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ABSTRACT

Wild Solanum species contain various desirable characters, including disease resistance traits,
which may not be present in cultivated potato (S tuberosum L. ssp. tuberosum). Many of
these traits of interest have already been successfully transferred into interspecific hybrids
between potato and wild Solanum spp., and subsequently through backcrosses into cultivated
potato varieties. However, quite often such wild Solanum species also contain glycoakaloids
additional to the solanine and chaconine of S tuberosum. High levels of glycoakaloids are
considered undesirable for human consumption as they can be toxic. Glycoa kaloids may also
act synergistically, mixtures of them being of higher toxicity than expected. In the present
study, interspecific somatic hybrids between cultivated potato and wild Solanum spp. (S
brevidens Phil., S. etuberosum Lindl. and S. acaule Bitt.) in various genome constitutions
were analysed in terms of their glycoalkaloid aglycone contents. In addition, progenies
derived from sexual backcrosses and somatic fusions to S. tuberosum were also included in
the study.

The somatic hybrids between A genome S. tuberosum and E genome Solanum species (S.
brevidens and S. etuberosum) contained a novel glycoakaloid aglycone in their foliage,
demissidine, in addition to the parental type aglycones solanidine, which originated from S,
tuberosum, and tomatidine derived from the E genome species. In the present study, a
hypothetical pathway for demissidine production was proposed. This was based on the
expression of the hydrogenase enzyme encoded by the E genome species to form tomatidine
from a teinemine precursor, but in the interspecific hybrids it instead caused hydrogenation of
the double bond of solanidine and production of demissidine. Using the improved method of
analysis developed in this study, tomatidenol and assumed soladulcidine aglycones were also
detected in the E genome Solanum species and in interspecific A + E genome hybrids. This
technique was based on the combined derivatisation method and gas chromatographic-mass
spectrometric (GC-MS) analyses. As a result of the combined derivatisation method, specific
fragments (m/z 417 and 419) of spirosolanes were formed in abundance. This method is well
suited for screening purposes, especially when minor or novel glycoalkaloid aglycones are
detected.

In the A + E genome hybrids, the total foliage glycoakaloid aglycone concentrations were
either similar or lower than the mid-parent level. However, the genome constitutions of the
hybrids had an effect on the proportions of different aglycones. In the S brevidens + S
tuberosum somatic hybrids, the relative proportion of tomatidine correlated positively with
the genome portion of S. brevidens. In contrast, when the second generation somatic hybrids
were analysed, the higher genome portion of S tuberosum enhanced the production of
solanidine. A similar trend was observed in the plant material derived from S etuberosum+ S,
tuberosum hybrids. This confirmed that it was possible to reduce the formation of alien types
of glycoakaloid aglycones in a few generations from the plant materia produced by
interspecific somatic hybridisation.

Solanidine, demissidine and tomatidine were the main aglycones in the somatic hybrids
between two closely related A genome Solanum species (S tuberosum and S acaule) as for
the A + E genome hybrids. Before the present study was started, S. acaule was known to carry
immunity to bacterial ring rot caused by Clavibacter michiganensis ssp. sepedonicus (Cms)
(Spieck. & Kotth.) Davis et a., which was a desired trait to be incorporated into cultivated
potato in this study. However, in this study the interspecific A + A genome somatic hybrids



were susceptible to infections, and the S. acaule species did not to carry complete immunity,
but instead temperature-dependent immunity to Cms. In the hybrids however, the genome
portions influenced Cms replications. The effect of the genome ratios was also noted in the
glycoalkaloid aglycone contents of the S. acaule + S. tuberosum hybrids. Furthermore, Cms
infection affected the aglycone concentrations in the plant material. The aglycone levels
significantly decreased in the somatic hybrids and in S. acaule as a result of Cms infection.

However, in S, tuberosum there was either a significant increase or no change in the aglycone
concentrations.
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1 INTRODUCTION
1.1 Potato

The tetraploid (2n=4x=48) cultivated potato (Solanum tuberosum L. ssp. tuberosum) is the
fourth most important crop species in the world. The global production of potato was 311
million tons in 2003, of which the European share was approximately 40% (FAO 2004a).
However, China is the world' s largest potato producer. Potato is not only useful as a low fat
energy crop, but also as a source of protein and vitamin C. Potato consumption in developing
countries has increased during recent years but it is still at a low level in comparison with
consumption in Europe (94.2 kg/capitalyear) in 2001 (FAO 2004b).

There are six cultivated potato species other than S. tuberosum (Hawkes 1990). The cultivated
potatoes and the remaining 228 wild potato species are classified into 21 series of the section
Petota in the genus Solanum, family Solanaceae (Hawkes 1990, 1994). Furthermore, the
section Petota consists of two subsections: Estolonifera and Potatoe. The subsection Potatoe
with tuber-bearing species consists of 19 series, but the Estolonifera subsection consists of
only two series (Hawkes 1990, 1994). Species in the subsection Estolonifera do not form
either tubers or stolons.

Most of the species in the subsection Potatoe are diploid (2n=2x=24) but species with other
ploidy levels also occur (3x, 4x, 5x, 6x) (Hawkes 1990; Matsubayashi 1991). Potato species
are proposed to consist of five different basic genome formulae: A, B, C, D, and E. Cultivated
potato is an A genome species like most of the potato species (Matsubayashi 1991), but the
genome symbols for the three Solanum species of the Etuberosa series — S. etuberosum Lindl.,
S brevidens Phil., and S. fernandezianum Phil. — are E!, E?, and E3 (Ramanna & Hermsen
1981) or E®, E?, and E' (Matsubayashi 1991).

1.2 Interspecific somatic hybrids of potato

Potato breeding using conventional methods has limitations because the genetic base of
cultivated potato is narrow and the combination of specific traits through crosses of the
tetraploid cultivars is difficult. These limitations include heterozygosity of the cultivated
tetraploid potato, complex segregation of the traits at the tetraploid level, pollen sterility,
germplasm storage and transport, and the accumulation of viruses through vegetative
propagation cycles (Howard 1978). As a result of these, breeding at the tetraploid (4x-4x)
level is dlow, because large populations of seedlings have to be screened (Ross 1986).
Breeding at the diploid level (2x-2x) is a potentially useful method to shorten the time of
needed to release new cultivars. To increase the genetic base of the cultivated potato, new
germplasm by utilisation of wild Solanum species can be introduced. This is beneficial,
because many wild species contain desirable characters, such as several disease and pest
resistance traits, which are not present in cultivated potato (Hawkes 1990). However, due to
the differences in the genome compositions and endosperm balance numbers (EBNS)
(Johnston et al. 1980), many Solanum species are sexually incompatible with S tuberosum.
Interspecific crosses are successful when both parents have the same EBN, thus resulting in a
2:1 female:male EBN ratio in the hybrid endosperm (Johnston et al. 1980).

Somatic hybridisation. Protoplast fusion is an alternative technique to sexual crossing in
potato breeding. Therefore, symmetric interspecific somatic hybrids produced by protoplast
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fusion, in which the complete genomes (nuclear and cytoplasmic) are combined, provide
increased genetic diversity for crop improvement (Helgeson 1989). In this way, it is possible
to overcome breeding barriers (sexual and taxonomic incompatibility) between species and
desirable characters of the wild species can more effectively be incorporated into cultivated
potato germplasm. Another advantage of somatic hybridisation is that the dominant traits of
both parental species are expressed in the hybrids (Wenzel et a. 1979). In addition, polygenic
traits, such as high vigour, yield, fertility, and traits of unknown genetic basis can be
transferred (Millam et al. 1995; Waara & Glimelius 1995; Pehu 1996; Waara 1996; Orczyk et
a. 2003). Fish et a. (1987) wrote “Somatic hybridisation can potentialy provide a greater
diversity of combination than sexual hybridisation. Somatic hybrids may possess either
parental chloroplast genome, as well as new mitochondrial genomes produced by
recombination of the parental types. To this may be added a background of somaclonal
variation, thus providing breeders with a range of novel hybrids for selection.” Somaclonal
variations are genetic changes that arise following cell culture and plant regeneration (rev. in
Rokka 1998). There are several reasons for somaclonal variation, such as point mutations,
doubling of the ploidy level, changes in chromosome number, transposon insertion, and
translocations, but most of them may be negative for application of the methods. In addition,
incompatibility barriers between Solanum species can aso be overcome and successful
crosses produced by 2n gametes coupled with a knowledge of the EBNs of the species used
(Ehlenfeldt & Hanneman 1984; Camadro & Espinillo 1990), combining compatible second
pollination and embryo rescue techniques (Iwanaga et al. 1991; Watanabe et a. 1995), or
treatmenting sterile hybrids with colchicine (Ross 1986).

Somatic hybrids. Various interspecific symmetric somatic hybrids have been produced
between S. tuberosum and several partly or completely sexually incompatible wild Solanum
species (see Table 1). In addition, asymmetric interspecific somatic hybrids between various
Solanum species have also been produced (Sidorof et al. 1987; Fehér et a. 1992; Xu et a.
1993c; Oberwalder et al. 1997, 2000) in order to eliminate certain parts of the donor species
genome by irradiation and to produce hybrids with variant genetic backgrounds. The
asymmetric hybrids formed contained a complete genome of the recipient and only a limited
part of the donor genome.

General requirements for the somatic hybrids are fertility and ability to cross sexually
(Ehlenfeldt & Helgeson 1987; Waara & Glimelius 1995). The general objective is to
incorporate through backcrosses the desirable traits of the hybrids into cultivated potato but to
remove the undesirable wild traits. However, potato breeding using somatic hybridisation
may cause genetic instability and low fertility in the hybrids (Barsby et al. 1984; Mattheij et
al. 1992; Austin et al. 1993; Cardi et a. 1993a; Novy & Helgeson 1994b). Difficulties in the
segregation of the fusion partner genomes may result in elimination of chromosome(s)
especialy when taxonomically distant species are hybridised. Thus, aneuploid interspecific
somatic hybrids are common (Puite et a. 1986; Pijnacker et al. 1987, 1989; Fish et al. 1988b;
Pehu et a. 1989; Ramulu et al. 1989; Preiszner et al. 1991; Kim et a. 1993; Ward et al. 1994,
Masuelli et al. 1995; Yamada et al. 1997, 1998b; Dong et a. 1999). Also other cytogenetic
aterations, including structural rearrangements of chromosomes (deletions, duplications,
tranglocations) are possible (Pijnacker et al. 1987, 1989; Williams et al. 1990; Yamada et al.
1998b). Genetic stability was higher in the tetraploid somatic hybrids between S. brevidens
and S tuberosum than in the hexaploid hybrids, but hexaploid somatic hybrids were,
however, easier to backcross with S tuberosum (Ehlenfeldt & Helgeson 1987).
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Table 1. Examples of various somatic hybrids of Solanum expressing traits of interest (according to Orczyk et

al. 2003, modified).

Somatic hybrids

Traits transferred to somatic hybrids

Ref.

tbr* + S acaule

tbr + S. brevidens

tbr x S berthaultii +
S etuberosum

tbr + S. bulbocastanum

tbr + S, commer sonii

tbr + S. commersonii

tbr + S phurgja

tbr + S. commersonii

tbr + S stenotomum

tbr + S pinnatisectum or
S pinnatisectum x S.
bulbocastanum

tbr + S bulbocastanum

tbr + S. verrucosum

two dihaploid clones of
tbr

tbr + tbr (stoloniferum)

Transfer of resistance to Potato virus X (PVX)

Transfer of resistance to Potato leaf roll virus (PLRV)
Increased resistance to late blight Phytophthora
infestans

Increased tuber resistance to bacterial soft rot Erwinia
p.

Transfer of resistanceto PLRV and Potato virus Y
(PVY)

Increased resistance to Erwinia carotovora ssp.
carotovora

Transfer of resistance against Erwinia and P. infestans
to sexual progeny of somatic hybrids

Somatic hybrids combined two, different mechanisms
of virus (PVY, PVA, PV X) resistance: hypersensitive
response (from S. tuberosum) and functional through
slow virus cell-to-cell movement (from S. brevidens)
Introgression and stabilisation of resistance to Erwinia
Higher resistanceto PVY

Transfer of resistance to nematode Meloidogyne
chitwoodi

Somatic hybrids with cold-hardy species
S. commersonii and S. brevidens. Transfer of freezing
tolerance from S. commersonii to somatic hybrids

Increased frost tolerance and higher capacity to cold
acclimation

Transfer of resistance to bacterial wilt Ralstonia
solanacearum

Transfer of resistance to R. solanacearum
Transfer of resistance to R. solanacearum

Transfer of resistance to P. infestans

Transfer of resistance to P. infestans
Transfer of resistance to PLRV

Transfer of resistance for potato cyst nematode
Globodera pallida

Combined resistances to different pathotypes of G.
pallida

Combined foliage and tuber resistance to P. infestans
Higher production of tubers and higher tuber yield

Combined from both lines tuber yield and starch content
Cytoplasmic male sterility of cybrids between S
tuberosum and aloplasmic S. tuber osum (stoloniferum)

Yamadaet al. (1997)

Austin et al. (1985)
Austin et al. (1986)

Austin et al. (1988)
Gibson et al. (1988)
Polgar et al. (1999)
Rokka et al. (2000)
Helgeson et al. (1993)

Valkonen & Rokka (1998)

McGrath et al. (2002)
Novy & Helgeson (1994a)

Austin et al. (1993)

Cardi et al. (1993a)
Chen et al. (1999)
Bastia et al. (2000)
Seppénen et al. (2000)
Nyman & Waara (1997)

Fock et al. (2000)

Laferriere et al. (1999)
Fock et al. (2001)

Thiemeet a. (1997)

Helgeson et al. (1998)
Carrasco et al. (2000)
Cooper-Bland et al. (1994)
Rasmussen et al. (1996)
Rasmussen et al. (1998)
Mattheij & Puite (1992)
Gavrilenko et al. (1999)

Mollers et al. (1994)
Perl et al. (1990)

*tbr = S tuberosum
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If fertility of the somatic hybrids generated is low, there are alternative ways to overcome it.
Rokka (1998) presented an alternative scheme for sexual backcrosses based on an analytic-
synthetic breeding scheme of Wenzel et a. (1979), who had proposed the utilisation of
dihaploids in potato breeding through somatic hybridisation. After the first somatic
hybridisation between S. tuberosum and S. brevidens (Rokka et al. 1994), a selected anther-
derived (somato)haploid plant (Rokka et al. 1995) was re-fused with S. tuberosum to produce
“second generation” somatic hybrids (Rokka et al. 2000). The purpose of the production of
these second generation somatic hybrids was to reduce ploidy and the proportion of the wild
species genome, while the desired traits were effectively incorporated into cultivated potato.

1.2.1 Genetic analyses of genome compositions of the somatic hybrids

There are several molecular and cytological methods for analysing genome compositions of
somatic hybrids (meaning hybrid nature, chromosome eimination and rearrangement,
intergenomic introgression). Identification and characterisation of chromosome complements
in interspecific and intergeneric somatic hybrids of potato and their progenies can be carried
out using species-specific repetitive DNA sequences (Schweizer et al. 1988; Pehu et al.
1990b; Polgér et al. 1993; Stadler et al. 1995; Zanke & Hemleben 1997), RFLP (restriction
fragment length polymorphism) markers (Williams et al. 1990, 1993; McGrath et al. 1994;
Novy & Helgeson 1994b; Menke et al. 1996; Garriga-Calderé et a. 1997; Oberwalder et a.
1997, 2000; Yamada et al. 1998b), RAPD (randomly amplified polymorphic DNA) markers
(Baird et a. 1992; Kim et al. 1993; Xu et a. 1993a; Rokka et al. 1994; Masuelli et al. 1995;
Yamada et a. 1997; Polgar et al. 1999), sot-blot hybridisation (Matthews et a. 1997), inter-
SSR PCR (inter-simple-sequence repeat polymerase chain reaction) markers (Matthews et al.
1999), GISH (genomic in situ hybridisation) (Wolters et a. 1994; Jacobsen et al. 1995;
Ramulu et a. 1996; Garriga-Calderé et al. 1997, 1999; Dong et al. 1999; Gavrilenko et al.
2001; Horsman et a. 2001), FISH (fluorescence in situ hybridisation) (Rokka et al. 19984),
and with sequential GISH and FISH analyses (Dong et al. 2001).

RAPD markers are commonly used in verification of the putative somatic hybrids. RAPDs are
PCR-based markers, mostly dominant, produced by short oligonucleotide primers of arbitrary
nucleotide sequence. The method is simple because it demands only a small amount of DNA
and no radioactivity is used. Reproducibility, however, is a weakness of the RAPD markers
but more reproducible assays have been achieved by converting RAPD markers to SCAR
(sequence characterised amplified region) markers (Paran & Michelmore 1993; Masuelli et al.
1995). Inter-SSR PCR has been reported to be a more reliable PCR-based method than RAPD
analysis due to the co-dominant nature of the markers and higher level of polymorphisms
(Zietkiewicz et al. 1994; Matthews et al. 1999). With RFLP markers even fine chromosomal
regions of the hybrids can be detected, but many RFLP markers are needed when an entire
chromosome (with different chromosomal regions) is analysed completely. In addition, RFLP
requires large amounts of DNA and is relatively labour intensive. With the cytological GISH
technique, total genomic DNA isused in chromosome analysesto differentiate and distinguish
between chromosomes from different species. It can identify alien chromatins in translocated
chromosomes (Jiang & Gill 1994), but it may not detect small deletions of chromosomes.
FISH is a chromosome-labelling technique based on the use of fluorochromes for signal
detection of repetitive DNA sequences (Jiang & Gill 1994). A combination of the RFLP
technique with GISH analysis has been shown to be an excellent characterisation method for
interspecific and intergeneric hybrids and their progenies (Jacobsen et al. 1995; Garriga-
Calderéet a. 1997; Dong et al. 1999).
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1.2.2 Genetic enhancement of potato using wild germplasm

Wild Solanum species contain several desirable traits — such as resistance to diseases, insects,
and tolerance to abiotic stresses — which may not be present in cultivated potato (Hawkes
1990). One of the most intensively studied wild Solanum species, S. brevidens (S. palustre
Poepp.), is extremely resistant to Potato leaf roll virus (PLRV) (Jones 1979; Vakonen et a.
1992), Potato virus Y (PVY) and A (PVA) (Gibson et a. 1988; Vakonen et a. 1992),
moderately resistant to Potato viruses X (PVX), M (PVM) and S (PVS) (Gibson et al. 1990;
Vakonen et al. 1992) aswell asresistant to Andean potato mottle virus (APMV) (Vakonen et
a. 1992). Freezing tolerance of S brevidens has aso been reported (Ross & Rowe 1969).
Solanum etuber osum is another species resistant to the viruses mentioned above except M and
Sviruses (Vakonen et a. 1992; Thieme & Thieme 1998). Furthermore, resistance to Aphis
frangulae Kaltenbach, Aulacorthum solani Kaltenbach, Myzus nicotianae Blackman, and M.
persicae Sulzer has also been found in S etuberosum (Thieme & Thieme 1998; Novy et al.
2002). Solanum acaule Bitt., an A genome wild potato species, is resistant to PLRV, PVX,
PVY, and Spindle tuber viroid (Bamberg et a. 1994; Hawkes 1994). It is aso partially
resistant to silver scurf (Helminthosporium solani Durieu & Mont.) (Rodriquez et a. 1995),
powdery scab (Spongospora subterranean Wallr. Lagerh.) (Mékérdinen et a. 1994), wart
(Synchytrium endobioticum Schilb.) and nematodes (Globodera spp.) (Hawkes 1990), and has
shown immunity to bacterial ring rot caused by Clavibacter michiganensis ssp. sepedonicus
(Spieck. & Kotth.) Davis et al. (Ishimaru et al. 1994; Kriel et a. 1995ab). In addition it is
freezing tolerant (Chen & Li 1980) and tolerates various other abiotic stresses well, including
heat and drought (Hawkes 1990). Several other species containing desirable resistance
characters, but not mentioned here, were reviewed by Hawkes (1990, 1994) and Flanders et
al. (1992).

Bacterial ring rot of potato. Bacteria ring rot of potato, which was studied in the present
work, is caused by C. michiganensis ssp. sepedonicus (Cms). It is a quarantine disease,
causing symptoms of rotting vascular tissue in tubers. Typical foliage symptoms consist of
wilting, chlorosis, and necrosis (De Boer & Slack 1984). Some cultivars also exhibit stunting.
Infected tubers and contaminated potato equipment spread bacterial ring rot. Elimination of
this disease is particularly difficult due to latent infections (De Boer & McNaughton 1986;
Franc 1999). In addition, different growth conditions affect Cms infection and variable
expression of disease symptoms complicate eradication of the disease. As bacterial ring rot is
a quarantine disease, legidative control requires absence of the bacterium, not just of the
disease symptoms. Resistant or tolerant cultivars will not fulfill the demand of zero-tolerance
but may increase the problem of spread through symptomless or latent infections. Only
immune potato cultivars would both prevent Cms infections and spread of the disease. A
range of wild Solanum species has been screened for potential immunity to infection by Cms
(Kurowski & Manzer 1992; Kriel et a. 1995a). One wild potato species, Solanum acaule ssp.
acaule, was found to be immune to the bacterium (Ishimaru et al. 1994; Kriel et al. 1995a,b).

Expression of resistance characters in hybrids. Many traits of interest have been successfully
transferred from wild Solanum species to cultivated potato through somatic hybridisation
(Table 1), e.g. the virus resistance traits of S. brevidens (PLRV, PVY, and PVX) (Austin et al.
1985; Helgeson et al. 1986; Gibson et al. 1988; Pehu et al. 1990a, Rokka et al. 1994).
Interestingly, resistance to Erwinia bacterial soft rot was also examined in tubers of the S.
tuberosum + S brevidens somatic hybrids, but the trait subsegquently segregated in the
backcross progeny produced (Austin et al. 1988; Helgeson et al. 1993; McGrath et al. 2002).
As S. brevidens is a non-tuber bearing species, the origin of the soft rot resistance was
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difficult to trace. Austin et al. (1988) concluded that there was a genetic factor with an effect
on the segregation of the trait rather than a physiological or a nutritional explanation. Based
on the backcross population analysed, McGrath et a. (2002) strongly assumed that S
brevidens was the source of Erwinia resistance. The resistance, when derived from S
brevidens, seemed, however, to be oligogenic. This example suggested that even novel traits
not previously expressed in the parental species might show up in the resulting hybrids
produced.

1.3 Glycoalkaloids

Steroidal glycoalkaloids are naturally occurring secondary metabolites of plants. The term
“secondary metabolites’ indicates compounds that are not required for plant growth and
development but presumed to function in communication or defence (Luckner 1990).
Steroidal glycoalkaloids derived from a cholestane skeleton are mainly found in the
Solanaceae family and therefore termed Solanum glycoakaloids. In addition to the
Solanaceae, glycoalkaloids are also found in the Liliaceae family but then they are called
Veratrum alkaloids. Besides potato, there are also other plants in the Solanaceae that contain
glycoalkaloids: e.g. tomato (Lycopersicon esculentum Mill.) and eggplant (Solanum
melongena L.). Much effort has been invested in glycoalkaloid research since 1820 when the
akaloid solanine was discovered. Another milestone was reached in 1954 when solanine was
shown to be a mixture of two glycoalkaloids, a-solanine and a-chaconine (Kuhn et al.
1955a,b; see also Jadhav et al. 1981).

1.3.1 Structure

Alkaloids are a large group of secondary metabolites produced by plants. A common feature
of the structure of various alkaloids is that they contain nitrogen in a heterocyclic ring and that
the entire skeleton of an amino acid may be incorporated into an akaloid. Steroidal
glycoalkaloids (cholestane C,7-derivatives) belong to a subgroup of pseudoakaloids (or
isoprenoid alkaloids) because nitrogen is inserted into a non-amino acid residue (Goodwin &
Mercer 1988). According to various classifications, steroidal glycoalkaloids can also be
grouped as basic steroid saponins or saponins (Mahato et al. 1982; Hostettmann & Marston
1995) or as steroids (Heftmann 1983). The structure of steroid/steroidal saponins corresponds
with glycoakaloids. The only difference between them is an oxygen atom in an F-ring of
sapogenin. However, steroidal saponins do not contain nitrogen and are thus not alkaloids.
Steroidal sapogenins have been isolated from many Solanum species (Schreiber 1968;
Heftmann 1983).

Potato glycoakaloids are glycosides, which consist of two structural components — a
hydrophobic C,7-carbon skeleton of cholestane (aglycone) and a hydrophilic carbohydrate
side chain. Six-ring steroid aglycones are also referred to as alkamines and are structurally
divided into five different groups. the solanidanes, e.g. solanidine; the spirosolanes, e.g.
tomatidine; the epiminocholestanes, e.g. solacongestidine; the alkaloids with a solanocapsine
skeleton, e.g. solanocapsing; and the 3-aminospirostanes, e.g. jurubidine (Schreiber 1968;
Ripperger & Schreiber 1981). At least 90 structurally different steroidal alkaloids have been
found in over 350 Solanum species (Friedman & McDonald 1997), but the major solanidane
and spirosolane aglycones found in potatoes are solanidine, demissidine, solasodine,
tomatidenol, and tomatidine (Figure 1).
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Figure 1. Structures of the most common glycoalkaloid aglycones found in Solanum species (according to
Friedman & McDonald 1997).
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Figure 2. Structures of three common sugar side-chains found in Solanum species (according to Friedman &
McDonald 1999). Sugar side-chains of solatriose and lycotetraose are attached to aglycone through the OH-
group of C-1 of f-D-galactose and chacotriose through OH-group of C-1 of -D-glucose.
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The steroid akaloids generaly exist as glycosides. The carbohydrate moiety of the
glycoalkaloid is attached to the 3-hydroxy group of the first ring of aglycone. Tri- and
tetrasaccharides are the most common carbohydrate parts of the glycoalkaloids (Figure 2).
Mono-, di-, and trisaccharides (B, y, and & glycosides) have aso been found but they are
mostly hydrolysis products of a-glycosides.

The most common individual sugars of carbohydrates are D-glucose, D-galactose, D-xylose,
and L-rhamnose (Schreiber 1968). B-Solatriose consisted of D-glucose, D-galactose, and L-
rhamnose is a carbohydrate moiety of a-solanine. Correspondingly, a-chaconine is formed
from B-chacotriose, while the sugar moiety of tomatidine and demissidine is B-lycotetraose.
The most common glycoalkaloids are presented in Table 2. Their chemistry and structure
have been extensively reviewed during recent decades (Schreiber 1968; Ripperger &
Schreiber 1981; van Gelder 1991; Maga 1994; Friedman & McDonald 1997, 1999).

Table 2. The most common glycoalkaloids found in Solanum species (according to van Gelder 1991).
The systematic names of glycoalkaloids are presented in the appendix on page 81.

SGA? Sugar Moiety Glycoside Structuré

Solanidine glycosides

Rham
a-Solanine Solatriose A:R-Ga < Gl
B-Solaning® Solabiose B: R-Gal-Glu
y-Solanine® Galactose C:R-Ga

Rham
a-Chaconine Chacotriose D: R-Glu < Rham
B3;-Chaconine® Chacobiose E: R-Glu-Rham
B3,-Chaconine® Chacobiose F: R-Glu-Rham
y-Chaconing® Glucose G: R-Glu

. . Glu
Dehydrocommersonine Commertetraose H: R-Gal-Gl u< Glu
Demissidine glycosides
. Glu
Demissine Lycotetraose I: R-Gal-Glu < Xyl
Commersonine Commertetraose AsH
Leptinidine glycosides
Leptinine | Chacotriose AsD
Leptininell Solatriose AsA
Acetylleptinide glycosides
Leptinel Chacotriose AsD
Leptinell Solatriose AsA
Tomatidenol glycosides
o-Solamarine Solatriose AsA
[3-Solamarine Chacotriose AsD
Solasodine glycosides
Solasonine Solatriose AsA
Solamargine Chacotriose AsD
Tomatidine glycosides
o-Tomatine Lycotetraose Asl
Sisunine (neotomatine) Commertetraose AsH

# Aglycone

® R=aglycone; Gal=B-D-galactose; Rham=a-L-rhamnose; Glu=B-D-glucose; Xyl=B-D-xylose

¢ Minor SGAs may be artefacts or metabolites
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1.3.2 Biosynthesis and degradation

Biosynthesis. The biosynthesis of the glycoalkaloids has been extensively studied, but the
pathway from cholesterol to glycoakaloids has yet to be completely eucidated.
Glycoalkaloid synthesis commences during germination (Heftmann 1983). Based on the
studies in tomato, microsomal organelles of cells are the probable biosynthetic sites of
glycoalkaloids (Roddick 1976). Other sites (such as plastids) have also been suggested (rev.
in Bergenstréle et al. 1992). After synthesis, accumulation of glycoalkaloids occurs in the
soluble phase of the cytoplasm and/or in the vacuoles (Roddick 1976, 1977). Glycoalkaloids
are not transported from one part of the plant into another (Roddick 1982; Heftmann 1983),
and thus tend to remain at the site of synthesis.

Biosynthesis of glycoalkaloids was reviewed by Heftmann (1983), Petersen et a. (1993),
Bergenstréle (1995), and Valkonen et al. (1996). A starting point of glycoalkaloid synthesisis
considered to be the general pathway of steroid biosynthesis. The pathway begins from a
reaction of acetate with acetyl-coenzyme A and then follows through the intermediates of
mevalonic acid, squalene, lanosterol, and cycloartenol to cholesterol. Very recently it was
suggested that cholesterol acts as a precursor in glycoalkaloid biosynthesis (Arngvist et al.
2003). Two possible pathways for glycoalkaloid synthesis from cholesterol have been
proposed: Petersen et al. (1993) postulated that solasodine and soladulcidine are formed from
cholesterol, while tomatidenol, tomatidine, solanidine, and demissidine are formed from
saturated cholesteranol (Figure 3). In addition, tomatidenol and solanidine are more alike than
could be expected from their chemical structures. In contrast, solasodine and tomatidine,
which are alike in their chemical structure, are biosynthetically different. Friedman and
McDonald (1997) further concluded, according to the presumptions of Petersen et al. (1993),
that aglycones with double bonds were formed first and subsequently saturated aglycones.
Another pathway for glycoalkaloid formation was proposed by Kaneko et a. (1972, 1976,
1977a,b, 1978) after studies carried out with Veratrum grandiflorum O. Loes. They
presented, for example, the biosynthetic steps for solanidine formation (Figure 4) and
suggested that L-arginine was most likely to be the nitrogen source for solanidine (Kaneko et
al. 1976). Also glycine and aanine were proposed to be the donor molecules for nitrogen
synthesis (Jadhav et al. 1973).

The next step in biosynthesis after aglycone formation is glycosylation. Many studies have
shown that, after their formation, aglycones are rapidly enzymatically glycosylated by sugar
to the a-form of glycoalkaloids (Liljegren 1971; Jadhav & Salunke 1973; Jadhav et a. 1973;
Lavintman et a. 1977; Osman et a. 1980). Therefore, free solanidine does not occur in
healthy potato tuber tissue (Osman et a. 1980). The enzymes involved in the glycosylation
processes have been described lately (e.g. Stapleton et al. 1991; Bergenstréle et al. 1992).
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Figure 3. Proposed biosynthetic pathways from cholesterol (9) and from saturated cholesteranol (10) for
glycoalkaloid aglycones; 1 tomatidenol, 2 tomatidine, 3 solanidine, 4 demissidine, 5 diosgenin, 6 tigogenin, 7
solasodine, 8 soladulcidine (according to Petersen et al. 1993).
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Plant transformation offers possibilities for the manipulation of glycoalkaloid metabolism in
transgenic potato plants. Moehns et al. (1997) demonstrated that by cloning of solanidine
glucosyltransferase (SGT), an enzyme that catalyses the glucosylation of solanidine to o-
chaconine, glycoalkaloid metabolism can be manipulated. Later on it was shown that the
antisense SGT gene inhibited the biosynthesis of tuber glycoalkaloids (Joyce et al. 1999;
McCue et al. 2003). Overexpression of a SMTI cDNA (a soybean type 1 sterol
methyltransferase) can be used to down-regulate glycoalkaloid levels in potato (Arnqvist et al.
2003). In addition, DNA-based studies concerning the identification of molecular markers
associated with glycoalkaloid production (Yencho et al. 1998, 2000; Ronning et al. 1999) are
valuable prerequisites to the cloning of genes associated with glycoalkaloid biosynthesis.
Modification of glycoalkaloid levels may generate new ways to use potatoes, such as using
potato pulp wastes from the starch industry as animal fodder, and may also increase the
genetic pool available for breeding programmes, such as insect and disease resistance
(Yencho et al. 2000; Arnqvist et al. 2003). However, detailed testing of the genetically
modified potatoes is needed to evaluate changes in other characters.

Degradation. Enzymatic degradation of glycoalkaloids occurs by stepwise cleaving of
sugar(s) from carbohydrate moieties (Schreiber 1968; Swain et al. 1978; Heftmann 1983;
Bushway et al. 1988, 1990). Degradative enzymes and substrates are located in different
compartments within cells, thus, enzymes are activated after tissues are disrupted. In tomato,
enzymatic degradation of glycoalkaloids occurs when tomato ripens (rev. in Friedman 2002).

The aglycone metabolism of glycoalkaloids was described by Heftmann and Schwimmer
(1972).
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Figure 4. Proposed biosynthetic pathway for solanidine (according to Kaneko et al. 1976).
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1.3.3 Toxicity

Glycoalkaloids are toxic compounds. An official safety or acceptable limit of total
glycoalkaloid content for human consumption in tubers is 200 mg/kg fresh weight (fw) (1000
mg/kg dry weight, dw) or 1 mg/kg body weight (bw). Glycoalkaloid contents below this
guideline are not thought to represent health risks for humans. However, lower acceptable
levels (60-70 or 100 mg/kg fw) (Ross et al. 1978; Vorne & Hallikainen 2003) for potato
varieties have been recommended because of the variation in glycoalkaloid concentrations
between years and growth locations. According to estimates based on poisoning cases
reported, atoxic dose of glycoakaloids in human consumption can vary between 2-5 mg/kg
bw and a lethal dose about 3-6 mg/kg bw (Morris & Lee 1984) or it can be even as low as
from 1 to 2 mg/kg bw (rev. in Friedman & McDonald 1997). Symptoms of poisoning caused
by glycoakaloids have been reported to be gastrointestinal, causing vomiting, diarrhoea,
abdominal pain, neurological resulting in restlessness, confusion, delirium, stuporose,
drowsiness, hallucination, and others such as nausea, malaise and skin lesions (rev. in van
Gelder 1991). However, it is unlikely that humans would eat potatoes containing high, fatal
glycoalkaloid doses because glycoalkaloid concentrations above 140 mg/kg are associated
with a bitter taste and other unpleasant flavour characteristics (Sinden et al. 1976). However,
not al the glycoakaloids cause bitterness (Ross et al. 1978) and thus flavour is not areliable
indicator (van Gelder 1991) and there is variation in human perception of bitterness.
However, low glycoalkaloid levels in tubers improve the flavour of potatoes (Morris & Lee
1984). It is worth noting that glycoalkaloids are stable and are not destroyed by cooking,
except during frying where a minor reduction in glycoakaloid levels has been reported
(Bushway & Ponnampalam 1981). Glycoalkaoids are toxic compounds for al mammals.
However, animals are generally less susceptible to glycoalkaloids than humans. The effects of
glycoalkaloids on animals have been reviewed by Morris and Lee (1984) and Friedman and
McDonad (1997).

The major toxic properties of glycoalkaloids are due to i) the ability of glycoalkaloids to bind
with membrane 3p-hydroxy sterols and to disrupt membrane function and ii) the ability to
inhibit acetylcholinesterase. The modes of toxicity and toxicity studies of glycoalkaloids in
humans and animals have recently been reviewed by van Gelder (1991), Roddick (1996), and
Friedman and McDonald (1997, 1999). However, it has even been suggested that “the toxicity
of glycoakaloids has largely been overestimated and their dangers are probably not as high as
history would imply” (Hostettmann & Marston 1995). Briefly, chacotriose-based
glycoalkaloids are highly active whereas solatriose-based glycoal kaloids have exhibited lower
or no activity with regard to membrane-disruptive activity. Orally consumed tomatine (in
future in the present study, tomatine indicates a-tomatine, solanine and chaconine indicate a-
solanine and a-chaconine) was shown to be non-toxic in studies with hamsters and it was
even suggested to have some health promoting properties for humans (Friedman et al.
2000a,b; Friedman 2002; Kozukue & Friedman 2003) because of the ability of tomatine to
form an insoluble complex with cholesterol in the digestive tract which is then eliminated in
the faeces. This type of insoluble complex, for example with cholesterol, was reported earlier
(rev. in Jadhav et al. 1981). The features of the carbohydrate side-chain of the glycoakaloid,
aswell asthe type of sterol, are thought to be important for the mechanism of cell disruption.

Both solanine and chaconine are strong inhibitors of acetylcholinesterase activity. Also
demissine and commersonine are more inhibitory than tomatine (Bushway et a. 1987). The
aglycone part of glycoalkaloid may be more important during the inhibition of
acetylcholinesterase, but the importance of the carbohydrate moiety cannot be excluded. In
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producing toxic effects, glycoalkaloids may act synergidtically, i.e. a mixture of
glycoalkaloids has greater/different toxicity than could be expected from their individual
effects. Friedman and McDonald (1997) have concluded that teratogenic effects of
glycoalkaloids, i.e. non-heriditable birth defects in offspring, are still an open question.
However, factors modifying the teratogenic effects have been recently reported: the nitrogen
of the steroid is required for teratogenicity (Friedman et al. 1992), and differences in
embryotoxity between two glycoalkaloids with the same aglycone arise from the different
structures of the carbohydrate side-chains (Rayburn et a. 1994; Blankemeyer et a. 1998). As
Friedman et al. (1992) discussed, “an unanswered question is whether the glycoakaloids
would induce teratogenicity in pregnant mammals when, as part of a normal diet, they are
subject to an interaction with dietary nutrients and non-nutrients, digestion, absorption,
transport, metabolism, and elimination.” To be concluded, different glycoakaloids and
aglycones possess various, specific biological activities and toxicity depends on their
structural characteristics.

1.3.4 Distribution of glycoalkaloids in potato parts

The maor glycoakaloids of cultivated potato are solanine and chaconine (aglycone
solanidine), but a- and B-solamarine (tomatidenol) have also been found in some potato
cultivars (Shih & Ku¢ 1974; Sinden & Sanford 1981). The ratio of solanine to chaconineis on
average 40:60 in potato but this is not consistent, thus other ratios have also been determined
(Sinden & Webb 1974; Morris & Petermann 1985; Friedman & Dao 1992; Perciva et al.
1993, 1994; Percival 1999a). Continuous illumination was assumed to be one of the reasons
for the varying ratios. Solanum species other than S. tuberosum also contain glycoalkaloids
additional to solanine and chaconine (see paragraph 1.5.).

Glycoalkaloids occur in al parts of potato, the concentrations varying widely, as seen in
Table 3. The highest glycoalkaloid levels were found in plant parts with high metabolic
activity, e.g. young leaves, flowers, fruits, and sprouts. Kozukue et al. (1987) reported that the
upper leaves of potato plants contained higher total glycoakaloid concentrations (as a fresh
weight) than the lower, older leaves. Glycoalkaloid content in brown, senescent leaves of
tomato was higher than in the fresh leaves. However, when the amounts were expressed in the
dry weights the concentrations were similar (Friedman & Levin 1998). Since most of the
glycoalkaloids exist in the peel of tubers (Bushway et al. 1983; Uppal 1987; Kozukue et al.
1987; Mondy & Gosselin 1988; Wiinsch 1989; Peksa et al. 2002) they can be removed to a
large extent by peeling. However, if tubers normally or as a result of a stress contain high
amounts of glycoalkaloids, they can only be partly removed (Petersen 1993; Hellenés et al.
1995h). Tubers of early potato varieties may contain high levels of glycoakaloids (Hellends
et a. 1995a). The glycoalkaloid concentrations in tubers and foliage were reported to correlate
positively (Deahl et al. 1973; Uppa 1987) but contrary results were also reported (Sarquis et
al. 2000).
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Table 3. Total glycoalkaloid content found in different parts of cultivated potato (mg/kg fresh weight) (according
to Friedman & McDonald 1997).

Plant Lampitt ot al., Wood and Young, Kozukue et g, Friedman and Dao,
part 1943 1874 1987 1982 Coxon, 1881
Roots 180-400 — — 8602
Stems 23-33 30 30-7% 320-450%
Leaves 556610 400-1,000 230-1.000 14507
Flowers 2,150-4,160 3.000-5.000 3.000-5,000
Berries 420 e e 380 255-1,355
Sprowts 1.850 2.000-4,000 - 2,750~10.0000
Bkin 300840 300800 e -
Peel 150155 150300 15400
880~
Flash 12-100 12-50 - 16-80, 110¢
Pesl + aye 300 300500 e s

s NDAT7251, @ cultivar known o be high in glvcoalkaisids.
b Lenape, a3 cullivay known to be high in glycoaikalokis.

1.3.5 Factors influencing glycoalkaloid formation
1.3.5.1 Genetic factors

Glycoalkaloid content is a genetically controlled trait (Sinden & Webb 1972; Sanford &
Sinden 1972; van Dam et al. 1999). Highly heritable, polygenic inheritance for glycoalkaloid
content demonstrated by Sanford and Sinden (1972) and Sanford et al. (1995, 1996b) was
subsequently confirmed by van Dam et al. (1999). The number of genes involved is
considered to be quite low (3—7 genes) (van Dam et al. 1999). In contrast, Ross (1966)
concluded that the suppression of glycoalkaloid synthesis is a dominant trait and that low
glycoalkaloid synthesis is controlled by a few dominant alleles (i.e. multiple recessive alleles
are required for the expression of elevated glycoalkaloid levels). According to Ross (1966),
solanine content is low in the interspecific hybrid between a wild species and S. tuberosum.
Lower total glycoalkaloid content than the mid-parent mean content was reported in the F»
population derived from a cross between S. fuberosum (4x) and S. chacoense Bitt. (2x)
(Sanford et al. 1994, 1995), but the content was supposed to be too high to indicate complete
dominance. It was also speculated that apparent dominance was related to differences in tuber
size. Yencho et al. (2000) reported that the frequency distributions of leptines in the F;
progenies of S. tuberosum (4x) and S. chacoense (4x) were skewed toward reduced
glycoalkaloid production.

In general, varieties with a high mean glycoalkaloid content can produce excessive amounts,
in comparison with varieties having a low mean glycoalkaloid content, when subjected to
non-ideal environmental conditions (Sinden & Webb 1972; Papathanasiou et al. 1999a). On
the other hand, the varieties that produced the highest amounts of glycoalkaloids also
consistently produced the highest glycoalkaloid concentrations regardless of the growing
conditions or the tuber ages (Sinden & Webb 1972, 1974; Dimenstein et al. 1997). Thus, the
varieties with low mean glycoalkaloid content should be selected for breeding. However,
selection of new cultivars based on the tuber glycoalkaloid content at harvest is not
necessarily a good criterion because no relationship has been established between
glycoalkaloid amount at harvest and the rate of glycoalkaloid accumulation in response to
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storage temperature and time (Griffiths et al. 1997). An important selection criterion for a
cultivar is also a slow rate of accumulation of glycoakaloids during light exposure (Percival
1999a).

Additionally other detailed studies concerning the inheritance and genetic control of
glycoalkaloids have been published. Single major genes with co-dominant alleles were shown
to affect the synthesis of solanine and commersonine in the progenies derived from crosses
between accessions of S chacoense (McCollum & Sinden 1979). The major gene for
chaconine segregated independently from the above mentioned genes. It has been proposed
that there is a single gene or a few genes controlling leptine production in S, chacoense
(Sinden et al. 1986b). In the hybrids between S tuberosum and S. chacoense, the ability to
synthesise leptines was suggested to be controlled by a few dominant genes (Sanford et al.
1996b). The theory that homozygous dominant genes are responsible for leptine production
was also supported (Veilleux & Miller 1998). Results of a study of leptine biosynthesis in
intraspecific S. chacoense hybrids indicated a single recessive gene model for leptine
synthesis (Ronning et al. 1998), but it was considered that additional factors were also
involved. According to the authors, this was not contradictory to the polygenic control by
dominant gene(s) based on the study of Sanford et a. (1996b) because of the more
complicated nature of the S. chacoense x S. tuberosum cross. Molecular markers showed that
the chromosome 1 of Solanum species may contain gene(s) for glycoalkaloid accumulation
(Ronning et al. 1999). Also, Yencho et a. (1998) after screening low to non-detectable levels
of solanidine and solasodine in the F; hybrids between S. tuberosum and S berthaultii
Hawkes postulated that recessive genes controlled the expression of the aglycones. In the
backcross populations, quantitative trait loci (QTLS) for the accumulation of solasodine were
identified on chromosomes 4, 6, and 12 and for solanidine on chromosomes 4, 8, and 11 and
for both solasodine and solanidine on chromosomes 1 and 4 (Yencho et al. 1998). After
segregation studies in the hybrids between S chacoense genotypes, molecular markers linked
to leptinine production were located on chromosome 1 (Hutvégner et al. 2001) supporting the
earlier studies that the short arm of chromosome 1 was involved in glycoalkaloid synthesis. In
addition, four molecular markers associated with leptine production in reciprocal backcross
families of diploid potato [S. phurga Juz. & Buk x (S phurga x S chacoense) and (S
phurgja x S chacoense) x S. phureja] (Bouarte-Medina et al. 2002) and one marker associated
with total glycoalkaloid content in potato tubers (van Dam et a. 2003) were published. Van
Dam et a. (2003) concluded that the expression of total glycoakaloid content in tubers was
modulated by two interacting loci. Genes associated with aglycone synthesis were suggested
to segregate independently from genes associated with carbohydrate synthesis of the
glycoalkaloids (McCollum & Sinden 1979). As it can be seen, the qualitative and quantitative
inheritance of glycoalkaloid content is complex and not totally understood. The situation is
even more complex when wild Solanum species are utilised in potato breeding. However, the
molecular-based research strategies are now expected to produce more information in this
area

1.3.5.2 Environmental conditions

In addition to the genetic factors, environmental conditions during the growing season greatly
influence glycoakaloid levels. It was proposed that any environmental factor that stresses a
plant can change glycoalkaloid content (Sinden et a. 1984). For instance, extended daylength
increased glycoakaloid content of tubers of cultivated potato (Nitithamyong et al. 1999) and
it also had a significant influence on the composition and proportion of aglyconesin S. vernei



25

Bitt. & Wittm. (van Gelder & Scheffer 1991). Higher light intensity/irradiance significantly
stimulated glycoalkaloid synthesis in foliage of S. chacoense, S. tuberosum (Deahl et al.
1991) and in two leptine-producing genotypes (Lafta & Lorenzen 2000) as well as in the
tubers of S tuberosum (Nitithamyong et al. 1999). Furthermore, glycoalkaloid concentrations
were significantly increased by temperatures above and below 16 °C (Nitithamyong et al.
1999). Low temperatures favoured glycoalkaoid formation (Chungcharoen et a. 1987; van
Swaaij 1992). A temperature of 32/27 °C (day/night) induced significantly higher levels of
glycoalkaloids in plants than one of 22/17 °C (Lafta & Lorenzen 2000).

Due to the variability of several factors, evaluation of the effects of differing climatic
conditions has been complex. Potato tubers grown in a hot and dry climate generaly
accumulate more glycoalkaloids than those grown in cooler climates (Morris & Petermann
1985; Dimenstein et a. 1997). Moreover, unusualy short and cool growing seasons (Sinden
& Webb 1972), as well as cold and rainy growth conditions (Hellends et a. 1995b)
supposedly promote elevated glycoakaloid levels. Tests in the growth chamber showed that
drought stress at 24/18 °C and waterlogging at 12/9 °C increased the total glycoalkaloid
concentration of cv. British Queen compared with the favourable conditions of 18/14 °C.
Other varieties tested changed little if at all (Papathanasiou et al. 1999b). The differences in
tuber glycoalkaoid concentrations between two testing years were statistically significant
(Love et al. 1994; Papathanasiou et a. 1999a), possibly as a result of the differences in
weather conditions. The weather conditions probably affected the production of the immature
tubers and, thus, subsequently caused the abnormally high glycoalkaloid levels. Generally,
glycoalkaloid levels decrease during the tuber maturation process (Papathanasiou et al. 1998;
Nitithamyong et al. 1999; Peksa et a. 2002). For example, the potato cv. Magnum Bonum
was grown for more than 50 years in Sweden until one growing season, when its tuber
glycoalkaloid levels exceeded the acceptable level and as a result, a sale restriction was
imposed (Hellenas et al. 1995b). It was suspected that the environmental conditions caused
the high glycoalkaloid levels. Elevated carbon dioxide concentrations have both increased
(Nitithamyong et al. 1999) and decreased (Donnelly et al. 2001; Vorne et a. 2002) tuber
glycoalkaloid levels by decreasing the chaconine levels. On the other hand, increase in
relative humidity from 50 to 80% had no effect (Nitithamyong et al. 1999), but ozone
increased tuber glycoakaloid content (Donnelly et al. 2001).

It was shown that irrigation methods affect glycoalkaloid levels (Gosselin et al. 1988). Also,
the effects of fertilisation practices on glycoakaloid levels were studied: elevated levels of
nitrogen increased (Mondy & Munshi 1990a; Love et al. 1994) or decreased (van Swaaij
1992) the tuber glycoakaloid levels. Reduced glycoalkaloid levels in foliage were reported
after elevated supply of nitrogen (Fragoyiannis et a. 2001). Hoffland et al. (1999) speculated
that in tomato, tomatine could be a carbon-based rather than nitrogen-based compound and,
therefore the carbohydrate rather than the nitrogen concentration limits the rate of tomatine
production. The addition of molybdenum (Munshi & Mondy 1988) and selenium (Mondy &
Munshi 1990b) also decreased glycoakaloid levels, but magnesium (Evans & Mondy 1984)
promoted glycoalkaloid formation. Foliar application of the plant growth regulator
indoleacetic acid significantly decreased glycoakaloid levels in two potato cultivars
(Ponnampalam & Mondy 1986). Friedman and McDonad (1997) reviewed the effect of
pesticides and haulm killing on the glycoalkaloid content. In conclusion, the influences of
different environmental factors and agronomic procedures on glycoalkaloid content can be
variable.
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1.3.5.3 Pathogen infections

Pathogen infections are known to affect glycoakaloid content. Suppression of glycoalkaloid
accumulation in tuber slices or potato leaves after fungal inoculations or treatments with
Phytophthora infestans (Mont.) de Bary, P. citrophthora (R.E. Sm. & E.H. Sm.) Leonian, or
H. carbonum Ullstrup. (Shih et a. 1973; Zacharius et a. 1975; Zook & Kué¢ 1987,
Mucharromah et a. 1995; Dimenstein et al. 1997; Andreu et al. 2001) was reported. In
addition, eicosapentaenoic and arachidonic acid extracts or dlicitors of P. infestans caused
inhibition in glycoalkaloid accumulation (Tjamos & Ku¢ 1982; Choi et al. 1994). In contrast,
zoospores of P. infestans induced glycoalkaloid accumulation in potato leaves (rev. in
Friedman & McDonald 1997). However, no significant differences in tomatine content in the
stem vascular tissue, root tissue or petiolar tissue between the control plants and Verticillium
albo-atrum Reinke & Berthold infected tomato plants were recorded (Pegg & Woodward
1986). Bacterial soft rot infection caused by Erwinia carotovora increased glycoalkaloid
production in potato tubers (rev. in Friedman & McDonald 1997). The suppression of
glycoalkaloid production after exposing plant tissues to elicitors or fungal pathogens that
induce a hypersensitive response was aso demonstrated at the biosynthetic level (Stermer &
Bostock 1987; Vogeli & Chappell 1988; Zook & Ku¢ 1991).

An additional aspect in plant-pathogen interactions is that fungal pathogens of tomato and
potato have a metabolite effect on glycoalkaloids by the removing sugar(s) from the
glycoalkaloid sugar chain (Pegg & Woodward 1986; Lairini & Ruiz-Rubio 1997, 1998;
WEeltring et al. 1997; Becker & Weltring 1998; Quidde et a. 1998; Sandrock & VanEtten
1998; Morrissey & Osbourn 1999; Oda et al. 2002). Pathogens thereby have the ability to
resist glycoalkaloids and pathogen growth is not arrested during the infection process in the
plant.

Pest-related stress following foliar damage by Colorado potato beetles (Leptinotarsa
decemlineata Say) significantly increased the glycoakaloid concentrations in potato tubers,
while leafhoppers caused no change (Hlywka et al. 1994). In contrast, infestation by peach
potato aphids (M. persicae) reduced total foliage glycoalkaloid contents (Fragoyiannis et al.
2001).

1.3.5.4 Post harvest conditions

Light. Post harvest conditions aso affect glycoalkaloid formation in storage. Tubers exposed
to light increase glycoakaloid synthesis (Sinden 1972; Uppa 1987; De Maine et al. 1988;
Dale et a. 1993; Kaaber 1993; Percival et a. 1993, 1994, 1996; Griffiths et al. 1994, 2000;
Edwards & Cobb 1999) or there is formation of previously undetected glycoalkaloids
(Griffiths et al. 2000). However, in two commercia potato varieties there was no increase in
glycoalkaloid concentrations as a result of light treatments (De Maine et al. 1988; Percival et
a. 1993). Light has also been shown to alter the ratio of solanine and chaconine (Dale et al.
1993). Enhanced solanine synthesis was increased over that for chaconine after particular
illumination regimes (Percival et al. 1993, 1994, 1996; Percival 1999a). The bias toward
solanine synthesis is thought to result from the conversion of starch to sugar. Solanine
production could be linked to the higher proportion of reducing sugars, such as galactose,
which are more freely available than rhamnose. This event results in sequential addition of
monosaccharide units to the aglycone and, thus, favours solanine production. However,
Percival (1999b) reported that the synthesis of chaconine exceeded that of solanine after
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exposure to high-pressure mercury light. Aerial tubers exhibited a significantly different ratio
compared with subterranean tubers (Percival & Dixon 1996). In a study of the effect of the
type of illumination, mercury light was found to €elicit reduced glycoalkaloid accumulation in
comparison with fluorescent and sodium light (Percival et a. 1994; Percival 1999b). The
study demonstrated the importance of the light wavelength (Percival et a. 1994).
Furthermore, freshly harvested tubers were more responsive to intense illumination than
physiologically older tubers (Percival et a. 1994; Edwards & Cobb 1999). The
responsiveness of tubers to photoinduced glycoalkaloid synthesis was reduced by curing
tubers at 25 °C for 10 days before storage at 5 °C (Zitnak 1981). However, from the practical
point of view, tubers can be exposed to light for at least 24 hours before any major increase in
glycoalkaloids occurs (Percival et al. 1996).

It has been widely speculated that there is a relationship between the light induced greening of
tubers and accumulation of glycoalkaloids, but in two recently published studies directly
opposing results were presented. Edwards et a. (1998) found no direct metabolic link
between chlorophyll and glycoalkaloid biosynthesis, when tubers were treated with
chlorophyll biosynthesis inhibitors and subsequently exposed to daylight for up to 10 days. In
contrast, Percival (1999b) established a strong correlation between glycoakaloid and
chlorophyll accumulation in response to light, when tubers were analysed following 15 days
of continuous illumination.

Temperature. The effects of storage temperature and storage time are difficult to separate.
There is no evidence of an optimal storage temperature that promotes minimal glycoalkaloid
accumulation. Higher storage temperatures resulted in raised glycoakaloid concentrations
(Wu & Salunkhe 1976; Kaaber 1993; Percival et al. 1993; Love et al. 1994). However, raising
the temperature from 5 to 25 °C stimulated no significant changes in glycoakaloid
concentrations (Edwards & Cobb 1997). Griffiths et al. (1997) reported that the highest mean
glycoalkaloid content was found in tubers stored at 7 °C, but the largest increase was recorded
after short-term storage at 4 °C. When tubers stored at 10 °C for nine weeks were transferred
to alower temperature, no increase in glycoalkaloid concentrations was detected. Therefore, it
was concluded that once the tubers were fully dormant they were insensitive to variation in
storage temperatures. Studies conducted by Coria et al. (1998), using a heat-susceptible
cultivar, showed that there is 74% increase in total glycoalkaloid concentration when the
plants are treated at 35 °C for 4 h over when they maintained at 22 °C. Conversely, a heat-
resistant cultivar showed a 50% reduction in total glycoalkaloid content after similar
treatments.

Time. Increased storage times raise glycoakaloid levels (Percival et al. 1993; Griffiths et al.
1997). During the first three months (Love et al. 1994) or the first nine weeks (Griffiths et al.
1997) of storage the increase in glycoakaloid content is rapid, but subsequently remains
constant. After 34 or 40 weeks of storage little change was recorded (Fitzpatrick et a. 1977,
Edwards & Cobb 1999), but some fluctuation in total levels was measured. Even a slight,
non-significant reduction in glycoalkaloid content during storage was reported (Winsch &
Munzert 1994).

Mechanical damage. Mechanica damage to tubers also causes increased synthesis of
glycoakaoids (Sinden 1972; Mondy et al. 1987). The type of damage determines the level of
increase: severe impact and cutting were associated with the highest glycoalkaloid levels (Wu
& Saunke 1976; Olsson 1986). In the response to injury, similarly to the effect of light,
temperature, and storage time, the rate of glycoalkaloid accumulation is genotype-dependent
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(Olsson 1986; Dale et al. 1998). Furthermore, the rates of glycoakaloid synthesis in response
to damage were in good agreement with cultivar response to light and cold temperature stress
(Daeet al. 1998).

Accumulation of glycoakaloids in potato tubers continues after harvesting. Sub-optimal
storage conditions, represented by light exposure, temperature extremes, mechanical damage,
and duration of storage, affect glycoalkaloid levels. In addition, relationships between these
factors increase the difficult of determining their effects and aso those of genetic factors on
glycoalkaloid formation.

1.4 Methods of analysis for glycoalkaloids
1.4.1 Sample preparation for glycoalkaloid analyses

Glycoalkaloid analysis methodology has been studied intensively (rev. in Coxon 1984;
Friedman & McDonald 1997; Edwards & Cobb 1998). Analytical methods include three
stages: extraction, purification, and analysis. Various extraction systems based on earlier
published studies were evaluated (Friedman & McDonald 1995b, rev. in Friedman &
McDonald 1997). It was concluded that acetic acid (2%, v/v) was the most efficient solvent
for dried samples, nonagueous solvents not being a good choice. For fresh samples, a solvent
mixture of methanol and chloroform (Wang et a. 1972) or of tetrahydrofuran-water-
acetonitrile-glacial acetic acid (Bushway et al. 1985) was recommended. Bushway et al.
(1985) used their own original extraction method for dehydrated samples and concluded that
it was more suitable for dehydrated samples than the method of Mondy and Ponnampalam
(1983), in which water was included. Furthermore, other solvents used for extraction have
included e.g. 5% (v/v) acetic acid (Speroni & Pdll 1980; Gregory et al. 1981; Bacigalupo et al.
2000), methanol (Saito et a. 1990; Plhak & Sporns 1992; Keukens et a. 1994; Driedger et al.
2000a), methanol with acetic acid (Osman & Sinden 1977; Jonker et al. 1992), heptane
sulfonic acid with acetic acid (Carman et al. 1986; Houben & Brunt 1994; Simonovska &
VVovk 2000) and a mixture of tetrahydrofuran, water, acetonitrile and acetic acid (Bushway et
a. 1985; Friedman & Levin 1992; Zhao et al. 1994). After extraction, various clean-up
methods for glycoalkaloid purification can be used. Traditional precipitation with ammonium
hydroxide is not reliable because many glycoakaloids can remain in the liquid phase
(Gregory et al. 1981). The most commonly used purification method is solid-phase extraction
(SPE). Different cartridges of Cyg (Bushway et al. 1986; Carman et al. 1986; Saito et al. 1990;
Houben & Brunt 1994; Keukens et a. 1994; Edwards & Cobb 1996), NH, (Saito et al. 1990),
and CN (Jonker et al. 1992) have been used and tested (V&ananen et a. 2000). In addition to
extraction and purification, glycoa kaloid samples can also be hydrolysed.

Since there is no single method that can satisfy the needs of all users (breeders, scientists,
authorities in the National Food Agency), numerous reports dealing with analysis of
glycoalkaloids using different separation and detection methods have been published. High-
performance liquid chromatography and immunoassays are the most common and practical
methods (Edwards & Cobb 1998), but standard chromatographic methods (gas
chromatography and thin layer chromatography) are also applied. In addition, colorimetric
methods (Wang et al. 1972; Coxon et a. 1979; Bushway et al. 1980), for example, were also
used. New methods for glycoalkaloid detection are till being developed, and include indirect
assay of time-resolved fluorescence using a europium chelator entrapped in liposomes
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(Bacigalupo et al. 2000) and an enzyme biosensor based on pH-sensitive field effect
transistors (Korpan et a. 2002).

1.4.2 Gas chromatography

The history and main principle of gas chromatography (GC) was recently reviewed (Bartle &
Myers 2002). Separation of volatile sasmples in GC is based on a series of partitions/events
between the carrier gas phase and the stationary liquid phase in the column. Two different
column types have been used. A capillary column, used currently, has certain advantages over
a packed column: increased separation efficiency, lower column/working temperature, better
separation and shorter analysis time. A wide range of capillary columns is available and
therefore the choice of the column for an analysis depends on the mixture of compounds to be
analysed and the stationary phase of the column. The other main instruments of the basic gas
chromatograph apparatus are carrier gas supplier, injector, detector, and data recorder. The
carrier gas in the column is helium or hydrogen; previously nitrogen was most commonly
used. The detector is used to monitor compounds eluted from the column. A number of types
of detectors have been developed, but the most widely used detectors are the flame ionisation
detector (FID), electron-capture detector (ECD), photo-ionisation detector (PID), thermionic
detector (TID), and flame photometric detector (FPD). It isimportant to note that temperature,
which varies depending on the compounds to be analysed, is decisive for the separation
process of the GC system.

Glycoalkaloids are usually hydrolysed to corresponding aglycones before GC analyses
because of their high molecular weight and low volatility. However, entire glycoalkaloids
have also been analysed after derivatisation. The first report of a GC anaysis of
glycoalkaloids was made by Herb et a. (1975), who permethylated the samples and then
successfully determined entire glycosides. Osman et a. (1978) and Gregory et al. (1981) also
repeated permethylation of entire glycosides. Later on, GC methods for aglycone analyses
with good separation were developed (Osman & Sinden 1977; Coxon et al. 1979; King 1980).
Marked progress in the separation and quantification of different aglycone mixtures was
achieved using a capillary GC method (van Gelder 1985; van Gelder et al. 1988a)
incorporating simultaneous flame ionisation (FID) and nitrogen-specific (NPD) detection (van
Gelder et a. 1988a). Separation of solanidine, solasodine, leptinidine, tomatidine, and
acetylleptinidine was also achieved using the capillary GC method after combined extraction
and hydrolysis, but not between solanidine and demissidine (Lawson et al. 1992). The most
important advantage of GC analysis is good separation of aglycone mixtures. Hydrolysis of
glycoalkaloids, cleaving the sugar moiety from aglycone, is considered to be a disadvantage
in GC analysis because information on glycoside composition is lost. Various types of
hydrolysis methods and times [e.g. aqueous acid hydrolysis (Osman & Sinden 1977; Coxon et
a. 1979), acohol acid hydrolysis (King 1980; van Gelder 1984; Lawson et al. 1992;
Friedman & McDonald 1995a), and a two-phase system (van Gelder 1984)] have been used.
The optimum hydrolysis time for solanine and tomatine was 2.5-3 h in a two-phase system
(van Gelder 1984). It has been stated that “hydrolyses rates in methanol increased with HCI
concentration and temperature and decreased with amount of water in methanol-water
solutions” (Friedman et al. 1993). The nature of the alcohol solvent influenced the rate and
specificity of the hydrolysis (Friedman & McDonald 1995a). According to Friedman et al.
(1998), a 70 min hydrolysis time in 1 N HCl at 100 °C caused complete hydrolysis of
tomatine to tomatidine. Furthermore, acid hydrolysis with ethanol or methanol solution (King
1980; van Gelder 1984; Lawson et a. 1992) was reliable in preventing the degradation of
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solanidine and tomatidine. Finally in sample preparation, derivatisation of aglycones by
conversion to more volatile and thermally stable derivatives has not become a common
procedure, but acetylation (King 1980) and trimethylsilylation (Juvik et al. 1982) have been
used.

1.4.3 High-performance liquid chromatography

High-performance liquid chromatography (HPLC) is the most commonly used method for
glycoalkaloid detection. Separation of components in HPLC is based on mass-transfer
between stationary and liquid mobile phases in a column. Choosing suitable solvent(s) for the
sample and mobile and stationary phases may have an effect on the separation process. An
important advantage in HPLC analysis of glycoakaloids is that entire glycosides and
aglycones can be analysed without any derivatisation. However, a problem can arise because
of the weak absorption and low sensitivity of the glycoalkaloids in the short UV wavelengths
(200-215 nm) because glycoalkaloids do not have strong chromophores. Therefore, the
choice of eluents and clean-up methods to remove contaminating compounds, which would
hinder glycoalkaloid detection, isimportant. Since the introduction of the first HPLC methods
for glycoakaloid separation and quantification (Bushway et al. 1979; Morris & Lee 1981),
continuous developments and improvements of solvent systems, sample preparations, and
column chemistry have been made (e.g. Bushway et al. 1986; Carman et a. 1986; Saito et al.
1990; Jonker et al. 1992; Friedman & Levin 1992; Bushway et al. 1994; Friedman et al. 1994;
Houben & Brunt 1994; Edwards & Cobb 1996; Friedman et al. 2003). Also, simultaneous
detection of steroidal glycoalkaloids and their aglycones with solanidane and spirosolane
structures has been developed (Kuronen et al. 1999).

1.4.4 Thin layer chromatography

Thin layer chromatography (TLC) is based on variable partitioning behaviour of the
components between the mobile liquid phase and stationary phase. TLC consists of a
stationary phase immobilised on a glass or plastic plate and a solvent. For separation, the
sample is deposited as a spot on the stationary phase. After running, separated spots are
detected with ultraviolet light or by placing the plate in iodine vapour. TLC, which is a
simple, qualitative detection method for both the glycoakaloids and their aglycones, was
widely used before the development and improvement of GC and HPLC methods. The
advantage of TCL is the quick screening of a large number of samples. Solvent systems for
the separation and visualising methods for the detection of glycoalkaoids using various
reagents were recently reviewed by Friedman and McDonad (1997). It is also possible to
guantify glycoakaloids with TLC using, for example, densitometry (Ferreira et al. 1993;
Simonovska & Vovk 2000).

1.4.5 Mass spectrometry

Mass spectrometry (MS) provides information about the molecular weight and chemical
structure of the compound analysed. The mass spectrometer creates charged ions from
molecules. These ions are extracted into the analyser region of the mass spectrometer and are
separated according to their mass-to-charge ratios (nVz). The separated ions are detected and
the signals are sent to the data system where the m/z ratios are stored together with their
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relative abundance for presentation in the format of a m/z spectrum. Because of its specific
“finger-print” property, MSisvery useful in qualitative analyses of unknown compounds. MS
is generally used as a detector in GC or HPLC apparatuses. Structural and quantitative
information from GC-MS (van Gelder et al. 1989), LC-MS (Bushway et al. 1994), liquid
secondary ion MS (Friedman et a. 1994), tandem MS (Evans et al. 1993; Chen et al. 1994),
high resolution MS (Lawson et al. 1997), capillary electrophoresis coupled with electrospray
ionization-ion trap MS (CE-ESI-MYS) (Bianco et a. 2002), and electrospray LC-MS (LC-ESI-
MS) (Stobiecki et a. 2003) analyses of glycoalkaloids and their aglycones has been
published. Also quantification using a new matrix-assisted laser desorption/ionization time-
of-flight MS (MALDI-TOF MS) method was successful (Abell & Sporns 1996). The
advantages of MALDI-TOF MS were rapid analysis, short sample preparation time and
suitability for routine glycoalkaloid analyses. According to Wolfender et al. (1994), LC-MS
has become a successful analytical tool in phytochemical analyses and it can now be used in
routine practical applications, and the situation is also the same with glycoalkaloid analyses.

1.4.6 Immunoassay

Immunoassay is based on the use of antibodies that have been designed to bind to a target
compound or class of compounds. Quantification of compounds is made by comparing the
colour developed from a sample of unknown concentration with the colour formed by the
standard of known concentration. The immunoassay methods used for glycoalkaloid
determination have been radioimmunoassay (RIA) (Weiler et al. 1980), enzyme linked
immunosorbent assay (ELISA) (Morgan et al. 1983; Ward et al. 1988; Plhak & Sporns 1992,
1994; Stanker et al. 1994; Friedman et a. 1998), and fluorescence polarisation immunoassay
(FPIA) (Thomson & Sporns 1995). Recently an aternative method to ELISA, a solution-
phase immunoassay with capillary electrophoresis (CE) laser-induced fluorescence (LIF)
detection was developed (Driedger et al. 2000a,b). Immunoassays are specific, relatively
quick and simple to use. However, immunoassays are used for quantification, and monoclonal
antibodies should be suitable for large-scale and international screening of total glycoalkaloid
content (Edwards & Cobb 1998).

Summary of different analysis methods. The development of new glycoakaloid analysis
techniques is still continuing although hundreds of research articles, based on analytical
methods, have already been published. HPLC is the most commonly used application and its
advantage is that both entire glycosides and also aglycones can be analysed. However, if the
glycoalkaloid profile of material is unknown or novel compounds are expected, the techniques
coupled with MS are relevant, such as LC-MS or GC-MS. The most important advantage of
GC andlysis is its sensitivity and good separation of aglycone mixtures. The high cost and
complexity are disadvantages of LC-MS and GC-MS. Immunoassays may be alternative
methods for analyses of total glycoalkaloid content. Immunoassays are used for quantification
and their advantages are that |arge sample amounts can be analysed quickly and without high
costs. Furthermore, methodologies based on modern techniques, such as MS and capillary
electrophoresis (CE), deserve further exploration (Edwards & Cobb 1998). The choice of the
glycoalkaloid analysis method is dependent on the task — quantification or/and identification.
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1.5 Glycoalkaloids in Solanum species and their hybrids

Glycoalkaloid composition and content in wild Solanum species, their interspecific sexual
hybrids and somatic hybrids have been the focus of numerous studies, because wild species
are used in potato improvement. Foliar or tuber glycoalkaloid content of at least 70 Solanum
species has been analysed (Osman et a. 1978; Gregory et a. 1981; van Gelder et al. 1988b;
Deahl et al. 1993). The concentrations of a wide range of glycoalkaloids among various
species have been reported and aso different glycoakaloids from those present in S
tuberosum have been identified. The most common glycoalkaloids in wild Solanum species
are e.g. tomatine in S, acaule, S. brevidens, S commersonii Dun.; demissine in S. chacoense,
S. commersonii, S. demissum Lindl.; solasonine in S berthaultii, S. dulcamara L., S. vernei;
commersonine in S, commersonii; leptines and leptinines in S. chacoense. Several Solanum
species contain more than one glycoakaloid. For instance, S. chacoense contains, dependent
on the accession, solanine, chaconine, leptine (1, I1), leptinine (I, 11) (Kuhn & Léw 1961a,b;
Sinden et al. 1986b), demissine and commersonine (Osman et al. 1976). Other types of
glycoalkaloid are also present in S. chacoense, which was reported to synthesise at least 10
different glycoalkaloids (Sinden et a. 1991). Solanum commersonii  synthesises
commersonine, demissine, tomatine, dehydrocommersonine, and A>-demissine (Véazquez et al.
1997). Solanum dulcamara can contain solasonine, a-solamarine, and soladulcidinetetraoside
(Sander 1963), whereas S vernei synthesises several solanidane-based and spirosolane-based
glycoalkaloids (van Gelder & Scheffer 1991). New glycoalkaloids, such as minor amounts of
dehydrotomatine from tomato and A°-demissine from S. commersonii, were recently
identified from previously analysed species as a result of improved analysis techniques
(Bushway et al. 1994; Friedman et al. 1994; Vazquez et a. 1997).

Leptines. Foreign steroidal glycoalkaloids can be transferred from wild Solanum species to
their interspecific hybrids. In order to transfer leptine synthesis into cultivated potato, foliage
and tuber glycoakaloid levels were very intensively studied in hybrids between cultivated
potato and wild potato S. chacoense, the source of the leptine glycoakaloids. The studies also
included self-pollination and backcross progenies derived from the interspecific hybrids
(Sanford et a. 1994, 1995, 1996b, 1998). When the F, and F,4 populations were analysed, their
foliage (Sanford et al. 1994) and tuber (Sanford et al. 1995) glycoakaloid levels were
significantly lower than in the parental species S. chacoense, but higher than in the S
tuberosum parent. As the result of the first backcross to S tuberosum, the total glycoalkaloid
levels were close to the mean level of the F, population, but the second backcross to S
tuberosum resulted in decreased total glycoalkaloid levels, which were close to the levels of
the S tuberosum parent. Furthermore, the ratio between chaconine and solanine changed as a
result of self-pollination and backcrossing (Sanford et al. 1994). The interspecific F; hybrids
between S. tuberosum and S. chacoense synthesised not only solanine and chaconine, but also
leptine and leptinine glycoalkaloids. The highest levels of leptines were only one quarter of
those originally synthesised in the S chacoense parents. Although the S tuberosum lines did
not express leptines, they did have a marked influence on the leptine levels and the relative
proportions of different glycoalkaloids. The choice of the S tuberosum genotype was thus
essential for leptine production (Sanford et a. 1996b). According to Sanford et al. (1998), all
the F, plants synthesised leptines and leptinines, but Yencho et a. (2000), however, later
reported that leptines were not detected in all of the F;, plants. In another combination (S
chacoense x S phurgja), all the resulting hybrids contained the glycoalkaloid aglycones
(solanidine, leptinidine, and acetylleptinidine) of S chacoense (Veilleux & Miller 1998).
Similarly to the influence of S. tuberosum, the leptidine levels of the hybrids were also
dependent on the S. phureja parental line, which did not synthesise acetylleptinidine (Veilleux
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& Miller 1998). Overall, it was concluded that leptine production both in S. tuberosum x S,
chacoense hybrids and in S. phurgja x S chacoense hybrids and their progenies was
dependent on the genome constitutions of the hybrids. As a result of backcrossing, the
genome proportion of S chacoense was decreased and therefore the pool of a substrate
precursor for glycoalkaloid biosynthesis was directed instead to the production of S
tuberosum glycoa kaloids (Sanford et al. 1998; Veilleux & Miller 1998).

Additional glycoalkaloids. In the hybrids between S vernei and S tuberosum, reduced
amounts of solanidine and solasodine aglycones were detected in comparison with the S,
vernei parental species (van Gelder & Scheffer 1991). Hybrids did not contain the full range
of aglycones found in S. vernei. Tuber glycoalkaloid levels in half of the analysed hybrids
with three genome compositions (tbr x APB [adg X (phu x ber)], tbr x APC [adg x (phu X
che)], tbr x APM [adg x (phu x med)]) were higher than the acceptable safety value of 200
mg/kg fw (Veilleux et al. 1997). The F; hybrids between S. tuberosum and S. berthaultii
contained low to very low levels of the parental glycoalkaloids solanidine and solasodine. In
the BC populations, the total glycoalkaloid levels were similar or lower than in the parental
lines, solasodine being the major aglycone in both BC populations (Y encho et al. 1998). Total
glycoalkaloid concentrations in tubers and foliage of S. demissum and S iopetalum Bitt.
(Hawkes) were 70 and 76 (tubers), 88 and 92 mg/100 g fw (Sarquis et al. 2000), whereas in
the BC,, BCs and BC,; hybrids backcrossed with S tuberosum the average tuber
glycoalkaloid content was 19 mg/100 g fw. Although not all the differences were statistically
significant, backcrossing was again found to be an important tool for reduction of tuber
glycoalkaloid level. On the other hand, foliage glycoalkaloid content in the BC hybrids was
only 15% lower than in the parents (Sarquis et a. 2000). In the F; and BC; populations
derived from hybrids between S commersonii and S tuberosum, the parental-type
glycoalkaloids were present: dehydrodemissine, dehydrotomatine, dehydrocommersonine
from S commersonii and solanine, chaconine from S. tuberosum (Carputo et a. 2003). In
some of their BC, hybrids, only solanine and chaconine were detected. The mean total
glycoalkaloid concentrations in the BC; and BC, hybrids were 166 and 193 mg/kg fw,
respectively.

In the tubers of the somatic hybrids between S circaeifolium Bitt. and S. tuberosum,
demissidine aglycone was produced in addition to the parental-type glycoakaloid aglycones
solanidine and tomatidine (Mattheij et al. 1992). The tetraploid hybrid also contained
tomatidenol, which was an aglycone produced by S. circaeifolium. The total glycoakaloid
content in the hybrids (253-405 mg/kg fw) was at similar levels to those in the parental
species. In the sexua F; hybrids between S circaeifolium and S tuberosum (Louwes et a.
1992), solasodine aglycone was found in one hybrid in addition to the aglycones mentioned
above. Also, the glycoakaloid level in the F; hybrids was the same as in the parental species.
However, in both hybrid types (sexual and somatic), higher total glycoakaloid levels were
detected in comparison with those in S. circaeifolium. Not only were solanine and chaconine
detected in the foliage of a somatic hybrid between S. brevidens and cultivated potato, but
aso two unknown glycoakaloid compounds derived from S. brevidens (Vallin et al. 1996).
The total glycoalkaloid contents in the somatic hybrids (724 mg/kg dw) were higher thanin S
brevidens (233 mg/kg dw) but lower than in the cultivated potato (1718 mg/kg dw).
Glycoalkaloids of parental origin i.e. solanine, chaconine, and tomatine, together with
additional minor previously unidentified compounds, were recorded in the somatic hybrids
between potato and tomato (Roddick & Melchers 1985). Ninety-eight per cent of the
glycoalkaloids in the leaves of these hybrids originated from potato whereas in “tubers’
(resembling thickened stolons) tomatine was the predominant glycoalkaloid (60-70%). Foliar
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glycoalkaloid contents were at similar levels to those of the parental species. However, total
glycoalkaloid contents in the tubers of the hybrids were 5-15 times higher than in tubers of
cultivated potato.

1.5.1 Beneficial effects of glycoalkaloids

All effects of glycoalkaloids are not necessary deleterious, because they can induce resistance
against several diseases and pests. In addition, the rise of new approaches such as
metabolomics (Fiehn 2002) and the search for more benign insecticides/fungicides are
important drivers for the investigation of secondary metabolites for previously unrealised
properties.

1.5.1.1 Resistance to diseases

Fungal resistance. Anti-fungal activities of potato glycoalkaloids have been difficult to
demonstrate. Laboratory tests using solanine and chaconine demonstrated their anti-fungal
activity against the pathogens Ascobolus crenulatus Karst., Alternaria brassicicola (Schw.)
Wiltshire, A. solani (Ellis & Mart.) Jones & Grout, Phoma medicaginis Mal. & Roum., and
Rhizoctonia solani Kihn (Sinden et al. 1973; Fewell & Roddick 1993). There are various
factors influencing activity against fungal pathogens, such as growth conditions,
developmenta stage, pH, pathogen type as well as the synergistic effects of glycoalkaloids
(Fewell & Roddick 1993, 1997; Fewell et al. 1994). In addition, some glycoalkaloids show
increased activity, for example chaconine is more fungitoxic than solanine (Fewell & Roddick
1993, 1997; Fewell et a. 1994). Anti-fungal activities of tomatine of tomato are more
pronounced (Osbourn 1996ab) than the corresponding effects of the glycoakaloids of
cultivated potato. For potato there are also numerous reports inferring there is no relationship
between tuber/foliage glycoalkaloids and resistance to fungal diseases, including studies on P.
infestans (Andrivon et al. 2003) and R. solani (Morrow & Caruso 1983). In addition, a direct
relationship was not established between glycoalkaloid concentrations and resistance to
Phoma exigua Desm. or F. solani (Mart.) Sacc. var. coeruleum (Lib. ex Sacc.) C. Booth
(Olsson 1987).

Bacterial resistance. There are only a few published reports on anti-bacterial properties of
glycoalkaloids. For example, tuber glycoalkaloid content was not linked to resistance to
bacteria ring rot (Paguin 1966), common scab (Frank et al. 1975) or soft rot (Andrivon et al.
2003). However, many questions still remain unresolved with widely opposing views
expressed, some of those supporting the linkage between glycoalkaloids and anti-bacterial
activities (Bobeica et al. 1996; Lachman et a. 2001; Dr. Anne Osbourn, personal
communication). For example, tomatine was reported to have some anti-bacteria effects on
gram positive bacteria that infect humans (Jadhav et al. 1981).

1.5.1.2 Insect resistance

Colorado potato beetle. Leptine glycoalkaoids found in S. chacoense were shown to induce
resistance (decreased feeding and increased mortality) to Colorado potato beetle (Stirckow &
Low 1961; Sinden et al. 1986a; Sinden et al. 1988; Deahl et al. 1991; Silhavy et a. 1996;
Sanford et al. 1997). A special property of leptines is that they only occur in foliage, not in
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tubers. The ability of S chacoense to resist Colorado potato beetle was introgressed into
somatic hybrids between S tuberosum and S chacoense, into diploid S. phurga x S
chacoense sexual hybrids, as well as into tetraploid S. tuberosum x S. chacoense hybrids
(Cheng et al. 1995; Rangargian et al. 2000; Yencho et a. 2000). Decreased feeding of
Colorado potato beetles in hybrids correlated with increased foliar concentrations of |eptines
(Rangargjan et al. 2000; Y encho et al. 2000). Moderate resistance to Colorado potato beetlein
the hybrids between S. chacoense and S. tuberosum was also reported (Sinden et al. 1991). In
addition to the resistance conferred by leptines, solanocardenine in S neocardenasii Hawkes
& Hjert. and tomatine in S, pinnatisectum Dun. may also have a role in the resistance to
Colorado potato beetle (Sinden et al. 1991). In addition, S chacoense genotypes with
commersonine and dehydrocommersonine were more resistant to the beetles than those
genotypes containing only solanine and chaconine (Sinden et al. 1980). Flanders et al. (1992)
reported tomatine to be associated with field resistance to Colorado potato beetles.
Furthermore, in studies using synthetic diets it was shown that increased concentrations of
tomatine caused retarded growth and delayed development of Colorado potato beetles (from
eggs to adults) (Kowalski et al. 2000). Tomatidine had however no effect (Kowalski et al.
2000). It was concluded that the tetrasaccharide moiety of tomatine was crucial for insectical
activity because of its membranolytic action.

Other insects. Glycoalkaloids can also have other kinds of anti-insect properties, not only to
Colorado potato beetle. Positive correlations were reported between total glycoakaloid
content in leaves and resistance to potato leafhopper (Empoasca fabae Harris) in several
Solanum species (Tingey et al. 1978; Raman et al. 1979; Sanford et a. 1990; Sanford & Ladd
1992). The type of glycoalkaloid was also an important factor in resistance to potato
leafhopper. When separate glycoalkaloids were studied, tomatine caused the greatest
mortality of potato leafhopper compared with other glycoalkaloids such as solanine,
chaconine, leptine | and 11, solasonine and solamargine (Sanford et al. 1996a). Solamargine
and chaconine caused the second greatest mortality. Flanders et al. (1992) also suggested that
tomatine was connected with field resistance to potato |eafhopper.

Glycoalkaloids may be of minor importance in resistance to other pests. Flanders et a. (1992)
found no correlation between glycoakaloid-type and resistance to peach aphids (M.
persicae), potato aphids (Macrosiphum euphorbiae Thomas), and potato flea beetles (Epitrix
cucumeris Harris). Later it was reported that potato aphid was quite tolerant of glycoalkaloids,
but chaconine and tomatine had some negative effects on the vital functions of the aphids
(Guntner et al. 1997). The effects of glycoalkaloids on non-insect pests are minor or there are
no effectsat al (rev. in Friedman & McDonald 1997).



36

2 AIMS OF THE STUDY

Many resistance and tolerance traits associated with wild Solanum species would benefit
cultivated potato. Although most wild Solanum species are sexualy incompatible with S
tuberosum, incorporation of the desirable resistance characters can be achieved through
somatic hybridisation followed by a series of backcrosses or re-fusions of somatic cells.
However, when the complete genomes are somatically combined, many undesirable traits,
such as high levels of glycoalkaloids, will also be transferred from the wild parental speciesto
the progeny.

The present study included both glycoakaloid aglycone analyses and bacterial disease
resistance tests on the interspecific somatic hybrids of potato and their progenies. The aims of
the analytical part of the study were to optimise the gas chromatographic-mass spectrometric
(GC-MS) method for glycoalkaloid aglycone anayses, particularly for the identification and
quantification of different glycoalkaloids in various potato structures, and to analyse aglycone
contents in interspecific somatic hybrids and their progenies with severa kinds of genome
constitutions. The study was composed of both identification and also quantification of
different glycoalkaloid aglyconesin the potato material analysed.

The plant material included hybrids between A and E genome Solanum species possessing
resistance to viral diseases and to Erwinia soft rot, and also of hybrids between two A genome
species (S acaule and S. tuberosum). According to this, additional aims of the present work
were to study the effect of genome composition in various A + A hybrids in terms of
immunity to the plant pathogen Clavibacter michiganensis ssp. sepedonicus (Cms), which
causes bacteria ring rot. Following this, some observations of the relationships between Cms
infection and glycoalkaloid aglycone contents were made in S. tuberosum, S. acaule and their
interspecific hybrids.
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3 MATERIALS AND METHODS
3.1 Plant material (I, 11, lll, IV, V)
3.1.1 Hybrids between distantly related species with A and E genomes (I, II, III)

The following interspecific hybrids between A and E genome species were selected for
glycoalkaloid aglycone anayses. i) tetraploid (2n=4x, AAEE) and hexaploid (2n=6x,
AAAAEE and AAEEEE) primary somatic hybrids between diploid (2n=2x=24, EE) S
brevidens acc. CPC 2451 (brd) and dihaploid (2n=2x=24, AA) S tuberosum PDH40 (tbr)
(Fish et al. 1987, 1988a; Xu et al. 1993b) (1) and ii) tetraploid and hexaploid primary somatic
hybrids between S. brevidens acc. CPC 2451 and dihaploid S. tuberosum Pito 4 (anther
culture derived line 45/4 of cv. Pito) (Rokka et al. 1994) (11, 1l1), anther culture derived
diploid (AE) and triploid (2n=3x, AEE) (somato)haploid lines (Rokka et a. 1995) (111), and
pentaploid (2n=5x, AAAEE) second generation somatic hybrids (Rokka et al. 2000) (111). The
scheme for the production of the plant material used in study 111 is presented in Figure 5.

Furthermore, an additional diploid E genome species S. etuberosum k-9141 (etb) and
dihaploid S. tuberosum T67 and their hexaploid (2n=6x, AAAAEE and AAEEEE) primary
somatic hybrids (Thieme et a. 1999, 2003) were selected for the present study. In addition,
one BC; hybrid derived from a cross between the hexaploid primary somatic hybrid 27/2/14/1
and tetraploid S. tuberosum N90, and eight BC, hybrids derived from a cross between the
pentaploid (2n=5x, AAEEE) BC; hybrid 64/10 and S. tuberosum N90 were analysed (see
Table 4 in paragraph 4.2.2).

3.1.2 Hybrids between closely related A genome speci€d acaule and S. tuberosum)
(v, v)

Tetraploid and hexaploid interspecific somatic hybrids between dihaploid (10, 86, 119) or
tetraploid [acc. Pl 472655.8 (7-8)] lines of S acaule (acl) and dihaploid (Pito 179, Petra 63,
White Lady 7, White Lady 15) or tetraploid (Pito, Petra, White Lady) lines of S. tuberosum
(Rokka et al. 1998b,c) (IV) were selected. In addition, dihaploid lines of S. acaule (59, 77,
110, 135) were included in the study.

Parental lines were also analysed in each experiment. In vitro and greenhouse culture
conditions of plantlets and plants were described in the papers.
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Figure 5. Breeding scheme for production of plant material between S. brevidens and S. tuberosum using
subsequent protoplast fusions and haploidisation (Gavrilenko et al. 2002).
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3.2 Glycoalkaloid aglycone analyses (I, 11, 11l, V)
3.2.1 Sample collection

Plants were multiplied in vitro and then transferred to the greenhouse. Leaves were harvested
either at the time of flower bud emergence (1), at various maturity stages of the leaves (l1), or
after 42/49 days of the growth from the middle parts of the plants, when the leaves were fully
expanded (I11 and Table 4). All the plant materials were air-dried at room temperature for
several days (1) or at 60-80 °C at heated cupboard in paper bags for 8-12 hours (11, 111, V, and
Table 4) and then ground to a fine powder using a table mill or mortar and pestle before the
analyses.

3.2.2 Extraction and hydrolysis

Glycoalkaloids were extracted from 100 mg of leaf powder using 5% (v/v) acetic acid. In
paper V and in plant material of S etuberosum (Table 4), 200 mg samples were also used.
Samples were prepared according to the modified procedure of the extraction and acid
hydrolysis methods described by Gregory et al. (1981) and van Gelder (1984) (I). Minor
improvements to the procedure presented in paper | were subsequently made (11). The detailed
procedure described in paper |1 was used in the remaining studies (I11, V, and Table 4). An
internal standard (1.S.) a-amyrine (1 mg/ml in chloroform) (1) or cholesterol (1 mg/ml in
chloroform) (11, 111, V, and Table 4) was added to each sample.

3.2.3 Derivatisation of aglycone samples

The hydrolysed and dried aglycone samples with a-amyrine (1.S.) were silylated with N,O-
bis(trimethylsilyl)-trifluoroacetamide (BSTFA) containing 1% trimethylchlorosilane (TMCS)
(). In a combined derivatisation method, the samples with cholesterol (1.S.) were at first
silylated with N-methyl-N-trimethylsilyltrifluoroacetamide (MSTFA) and then acylated with
pentafluoropropionic acid anhydride (PFAA) (11, 111, V, and Table 4).

3.2.4 GC-MS analyses

Derivatised samples of 1-4 pl were analysed using gas chromatography-mass spectrometry
(GC-MY9) in a Hewlett-Packard (HP) 5890 gas chromatograph coupled to an HP 5970
quadrupole mass selective detector operating at ionisation voltage of 70 eV (El-mode) and
electron multiplier voltage of 1800 V (1) or 1600 V (II, IlI, V, and Table 4). Before each
sample set, the system performance was controlled by a tuning procedure. Chromatographic
separation of glycoalkaloid aglycones was confirmed by preparing samples from pure
substances (solanine, tomatine, solasodine) and also from S tuberosum and S. brevidens
materials. Detailed GC-MS analysis conditions are described in the separate papers. An
injection through an HP 6890 AutoSampler was used for the materials described in paper V
and for those of S. etuberosum described in Table 4.

Identification of the aglycones was based on the GC-MS spectra of silylated and combined
derivatised authentic compounds and literature dealing with GC and M S data of underivatised
aglycones (Budzikiewicz 1964; van Gelder et al. 1989) (I, II, Ill, V). Aglycones were
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quantified by comparing the peak areas from total ion abundance with those of interna
standards.

Repeatability of the quantitative analysis was determined from the same plant material (N=6),
which was extracted, hydrolysed, derivatised, and analysed using GC-MS (I, Il). Tests for
recovery and linearity of the method were carried out (I1). Before auto-injection and sample
preparations for overnight analyses, stahility of the derivatised hybrid sample was determined.
Anayses were repeated five times by auto-injection during 30 hours after the sample
preparation (unpublished data).

High-resolution MS and NMR analyses were carried out as described in paper 11.

3.3 Bacterial ring rot analyses (IV, V)
3.3.1 Clavibacter michiganensis ssp.sepedonicus bacterial strains and inoculation (V)

Two highly virulent strains of C. michiganensis ssp. sepedonicus (Cms) (3RC and R10) were
used in the bacterial ring rot tests. The bacterial strains were grown on Y GM medium for 4 to
5 days at 26 °C. Bacterial suspensions for plant inoculations were prepared as described in
paper V.

Three-week-old in vitro propagated plantlets were inoculated via the roots as described by
Ishimaru et a. (1994) using the modifications presented in paper 1V. Inoculated plantlets were
transplanted to pots and transferred either to the greenhouse or to the growth chamber. The
growth period and growing conditions were as described. All the tests were repeated at |east
twice.

3.3.2 |IFAS tests for C. michiganensis ssp.sepedonicus detection (1V)

At 72 days post inoculation, stem sections of the plants were collected. An indirect
immunofluorescent antibody staining (IFAS) test with slight modifications was employed to
detect Cms bacteria. Concentrates of monoclonal antibody 9A1 and FITC were used. The
bacterial dlide preparations were observed using a microscope with a 100X objective, a
mercury vapour light source and afilter set for fluorescein fluorescence. The number of Cms
cells was expressed as immunofluorescing units per gram fresh weight of stem sample
(IFU/g).

3.3.3 Glycoalkaloid aglycone analyses df. michiganensis ssp.sepedonicusinoculated
plants (V)

In vitro grown plant materials (S. acaule, S. tuberosum and somatic hybrids) were inocul ated
with bacterial suspension (Cms-inoculated plants) or they were mock inoculated with sterile
phosphate buffer (negative control plants). Leaves of the mock inoculated and Cms-inocul ated
plants were harvested at the end of the bacterial ring rot testing period (72 days). Comparison
between the aglycone concentrations of the mock-inoculated and Cms-inoculated plants was
carried out to determine the effect of Cms on aglycone contents. GC-MS analyses were
carried out as described above.
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3.4 Statistical analyses (I, Ill, IV, V)

Anayses of variance and correlation (Pearson’s correlation coefficient) were used to
statistically analyse differences among the relative levels of the aglycones (1). Non-parametric
tests of Kruskal-Wallis and Mann-Whitney (SPSS Base 8.0, SPSS Inc., Chicago, USA) were
used to analyse the proportions of the aglycones and total aglycone content in terms of the
different genome constitutions (I11). GENMOD and LOGISTIC procedures (SAS 8.1, SAS
Ingtitute Inc. Cary, NC, USA) were performed to analyse differences in numbers of Cms
bacteria and to compare the differences based on the number of infected plants per number of
plants inoculated (1V). Comparison of the aglycone concentrations between mock- and Cms-
inoculated plants was carried out using a MIXED procedure (SAS 8.1, SAS Ingtitute Inc.
Cary, NC, USA) (V). P-values of less than 0.05 were considered to indicate statistical
significance.
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4 RESULTS AND DISCUSSION

The Solanum glycoalkaloids have been intensively studied during recent decades and as a
result of substantial research efforts, thousands of articles concerning various aspects of
glycoalkaloids have been published. The use of wild Solanum species in potato improvement
has stimulated interest in the glycoakaloids formed by wild Solanum species and their
interspecific hybrids. To introgress desirable resistance traits into the cultivated potato
genome, various interspecific somatic hybrids have been produced between S. tuberosum and
wild Solanum species, such as S. acaule (Yamada et al. 1997; Rokka et al. 1998b,c; Kozukue
et al. 1999), S. brevidens (Barshy et a. 1984; Austin et al. 1985; Fish et al. 1987; Rokka et al.
1994), and S. etuberosum (Novy & Helgeson 1994b; Thieme & Thieme 1998). For example,
viral disease resistance (PLRV, PVY, PVX) and bacterial disease resistance (Erwinia soft rot)
were expressed in the somatic hybrids between S, brevidens and S. tuberosum (Austin et al.
1985; Helgeson et al. 1986; Austin et al. 1988; Gibson et al. 1988; Pehu et al. 1990a;
Helgeson et al. 1993; Rokka et al. 1994; McGrath et a. 2002), athough S. brevidens (E
genome species) and S. tuberosum (A genome species) are distantly related. In addition, the
somatic hybrids between S etuberosum (E genome) and S. tuberosum have carried many
desirable traits, such as resistance to vira disease (PVY) and aphids (M. persicae and A.
solani) (Novy & Helgeson 1994a,b; Thieme et al. 1999, 2003; Gavrilenko et al. 2003). Due to
the wild species S acaule and S. tuberosum being closely related A genome species, certain
desirable characters derived from S acaule (e.g. resistance to PVX) were successfully
transferred to cultivated potato germplasm (Ross 1986). Solanum acaule also expresses many
other desirable disease and nematode resistance traits as well as beneficial physiological
characters, such as tolerance to frosts and cold (Ross 1986; Hawkes 1994).

Glycoalkaloids are generally considered to be an undesirable character of potato, which is
why analyses are of such interest. However, high glycoalkaloid content or certain
glycoalkaloids are linked to some desirable traits, such as resistance to Colorado potato beetle
(Sturckow & Loéw 1961; Sinden et al. 1986a; Sinden et al. 1988; Deahl et al. 1991; Silhavy et
a. 1996; Sanford et al. 1997), certain fungal diseases (Fewell & Roddick 1993, 1997; Fewell
et al. 1997) and tolerance to cold (Burton 1989). According to the literature, the foliar or tuber
glycoalkaloid content of at least 70 Solanum species has aready been determined (Osman et
a. 1978; Gregory et al. 1981; van Gelder et a. 1988b; Deahl et al. 1993). Glycoalkaloid
concentrations in a wide range of species have been analysed and many other glycoalkaloids
than those present in S tuberosum have been found. Therefore, in the present study, variation
was investigated in qualitative and quantitative glycoakaloid aglycone contents in
interspecific Solanum hybrids of various genome constitutions.

4.1 Optimisation of the GC-MS method for glycoalkaloid aglycone analyses (I, Il)
4.1.1 Sample preparation (I, II)

In the present study, glycoalkaloids were extracted and hydrolysed according to the modified
procedure (I, Figure 1). Laborious evaporation of acetic acid extracts by nitrogen flow (1) was
replaced by a freeze-drying process (I1). In addition, after alteration of the hydrolysis solvent
2M HCI and methanol in study I, in which solanthrene was found in small amounts, to 1M
HCI in methanol (1), no solanthrene was detected in the S, brevidens + S. tuberosum somatic
hybrids or in the S. tuberosum parental lines. The result was consistent with earlier reports
that acid hydrolysis with ethanol or methanol compared with agueous hydrolysis prevented
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the dehydration of solanidine to solanthrene (Coxon et a. 1979; King 1980; van Gelder 1984;
Lawson et al. 1992).

4.1.2 Silylation of aglycone samples (1)

Due to their high molecular weight and low voldtility, glycoalkaloids and their aglycones are
problematic in GC analyses. Derivatisation can, however, be used to improve the thermal
stability and volatility of the compounds (Willard et a. 1988). Derivatisation of
glycoalkaloids and their aglycones using different methods, for example permethylation (Herb
et a. 1975; Osman et al. 1978; Gregory et a. 1981) and trimethylsilylation (Juvik et al. 1982;
Gaffield & Keeler 1996; Griffiths et al. 2000) has been done, but is not a very widely used
technique in glycoalkaloid analyses. Glycoalkaloid aglycones can be analysed without
derivatisation (e.g. van Gelder et al. 1988, 1989; Lawson et a. 1992), but then quite high
anaysis temperatures have to be used, which may decrease column age and cause
decomposition of compounds. In the present study, after silylation with BSTFA + 1% TMCS,
trimethylsilyl (TMS) derivatives of solanidine- and tomatidine-type aglycones were
successfully analysed using GC-MS (I, Figure 2). Repeatability of the method was 5-7%
(CV) for the principal aglycones (I, Table 1). The molecular ions m/z 469 and 471 showed
that monoTMS derivatisation of solanidine and demissidine occurred because the molecular
weights of silylated solanidine and demissidine increased by 72 am.u. (atom mass unit),
which indicated attachment of a TMS group to the molecule. The base peaks (m/z 150 and
204) of silylated solanidine and demissidine were identical to the base peaks of underivatised
solanidine and demissidine (Budzikiewicz 1964; van Gelder et al. 1989). However, solanidine
and demissidine can be separated using an appropriate column without an MS apparatus. The
base peak m/z 125 and the molecular ion m/z 559 of tomatidine indicated diTMS
derivatisation. In this study, the procedure was established especially for the analyses of
solanidane-based aglycones as TM S derivates by GC-MS.

4.1.3 Combined derivatisation method (I1)

Although silylation was used, broadening of the peaks was sometimes observed and the
resolution was inadequate, especially when the compounds of tomatidine-type at high
concentrations were analysed. Furthermore, the base peak of tomatidine (m/z 125) was quite
unspecific. In the present study a novel combined derivatisation method, including
trimethylsilylation using MSTFA reagent followed by acylation using pentafluoropropionic
acid anhydride PFAA, was devel oped to improve GC resolution and to produce more specific
and abundant fragments for the aglycones of the tomatidine-type. The repeatability of the
method ranged between 1 and 6% (CV) for the main aglycones (I1, Table 3). According to a
recovery test, the mean percent recovery of tomatidine was 113%. Notable decomposition of
derivatised aglycones was not detected in re-analyses of the hybrid sample (CV from 7.5 to
12.3% for the main aglycones), when an automatic sampler was used during 30 hours
(unpublished data). When the combined derivatisation technique was employed, no
broadening of the peaks was evident (11, Figure 3).

Solanidanes. The combined derivatisation method did not affect the fragmentation of
solanidine and demissidine compared with the base peaks of TMS-silylated solanidine and
demissidine, which were presented in paper I. In the structure of solanidine and demissidine
there is only one hydroxyl group available for a TMS-group and no position for a
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pentafluoropropionyl group. Thus, the major fragments nvz 150 (C1oH16N) and 204 (C14H2N)
and the molecular ions m/z 469 and 471 of solanidine and demissidine remained unchanged.

Sirosolanes. The major alterations and improvements were seen in the fragmentation of
tomatidine-type structures. After addition of MSTFA, a TMS-group was attached to positions
3 and 16 in tomatidine-type structures. A pentafluoropropionyl group was attached to nitrogen
after addition of the acylation reagent PFAA. The combined derivatisation technique formed
specific fragments for spirosolanes (11, Tables 1 and 2, Figure 2). The fragment m/z 269
(C11H12NOFs) was common for al spirosolanes and was formed by the attachment of a
pentafluoropropionyl group. Furthermore, specific fragments m/z 417 (CyH410,Si,) of
solasodine and tomatidenol, and m/z 419 (CyH430,Si;) of tomatidine and assumed
soladulcidine were formed. The presence or absence of a double bond at the 5,6 position of
the aglycone can now be seen as the difference between the base peak fragments m/z 417 and
419. Even though the two spirosolanes had the same base peak, retention times of all these
four spirosolanes could be differentiated (11, Figure 4).

Specific fragments m/z 417 and 419 and individual retention times obtained by the combined
derivatisation technique enabled more reliable detection and quantification of the aglycones of
spirosolane-types. Using this derivatisation technique, solasodine and tomatidine differing
from each other by the existence of a double bond at the position 5,6, formed distinct peaks
(I, Figure 2 and 4). Tomatidine and tomatidenol were aso able to be separated from each
other. In total ion analyses (TIC, total ion chromatogram), tomatidine was superimposed on
tomatidenol, but using ion m/z 417 tomatidenol was identified (11, Figure 4). Solasodine and
tomatidenol were also distinguished from each other even though they had the same
molecular weights and the same base peaks (m/z 417). This was because they had the opposite
configurations at C-22 and C-25 in their structures, which produced clearly separate peaks.
Not only solasodine and tomatidenol, but also tomatidine and soladulcidine form another
isomeric pair with the same molecular weight but opposite configurations at C-22 and C-25.
The peaks of tomatidine and putative soladulcidine were clearly separated from each other
despite having the same base peak fragment (m/z 419) (11, Figure 4). In conclusion, opposite
configurations at C-22 and C-25, but not double bond differences, gave clearly distinct peaks.

The silylation of spirosolanes presented in paper | also became clearer in paper 1. Although
tomatidine had only one hydroxyl group in its structure, the formation of the diTMS structure
(the molecular ion mVz 559 and the base peak m/z 125, CgH1sN) after silylation was proposed
(I) and later confirmed (I1). The first TMS-group was attached to the hydroxyl group at
position 3 of the aglycone. According to the NMR analysis (l1), the second TMS-group was
attached to the hydroxyl group, which was formed after the opening of the tetrahydrofuran
ring. Opening the tetrahydrofuran ring seemed to be related to the occurrence of the nitrogen
ring.

The new derivatisation method combined with the SIM (selected ion monitoring) technique
enabled the analyses of the same aglycones both in adult primary hybrid plants and in two-
week-old in vitro grown hybrid plants (I1, Figure 5). The GC-MS technique is therefore well
suited for plant breeding and screening purposes, when minor and novel aglycones are
expected and large numbers of samples have to be screened. The validity of GC-MS
technique appears in the identification of new compounds as a result of the specificity and
sensitivity of it. Low concentrations of compounds or low sample amounts are not the
restrictive factors in GC-MS analyses. Furthermore, known aglycone profiles can even be
sufficiently analysed by GC. However, the lack of knowledge of the glycoalkaloid glycosides
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is considered to be a limitation of GC-MS technique. Analysis of entire glycoalkaloid
glycosides is impossible by GC-MS technique. The need of hydrolysis of glycoalkaloids and
also derivatisation of aglycones require prolonged sample preparation and analysis times. In
addition, due to the described works and expensive investments, GC-M S analysis technique is
regarded as arelatively costly method.

4.2 Glycoalkaloid aglycone contents in the hybrids between A and E genorSelanum
species (I, 1)

4.2.1 Formation of demissidine (I)

The main glycoakaloid aglycone of S. brevidens was tomatidine and of S. tuberosum was
solanidine. Both parental-derived aglycones were aso found in all the somatic hybrids
between S brevidens and S tuberosum (I, Figure 2). Furthermore, a novel aglycone,
demissidine, was identified in each interspecific hybrid between the A and E genome species.

In the present study, a hypothetical pathway was proposed for the formation of demissidine
aglycone in the somatic hybrids (I, Figure 6). According to this pathway, a hydrogenase
enzyme encoded by S brevidens mediated the production of tomatidine through
hydrogenation of the double bond of the teinemine precursor. In the somatic hybrids the
proposed enzyme hydrogenated the double bond of solanidine leading to the production of
demissidine. The only difference between solanidine and demissidine is the presence of a
double bond at position 5,6 in solanidine, which is absent in demissidine. This hypothetical
pathway for demissidine formation was based on the view that teinemine was the precursor of
solasodine, tomatidine, and solanidine (Kaneko et a. 1976; van Gelder 1991).

In addition to its presence in the S brevidens + S. tuberosum hybrids, demissidine was also
found as a novel aglycone in the S. etuberosum + S. tuberosum hybrids (Table 4). Similarly,
demissidine was analysed earlier in the somatic hybrids between S circaeifolium and S
tuberosum, in addition to the parental glycoakaloid aglycones tomatidine and solanidine
(Mattheij et al. 1992). In contrast to the results of the present study, Vallin et al. (1996)
reported that the S brevidens + S tuberosum somatic hybrid contained identical
glycoakaloids to the parental species (solanine and chaconine in S tuberosum and two
uncharacterised glycoalkaloids in S brevidens). It can be speculated that the reason why no
novel glycoakaloid was detected in that hybrid may be due to the analytical method used or
to the genotype of S brevidens, Pl 218228. It can be supposed, however, that the unknown
compounds detected in S. brevidens and in the hybrid (Vallin et a. 1996) were tomatine-type
structures because tomatine was not identified in their study. Furthermore, intergeneric potato
+ tomato somatic hybrids contained the glycoakaloids of parental origin (solanine,
chaconine, and tomatine) (Roddick & Melchers 1985), but additional uncharacterised
compounds that resembled glycoalkaloids were aso detected. Also, non-parental
glycoakaoids have been identified in progenies derived from crosses between various S
chacoense genotypes (McCollum & Sinden 1979).

4.2.2 Aglycone composition (1, 1)

Similarly to S. brevidens, the main glycoalkaloid aglycone in S. etuberosum was tomatidine
(Table 4). As a result of the improvement in the analysis technique due to the combined
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derivatisation, tomatidenol was successfully identified and separated from tomatidine in both
S brevidens (Il, Figure 4) and S. etuberosum using ion m/z 417. Recently, due to the
improved analysis technique, dehydrotomatine (tomatidenol) was also detected as an impurity
in commercial tomatine chemical products and separated from tomatine (tomatidine) in
tomato plants (Bushway et al. 1994; Friedman et a. 1994; Ono et al. 1997). In addition,
putative soladulcidine was supposed to be one of the glycoalkaloid aglycones in S. brevidens
and S etuberosum. Also in paper | using the silylation, the proposed soladulcidine was most
probably detected in S brevidens (I, Figure 2, peak 4). However, in paper |, S. brevidens was
suggested to contain tomatidine and three unidentified aglycones.

Table 4. Mean concentrations (mg/kg dw) and proportions (%) of the main glycoalkaloid aglycones in the
somatic hybrids between S etuberosum and S. tuberosum and their backeross (BC, and BC,) progenies.

Solanidine Demissidine Tomatidine Total
Genotype Genome N Mean Sd % Mean Sd % Mean Sd % Mean Sd
ratio*
Parental
lines
S etuberosum EE 10 18470 2655 100 18470 2655
k-9141
S. tuberosum AA 7 1607 271 100 1607 271
T67
S tuberosum AAAA 6 1023 259 100 1023 258
N90
Somatic
hybrids
26/2/11/1 nd. 7 315 105 40 318 107 41 144 43 19 77 238
27/2/12/1 AAAAEE 8 291 53 34 285 57 33 284 36 33 860 138
27/2/14/1 AAEEEE 9 51 17 1 93 29 3 3783 575 9 3927 603
8/1/2/1 AAEEEE 8 25 11 1 40 15 1 3342 430 98 3407 451
6/1/2/1 AAEEEE 8 79 29 2 136 54 3 3935 658 95 4150 731
BC,
progeny
64/10 AAAEE 8 925 160 45 628 132 31 516 183 24 2069 312
BC,
progenies
64/10/1/1 AAA(A)(E) 5 913 52 74 288 48 23 37 17 3 1230 104
64/10/1/3 nd. 7 1680 326 65 261 57 10 661 172 25 2602 437
64/10/2/1 nd. 6 220 76 72 70 18 23 12 4 5 302 93
64/10/4/1 AAA(A)E) 5 1234 341 72 395 97 24 70 18 4 1699 370
64/10/7/1 nd. 8 820 83 72 227 18 20 91 47 8 1138 109
64/10/8/1 nd. 10 1051 203 74 350 60 25 22 7 1 1419 259
64/10/16/1 nd. 6 962 251 64 426 142 28 122 71 8 1510 398
64/10/23/4 nd. 4 1003 278 68 446 121 30 24 8 2 1473 406

* Gavrilenko et a. 2003
nd., not determined

The principa glycoakaloid aglycones solanidine, demissidine, and tomatidine were found in
leaves of all the primary somatic hybrids between S. brevidens and S. tuberosum and in their
second generation hybrids (I, Figure 2; 111, Figure 1) and in the S. etuberosum + S. tuberosum
primary somatic hybrids and in their backcross (BC) progenies (Table 4). Also tomatidenol
and putative soladulcidine were identified in most of the S. brevidens + S. tuberosum (Il,
Figure 4) and S. etuberosum + S. tuberosum primary hybrids. Similarly, tomatidenol was also
detected in the somatic hybrids between S circaeifolium and S tuberosum (Méttheij et a.
1992). The main aglycones in the second generation (I11) and in the BC hybrids (S
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etuberosum, Table 4) were identical to the aglycones found in the primary hybrids. However,
the glycoakaloid profiles can also be different in BC hybrids than in the primary hybrids
(Sanford et a. 1998; Veilleux & Miller 1998; Carputo et al. 2003).

Identification of tomatidenol in parallel with tomatidine in S. brevidens and S. etuberosum
species and in the somatic hybrids was consistent with the observations that plants usually
produce two glycoakaloids (eg. potato: solanine—chaconine, tomato: tomatine—
dehydrotomatine [tomatidine-tomatidenol aglycones]) (Friedman & McDonad 1999;
Friedman 2002). Due to sample hydrolysis for GC-MS analysis, information on the
composition of al the glycoalkaloid glycosides in hybrids was lost. However, it can be
speculated that solanidine is derived from solanine and chaconine, tomatidine from tomatine,
demissidine from demissine or commersonine, tomatidenol from a-solamarine, B-solamarine
or dehydrotomatine, and the putative soladulcidine is derived from soladulcine.

4.2.3 The effect of genome constitution on aglycone contents (|, Il1)

Primary hybrids. Tomatidine concentration in S brevidens was high and ranged from 3852
mg/kg (111) to 8173 mg/kg dw (1). Tomatidine levels analysed in S brevidens in the present
study were not consistent with the very low total glycoalkaloid contents earlier determined in
S brevidens (233 mg/kg dw) (Vallin et a. 1996). The mean tomatidine concentration (18 470
mg/kg) in S etuberosum (Table 4) was higher than that in S brevidens. However, the
differences in tomatidine concentrations between S brevidens and S. etuberosum cannot be
directly compared because they were grown at different periods and probably under dightly
different conditions.

There was also a wide variation in the total aglycone content in the tetraploid and hexaploid
primary somatic hybrids between S. brevidens and S tuberosum (I, 111). In paper I, the total
aglycone levels in the hybrids were closer to the mid-parent levels than to the lower parental
level of S tuberosum. However, in paper |11, the total aglycone concentrations in the somatic
hybrids and their (somato)haploids were considerably lower compared with the tomatidine
content of S brevidens, but the concentrations were at a similar level to the solanidine
concentration of the S. tuberosum parental line, Pito 4. Moreover, in all the primary somatic
hybrids between S. etuberosum and S. tuberosum (Table 4), the mean total aglycone content
was much lower than the mid-parent level, which may be an indication of the dominance
effect of the S. tuberosum parent for low glycoalkaloid synthesis (Ross 1966). The inheritance
of glycoakaloids is not clear and there are studies (Sanford & Sinden 1972; van Dam et al.
1999) that do not support the conclusion of Ross (1966). Sanford et a. (1994, 1995) observed
lower total glycoalkaloid content than the mid-parent mean content in the F, hybrids derived
from a cross between S. tuberosum and S chacoense. This was in agreement with the
hypothesis of the dominance effect of the low level synthesis presented by Ross (1966). On
the other hand, the amounts were supposed to be too high to indicate complete dominance.
There are aso results published that have shown intermediate or even higher glycoalkaloid
concentrations in hybrids compared with the parental lines (Louwes et al. 1992; Mattheij et al.
1992; Kozukue et a. 1999). In the present study, the genome constitution of the hybrids also
affected the total aglycone amounts in the S. etuberosum + S. tuberosum hybrids. The
hexaploid 2x etb + 4x tbr (AAAAEE) hybrid (27/2/12/1) and the hybrid 26/2/11/1 (unknown
genome composition) had significantly lower (p<0.001) total aglycone levels than the
hexaploid 4x etb + 2x tbr (AAEEEE) hybrids.
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The genome constitution of the hybrids also affected the relative proportions of aglycones.
The relative proportion of tomatidine was significantly lower in the S brevidens + S
tuberosum hexaploid hybrids (2x brd + 4x tbr, AAAAEE), in which one third of the genome
consisted of S brevidens, in comparison with the tetraploid 2x brd + 2x tbr (AAEE) and
hexaploid 4x brd + 2x tbr (AAEEEE) hybrids (). The highest solanidine proportion was
detected in the 2x brd + 4x tbr (AAAAEE) hybrids. It was noticed that in the hybrids the
relative proportion of tomatidine correlated positively with the proportion of the genome of S
brevidens (I, Figure 4). Furthermore, there was a positive correlation between the relative
proportions of solanidine and demissidine in the S brevidens + S. tuberosum somatic hybrids
(1, Figure 3), but the relative proportions of tomatidine and demissidine correlated negatively.
In paper 111, the relative proportion of tomatidine was higher than the relative proportion of
solanidine and demissidine in the entire S. brevidens + S. tuberosum hybrid material (I,
Table 1). The relative proportion of demissidine was also high in the hexaploid 4x brd + 2x
tbr (AAEEEE) hybrids and the triploid anther-derived (somato)haploid. The relative
proportion of solanidine was similar in both tetraploid 2x brd + 2x tbr (AAEE) and hexaploid
4x brd + 2x thr (AAEEEE) hybrids. Similarly to the S. brevidens + S. tuberosum hybrids, the
genome constitution also affected the aglycone proportions in the S etuberosum + S
tuberosum hybrids. The relative proportions of all the aglycones in the 2x etb + 4x tbr
(AAAAEE) hybrid (27/2/12/1) and in 26/2/11/1 hybrid (unknown genome composition) were
significantly different (p<0.001) from the relative aglycone proportions the 4x etb + 2x tbr
(AAEEEE) hybrids (Table 4). The mean tomatidine proportion of the three 4x etb + 2x thr
(AAEEEE) hybrids was as high as 96%, while the mean solanidine and demissidine
proportions were only about 2%. The reason for the high tomatidine proportions in the 4x etb
+ 2x tbr (AAEEEE) hybrids is not known, but it may be inherited from S. etuberosum because
there was already a high tomatidine concentration in S. etuberosum. Finally, it can be
concluded that the higher the genome portion of S. tuberosum the more enhanced production
of solanidine was expressed in the somatic hybrids.

The tetraploid and hexaploid S. brevidens + S. tuberosum primary somatic hybrids did not
exhibit differences from their anther-derived diploid and triploid (somato)haploids in terms of
their relative proportions of glycoalkaloid aglycones (I11). However, the diploid S. chacoense
genotypes produced significantly higher mean leptine and total glycoalkaloid concentrations
in their foliage than the corresponding tetraploid genotypes but no differences between
proportions were found (Sanford et al. 1997). Also, in S. acaule the ploidy level influenced
the amount of tomatine but not of demissine (Kozukue et al. 1999).

The relative proportions of aglyconesin the S, brevidens + S tuberosum hybrids presented in
paper | differed from those presented in paper 111, although the genome consgtitutions of the
hybrids were similar in both studies. In the hexaploid 4x brd + 2x thr (AAEEEE) hybrids (1),
the tomatidine proportion was higher and the demissidine proportion was lower than in the
corresponding hexaploid (AAEEEE) and triploid (AEE) hybrids in paper I11. The proportion
of solanidine was similar in the hexaploid hybrids with the same genome constitution. In the
tetraploid 2x brd + 2x thr hybrids, the proportion of solanidine varied (papers | and I1), but
the proportions of demissidine and tomatidine were equivalent. The aglycone proportions in
the 2x etb + 4x tbr (AAAAEE) hybrid (27/2/12/1) and in the 26/2/11/1 hybrid (unknown
genome composition) were at similar levels as the mean proportions of 2x brd + 4x tbr
(AAAAEE) hybrids (1), but the aglycone proportions of the 4x etb + 2x tbr (AAEEEE)
hybrids were different from those of the 4x brd + 2x tbr (AAEEEE) hybrids (I, I11). However,
the mean total aglycone content in S, etuberosum + S. tuberosum hybrids was more similar to
the level in S, brevidens + S. tuberosum hybrids presented in paper |, but much higher than
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presented in paper 111. Solanum brevidens and S. etuberosum share the same E genome (Perez
et a. 1999), but obviously the reason for the variation in the aglycone proportions between the
S brevidens + S. tuberosum and S. etuberosum + S. tuberosum primary somatic hybrids was
due to the difference between the E genome species. In addition, the difference in the
aglycone proportions within the 2x brd + 2x thr (AAEE) hybrids (1, 111) could be explained by
the different parental genotypes of S tuberosum. As previously described, the choice of
nonleptine-producing parents was an important factor in determination of the amount and
proportion of leptines synthesised in the hybrids (Sanford et al. 1996b; Veilleux & Miller
1998). Also different growth conditions may be another important factor affecting aglycone
proportions and amounts (van Gelder & Scheffer 1991; Nitithamyong et al. 1999).

Second generation somatic hybrids and BC hybrids. The effect of genome constitution of the
hybrids on aglycone proportions was clearly seen in the S. brevidens + S. tuberosum second
generation somatic hybrids (AAAEE) (lIl) and in the S etuberosum + S tuberosum BC;
(AAAEE) and BC; progeny [AAA(A)(E)] (Table 4). In the second generation somatic hybrids
the mean total concentrations were at an approximately similar level compared with the
primary S brevidens + S tuberosum hybrids and their (somato)haploids. Selection for
reduced glycoalkaloid content should be possible in the BC hybrids (Sanford et al. 1998;
Veilleux & Miller 1998; Sarquis et al. 2000; Carputo et al. 2003), even though it was not
consistently observed in the second generation and BC hybrids in the present study. Alteration
of the genome constitution in the second generation hybrids (AAAEE) closer to the S
tuberosum type promoted a significantly higher relative proportion of solanidine (average
29%) compared with the S brevidens + S tuberosum primary hybrids and their
(somato)haploids (10%). A similar trend towards a higher solanidine proportion was also seen
in the 2x brd + 4x thbr hybrids (1), which had a higher A genome dose, as described by
Sanford et al. (1998). A more marked modification of the glycoakaloid type of S. tuberosum
was observed in the BC; (AAAEE) and BC; hybrids containing S. etuberosum genome. There
was a progressive elimination of the alien E genome, but increase of the A genome, which
caused reduced tomatidine but increased solanidine expression. The mean solanidine
proportion in the BC; hybrids was as high as 70%. Demissidine proportions were increased in
the BC; and BC; hybrids compared with those of demissidine in the parental hybrids earlier
selected for backcrossing. Moreover, the glycoakaloids of S commersonii rapidly
disappeared in the BC population derived from crosses between S. commersonii and S
tuberosum (Carputo et a. 2003).

4.3 The somatic hybrids between two A genome specie&s écaule and S. tuberosum)
(v, v)

4.3.1 Bacterial ring rot immunity tests in the S. acaule + S. tuberosum somatic hybrids
(V)

The wild species S. acaule expresses desirable resistance traits to diseases and nematodes that
affect cultivated potato and it also possesses beneficia physiological characters (Ross 1986;
Hawkes 1994). As S acaule and S. tuberosum are both A genome species, they are closely
related. The genome formula of tetraploid S. acaule is proposed to be AAA®A? (Matsubayashi
1982) or A,AA3A; (Hawkes 1994), while tetraploid S tuberosum has the genome formula of
AAAA or AAA'A' (Hawkes 1990, 1994). Some desirable characters of S acaule (eg.
resistance to PV X) have been successfully transferred into cultivated potato germplasm (Ross
1986). One desirable character of S. acaule acc. Pl 472655.8 (7-8) was proposed to be
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immunity to bacterial ring rot disease (Ishimaru et al. 1994; Kriel et a. 1995ab) following
screening of a range of wild Solanum species for potential immunity to infection by C.
michiganensis ssp. sepedonicus (Kurowski & Manzer 1992; Kriel et a. 1995a). The immunity
trait was thought to be encoded by two dominant genes (Kriel et al. 1995b).

The goal of this study was to incorporate immunity to Cms into the interspecific somatic
hybrids between S acaule and S tuberosum (IV). However, al the S acaule + S. tuberosum
somatic hybrids in this study exhibited typica ring rot symptoms and were susceptible to
infection by Cms in the greenhouse (1V, Figure 1). If the trait were due to dominant genes, it
would be expected to be expressed in the somatic hybrids (Wenzel et a. 1979). However, no
evidence of dominance of the trait in the somatic hybrids was found. The genome
composition of the somatic hybrids, however, influenced bacteria titres. The 4x acl + 2x tbr
somatic hybrids supported reduced replication of Cms compared with the 2x acl + 4x tbr or
2x acl + 2x thr hybridsin all the other replications except one (IV, Figure 1). The 2x acl + 4x
tbr and 2x acl + 2x tbr hybrids did not statisticaly differ from each other. Thus, a higher
proportion of S acaule genome enhanced the lower replication of Cms. In addition,
interactions between the genomes of S acaule and S tuberosum may also have affected
replication of Cms. The occasiona chromosome loss observed inthe S acaule + S. tuberosum
hybrids (Yamada et al. 1998a) is unlikely to have been responsible for the suppression of
resistance to Cms, because most of the hybrids were euploid (V).

4.3.1.1 Temperature-dependent immunity ofS. acaule

In the present study, none of the S. acaule lines exhibited visible ring rot symptoms as a result
of infection by Cms. The dihaploid S. acaule lines 10 and 119 were immune to infection, but
tetraploid S acaule 7-8 and dihaploid S acaule 86 contained bacteria when grown in the
greenhouse (1V, Figure 1). All the other dihaploid lines were infected by Cms (IV, Table 3),
but there were also uninfected plants in each S. acaule line. Based on “fixed heterozygosity”
of S acaule, variation in responses to bacteria ring rot between different dihaploids was
expected because of the higher level of heterozygosity of the dihaploids compared with
tetraploid S. acaule (Yamada et a. 1998a).

Due to the variation in the number of infected and non-infected plants in the material derived
from S. acaule and because ring rot immunity in tetraploid S acaule 7-8 to Cms was not
observed under greenhouse conditions, additional studies concerning S acaule 7-8 were
carried out. Solanum acaule produces tubers only under short day (12 h) and cool conditions
(15 °C) and thus did not form tubers in the greenhouse at 18-22 °C (Rokka et al. 1998¢c). To
investigate the influence of temperature on immunity, plants of S. acaule 7-8 were inocul ated
and placed in the growth chamber set at either 15 or 21 °C. Symptoms of ring rot were not
observed at either temperature. Based on the IFAS tests, at 21 °C S acaule 7-8 plants were
immune to Cms (1V, Table 2), but a 15 °C the plants were infected and contained Cms
bacteria. Thus, temperature had a highly significant effect on the response of S. acaule 7-8 to
ring rot.

Temperature-dependent resistance of plants is a common phenomenon. Studies with fungal
diseases have shown that in some cases resistant plants have become susceptible at lower
temperature (Gousseau et al. 1985; Islam et al. 1989; Judelson & Michelmore 1992; Balass et
al. 1993; Ge et a. 1998). Similarly, resistance can also be induced by lowering the
temperature (Fraser & Loughlin 1982; Kaul & Shaner 1989; Roderick et a. 2000). The effect
of temperature on resistance to viral diseases has been reported (Vakonen 1997; Valkonen &
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Watanabe 1999). Several mechanisms for temperature-dependent resistance were proposed
(Islam et al. 1989; Judelson & Michelmore 1992; Vakonen et al. 1998; Roderick et al. 2000).
For example, it was suggested that temperature may have altered the expression of either
avirulence or resistance genes or temperature may have affected their interactions (Judelson &
Michelmore 1992). In addition, it was suggested that there is interaction between resistance
genes and genes affected by temperature (Roderick et al. 2000). Vakonen et al. (1998)
concluded that the temperature-dependent modifier gene of the potato cultivar Pito altered
symptom expression in PVY® infected potatoes. However, in the present study, the
mechanism for temperature-dependent response in the case of S. acaule remains unknown.

4.3.2 The effect of genome constitution 06. acaule + S. tuberosum somatic hybrids on
glycoalkaloid aglycone contents (V)

Solanum acaule contained demissidine, tomatidine, and trace amounts of solanidine
aglycones (V, Table 4) as reported by van Gelder et al. (1988b). In contrast to the present
study, Kozukue et a. (1999) using various anaytical methods did not find solanine and
chaconine (solanidine) in their S acaule lines. In the studies with S brevidens and S
etuberosum species (I1 and Table 4), tomatidenol aglycone was masked by tomatidine.
However, in total ion analyses of S acaule lines the specific fragment of tomatidenol (nmvz
417) was not found, but putative soladulcidine was detected. All the somatic hybrids between
S acaule and S. tuberosum contained solanidine, demissidine, and tomatidine aglycones (V,
Table 4) and a so putative soladul cidine was found in some hybrid plants.

The mean total aglycone contents in the S acaule + S tuberosum somatic hybrids were at
similar levels to those of the S. acaule lines (V, Table 4). In the S. acaule + S tuberosum
somatic hybrids of Kozukue et a. (1999), the glycoalkaloid contents in tubers were
intermediate between values for total amount in the parental species. Additiondly, in the
present study, the total aglycone concentrations among the somatic hybrids were similar,
athough the total amountsin 2x acl + 2x tbr hybrid were significantly lower than those in the
2x acl + 4x tbr hybrid. However, the genome constitution of the somatic hybrids affected the
concentrations and the relative proportions of aglycones (V, Table 4). A higher proportion of
S tuberosum genome in the 2x acl + 4x tbr hybrid enhanced production of solanidine
(amount and proportion) compared with the remaining hybrids. The effect of the higher
proportion of S tuberosum genome on aglycone production has also been detected previously
(Sanford et al. 1998; I, I, and Table 4). Correspondingly, a higher proportion of S. acaule
genome in the 4x acl + 2x tbr hybrid increased the proportion of demissidine. This may be
due to the high demissidine proportion in the S acaule parental line. In the S. brevidens + S,
tuberosum and S. etuberosum + S. tuberosum (A + E genome) hybrids (I and Table 4) the
increase of wild species genome raised the tomatidine proportion. The increase of demissidine
proportion was a result of a higher proportion of wild species DNA in the S acaule + S
tuberosum hybrids and is consistent with the results presented in paper 111. On the other hand,
the basis for aglycone proportions/contents in the S. acaule + S. tuberosum hybrids differs
from the S brevidens + S. tuberosum and S. etuberosum + S. tuberosum hybrids because the
S acaule parental lines originally contained demissidine while S. brevidens and S
etuberosum only formed tomatidine.
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4.3.3 Influence of C. michiganensis ssp.sepedonicus on glycoalkaloid aglycone
accumulation (V)

The preliminary results of the present study showed that the mean solanidine, demissidine,
and total aglycone concentrations in leaves of S. acaule + S tuberosum somatic hybrids
infected by Cms were significantly lower than in leaves of the corresponding mock-inoculated
plants (V, Figure 1). The decrease in aglycone concentration after Cms-inoculation was also
observed in the lines of S acaule 7-8 and S. acaule 86 (V, Figure 2). In Pito, the effect of
Cms-infection on solanidine content was reversed when compared with any other lines tested.
Increased solanidine levels in Cms-infected Pito were consistent with results from a study of
C. michiganensis ssp. michiganensis in which tomatine was accumulated in the leaves of a
susceptible tomato cultivar after bacterial infection (Beimen et al. 1992). Also Lachman et al.
(2001) reported that high levels of glycoakaloids were found in potatoes in response to
rotting caused by fungi or bacteria. However in tomato, tomatine levels decreased in the
leaves after infection by Xanthomonas campestris pv. vesicatoria bacteria (Kumar & Prasad
1989) and in shoots of susceptible varieties after infection by Pseudomonas solanacearum
(Smith) Smith bacteria (Mohanakumaran et al. 1969).

The decrease in aglycone levels in the S acaule + S. tuberosum hybrids after Cms-infection
was similar to the results of earlier studies, in which suppression of glycoakaloid
accumulation after different elicitor or fungal pathogen inoculation/treatment was reported
(Shih et al. 1973; Tjamos & Ku¢ 1982; Zook & Ku¢ 1987; Choi et al. 1994; Mucharromah et
a. 1995; Dimenstein et al. 1997; Andreu et a. 2001). Furthermore, in a study of P. infestans,
reduction of glycoalkaloid accumulation was greater after inoculation with an incompatible
rather than a compatible race of P. infestans (Shih et a. 1973). During the suppression of
glycoalkaloid accumulation, inhibition of sgualene synthetase redirected biosynthetic
pathways from sterol/steroid glycoakaloid synthesis towards sesquiterpenoid phytoalexin
synthesis (Stermer & Bostock 1987; Vogeli & Chappell 1988; Zook & Ku¢ 1991). However,
in the present study, sesquiterpenoid compounds were not measured. Even though the S
acaule + S. tuberosum hybrids were susceptible to Cms and showed ring rot symptoms (1V),
the hybrids responded to inoculation with Cms in a similar way to the tolerant S. acaule by
reduced glycoakaloid accumulation. The suppressed glycoalkaloid concentrations may be a
trait derived from the S. acaule wild potato that also becomes expressed in interspecific
hybrids during interaction with Cms. It can be concluded that infection by Cms affected
glycoalkaloid accumulation in the potato material analysed. Overal, the results raised two
questions. 1) are glycoalkaloids involved in defence mechanisms against Cms? 2) do the
glycoalkal oids have an essential role in the interaction between plant and bacteria?

Many secondary metabolites produced by plants are known to be defensive compounds
against plant pathogens and pests (Osbourn 1996a,b; Dixon 2001; Wittstock & Gershenzon
2002). In common with other secondary metabolites, glycoalkaloids may be strongly linked to
plant defence mechanisms, especially to resistance responses to various fungal diseases and
attack by insects (Stiirckow & L6w 1961; Sinden et al. 1986a, 1988; Deahl et al. 1991; Fewell
& Roddick 1993, 1997; Silhavy et al. 1996; Fewell et a. 1997; Sanford et al. 1997). Due to
the preformed nature of glycoakaloids, they are sometimes termed phytoanticipins in order to
separate them from phytoal exin compounds (VanEtten et al. 1994). Although there has been a
strong interest in elucidating the role of glycoalkaloids in interactions between plants and
fungal diseases (Fewell & Roddick 1993, 1997; Fewell et a. 1997), their function in plant-
bacteria interactions has been little studied. Prokaryotes are known to lack sterols in their cell
membranes and therefore glycoalkaloids were considered to play at most only a minor
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protective role against bacteria diseases (Jadhav et al. 1981; Hostettmann & Marston 1995;
Roddick 1996), although some contradictory opinions have been expressed (Bobeica et al.
1996; Lachman et al. 2001; Dr. Anne Osbourn, personal communication). In the place of
sterol compounds, prokaryotes have complex molecules termed hopanoids, which are
structurally similar to sterols. Hopanoids are assumed to function in prokaryotic cytoplasm as
stabilising agents as with the eukaryotic sterols in membranes (Brock et a. 1994).
Glycoalkaloids are known to have membrane disruptive effects as a result of their interaction
with membrane sterols.

In in vitro tests many plant secondary metabolites have expressed activity against bacteria,
particularly against gram positive bacteria (Tegos et a. 2002). Cms, which was studied here,
isone of the very few gram positive plant pathogens. Solanum acaule, immune to infection by
Cms, showed decreased glycoalkaloid accumulation after inoculation, the reverse of the
susceptible S tuberosum cultivar. Whether the variation in the glycoalkaloid levels of
different genotypes is related to a defence response against bacteria or to regular metabolic
dterations caused by infection remains yet uncertain in the present study. Earlier it was noted
that bacterial ring rot resistance in potato was not related to tuber glycoakaloid content
(Paguin 1966). Similar observations were made with Streptomyces scabies (Thaxter)
Waksman & Henrici (gram positive bacterium) (Frank et al. 1975) and E. carotovora ssp.
atroseptica (van Hall 1902) Dye 1969 (gram negative bacterium) (Andrivon et a. 2003).
However, tomatine was shown to be bactericidal, inhibiting development of bacterial black
spot (caused by X. vesicatoria) (Bobeica et al. 1996) and P. solanacearum (M ohanakumaran
et a. 1969) in tomato.

It is also important to point out that some phytopathogenic fungi have specific methods of
tolerating antimicrobial compounds produced by plants (Osbourn 1996ab; Morrissey &
Osbourn 1999). This may be a result of modification of the membrane composition or the
ability to enzymatically reduce the toxic effects of the defensive compounds (Osbourn
1996a,b; Morrissey & Osbourn 1999). An interesting example is tomatine (tomato
glycoalkaloid), which can be detoxified by fungal pathogens (Pegg & Woodward 1986;
Lairini & Ruiz-Rubio 1997, 1998; Sandrock & VanEtten 1998; Quidde et al. 1998). In
addition, it was reported that potato glycoalkaloids are also detoxified by fungi (Weltring et
a. 1997; Becker & Weltring 1998; Oda et al. 2002). Whether bacteria are able to detoxify the
antimicrobial compounds metabolised by plantsis not yet well studied.

Overall, since various glycoakaloids have synergistic effects, a broader spectrum of
glycoalkaloids in commercia potato cultivars may be beneficial in order to improve
resistance to diseases and pests (Lachman et al. 2001). As aready noted, cultivated potato
produces only solanidine, but the main glycoakaloid aglycone of E genome Solanum species
(S brevidens and S etuberosum) is tomatidine. Moreover, in S acaule the proportion of
tomeatidine is considerably high. This is interesting since according to results from the most
recent studies, tomatine may not be toxic to humans (Friedman et al. 2000a,b). Tomatine and
green tomatoes with high tomatine levels induced a significant reduction in plasma LDL
cholesterol and triglyceride levels in hamsters in comparison with ripened red tomatoes
(Friedman et a. 2000a,b; Kozukue & Friedman 2003). Furthermore, the less-toxic effect of
tomatine might also have been demonstrated by Keukens et a. (1995) by illustrating that
tomatine disrupts the membrane in a different manner to the toxic chaconine. Tomatidine
aglycone had no relative teratogenic capacity in hamsters either (Gaffield & Keeler 1996). It
can be suggested that formation of solanine and chaconine, which are both toxic, could be
replaced by tomatine. This may represent a novel desirable trait that could be incorporated
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from either wild potato species or from tomato into cultivated potato (Friedman 2002; Dr.
Tatjana Gavrilenko, personal communication).

The research relating to the non-toxicity of tomatine has highlighted further interesting
possihilities. In the genetic enhancement of cultivated potato using interspecific hybridisation,
it is possible to eliminate undesirable wild characters, such as wild type glycoalkaloids, using
sexual backcrosses and back-fusion methodology. However, another possibility also exists
through creating interspecific somatic hybrids. A broader range of glycoakaloids in potato
cultivars could also be a desirable novel trait. The formation of tomatine instead of solanine
and chaconine could prove beneficial to humans because of its health promoting properties.
Variation in glycoalkaloids could also increase the level of resistance to plant diseases.
Interestingly, glycoalkaloids have been shown to have broad beneficial properties in human
health care, such as tomatine as an adjuvant in malaria vaccine development (Heal et al. 2001)
and solamargine glycoalkaloid, which has anti-cancer properties (Kuo et al. 2000).
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5 CONCLUSIONS

In the present study, the analyses of glycoalkaloid aglycones were improved using a
combined derivatisation i.e. silylation-acylation and GC-MS. The method described can now
be used for identification of the tomatidine-type aglycones in particular due to their more
specific fragmentation by MS.

In addition to the parental type glycoalkaloid aglycones, a novel aglycone, demissidine, was
aso recorded in the interspecific somatic hybrids between cultivated potato and E genome
Solanum (S. brevidens and S etuberosum) species. Accordingly, for the formation of
demissidine a hypothetical pathway was proposed based on the expression of a hydrogenase
enzyme originating from the E genome Solanum species.

The genome constitution had a strong effect on the relative proportions of the aglycones
(solanidine, tomatidine and demissidine) in each interspecific hybrid. The higher genome
portion of S. tuberosum enhanced the production of solanidine in the progenies produced by
backcrossing or repeated somatic fusions with S. tuberosum. In contrast, the portions of aien
glycoalkaloids were reduced. This is important because through synergism different
glycoalkaloids may have higher toxicity than solanidine alone. However, it is also worth
noting that tomatine derived from wild Solanum species may have certain health enhancing
properties. Therefore, replacement of solanine and chaconine by tomatine production may be
worth studying in the near future.

The present study also included bacteria ring rot (caused by Cms) tests of the somatic hybrids
between cultivated potato and S. acaule wild potato. The hybrids were susceptible to Cms.
However, expression of the temperature-dependent immunity in S. acaule was examined.
Therefore, S. acaule was subsequently considered tolerant rather than immune to bacterial
ring rot. The Cms infection decreased glycoakaloid aglycone levels in S acaule and in
interspecific hybrids. The Cms-infected S. tuberosum lines showed either significantly higher
accumulations or no ateration in their aglycone concentrations. Whether the decreased
accumulation of aglyconesis linked to the mechanism of tolerance to Cms, remains unknown
according to the results from this study and therefore needs further work.



56

6 ACKNOWLEDGEMENTS

This study was carried out at the Crops and Biotechnology, MTT Agrifood Research Finland
and at the Department of Applied Biology, University of Helsinki. MTT, The Academy of
Finland, The Finnish Ministry of Agriculture and Forestry, The Foundation of Kemira, The
Finnish Cultural Foundation and The Finnish Association of Academic Agronomists provided
financial support. All financial support is gratefully acknowledged.

| express my most sincere gratitude to my supervisor, Dr. Veli-Matti Rokka, MTT Plant
Breeding Biotechnology for the al help during these years and especialy during the final
stages of this writing process. My special thanks go also to my other supervisor, Docent Into
Laakso, Division of Pharmacognosy, who taught me the analytical side of glycoakaloids and
who always has a positive and enthusiastic attitude. Without my supervisors there would be
no thesis!

| am aso very grateful to Professor Jari Valkonen, Department of Applied Biology, for
proposing glycoalkal oids as the research topic during my Master’s thesis period and Professor
Eija Pehu for offering me the possibility to work in the glycoalkaoid project. | also thank
Professor Raimo Hiltunen, Head of Division of Pharmacognosy for the use of the laboratory
and GC-MS apparatus at the Division of Pharmacognosy. Professor Alan Schulman and Dr.
Pirjo Tanhuanp&d, MTT Plant Breeding Biotechnology, are thanked for their support. The
staff of the MTT Information Services, particularly Ritva Kaakoski, is gratefully
acknowledged for their quick responses and help.

In addition, | would like to warmly thank Professor Carol Ishimaru, Colorado State
University, USA, Dr. Ramona Thieme, Federal Centre for Breeding Research on Cultivated
Plants, Germany, and Mrs. Leena Pietild, potato breeder, Borea Plant Breeding Ltd. for
providing the plant materials, to Professor Rainer Huopal ahti, Food Chemistry, University of
Turku, Dr. Pirjo Kuronen and Ms. Tiina Véadnanen for the NMR and high-resolution MS
analyses of glycoalkaloid aglycones, to Ms. Airi Tauriainen for results during the course of
tissue culture, to Dr. Tatjana Gavrilenko, N.I. Vavilov Institute of Plant Industry, St.
Petersburg, Russia and Mr. Juha Larkka for the GISH analyses, and to Dr. Mary Metzler for
the helpful advice during the bacterial ring rot work. Sisko Holm, Marja-Leena Manninen,
TiinaMarttilaand Kirsti Makel& are thanked for the excellent laboratory assistance.

Docent Jonathan Robinson and Ms. Jill Middlefell-Williams are thanked for excellent
linguistic revision. | also acknowledge Dr. Steve Millam and Dr. Velimatti Ollilainen the
revision of thisthesis and the useful comments.

| wish to express my warmest thanks to the all people at MTT Plant Breeding Biotechnology
and the Division of Pharmacognosy for their support and for creating a pleasant working
atmosphere. You are so many, so | cannot name you all, but | want particularly to mention
Tuulikki Seppanen-Laakso, Tiina Vaandnen, Airi Tauriainen and Teija Tenhola-Roininen for
their great help and friendship. Elina Kiviharju is warmly thanked for mental support during
recent times. Pirkko Rinne and Ritva K oskenoja are thanked for their care and help.

Finaly, | am grateful to my family and my friends — especially to those who never asked
anything about my work.



57

7 REFERENCES

Abell, D.C. & Sporns, P. 1996. Rapid quantitation of potato glycoalkaloids by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry. Journal of Agricultural and Food Chemistry 44, 2292-
2296.

Andreu, A., Oliva, C., Distel, S. & Daleo, G2001. Production of phytoalexins, glycoalkaloids and phenolicsin
leaves and tubers of potato cultivars with different degrees of field resistance after infection with Phytophthora
infestans. Potato Research 44, 1-9.

Andrivon, D., Corbiére, R., Lucas, J.-M., Pasco, C., Gravoueille, J.-M., Pellé, R., Dantec, J.-P.
Ellisséche, D.2003. Resistance to late blight and soft rot in six potato progenies and glycoalkaloid contents in
the tubers. American Journal of Potato Research 80, 125-134.

Arnqyvist, L., Dutta, P.C., Jonsson, L. & Sitbon, F.2003. Reduction of cholesterol and glycoalkaloid levelsin
transgenic potato plants by overexpression of a type 1 sterol methyltransferase cDNA. Plant Physiology 131,
1792-1799.

Austin, S., Baer, M.A. & Helgeson, J.P1985. Transfer of resistance to potato leaf roll virus from Solanum
brevidens into Solanum tuberosum by somatic fusion. Plant Science 39, 75-82.

Austin, S., Ehlenfeldt, M.K., Baer, M.A. & Helgeson, J.P.1986. Somatic hybrids produced by protoplast
fusion between S tuberosum and S brevidens: phenotypic variation under field conditions. Theoretical and
Applied Genetics 71, 682-690.

Austin, S., Lojkowska, E., Ehlenfeldt, M.K., Kelman, A. & Helgeson, J.P1988. Fertile interspecific somatic
hybrids of Solanum: A novel source of resistance to Erwinia soft rot. Phytopathology 78, 1216-1220.

Austin, S., Pohlman, J.D., Brown, C.R., Mojtahedi, H., Santo, G.S., Douches, D.S. & Helgeson, 1993.
Interspecific somatic hybridization between Solanum tuberosum L. and S. bulbocastanum Dun. as a means of
transferring nematode resistance. American Potato Journal 70, 485-495.

Bacigalupo, M.A,, lus, A., Longhi, R. & Meroni, G. 2000. Quantification of glycoalkaloids in tomato plants
by time-resolved fluorescence using a europium chelator entrapped in liposomes. Analyst 125, 1847-1850.

Baird, E., Cooper-Bland, S., Waugh, R., DeMaine, M. & Powell, W1992. Molecular characterization of
inter- and intra-specific somatic hybrids of potato using randomly amplified polymorphic DNA (RAPD)
markers. Molecular and General Genetics 233, 469-475.

Balass, M., Cohen, Y. & Bar-Joseph, M.1993. Temperature-dependent resistance to downy mildew in
muskmelon: Structural responses. Physiological and Molecular Plant Pathology 43, 11-20.

Bamberg, J.B., Martin, M.W. & Schartner, J.J. 1994. Elite selection of tuber-bearing Solanum species
germplasm. Based on evaluations for disease, pest and stress resistance. Inter-Regional Potato Introduction
Station. Sturgeon Bay, Wisconsin. 56 p.

Barsby, T.L., Shepard, J.F., Kemble, R.J. & Wong, R1984. Somatic hybridization in the genus Solanum: S
tuberosum and S. brevidens. Plant Cell Reports 3, 165-167.

Bartle, K.D. & Myers, P. 2002. History of gas chromatography. Trendsin Analytical Chemistry 21, 547-557.
Bastia, T., Carotenuto, N., Basile, B., Zoina, A. & Cardi, T.2000. Induction of novel organelle DNA
variation and transfer of resistance to frost and Verticillium wilt in Solanum tuberosum through somatic

hybridization with 1IEBN S. commersonii. Euphytica 116, 1, 1-10.

Becker, P. & Weltring, K.-M. 1998. Purification and characterization of a—chaconinase of Gibberella
pulicaris. FEMS Microbiology Letters 167, 197-202.



58

Beimen, A., Bermpohl, A., Meletzus, D., Eichenlaub, R. & Barz, W1992. Accumulation of phenolic
compounds in leaves of tomato plants after infection with Clavibacter michiganense subsp. michiganense strains
differing in virulence. Zeitschrift fur Naturforschung 47 c, 898-909.

Bergenstréhle, A.1995. Glycoalkaloid synthesis in potato tubers. PhD Dissertation. Swedish University of
Agricultural Sciences, Uppsala. 34 p.

Bergenstrdhle, A., Tillberg, E. & Jonsson, L. 1992. Characterization of UDP-glucose:solanidine
glucosyltransferase and UDP-gal actose:solanidine galactosyltransferase from potato tuber. Plant Science 84, 35-
44,

Bianco, G., Schmitt-Kopplin, P., De Benedetto, G., Kettrup, A. & Cataldi, T.R.1.2002. Determination of
glycoakaloids and relative aglycones by nonagueous capillary electrophoresis coupled with electrospray
ionization-ion trap mass spectrometry. Electrophoresis 23, 2904-2912.

Blankemeyer, J.T., McWilliams, M.L., Rayburn, J.R., Weissenberg, M. & Friedman, M. 1998.
Developmental toxicology of solamargine and solasonine glycoalkaloids in frog embryos. Food and Chemical
Toxicology 36, 383-389.

Bobeica, V.A., Kintia, P.K. & Lupashku, G.A. 1996. The influence of steroid glycosides and glycoalkaloids
on the biochemical composition of tomato fruits. In: Agri-Food Quality. An Interdisciplinary Approach,
Fenwick, G.R., Hedley, C.L., Richards, R.L. & Khoklar, S. (eds.). Royal Society of Chemistry, Cambridge. pp.
100-103.

Bouarte-Medina, T., Fogelman, E., Chani, E., Miller, A.R., Levin, I., Levy, D. & Védleux, R.E. 2002.
Identification of molecular markers associated with leptine in reciprocal backcross families in diploid potato.
Theoretical and Applied Genetics 105, 1010-1018.

Brock, T.D., Madigan, M.T., Martinko, J.M. & Parker, J. 1994. Biology of Microorganisms. Prentice Hall,
Englewood Cliffs, New Jersey. 909 p.

Budzikiewicz, H. 1964. Zum Massenspektroskopischen Fragmentierungsverhalten von Steroidalkaloiden.
Tetrahedron 20, 2267-2278.

Burton, W.G. 1989. The potato. Longman Scientific and Technical, Singapore. 742 p.

Bushway, A.A., Bushway, R.J. & Kim, C.H.1988. Isolation, partial purification and characterization of a
potato peel glycoalkaloid glycosidase. American Potato Journal 65, 621-631.

Bushway, A.A., Bushway, R.J. & Kim, C.H.1990. Isolation, partial purification and characterization of a
potato peel a—solanine cleaving glycosidase. American Potato Journal 67, 233-238.

Bushway, R.J., Barden, E.S., Bushway, AW. & Bushway, A.A1979. High-performance liquid
chromatographic separation of potato glycoalkaloids. Journal of Chromatography 178, 533-541.

Bushway, R.J., Bureau, J.L. & King, J. 1986. Modification of the rapid high-performance liquid
chromatographic method for the determination of potato glycoalkaloids. Journal of Agricultural and Food
Chemistry 34, 277-279.

Bushway, R.J., Bureau, J.L. & McGann, D.F.1983. Alpha-chaconine and alpha-solanine content of potato
peels and potato peel products. Journal of Food Science 48, 84-86.

Bushway, R.J., Bureau, J.L. & Stickney, M.R.1985. A new efficient method for extracting glycoalkaloids
from dehydrated potatoes. Journal of Agricultural and Food Chemistry 33, 45-46.

Bushway, R.J., Perkins, L.B., Paradis, L.R. & Vanderpan, S.1994. High-performance liquid
chromatographic determination of the tomato glycoalkaloid, tomatine, in green and red tomatoes. Journal of
Agricultural and Food Chemistry 42, 2824-2829.



59

Bushway, R.J. & Ponnampalam, R.1981. a-Chaconine and a-solanine content of potato products and their
stability during several modes of cooking. Journal of Agricultural and Food Chemistry 29, 814-817.

Bushway, R.J., Savage, S.A. & Ferguson, B.3987. Inhibition of acetyl cholinesterase by Solanaceous
glycoalkaloids and alkaloids. American Potato Journal 64, 409-413.

Bushway, R.J., Wilson, A.M. & Bushway, A.A.1980. Determination of total glycoalkaloids in potato tubers
using amodified titration method. American Potato Journal 57, 561-565.

Camadro, E.L. & Espinillo, J.C. 1990. Germplasm transfer from wild tetraploid species Solanum acaule Bitt.
to the cultivated potato, S tuberosum L. using 2n eggs. American Potato Journal 67, 737-749.

Cardi, T., D'’Ambrosio, F., Consoli, D., Puite, K.J. & Ramulu, K.S.1993a. Production of somatic hybrids
between frost-tolerant Solanum commersonii and S. tuberosum: characterization of hybrid plants. Theoretical
and Applied Genetics 87, 193-200.

Cardi, T., Puite, K.J., Ramulu, K.S., D'Ambrosio, F. & Frusciante, L.1993b. Production of somatic hybrids
between frost tolerant Solanum commersonii and S tuberosum: protoplast fusion, regeneration and isozyme
analysis. American Potato Journal 70, 753-764.

Carman, A.S. Jr., Kuan, S.S., Ware, G.M., Francis, O.J. Jr. & Kirschenheuter, G.P1986. Rapid high-
performance liquid chromatographic determination of the potato glycoalkaloids a-solanine and a-chaconine.
Journal of Agricultural and Food Chemistry 34, 279-282.

Carputo, D., Terra, A., Barone, A., Esposito, F., Fogliano, V., Monti, L. & Frusciante, L.2003.
Glycoalkaloids and cold acclimation capacity of hybrids between S. tuberosum and the incongruent hardy
species S. commersonii. Theoretical and Applied Genetics 107, 1187-1194.

Carrasco, A., Ruiz de Galarreta, J.l., Rico, A. & Ritter, E.2000. Transfer of PLRV resistance from Solanum
verrucosum Schlechdt to potato (S tuberosum L.) by protoplast electrofusion. Potato Research 43, 31-42.

Chen, H.-H. & Li, P.H. 1980. Characteristics of cold acclimation and deacclimation in tuber-bearing Solanum
species. Plant Physiology 65, 1146-1148.

Chen, S., Derrick, P.J., Mellon, F.A. & Price, K.R.1994. Anaysis of glycoalkaloids from potato shoots and
tomatoes by four-sector tandem mass spectrometry with scanning-array detection: comparison of positive ion
and negative ion methods. Analytical Biochemistry 218, 157-169.

Chen, Y.-K.H., Palta, J.P., Bamberg, J.B., Kim, H., Haberlach, G.T. & Helgeson, J.B999. Expression of
nonacclimated freezing tolerance and cold acclimation capacity in somatic hybrids between hardy wild Solanum
species and cultivated potatoes. Euphytica 107, 1-8.

Cheng, J., Saunders, J.A. & Sinden, S.11995. Colorado potato beetle resistant somatic hybrid potato plants
produced via protoplast electrofusion. In Vitro Cellular & Developmental Biology 31, 90-95.

Choi, D., Bostock, R.M., Avdiushko, S. & Hildebrand, D.F.1994. Lipid-derived signals that discriminate
wound- and pathogen-responsive isoprenoid pathways in plants: Methyl jasmonate and the fungal elicitor
arachidonic acid induce different 3-hydroxy-3-methylglutaryl-coenzyme A reductase genes and antimicrobial
isoprenoids in Solanum tuberosum L. Proceedings of the National Academy of Science of USA 91, 2329-2333.

Chungcharoen, A., von Elbe, J.H., Wheeler, R.M. & Tibbitts, T.W.1987. Glycoalkaloids of potato tubers
grown under controlled environments. American Potato Journal 64, 432-433.

Cooper-Bland, S., De Maine, M.J., Fleming, M.L.M.H., Phillips, M.S., Powell, W. & Kumar, A.1994.
Synthesis of intraspecific somatic hybrids of Solanum tuberosum: assessments of morphological, biochemical
and nematode (Globodera pallida) resistance characteristics. Journal of Experimental Botany 45, 1319-1325.

Coria, N.A., Sarquis, J.I., Pefalosa, I. & Urzla, M.1998. Heat-induced damage in potato (Solanum
tuberosum) tubers: membrane stability, tissue viability, and accumulation of glycoalkaloids. Journal of
Agricultural and Food Chemistry 46, 4524-4528.



60

Coxon, D.T.1981. The glycoakaloid content of potato berries. Journal of the Science of Food and Agriculture
32, 412-414.

Coxon, D.T.1984. Methodology for glycoalkaloid analysis. American Potato Journal 61, 169-183.

Coxon, D.T., Price, K.R. & Jones, P.G.1979. A simplified method for the determination of total
glycoalkaloids in potato tubers. Journal of the Science of Food and Agriculture 30, 1043-1049.

Dale, M.F.B., Griffiths, D.W. & Bain, H. 1998. Effect of bruising on the total glycoalkaloid and chlorogenic
acid content of potato (Solanum tuberosum) tubers of five cultivars. Journal of the Science of Food and
Agriculture 77, 499-505.

Dale, M.F.B., Griffiths, D.W., Bain, H. & Todd, D. 1993. Glycoakaloid increase in Solanum tuberosum on
exposureto light. Annals of Applied Biology 123, 411-418.

De Boer, S.H. & McNaughton, M.E.1986. Evaluation of immunofluorescence with monoclonal antibodies for
detecting latent bacterial ring rot infections. American Potato Journal 63, 533-543.

De Boer, S.H. & Slack, S.A1984. Current status and prospects for detecting and controlling bacterial ring rot
of potatoesin North America. Plant Disease 68, 841-844.

De Maine, M.J., Bain, H. & Joyce, J.A.L.1988. Changes in the total glycoalkaloid content of potato cultivars
on exposure to light. Journal of Agricultural Science 111, 57-58.

Deahl, K.L., Cantelo, W.W., Sinden, S.L. & Sanford, L.L.1991. The effect of light intensity on Colorado
potato beetle resistance and foliar glycoalkaloid concentration of four Solanum chacoense clones. American
Potato Journal 68, 659-666.

Deabhl, K.L., Sinden, S.L. & Young, R.J.1993. Evaluation of wild tuber-bearing Solanum accessions for foliar
glycoalkaloid level and composition. American Potato Journal 70, 61-69.

Deahl, K.L., Young, R.J. & Sinden, S.L.1973. A study of the relationship of late blight resistance to
glycoalkaloid content in fifteen potato clones. American Potato Journal 50, 248-253.

Dimenstein, L., Lisker, N., Kedar, N. & Levy, D.1997. Changes in the content of steroidal glycoalkaloids in
potato tubers grown in the field and in the greenhouse under different conditions of light, temperature and
daylength. Physiological and Molecular Plant Pathology 50, 391-402.

Dixon, R.A. 2001. Natural products and plant disease resistance. Nature 411, 843-847.

Dong, F., McGrath, J.M., Helgeson, J.P. & Jiang, J2001. The genetic identity of alien chromosomes in
potato breeding lines revealed by sequential GISH and FISH analyses using chromosome-specific cytogenetic
DNA markers. Genome 44, 729-734.

Dong, F., Novy, R.G., Helgeson, J.P. & Jiang, 1999. Cytological characterization of potato - Solanum
etuberosum somatic hybrids and their backcross progenies by genomic in situ hybridization. Genome 42, 987-
992.

Donnelly, A., Lawson, T., Craigon, J., Black, C.R., Colls, J.J. & Landon, G2001. Effects of elevated CO,
and O3 on tuber quality in potato (Solanum tuberosum L.). Agriculture, Ecosystems and Environment 87, 273-
285.

Driedger, D.R., LeBlanc, R.J., LeBlanc, E.L. & Sporns, P2000a. A capillary electrophoresis laser-induced
fluorescence method for analysis of potato glycoalkaloids based on a solution-phase immunoassay. 1. Separation
and quantification of immunoassay products. Journa of Agricultural and Food Chemistry 48, 1135-1139.

Driedger, D.R., LeBlanc, R.J., LeBlanc, E.L. & Sporns, P2000b. A capillary electrophoresis laser-induced
fluorescence method for analysis of potato glycoalkaloids based on a solution-phase immunoassay. 2.
Performance evaluation. Journal of Agricultural and Food Chemistry 48, 4079-4082.



61

Edwards, E.J. & Cobb, A.H. 1996. Improved high-performance liquid chromatographic method for the
analysis of potato (Solanum tuberosum) glycoalkaloids. Journal of Agricultural and Food Chemistry 44, 2705-
2709.

Edwards, E.J. & Cobb, A.H. 1997. Effect of temperature on glycoalkaloid and chlorophyll accumulation in
potatoes (Solanum tuberosum L. cv. King Edward) stored at low photon flux density, including preliminary
modelling using an artificial neural network. Journal of Agricultural and Food Chemistry 45, 1032-1038.

Edwards, E.J. & Cobb, A.H. 1998. Current methods of potato glycoalkaloid analysis: problems and potential.
Aspects of Applied Biology 52, 331-337.

Edwards, E.J. & Cobb, A.H. 1999. The effect of prior storage on the potential of potato tubers (Solanum
tuberosum L) to accumulate glycoalkaloids and chlorophylls during light exposure, including artificial neural
network modelling. Journal of the Science of Food and Agriculture 79, 1289-1297.

Edwards, E.J., Saint, R.E. & Cobb, A.H.1998. Is there a link between greening and light-enhanced
glycoalkaloid accumulation in potato (Solanum tuberosum L) tubers? Journal of the Science of Food and
Agriculture 76, 327-333.

Ehlenfeldt, M.K. & Hanneman, R.E. Jr. 1984. The use of Endosperm Balance Number and 2n gametes to
transfer exotic germplasm in potato. Theoretical and Applied Genetics 68, 155-161.

Ehlenfeldt, M.K. & Helgeson, J.P.1987. Fertility of somatic hybrids from protoplast fusions of Solanum
brevidens and S tuberosum. Theoretical and Applied Genetics 73, 395-402.

Evans, D. & Mondy, N.I. 1984. Effect of magnesium fertilization on glycoalkaloid formation in potato tubers.
Journal of Agricultural and Food Chemistry 32, 465-466.

Evans, S., Buchanan, R., Hoffman, A., Mellon, F.A., Price, K.R., Hall, S., Walls, F.C., Burlingame, A.L.,
Chen, S. & Derrick, P.J.1993. Structural characterization of a glycoalkaloid at the femtomole level by means
of four-sector tandem mass spectrometry and scanning-array detection. Organic Mass Spectrometry 28, 289-290.

FAO 2004a. FAOSTAT data, online-database. Rome, Italy: FAO. Updated 3 February 2004. Cited 30 March
2004. Available on the Internet:

http://faostat.fao.org/f aostat/servlet/ X teServl et3?Areas=862& Items=116& Elements=51& Y ears=2003& Format=
Table& Xaxis=Y ears& Y axis=Countries& Aggregate=& Cal culate=& Domain=SUA & ItemTypes=Production.Crop
s.Primary& language=EN.

FAO 2004b. FAOSTAT data, online-database. Rome, Italy: FAO. Updated 30 June 2003. Cited 30 March 2004.
Available on the Internet:

http://faostat.fao.org/faostat/serviet/ X teServlet3?Areas=361& Items=2531& Elements=645& Y ears=2001& Forma
t=Table& Xaxis=Y ears& Y axis=Countries& A ggregate=& Cal culate=& Domain=FS& ItemTypes=FS.CropsAndPr
oducts& language=EN.

Fehér, A., Preiszner, J., Litkey, Z., Csanadi, Gy. & Dudits, D1992. Characterization of chromosome
instability in interspecific somatic hybrids obtained by X-ray fusion between potato (Solanum tuberosum L.) and
S brevidens Phil. Theoretical and Applied Genetics 84, 880-890.

Ferreira, F., Moyna, P., Soule, S. & Vazquez, A1993. Rapid determination of solanum glycoalkaloids by
thin-layer chromatographic scanning. Journal of Chromatography A 653, 380-384.

Fewell, A.M. & Roddick, J.G. 1993. Interactive antifungal activity of the glycoakaloids a—solanine and
a—chaconine. Phytochemistry 33, 323-328.

Fewell, A.M. & Roddick, J.G. 1997. Potato glycoalkaloid impairment of fungal development. Mycological
Research 101, 597-603.

Fewell, A.M., Roddick, J.G. & Weissenberg, M1994. Interactions between the glycoalkal oids solasonine and
solamargine in relation to inhibition of fungal growth. Phytochemistry 37, 1007-1011.



62

Fiehn, O.2002. Metabolomics - the link between genotypes and phenotypes. Plant Molecular Biology 48, 155-
171.

Fish, N., Karp, A. & Jones, M.G.K. 1987. Improved isolation of dihaploid Solanum tuberosum protoplasts and
the production of somatic hybrids between dihaploid S tuberosum and S brevidens. In Vitro Cellular &
Developmental Biology 23, 575-580.

Fish, N., Karp, A. & Jones, M.G.K. 1988a. Production of somatic hybrids by electrofusion in Solanum.
Theoretical and Applied Genetics 76, 260-266.

Fish, N., Steele, S.H. & Jones, M.G.K1988b. Field assessment of dihaploid Solanum tuberosum and S
brevidens somatic hybrids. Theoretical and Applied Genetics 76, 880-886.

Fitzpatrick, T.J., Herb, S.F., Osman, S.F. & McDermott, J.A.1977. Potato glycoakaloids: increases and
variations of ratios in aged slices over prolonged storage. American Potato Journal 54, 539-544.

Flanders, K.L., Hawkes, J.G., Radcliffe, E.B. & Lauer, F.1.1992. Insect resistance in potatoes: sources,
evolutionary relatioships, morphological and chemical defences, and ecogeographical associations. Euphytica
61, 83-111.

Fock, 1., Collonnier, C., Luisetti, J., Purwito, A., Souvannavong, V., Vedel, F., Servaes, A., Ambroise, A.,
Kodja, H., Ducreux, G. & Sihachakr, D. 2001. Use of Solanum stenotomum for introduction of resistance to
bacterial wilt in somatic hybrids of potato. Plant Physiology and Biochemistry 39, 899-908.

Fock, I., Collonnier, C., Purwito, A., Luisetti, J., Souvannavong, V., Vedel, F., Servaes, A., Ambroise, A.,
Kodja, H., Ducreux, G. & Sihachakr, D. 2000. Resistance to bacterial wilt in somatic hybrids between
Solanum tuberosum and Solanum phureja. Plant Science 160, 165-176.

Fragoyiannis, D.A., McKinlay, R.G. & D'Mello, J.P.F. 2001. Interactions of aphid herbivory and nitrogen
availability on the total foliar glycoalkaloid content of potato plants. Journal of Chemical Ecology 27, 1749-
1762.

Franc, G.D. 1999. Persistence and latency of Clavibacter michiganensis subsp. sepedonicus in field-grown seed
potatoes. Plant Disease 83, 247-250.

Frank, J.A., Wilson, J.M. & Webb, R.E. 1975. The relationship between glycoalkaloids and disease resistance
in potatoes. Phytopathology 65, 1045-1049.

Fraser, R.S.S. & Loughlin, S.A.R.1982. Effects of temperature on the Tm-1 gene for resistance to tobacco
mosaic virus in tomato. Physiological Plant Pathology 20, 109-117.

Friedman, M. 2002. Tomato glycoakaloids: role in the plant and in the died. Journal of Agricultural and Food
Chemistry 50, 5751-5780.

Friedman, M., Bautista, F.F., Stanker, L.H. & Larkin, K.A. 1998. Analysis of potato glycoalkaloids by a
new ELISA kit. Journal of Agricultural and Food Chemistry 46, 5097-5102.

Friedman, M. & Dao, L. 1992. Distribution of glycoalkaloids in potato plants and commercial potato products.
Journal of Agricultural and Food Chemistry 40, 419-423.

Friedman, M., Fitch, T.E., Levin, C.E. & Yokoyama, W.H. 2000a. Feeding tomatoes to hamsters reduces
their plasma low-density lipoprotein cholesterol and triglycerides. Journal of Food Science 65, 897-900.

Friedman, M., Fitch, T.E. & Yokoyama, W.H. 2000b. Lowering of plasma LDL cholesterol in hamsters by
the tomato glycoalkaloid tomatine. Food and Chemical Toxicology 38, 549-553.

Friedman, M., Kozukue, N. & Harden, L.A. 1998. Preparation and characterization of acid hydrolysis
products of the tomato glycoalkaloid a-tomatine. Journal of Agricultural and Food Chemistry 46, 2096-2101.



63

Friedman, M. & Levin, C.E. 1992. Reverse-phase high-performance liquid chromatographic separation of
potato glycoalkaloids and hydrolysis products on acidic columns. Journal of Agricultural and Food Chemistry
40, 2157-2163.

Friedman, M. & Levin, C.E. 1998. Dehydrotomatine content in tomatoes. Journal of Agricultural and Food
Chemistry 46, 4571-4576.

Friedman, M., Levin, C.E. & McDonald, G.M. 1994. a—Tomatine determination in tomatoes by HPLC using
pulsed amperometric detection. Journal of Agricultural and Food Chemistry 42, 1959-1964.

Friedman, M. & McDonald, G.M. 1995a. Acid-catalyzed partial hydrolysis of carbohydrate groups of the
potato glycoalkaloid a-chaconine in alcoholic solutions. Journal of Agricultural and Food Chemistry 43, 1501-
1506.

Friedman, M. & McDonald, G.M. 1997. Potato glycoakaloids: chemistry, analysis, safety, and plant
physiology. Critical Reviews in Plant Sciences 16, 55-132.

Friedman, M. & McDonald, G.M. 1999. Steroidal glycoalkaloids. In: Naturally occurring glycosides, Ikan, R.
(ed.). John Wiley & SonsLtd. pp. 311-343.

Friedman, M. & McDonald, G.M. 1995b. Extraction efficiency of various solvents for glycoalkaloid
determination in potatoes and potato products. American Potato Journal 72, 621.

Friedman, M., McDonald, G. & Haddon, W.F. 1993. Kinetics of acid-catalyzed hydrolysis of carbohydrate
groups of potato glycoalkaloids a-chaconine and a-solanine. Journal of Agricultural and Food Chemistry 41,
1397-1406.

Friedman, M., Rayburn, J.R. & Bantle, J.A. 1992. Structural relationships and developmental toxicity of
Solanum akaloids in the frog embryo teratogenesis assay - Xenopus. Journal of Agricultural and Food Chemistry
40, 1617-1624.

Friedman, M., Roitman, J.N. & Kozukue, N.2003. Glycoalkaloid and calystegine contents of eight potato
cultivars. Journal of Agricultural and Food Chemistry 51, 2964-2973.

Gaffield, W. & Keeler, R.F. 1996. Induction of terata in hamsters by solanidane akaloids derived from
Solanum tuberosum. Chemical Research in Toxicology 9, 426-433.

Garriga-Calderé, F., Huigen, D.J., Filotico, F., Jacobsen, E. & Ramanna, M.3997. Identification of alien
chromosomes through GISH and RFLP analysis and the potential for establishing potato lines with monosomic
additions of tomato chromosomes. Genome 40, 666-673.

Garriga-Calderé, F., Huigen, D.J., Jacobsen, E. & Ramanna, M.3999. Prospects for introgressing tomato
chromosomes into the potato genome: An assessment through GISH analysis. Genome 42, 282-288.

Gavrilenko, T., Larkka, J., Pehu, E. & Rokka, V.-M. 2002. Identification of mitotic chromosomes of
tuberous and non-tuberous Solanum species (Solanum tuberosum and S brevidens) by GISH in ther
interspecific hybrids. Genome 45, 442-449,

Gavrilenko, T., Thieme, R., Heimbach, U. & Thieme, T.2003. Fertile somatic hybrids of Solanum
etuberosum (+) dihaploid Solanum tuberosum and their backrossing progenies: relationships of genome dosage
with tuber development and resistance to potato virus Y. Euphytica 131, 323-332.

Gavrilenko, T., Thieme, R. & Rokka, V.-M. 2001. Cytogenetic analysis of Lycopersicon esculentum (+)
Solanum etuberosum somatic hybrids and their androgenetic regenerants. Theoretical and Applied Genetics 103,
231-239.

Gavrilenko, T., Thieme, R. & Tiemann, H. 1999. Assessment of genetic and phenotypic variation among
intraspecific somatic hybrids of potato, Solanum tuberosum L. Plant Breeding 118, 205-213.



64

Ge, Y., Johnson, J.W., Roberts, J.J. & Rajaram, S1998. Temperature and resistance gene interactions in the
expression of resistance to Blumeria Graminisf. sp. Tritici. Euphytica 99, 103-109.

Gibson, R.W., Jones, M.G.K. & Fish, N.1988. Resistance to potato leaf roll virus and potato virus Y in
somatic hybrids between dihaploid Solanum tuberosum and S. brevidens. Theoretical and Applied Genetics 76,
113-117.

Gibson, R.W., Pehu, E., Woods, R.D. & Jones, M.G.KL990. Resistance to potato virus Y and potato virus X
in Solanum brevidens. Annals of Applied Biology 116, 151-156.

Goodwin, T.W. & Mercer, E.l. 1988. The alkaloids. In: Introduction to plant biochemistry. Pergamon Press,
Oxford. pp. 480-527.

Gosselin, B., Mondy, N.l. & Evans, W.D1988. Effect of method of irrigation on the total glycoalkaloid and
nitrate-nitrogen content of Rosa potatoes. American Potato Journal 65, 99-103.

Gousseau, H.D.M., Deverall, B.J. & MclIntosh, R.A.1985. Temperature-sensitivity of the expression of
resistance to Puccinia graminis conferred by the S15, S9b and S14 genes in wheat. Physiological Plant
Pathology 27, 335-343.

Gregory, P., Sinden, S.L., Osman, S.F., Tingey, W.M. & Chessin, D.2981. Glycoalkaloids of wild, tuber-
bearing Solanum species. Journal of Agricultural and Food Chemistry 29, 1212-1215.

Griffiths, D.W., Bain, H. & Dale, M.F.B. 1997. The effect of low-temperature storage on the glycoalkaloid
content of potato (Solanum tuberosum) tubers. Journal of the Science of Food and Agriculture 74, 301-307.

Griffiths, D.W., Bain, H., Deighton, N., Robertson, G.W. & Dale, M.F.B.2000. Photo-induced synthesis of
tomatidenol-based glycoalkaloids in Solanum phureja tubers. Phytochemistry 53, 739-745.

Griffiths, D.W., Dale, M.F.B. & Bain, H. 1994. The effect of cultivar, maturity and storage on photo-induced
changes in the total glycoalkaloid and chlophyll contents of potatoes (Solanum tuberosum). Plant Science 98,
103-109.

Guntner, C., Gonzélez, A., Dos Reis, R., Gonzalez, G., Vazquez, A., Ferreira, F. & Moyna1897. Effect
of Solanum glycoalkaloids on potato aphid, Macrosiphum euphorbiae. Journal of Chemical Ecology 23, 1651-
1659.

Hawkes, J.G.1990. The potato. Evolution, biodiversity and genetic resources. Belhaven Press, London. 259 p.

Hawkes, J.G.1994. Origins of cultivated potatoes and species relationships. In: Potato genetics, Bradshaw, J.E.
& Mackay, G.R. (eds.). CAB International, Wallingford. pp. 3-42.

Heal, K.G., Sheikh, N.A., Hollingdale, M.R., Morrow, W.J.W. & Taylor-Robinson, A.W.2001. Potentiation
by a novel alkaloid glycoside adjuvant of a protective cytotoxic T cell immune response specific for a
preerythrocytic malaria vaccine candidate antigen. VVaccine 19, 4153-4161.

Heftmann, E. 1983. Biogenesis of steroidsin Solanaceae. Phytochemistry 22, 1843-1860.

Heftmann, E. & Schwimmer, S.1972. Degradation of tomatine to 3p-hydroxy-5a-pregn-16-en-20-one by ripe
tomatoes. Phytochemistry 11, 2783-2787.

Helgeson, J.P1989. Somatic hybridization of wild Solanum species with potato: a potential source of diversity
for breeders. In: Parental line breeding and selection in potato breeding, Lauwes, K.M., Toussant, HA.JM. &
Déllort, L.M.W. (eds.). Pudoc, Wageningen. pp. 87-94.

Helgeson, J.P., Haberlach, G.T., Ehlenfeldt, M.K., Hunt, G., Pohlman, J.D. & Austin, S1993. Sexua
progeny of somatic hybrids between potato and Solanum brevidens: potential for use in breeding programs.
American Potato Journal 70, 437-452.



65

Helgeson, J.P., Hunt, G.J., Haberlach, G.T. & Austin, S1986. Somatic hybrids between Solanum brevidens
and Solanum tuberosum: Expression of a late blight resistance gene and potato leaf roll resistance. Plant Cell
Reports 3, 212-214.

Helgeson, J.P., Pohlman, J.D., Austin, S., Haberlach, G.T., Wielgus, S.M., Ronis, D., Zambolim, L.,
Tooley, P., McGrath, J.M., James, R.V. & Stevenson, W.R1998. Somatic hybrids between Solanum
bulbocastanum and potato: a new source of resistance to late blight. Theoretical and Applied Genetics 96, 738-
742.

Hellends, K.-E., Branzell, C., Johnsson, H. & Slanina, P1995a. Glycoakaloid content of early potato
varieties. Journal of the Science of Food and Agriculture 67, 125-128.

Hellen&s, K.-E., Branzell, C., Johnsson, H. & Slanina, P1995b. High levels of glycoalkaloids in the
established Swedish potato variety Magnum Bonum. Journal of the Science of Food and Agriculture 68, 249-
255.

Herb, S.F., Fitzpatrick, T.J. & Osman, S.F.1975. Separation of potato glycoalkaloids by gas chromatography.
Journal of Agricultural and Food Chemistry 23, 520-523.

Hlywka, J.J., Stephenson, G.R., Sears, M.K. & Yada, R.Y1994. Effects of insect damage on glycoalkaloid
content in potatoes (Solanum tuberosum). Journal of Agricultural and Food Chemistry 42, 2545-2550.

Hoffland, E., van Beusichem, M.L. & Jeger, M.J.1999. Nitrogen availability and susceptibility of tomato
leavesto Botrytis cinerea. Plant and Soil 210, 263-272.

Horsman, K., Gavrilenko, T., Bergervoet, M., Huigen, D.-J., Joe, A.T.W. & Jacobsen, R001. Alteration
of the genomic composition of Solanum nigrum (+) potato backcross derivatives by somatic hybridization:
selection of fusion hybrids by DNA measurements and GISH. Plant Breeding 120, 201-207.

Hostettman, K. & Marston, A. 1995. Saponins. Cambridge University Press, Cambridge. 548 p.

Houben, R.J. & Brunt, K. 1994. Determination of glycoalkaloids in potato tubers by reversed-phase high-
performance liquid chromatography. Journal of Chromatography A 661, 169-174.

Howard, H.W. 1978. The production of new varieties. In: The potato crop: The scientific basis for
improvement, Harris, P.M. (ed.). Chapman & Hall, London. pp. 607-646.

Hutvagner, G., Banfalvi, Z., Milankovics, 1., Silhavy, D., Polgér, Z., Horvéath, S., Wolters, P. & Nap, J.-P.
2001. Molecular markers associated with leptinine production are located on chromosome 1 in Solanum
chacoense. Theoretical and Applied Genetics 102, 1065-1071.

Ishimaru, C.A., Lapitan, N.L.V., VanBuren, A., Fenwick, A. & Pedas, K.1994. |dentification of parents
suitable for molecular mapping of immunity and resistance genes in Solanum species. American Potato Journal
71, 517-533.

Islam, M.R., Shepherd, K.W. & Mayo, G.M.E. 1989. Effect of genotype and temperature on the expression of
L genesin flax conferring resistance to rust. Physiological and Molecular Plant Pathology 35, 141-150.

Iwanaga, M., Freyre, R. & Watanabe, K.1991. Breaking the crossability barriers between disomic tetraploid
Solanum acaule and tetrasomic tetraploid S. tuberosum. Euphytica 52, 183-191.

Jacobsen, E., De Jong, J.H., Kamstra, S.A., van den Berg, P.M.M.M. & Ramanna, M195. Genomic in
situ hybridization (GISH) and RFLP analysis for the identification of aien chromosomes in the backcross
progeny of potato (+) tomato fusion hybrids. Heredity 74, 250-257.

Jadhav, S.J. & Salunkhe, D.K.1973. Enzymatic glucosylation of solanidine. Journal of Food Science 38,
1099-1100.

Jadhav, S.J., Salunkhe, D.K., Wyse, R.E. & Dalvi, R.RL973. Solanum alkaloids: biosynthesis and inhibition
by chemicals. Journal of Food Science 38, 453-455.



66

Jadhav, S.J., Sharma, R.P. & Salunkhe, D.K1981. Naturally occurring toxic alkaloids in foods. Critical
Reviewsin Toxicology 9, 21-104.

Jiang, J. & Gill, B.S. 1994. Nonisotopic in situ hybridization and plant genome mapping: the first 10 years.
Genome 37, 717-725.

Johnston, S.A., den Nijs, T.P.M., Peloquin, S.J. & Hanneman, R.Br. 1980. The significance of genic
balance to endosperm development in interspecific crosses. Theoretical and Applied Genetics 57, 5-9.

Jones, R.A.C.1979. Resistance to potato leaf roll virusin Solanum brevidens. Potato Research 22, 149-152.

Jonker, H.H., Koops, A.J. & Hoogendoorn, J.C.1992. A rapid method for the quantification of steroidal
glycoalkaloids by reversed phase HPLC. Potato Research 35, 451-455.

Joyce, P.J., McCue, K.F., Belknap, W.R., Corsini, D.L., Love, S.L., Groza, H. & Bowen, B.0999.
Glycoalkaloid levelsin a genetically modified Lenape. American Journal of Potato Research 76, 373.

Judelson, H.S. & Michelmore, R.W.1992. Temperature and genotype interactions in the expression of host
resistance in lettuce downy mildew. Physiological and Molecular Plant Pathology 40, 233-245.

Juvik, J.A., Stevens, M.A. & Rick, C.M.1982. Survey of the genus Lycopersicon for variability in a—tomatine
content. HortScience 17, 764-766.

Kaaber, L. 1993. Glycoalkaloids, green discoloration and taste development during storage of some potato
varieties (Solanum tuberosum L.). Norwegian Journal of Agricultural Sciences 7, 221-227.

Kaneko, K., Kawamura, N., Kuribayashi, T., Tanaka, M. & Mitsuhashi, H. 1978. Structures of two
cevanine alkaloids, shinonomenine and veraflorizine, and a cevanidane alkaloid, procevine, isolated from
illuminated Veratrum. Tetrahedron Letters 48, 4801-4804.

Kaneko, K., Tanaka, M.W. & Mitsuhashi, H. 1976. Origin of nitrogen in the biosynthesis of solanidine by
Veratrum grandiflorum. Phytochemistry 15, 1391-1393.

Kaneko, K., Tanaka, M.W. & Mitsuhashi, H. 1977a. Dormantinol, a possible precursor in solanidine
biosynthesis, from budding Veratrum grandiflorum. Phytochemistry 16, 1247-1251.

Kaneko, K., Tanaka, M.W., Takahashi, E. & Mitsuhashi, H.1977b. Teinemine and isoteinemine, two new
alkaloids from Veratrum grandiflorum. Phytochemistry 16, 1620-1622.

Kaneko, K., Watanabe, M., Taira, S. & Mitsuhashi, H.1972. Conversion of solanidine to jerveratrum
alkaloids in Veratrum grandiflorum. Phytochemistry 11, 3199-3202.

Kaul, K. & Shaner, G. 1989. Effect of temperature on adult-plant resistance to leaf rust in wheat.
Phytopathology 79, 391-394.

Keukens, E.A.J., Hop, M.E.C.M. & Jongen, W.M.F.1994. Rapid high-performance liquid chromatographic
method for the quantification of a-tomatine in tomato. Journal of Agricultural and Food Chemistry 42, 2475-
2477.

Keukens, E.A.J., de Vrije, T., van den Boom, C., de Waard, P., Plasman, H.H., Thiel, F., Chupin, V.,
Jongen, W.M.F. & de Kruijff, B. 1995. Molecular basis of glycoalkaloid induced membrane disruption.
Biochimica et Biophysica Acta 1240, 216-228.

Kim, H., Choi, S.U., Chae, S.M., Wielgus, S.M. & Helgeson, J.R993. Identification of somatic hybrids
produced by protoplast fusion between Solanum commersonii and S. tuberosum haploid. Korean Journal of Plant
Tissue Culture 20, 337-344.

King, R.R. 1980. Anaysis of potato glycoalkaloids by gas-liquid chromatography of alkaloid components.
Journal - Association of Official Analytical Chemists 63, 1226-1230.



67

Korpan, Y.l., Volotovsky, V.V., Martelet, C., Jaffrezic-Renault, N., Nazarenko, E.A., El'skaya, A.V. &
Soldatkin, A.P. 2002. A novel enzyme biosensor for steroidal glycoalkaloids detection based on pH-sensitive
field effect transistors. Bioelectrochemisty 55, 9-11.

Kowalski, S.P., Domek, J.M., Sanford, L.L. & Deahl, K.L.2000. Effect of a—tomatine and tomatidine on the
growth and development of the Colorado potato beetle (Coleoptera: Chrysomelidae): studies using synthetic
diets. Journal of Entomological Science 35, 290-300.

Kozukue, N. & Friedman, M. 2003. Tomatine, chlorophyll, f—carotene and lycopene content in tomatoes
during growth and maturation. Journal of the Science of Food and Agriculture 83, 195-200.

Kozukue, N., Kozukue, E. & Mizuno, S.1987. Glycoakaloids in potato plants and tubers. HortScience 22,
294-296.

Kozukue, N., Misoo, S., Yamada, T., Kamijima, O. & Friedman, M.1999. Inheritance of morphological
characters and glycoalkaloids in potatoes of somatic hybrids between dihaploid Solanum acaule and tetraploid
Solanum tuberosum. Journal of Agricultural and Food Chemistry 47, 4478-4483.

Kriel, C.J., Jansky, S.H., Gudmestad, N.C. & Ronis, D.H1995a. Immunity to Clavibacter michiganensis
subsp. sepedonicus: Inheritance of immunity in Solanum acaule. Euphytica 82, 133-139.

Kriel, C.J., Jansky, S.H., Gudmestad, N.C. & Ronis, D.H1995b. Immunity to Clavibacter michiganensis
subsp. sepedonicus: Screening of exotic Solanum species. Euphytica 82, 125-132.

Kuhn, R. & Léw, I. 1961a. Zur Konstitution der Leptine. Chemische Berichte 94, 1088-1095.
Kuhn, R. & L6w, I. 1961b. Zur Konstitution des L eptinidins. Chemische Berichte 94, 1096-1103.

Kuhn, R., Léw, |. & Trischmann, H. 1955a. Die Konstitution des a-Chaconins. Chemische Berichte 88, 1690-
1693.

Kuhn, R., Low, I. & Trischmann, H. 1955b. Die Konstitution des Solanins. Chemische Berichte 88, 1492-
1507.

Kumar, J. & Prasad, M. 1989. Changes in glycoalkaloid tomatine in the leaves of tomato inoculated with
Xanthomonas campestris pv. vesicatoria. Zentralblatt fur Mikrobiologie 144, 19-21.

Kuo, K.-W., Hsu, S.-H., Li, Y.-P., Lin, W.-L., Liu, L.-F., Chang, L.-C., Lin, C.-C., Lin, C.-N. & Sheu, H.-
M. 2000. Anticancer activity evaluation of the Solanum glycoalkaloid solamargine. Biochemical Pharmacology
60, 1865-1873.

Kuronen, P., Vaananen, T. & Pehu, E.1999. Reversed-phase liquid chromatographic separation and
simultaneous profiling of steroidal glycoalkaloids and their aglycones. Journal of Chromatography A 863, 25-35.

Kurowski, C.J. & Manzer, F.E. 1992. Reevalution of Solanum species accessions showing resistance to
bacterial ring rot. American Potato Journal 69, 289-297.

Lachman, J., Hamouz, K., Orsak, M. & Pivec, V.2001. Potato glycoalkaloids and their significance in plant
protection and human nutrition - review. Rostlinna Vyroba 47, 181-191.

Laferriere, L.T., Helgeson, J.P. & Allen, C.1999. Fertile Solanum tuberosum + S. commersonii somatic
hybrids as sources of resistance to bacterial wilt caused by Ralstonia solanacearum. Theoretical and Applied
Genetics 98, 1272-1278.

Lafta, A.M. & Lorenzen, J.H. 2000. Influence of high temperature and reduced irradiance on glycoakaloid
levelsin potato leaves. Journal of the American Society of Horticultural Science 125, 563-566.

Lairini, K. & Ruiz-Rubio, M. 1997. Detection of tomatinase from Fusarium oxysporum f. sp. lycopersici in
infected tomato plants. Phytochemistry 45, 1371-1376.



68

Lairini, K. & Ruiz-Rubio, M. 1998. Detoxification of a—tomatine by Fusarium solani. Mycological Research
102, 1375-1380.

Lampitt, L.H., Bushill, J.H., Rooke, H.S. & Jackson, E.M.1943. Solanine, glycoside of the potato. Il. Its
distribution in the potato plant. Journal of the Society of Chemical Industry 62, 48-51.

Lavintman, N., Tandecarz, J. & Cardini, C.E. 1977. Enzymatic glycosylation of steroid alkaloids in potato
tuber. Plant Science Letters 8, 65-70.

Lawson, D.R., Erb, W.A. & Miller, A.R. 1992. Analysis of Solanum alkaloids using internal standardization
and capillary gas chromatography. Journal of Agricultural and Food Chemistry 40, 2186-2191.

Lawson, D.R., Green, T.P., Haynes, LR.W. & Miller, A.R.1997. Nuclear magnetic resonance spectroscopy
and mass spectrometry of solanidine, leptinidine, and acetylleptinidine. Steroidal alkaloids from Solanum
chacoense Bitter. Journal of Agricultural and Food Chemistry 45, 4122-4126.

Liljegren, D.R. 1971. Glucosylation of solasodine by extracts from Solanum laciniatum. Phytochemistry 10,
3061-3064.

Louwes, K.M., Hoekstra, R. & Mattheij, W.M. 1992. Interspecific hybridization between the cultivated potato
Solanum tuberosum subspecies tuberosum L. and the wild species S. circaeifolium subsp. circaeifolium Bitter
exhibiting resistance to Phytophthora infestans (Mont.) de Bary and Globodera pallida (Stone) Behrens. 2.
Sexual hybrids. Theoretical and Applied Genetics 84, 362-370.

Love, S.L., Herrman, T.J., Thompson-Johns, A. & Baker, T.P.1994. Effect and interaction of crop
management factors on the glycoalkaloid concentration of potato tubers. Potato Research 37, 77-85.

Luckner, M. 1990. Secondary metabolism in microorganisms, plants, and animals. Springer-Verlag, Berlin.
563 p.

Maga, J.A.1994. Glycoakaloids in Solanaceae. Food Reviews International 10, 385-418.
Mahato, S.B., Ganguly, A.N. & Sahu, N.P1982. Steroid saponins. Phytochemistry 21, 959-978.

Masuelli, R.W., Tanimoto, E.Y., Brown, C.R. & Comai, L.1995. Irregular meiosis in a somatic hybrid
between S. bulbocastanum and S. tuberosum detected by species-specific PCR markers and cytological analysis.
Theoretical and Applied Genetics 91, 401-408.

Matsubayashi, M. 1982. Species differentiation in Solanum, sect. Petota. Science Reports of the Faculty of
Agriculture, Kobe University 15, 23-33.

Matsubayashi, M. 1991. Phylogenetic relationships in the potato and its related species. In: Chromosome
engineering in plants: genetics, breeding, evolution, Part B, Tsuchiya, T. & Gupta, P. (eds.). Elsevier,
Amsterdam. pp. 93-118.

Mattheij, W.M., Eijlander, R., de Koning, J.R.A. & Louwes, K.M. 1992. Interspecific hybridization between
the cultivated potato Solanum tuberosum subspecies tuberosum L. and the wild species S circaeifolium subsp.
circaeifolium Bitter exhibiting resistance to Phytophthora infestans (Mont.) de Bary and Globodera pallida
(Stone) Behrens. 1. Somatic hybrids. Theoretical and Applied Genetics 83, 459-466.

Mattheij, W.M. & Puite, K.J. 1992. Tetraploid potato hybrids through protoplast fusions and analysis of their
performance in the field. Theoretical and Applied Genetics 83, 807-812.

Matthews, D., Harding, K., Wilkinson, M.J. & Millam, S. 1997. A dot-blot hybridisation method for
screening somatic hybrids. Plant Molecular Biology Reporter 15, 62-70.

Matthews, D., McNicoll, J., Harding, K. & Millam, S. 1999. 5-Anchored simple-sequence repeat primers are
useful for analysing potato somatic hybrids. Plant Cell Reports 19, 210-212.



69

McCollum, G.D. & Sinden, S.L. 1979. Inheritance study of tuber glycoalkaloids in a wild potato, Solanum
chacoense Bitter. American Potato Journal 56, 95-113.

McCue, K.F., Allen, P.V., Rockhold, D.R., Maccree, M.M., Belknap, W.R., Shepherd, L.V.T., Davies, H.,
Joyce, P., Corsini, D.L. & Moehs, C.P2003. Reduction of total steroidal glycoalkaloids in potato tubers using
antisense constructs of a gene encoding a solanidine glucosyl transferase. Acta Horticulturae 619:77-86

McGrath, J.M., Wielgus, S.M., Uchytil, T.F., Kim-Lee, H., Haberlach, G.T., Williams, C.E. & Helgeson,
J.P. 1994. Recombination of Solanum brevidens chromosomes in the second backcross generation from a
somatic hybrid with S. tuberosum. Theoretical and Applied Genetics 88, 917-924.

McGrath, J.M., Williams, C.E., Haberlach, G.T., Wielgus, S.M., Uchytil, T.F. & Helgeson, J.P2002.
Introgression and stabilization of Erwinia tuber soft rot resistance into potato after somatic hybridization of
Solanum tuberosum and S. brevidens. American Journal of Potato Research 79, 19-24.

Menke, U., Schilde-Rentschler, L., Ruoss, B., Zanke, C., Hemleben, V. & Ninnemann, 1896. Somatic
hybrids between the cultivated potato Solanum tuberosum L. and the 1EBN wild species Solanum pinnatisectum
Dun.: morphological and molecular characterization. Theoretical and Applied Genetics 92, 617-626.

Millam, S., Payne, L.A. & Mackay, G.R.1995. The integration of protoplast fusion-derived material into a
potato breeding programme - areview of progress and problems. Euphytica 85, 451-455.

Moehs, C.P., Allen, P.V., Friedman, M. & Belknap, W.R1997. Cloning and expression of solanidine UDP-
glucose glucosyltransferase from potato. The Plant Journal 11, 227-236.

Mohanakumaran, N., Gilbert, J.C. & Buddenhagen, 1.W.1969. Relationship between tomatin and bacterial
wilt resistance in tomato. Phytopathology 59, 14.

Mondy, N.l. & Gosselin, B. 1988. Effect of peeling on total phenols, total glycoalkaloids, discoloration and
flavor of cooked potatoes. Journal of Food Science 53, 756-759.

Mondy, N.I., Leja, M. & Gosselin, B.1987. Changes in total phenolic, total glycoalkaloid, and ascorbic acid
content of potatoes as a result of bruising. Journal of Food Science 52, 631-633.

Mondy, N.l. & Munshi, C.B. 1990a. Effect of nitrogen fertilization on glycoalkaloid and nitrate content of
potatoes. Journal of Agricultural and Food Chemistry 38, 565-567.

Mondy, N.I. & Munshi, C.B. 1990b. Effect of selenium fertilization on the glycoalkaloid and nitrate-nitrogen
content of potatoes. Journal of Food Quality 13, 343-350.

Mondy, N.I. & Ponnampalam, R. 1983. Determination of total glycoalkaloids (TGA) in dehydrated potatoes.
Journal of Food Science 48, 612-614.

Morgan, M.R.A., McNerney, R., Matthew, J.A., Coxon, D.T. & Chan, H.W.-S.1983. An enzyme-linked
immunosorbent assay for total glycoalkaloids in potato tubers. Journal of the Science of Food and Agriculture
34, 593-598.

Morris, S.C. & Lee, T.H. 1981. Analysis of potato glycoalkaloids with radially compressed high-performance
liquid chromatographic cartridges and ethanolamine in the mobile phase. Journal of Chromatography 219, 403-
410.

Morris, S.C. & Lee, T.H. 1984. The toxicity and teratogenicity of Solanaceae glycoalkaloids, particularly those
of the potato (Solanum tuberosum): areview. Food Technology in Australia 36, 118-124.

Morris, S.C. & Petermann, J.B. 1985. Genetic and environmental effects on levels of glycoalkaloids in
cultivars of potato (Solanum tuberosum L.). Food Chemistry 18, 271-282.

Morrissey, J.P. & Osbourn, A.E.1999. Fungal resistance to plant antibiotics as a mechanism of pathogenesis.
Microbiology and Molecular Biology Reviews 63, 708-724.



70

Morrow, L.S. & Caruso, F.L. 1983. Effect of potato seed tuber glycoakaloid content on subsequent infection
by Rhizoctonia solani. American Potato Journal 60, 403-407.

Mucharromah, Burton, H.R. & Ku ¢, J. 1995. The effect of sterols on phytoalexin, steroid glycoalkaloid, and
sterol accumulation in potato tuber discs inoculated with Phytophthora infestans or treated with arachidonic acid.
Physiological and Molecular Plant Pathology 47, 13-27.

Munshi, C.B. & Mondy, N.I. 1988. Effect of soil applications of molybdenum on the biochemical composition
of Katahdin potatoes: nitrate nitrogen and total glycoalkaloids. Journal of Agricultural and Food Chemistry 36,
688-690.

Makarainen, E., Rita, H., Teperi, E. & Valkonen, J.P.T.1994. Resistance to Spongospora subterranea in
tuber-bearing and non tuber-bearing Solanum spp. Potato Research 37, 123-127.

Mollers, C., Frei, U. & Wenzel, G.1994. Field evaluation of tetraploid somatic potato hybrids. Theoretical and
Applied Genetics 88, 147-152.

Nitithamyong, A., Vonelbe, J.H., Wheeler, R.M. & Tibbitts, T.W. 1999. Glycoalkaloids in potato tubers
grown under controlled environments. American Journal of Potato Research 76, 337-343.

Novy, R.G. & Helgeson, J.P.1994a. Resistance to potato virus Y in somatic hybrids between Solanum
etuberosum and S. tuberosum x S. berthaultii hybrid. Theoretical and Applied Genetics 89, 783-786.

Novy, R.G. & Helgeson, J.P1994b. Somatic hybrids between Solanum etuberosum and diploid, tuber bearing
Solanum clones. Theoretical and Applied Genetics 89, 775-782.

Novy, R.G., Nasruddin, A., Ragsdale, D.W. & Radcliffe, E.B2002. Genetic resistances to potato leafroll
virus, potato virus Y, and green peach aphid in progeny of Solanum etuberosum. American Journal of Potato
Research 79, 9-18.

Nyman, M. & Waara, S. 1997. Characterisation of somatic hybrids between Solanum tuberosum and its frost-
tolerant relative Solanum commersonii. Theoretical and Applied Genetics 95, 1127-1132.

Oberwalder, B., Ruof3, B., Schilde-Rentschler, L., Hemleben, V. & Ninnemann, H997. Asymmetric
fusion between wild and cultivated species of potato (Solanum spp.) - detection of asymmetric hybrids and
genome elimination. Theoretical and Applied Genetics 94, 1104-1112.

Oberwalder, B., Schilde-Rentschler, L., Léffelhardt-Ruo3, B. & Ninnemann, H2000. Differences between
hybrids of Solanum tuberosum L. and Solanum circaeifolium Bitt. obtained from symmetric and asymmetric
fusion experiments. Potato Research 43, 71-82.

Oda, Y., Saito, K., Ohara-Takada, A. & Mori, M. 2002. Hydrolysis of the potato glycoalkaloid a—chaconine
by filamentous fungi. Journal of Bioscience and Bioengineering 94, 321-325.

Olsson, K. 1986. The influence of genotype on the effects of impact damage on the accumulation of
glycoalkaloids in potato tubers. Potato Research 29, 1-12.

Olsson, K. 1987. The influence of glycoalkaloids and impact damage on resistance to Fusarium solani var.
coeruleum and Phoma exigua var. foveata in potato tubers. J. Phytopathology 118, 347-357.

Ono, H., Kozuka, D., Chiba, Y., Horigane, A. & Isshiki, K. 1997. Structure and cytotoxicity of
dehydrotomatine, a minor component of tomato glycoalkaloids. Journal of Agricultural and Food Chemistry 45,
3743-3746.

Orczyk, W., Przetakiewicz, J. & Nadolska-Orczyk, A.2003. Somatic hybrids of Solanum tuberosum -
application to genetics and breeding. Plant Cell, Tissue and Organ Culture 74, 1-13.

Osbourn, A. 1996a. Saponins and plant defence - a soap story. Trends in Plant Science 1, 4-9.



71

Osbourn, A.E. 1996b. Preformed antimicrobial compounds and plant defence against fungal attack. The Plant
Cell 8, 1821-1831.

Osman, S.F., Herb, S.F., Fitzpatrick, T.J. & Schmiediche, PL978. Glycoalkaloid composition of wild and
cultivated tuber-bearing Solanum species of potential value in potato breeding programs. Journal of Agricultural
and Food Chemistry 26, 1246-1248.

Osman, S.F., Herb, S.F., Fitzpatrick, T.J. & Sinden, S.L1976. Commersonine, a new glycoalkaloid from
two Solanum species. Phytochemistry 15, 1065-1067.

Osman, S.F. & Sinden, S.L.1977. Analysis of mixtures of solanidine and demissidine glycoalkaloids
containing identical carbohydrate units. Journal of Agricultural and Food Chemistry 25, 955-957.

Osman, S.F., Zacharius, R.M. & Naglak, D1980. Solanidine metabolism in potato tuber tissue slices and cell
suspension cultures. Phytochemistry 19, 2599-2601.

Papathanasiou, F., Mitchell, S.H. & Harvey, B.M.R.1998. Glycoakaloid accumulation during tuber
development of early potato cultivars. Potato Research 41, 117-125.

Papathanasiou, F., Mitchell, S.H. & Harvey, B.M.R.1999a. Variation in glycoalkaloid concentration of
potato tubers harvested from mature plants. Journal of the Science of Food and Agriculture 79, 32-36.

Papathanasiou, F., Mitchell, S.H., Watson, S. & Harvey, B.M.R1999b. Effect of environmental stress
during tuber development on accumulation of glycoalkaloids in potato (Solanum tuberosum L). Journal of the
Science of Food and Agriculture 79, 1183-1189.

Paquin, R. 1966. Study on the role of the glycoalkaloids in the resistance of potato to bacteria ring rot.
American Potato Journal 43, 349-354.

Paran, I. & Michelmore, R.W. 1993. Development of reliable PCR-based markers linked to downy mildew
resistance genesin lettuce. Theoretical and Applied Genetics 85, 985-993.

Pegg, G.F. & Woodward, S.1986. Synthesis and metabolism of a-tomatine in tomato isolines in relation to
resistance to Verticillium albo-atrum. Physiological and Molecular Plant Pathology 28, 187-201.

Pehu, E.1996. The current status of knowledge on the cellular biology of potato. Potato Research 39, 429-435.

Pehu, E., Gibson, R.W., Jones, M.G.K. & Karp, A1990a. Studies on the genetic basis of resistance to potato
leaf roll virus, potato virus Y and potato virus X in Solanum brevidens using somatic hybrids of Solanum
brevidens and Solanum tuberosum. Plant Science 69, 95-101.

Pehu, E., Karp, A., Moore, K., Steele, S., Dunckley, R. & Jones, M.G.H989. Molecular, cytogenetic and
morphological characterization of somatic hybrids of dihaploid Solanum tuberosum and diploid S. brevidens.
Theoretical and Applied Genetics 78, 696-704.

Pehu, E., Thomas, M., Poutala, T., Karp, A. & Jones, M.G.K1990b. Species-specific sequences in the genus
Solanum: identification, characterization, and application to study somatic hybrids of S brevidens and S
tuberosum. Theoretical and Applied Genetics 80, 693-698.

Peksa, A., Golubowska, G., Rytel, E., Lifska, G. & Aniolowski, K. 2002. Influence of harvest date on
glycoakaloid contents of three potato varieties. Food Chemistry 78, 313-317.

Percival, G. 1999a. Light-induced glycoalkaloid accumulation of potato tubers (Solanum tuberosum L). Journal
of the Science of Food and Agriculture 79, 1305-1310.

Percival, G., Dixon, G. & Sword, A.1994. Glycoakaloid concentration of potato tubers following continuous
illumination. Journal of the Science of Food and Agriculture 66, 139-144.

Percival, G. & Dixon, G.R. 1996. Glycoalkaloid concentrations in aerial tubers of potato (Solanum tuberosum
L). Journal of the Science of Food and Agriculture 70, 439-448.



72

Percival, G., Dixon, G.R. & Sword, A.1996. Glycoalkaloid concentration of potato tubers following exposure
to daylight. Journal of the Science of Food and Agriculture 71, 59-63.

Percival, G.C.1999b. The influence of light upon glycoakaloid and chlorophyll accumulation in potato tubers
(Solanum tuberosum L.). Plant Science 145, 99-107.

Percival, G.C., Harrison, J.A.C. & Dixon, G.R. 1993. The influence of temperature on light enhanced
glycoalkaloid synthesisin potato. Annals of Applied Biology 123, 141-153.

Perez, F., Menendez, A., Dehal, P. & Quiros, C.FL1999. Genomic structural differentiation in Solanum:
comparative mapping of the A- and E-genomes. Theoretical and Applied Genetics 98, 1183-1193.

Perl, A, Aviv, D. & Galun, E. 1990. Protoplast-fusion-derived CMS potato cybrids: potential seed-parents for
hybrid, true-potato-seeds. Journal of Heredity 81, 438-442.

Petersen, H.W.1993. Steroidal glycoalkaloids in tuber-bearing Solanum species. PhD Dissertation. Royal
Danish School of Pharmacy, Copenhagen. 35 p.

Petersen, H.W., Malgaard, P., Nyman, U. & Olsen, C.E.1993. Chemotaxonomy of the tuber-bearing
Solanum species, subsection Potatoe (Solanaceae). Biochemical Systematics and Ecology 21, 629-644.

Pijnacker, L.P., Ferwerda, M.A., Puite, K.J. & Roest, S.1987. Elimination of Solanum phureja nucleolar
chromosomesin S. tuberosum + S. phureja somatic hybrids. Theoretical and Applied Genetics 73, 878-882.

Pijnacker, L.P., Ferwerda, M.A., Puite, K.J. & Schaart, J.G.1989. Chromosome elimination and mutation in
tetraploid somatic hybrids of Solanum tuberosum and Solanum phureja. Plant Cell Reports 8, 82-85.

Plhak, L. & Sporns, P.1994. Development and production of monoclonal antibodies for the measurement of
solanidine potato glycoalkaloids. American Potato Journal 71, 297-313.

Plhak, L.C. & Sporns, P.1992. Enzyme immunoassay for potato glycoalkaloids. Journal of Agricultural and
Food Chemistry 40, 2533-2540.

Polgar, Z., Wielgus, S.M., Horvath, S. & Helgeson, J.F.999. DNA analysis of potato + Solanum brevidens
somatic hybrid lines. Euphytica 105, 103-107.

Polgar, Zs., Preiszner, J., Dudits, D. & Fehér, A1993. Vigorous growth of fusion products alows highly
efficient selection of interspecific potato somatic hybrids: molecular proofs. Plant Cell Reports 12, 399-402.

Ponnampalam, R. & Mondy, N.I. 1986. Effect of foliar application of indoleacetic acid on the total
glycoalkaloids and nitrate nitrogen content of potatoes. Journal of Agricultural and Food Chemistry 34, 686-688.

Preiszner, J., Fehér, A., Veisz, O., Sutka, J. & Dudits, [1991. Characterization of morphological variation
and cold resistance in interspecific somatic hybrids between potato (Solanum tuberosum L.) and S. brevidens
Phil. Euphytica 57, 37-49.

Puite, K.J., Roest, S. & Pijnacker, L.P.1986. Somatic hybrid potato plants after electrofusion of diploid
Solanum tuberosum and Solanum phureja. Plant Cell Reports 5, 262-265.

Quidde, T., Osbourn, A.E. & Tudzynski, P.1998. Detoxification of o-tomatine by Botrytis cinerea.
Physiological and Molecular Plant Pathology 52, 151-165.

Raman, K.V., Tingey, W.M. & Gregory, P. 1979. Potato glycoalkaloids: Effect on survival and feeding
behavior of the potato leafhopper. Journal of Economic Entomology 72, 337-341.

Ramanna, M.S. & Hermsen, J.G.Th.1981. Structural hybridity in the series Etuberosa of the genus Solanum
and its bearing on crossability. Euphytica 30, 15-31.



73

Ramulu, K.S., Dijkhuis, P. & Roest, S.1989. Patterns of phenotypic and chromosome variation in plants
derived from protoplast cultures of monohaploid, dihaploid and diploid genotypes and in somatic hybrids of
potato. Plant Science 60, 101-110.

Ramulu, K.S., Dijkhuis, P., Rutgers, E., Blaas, J., Krens, F.A., Verbeek, W.H.J., Colijn-Hooymans, C.M.
& Verhoeven, H.A. 1996. Intergeneric transfer of a partial genome and direct production of monosomic
addition plants by microprotoplast fusion. Theoretical and Applied Genetics 92, 316-325.

Rangarajan, A., Miller, A.R. & Veilleux, R.E. 2000. Leptine glycoalkaloids reduce feeding by Colorado
potato beetlein diploid Solanum sp. hybrids. Journal of the American Society of Horticultural Science 125, 689-
693.

Rasmussen, J.O., Nepper, J.P., Kirk, H.-G., Tolstrup, K. & Rasmussen, 0.3998. Combination of
resistance to potato late blight in foliage and tubers by intraspecific dihaploid protoplast fusion. Euphytica 102,
363-370.

Rasmussen, J.0., Nepper, J.P. & Rasmussen, O1896. Analysis of somatic hybrids between two sterile
dihaploid Solanum tuberosum L. breeding lines. Restoration of fertile and complementation of G. pallida Pa2
and Pa3 resistance. Theoretical and Applied Genetics 92, 403-410.

Rayburn, J.R., Bantle, J.A. & Friedman, M. 1994. Role of carbohydrate side chains of potato glycoalkaloids
in developmental toxicity. Journal of Agricultural and Food Chemistry 42, 1511-1515.

Ripperger, H. & Schreiber, K. 1981. Solanum steroid akaloids. In: The akaloids; chemistry and physiology,
Volume XIX, Manske, R.H.F. & Rodrigo, R.G.A. (eds.). Academic Press, New Y ork. pp. 81-192.

Roddick, J.G. 1976. Intracellular distribution of the steroidal glycoalkaloid a—tomatine in Lycopersicon
esculentum fruit. Phytochemistry 15, 475-477.

Roddick, J.G. 1977. Subcellular localization of steroidal glycoalkaloids in vegetative organs of Lycopersicon
esculentum and Solanum tuber osum. Phytochemistry 16, 805-807.

Roddick, J.G. 1982. Distribution of steroidal glycoalkaloids in reciprocal grafts of Solanum tuberosum L. and
Lycopersicon esculentum Mill. Experientia 38, 460-462.

Roddick, J.G. 1996. Steroidal glycoalkaloids: nature and consequences of bioactivity. Advances in
Experimental Medicine and Biology 404, 277-295.

Roddick, J.G. & Melchers, G. 1985. Steroidal glycoalkaloid content of potato, tomato and their somatic
hybrids. Theoretical and Applied Genetics 70, 655-660.

Roderick, H.W., Thorogood, D. & Adomako, B.2000. Temperature-dependent resistance to crown rust
infection in perennial ryegrass, Lolium perenne. Plant Breeding 119, 93-95.

Rodriguez, D.A., Secor, G.A., Gudmestad, N.C. & Grafton, K1995. Screening tuber-bearing Solanum
species for resistance to Helminthosporium solani. American Potato Journal 72, 669-679.

Rokka, V.-M. 1998. Androgenic haploidization and interspecific and intraspecific somatic hybridization in
potato germplasm development. PhD Dissertation. University of Helsinki, Helsinki. 62 p.

Rokka, V.-M., Clark, M.S., Knudson, D.L., Pehu, E. & Lapitan, N.L.V. 1998a. Cytological and molecular
characterization of repetitive DNA sequences of Solanum brevidens and Solanum tuberosum. Genome 41, 487-
494,

Rokka, V.-M., Tauriainen, A., Laurila, J., Larkka, J., Pietila, L., Seppanen, M., Metzler, M. & Pehu, E.
1998b. Utilization of wild species Solanum acaule in potato germplasm improvement by somatic hybridization.
In: Proceedings of the International Symposium, Breeding Research on Potatoes, 23-26 June 1998, Grof3
Lusewitz, Germany BZK, Quedlinburg. pp. 153-154.



74

Rokka, V.-M., Tauriainen, A., Pietild, L. & Pehu, E.1998c. Interspecific somatic hybrids between wild potato
Solanum acaule Bitt. and anther-derived dihaploid potato (Solanum tuberosum L.). Plant Cell Reports 18, 82-88.

Rokka, V.-M., Valkonen, J.P.T. & Pehu, E.1995. Production and characterization of haploids derived from
somatic hybrids between Solanum brevidens and S. tuberosum through anther culture. Plant Science 112, 85-95.

Rokka, V.-M., Valkonen, J.P.T., Tauriainen, A., Pietila, L., Lebecka, R., Zimnoch-Guzowska, E. & Pehu,
E. 2000. Production and characterization of "second generation" somatic hybrids derived from protoplast fusion
between interspecific somatohaploid and dihaploid Solanum tuberosum L. American Journal of Potato Research
77, 149-159.

Rokka, V.-M., Xu, Y.-S., Kankila, J., Kuusela, A., Pulli, S. & Pehu, E1994. Identification of somatic
hybrids of dihaploid Solanum tuberosum lines and S. brevidens by species specific RAPD patterns and
assessment of disease resistance of the hybrids. Euphytica 80, 207-217.

Ronning, C.M., Sanford, L.L., Kobayashi, R.S. & Kowalski, S.P.1998. Foliar leptine production in
segregating Fy, inter-F;, and backcross families of Solanum chacoense Bitter. American Journal of Potato
Research 75, 137-143.

Ronning, C.M., Stommel, J.R., Kowalski, S.P., Sanford, L.L., Kobayashi, R.S. & Pineada, Q999.
Identification of molecular markers associated with leptine production in a population of Solanum chacoense
Bitter. Theoretical and Applied Genetics 98, 39-46.

Ross, H.1986. Potato breeding - problems and perspectives. In: Advances in plant breeding, S13 to Journal of
Plant Breeding, Horn, W. & Robbelen, G. (eds.). Verlag Paul Parey, Berlin-Hamburg. 132 p.

Ross, H., Pasemann, P. & Nitzsche, W1978. Der Glykoakaloidgehalt von Kartoffelsorten in seiner
Abhangigkeit von Anbauort und -jahr und seiner Beziehung zum Geschmack. Zeitschrift fir Pflanzenziichtung
80, 64-79.

Ross, H.1966. The use of wild Solanum species in German potato breeding of the past and today. American
Potato Journal 43, 63-80.

Ross, R.W. & Rowe, P.R1969. Utilizing the frost resistance of diploid Solanum species. American Potato
Journal 46, 5-13.

Saito, K., Horie, M., Hoshino, Y., Nose, N. & Nakazawa, H.990. High-performance liquid chromatographic
determination of glycoalkaloids in potato products. Journal of Chromatography 508, 141-147.

Sander, H.1963. Chemische Differenzierung Innerhalb der Art Solanum dulcamara L. Planta Medica 11, 303-
316.

Sandrock, R.W. & VanEtten, H.D. 1998. Fungal sensitivity to and enzymatic degradation of the phytoanticipin
o-tomatine. Phytopathology 88, 137-143.

Sanford, L.L., Deahl, K.L. & Sinden, S.L.1994. Glycoakaloid content in foliage of hybrid and backcross
populations from a Solanum tuberosum x S. chacoense cross. American Potato Journal 71, 225-235.

Sanford, L.L., Deahl, K.L., Sinden, S.L. & Kobayashi, R.S1995. Glycoalkaloid content in tubers of hybrid
and backcross populations from a Solanum tuberosum x S. chacoense cross. American Potato Journal 72, 261-
271.

Sanford, L.L., Deahl, K.L., Sinden, S.L. & Ladd, T.L. Jr. 1990. Foliar solanidine glycoside levels in
Solanum tuber osum populations selected for potato leafhopper resistance. American Potato Journal 67, 461-466.

Sanford, L.L., Domek, J.M., Cantelo, W.W., Kobayashi, R.S. & Sinden, S.L1996a. Mortality of potato
leafhopper adults on synthetic diets containing seven glycoalkaloids synthesized in the foliage of various
Solanum species. American Potato Journal 73, 79-88.



75

Sanford, L.L., Kobayashi, R.S., Deahl, K.L. & Sinden, S.L.1996b. Segregation of leptines and other
glycoakaloids in Solanum tuberosum (4x) x S chacoense (4x) crosses. American Potato Journal 73, 21-33.

Sanford, L.L., Kobayashi, R.S., Deahl, K.L. & Sinden, S.L1997. Diploid and tetraploid Solanum chacoense
genotypes that synthesize leptine glycoalkaloids and deter feeding by Colorado potato beetle. American Potato
Journal 74, 15-21.

Sanford, L.L., Kowalski, S.P., Ronning, C.M. & Deahl, K.L.1998. Leptines and other glycoalkaloids in
tetraploid Solanum tuberosum x Solanum chacoense F, hybrid and backcross families. American Journal of
Potato Research 75, 167-172.

Sanford, L.L. & Ladd, T.L. Jr. 1992. Performance of populations derived by selecting for resistance to potato
leafhopper in a4x Solanum tuberosum x 2x Solanum chacoense cross. American Potato Journal 69, 391-400.

Sanford, L.L. & Sinden, S.L.1972. Inheritance of potato glycoalkaloids. American Potato Journal 49, 209-217.

Sarquis, J.l., Coria, N.A., Aguilar, I. & Rivera, A. 2000. Glycoakaloid content in Solanum species and
hybrids from a breeding program for resistance to late blight (Phytophthora infestans). American Journal of
Potato Research 77, 295-302.

Schreiber, K. 1968. Steroid akaloids: The Solanum group. In: The akaloids; chemistry and physiology,
Volume X, Manske, R.H.F. (ed.). Academic Press, New Y ork. pp. 1-192.

Schweizer, G., Ganal, M., Ninnemann, H. & Hemleben, V1988. Species-specific DNA sequences for
identification of somatic hybrids between Lycopersicon esculentum and Solanum acaule. Theoretical and
Applied Genetics 75, 679-684.

Seppéanen, M.M., Cardi, T., Borg Hyokki, M. & Pehu, E.2000. Characterization and expression of cold-
induced glutathione S-transferase in freezing tolerant Solanum commersonii, sensitive S. tuberosum and their
interspecific somatic hybrids. Plant Science 153, 125-133.

Serraf, |, Sihachakr, D., Ducreux, G., Brown, S.C., Allot, M., Barghi, N. & Rossignol, L.1991.
Interspecific somatic hybridization in potato by protoplast electrofusion. Plant Science 76, 115-126.

Shih, M.-J. & Ku ¢, J. 1974. a- and 3-Solamarine in Kennebec Solanum tuberosum leaves and aged tuber slices.
Phytochemistry 13, 997-1000.

Shih, M., Kué, J. & Williams, E.B. 1973. Suppression of steroid glycoalkaloid accumulation as related to
rishitin accumulation in potato tubers. Phytopathology 63, 821-826.

Sidorov, V.A., Zubko, M.K., Kuchko, A.A., Komarnitsky, I.K. & Gleba, Y.Y. 1987. Somatic hybridization
in potato: use of Y-irradiated protoplasts of Solanum pinnatisectum in genetic reconstruction. Theoretical and
Applied Genetics 74, 364-368.

Silhavy, D., Szentesi, A. & Banfalvi, Z.1996. Solanum chacoense lines with different alkaloid contents - a
potential source of genesinvolved in leptine synthesis. Acta Agronomica Hungarica 44, 113-120.

Simonovska, B. & Vovk, |. 2000. High-performance thin-layer chromatographic determination of potato
glycoalkaloids. Journal of Chromatography 903, 219-225.

Sinden, S.L.1972. Effect of light and mechanical injury on the glycoalkaloid content of greening-resistant
potato tubers. American Potato Journal 49, 368.

Sinden, S.L., Cantelo, W.W., Sanford, L.L. & Deahl, K.L.1991. Allelochemically mediated host resistance to
the Colorado potato beetle, Leptinotarsa decemlineata (Say) (Coleoptera: Chrysomelidae). Memoirs of the
Entomological Society of Canada 157, 19-28.

Sinden, S.L., Deahl, K.L. & Aulenbach, B.B.1976. Effect of glycoalkaloids and phenaolics on potato flavor.
Journal of Food Science 41, 520-523.



76

Sinden, S.L., Goth, R.W. & O'Brien, M.J. 1973. Effect of potato alkaloids on the growth of Alternaria solani
and their possible as resistance factors in potatoes. Phytopathology 63, 303-307.

Sinden, S.L. & Sanford, L.L.1981. Origin and inheritance of solarmarine glycoalkaloids in commercial potato
cultivars. American Potato Journal 58, 305-325.

Sinden, S.L., Sanford, L.L., Cantelo, W.W. & Deahl, K.L.1986a. Leptine glycoakaloids and resistance to the
Colorado potato beetle (Coleoptera: Chrysomelidae) in Solanum chacoense. Environmental Entomology 15,
1057-1062.

Sinden, S.L., Sanford, L.L., Cantelo, W.W. & Deabhl, K.L.1988. Bioassays of segregating plants. A strategy
for studying chemical defenses. Journal of Chemical Ecology 14, 1941-1950.

Sinden, S.L., Sanford, L.L. & Deahl, K.L.1986b. Segregation of leptine glycoalkaloids in Solanum chacoense
Bitter. Journal of Agricultural and Food Chemistry 34, 372-377.

Sinden, S.L., Sanford, L.L. & Osman, S.F1980. Glycoalkaloids and resistance to the Colorado potato beetle
in Solanum chacoense Bitter. American Potato Journal 57, 331-343.

Sinden, S.L., Sanford, L.L. & Webb, R.E.1984. Genetic and environmental control of potato glycoalkaloids.
American Potato Journal 61, 141-156.

Sinden, S.L. & Webb, R.E.1972. Effect of variety and location on the glycoalkaloid content of potatoes.
American Potato Journal 49, 334-338.

Sinden, S.L. & Webb, R.E.1974. Effect of environment on glycoalkaloid content of six potato varieties at 39
locations. USDA Technical Bulletin No.1472, 1-30.

Speroni, J.J. & Pell, E.J.1980. Modified method for tuber glycoalkaloid and leaf glycoakaloid analysis.
American Potato Journal 57, 537-542.

Stadler, M., Stelzer, T., Borisjuk, N., Zanke, C., Schilde-Rentschler, L. & Hemleben, \1995. Distribution
of novel and known repeated elements of Solanum and application for the identification of somatic hybrids
among Solanum species. Theoretical and Applied Genetics 91, 1271-1278.

Stanker, L.H., Kamps-Holtzapple, C. & Friedman, M. 1994. Development and characterization of
monoclonal antibodies that differentiate between potato and tomato glycoakaloids and aglycons. Journal of
Agricultural and Food Chemistry 42, 2360-2366.

Stapleton, A., Allen, P.V., Friedman, M. & Belknap, W.R.1991. Purification and characterization of
solanidine glucosyltransferase from the potato (Solanum tuberosum). Journal of Agricultural and Food
Chemistry 39, 1187-1193.

Stermer, B.A. & Bostock, R.M. 1987. Involvement of 3-hydroxy-3-methylglutaryl coenzyme A reductase in
the regulation of sesquiterpenoid phytoalexin synthesis in potato. Plant Physiology 84, 404-408.

Stobiecki, M., Matysiak-Kata, I., Franski, R., Skafa, J. & Szopa, J2003. Monitoring changes in anthocyanin
and steroid alkaloid glycoside content in lines of transgenic potato plants using liquid chromatography/mass
spectrometry. Phytochemistry 62, 959-969.

Sturckow, B. & Low, I. 1961. Die Wirkung einiger Solanum-Alkaloidglykoside auf den Kartoffelk&fer,
Leptinotarsa decemlineata Say. Entomologia Experimentalis et Applicata 4, 133-142.

Swain, A.P., Fitzpatrick, T.J., Talley, E.A., Herb, S.F. & Osman, S.F1978. Enzymatic hydrolysis of
a—chaconine and a—solanine. Phytochemistry 17, 800-801.

Tegos, G., Stermitz, F.R., Lomovskaya, O. & Lewis, K2002. Multidrug pump inhibitors uncover remarkable
activity of plant antimicrobials. Antimicrobial Agents and Chemotherapy 46, 3133-3141.



77

Thieme, R., Darsow, U., Gavrilenko, T., Dorokhov, D. & Tiemann, H1997. Production of somatic hybrids
between S. tuberosum L. and late blight resistant Mexican wild potato species. Euphytica 97, 189-200.

Thieme, R., Gavrilenko, T., Thieme, T. & Heimbach, U1999. Production of potato genotypes with resistance
to potato virus Y (PVY) by biotechnological methods. In: Plant biotechnology and in vitro biology in the 21st
century, Altman, A. et al. (eds.). Kluwer Academic Publishers, Dordrecht. pp. 557-560.

Thieme, R., Heinze, M., Thieme, T., Laurila, J., Laakso, |., Gavrilenko, T., Heimbach, U. & Rokka, V.-M.
2003. Performance and feeding behaviour of potato colonising aphids on S. etuberosum (+) S tuberosum
somatic hybrids and progenies with different glycoalkaloid compositions. In: EAPR-EUCARPIA Breeding and
Adaptation of Potatoes 26th - 30th July 2003. EAPR-EUCARPIA, Oulu, Finland.

Thieme, T. & Thieme, R.1998. Evaluation of resistance to potato virus Y (PVY) in wild species and potato
breeding clones of the genus Solanum. Aspects of Applied Biology 52, 355-359.

Thomson, C.A. & Sporns, P.1995. Fluorescence polarization immunoassays for potato glycoalkaloids. Journal
of Agricultural and Food Chemistry 43, 254-260.

Tingey, W.M., Mackenzie, J.D. & Gregory, P.1978. Tota foliar glycoalkaloids and resistance of wild potato
species to Empoasca fabae (Harris). American Potato Journal 55, 577-585.

Tjamos, E.C. & Kué, J.A. 1982. Inhibition of steroid glycoalkaloid accumulation by arachidonic and
eicosapentaenoic acids in potato. Science 217, 542-544.

Uppal, D.S.1987. Varietal and environmental effect on the glycoalkaloid content of potato (Solanum tuberosum
L.). Plant Foods for Human Nutrition 37, 333-340.

Valkonen, J.P.T.1997. Nove resistances to four potyviruses in tuber-bearing potato species, and temperature-
sensitive expression of hypersensitive resistance to potato virus Y. Annals of Applied Biology 130, 91-104.

Valkonen, J.P.T., Brigneti, G., Salazar, L.F., Pehu, E. & Gibson, R.W1992. Interactions of the Solanum
spp. of the Etuberosa group and nine potato-infecting viruses and a viroid. Annals of Applied Biology 120, 301-
313.

Valkonen, J.P.T., Keskitalo, M., Vasara, T. & Pietila, L.1996. Potato glycoalkaloids: a burden or a blessing?
Critical Reviewsin Plant Sciences 15, 1-20.

Valkonen, J.P.T. & Rokka, V.-M. 1998. Combination and expression of two virus resistance mechanisms in
interspecific somatic hybrids of potato. Plant Science 131, 85-94.

Valkonen, J.P.T., Rokka, V.-M. & Watanabe, K.N.1998. Examination of the leaf-drop symptom of virus-
infected potato using anther culture-derived haploids. Phytopathology 88, 1073-1077.

Valkonen, J.P.T. & Watanabe, K.N.1999. Autonomous cell death, temperature sensitivity and the genetic
control associated with resistance to cucumber mosaic virus (CMV) in diploid potatoes (Solanum spp.).
Theoretical and Applied Genetics 99, 996-1005.

Vallin, K., Savage, G.P., Conner, A.J., Hellenas, K.-E. & Branzell, C1996. Glycoalkaloids in a somatic
hybrid between Solanum brevidens and cultivated potato. Proceedings of the Nutrition Society of New Zealand
21, 130-136.

van Dam, J., Levin, I, Struik, P.C. & Levy, D.1999. Genetic characterisation of tetraploid potato (Solanum
tuberosum L.) emphasising genetic control of total glycoalkaloid content in the tubers. Euphytica 110, 67-76.

van Dam, J., Levin, l., Struik, P.C. & Levy, D. 2003. Identification of epistatic interaction affecting
glycoalkaloid content in tubers of tetraploid potato (Solanum tuberosum L..). Euphytica 134, 353-360.

van Gelder, W.M.J. 1984. A new hydrolysis technique for steroid glycoalkaloids with unstable aglycones from
Solanum spp. Journal of the Science of Food and Agriculture 35, 487-494.



78

van Gelder, W.M.J. 1985. Determination of the total C,7-steroidal alkaloid composition of Solanum species by
high-resolution gas chromatography. Journal of Chromatography 331, 285-293.

van Gelder, W.M.J. 1991. Chemistry, toxicology, and occurrence of steroidal glycoalkaloids: potential
contaminants of the potato (Solanum tuberosum L.). In: Poisonous plant contamination of edible plants, Rizk,
A.F. (ed.). CRC Press, Boca Raton. pp. 117-156.

van Gelder, W.M.J., Jonker, H.H., Huizing, H.J. & Scheffer, J.J.C1988a. Capillary gas chromatography of
steroidal akaloids from Solanaceae. Retention indices and simultaneous flame ionization nitrogen-specific
detection. Journal of Chromatography 442, 133-145.

van Gelder, W.M.J. & Scheffer, J.J.C.1991. Transmission of steroidal glycoalkaloids from Solanum vernei to
the cultivated potato. Phytochemistry 30, 165-168.

van Gelder, W.M.J., Tuinstra L.G.M.TH., van der Greef, J. & Scheffer, J.J.C.1989. Characterization of
novel steroidal alkaloids from tubers of Solanum species by combined gas chromatography-mass spectrometry.
Implications for potato breeding. Journal of Chromatography 482, 13-22.

van Gelder, W.M.J., Vinke, J.H. & Scheffer, J.J.C.1988b. Steroidal glycoakaloids in tubers and leaves of
Solanum species used in potato breeding. Euphytica S, 147-158.

van Swaaij, A.C. 1992. Effect of growth conditions on glycoalkaloid accumulation in potato tubers. Potato
Research 35, 68-69.

VanEtten, H.D., Mansfiels, J.W., Bailey, J.A. & Farmer, E.E.1994. Two classes of plant antibiotics:
phytoal exins versus "phytoanticipins'. The Plant Cell 1191-1192.

Vazquez, A., Gonzalez, G., Ferreira, F., Moyna, P. & Kenne, L1997. Glycoakaloids of Solanum
commersonii Dun. ex Pair. Euphytica 95, 195-201.

Veilleux, R.E. & Miller, A.R. 1998. Hybrid breakdown in the F; between Solanum chacoense and S. phurgja
and gene transfer for leptine biosynthesis. Journal of the American Society of Horticultural Science 123, 854-
858.

Veilleux, R.E., Paz, M.M. & Levy, D. 1997. Potato germplasm development for warm climates: genetic
enhancement of tolerance to hest stress. Euphytica 98, 83-92.

Vorne, V. & Hallikainen, A. 2003. Proceedings from a Nordic seminar: Potatoes as food, Vorne, V. &
Hallikainen, A. (eds.). TemaNord 2003:512. 152 p.

Vorne, V., Ojanperd, K., De Temmerman, L., Bindi, M., Hogy, P., Jones, M.B., Lawson, T. & Persson,
2002. Effects of elevated carbon dioxide and ozone on potato tuber quality in the European multiple-site
experiment 'CHIP-project’. European Journal of Agronomy 17, 369-381.

Vaananen, T., Kuronen, P. & Pehu, E2000. Comparison of commercial solid-phase extraction sorbents for
the sample preparation of potato glycoakaloids. Journal of Chromatography A 869, 301-305.

Vogeli, U. & Chappell, J. 1988. Induction of sesquiterpene cyclase and suppression of sgualene synthetase
activitiesin plant cell cultures treated with fungal elicitor. Plant Physiology 88, 1291-1296.

Waara, S. 1996. The potentials of using dihaploid/diploid genotypes in breeding potato by somatic
hybridization. In: In vitro haploid production in higher plants, Jain, SM., Sopory, SK. & Veilleux, R.E. (eds.).
Kluwer Academic Publishers, Dordrecht. pp. 321-338.

Waara, S. & Glimelius, K. 1995. The potential of somatic hybridization in crop breeding. Euphytica 85, 217-
233.

Wang, S.L., Bedford, C.L. & Thompson, N.R.1972. Determination of glycoalkaloids in potatoes (S
tuberosum) with a bisolvent extraction method. American Potato Journal 49, 302-308.

K.



79

Ward, A.C., Phelpstead, J.St.J., Gleadle, A.E., Blackhall, N.W., Cooper-Bland, S., Kumar, A., Powell, W.,
Power, J.B. & Davey, M.R.1994. Interspecific somatic hybrids between dihaploid Solanum tuberosum L. and
thewild species, S pinnatisectum Dun. Journal of Experimental Botany 45, 1433-1440.

Ward, C.M., Franklin, J.G. & Morgan, M.R.A. 1988. Investigations into the visual assessment of ELISA end
points: application to determination of potato total glycoalkaloids. Food Additives and Contaminants 5, 621-627.

Watanabe, K.N., Orrillo, M., Vega, S., Valkonen, J.P.T., Pehu, E., Hurtado, A. & Tanksley, S.[995.
Overcoming crossing barriers between nontuber-bearing and tuber-bearing Solanum species: towards potato
germplasm enhancement with a broad spectrum of solanaceous genetic resources. Genome 38, 27-35.

Weiler, E.W., Kruger, H. & Zenk, M.H. 1980. Radioimmunoassay for the determination of the steroidal
alkaloid solasodine and related compounds in living plants and herbarium specimens. Planta Medica 39, 112-
124.

Weltring, K.-M., Wessels, J. & Geyer, R.1997. Metabolism of the potato saponins o—chaconine and
a-solanine by Gibberella pulicaris. Phytochemistry 46, 1005-10009.

Wenzel, G., Schieder, O., Przewozny, T., Sopory, S.K. & Melchers, @G979. Comparison of single cell
culture derived Solanum tuberosum L. plants and a model for their application in breeding programs. Theoretical
and Applied Genetics 55, 49-55.

Willard, H.H., Merritt, L.L. Jr., Dean, J.A. & Settle, F.A. Jr. 1988. Instrumental methods of analysis.
Wadsworth Publishing Company, Belmont, California. 655 p.

Williams, C.E., Hunt, G.J. & Helgeson, J.P1990. Fertile somatic hybrids of Solanum species: RFLP analysis
of ahybrid and its sexual progeny from crosses with potato. Theoretical and Applied Genetics 80, 545-551.

Williams, C.E., Wielgus, S.M., Haberlach, G.T., Guenther, C., Kim-Lee, H. & Helgeson, J.R993. RFLP
analysis of chromosomal segregation in progeny from an interspecific hexaploid somatic hybrid between
Solanum brevidens and Solanum tuberosum. Genetics 135, 1167-1173.

Wittstock, U. & Gershenzon, J.2002. Constitutive plant toxins and their role in defense against herbivores and
pathogens. Current Opinion in Plant Biology 5, 1-8.

Wolfender, J.-L., Maillard, M. & Hostettmann, K. 1994. Thermospray liquid chromatography-mass
spectrometry in phytochemical analysis. Phytochemical Analysis 5, 153-182.

Wolters, A.M.A., Schoenmakers, H.C.H., Kamstra, S., van Eden, J., Koornneef, M. & De Jong, J.1894.
Mitotic and meiotic irregularities in somatic hybrids of Lycopersicon esculentum and Solanum tuberosum.
Genome 37, 726-735.

Wood, F.A. & Young, D.A.1974. TGA in potatoes. Canadian Department of Agriculture, publication 1533.

Wu, M.T. & Salunkhe, D.K. 1976. Changes in glycoalkaloid content following mechanical injuries to potato
tubers. Journal of the American Society of Horticultural Science 101, 329-331.

Wiunsch, A. 1989. Spatia distribution of glycoalkaloids over the tubers of different potato varieties. Chemie,
Mikrobiologie, Technologie der Lebensmittel 12, 69-74.

Winsch, A. & Munzert, M. 1994. Einfluss von Lagerung und Sorte auf die Vertailung der Glykoalkaloide in
der Kartoffelknolle. Potato Research 37, 3-10.

Xu, Y.-S., Clark, M.S. & Pehu, E.1993a. Use of RAPD markers to screen somatic hybrids between Solanum
tuberosum and S. brevidens. Plant Cell Reports 12, 107-109.

Xu, Y.S., Jones, M.G.K., Karp, A. & Pehu, E.1993b. Analysis of the mitochondrial DNA of the somatic
hybrids of Solanum brevidens and S tuberosum using non-radioactive digoxigenin-labelled DNA probes.
Theoretical and Applied Genetics 85, 1017-1022.



80

Xu, Y.S., Murto, M., Dunckley, R., Jones, M.G.K. & Pehu, E.1993c. Production of asymmetric hybrids
between Solanum tuberosum and irradiated S. brevidens. Theoretical and Applied Genetics 85, 729-734.

Yamada, T., Hosaka, K., Kaide, N., Nakagawa, K., Misoo, S. & Kamijima, O1998a. Cytological and
molecular characterization of BC; progeny from two somatic hybrids between dihaploid Solanum acaule and
tetraploid S tuberosum. Genome 41, 743-750.

Yamada, T., Hosaka, K., Nakagawa, K., Kaide, N., Misoo, S. & Kamijima, 01998b. Nuclear genome
constitution and other characteristics of somatic hybrids between dihaploid Solanum acaule and tetraploid S
tuberosum. Euphytica 102, 239-246.

Yamada, T., Misoo, S., Ishii, T., Ito, Y., Takaoka, K. & Kamijima, O.1997. Characterization of somatic
hybrids between tetraploid Solanum tuberosum L. and dihaploid S. acaule. Breeding Science 47, 229-236.

Yencho, G.C., Kowalski, S.P., Kennedy, G.G. & Sanford, L.L2000. Segregation of leptine glycoakaloids
and resistance to Colorado potato beetle (Leptinotarsa decemlineata (Say)) in F2 Solanum tuberosum (4x) x S.
chacoense (4x) potato progenies. American Journal of Potato Research 77, 167-178.

Yencho, G.C., Kowalski, S.P., Kobayashi, R.S., Sinden, S.L., Bonierbale, M.W. & Deahl, K1998. QTL
mapping of foliar glycoalkaloid aglycones in Solanum tuberosum x S berthaultii potato progenies: quantitative
variation and plant secondary metabolism. Theoretical and Applied Genetics 97, 563-574.

Zacharius, R.M., Kalan, E.B., Osman, S.F. & Herb, S.F1975. Solanidine in potato (Solanum tuberosum)
tuber tissue disrupted by Erwinia atroseptica and by Phytophthora infestans. Physiological Plant Pathology 6,
301-305.

Zanke, C. & Hemleben, V.1997. A new Solanum satellite DNA containing species-specific sequences which
can be used for identification of genome parts in somatic hybrids of potato. Plant Science 126, 185-191.

Zhao, J., Camire, M.E., Bushway, R.J. & Bushway, A.A.1994. Glycoalkaloid content and in vitro
glycoalkaloid solubility of extruded potato peels. Journal of Agricultural and Food Chemistry 42, 2570-2573.

Zietkiewicz, E., Rafalski, A. & Labuda, D. 1994. Genome fingerprinting by simple sequence repeat (SSR)-
anchored polymerase chain reaction amplification. Genomics 20, 176-183.

Zitnak, A. 1981. Photoinduction of glycoalkaloids in cured potatoes. American Potato Journal 58, 415-421.

Zook, M.N. & Kué¢, J.A. 1987. Differences in phytoalexin elicitation by Phytophthora infestans and
Helminthosporium carbonum in potato. Phytopathology 77, 1217-1220.

Zook, M.N. & Ku ¢, J.A. 1991. Induction of sesguiterpene cyclase and suppression of squalene synthetase
activity in elicitor-treated of fungal-infected potato tuber tissue. Physiological and Molecular Plant Pathology 39,
377-390.



81

APPENDIX

Trivial and systematic names of glycoalkaloids mentioned in this study are listed below.

Trivial name Systematic name CAS registry number

a-Chaconine 3-D-glucopyranoside, (3()-solanid-5-en-3-yl O-6-deoxy-o-L- 20562-03-2
mannopyranosyl-(1 - 2)-O-[6-deoxy-a.-L-mannopyranosyl -
(1-4)]- (9Cl)

Commersonine -D-galactopyranoside, (3, 5a¢)-solanidan-3-yl O-B-D- 60776-42-3
glucopyranosyl-(1 - 2)-O-[p-D-glucopyranosyl-(1 - 3)]-O-B-D-
glucopyranosyl-(1 - 4)- (9CI)

Dehydrocommersonine -D-galactopyranoside, (33)-solanid-5-en-3-yl O-B-D- 65428-74-2
glucopyranosyl-(1 - 2)-O-[B-D-glucopyranosyl-(1 - 3)]-O-B-D-
glucopyranosyl-(1 - 4)- (9Cl)

Dehydrotomatine 3-D-galactopyranoside, (38, 228, 25S)-spirosol-5-en-3-yl O-B- 157604-98-3
D-glucopyranosyl-(1 - 2)-O-[ 3-D-xylopyranosyl-(1 - 3)]-O-3-
D-glucopyranosyl-(1 - 4)- (9CI)

AS-Demissine B-D-galactopyranoside, (3, 5a¢)-solanid-5-en-3-yl O-B-D- 195433-57-9
glucopyranosyl-(1 - 2)-O-[B-D-xylopyranosyl-(1 - 3)]-O-B-D-
glucopyranosyl-(1 - 4)- (9Cl)

Demissine -D-galactopyranoside, (38, 5a)-solanidan-3-yl O-3-D- 6077-69-6
glucopyranosyl-(1 - 2)-O-[B-D-xylopyranosyl-(1 - 3)]-O-B-D-
glucopyranosyl-(1 - 4)- (9CI)

Leptine| B-D-glucopyranoside, (3B, 23p)-23-(acetyloxy)solanid-5-en-3-yl 101030-83-5
0O-6-deoxy-e¢-L-mannopyranosyl-(1 - 2)-O-[6-deoxy-a-L -
mannopyranosyl-(1 - 4)]- (9CI)

Leptine Il 3-D-galactopyranoside, (38, 23p3)-23-(acetyloxy)solanid-5-en-3- 101054-39-1
yl O-6-deoxy-a-L-mannopyranosyl-(1 - 2)-O-[B-D-
glucopyranosyl-(1 - 3)]- (9Cl)

Leptinine | f-D-glucopyranoside, (3, 233)-23-hydroxysolanid-5-en-3-yl O- 101009-59-0
6-deoxy-a-L-mannopyranosyl-(1 - 2)-O-[6-deoxy-a-L-
mannopyranosyl-(1 - 4)]- (9Cl)

Leptininell f-D-galactopyranoside, (38, 23p)-23-hydroxysolanid-5-en-3-yl 100994-57-8
0O-6-deoxy-a-L-mannopyranosyl-(1 - 2)-O-[B-D-
glucopyranosyl-(1 - 3)]- (9CI)

Sisunine B-D-galactopyranoside, (38, 5a, 22, 25S)-spirosolan-3-yl O-3- 85547-35-9
D-glucopyranosyl-(1 - 2)-O-[ 3-D-glucopyranosyl-(1 - 3)]-O-B-
D-glucopyranosyl-(1 - 4)- (9Cl)

Soladulcine B -D-galactopyranoside, (38, 5a, 22a, 25R)-spirosolan-3-yl O-f- 90366-11-3
D-glucopyranosyl-(1 - 2)-O-[3-D-xylopyranosyl-(1 - 3)]-O-B-
D-glucopyranosyl-(1 - 4)- (9CI)

Solamargine B-D-glucopyranoside, (3B, 22¢, 25R)-spirosol-5-en-3-yl O-6- 20311-51-7
deoxy-a-L-mannopyranosyl-(1 - 2)-O-[6-deoxy-o-L-
mannopyranosyl-(1 - 4)]- (9CI)

o -Solamarine B-D-galactopyranoside, (38, 228, 25S)-spirosol-5-en-3-yl O-6- 20318-30-3
deoxy-a-L-mannopyranosyl-(1 - 2)-O-[ B-D-glucopyranosyl-
(1-3)]- (9Ch)

B-Solamarine 3-D-glucopyranoside, (36, 228, 25S)-spirosol-5-en-3-yl O-6- 3671-38-3
deoxy-a-L -mannopyranosyl-(1 - 2)-O-[6-deoxy-¢.-L -
mannopyranosyl-(1 - 4)]- (9CI)

o -Solanine 3-D-galactopyranoside, (3p)-solanid-5-en-3-yl O-6-deoxy-a-L- 20562-02-1
mannopyranosyl-(1 - 2)-O-[3-D-glucopyranosyl-(1 - 3)]- (9CI)
Solasonine -D-gaactopyranoside, (3, 22¢, 25R)-spirosol-5-en-3-yl O-6- 19121-58-5

deoxy-a-L -mannopyranosyl-(1 - 2)-O-[3-D-glucopyranosyl-
(1-3)]- (9Cl)
o-Tomatine f3-D-galactopyranoside, (3B, 5ua, 228, 25S)-spirosolan-3-yl O-f- 17406-45-0
D-glucopyranosyl-(1 - 2)-O-[3-D-xylopyranosyl-(1 - 3)]-O-B-
D-glucopyranosyl-(1 - 4)- (9ClI)

Source: CAS Registry File [online-database]. Columbus (OH, U.S.A.): Chemical Abstracts Service [cited
26.3.2004]. Updated daily. Available from STN International, Karlsruhe (Germany).
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