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STELLINGEN

Solanum acaule en Solanum dernissum zijn niet onathankelijk van elkaar
ontstaan, zoals door aardappeitaxonomen tot nu toe werd verondersteld, maar zijn
juist genetisch nauw verwant. '

{Ochoa C.M. (1990) The potatoes of South America: Bolivia: p.32; Ugent D. {1981) Phytologia 48:;
85-95; dit proefschrift)

De DNA merker-techniek AFLP is een efficiént en flexibel gereedschap, en za|
steeds vaker gekozen worden voor studies in de genetica, moleculaire biologie en
taxonomie.

{Breyne P. et al. (1997) Applications of AFLP in plant breeding, molecular biclogy and genetics.
Belg. Journ. Bot. 129: 107-117; dit proefschrift)

Voor het onderzoek naar hybride-soortsvorming zijn nog geen geschikte fylogenie
reconstructie-programma’s beschikbaar.

{dit proefschrift)

De genetische variabiliteit van de zelfbevruchter Solanum acaule blijft het best
bewaard door, indien nodig, met name die genenbank-collecties aan te houden die
verzameld zijn aan de randen van het verspreidingsgebied.

(dit proefschrift)

Een beter inzicht in de biosystematische relaties van wilde soorten zal veredelaars
helpen bij de planning van hun veredelingsprogramma’s, waarbij verwant
materiaal gekozen of juist vermeden kan worden.

(Spooner D.M & Van den Berg R.G. (1992) Gen. Res. Crop Evol. 39; 23-37)

De grote ideeén liggen vaak hesloten in combinaties van kennisvelden.
(Paul Crutzen, winnaar Nobelprijs, Volkskrant 9 december 1995)

Taxonomisch moeilijke groepen zijn biosystematisch het meest interessant.
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‘Human population with its egosystem is threatening virtually ail ecosystems’.
{Nevling i..I. (1996), Ann. Missouri Bot. Gard. 83: 574-580)

De referentieprocedure van wetenschappelijke artikelen zou objectiever verlopen
wanneer de auteurs van een manuscript ancniem blijven voor degene die het
betreffende artikel refereert, in plaats van andersom.

Je kunt geen moeilijke vragen beantwoorden als je er niet over nagedacht hebt,
omdat ze nog niet eerder gesteld zijn.

(Frank de Grave, televisie-programma NOVA, 1 juli 1996)

De isozym-techniek geeft relatief weinig datapunten in vergelijking met de AFLP-
techniek, maar levert daarentegen wel grote hoeveelheden afwas cp.

Een plantenveredelaar die werkt bij een vakgroep Plantentaxonomie, voelt zich
regelmatig als een ‘Englishman in New York'.

(naar Sting (1987), op de CD “...Nothing Like The Sun')

Stellingen behorende bij het proefschrift ‘A biosystematic analysis of Solanum acaule’

Jouke P. Kardolus
Wageningen, 11 februari 1998




ABSTRACT

This thesis describes a biosystematic analysis of the allotetraploid species Solanum acaule.
Solanum acaule is one of the circa 200 tuber-bearing Sofanum species (Solanum sect. Petota,
Solanaceae) and often used in plant breeding programs for its disease resistances and frost
folerance. This species has the widest distribution of all wild potato species, from Ecuador into
Argentina, and occurs at altitudes up to 4500 meter in the Andes. Together with the hexaploid
S. albicans it forms the polyploid taxonomic series Acaulia. This study focuses on the hybrid
speciation of series Acaufia. Solanum acaule shows morphological similarities with species of
series Megistacroloba and Tuberosa, which have been hypothesized as possible ancestors, A
phylogenetic study is conducted to unravel evofutionary relationships of Solanum acaufe and its
putative progenitors. Several morphological aspects of series Acaufia and related species are
examined, and combined with a study of molecular markers. The thesis is completed with the
proposal of a new subspecies of Solanum acaule.

In 2 multivariate morphological analysis the boundaries of series Acaulia are determined
and variation within the series is reconsidered. Inflorescence architectural traits, such as the
dimensions of pedicels and corollas, are discussed in relation to the taxonomy of Solanum sect.
Petota species, their habitat and breeding behavior. An unrecorded inflorescence type, which can
be characterized as a monochasium with a strongly reduced peduncle and one or two ‘extra’
flowers in the axil of the subtending leaf, is described in series Acaulia. The taxonomy of Solanum
sect. Pefota often depends on quantitative characters. These are often variable, causing
difficulties in species classification. However, series Acaulia is characterized by a qualitative
character, i.e. a modified or even completely absent pedicel articulation. Normally, unfertilized
flowers separate at the floral abscission zone which is located at this articulation. In an anatomical
study this zone is proven to be absent in non-articulated pedicels of Solanum acaule. In
S. albicans this zone is modified. These special features of pedicel articulation in series Acaulia
ara discussed in relation to the ‘jointless’-mutations in tomato.

The AFLP™ motecular marker-technique is for the first time applied in Solanum taxonomy.
Highly informative DNA fingerprints are produced with the AFLP-technique. Classifications based
on AFLPs are generally in agreement with current taxonomic opinions, but also new evolutionary
insights are revealed. The resuits of the present AFLP study casts doubt on the status of certain
taxonomic series, and the classification of particular species into these series. Based on the
neighbor-joining analysis of the AFLP data it is concluded that the hexaploid Sofanum demissum
(from Mexico) is likely to be closely related to both the South American series Acaulia and the
Central American polyploid series Longipediceliata, and feasibly a hybrid descendant of these
series. Series Acaulia itself is a monophyletic group in the cladistic analyses, and it is most
advanced in the cladograms. In addition to the AFLP study, an isozyme analysis has been
conducted on series Acaulia and its closest relatives. Based on both AFLP and isozyme data, it is
concluded that series Acaufiz is indeed most closely related to series Tuberosa and
Megistacroloba. However, it is not a simple derivative of a hybridization event of species of these
two series, but more probably one of its ancestors could have belonged to the series
Megistacroloba / Tuberosa affiliation. The second ancestor that provided the unique characters to
saries Acaufia is still unknown, and possibly extinct.

KEYWORDS: Solanum acaule, section Petota, series Acaulia, Solanaceas; AFLP, aliopolyploidy,
Andes, biosystematics, DNA fingerprinting, floral abscission, hybridization, inflorescence,
morphology, numerical taxonomy, phylogeny, potato, speciation, taxonomy
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GENERAL INTRODUCTION

THE POTATO

Potato is the fourth starch crop in the world, after wheat, rice and maize, with an annual
world production of approx. 300 x 10° metric tons (FAO 1995). The cuitivated potato is
taxonomically a single species, Solanum tuberosum L. belonging to the nightshade family,
the Solanaceae. Other members of this economic important family are genera such as
Capsicum L. (chili peppers), Petunia Juss., Physalis L. and Nicofiana L. {tobacco). The
targe genus Solanum, that comprises an estimated number of 1100 (D’Arcy 1991) to 2000
species (Hawkes 1972}, includes crops like the egg-plant (S. melongena L.), the pepino
(S. muricatum Ait.), the tomato (S. lycopersicum L.), and various ornamentals. The tomato
is often placed in a separate genus, as Lycopersicon esculentum Mill., but recent studies
have confirmed its classification in Sofanum (Child 1990, Spooner ef al. 1993).

WILD RELATIVES

Solanum tuberosum is one of the circa 200 tuber-bearing Sofanum species (Solanum
section Petofa Dumort.). Next to S. fuberosum, six other species are cultivated. These are
mostly grown in the Andes in South America, the center of origin of the potato. The other
tuber-bearing species are wild, most of them have a weedy character. In addressing the
question of the origin of the cultivated potato, several wild species have been hypothesized
to be directly related to cultivated potatoes. Members of the ‘brevicaule-complex’, a group of
morphologically very similar wild species {Grun 1990, Van den Berg ef al. 1996, 1998),
have been named as closest relatives of the cultivated potato (Ochoa 1990, Van den Berg
ef al. 1996). Hawkes (1990) has explicitly identified S. /eptophyes Bitter as the probable
progenitor of the diploid cultigen S. stenotomum Juz. & Bukasov, which in its tum is
ancestral to S. fuberosum ssp. andigena.

ECONOMIC RELEVANCE

A number of wild species are of interest for potato breeding because of their disease
resistances and other agronomically interesting traits. However, the genetic resources of
Sofanum species have not been exploited exhaustively yet (Ross 1986, Janssen 1997).
Solanum acaule Bitter, the main subject of this thesis, is one of the most often used wild
species in plant breeding programs. Solanum acaule is known for its wide range of
resistances (Bamberg et al. 1994), e.g. against Potato Virus X and Potato Leaf Roll Virus
(Cockerham 1970, Kameraz et al. 1978), bacterial Ring Rot (Ishimura ef al. 1994), and for
its frost tolerance (Estrada 1980). S. juzepczukii Bukasov, a triploid cultigen grown in the
Andes, has derived its frost tolerance most likely from S acaule (Hawkes 1962,
Schmiediche et al. 1982).




TAXONOMY OF SOLANUM SECTION PETOTA

In the recent treatment of Hawkes (1990) the tuber-bearing Solanum species are classified
in nineteen series. Furthermore, Hawkes has included in section Pefota two non-tuber-
bearing series, series Etuberosa Juz. and series Juglandifolia (Rydb.) Hawkes. Recently
these were raised to a higher level and classified as sections (Spooner et al. 1893). The
series classification of Hawkes can be helpful to those who are interested in potatoes, but
less acquainted with the taxonomy of this group, providing a basic insight in the species of
section Pefofa and their phylogenetic relations. One would expect species within a series to
be more affiliated to each other than to species that are classified in different series.
Unfortunately, various examples have been presented lately (Spooner and Van den Berg
1992b, Spooner ef al. 1995), and will be presented in this thesis (Chapters 4 and 5), that
certain species belonging to different series are more related to each other than to the
species of their own series. The classification into series is therefore not always a good
predictor of mutual relationship.

SPECIES CONCEPTS

Also, the circumscription of species is problematic in this group. Many wild potato species
are extremely variable in their characters and the main problem in taxonomic interpretations
in sect. Pefota is the Jack of documentation of morphological variability within taxa (Spooner
and van den Berg 1992a). Phenotypic plasticity necessitates a broad species concept
encompassing the range of variability encountered. In conrtrast, many taxa in this group
have been narrowly defined, ignoring the variability that causes overap in the character-
state ranges of presumably distinct entities.

Taxonomists working in this group have applied a typological species concept, where
a distinction is made between representatives of so-called ‘pure’ species and deviating
material that is interpreted as the result of hybridization mixing the species-characteristic
features. A better alternative seems to be to acknowledge the variability within species that
reflects ongoing speciation. This would imply the use of a polythetic species concept. In this
concept the grouping depends on the greatest number of shared features, no single feature
of which is essential to group membership or is sufficient to make an organism a member of
the group (Sokal and Sneath 1963, Stuessy 1990). The use of this concept would also lead
to the recognition of a lower total number of taxa than has been upheld up to now (Hawkes
1990).

POLYPLOID SPECIES

Hawkes (1990: Appendix 1) has listed 38 taxa, on a total of 108 'better-known’ tuber-
bearing Solanum species, with a somatic ploidy level higher than dipicid. In part, these are
polyploid cytotypes of diploid (2n = 2x = 24 chromosomes) species, such as the tetraploid
(4x) cytotype of S. gourlayi Hawkes. Some are triploid (3x) and pentaploid (5x) taxa,
probabiy of recent hybrid origin, that do not reproduce sexually. In total 23 of the polyploids
are well-established tetraploid or hexaploid species, without diploid representatives. So
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about a quarter of the tuber-bearing Solanum species are polyploid biological species. For
many other plant groups a similar or even higher percentage of polyploids is estimated
{Averett 1980).

Hybridization is an important process in plant speciation and will only produce
successfully new species if the hybrid reproduction is stabilized (Grant 1971). One method
of stabilization is vegetative propagation. This may be accomplished by apomictic seed
production or by specialized vegetative plant parts such as stolons and tubers. Triploid and
pentaploid potatoes persist in this way. Mostly these are either cultivated taxa, such as the
3x species S. juzepczukii and S. chaucha Juz. & Bukasov, and the 5x S. curtilobum Juz. &
Bukasov, or hybrids of wild and cuitivated material (e.g. the pentaploid S. x edinense Berth.,
see Hawkes 1990: p. 197) that are probably of recent origin.

Another method of stabilization in hybrid reproduction is amphiploidy. Amphiploidy is a
mode of speciation which involves the combination of the chromosome sets of the parental
species. An advantage of amphiploidy is the combining of both homozygosity and
heterozygosity. The amphiploid is homozygous as far as meiosis is concemed, and is
therefore ftrue-breeding, but it retains the gene systems of both parental species.
Chromosomal sterility barriers in the hybrid, because of pairing problems of the
homeologous chromosomes of both parents, are overcome by the doubling of the
chromosome number. In a hypothetical allotetraploid species AABB a homologous
chramosome pair exists of each chromosome type in each genome (Grant 1971).

Traditionally, the doubling of chromosomes has often been seen as a process taking
place after the hybridization event. Harlan and De Wet (1975) have strongly opposed this
idea of ‘chromosome doubling’ in the zygote, and explained that most polyploids arise by
the functioning of unreduced gametes (2n-gametes). Harlan and De Wet (1975) have stated
that genuine allopolyploids may be generated by the interspecific hybridization of
autopolyploids. Another possibility would be the hybridization of a normal gamete of an
autopolyploid with a 2n-gamete of a diploid. Den Nijs and Peloquin (1977) have indicated
for Solanum sect. Petota the probability of polyploid evolution from the functioning of 2n-
gametes.

ORIGIN OF SOLANUM ACAULE

The origin of the cultivated potato S. fuberosum, which is interpreted as an autotetraploid
taxon (see Grant 197 1), has attracted many studies. This thesis focuses on the origin of an
allopolyploid potato species, Solanum acaule. The tetraploid S. acaule is classified in series
Acaulia Juz., together with the hexaploid species S. albicans (Ochoa) Ochoa. They are both
inbreeding species and distributed from Peru to Argentina, and also material from Ecuador
has been cited recently (Spooner et al. 1992, Ochoa 1993). This Ecuadorian material is
included in the present study. Series Acaulia occurs in the Andean region of South America
at high altitudes {3000 to 4500 m). S. acaufe has the widest distribution of all wild tuber-
bearing species (Ochoa 1990).

Solanum acaule has often been declared to be an amphiploid or allotetraploid based
on the bivalent pairing of chromosomes in the meiosis (Swaminathan and Howard 1953,
Swaminathan 1954) and fixed heterozygosity, as was confirmed by isozyme studies (Cortés
and Camadro 1989). Hybridization between two distinct species has been proposed, but



which species are involved is unknown (Hawkes 1990: p. §6). Solanum acaule shows
morphological similarities with species classified in both series Megisfacroloba Cardenas &
Hawkes and series Tuberosa (Rydb.) Hawkes, and its ancestors could bslong to these
groups as has been suggested in various papers (Ugent 1966, 1981, Kameraz et al. 1978,
Chavez 1984, Hawkes 1990, Ochoa 1990). However, no phylogenetic study has been
conducted to unravel such relations.

SCOPE OF THIS THESIS

The main objective of this study is to reveal the biosystematic relations of Solanum acaule
with other tuber-bearing Solanum species. Before focusing on the evolutionary relations
within this group, a multivariate analysis of mostly guantitative characters is presented in
Chapter 1. In this study S. acaule, its closest relative S. albicans and species of other series
are examined to determine the boundaries of series Acaulia and to reconsider the
classification of the variation within series Acaulia.

Section Petota species often need to be keyed out on quantitative characters, like leaf
dissection and pubescence density. As has been pointed out earlier in this introduction, the
species are often quite variable. This frequently causes the problem of assigning particular
plant material to the right species. However, some qualitative morphological characters are
present in the group and these are worth a more detailed study. One of these is the
‘absence of pedicel articulation’ in series Acaufia. In Chapter 3 this character is examined
anatomically. In Chapter 3 also the position of the articulation on the pedicel, which is used
as a taxonomic character, is reconsidered. Similarly, in Chapter 2 the architecture of
inflorescences in section Petota is studied. The results are discussed with regard to the
breeding behavior and hahitat of the studied taxa.

The feasibility of the molecular marker technhique AFLP™ for biosystematic studies,
with special emphasis on the potential of this technique for the taxonomic investigation of
Sofanum species, is studied in Chapter 4. In Chapter 5 the AFLP-technique is combined
with an isozyme analysis. A large set of Sofanum species has been investigated to provide
a more detailed insight in the biosystematic relations of this group, with a focus on the
evolution of the polyploid series Acaufia. Both in Chapter 4 and 5 phenetic and cladistic
analysis methods are used and a comparison of both methods is given.

In Chapter 6 a new taxon is presented, that is classified as a new subspecies of
Solanum acaufe. This new subspecies is based on the combined morphological and
molecular findings of the previous chapters of this thesis.

The thesis is completed with a synopsis of the main results, also presenting some
general concluding remarks.




CHAPTER 1

Morphological variation within series Acaulia

ABSTRACT

Fifty-five genebank accessions of the species Solanum acaule and S. alblcans have been
morphologically examined. They were compared with 11 accessions of species from other
serles within Solanum sect. Petota, to verify series boundaries of Acaulfa. Multivariate
phenetic analyses indicate that series Acaulia is a well-defined group, except for a striking
similarity between S. albicans and §. demissum (serias Demissa) from Mexico. Within
series Acaulia the tetraploid species 5. acaule and the hexaploid S. alblcans can be weli
separated. Plant material of S. albicans from Ecuador is morphologically discrete from
materiai of this species from Peru and can prehably be recognized as a new subspecies.
Taxa within $. acaule, viz. subspecies acaule, punae and aemulans, are distinct entities,
atthaugh some accesslons of sspp. acaule and aemulans show overlap in certain
characteristics. Results indicate that nine (out of 55) accessions of series Acaulia in this
study had been misidentified in recent genebank inventories.

INTRODUCTION

Series Acaulia Juz. is a relatively well studied group. Especially the allotetraploid species
Solanum acaule Bitter is well known to plant breeders for its virus and nematode resistance
and frost-tolerance (Ross 1986, Ochoa 1990) and has therefore often been studied.
Investigations have been made on crossability with other tuber-bearing Sofanum species
(Hermsen 1966, Hermsen and Ramanna 1969, Hawkes and Hjerting 1969, Okada 1973,
Estrada 1984, Ochoa 1990), meiotic behavior (Swaminathan 1954, Hemmsen 1966,
Camadro et al. 1992), electrophoretic patterns (Camadro et al. 1992) and RFLP pattems
(Hosaka and Spoconer 1992).

Series Acaufia is geographically distributed from Ecuador to province La Rioja in
Argentina (Ochoa 1990, Spooner ef al. 1992). Solanum acaule is reported not to be directly
related to any other specfes of wild potato, although there are some similarities with series
Megistacroloba (Hawkes and Hjerting 1969, 1989). Morphologically, S. acaule bears a
strong resemblance to S. demissum Lindley of series Demissa from Mexico, which is seen
as its "acological vicariad” (Hawkes and Hjerting 1969). Ochoa (1990} also does not explain
the parallels between S. demissum and series Acaulia by a common evolutionary origin. He
postulates that species in series Megistacroloba and Tuberosa may have played a role in
the origin of S. acaule. However, recent RFLP data on nuclear DNA {Debener et al. 1980)
indicate a correspondence of S. acaule with S. demissum. Solanum megistacrolobum Bitter
appears to be less related to S. acaule with these data.

Within series Acaulia conflicting views on taxonamy still exist. Hawkes (1990) accepts
two species, S. acaufe and S. albicans (Ochoa) Ochoa. He divides S. acaule info three
geographic subspecies: ssp. punae (Juz.) Hawkes & Hjerting (central Peru}, ssp. acaule

Kardolus J.P. {1998} Solanaceae IV: progress in biology and utilisation (in press).
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{south Peru to province La Rioja, Argentina) and ssp. aemulans (Bitter & Wittm.) Hawkes &
Hjerting {province La Rioja, Argentina). According to Okada and Clausen (1982), plants of
ssp. aemulans from province Jujuy, Argentina, can be postulated as fertile hybrid
derivatives of S. acaule x S. megistacrolobum. Consequently, Hawkes (1990) only
recognizes material of province La Rioja, Argentina (type locality of ssp. aemulans) as ssp.
aemulans and places previously identified ssp. aemufans material from province Jujuy now
in ssp. acaule.

Ochoa (1890) also reports two species within the series: S. acaule and S. albicans.
Within S. acaufe, he recognizes two varieties: var. acaule and var. aemufans. He has
placed ssp. punae in the synonymy of S. acaule var. acauls. Correll (1962) shared this
view. Hawkes and Hjerting (1969), notwithstanding, state that sspp. punae and aemulans,
both in greenhouse and field, kept their distinctive features, and are not habitat
modifications of S. acatle.

Based on RFLP data, Hosaka and Spooner (1992) conclude that ssp. punae and ssp.
acaule are indistinguishable. However, their RFLP data indicate that certain accessions of
ssp. punae are clearly distinct from ssp. acaule, whereas some others fall within the
variation of ssp. acaule. Misidentification of this material is suggested (Hosaka and Spooner
1992). They find regional differences between ssp. aemulans material of province Jujuy and
of province La Rioja in Argentina. They also conclude that S. albicans should be treated as
species, instead of a subspecies of S. acaule, as it was originally described by Ochoa.

These opinions indicate that as yet no consensus has been reached on the taxonomy
of S. acaule. Morphological studies can contribute to elucidation of the taxonomical
situation. This paper presents the results of a study on living plant material of series
Acaulia. Maorphological features are studied to define taxa within seties Acaufia. The
taxonomic treatment of Hawkes (1990) is followed in this text, although matetial of ssp.
aemulans from province Jujuy, Argentina, is still considered to belong to this subspecies.
The triploid hybrids S. x indunii Okada & Clausen and S. x virsoof Okada & Clausen have
been placed in seties Acaulia (Hawkes 1990). These hybrids of 8. acaule with species from
other series are not included in this study.

In the literature the following characters are used to distinguish between taxa within series
Acaulia {Correll 1962, Hawkes and Hjerting 1969, Hawkes 1990}:
1. Peduncie not forked; pedicel articulation generally not present, but i so, very high up, 2-3
mm below calyx; style not exserted; flowers violet-blue to purplish............... S. acaule
2. Plant very flat-rosetted, bearing long spreading hairs on stem, petiole and leaf
FRCKIS L. 1eeeeeerceieeece ettt r et S. acaule ssp. punae
2. Plant with less flat rosettes, bearing short, crisped and sub-appressed hairs.

3. Pedicsl articulation well-marked; terminal leaflet much larger than the 0-4
paired laterals which diminish rapidly towards leaf base; upper
lateral leaflets broadly decurrent................ S. acatde ssp. aemulans

3. Pedicel articulation not well-marked, generally absent; terminal leaflet
only slightly larger than the (2-)4-5(-7)paired laterals which do not
diminish rapidly in size towards the leaf base; upper lateral leaflets
NOt deCUITeNnt ... ..o e e e S. acaule ssp. acaule

1. Peduncle forked; pedicel articulation about 5-7 mm below calyx; style exseried 1.5-2.0
mm above anther column; flowers white............ccc v S. albicans
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Plant material of series Megistacroloba, Demissa, Tuberosa, Cuneoalata and Yungasensia
was examined to establish the degree of distinction from series Acaulia. Characters were
analyzed with multivariate methods. These methods are suitable for resolving taxonomical
problems within the group of tuber-bearing Solanum species (sect. Petfota) (Van den Berg
and Spooner 1992, Spooner and Van den Berg 1992b, Giannattasio and Spooner 1994).
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Figure 1. Geographic distribution of accessions.

MATERIALS AND METHODS

Plant material. In this study 55 genebank accessions of taxa within series Acaulia were examined
(Table 1) S. acaule ssp, acaule (25 accessions), ssp. punae (15), ssp. aemulans (8) and S. albicans
(7), and compared to a number of species from other series: S. chacoense Bitter (2) of series
Yungasensia, S. brevicaule Bitter (2) of series Tuberosa, S.demissum (2} of series Demissa,
S. infundibuliforme Phitippi (2) of series Cuneoalata, S. megistacrolobum (2} and §. forafapanum
Cardenas & Hawkes (1) of series Megisfacroloba. The geographic distribution of the accessions is, as
far as known, mapped in figure 1, except for accessions of S, demissum, which were collected in
Mexico.
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All accessions were obtained from the Potato Introduction Station, National Research Program-6,
Sturgeon Bay, Wisconsin, USA (Bamberg and Martin 1993). Seeds were planted in Sturgecn Bay in a
greenhouse in early May, seedlings were transfemred to peat pots in late May, and six individuals per
accession were transplanted togather in rows in a field plot in early June 1993. ldentifications of these
accessions have been provided in past years by J.G. Hawkes, J.P. Hjerting, C.M. Ochea and K.A.
Okada during visits to the Potato Introduction Station to inspect living representatives in field plots
(Spooner and Bamberg 1991). The identification of the subspecies of S. acaule sometimes differed
between taxonomists. Taxonomists did not consistently classify the same accession in different years
and even in one year (Table 2). One accession, p14, was obviously a mixture of S. acaufe ssp. puriae
and S. albicans, and was a priori split into two accessions: p14p (ssp. punae} and p14h (S. albicans).

Chromosome Numbers. Accessions a24 and a25 were checked for their chromosome number,
because these two accessions are morphologically very similar to S. albicans in the field plot. A cell-
spreading technique according to Plinacker and Ferwerda (1984) was used.

Character Measurement. Thirty quantitative characters and four qualitative characters (stem
anthocyanin intensity, presence/absence of pedicel articulation and two corolla colour characters)
(Table 3) were determined in late August on flowering and fruit-bearing plants. The first three surviving
plants per row were measured for all characters. Measurements of leaves were made on the largest
leaf per plant. Means of the three plants are used as representative of each accession, the OTU
{Operational Taxonomic Unit). Character LPA, length from calyx base to pedicel articulation, is only
used in the univariate analyses, due to the lack of data when the articulation is absent.

Character analysis. In a first multivariate numerical analysis, cluster analysis was performed on all
OTUs. In a second analysis, cluster analysis and principal component analysis (PCA) was performed
on a subset of OTUs belonging to series Acaulia and to S. demissum. Multiple discriminant analysis
was used to examine infraspecific varalion within S. acaufe. Character means and ranges were
calculated of the groups, which were delermined with multivariate analyses. The groups represent the
presumed taxa in series Acaulia. A one-way analysis was performed to determine which characters
differed significantly between taxa. NTSYS-PC, version 1.80 (Rohif 1993), was used for computation of
cluster analyses and PCA. SPSS-PC, version 5.0.1 was used for basic statistics, multiple discriminant
analysis and one-way analysis (Noru&is 1980a,b).

Cluster analysis. In the first analysis alt OTUs are included, in the second only those of series Acaulia
and of S. demissum. in NTSYS-PC similarity matrices for cluster analysis were generated with range-
normalized data {STAND in SIMINT). As coefficients for similarity the euclidean distances (EUCL) are
computed. Clustering was performed using the unweighted pair-group method (UPGMA) in SAHN.
Dendrograms were plotted in TREE (figure 2).

Principal Component analysis. OTUs of series Acaulia and of S. demissum were analyzed. Product-
moment correlation (CORR) among variables was generated in SIMINT with standardized data
(STAND). The first three PCA-axes were extracted in EIGEN, the explained variation of the axes was
also calculated in EIGEN. Projections of the OTUs on the PCA-axes (PROJ) were plotted in MXPLOT.
A minimum-length spanning tree was calculated in MST from the euclidean distance matrix of the
ciuster analysis. The minimum spanning tree is a network that is superimposed over the PCA plots to
help detect local distortions, i.e. pairs of points which appear ciose together in a plot but actually are far
apart if other dimensions are taken into account (Rohlf 1975).
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Table 1. Accessions of Solanum species used in this study

Taxon ' “Code Collector SpI * Country State Latitude Longitude Altitude

S. acaule ssp. acaule a1 Brilcher 33 208856  Argentina Tucoman 26°52'5  B85°41'W -
a2 Hjerting 994 210029 Bolivia Tarja 21°555 85°14'W 4000m
a3 Sleumer 4114 217450  Argentina Jujuy  23°33'5  65°M6'W  3050m
a4 Correll P180 246504 Peru Pune 15°4%'5 70°31'W 3900m
as HHRO 3407 320280  Argentina LaRioja 28°58'S 87°42'W 3250m
a6 Ochea $-38 365307 Peru Ayacucho  13°168'S 73°51'W  4180m
a7 Hoffman 1644 472645  Argentina Jujuy 23135 65°42''W  4300m
a8 Okada 4360 472700  Argentina Jujuy 23353 65°M12'W  4000m
a9 Okada 4485 472715 Argentina Salta 23°t0°'S 65°00'W 4400m
atd Okada 6309 472777 Argentina Salta 22°225 65°04'W 3700m
a1l Okada 6081 472799  Argentina LaRioja 28°58'S 67°42’W 3050m
al2 HHCH4118 473313 Peru Puno 15°30'S  70°08'W 3825m
a13 HHCH 4228 473316 Bolivia Cochabamba 17°26'S 65°35'W 3550 m
at4 HHCH 5071 473327 Peru Puno 15°18'5 69°58'W 3050m
a15 Ochoa 10112 473439 Peru Ayacucho - - -
aT6  Ochoa 11605 473444 Peru Cuzco 13°30'S 70°55'W -
a17 Hijerting 5610 473483 Peru Huancavelica 12°42'S 74°54'W 4000m
al8  Hijerling 5904 473484 Peru Arequipa  15°12'S  T1%46'W  4100m
a19 EBS 1824 473512 Boltvia Ourn 15475 68°40'W  4500m
az0 EBS t825 473513 Paru Cuzco 13°31'S  71°59'W  3800m
a21  Astley 86 498066 Bolivia Potosi 19°368'S 65°67T'W -
a22  HHA 6571 498078 Bolivia Cochabamba 17°158'S  868°54'W 3730m
a23 Ochoa 11818 498184 Bolivia LaPaz 16°01'5 G8°46'W 3800m
a24 Ochoa 12067 498194 Peru Ancash 10°05'S  77.18'W 4080 m
a25 = SCLp 5070 5616842 Ecuador Chimborazo 2°09'S  78°43'W 3750m

S. acaulte ssp. aemufans e Hjerting 1898 275133  Argentina LaRioja 28583 6/°42°W 3150m
a2 HHRO 3396 320279  Argentina LaRioja 28°58'S 6&7°42W 3250m
o3 Okada 4412 435071  Argentina Jujuy 23°35'S  B85°10°W 3700 m
ed Okada 6087 472775  Argentina LaRioja 28°58'S 67°42'W 3050m
es Okada 4361 472793 Argentina Jujuy  23°35'5  65%M12'W  4000m
o6 Ohkada 4413 472796 Argentina Jujuy 23358 65°10'W  3700m
a7 Okada 6085A 472802  Argentina LaRioja 28°58'S 67°4ZW 3050m
ed Okada 7622 500018 Argentina Jujuy 23°35'S  65°13W  3200m

S. acaule ssp. punae p1  Hjerling 1341 210031 Peru Junin 11°27'S  75°58'W 3850m
p2 CCC 592 225820 Peru - - -
p3 IICA 3324 230489 Peruy - - -
pd Correll P298 248571 Peru Lima - - 4050 m
ps Correll PT51 266386 Peru Junin 11°36'S  75°22W 4100 m
pé Cchoa §-83 355312 Peru Mudnuce  8°16'S  78°35'W  3700m
p7 Ochoa 5106 473430 Peru - - -
p Cchoa 9012 473434 Peru Apurimac - - -
p8  Ochoa9s29 473436 Peru Apurimac - - -
p10  Cchoa 10113 473440 Pem Ayacucho - - -
p11  Ochoa 11603 473442 Pem Ayacucho 14°40'S  74°23'W -
p12  Hierting 5488 473482 Peru  Huancavelica 12°54'S  74%49'W 4200 m
p13 Cchoa 11296 408179 Peru Pasco 10°40'5 76°058'W -
ptdp 50choa 12069 498196 Pems Ancash 9°40°S  77°21'W 4400m
pidh  Saspidp
pi5 Ochoat2092 498200 Peru Ancash - - 3950 m
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Tabie 1. Continued
Taxon ! Code Collector ipl “*Country Stata Latitude Longitude Aftitude
S. albicans h1 Correll P863 266381 Peru Cajamarca - - 3300 m
h2 Hawkes 2427 310986 Peru - - -
h3 Hawkes 2429 310987 Pem - - -
hd Ochoa 517 365305 Peru Apurimac  13°30°S  72°58'W  3400m
hs Ochea 5-21 365306 Peru Lima 10°34'S 76°B4'W 3650 m
h6 Ochoa 2713 365376 Pery La Libertad 8°17T8  TTIEW -
h7 Ochoa 13014 498203 Paru Ancash 10°26'S T76°4T'W 4100m
8. bravicaule b1 HOHL 198 545969 Bolivia Cochabamba 17°375 88°4YW 3700m
b2 HOHL 256 545971 Bolivia Cochabamba 17°38'S 66°43W 3840m
8. chacoense c1 Okada 4807 4728168  Argentina Salta 25°11'S  65%7TW 2500 m
c2 Okada 7497 558042  Argentina Salta 25°11'S 65°48'W 2700 m
8. demissum d1 TRHRG 123 4980112 Mexico Durango 24*15'N  104°23'W 2800 m
d2 TRHRG 289 545784 Mexico Veracuz 19°34¢'N 87°16°W 2400 m
S. infundibuliforme i1 Okadda 5970 472914 Argentina T Jujy  22°14'S B88°27'W  3700m
i2 Okada 6000 472916  Argentina Jujuy  23°43'S  65°40'W  3B40m
8. megistacrolobum m1 Hoffman 1618 473111 Argentina Jujuy 22°24'S  65°22'W 4000 m
m2 Ckada 4436 473135  Argentina Jujuy  23°34'S 65°18'W 3900 m

8. toratapanum

t1 HHA 6616 498145 Bolivia Cochabamba 17°14'S  66°03'W 3780m

! Taxon identification according to genebank inventory (Bamberg and Martin 1993); 2 Coding number in this analysis

® Plant Introduction number {Bamberg and Martin 1993), 4 Country, State, Latitude, Longitude, Altitude: original locality
data of germplasm (Bamberg and Martin 1983}, 5 Accession is split because three plants were S. atbicans (p14h) and
three plants were S. acaule ssp. punae (p14p) in the field plot

Table 2. Conflicting identifications of accessions of Solanum acaule and its subspecies and of
S. aibicans, based on data from field books of the potato genebank at Sturgeon Bay.

Taxon Code 'Field-identifications
S. acaule ssp. acaule as mix of acl+aem (Hawkes'84 / Okada'8s / Hawkes'86); aem (Okada'86)
a8 intarmediate acl/aem [Okada'77); acl+aem (Okada'd5); acl ({Ochoa's?)
a24 pne/alb? {Hawkes'86); alb (Hawkes'87); acl (Ochoa'87)
S. acaule 58p. aemulans e2 acl x aam (Hawkes'87); acl (Cchoa's?)
o4 intermediate acl/aem type (Okada'77); mix acliaem (Okada'd1); adl
eb appears aem, or mix aem+acdl (Okada'77); acl (Hawkes'87 / Ochoa'87)
el aem, but not true aem (Okada'a5}
S. acaule ssp. punae p1 pne (Hawkes'37); ac! (Ochoa'8?)
p3 pne {authority unknown); ad (Hawkes'87 / Ochoa'8d?)
pbB pne {Ochoa+Hawkes'69); ad (Ochoa'T7)
pT acl (Ochoa'77 / Ochoa'78); pne (Hawkes'78); acl {Hawkes'8T / Ochoa's?)
p8 acl (Hawkes+Ochoa'78); pne (Hawkes78); acl {(Hawkes'87 / Ochoa'sT)
pg adl (Qchoa77 f Hawkes+Ochoa'78); pne {Hawkes'78}; acl (Hawhkes'87 / Dchoa'sT)
p10 aci (Qchoa77 f Hawkes+Ochoa'?8); pna {Hawkes'78); acl (Hawkes'87 / Dchoa'sT)
pit adl (Qchoa77 / Hawkes+Ochoa'78); pne {(Hawkas'78); acl (Hawkes'87 / Dchoa't?)
pi12 adl (Ochoa'77); pne (Hawkes'as /87, acl {Ochoa'd’)
p13 pne (Hawkes'86 / '87); acl (Ochoa'8T)
pi4hip  pne (Hawkes'88); alb (Hawkes'87), acl {Ochoa'87)
p15 good pne (Hawkes's6); pne (Hawkes'8T); acl (Ochoa's?)
8. albicans hd ach, strong articulation (Ochoa+Hawkes'69); outstanding pne (Hawkes'87}; alb
h5 articulated acl, light lilac flowers (Ochoa'60/'77); outstanding pne {Hawkes'87); alb

'Standard abbreviations are used for the 1axa names (Hawkes 1990). Taxonomists and year of identifications are given.
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Table 3. Characters used in this study

Character Abhreviation
Plant height (mm) PH
Stemn wing, width (mm) SWwW
Stem anthocyanin, intensity! (0-4) SA
Pubescence length, lower side leaf (mm) PULL
Number of pairs of lateral leaflets JN
Number of interjected leaflets on rachis ILR
Leaf, length {(mm} LL
Ratio: leaf, length / width LF
Rachis length between first? and second lateral leaflet (mm) RL
Terminal leaflet lamina, length (mm) TLDL
Ratio: terminal leaflei lamina, length / width TLDF
Terminal teafiet petiole, length {mmj} TLPEL
Largest lateral leaflet, length {mm) LLL
Ratio: largest lateral leaflet, length / width LLF
Ratio: first? lateral leaflet length / second lateral leaflet length LR
Petiotule length of first? lateral leaflet, acroscopic side (mm) PEL
Decurrency of first? lateral leaflet: length from main vein towards DF
end of mesophyll on rachis {(mm)

Inflorescence, length (mm) 1L
Peduncle, length {(mm) PDL
Number of pedicels per inflorescence PEDN
Pedicel, length {mm} PEDL
Articulation of pedicel® {0 - 1) PA
Length from pedicei articulation to base of calyx {mm) LPA
Calyx, length (mmj} CL
Ratio: calyx lobe length / calyx length CLOF
Corclla, diameter {(mm) cob
Corolla lobe®, length (mm) COLL
Ratio: Corolla lobe*, length / width COLF
Corolla colour®, adaxial side (0-4) ' CcocC
Difference: (Corolla colour®, adaxial side) - {(Corolla colours, abaxial side) COCD
Anther, length (mm) AL
Style, length (mm) STL
Fruit, diameter on widest point {mm) FD
Ratio: diameter of fruit on widest point / length of fruit FF

¥ Anthocyanin colour of stem: O - 4 = none to very much anthocyanin

? First lateral leaflet = first lateral leaflet from apex of leaf

* Articulation of pedicel: 0 = absent; 0.5 = uncertain; 1 = present

* Corolla lobe, length = "4" in figure 3 in Spocner and Van den Berg (1992b); width = "3" in same figure

* Corolla colour coding, comparable RHS colour-chart codes between brackets (Royal Horticultural Society 1986):

0 = white o very pale blue {155B/91D}. 1 = pale blue/purple (81A,B.C). 2 = medium blue/purple (82B,C}, 3 = rather dark
Blue/purple (92A); 4 = deep dark blue/purple {S0A/86A)
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Multiple Discriminant analysis. OTUs belonging to S. acaule were analyzed with a multiple
discriminant analysis: a1-a23, e1-e8, p1-p13, p14p and p15. Three groups are defined on basis of both
cluster analyses and PCA. Group 1 is ssp. acaule, group 2 is ssp. punae and group 3 is ssp. aemulans.
OTUs which are not clearly classified in the first two analyses, are labeled "ungrouped”. Pedicel
articutation (PA) was excluded from analysis because values are constant in each group (0 in group 1
and 2, 1 in group 3). Variables were stepwise selected for inclusion in the multiple discriminant analysis
based on minimizing Wilks' lambda. Projection of OTUs on the two Canonical Discriminant functions
were plotted. Probabilities were calculated for "ungrouped® OTUs to fall in a group.
Univariate analysis. Duncan's multiple range test (DMRT, P<0.01)} was used in a one-way analysis to
test for significant character differences between taxa in series Acaufia (Table €). For this test
accessions of taxa within the series were grouped according to the results of cluster, principal
component and muitiple discriminant analysis. Harmonic group means were used because of different
group sizes between these entities.

Mean, minimum and maximum values were calculated for all characters of found entities within
series Acaulia (Table 5).

RESULTS

Charactar analysis. Cluster analysis of all OTUs (Fig. 2) reveals that series Acaulia is
clearly distinguishable from all other investigated taxa, with the exception of S. demissum of
series Demnissa. OTUs of this species cluster together with accessions of S. albicans. The
phenetic tree indicates that among the species studied, series Acaufia has some
morphological parallels with both species of series Megistacroloba and with S. brevicaule
and S. infundibuliforme. Accessions of S. chacoense show the largest distance from all
other accessions.

Within the cluster of series Acaufia a dichotomy can be seen (Fig. 2). One branch
consists of OTUs of S. acaule sspp. acaule and punae. Three subgroups can be defined: a
ssp. acaule cluster with some accessions of ssp. punae (p3, p4, p7. p8. p9, p10), a punae
cluster with one acaule accession (a23), and a separate acaule group consisting at, a8, a9
and a10.

The other branch of series Acaufia divides into two subgroups: a S. afbicans group
(h1-h7, p14h) with the two S. demissum accessions, and an aemulans group. Within the
first group two accessions labeled as acaule (a24, a25), cluster together with S. albicans.
Chromosome counts made clear that these two are hexaploid. OTU a24 falls readily within
the variation of the other accessions of S. albicans and is obviously misidentified in the
inventory. OTU a25, collected in Ecuador, is separated from the other S, albicans OTUs.
The S. acaule ssp. aemulans accessions form a cluster. Two accessions of ssp. acaule (a5,
a11) are placed within the "aemulans” group, indicating misidentification.

In the second cluster analysis with only OTUs of series Acaulia and of 5. demissum
(not shown) no major changes in tree topology are found. Again a dichotomy is clear in the
phenetic tree. In one branch there is an "acaule" cluster and a "punae” cluster. OTU a23
now clusters with the other ssp. acaule accessions and p8 joins the punae group. In figure
2 this ambiguous situation is marked with a X sign. The other branch again consists of a
hexaploid cluster (S. albicans and S. demissum) and an aemulans group. In this analysis,
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Series Acautia + a24
S. demissum hé
pldh

1 | )
3.2 1.8 0.4

Figure 2. Phenetic tree (UPGMA) composed of 66 Solanum OTUs. Clusters are labseled as follows:
§. acaule ssp. acaule X ; 8. acaule ssp. punae 1} ; S. acaule ssp. aemulans @ . S. albicans ¢ ;
OTU a25 L ;1 §. demissum * ; ambiguous accessions X.
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OTUs at, a8, a9 and a10 cluster with ssp. aemulans OTUs and are therefore also marked
with a X sign in figure 2.

Principal Componant analysis {PCA). The plot of the accessions on the first three
principal components is shown in figure 3ab. These axes explain 56.0 % of total observed
variation. On the first component a segregation is demonstrated between a S. acaule sspp.
acaule and punae group and a S. acaule ssp. aemulans and S, albicans group. Table 4
shows that the main characters explaining this separation are two leaf characters (TLDL
and RL), anther length (AL), pedicel articulation {PA) and corolla diameter (COD).

The second component (Fig. 3a) reveals a split between S. albicans and S. acaule
ssp. aemulans. Accessions of S. albicans have more leaflets per leaf (N and ILRY), bigger
leafs (LLL), longer hairs (PULL) and more flowers per inflorescence (PEDN) (Table 4).

Along the third component (Fig. 3b) a ssp. punae group is separated by a higher
length/width ratio of corolla lobe (COLF), a shorter peduncte (PDL), longer hairs (PULL), a
larger difference between adaxial and abaxial corolla colour (COCD) and fruits with a higher
width/length ratio (FF). Also the accessions a1, a8, a9 and a10 are separated from ssp.
aemulans OTUs.

The projection of accessions e1, e7, a% and al1 on the first three principal
components show that these have the most distinct morphology of the ssp. aemufans
material. The two other accessions of province La Rioja, e2 and e4, are grouped together
with other aermufans CTUs from province Jujuy (€3, &b, e6, 8). The 8. demissum OTUs d1
and d2 group together with S. albicans accessions on the first two axes. OTU d2 has an
isolated position in the third direction, as does, even more extremely, OTU a25.

The Minimum Spanning Tree, superimposed on the principal component plots (Fig. 3},
also revealed an indecisive grouping of OTUs a1, a8, a9 and a10. OTU al is attached to
S. albicans OTU h4. OTUs a9 and al0 are connected with S. acaule ssp. acaule
accessions. OTU a8 was placed intermediately between S. acaule ssp. acaule OTU a2 and
ssp. aemulans OTU e6.

Multiple Discriminant analysis. Two discriminant functions were calculated for the three
subspecies of S. acaule, i.e. ssp. acaule, ssp. punae and ssp. aemulans. Putative groups
were constructed based on the results of cluster and principal component analysis. Group
acaule consists of OTUs a2-4, a6-7, a12-22, p3-4, p7,9,10; group punae of OTUs p1-2, 5-6,
p11-13, p14p, p15; group aemulans of e1-8, ab, a11. Ungrouped are p8, a1, a8, a9, a10
and a23. From the cluster analysis and PCA it can be concluded that accessions a1, a8, a9
and a10 can be classified in either acaufe or aemulans. A23 and p8 are ambiguous
between acaule and punae.

The articulation of pedicel (PA) is not a suitable character for discriminant analysis,
because it lacks variation between putative groups (see Material and Methods). This
character has the following scores for the possible aemulans accessions: OTU at
articulated, a8 two plants not articulated, one uncertain, and a9-10 not articulated.

Figure 4 shows that all accessions a priori assigned to one of the three subspecies
actually do group in this subspecies. Probabilities are calculated for ungrouped OTUs to
belong to one of the subspecies. A23 falls readily within the variation of ssp. acaule
{P=1.00). Accession a10 is also grouped with this group {P=1.00), but has higher positive
scores on the first canonical function. OTU p8 takes an intermediate paosition between
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acaufe and punae, but has the highest probability to belong to ssp. acauwle (P=1.00). OTUs
at, a8 and a9 all have a probability of 1.00 to belong to ssp. aemufans, although OTU a1
takes an intermediate position between sspp. aemulans and acaule in figure 4.

Univariate analysis. With cluster analysis, PCA and multiple discriminant analysis five
groups within series Acaulia can be demonstrated: S. acaufe ssp. acaule (accessions a2-4,
a6-7, a10, a12-23, p3-4, p7-10); ssp. punae (accessions p1-2, 5-6, p11-13, p14p, p15); ssp.
aemulans (accessions e1-8, a1, a5, a8, a9, all); §. albicans (h1-h7, pidh, a24);
8. albicans accession from Ecuador (a25).

Mean, minimum and maximum values for all characters of these groups are given in
table 5. Table 6 shows characters significantly different between defined groups with DMRT
{P<0.01). All groups are significantly different in at least four and up to 18 characters.

Tables 5 and 6 show that in comparison with ssp. acaule, ssp. punae generally has a
less developed stem (PH), longer hairs {PULL), smaller inflorescences (IL} and a more
circular top leaflet (TLDF). Subspecies aemulans contrast with ssp. acaule in a bigger top
leaflet (TLDL), fewer lateral leaflets (JN), a decline in length of lateral leaflets (L.R), almost
always a pedicel articulation (except accessions a8 and a9}, bigger anthers (AL) and bigger
{FD} and more globular fruits (FF). The S. albicans accessions from Peru differ from the one
accession from Ecuador (a25) in the following characters without any overlap: a shorter
stem, fewer leaflets and interstitials, clear pedicel articulation, shorter leaves, a higher ratio
of corolla lobe lengthiwidth, and smaller anthers and fruits. A comparison of leaf shapes of
taxa within series Acaufia is shown in figure 5.

DISCUSSION

Taxonomic status of series Acaufla. This study underines the morphological
distinctiveness of series Acaulia, when compared with representatives of a number of other
series from sect, Pefota. Solanum demissum forms an exception, because it resembles
S. albicans in leaf and inflorescence structure, corolla shape and minuteness of anther and
style. Although the traits in this study are almost all quantitative with overlapping character
states, which are questionable for phylogenetic interpretations (Pimentel and Riggins 1987),
a direct evolutionary link between S. demissum and series Acaulia could very well be
suggested. Both S. albicans and S. demissum have a hexaploid genome. A study on
nuclear RFLPs of 14 wild species and three cuitivated Sofanum species {Debener et al,
1990) indicates a phylogenetic relation hetween S. acaule and S. demissum. A study on
species of series Demissa also reveals morphological paraliels between 5. albicans and
S. demissum (Spooner et al. 1995),

However, these results contrast with those of chioroplast DNA (Hosaka et al. 1984). In
that study closer relations between 8. acaule and S. mulfidissectum Hawkes,
S. stenofomum ssp. goniocalyx (Juz. & Bukasov) Hawkes and S. phureja Juz. & Bukasov
(series Tuberosa) are found. Further research is needed to come to a better understanding
of the phylogeny of sect. Pefota. Special focus on affinities between S. demissum and
series Acaulia can be of great interest.
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Figure 3. Projections of OTUs of series Acaufia and Solanum demissum onto the first two principal
components (a} and onto the first and third component (b). Labels are explained in Figure 2.
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Figure 4. Projections of OTUs of Solanum acaule subspecies on Canonical Discriminant Functions.
Labels as in Figure 2.

Table 4. Characiers with highest factor loadings on first three principal components

Principal Component 1 2 3

Factor loadings: TLDL =091 ILR =_0.80 COLF =-0.54
RL =0.88 PULL =-0.74 PDL = 0.5
AL ={.88 PEDN =-0.60 PULL =047
PA =0.85 LLL =-0.55 COCD =-0.47
COD =076 JN =-0.51 FF =-0.47

Species within the serigs. The current division of series Acaufia into two species, i.e.
S. acaufe and S. albicans (Ochoa 1983, Hawkes 1990), is supported by both this
morphological study and RFLP data (Hosaka and Spooner 1992). Solanum albicans is
sympatric in Peru with S. acaule, which is distributed from northern Peru to province La
Rioja, Argentina (Fig. 1), but keeps it own characteristics by its ploidy-level.

Solanum albicans can be easily discriminated from S. acaule sspp. acaule and punae
by the presence of an articulation. In ssp. aemulans, however, an articulation is present, but
in this subspecies it Is a distinct swollen ring on the pedicel, whereas in S. albicans it can be
seen as a green pigment band on the pedicel.
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Table 5. Mean, minimum (Min) and maximum {Max) for all characters of accessions of Solanum acauie
subspecies, S. albicans and of one accession of S. albicans from Ecuador

S. acaule S. acaule S. acaule S. albicans S. albicans
ssp. acaule SSp. punae ssp. aemufans Ecuador
a2, a3, ad, at, p1. p2, p5, pé. e1-e8, a1, a5, a8, h1-h7, pl4h, a24 az2s

a7, a10, a12-a23, p11-p13, pl4dp, a9, a1
P3, p4, p7-p10 p15

Min Mean Max Min Mean Max Min Mean Max Min Mean Max Mean
PH 223 311 430 100 133 186 155 300 446 90 152 250 416
SWwW 02 048 07 01 033 06 03 040 06 043 078 1.2 0.80
SA 00 147 30 00 200 40 0.5 18 32 000 071 20 1.0
PULL 03 083 16 15 209 29 04 057 12 150 22 30 21
JN 50 592 70 47 5% 60 33 44 53 467 54 60 8.7
ILR 23 §7 130 17 37 57 00 24 45 43 88 130 18.3
LL 99 162 210 118 132 142 126 172 216 156 185 221 224
LF 3.0 40 52 32 38 44 30 3.8 47 24 32 37 36
RL 107 186 217 120 136 157 153 210 257 213 249 203 28.7
TLDL 19.0 238 30.7 160 185 203 27.25 385 523 280 366 463 37.0
TLDF 1.0 12 14 08 1.0 1.1 1.1 13 15 12 13 1.4 1.2
TLPEL 28 58 &7 a7 48 63 47 78 113 77 106 125 137
LLL 187 235 303 180 201 227 188 258 333 260 355 493 36.2
LLF 14 15 17 14 1.5 18 1.3 1.6 19 16 17 18 1.5
LR 08 091 10 08 087 09 09 1.1 14 09 10 11 1.0
PEL 00 0605 05 06 004 03 0.0 008 07 00 027 13 1.0
DF 00 @50 20 00 16 33 00 29 123 00 t4 4.0 12
IL 217 359 480 190 228 270 377 457 583 315 387 47.0 4.0
PDL 1.1 85 160 08 25 39 40 85 150 39 6.7 10.0 7.7
PEDN 20 39 63 20 31 40 1.7 31 67 47 55 6.7 5.0
PEDL 146 223 340 118 163 212 247 3186 443 210 255 280 233
PA 0 0 0 0 (1] 0 0 087 1.0 10 10 10 0.50
LPA - - - - - - 09 1.8 34 23 40 523 20
cL 39 48 61 40 44 48 48 50 57 486 51 55 8.3
CLOF 05 058 07 05 058 06 06 060 068 06 082 07 0.60
con 136 156 195 122 137 173 157 17.8 207 147 167 200 20.7
cOLL 23 28 38 22 27 36 28 33 41 33 3.7 42 a5
COLF 03 034 04 03 038 05 03 036 05 04 046 05 0.30
coc 0.0 1.6 230 10 19 30 0.0 11 3¢ 00 o088 18 2.0
cocD 00 033 09 03 08 15 00 07 20 00 0686 10 0.67
AL 23 25 28 20 23 26 28 31 37 28 31 35 a8
STL 5.0 58 73 47 5.1 5.7 449 8.5 78 50 58 66 6.2
FD 162 17.7 236 143 163 180 181 219 258 171 189 213 233

FF 08 0383 11 09 1.0 11 1.0 1.1 t2 10 110 1.2 1.0
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\"4

Figure 5. Comparisen of leaf shapes (x 0.68). (a) S. albicans Pl 310986 [=h2]; (b} S. acaula ssp.
punae, 12BGRC 7958 [same germplasm collection as pS]; {c) S. acaule ssp. acauls, drawn from

30Ochoa and Salas 11831, (d) S. acaule ssp. aemulans, "?BGRC 17182 [= a11].
Plants grown in greenhouse Wageningen; 2 Braunschweig Genetic Resources Center; ? herbarium specimen.
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Table 6. Characters significantly different with DMRT (P<0.01), for accessions of Solanum acaule

subspecies, S. albicans and for accession a25 from Ecuador

8. acaule ssp.
punae

p1. p2, p5, pé,
p11-p13, p14p,
pi5

S. acauls ssp.
acaule
a2, a3, a4, a6, a7,

a10, a12-a23,p3, p4,

p7-p10

PH, PULL, IL, TLDF

S. acaule ssp.
ptinae

p1, p2, p5. p8, p11,
p12, p13, p14p, p15

S. acaule ssp.

JN, TLDL, LR, PA,

PH, PULL, JN, RL,

S. acaule ssp.

aemulans AL FD, FF TLDL, TLDF, LR, IL, | aemulans
et-e8, al, a5, PDL, PA, COD, AL, |e1-eB, al, a5, a8,
a8, af, a11 STL, FD ag, ait
S. albicans PH, SWW, PULL, SWW, ILR, LL, RL, PH, SWw, PULL,,
h1-h7, pi4h, RL, TLDL, TLPEL, |TLDL, TLDF, TLPEL,{JN, ILR, LLL
a24 ILLL, PA, COLL, LLL, LR, IL, PA, S. albicans
COLF, AL, FF COLL, AL h1-h7, p14h, a24
S. albicans, SWW, PULL, ILR, PH, SWW, JN, ILR, |SWW, PULL, JN, PH, JN, ILR, PEL,
accession a25 |LL, RL, TLDL, LL, RL, TLDL, ILR, LL, RL, TLPEL, |PA,CL, COLF, AL,
from Ecuador | TLPEL, LLL, PEL, TLPEL, LLL, PEL, LLL, LR, PEL, FD
PA, CL, COD, AL, IL, PEDN, PA, CL, |PEDN,PA,CL,
FD COD, COLL, AL, FD | COD, AL

Infraspecific variation within S. albicans. Accessions of S. albicans from Peru are quite
homogeneous, reflected in cluster analysis and principal component analysis in the present
study. The flower colour varies between white and medium purple. Correll (1962, p. 344)
already mentioned that a white corolla colour is not a distinctive character for this taxon.
The emphasis on the white colour has been a probable cause of some misidentifications in
the past: S. albicans accessions with a medium purple corolla, h4 and h5, both have been
classified as an "articulated S. acaule” and an "outstanding ssp. punae” (Table 2).

A recent collection of S. albicans from Ecuador, 225, is demonstrated in this study to
have a hexaploid ploidy-level and does not belong to S. acaule (Spooner et af. 1992) but to
S. albicans. In the field plot it differs from S. albicans material from Peru in the following
characters: longer stems and composed leaves, more pairs of lateral and interstitial ieaflets,
longer petiolules, a less clear pedicel articulation, less pronounced corolla lobes (COLF),
and bigger anthers and fruits. Because only one accession has been collected in Ecuador,
it is at present not possible to ascertain the taxonomic status of this material. But, since the
material differs from S. albicans as much as it does, the status of {geographical) subspecies
would be appropriate, in conformity with the infraspecific classification of S. acaule. NB.
See Chapter 6, this thesis, for the latest insights on the taxonomic status of this material.
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Infraspecific variation within S. acaule. Multivariate analyses in this study point out that
within S. acaule three groups can be demonstrated, i.e. ssp. acaule, ssp. punae and ssp.
aemulans. This classification is in concordance with recent taxonomic views (Hawkes
1990), although the reduction of ssp. punae as a synonym of ssp. acaule has been effected
(Ochoa 1990) or suggested (Hosaka and Spooner 1992).

Nonetheless, six of 45 S. acaufe accessions in this study are intermediate in their
characters between ssp. acaule and ssp. punae, or between ssp. acaule and ssp.
aemulans. Probabilities have been calculated with multiple discriminant analysis for this
material to fall into one of the subspecies. All six accessions have a probability of 1.00 to be
classified in a subspecies. Accessions al and p8, however, retain rather intermediate
positions between sspp. acaufe and aemufans, and sspp. acaule and punae, respectively.
And accessions a8 and a9 do not fall in the variation of ssp. aemulans and a10 not in the
variation of ssp. acaule.

in a RFLP analysis of genomic DNA of S. acaule (Hosaka and Spooner 1992),
focused on infraspecific variation, it is concluded that ssp. punae and ssp. acaule are
indistinguishable. Of 15 ssp. punae accessions in the prasent study, seven were also
studied by RFLP techniques (Hosaka and Spooner 1992). Accessions p1, p5 and p6 had a
RFLP pattern that separated them clearly from ssp. acaule in a principal component
analysis. This is in agreement with the data of the present study. Accessions p4, p8, p9 and
p10 had RFLP-bands comparable with those of ssp. acaule, which is also in agreement with
the present morphological study. The classification of this material as ssp. punae (Bamberg
and Martin 1993), must be due to misidentifications. Accessions p3 and p7, which were not
studied with RFLPs, also should be considered as ssp. acaule.

Subspecies acaule is a rather homogeneous entity, in spite of its wide geographical
distribution from central Peru into northern Argentina. it is demonstrated in this study that in
comparison with ssp. punae, ssp. acaule has a more robust habit and shorter hairs, and
living plant material which is grown under identical circumstances is readily distinguishable.

Compared to ssp. aemulans, ssp. acaule has no pedicel articulation, a different leaf
structure and smaller fruits. Especially between these subspecies intermediate forms have
been found in this study. Accession a8 has some plants with an articulation and some
without, and has an intermediate morphology. Accession a9 has no articulation, but has to
be classified with aemufans. These intermediates might be caused by hybridization. In fact
the intermediate forms do occur in the area of overlap between the subspecies (Fig. 1).
Recent hypotheses (Okada and Clausen 1982, Hawkes 1990) only classify material of La
Rioja as ssp. aemulans. This is opposed by the results of this study, because material of
province Jujuy (e3, e5, €6, &7) does not differ in its morphological characters from some
accessions from La Rioja (e2, e4).

Special attention must be paid to accession a1. It was collected in province Tucuman
in Argentina and is in this study classified in ssp. aemufans. With RFLP analysis {(Hosaka
and Spooner 1992), material of this region takes a distinct position in the principal
component analysis, together with some accessions out of provinces Salta, Jujuy and La
Rioja, Argentina. These results indicate that a rich genetic variability occurs in northem
Argentina, which is not easy to classify.
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The inflorescence architecture of Solanum acaufe and related taxa of
Sofanum section Petota

ABSTRACT

In this morphological study a special and yet unrecorded inflorescence type is described
in the polypioid series Acaulia {Sofanum sect. Pefota) and compared to those of other
tuber-bearing Solanum species. This inflorescence can be characterized as a
monochasium with a strongly reduced peduncle and one or two ‘extra’ flowers in the axil
of the subtending leaf. Species showing this inflorescence architecture have a rosette-
habit, which is correfated with the high altitudes in the Andes where they occur naturally.
‘Extra’ flowers and other inflorescence architectural traits such as the dimensions of
pedicels, peduncles, and corollas are discussed in relation to the taxonomy of Solanum
sect. Petota species, their habitat, and breeding behavior.

INTRODUCTION

Inflorescences and branching patterns within Solanaceae have been described by Danert
(1967} and Child (1979). The general branching pattern within this family is acrotonic, i.e.
the shoots terminate with a flower or inflorescence and a secondary sprout emerges from
the axils of the top leaf or lower leaves of the primary shoot. After this new continuing sprout
has produced a number of foliar organs, it ends again in an inflorescence. This reiterative
process continues throughout the growing period. Each section of foliose leaves and
flowers together is termed anthoclade (Weberling 1989). The morphological interpretation of
structures in Solanaceae is troublesome because many parts of the plant can be
metatopically displaced due to processes of recaulescence andfor concaulescence (Danert
1957, Troll 1957, Weberling 1989). For example, the partial inflorescence grows
concaulescent with the terminal flower that ends the anthoclade (Danert 1957). These shifts
make the interpretation of structures difficult as can be illustrated by the remarks of Correll
(1962) on Solanum inflorescences. He incorrectly named the inflorescences pseudo-
terminal (p. 29) and stated that technically they are always lateral. Actually, the
inflorescences are terminal (Hayward 1938, Danert 1957) and ‘pushed’ aside laterally by
the shoot growing from the axil of a lower leaf.

The three- to plurifoliate anthoclades of Sofanum section Petota Dumort., comprising
all tuber-bearing Solanum species, end in a thyrsoid inflorescence. The mono- to
pleiochasial inflorescences (Child 1979, Child and Lester 1991) are composed of scorpioid,
ebracteate, parial inflorescences {Hawkes and Hjerting 1989, Weberling 1989). The
general inflorescence stalk or peduncle is mostly dichasial branched, but species such as
Solanum acaule and species of series Megistacroloba normally have an unforked peduncle
(Hawkes and Hjerting 1969, 1989).

Kardolus J.P. and N. Groendijk-Wiiders (1998} Acta Botanica Neerlandica 47 (In press).
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Studying the morphology of S. acaule and related species (Kardolus 1998), it became
obvicus that the inflorescence architecture of taxa of the polyploid series Acaulia (which
includes two species, namely S. acaule and S. afbicans} is not conform this general
architecture. Often ‘extra’ flowers are found at the base of the inflorescence in these
species. This observation contradicts the conclusion (Danert 1957) that inflorescences of
S. acaufe have the same morphology as those of S. tuberosum L., namely a dichasium. The
main objective of our study is to compare the inflorescence structure of species of series
Acaulia with that of related species of series Demissa, Megistacroloba and Tuberosa, and
determine the taxonomic value of this trait.

Besides the general architecture of inflorescences, other inflorescence traits have
been used in potato taxonomy. For example, the Jengths of the unforked and forked parts of
the peduncle can differ among species in section Pelota. In most species the unforked part
is much longer than the branches. However, in S. acaule and S. megistacrolobum ssp.
megistacrolobum the peduncle is very short (Hawkes and Hjerting 1989). The compact
habit of these taxa seems to be associated with their exireme environment. Their
distribution is in the high-mountain areas of the Andes at elevations up to 4400 meter,
where both species occasionally have been found at the same locality (Hawkes and
Hjerting 1989: p.192, Ochoa 1990). However, S. acaule and S. megistacrofobum have
different pollination mechanisms. Solanum acaule and S. albicans are self-fertile and
inbreeding (Hawkes and Hjerting 1968). Sometimes their pollination is even cleistogamous
{Ugent 1981). The polyploid species S.demissum from Mexico, that has besn
demonstrated to be closely related to S. acaule and S, albicans (Kardolus et al. 1998},
shows the same breeding pattem. The diploid species of series Megistacroloba and
Tuberosa are outbreeders and need pollinating insects. In this study, we investigate
inflorescences to determine a possible correlation between the marphometric proportions of
the inflorescences of S. acaule and related species and their habitat and breeding behavior,

MATERIALS AND METHODS

Morphological observations. In total 44 genebank accessions of 17 (sub)species belonging to four
different taxonomic series in section Pefota were examined from 1993 until 1996 (Table 1). The
accessions were received as seeds from the potato genebank collections at Braunschwelg - Germany,
presently relocated in Wageningen at the Centre for Genetic Resources - The Netherlands (BGRC
numbers), and at Sturgeon Bay - USA (Pl numbers). At least 5 seedlings of each accession were
grown in pots in a standard greenhouse. Plants were studied two times a week during their flowering
period to follow the development of inflorescences. Variation in inflorescence structure, within and
befween species, was described. Simple drawings were made of the different infiorescence types.
Photographs of all inflorescence types were taken in the greenhouse and detailed botanical drawings
were made of the most important types, The inflorescences were also observed for other properties
such as the presence of leaves in the inflorescence. Morphological comparisons with plants collected in
the wild were made by studying herbarium material of S. acaule and S. albicans (Table 2).
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Table 1. List of plant material studied

Taxonomic series Species Genebank number

Acaulia Juz.

Solanum acaule Bitter SsSp. acaule BGRC 16835, 17090, 17111,
17128,17144, 17181, 24579,
27206, 27244, 27361, 27362,
S. acaule ssp. aemufans (Bitter st Wittm.) BGRC 17180, 17182

Hawkes et Hjert.
S. acaule ssp. punae (Juz.) Hawkes et Hie. BGRC 7858; Pl 24657
S. albicans (Ochoa) Ochoa BGRC 18287, Pl 365376, 498203,
561642
Megistacroloba S. boliviense Dunal BGRC 27248
Cardenas et Hawkes S. megistacrolobum Bitter ssp. BGRC 8113, 8117, 17642, 27262
megistacrofobum
S. megistacrolobum ssp. toralapanum BGRC 28020
(Cardenas et Hawkes) Giannattasio et Spooner
S. raphanifolium Céardenas et Hawkes BGRC 7207, 8185
S. sanctae-rosae Hawkes BGRC 15454, 17568
Demissa Bukasov S. demissum Lindl, BGRC 9990, 10022, 10030
Tuberosa (Rydb.) Hawkes S. brevicaule Bifter BGRC 18201, 28038
S. bukasovii Juz. BGRC 7993, 15424; Pl 210044

Table 2. List of flowering herbarium specimens of Sclanum acaule and S. albicans {marked with an
asterisk) studied

Herbarium

Specimen

CIP

LIL

us

HHCH 4236, 4243, 4271, 4324, 4416; Ochoa 2065* {(holotype), 2465*, 11961, 11089, 12083*, 13238*,
16023*, 16173*; Ochoa & Salas 11823,11824, 11826, 11830, 11831, 11833, 11895, 14947, 14949-
14953, 15468, 15476, 15519, 15568, 15570, 16024*, 16028*; SOA 53, 54, SCLp 5070

Hieronymus & Niederlgin 474

Balls 5987, 6026, 6201; Cabrera-Schwabe 11; Correll P298, B636; HHR 3813; (itis & Ugent 1435;
Sandeman 3933; Saunders 819, 1384; Sharpe 120; Stafford 431; Vargas 2005

Budin 7439; Caslillon 468, 3195; Krapovickas 8745; Lillc 1231, 2857, 4212, 5521, 7403, 11476, 18154,
O'Donell 4596; Olea 221, 253; Schreiter 352, 353, 4841, 6203, 6965, 7097, 7103; Shepard 231,
Sleumer 228, 1838, 2689, 2750, 3252, 3462, 3589, 4113; Sparre 5989, 6102

Correll B601; Fiebrig 3429 (lectotype ssp. acaule), Hammarlund 128; Kurtz 11396; Regnell 979

Balls 6404; Cabrera 8264; Cardenas 606; Cook & Gilbert 180, 181, 182a; Ochoa & Salas 11885,
Shepard 231; Venturi 6672, 6993, 9526







