species. Clade
2 consists of S. cardiophylium and 8. bulbocastanum accessions. In our results S. cardiophyfium and
S. buibacastanum are also not included in the group of Mexican diploids, but they form two saparate
groups that are not connected to each other. Inthe results of Spooner and Castillo {1997) and Rodriguez
and Spooner {1997} S. cardiophyllum and 8. bulbocastanum form a clade with a high bootstrap value.
The absence of a connection between the 8. cardiophyiium and the S. bulbocastanum in the present
study might be due to the different markers used. However, in the present study four accessions of S.
cardiophylium subsp. ehrenbergii are included in the Mexican diploid group. These results correspond
to the results of Rodriguez and Spooner {1997). Clade 3 consists of Piurana species including some
accessions from other series. This clade contains almost ail the species found in the Pjurana clade in
the present Chioroplast DNA analysis. Clade 4 corresponds parily with the species directly attached
to the large polytomy in our cpDNA analysis, containing species from series Tuberosa, Megistacroloba
and Conicibaccata. A difference between these studies and our results is that, while in the cpDNA
RFLP results the polyploid Mexican and Central American species are piaced together with South
American polyploids and diploids in clade 4 and there seems to be no resolution within clade 4, in our
resuits the polyploid Mexican and Central American species are placed in a separate clade. On the
other hand, Spooner and Castillo {1997) found sistergroup relationships between clade 3 and clade
4, and between clade 2 and the combination of clade 3 and 4. Our results did not show resolution on
this level of the connections of the different clades.

Comparing the AFLP results to other nuclear analyses

Bonierbale et al. (1990) used nuclear RFLPs to study 90 Solanum accessions representing 18
species of Solanum section Petota. Their tree based on the calculated genetic distances shows that
the diploid species S. capsicumbaccatum and S. bulbocastanum are most different from all the other
Petota species. The North/Central polyploid American species S. stoloniferum is most similar to S.
verrucosum and together they cluster with species from series Tuberosa group iii. They show that S.
demissum is more similar to S. acawe than to the other polyploid Mexican species S. stoloniferum.
Furthermore, the cultivated species S. tuberosum, S. phurefa, and S. stenotomum are more similar to
each other than to the other species. Their results roughly correspond to our present AFLP results. In
our results, S. verrucosurm is linked to the Longipediceliata and Demissa species. Furthermore, the S.
demissum accessions in our study are also mare related to the S. acaule accessions than thay are to
accessions belonging to Demissa. The cultivated species of series Tuberosa are mixed among other
representatives of series Tuberosa in clade Xl in the present AFLP results.
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Our AFLP results are concordant with results found in the first AFLP analysis by Kardolus et al. (1998}
and his more extended AFLP analysis (Kardolus, 1998). There it was also found that S. demissum
appeared to be closely related to series Acaulia. Accessions from this series and S. demissum shared
many AFLP bands. S. juzepcukii, a triploid hybrid between 8. acaule and S. stenotomum, also shared
bands with S. demissum and accessions from Acaufia. Furthermore, Kardolus (1998) found two large
clusters of Tuberosa accessions, reflecting their geographic origin. One of these clusters consists
of species from series Tuberosa group iii (from Bolivia, Argentina and Chile} and the other cluster
consists of species from Tuberosa group ii {(from Peru) pius the cultivated potato species from series
Tuberosa. Our study also shows some separation between groups of Tuberosa species from different
geographic regions.

The present study shows many similarities with an earlier AFLP study of Lara-Cabrera and Spooner
(2004) conceming the inner structure of the North and Central American dipioid species group. In
the present study, eight clades with jackknife support of 60 or higher were found within the clade of
North and Central American diploid species. At ieast four clades that were present in the earlier study
could also be recognised in the present AFLP tree. A difference is the position of the clade with S.
cardiophylfum accessions. In our study the S. cardiogphylium accessions form a strong subgroup (with
a jackknife support value of 100) but they are not a sistergroup to alt the rest of the diploid North and
Central American species together, like in the earlier study.

Comparing the cpDNA and AFLP trees

The resuits of the cpDNA and the AFLP analyses were visually compared. Table 2 lists similarities
and incongruencies between them. A few examples of incongruencies will be discussed here. First,
the accessions of S. demissum and S. acaule and their closest relatives are strongly connected in the
AFLP tree while they are not linked at all in the cpDNA tree. In the cpDNAtree, S. demissum is placed
amidst the Demissa / Longipedicellata group. Both Spooner et al. (1995) and Nakagawa and Hosaka
(2002) hypothesize that S. demissum could be derived from S. acaule and an unknown female parent.
Although Nakagawa and Hosaka {2002} suggest this unknown maternal parent to be a diploid South
American species having W type chloroplast, based on the present results it would be more logical to
assume that an unknown species from series Longipediceilata or Demissa has acted as a maternal
parent.

Secondly, in the cpDNA strict consensus tree, the different taxa of series Circaeifofia do not form
one group but end up in three separate groups. Each small group contains representatives of one
taxon, except for accession qumd, a S. circaelfoliurm subsp. quimense accession that clusters with
5. capsicibaccatum. The only S. soestii accession appears together with S. capsicibaccaturmn in one
clade. In cortrast to these cpDNA data ali the series Circaeifolia species come together in one single
clade in the AFLP strict consensus tree. The Chloroplast DNA results from our study are surprising
because according to earlier studies (Van den Berg & Groendijk-Wilders, 1999; Van den Berg et al,
2001) S. capsicibaccatum, S. circaeifolium subsp. quimense, S. circaeifolium and S. soesti can be
regarded as subspecies from the same species. The Chloroplast DNA resuits would therefore suggest
that different Chloroplast DNA types are found within one species.
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This phenomenon could be caused by introgression, lineage sorting or Chloroplast captura (Wendel
& Doyle, 1999). in a review on cytoplasmic gene flow in plants, Rieseberg and Soltis (1991) reviewed
many of these kind of incongruencies between Chioroplast DNA trees and organismal trees. The
genera Helianthus, Heuchera and Populus are mentioned amongst many others as being known for
numergus examples. The review shows that five species of Helianthus possessed more than one
cpDNA genotype, which would be indicative of recent cytoplasmic introgression. This could also be
the case in our Solanum species.

A last example refers to the boundaries and status of the series Piurana and Conicibaccata. The
cpDNA tree only shows a strongly supported clade with species belonging to series Piurana but it
lacks a clade with species from series Conicibaccata. In the cpDNA strict consensus trge aimost
all species of the series Conicibaccata are attached directly to the polytomy, without any structure,
like so many other species from series Tuberosa group (iii) and series Megistacroloba. The clade of
series Piurana species in the cpDNA tree contains also many non-Piurana species: S. sogarandinum,
S. huancabambense, S. immite, S. augustii, S. acroscopicum and 8. mochiquense. The AFLP tree
shows a strongly supported clade formed by species belonging to series Conicibaccata. Additionalty,
a Piurana clade with moderate support can be found but it is smaller and the species that are
included differ from those in the Piurana clade found with the cpDNA results. The Piurana clade in
the AFLP results contains four species that Hawkes (1990) classified in series Piurana and three
Conicibaccata species that Castillo and Spooner {(1997) recognized as belonging to series Plurana (S.
chomatophilum, S. paucifugum and S. irosinum). In summary, the boundaries of both series Piurana
and Conicibaccata seem to be blurred and unclear and the Chloroplast DNA results do not refiect the
AFLP results nor the species classification based on morphologicat features. This discrepancy might
be expiained by assuming that (ongoing) gene flow between species causes confusion. The series
Conicibaccata might be closer related to series Longipediceliata as shown in the strict consgnsus tree
in figure 2.

The results from the statistical test are not very consistent. The low value of the cutcome of the Mantel
test would suggest that the datasets are significantly different from each other, but the outcome of the
ILD test is that the null hypothesis (the datasets are not significantly incongruent) cannot be rejected.
These discrepancies between the outcomes of the statistical tests might be caused by the differences
in level of resolution between the two datasets.

Resolving power of cpDNA and AFLP markers used

The observation that the data presented show a lack of resolution raises questions on the markers
used. First, one could argue on the number of AFLP markers that was used to reconstruct the
phylogeny. Although the present number of 224 markers seems low, other studies in which many
more AFLP markers were used, aiso point to a lack of structure. Kardolus (1998), using 3 AFLP primer
combinations, produced in total 997 markers in 171 genebank accessions of Solanum section Petota
species, and found no more structure than in the present study. A recent study (Spooner et al. 2005)
used 438 AFLP markers from 6 AFLP primer combinations to produce a phylogenetic tree of 261 wild
{mainly brevicaule complex members) and 98 landrace members of section Petofa.
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Their strict consensus tree shows very few supported clades. Furthermore, we also experimented
in our study with scoring extra markers for each AFLP primer combination in certain groups of the
dataset (results not shown). The nurnber of AFLP markers increased with up to 30%, but the resolution
within the groups did not improve. All these results together suggest that increasing the number of
AFLP primer combinations or the number of markers scored does not improve resolution. Regarding
the two chloroplast regions (trnlF and psbAArmH) one can ask the question whether the chosen
regions are the most variable in the chioroplast genome. In a recent publication, Shaw et al. (2005)
have compared 21 non coding cpDNA regions on 3 species from each of 10 groups representing
eight major phylogenetic lineages. Although in that study no representatives of Solanum section
Petota were included we can conclude for Solanum as a whole that the overall level of variability in
chloroplast regions is very low. The number of potentially informative characters (PICs) ranges from
0 to 8 as compared to other genera, for example Prunus with a PIC value ranging from 0 to 27 or
Gratiola with a PIC value ranging from 10 to 82. Other studies that used RFLP on Chloroplast DNA
to study the taxonomic structure of Solanum section Pefota also do not show any higher levels of
resalution than the results shown in this study, but present the data in a different way. A good example
is the strict consensus tree on page 682 from Spooner and Castillo (1997) From the 4 clades they
found, using cpDNA restriction enzyme site analysis, only clade 2 and clade 1 show acceptable
bootstrap vatues. The other 2 main clades have bootstrap fevels that do not reach the 70 bootstrap
level as recommended in Hillis and Bull (1993). So the low variability of the Chloroplast DNA might
be an intrinsic characteristic of Solanum, Adding several other regions might improve the resolution
slightly but is probably not worth the effort.

Structure inside section Petota

Neither the Chloroplast DNA resulis nor the AFLP results provide support for maintaining the
classification of section Pefota in 21 series. Although some of these series, like Circaeifolia and
Longipediceilata, can be recognized as clades in the AFLP tree (but with jackknife support varying
from high to almost zero), the majority of the series accepted by Hawkes (1990) are not retrieved.
The four clades found in the cpDNA RFLP results are largely supported by similar results from the
present cpDNA analysis. Qur Chioroplast DNA results are concordant with earlier Chloroplast DNA
results and the present AFLP results correspond with results from earlier AFLP studies and results
from other nuclear data.

In contrast, the four clades of the earlier cpDNA RFLP studies and the groups found in the present
Chloroplast DNA analysis do not correspond to the groups found in the AFLP analysis. The cause
of these differences can be attributed to the different evolutionary histories that undertie the results
of the two marker systems. The evolutionary history of the chloroplast genome is only determined
by maternal inheritance. The AFLP results, on the other hand, show the evolutionary history of the
nuclear genome to which both male and female parents have contributed equally. It is therefore not
surprising that in cases of hybridization, trees derived from such differently inherited genomes will be
different. The incongruencies betwsen cpDNA and AFLP make it also difficult to construct ‘backbone
phylogenies’ at the higher taxonomic level using cpDNA and filling in the lower level systematics using
another marker like AFLP.
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The hybridization events that cause the conflicts between the Chloroplast DNA and nuclear results
may also contribute to the difficulties in the taxonomy of section Petota. Even with AFLP, a method
that generally would produce detailed structure within closely ralated groups, the relationships among
many of the species in section Petota are unresolved. Nevertheless, the phylogenetic resolution of
the AFLFP analysis surpasses by far the structure found with Chioroplast DNA. The AFLP results
show more resolution, but the degree of resolution found depends on which part of sectien Petota
is studied. Most of the South American diploid species belong to a group of species which shows a
lack of supported structure, whereas higher resolution and support is found for the Mexican diploid
species. Altogether these results suggest that many of the species within the section Petota are
genetically very closely related.
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b) We list information on synonymy and status changes based on the following treatmenis: Hawkes(1980), Ochoa
{1980), Ochoa (1999), Spooner and Hijmans (2001), Spooner et al. (2004), Spooner and Salas (2006), van den
Berg and Spooner (1992}, Huaman and Spooner (2002).
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CHAPTER 4

AFLP analysis reveals a lack of phylogenetic
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Chagpier 4

Abstract

The secondary genepoo! of our modern cultivated potato (Sofanum fuberosum L.) consists of a large
number of tuber-bearing wild Solanum species under Solanum section Petota. One of the major
taxonomic problems in section Petota is that the series classification {as put forward by Hawkes) is
problematic and the boundaries of some series are unclear. In addition, the classification has received
only partial cladistic support in all molecular studies carried out to date. The aim of the present study
is to describe the structure present in section Pefota. When possible, at least 5 accessions from each
available species and 5 individual plants per accession (totally approx. 5000 plants) were genotyped
using over 200 AFLP markers. This resulted in the largest dataset ever constructed for Solanum
section Petfofa. The data obfained are used fo evaluate the 21 series hypothesis put forward by
Hawkes and the 4 clade hypothesis of Spooner and co-workers.

We constructed a NJ tree for 4929 genotypes. For the other analyses, due to practical reasons,
a condensed dataset was crealed consisting of one representative genotype from each available
accession. We show a NJ jackknife and a MP jackknife tree. A large part of both trees congists of
a polytomy. Some structure is still visible in both trees, supported by jackknife values above &9.
We use these branches with >69 jackknife support in the NJ jackknife tree as a basis for informal
species groups. The informal species groups recognized are: Mexican diploids, Acaulia, lopetala,
Longipedicellata, polyploid Conicibaccata, diploid Conicibaccata, Circaeifolia, diploid Piurana and
tetraploid Piurana. Most of the series that Hawkes and his predecessors designated can not be
accepted as natural groups, based on our study. Neither do we find proof for the 4 clades proposed
by Spooner and co-workers. Afew species groups have high support and their inner structure displays
also supported subdivisions, while a large part of the species cannot be structured at all. We believe
that the lack of structure is not due to any methodological problem but represents the real biological
situation within section Pefota.

Background

The secondary genepool of our modern cultivated potato {Sofanum tuberosum L.} consists of a large
number of tuber-bearing wild Solanum species which grow in various habitats from the southern
states of the USA to the most southern parts of Chile and Argentina. These wild species are important
as a resource for valuable traits that can be used to improve the quality of the cuitivars, including
resistance against important diseases like Phyfophthora infestans and potato cyst nematodes
(Globodera spp.). Therefore it is no surprise that the wild relatives of the cultivated potato have since
long drawn the attention of many piant breeders and botanists. To benefit most from the pessibilities
that the secondary genepool has to offer, it is necessary to have a good insight in the taxonomy. The
clagsical treatments of potato taxonomy are from Correll (1962), and Hawkes (1990), later followed
by reviews from Spooner and Hijmans (2001), Spooner and Salas (2008), and van den Berg and
Jacobs (2007).

54



4, AFLP analysis reveals a lack of phylogenstic structure within Solamuin section FPetota

There are two major taxonomic problems in the section Petofa. First, many described species are
extremely similar to each other and section Pelota seems to be overclassified {(Van den Berg & Jacobs
2007). In many cases, potato species can only be distinguished by means of multivariate analysis of
quantitative characters and/or on the basis of geographic origin (Giannattasio & Spooner 1994; Van
den Berg et af, 1998; Van den Berg & Groendijk-Wilders 1999; Kardolus 1998).

The main cause for these difficulties s the abllity of many species in section Pelota to hybridize easily
with other species (Spooner & Salas 2008). Many species have been suspected to arise from hybrid
speciation. Other causes are high morphological simitarity among species, and phenotypic plasticity in
different environments {Spoonar & Hijmans 2001). In recent reviews the number of species is reduced
due to increased insights in potato taxonomy. Hawkes (1990) recognized 227 tuber bearing species
(7 cultivated species included) and 9 non-tuber-bearing species within section Petofa. Spooner and
Hilmans (2001) recognized 203 tuber-bearing species including 7 cultivated species. Finally, Spooner
and Salas (2006) reduced the number further to 189 species (including 1 cultivated species) in section
Petota.

The second taxonomic problem is the series classification. Hawkes (1990} classified section Pefota
into 19 tuber bearing series plus two non-tuber bearing series that vary considerably in the number of
species included. The boundaries between some series are unclear. As outlined earlier by Spooner et
al. (2004) the series classification of Hawkes and previous authors has received only partial cladistic
support in any molecular study to date. The cpDNA RFLP data from Spooner and Sytsma (1992),
Castillo and Spooner (1997), Rodriguez and Spooner (1997), and Spooner and Castillo (1997) could
only find support for a classification in 4 clades.

The aim of the present study is to focus on the second problem and to describe the structure within
section Pefota. In the present study the largest number of species and accessions to date are examined
in one simultaneous AFLP analysis. The obtained data are used for evaluation of the hypothesis put
forward by Hawkes (1990) that section Pefota can be divided in 21 series and the hypothesis of
Spooner and Castillo {1997), that the section consists of 4 clades only.

AFLP has proven to be a useful method to solve phylogenelic relationships at a low taxonomic
level (Despres et al, 2003; Koopman 2005; Meudt & Clarke 2006). The application of AFLP has
many advantages. It produces highly reproducible data (Jones ef a/. 1997), it does not need a priori
sequence information and it has the ability of high resolution (Meudt & Ciarke 2007). Because AFLP
generates fragments at random over the whole genome it avoids the problem that many sequence
data based phylogeny reconstructions have, e.g. the generation of a gene tree instead of a species
tree (Despres et al. 2003).
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Methods

Plant Material

in total 951 accessions representing 196 different taxa, species, 15 subspecies and 17 hybrids were
sampled. We tried to include as many species as possible from various gene banks. In principle, at
least 5 accessions from each available species and 5 individual plants per species {totally approx.
5000 genotypes) were included. Seeds were surface-sterilized and sown in vitro at 25°C. The collection
of individual Sofanum clones was grawn in vitro for at least 6 weeks on MS medium supplemented
with 20% sucrose (Murashigi & Skoog 1962) at 18°C. DNA was extracted from leafs according to the
method described by Stewart and Via (1993).

Nomenclature

Additional file 1 lists the species used and the accessions representing the species names according
to the passport information from the gene bank. The labels used are not corrected acgording to
the synonymy in recent taxonomic revisions for two reasons. First, we do not want to change an
original label of an accession without actually checking the identity of that accession. Furthermore,
by retaining the original labels it is possible to check many hypotheses on the taxonomy of species.
However, we have inciuded some remarks about recent taxonomy changes in additional file 1. In
some cases names/labels were corrected by us after preliminary AFLP resuits and visual inspection
of the plant material in the greenhouse ar on the field. If an accession could be assigned to another
species according to AFLP pattern and morphology, it was given the name af this species, If there
were any doubts on the identification the species was given the label S. spec. The accessions which
labels were changed are indicated in additional file 1.

AFLP

The samples were fingerprinted with two EcoRI/Mset AFLP primer combinations: E32/M49 and E35/
M48. The protocol of Vos et al. {1995} was used to generate AFLP fragments. Primer combination E32/
M49 yielded 91 polymorphic bands and primer combination E35/M48 yielded 131 bands. Keygene
carried out the AFLP analysis on a MegaBACE 2.1 and scored the bands using their proprietary
software. Bands were scored as dominant markers, so only the presence or the absence of a band
was scored.

Datasets

The dataset in this study originally contained 4929 genotypes. This farge dataset was analyzed with
NJ and UPGMA. Because of the size of the dataset, it proved impossible to analyze it with cladistic
methods nor to analyze it for statistical support, even using the SARA supercomputer (see below).
It was sheer impossible for a personal computer to do any further analyses apart from the NJ and
UPGMA, and for the SARA computer cluster it would have taken many months/years of computing
time. For further analysis a condensed dataset was created by carefully choosing a representative
genotype from all the available accessions. This condensed dataset consisted of 916 genotypes.
The condensed dataset was used in both phenetic and cladistic analyses and in the resampling
methods.
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4. AFLP analysis reveals a lack of phylogenetie structure within Solanim section Petota

Besides choosing only one genotype per accession to represent the accession in the condensed
dataset, other adjustments were made to create this dataset. All the 22 known interspecific hybrid
accessions were removed, 23 other accessions were completely removed because of the exireme
heterogeneity of the accession (possibly resulting from a mixture of species) in both the NJ and the
UPGMA trees. Species labels of 49 accessions were changed based on their position in the NJ and/
or UPGMA tree (not shown) and visual inspeaction of the plants in the experimental field or greenhouse
in 2005 and 20086. In total 11 outgroup accessions were removed because preliminary AFLP results
showed these outgroups to be too distant (S. sitiens, S. nigrum, S. chaparense, S. lycopersicoides, S.
canense, S. fraxinifolium). The outgroup species S. efuberosum, S. palustre and S. fernandezianum
were retained in the dataset.

Data analysis

Both the phenetic and the cladistic analyses were conducted using PAUP 4.0 Altivec (Swofford, 2002)
on the TERAS computing cluster of SARA computing facilities in Amsterdam. For the 4929 phenetic
analysis we used the total character distance, for the 916 data set we used the Neili distance {(Nei
& Li, 1979) ta calculate the distance matrix. A Neighbor Jaining Jackknife tree was calculated using
10.000 replicates. The cladistic analysis heuristic searches were done by using PRAP, Parsimony
Ratchet Analyses using PAUP, a program that writes commands for PAUP. The commands in PRAP
describe how PAUP should carry out parsimony ratchet searches (http:.//www.nees.uni-bonn.de/
downloads/PRAP). By using parsimony ratchet, as described by Nixon (1999), many tree islands
are searched instead of thoroughly searching through each island. For the MP jackknife analysis, we
followed the conclusions drawn by Muller (hitp://www.nees.uni-bonn.de/downloads/PRAP) that using
random addition sequence instead of simple addition sequence has no beneficial effect on bootstrap
or jackknife support. Also, a jackknife or bootstrap analysis using one heuristic search saving one tree
per jackknife replicate and simple addition sequence, performed as good as or even better than an
analysis using 10 parsimony ralchet iterations using the shortest tree only or using a strict consensus
tree of all shortest trees (hitp://www.nees.uni-bonn.de/downloads/PRAP). Therefore, we conducted a
jackknife MP anaiysis by performing 10.000 replicates using simple addition, and saving one shortest
tree per replicate.
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Chapier 4

Results

The large dataset (4929 genotypes)

Figure 1 shows the Neighbor Joining (NJ) tree of the 4929 genotypes dataset. To describe the
structure found in this NJ tree, we differentiate between 3 levels of structure: the accession level, the
species level and the interspecies level. At the accession level, the genotypes of the majority of the
accessions cluster together. Of those accessions that do not form complete clusters, in most cases
only one genotype deviates from the other 4 genotypes. In other cases, the accession was apparently
so closely related with one or more other accessions that their genotypes formed a mixed group. At
the species level, 58 species or subspecies show consistency in their clustering, e.g. all accessions of
a species cluster together. Nevertheless there are also many species (38 in total) whose agcgssions
did not cluster ail together and 48 species whose accessions were mixed with accessions of other
species. The latter was often the case with species that occur in South America, the borders of many
of these species are not clearly recognizable from the N. tree. Above the species level, a few clusters
of species groups can be distinguished in the large NJ tree (but there is no indication on the statistical
strength of the structure observed). Roughly, the following groups can be found in the N.J tree of the
large dataset: 1) an outgroup with 8. nigrum, S. chaparense, S. sitiens, and S. fraxinifoliurn 2) North
and Central American diploid series Polyadenia, Pinnatisecta, Bulbocastana and Morelliformia, 3)
Circaeifolia and Piurana accesslons, 4) Longipedicellata accessions, 5) Demissa and Conicibaccata
accessions but without S. demissum and S. semidemissum, 6} S. verrucosum accessions, 7) Tiberosa
from Bolivia, Argentina and Chile plus some accessions from other series such as Yungasensa,
B) accessions from cultivated Tuberosa species and wild Tuberosa from Peru, 9) accessions from
Tuberosa and Megistacroloba, 10} accessions from S. acaule (and its subspecies), S. albicans, S.
demissum, S x semidemissum and S. edinense.

The condensed dataset (916 genotypes)

Because of the size of the dataset, it proved impossible to analyze it with cladistic methads nor to
analyze it for statistical support. A condensed datasel was created by choosing a representative
genotype from all the availabie accessions (see methods section for exact details). This condensed
dataset consisted of 916 genotypes. A single ratchet parsimony search consisting of 200 iterations
yielded a Maximum Parsimony (MP) tree of 9669 steps. Furthermore, 20 individual independent
ralchet searches each consisting of 50 iterations also yielded a MP tree of 9669 steps. Figure 2 shows
the schematised majority rule consensus NJ jackknife tree and Figure 3 shows the schematised
majority rule consensus MP jackknife tree of the condensed dataset. The strict consensus treas were
manipulated in such a manner that not all the separate branches were represented but some were
summarised. The schematised trees only show branches with more than 69 jackknife support. The
original majority rule consensus NJ jackknife tree and majority rule consensus MP jackknife tree are
available from the authors as supplementa! data.
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Figure 1. Neighbour Joining tree, complete dataset
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When comparing the NJ and the MP jackknife trees it is apparent that a large part of both trees
consists of a polytomy. However, some structure is still visible in both trees, supported by jackknife
values above 69. The following groups can be recognized in both the NJ jackknife tree and the MP
jackknife tree:

1) Mexican diploid spacies, with a jackknife support of 73 for the MP tree and 99 for the NJ tree; the
substructure found within the Mexican and Northern American diploids is aimost the same for both
trees.

2) A group of tetraploid Mexican/ North and Central American species belonging to series
Longipedicellata, with a jackknife support of 100 in both trees.

3) A group consisting of accessions of 8. acaule, S. demissum, and closely related species with a
jackknife support of 100 in the MP tree and 99 in the NJ tree.

4} A group consisting of the species belonging to series Circaeifolia, with a jackknife support of 100
in both trees.

5) A small group of accessions belonging to 8. pauciugum, S. tuguerrense, and S. solisii, letraploid
species belonging to the series Piurana, with a jackknife support of 96 in the NJ tree and 92 in the
MP tree.

There are also differences in group structure between the twa trees. There are a number of groups
that have good jackknife support in the NJ free but are not supported in the MP jackknife tree:

1) A group of hexaploid Mexican species belonging to series Demissa with a jackknife support of 79.
In the MP tree only 2 species that are part of this group were found in one small clade: S. schenckii
and S. hougasii.

2) A group of accessions from species belonging to series Conicibaccata has a jackknife support of
82 in the NJ jackknife tree. In the MP jackknife tree the same accessions are part of the polytomy.
These clades represent the subgroups found within the Conicibaccata group in the NJ tree. Only one
subgroup is not represented by a similar clade in the MP jackknife tree.

3) A group of species belonging to series Piurana has a jackknife support of 69 in the NJ tree. In the
MP tree, the jackknife support was low, so this group collapsed and 4 out of 5 supported subgroups
found in the NJ jackknife tree are visible as supported separate small groups in the MP jackknife
tree.

4) A group consisting of accessions from diploid species of series Conicibaccata, S. buesii, S.
sandemannii and S. faxissimum with jackknife support of 92.

5) A group which contains accessions of 8. medians, S. sandemanii, S. weberbauverii and a unknown
species with a jackknife support of 85,
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Discussion

The value of AFLP

One of the argumenis against the use of AFLP is the possible bias caused by homoplasy (Meudt
& Clarke 2007; Kardolus ef a/ 1998; Keopman & Gort 2004). Non-identical co-migrating bands in
the AFLP fingerprints can contribute noise instead of signat to the dataset without being detected.
However, it is not likely that in the tuber-bearing wild potatoes homoplasy will cause many problems
because the species are all very closely related and homoplasy becomes a problem when distantly
related species are involved. Koopman (2005) showed that in a set of closely related Lacfuca species,
sufficient phylogenetic signal was present and concluded that in practice the influence of possible
limitations of AFLP, such as co-migration of nonhomologous fragments is limited. However, he
stresses that the conclusion only applies to datasets with closely related species. Moreover, Kardolus
et al. (1998) concludes from his AFLP results that in Solanum section Petota the AFLP technique is
suitable up to the species level. The AFLP method has since then successfully been used in more
studies on potato taxonomy (Van den Berg ef al. 2002; Lara-Cabrera & Spooner 2004; Mc Gregor et
al. 2002; Spocner et al. 1992).

Status of groups within section Pefota

Not all the groups found in this study have the same level of cohesion or have the same level of
demarcation. Some groups have clear borders, while from others we can only vaguely recognize the
contours. First, there is a number of groups that are always well supported, whether the analysis is
done in a phenetic or phylogenetic way, see Figure 2 and 3. This is the case for the group of Mexican
diploid species, the group of Mexican tetraploids, the group of S. demissum and S. acatile, the group
of S. circaeifolium, the group of S. commersonii and the group of S. schenckii and S. hougasii. Then
there are groups that are not supported in the MP jackknife tree (Figure 2) but that can be found in
both the original MP trees and NJ trees (not shown) and are supported in the NJ jackknife tree {Figure
3). This applies to the group with Mexican hexaploid species, the group containing polyploid species
belonging to series Conicibaccata, the group containing diploid Piurana species, and the small groups
of S. huancabambense, S. kurizianum, S. medians, S. mochiquense, S. hannemanii, S. buesii, and
S. paucijugum.

The largest part of the jackknife trees consists of a polytomy of species that does not seem to contain
structure at ail. If one was only to consider the structure shown in the jackknife trees, the conclusion
would have to be that according to the results of the presant AFLP analyses the largest part of section
Petota is without any taxonomic structure. However, it is possible to identify additional groups that are
present in many of the original NJ and MP trees, but do not have enough support to be shown in the
jackknife trees. For example, in the 4929 dataset NJ tree a cluster represents the group of cultivated
potatoes together with species of series Tuberosa from Peru. The groups that are found in both the
phenetic and phylogenetic analysis are strong groups with clear borders. The exchange of genetic
material is most likely restricted to the members of the group.
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The groups with only low support in the MP alone or in both trees are groups that probably share
a considerable amount of genetic material with genotypes outside the group. In a study of Jacobs,
van den Berg and Vosman (unpublished, but to be submitted) comparison of Chloraptast DNA and
AFLP data from Solanum section Petota reveals incongruencies between the datasets, submitted,
the incongruencies found between the chloroplast data and the AFLP data suggest that hybridization
occurs between species of different serigs in section Petota. For example, the composition of species
of the clade representing the series Piurana in the chloroplast tree is different from that of the clade
representing the Piurana series in the AFLP tree.

The resulting groups also have implications for the theory an EBN of Hawkes and Jackson (1982).
EBN stands for Endosperm Balance Number and refers to a hypothetical genetic factor that would
explain the success or failure of crosses due to the functioning or breakdown of the endosperm
after fertilization. Crosses between species with the same EBN are generally successfut and crosses
between species with different EBN generally are not, independent of ploidy levels. Hawkes and
Jackson (1992) claim that there is a correlation between the EBN hypothesis and the evolution of the
group of tuber-bearing Sofanum species. EBN 1 is found mainly in species that are considered to be
close to the ancestors of the group: Mexican series Morelliformia, Bulbocastana, Pinnatisecta, and
Polyadenia. The EBN 2 condition would have arisen as an isolating mechanism when potato species
moved southwards. The EBN 4 condition occurs in hexaploids which are allopolyptoids. From the
present results it is clear that there is no absolute relationship between EBNs and the groups found. In
the group which contains S. acaule, S. demissum, 8. semidemissum and S. edinense, different ploidy
levels and different EBNs occur. This mixture of ploidy and EBN levels alse occurs in the group with
representatives of series Conicibaccata. The species S. moscopanum and S. tundalomense both are
hexaploid and have EBN 4 and they form a group or cluster together with other series Conicibaccata
species which are known to be tetraploid and have EBN 2. Although these tetraploid and hexaploid
species from series Conicibaccata are mixed, the diploid series Conicibaccata (EBN 2) spacies do
form a separate cluster.

With regard to the overall structure of the section as found in this study two main observations can
be made. There seems to be a lack of supported structure, especially in the South American part
of section Pefota. Furthermore, there is a lack of support for the relationships between the different
groups that were found in the NJ and MP trees. It is important to differentiate between thase two
phenomena because the causes underiying both cases could be different.
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Lack of structure in South American part of section Petota

The AFLP jackknife NJ tree and the jackknife MP tree in this study shows a lack of structure or rather,
an unresolved structure for the part of the tree which contains South American species while the other
part of the tree shows several well supported groups. Kardolus et al. (1998) mentioned that within
series Tuberosa different genatypes of the same species are not always grouped together and are
scattered among genotypes from other species. He claims that the cause of this phenomenon is not
the lack of resolution of AFLP but the overclassification of a group of species, the so-called brevicaule-
complex. The cpDNA RFLP studies of Spooner and Sytsma (1992) and Spooner and Castillo (1997)
also showed a lack of support for a resolved structure within the group of Socuth American species,
and the branch uniting all these species had a bootstrap support value of only 67, Volkov et al. (2003)
compared the ETS region of rDNA for 30 species of Solanum section Pefota and found high bootstrap
values for the branch uniting all the South American species in three different types of dendrogram
{Maximum parsimony, Bayesian statistics and Neigbour Joining). However, the two subgroups within
the South American clade that they distinghuished (variants C1 and C2) often show polytomies and
resolution within the groups is mostly lacking.

QOutside the field of potato taxonomy, researchers have reported similar patterns. Hughes and
Eastwood {2006) repart a low sequence divergence and lack of resolution in the large Andean clade
of the genus Lupinus. This would point at a rapid and recent diversification in the Andes. The authors
also suggest that Lupinus is probably only one example of many plant radiations that followed the
finat uplift of the Andes. They assume that many of these plant radiations are yet unknown. It is
possible that the factors underlying the Lupinus diversification are also responsible for the Solanum
section Petota diversification. According to Hughes and Eastwood (2006) these factors would be
the large scale of the area over which the radiation extends, repeated fragmentation of high altitude
habitats due to quaternary climate fluctuations, the extremely dissected topography, and the habitat
heterogeneity.

Lack of support for retationships between different groups

Except for the outgroup consisting of S. efuberosum, S. palustre and S. fernandezianum which
connects to the main branch of the NJ jackknife and MP jackknife tree with respectively 100 or 98
support value, none of the branches connecting two or more groups have jackknife support of 68 or
higher. That is the reason why in the schematized jackknife NJ and jackknife MP trees these branches
collapse in a polytomy. Contrastingly, the branches of the groups that can be recognised within the
polytomy do have jackknife support, although not all species can be put in groups as discussed
previously.
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In the first study on the use of AFLP in Petota taxonomy by Kardolus et al. (1998), it proved also difficult
to find bootstrap support for branches connecting the different groups in section Petofa. Bootstrap
support above 70 were given for a NJ tree branch connecting the outgroup of S. stubgrosum and S.
brevidens, for a branch connecting the outgroups, and for the Mexican diploids and S. cirgcaeifolium
and S. circaeifolium subspecies quimense with the other part of the tree. In the cpDNA RFLP studies on
the South American part of section Petota (Spooner & Castillo, 1997) only a few branches connecting
the larger groups showed boolstrap support above 70. Clade 1, consisting of Mexican dipicids (except
S. cardiophylium and S. butbocastanum)is connected to the other ¢clades with a bootstrap value of 87,
and Clade 3 (mainly accessions belonging to series Piurana) and Clade 4 (the rest of section Petota)
are connected to each other with a branch with 96 bootstrap support.

We can conclude from these previous results that it is indeed difficult to find good support for the
backbone structure of section Petofa in general. This indicates that our and previous results represent
the real biological situation in Sofanum section Petota. Since the phylogenstic signal is clearly present
in our data as shown in the well-supported groups in the present study, the lack of structure in parts
of the tree is not caused by the lack of phylogenetic signal in AFLP markers.

New informal species groups for Solanum section Petota

As outlined in this paper and in other earlier studies, there are no results that support the classification
of section Petota in 21 series. Although a few of the series seem to form natural groups, the majority of
the series as proposed by Hawkes (1990) could not be found as separate clusters or clades. Our goal
is to use the found structure in the present study at maximum for classifying the section Petofa.

We propose 1o divide section Petota in informal species groups, following the approach of Spooner
et al. (2004) who caonstructed 11 informal species groups for the North and Central American species.
They followed the approach of Whalen (1984) and Knapp (1991; 2000) who applied a similar
informal species group classification. We will use the names aiready used by Spooner et al. (2004)
if applicable, and add new groups that were not treated in their study. We chose to base the Informal
group classification on the groups that are supported in the NJ jackknife tree. The NJ jackknife tree
shows more resolution relative to the MP. However, it would not be useful to consider every small
group that appears in the schematized tree as a biologically meaningful group. Therefore, the choice
for species groups is restricted to groups of species that make sense in the light of former studies and
contain at least 3 species, We maintain the species group Verrucosa which contains only one species,
because this species group is already designated by Spooner et al {2004).

In total, the NJ jackknife tree can be partitioned into 10 species groups. it would be possible to construct
more species groups based on the structure shown in the various trees made in the present study,
but these groups would then not be supported by bootstrap or jackknife supports. Although a closed
classification following the rules of the Botanical Code is desirable, it seems in this case difficult to
apply. In the present study, many species cannot be accommodated in groups. These specles do not
automatically form a group themselves, but are intentionally left unclassified. We suggest recognizing
the following informal species groups as shown in the NJ jackknife tree (Figure 3):
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Diploid Mexican grou

This group contains the species groups of Spooner et ai. (2004): Pinnatisecta, Stenophyllidia, Trifida,
Polyadenia , Morelliforme, and Bulbocastana. These species groups can be recognized in the present
study as separate branches within the NJ cluster which represents this species group. In the present
study we recognize a higher level of group structure which contains all the mentioned species groups,
because the detailed contents of each subgroup in our study (Figure 3) differs from the contents from
the species groups from Spooner et al. (2004},

Acaulia group

In our study this group contains 2 supported subgroups, one branch with jackknife support of 96
containing the species S. semidemissum, S. demissum and 5. x edinense. The other group shows a
jackknife support of 98 and contains S. juzepczukii, S. albicans and the three subspecies 3. acaule
subsp. acaule , S. acaule subsp. aemulans, S. acaule subsp. punae.

lopetala group

This group contains the species S. schenckii, S. hougasii, that form a strongly supported cluster
together (jackknife support 100) and a cluster containing the species S. iopetalum, S. brachycarpum,
8. guerreroense (jackknife support 90). All species were formerly designated by Hawkes (1990) to
series Demissa which also included the species S. demissum and closely related species. The species
in our group are the same as in the species group lopetala designated by Spooner et al. (2004). They
reduced the species S. brachycarpum as a synonym of S. iopetalum.

Longipedi ta grou

As the name does suggest, this group contains species that were formerly placed by Hawkes (1990}
in the series of Longipedicellata. The species included in this group are S. fendleri including S.
fendleri subsp. arizonicum, S. stoloniferum, S. hjerting#i, S. papita, S. polytrichon, S. leptosepalum,
S. matehualae. The species S. lepfosepalum, S. fendleri, S. papita, and S. polytrichon have been
reduced as synonyms of S. stoloniferum (Spooner ef al. 2004). The species S. matehualae is reduced
as synonym of S. hjertingii (Spooner et al. 2004),

Polyploid Conicibaccata group
This group contains species placed there by Spooner et at. (2004), comptemented with South American

species. The species in this species group are mainly the same as Hawkes (1990) placed in series
Conicibaccata. According to the present study the group consists of S. flahaultii, S. moscopanum, 8.
orocense, S. sucubunense, S. tundalomense, S. oxycarpum, S. longiconicum, S. garcia-barrigae, S.
olites, S. oxycarpum, S. agrimonifolium, 8. moscopanum, 8. subspanduratum, S. paramoense, and
8. colombianum.

iploid Conici ta
Although most of the series Conicibaccata can be put in the species group Conicibaccata there are
a few species that form a separate group. This group consists of the diploid species S. buesfi, S.
sandemanii, and S. laxissimum.
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Diploid Piurana gro

This species group was not designated by Spooner et al. (2004). The name refers to the former series
Piurana as the contents of the group are roughly similar: S. piurae, S. acroglossum, S. blance-galdosii,
8. irosinum, S. chomatophifum, and S. paucissectum from series Piurana and S. chiquidenum from
series Tuberosa.

Tetraploid Piurana grou

The situation as described before for the Conicibaccata group also applies partly for the Piurana
group. There are a few species from the formerly designated Fiurana series (1990) that form their
own species group. This species group contains the tetraploid species S. paucifugum, S. tuguerrense,
and S. solisii.

Circaeifolia group
This group consists of S. circaeifolium, S. scesti, . capsicumbaceatum and S. circaeifolium subsp.
quimense. The contents is conform Hawkes' series Circaeifolia.

Verrucosa group
This group contains only 2 species; S. macropilosum and S. verrucosum. The species §. macropilosum
was reduced to a synonym of S. verrucosum by Spooner et al. (2004)

Conclusions

As far as we know, this paper treats the largest collection of Solanum section Petota accessions ever
analysed simultanecusly. All other previous studies used datasels that included less variation and
fewer species. Because of the thorough sampling, it is possible to propose species groups without too
many reservations. A number of species groups coincide with certain series recognized by Hawkes
(1990). However, most of the series that Hawkes and his predecessors recognized, cannot be
supported any longer as natural groups, based on our current knowledge. The present study shows
that the taxonomic structure of Solanum section Petota is highly unbalanced. A few species groups
have high support and their inner structure displays also supported subdivisions, while a large part
of the species cannot be structured and they seem to be all equally related to each other and to the
supported groups.

It might be difficult to accept that a part of genus Solanum section Pefota cannot be structured or
subdivided. We even doubt that it would be possible to find more resolution with other methods
or more markers, and we consider it likely that the polytomy is indicative of the real situation in
section Petota. A relatively fast spread of tuber-bearing Solanum species over Scuth America, due
to the geographic conditions in the Andes {Hughes & Eastwood, 2006), combined with high kevels of
hybridisation may explain why the phylogenetic links between species are so difficult to establish.
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K of phvicgenetic struciure within Sofanum section Petota

4, AFLP analysis reveals a iac
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arunn section Pefola

4, AFLP analysis reveals a lack of phvlogenetic structure within Sof
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4. AFLP analysis reveals a lack of phylogenetin struciure within Solanan section Pofola
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4. AFLP analysis reveals a tack of phvlegenstic structure within Solamun section Petota
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4. AFLP analysis reveals a tack of phvlogenetis structure within Solanuim section Petofa
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action Palofa

S

reveals i lack of phylogenstls struchre within Solanwen

)

4. AFELP analysis
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4. AFLP analysis reveals a lack of phyloganetic structure within Solarmim section Fetota
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Chapier 4

Symbols used in Additional file 1

# recorded hybrid, removed in 916 dataset
$ complete accession removed in the 916 dataset because of conflicting positions in NJ tree
& removed outgroups in 916 dataset: S. lycopersicoides, S. nigrum, S. chaparense, S. sitiens, 8.

canense, S. fraxinifolium.

the label of this accession was changed in the 916 dataset after checking the position in the large

NJ tree and checking morphology in the greenhouse/field

() the number in parentheses indicates the number of accessions used for the 916 analysis in case
of removal or change of accessions

Abbraviations for Genebank source codes:

CPC: Commonwealth Potato Collection, UK

CGN: Centre for Genetic Resources, the Netherlands

cgn: cgh receipt number, Centre for Genetic Resources, the Netherlands
PI: Plant Introduction number, USA

GLKS: Gross Lusewitz, Germany
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Chapter 5

Abstract

The taxonomy of wild potato species, belonging to section Petfota of the genus Solanum, is known
{o be problematic. The systematic relationships among species, as expressed in the arrangament of
the 19 series as designated by Hawkes and others, are complicated and the group of wild species
belonging to Solanum section Petota seems overclassified. Because many of the 80 presumed
species are very similar and are known to exchange genetic material we chose to initially treat them
as populations and ook for sufficient support for any grouping within the section. A dataget of 566
South-American accessions was analyzed with the program STRUCTURE 2.2 in an ‘unsupervised’
procedure based only on genetic similarities, assigning individual accessions to inferred clusters
based on genetic similarity, rather than taxonomic label. STRUCTURE results showed that at best the
section could be arranged in 16 clusters of various size and composition. Within the clusters further
subdivision was determined based on maximizing genetic diversity among groups (Fst values) for
all available accessions of the species present, testing various arrangements within the separate
clusters. The latter analysis included as many as 2767 genotypes. Overall, for 8 species labels
support was found for preserving the species status, and for 10 species labels plus five 2-species
combinations weak support was found. No support was found for the remaining 43 spedies labsls
{and 19 species labels were only represented by only one accession). Some of these species labels
oceurred in two clusters or in two groups within clusters, which may be indicative of cases of species
hybridization. Many of the species labels were distributed across more than one cluster and/or group
within clusters, which may indicate misclassifications. Furthermore some species labels appeared
only in fixed combinations with another species label without displaying any differentiation between
them, which are clear examples of overclassification. Thus, the methodology used here enabled us
to estimate the number of supported groups with the section, which turns out to be well below the
number of species postulated, and provides a method to distinguish between species labels with and
without molecuiar genetic support. The substructure found within the clusters should not automatically
be regarded as taxa. To define or reject species a datasst such as obtained here should be combined
with data from morphological surveys, with geographical distribution data, and with information from
crossing experiments.
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Introduction

The taxonomy of wild potato species, belonging to section Petota of the genus Solanum, is known to
be problematic (Hawkes 1990; Spooner & Salas 2006; Van den Berg & Jacobs 2007). Identification
of species in wild potato material remains difficult and the systematic relationships among the
potato species is still unclear. One of the causes for these difficulties is the ability of many species
to hybridize easily with other species (Spooner & Salas, 2006). Hawkes {1990) hypothesized that
approximately 12% of the 224 tuber-bearing Solanum species he recognized, had arisen by hybrid
speciation. Second, there is a large amount of phenotypic plasticity, i.e., plants look different in different
environments (Spooner & Hijmans, 2001; Spooner et al., 2004). Additionally, taxonomists have had
the tendency to classify all the variability in characters they observe in the group of wild potatoes. As a
consequence, species boundaries may be based on distinctive morphological characters that are not
expressed under all conditions. Hence, numerous species have been described, many of which are
extremely similar o each other, and Spooner and Salas {(2006) and van den Berg and Jacobs (2007)
concluded that the group of wild species belonging to Sofanum section Petota appears overclassified.
An example of overclassification within Solanum section Petota is the so-called Brevicaule complex.
Morphological data studied by Van den Berg et al. (1998) failed to distinguish the 30 species in
the Brevicaule complex. Molecular resuits of Miller and Spooner (1999) showed that the Brevicaule
complex is paraphyletic and that many taxa should be relegated to synonymy.

Furthermore, also the systematic relationships among species, as expressed in the arrangement of
the 19 series, as designated by Hawkes (1990) and others, is hard to determine. Some of the series
are difficult to keep apart and other series contain subgroups that could be considered a separate
series (van den Barg & Jacobs 2007). To date, the series classification of Hawkes and other previous
authors has received only partial cladistic support (Spooner ef al. 2004). In a previous paper, Jacobs
et al. (2008} described the taxonomic structure present in Solanum section Petota and focused on
testing the validity of the series classification and studying the taxonomic structure of the section.
The largest dataset ever constructed for Solanum section Petota was analyzed in a phytlogenetic and
phenetic manner. Although some of the branches in the resulting trees were supported by jackknife
values ahove 69, both (phenetic and phylogenetic) trees also display a large polytomy containing taxa
that seem to be alf equally related to each other and to the supported groups.

In the present study, we focus on the overclassification of species. As stressed before, many described
species in section Petofa are extremely similar to each other and in many cases, potato species can
only be distinguished by means of combining often minor characters with overlapping character states
(Spooner & Van den Berg, 1992a). The number of species in the whole of Solanum section Petota has
already been reduced somewhat due to the application of molecular technigues in potato taxonomy.
While Hawkes (1990) slill recognized 227 tuber-bearing specias (of which 7 were cultivated specias)
and 9 non tuber-bearing species within section Petofa, Spooner and Hijmans (2001) recognized only
203 tuber-bearing species, including 7 cultivated species, while Spooner and Salas (2006) reduced
the number further to 189 species (including only 1 cultivated species).
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In their recent review on section Petota taxonomy, Spooner and Salas (2006) speculate on taxonomic
changes for several species.

Phylogenetic and phenetic results of our previous study and from others (Hawkes, 1890; Jacobs et al.,
2008; Spooner & Salas, 2006; van den Berg & Jacobs, 2007) revealed that many wild Sofanwmn species,
especially the species that were designated as belonging to the series Tuberosa, Megistacrgloba, and
Yungasensa, are very closely related. Spooner and van den Berg (1992a) stated already that section
Peloia has many phenetically distinct groups of taxa, generally labeled as species until now, that
have the ability to freely exchange genes under artificial conditions and produce advanced generation
hybrids. When the line separating populations from species is blurred, it could be maore fryitful to
consider the individual plants as belonging to one gene pool, rather than to isolated taxa, unless
sufficient support can be faund for these. We therefore employed a population genetics approach to
dstect inner structure in the South American polytomy of Solanum section Petota.

Focusing on species delimitation using a population genetics approach with AFLP markers, we take
the accessions as a starting point. To test which accessions may comprise one or more genetic
units (or species) we used a Bayesian population clustering approach implemented in the program
STRUCTURE 2.2 {(Falush et ai., 2003; Pritchard et al., 2000a; Pritchard et al., 2000b). STRUCTURE
clusters individuals without using a-priori information from their population of origin. The primary
assumptions of the model used in STRUCTURE are Hardy-Weinberg equilibrium within pepulations
(or metapopulations} and linkage equilibrium among loci. It attempts to find population groupings
that are not in disequilibrium (Pritchard et al., 2000a). Using a Markov chain Monte Carlo (MCMC)
algorithm the program assigns individuals to populations and estimates population aliele frequencies.
The program has been successfully used in many population genetic studies, for example in the
research of genetic structure in human population (Rosenberg et al., 2002), in the phylogeography
of the sand-dune shrub America pungens (Pineiro et al., 2007) and for distinguishing chicken
breeds {Rosenberg et al., 2001). Recently, STRUCTURE was also used in studies on phylogenetic
relationships among species in the genus Betula (Schenk et al., 2008) and on species delimitation in
a recent species radiation in turtles (Shaffer & Thomson, 2007).

Accessions within one species are expected to share more genetic material with each other than with
accessions from autside the species. As a result, genetic differentiation among species is- expecled
to be higher than within species. Consequentiy, if we use correct species labels to subdivide an
unstructured set of accessions this will lead to an increase of the genetic variation among groups, but
if the species labels are incorrect this will not happen, or to a lesser extent. The genetic differentiation
among groups {Fst) allowed us to determine which species labels within the observed STRUCTURE
groups actually contributed to increased differentiation among labels, and therefore can be considered
to have (some) support. This approach of the species delimitation resembles somewhat the view
of Shaffer and Thompson {2007) that follows Mayden {1997) and de Queiroz (1998), in that they
consider species as segments of evolutionary lineages.
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Under this view, species delimitation comes down to identification of metapopulation lineages. The
metapopulation lineage species definition leads to operational species detimitation approaches that
recognize sets of populations that freely exchange genes in nature but have no or very restricted gene
exchange with other sets of populations (Shaffer & Thomson, 2007).

Material and Methods

Plant Material

We used the same plant material from genus Soflanum section Pefota as described in Jacobs et
al. (2008). The plants were grown, young leaf material was harvested and DNA was extracted as
described in Jacobs el al. (2008). In total 196 different taxa were sampled. At least 5 accassions from
each available species and 5 individual ptants per accession were used (in total 4929 genotypes). A
condensed Pelota dataset (Jacobs et al., 2008) was created by choosing a representative genotype
from all the accessions available in the original dataset of 4929 genotypes. The nomenclature of the
plant material also follawed the decisions as made and explained in Jacobs et al. {2008). That means
that in some cases we have retained the original labels, even if taxonomic references suggested a
change of the species name, but obvious mistakes (mislabeling) have been corrected after preliminary
AFLP analyses.

AFLP

The protocol of Vos et al. (1995) was used to generate AFLP fragments. The plant material was
fingerprinted with two EcoR|/Msel AFLP primer combinations: £32/M49 and E35/M48. These primer
combinations gave 91 and 131 polymorphic bands, respectively. The AFLP analysis was done on a
MegaBACE 2.1 by Keygene. Bands were scared as dominant markers, using the Keygene proprietary
software.

Datasets

For the STRUCTURE analysis of the South-American Sofanum accessions a dataset was constructed
containing 566 samples, representing 90 species/subspecies (information on the accession numbers
and geographic origin in Additional file 1) This 566 South-American accessions dataset was a subset
of the 916 accessions dataset (which is a condensed dataset of the origina! 4929 dataset, Jacobs et a!
(2008}, and contained all the accessions of species collected in South Amaerica that appear in the large
polytomy in Jacobs et al. (2008) and that do not belong to those species groups with high jackknife
support: the Acaulia group, Mexican diploid group, diploid Piurana group, tetraploid Piurana group,
polyploid Conicibaccata group, diploid Conicibaccata group, Circaeifolia group, Longipedicellata
group, and lopetala group.

The results from one of the 10 STRUCTURE runs on the 566 South-American accessions dataset
at K=16 (see Resulis) with the highest probability (In P(D)=-41181.7) was used to define subsets for
population genetic statistics using AFLP-SURV,
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For the AFLP-SURYV analysis we used all the available genotypes from the 566 accessions retrieved
from the original dataset of 4929 samples {in total 2767 genotypes). Due to technical restrictions it
was not possible to use the similar number of genotypes for the STRUCTURE analyses, so therefore
these analyses were done with only one representative genotype per accession,

Data analysis

Bayesian clustering

The 916 accessions condensed dataset and the 566 South-American accessions dataset were
analyzed with STRUCTURE 2.2 (Falush et al., 2003; Pritchard et al., 2000a; Pritchard et al., 2000b)
in order to test if the species in the datasets form separate clusters or species groups (populations
according to STRUCTURE) in an ‘unsupervised’ procedure (Rosenberg, 2004) based only en genstic
similarities, and to assign individual accessions to these groups based on genetic similarity, rather
than taxonomic label.

To test whether STRUCTURE was suitable for analyzing the Sofanum AFLP data a pilot analysis
was done on a condensed dataset of 916 sampies. Almost all species groups as defined by Jacobs
et al. (2008) and smaller supported branches in the NJ tree have their own cluster at K=18 (results
not shown). These resuits confirmed that STRUCTURE can be used for the AFLP dataset. While
STRUCTURE was designed for studies on populations, in which individual samples are assumed to
be able to exchange genetic material, apparently it can aiso be used to distinguish accessions from
different species that do not exchange genetic materiai any more. Within Solanum section Petofa
many species are still able to hybridize and exchange genes.

We used the approach of coding the dominant markers as described by Falush et al. (2007). The
dominant AFLP data were entered by coding both alleles as ‘1’ when the AFLP band was present
and both as ‘0’ when the band was absent. We specified ‘0’ as the recessive allele for all the AFLP
data. This enables the simultaneous analysis of accessions with different levels of ploidy (Schenk et
al., 2008). Evanno el al (2005) showed that results from AFLP with STRUCTURE can be as accurate
as with microsatellites. Estimates for the log likelihood were obtained using the admixture model and
the assumption that the allele frequencies are correlated. The log likelihood estimates were obtained
for 10 replicate runs at each K ranging from K=1 to K=30. For each run, we used a burn-in of 25,000
cycles and a data run of 100,000 cycles.

Partitioning of genetic variation within and among groups

The partitioning of genstic variation within and among (i) STRUCTURE clusters of accessions, and
(ii} preexisting species labels within these clusters were computed using AFLP-SURV 1.0 (Vekemans
et al., 2002). The allelic frequencies at AFLP loci were calculated from the observed frequencies
of fragments, using the Bayesian approach by Zhivotovsky (1999) for all the species (assuming
diploid species and Hardy-Weinberg equilibrium). We assumed a uniform prior distribution of allelic
frequencies.
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In order to test whether the clusters found with the software STRUCTURE are genetically differentiated
from each other, we computed the proportion of genetic variation among the clusters and among all
pairs of clusters (overall and pairwise Fst). We compared the Fst of the 16 clusters with the Fst
computed for STRUCTURE clusters at K=10 (a suboptimal population subdivision), with a division
based on the original species labels, and with a division based on all 566 separate accessions, ta
compare the effect of these altemative subdivisions on the pariitioning of genetic variation. Significance
of the Fst values was tested by 1000 permutations. The confidence limits obtained were used to
determine significance of differences between these separate estimates.

Within the 16 STRUCTURE clusters Fst was calculated based on using the preexisting species
labels, but with the inclusion of all accessions available for these species labels. The Fst value was
compared to that based on all individual accessions. As the contribution to the partitioning of genetic
variation could differ among the various species within a cluster (some may form a homogeneous
group of genotypes while others in the same cluster may be highly variable and rather resemble a
random selection of accessions), the species showing a pairwise Fst of less than the observed overall
Fst were merged into one group, and the new species group was included in a new AFLP-SURV
analysis. The value of the Fst of this new partitioning was compared to the Fst of the previous species
partitioning. The process was repeated for each STRUCTURE cluster, merging species and species
groups, until the highest value of the overail Fst was reached for the ciuster. Table 2 shows the resuits
of the Fst analysis with AFLP-SURV for each step in each ciuster.
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Results

Clustering of the 566 South-American accessions dataset

The 566 South-American samples dataset was analyzed for K=1 to K=30. Figure 1 shows the
average posterior probability Ln(P(D)) for 10 runs as a function of the number of populations K. The
largest increase in the posterior probability of the data is found at K=2, but this has no biological
meaning. In the runs with K higher than 2 the posterior probability still increases and around K=18, the
values seems to decrease slightly (Figure 1). Furthermore, the posterior probability in runs with K=17
or higher became highly variable among runs, and the resulting clustering of accessions became
unstable. Contrastingly, at K=16 the clustering results were stable and most clusters had the same
composition in all 10 replicate runs. We therefore took K=16 as the optimal K.

0

Ln P{D}

-80000 T

-100000

-120000

-140000

~160000 —— " ; S —
12 3 45 B T B 8 1011121314 1516 17 18 19 20 29 22 23 24 25 26 27 28 28 X

K

Figure 1. Mean L(K) +SD for 10 replicate runs af each leve! of K proposed clusters.

The estimated population structure at K=16 is shownin Figure 2. Each individual accession is presented
by a thin vertical line, and this line shows colored segments that represent the relative percentage of
membership to the K clusters. The individuals are arranged according to their species labels. Some
species labels, S. okadae, S. raphanifolium, S. verrucosum, and 8. macropilosum occupy exclusively
one cluster, while many other species labels share a cluster with one or more other species labels, for
instance S. huancabambense with S. sogarandinum. Strikingly, accessions of many species labels
appear as members of multipie clusters, like the species labels S. maglia, S. gourtayi, S. tarjense and
many others. Finally, there are many individuals that show partial membership to multiple clusters.

in the Additional file 1 details are found on the compesition of the clusters and the percentage of
memberships per individual accession for these clusters, in the run with the highest probability for
K=16 (Ln P(D) =-41181.7). Most clusters defined by STRUCTURE for K=16 are the same in all 10
runs. One of the exceptions is cluster 3, it was found in 3 out of 10 runs as a separate unit. In 7 out of
10 runs it is combined with the accessions of cluster 4.
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Figure 2. Estimated population structure for K=16. Each accession is represented by a thin line, which is partitioned
in K colored segments fthat represent the membership to K clusters. The labels below indicate the species labels.

Genetic differentiation in the 566 accessions dataset (among accessions, species, and greups}
In order to test whether the clusters found with STRUCTURE are significantly different gene pools,
we computed the Fst among the 16 clusters. We compared the Fst of the 16 cluster arrangement
to the Fst of the individual accessions, that of the original 90 species labels, and that of a 10 cluster
arrangement. The results are shown in Table 1. The Fst of the 18 cluster arrangement is the highest,
representing 31% of the genetic variation among the clusters. The 30 pre-existing species labels
explain 29% of the existing genetic variation, but a subdivision in 10 groups already explains 27%. All
the Fst values are significantly different from each other. The 556 individual accession arrangement
shows the lowest value of Fst, as only 15% of the genetic variation is present among accessions.
Thus, there clearly is substructure among these 556 accessions, but there appears to be no support
for more than in the order of 16 clusters. The decrease in Fst when moving upwards towards 90
species labels may indicate that at least some of the designated labels are superfluous or incarrect,
and thereby create sets that are genetically heterogeneous. This is alsc confirmed by the results of
the STRUCTURE analysis, in which many accessions belonging to the same species labels were
placed in different cluster groups.
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Table 1. Genetic differentialion in complele dalaset (*28 accessions labeled "unknown species” were excluded in
this analysis).

n Ht Hw Hb Fst p-value
among the accessions 538 0.3256 0.2783 0473 0.1453 <0.001
among the old species labels 90 0.2632 0.1855 0.0777 0.2953 <0.001
among the clusters at k=16 16 0.2077 0.1430 0.0647 0.3124 <0.001
among the clusters at k=10 10 0.2023 0.1475 0.0548 0.2733 <(.001

Genetic differentiation within the STRUCTURE clusters

As expected, the level of genetic differentiation among the accessions is lower within the clusters
(Table 2). The lowest values are for cluster 1, 6 and 15, which mainly or exclusively consist of
accessions of only one species label, e.g. cluster 15, which contains only S. okadae accessions, has
an Fst of 0.0029. The negative values of Fst among the accessions for cluster 1 and 2 are probably
caused by missing data for certain loci. Values near zero are consistent with groups that consist
entirely of accessions of one homogeneous biological species. Genetic differentiation among species
within those clusters that contain accessions from two species labels ranged from 9.8% in cluster 4 to
27.8% in cluster 7. In cluster 4, cluster 10, and cluster 12 the species arrangement only added a small
contribution to the genetic differentiation, relative to the value for all accessions separately. Therefore,
this analysis does not provide suppon for the taxa included in these clusters.

In those clusters that contain accessions with more than two species labels, the pairwise Fst of the
species groups were compared with the overall Fst of that specific cluster to distinguish among species
labels that did represent a meaningful grouping (meaning an increased Fst) and those species labels
that did not. The species labels that showed a low pairwise Fst were subsequently merged. In most of
the clusters one or two merging steps were sufficient, but in cluster 7, 12, and 14, three cycles were
needed, while in cluster 10 and 16 this process took four cycles to reach the maximum Fst. In some
clusters this meant that the highest overall Fst was reached when most of the species labels were
merged together; this was the case in cluster 10, 14 and 16. In other clusters the optimal Fst was
reached at an arrangement that only merged a few of the species in the cluster, while other species
remained separate. This was the case in cluster 3, 4 and 13, In cluster 8 no new arrangement yielded
a higher Fst.
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Chapter

Discussion

The results given by the analysis with STRUCTURE of over 500 South-American Solanum section
Pstofa accessions show that the optimal overall subdivision of the accessions is 16 clusters. Fst
analysis shows that support for more groups within these clusters can be found when studied more
closely, up to a grand total of 47 units (Table 2). Because the majority of the existing genetic variation
can be explained already with a subdivision of 10 groups and the 16 group subdivision explains
more genetic variation than the 90 species labels, a subdivision in 90 species labels does not seem
a correct model to explain the genetic differentiation among the accessions in the present study. This
does not automatically mean that 47 is the correct number of species. First, some species may have
been represented by one or only few accessions in this study, and therefore may not have appeared
as a separate group. Second, and more importantly, genetic differentiation would be expected among
separate species but it can also be found among populations within a species (see below).

Misclassification, overclassification and hybridization

The Fst value of the 90 species arrangement is lower than that of 16 groups, but stiil high (0.2953)
indicating that the species arrangement does explain considerable genetic variation within the.dataset,
in excess of that being explained by the accessions. This high value of Fst might be caused by a few
correct species [abels that differ greatly from the rest, while most other species (abels ara incorrect.
The decrease of the Fst from a 16 cluster arrangement to one based on 90 species indicates that
some species labels are incorrect. Detailed inspection of the results of the 16 cluster arrangement
enabled to differentiate four types of observations an the preexisting species labels, with concomitant
implications for their biological status.

Support for a few species labels

First, the STRUCTURE and AFLP-SURV results show some species labels to behave as distinct genetic
units. The species labels S. raphanifolium, S. verrucosum (plus its synonym 8. macropilosum), S.
commersonii (plus 8. commersonti subsp. maimeanum) and S. okadae were put in exclusive clusters
by STRUCTURE. The seven S. okadae accessions that appear in cluster 3 together with 5. venturii
accessions turned out to be mislabeled and have been corrected as being S. venturii accessions by
R. Hoekstra from CGN (personal communication). The species labels S. microdontum (including S.
microdontum subsp. gigantophyllum as a synonym) and S. huancabambense, and S. sogarandinum
share their cluster with other accessions from other species, but the optimal partitioning of genetic
variation within the cluster shows that they could represent distinct genetic units. The support for
these species labels as distinct genetic units, or species, is consistent with the results from Jacobs et
al. (2008). According to our results, the following species labels should be preserved as cortect labels
covering distinctive units: S. raphanifolium, S. verrucosum (with S. macropifosum as synonym), S.
microdontum (including 8. microdentum subsp. gigantophyifum as a synonym) 8. commersonii with
S. commersonii subsp. malmesnum as subspecies, S. okadae (only the 7 accessions in cluster 15),
S, huancabambense, and S. sogarandinun.
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