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STELLINGEN

1. De veelvuldig gehanteerde limiet van 200 mg steroidalkaleoidglycesiden
per kg verse ongeschilde aardappel, als criterium voor consumenten-
veiligheid, berust noch op toxicologische studies noch op kennls over
het voorkomen van steroidalkaloidglycosiden in wilde Solanum-soorten en
dient derhalve als arbitrair te worden beschouwd,

Dit preefschrifc,

2. Voor de analyse van steroidalkaloidglycosiden in Solanum-soorten is
capillaire gaschromatografie in combinatie met simultane vlamionisatie-
detectie (FID) en specifieke-stikstofdetectie (NPD) minimaal noodzake-
1lijk; bij voorkeur dient massaspectrometrie te wofden toegepast.

Dit proefschrift.

3. Het vermogen van aardappelen tot het accumuleren van steroidalkaloid-
glycosiden onder praktijkcondities wvan teelt, bewaring en verwerking,
dient een van de belangrijkste criteria te zijn bij het beoordelen van
nieuwe rassen op hun geschiktheid voor consumptie.

Dit proefschrift.

4. Op grond van de huidige inzichten in de chemie en het veorkomen van
steroidalkaloidglycosiden in Solanum-soorten kan geconcludeerd worden
dat veel fytochemische en toxicologische studies tot mislelidende
onderzoekresultaten kunnen hebben geleid.

Bushway RJ. (1983) Am Potato J 60:7%3-797.

Renwick, JH, Claringbold WDB, Earthy ME, Few JD, McLean ACS. (1984)

Teratology 30:371-381.

Dit proefschrift.

3. De conclusie wvan Osman et al. dat in microsomale fracties uit blad-
materiaal wvan Solanum chacoense een isomeer van hydroxysolanidine
gevormd zou zijn uit l4¢_solanidine, is niet in overeenstemming met de
gepresenteerde resultaten van de massaspectrometrische analyse.
Osman &, Sinden SL, Deahl K, Moreau R. (1987) Phytochemistry
26:3163-3167.



6. Voor het bestuderen van de genetische variatie voor hoogmoleculaire
gluteninesubunits in Iriticum aestivum dienen naast natriumdodecyl-
sulfaat-polyacrylamidegelelectroforese tevens andere technieken voor het
analyseren van een genotype te worden toegepast.

Kolster P, Krechting CF, Van Gelder WMJ. (1988) Euphytica 395:141-145.

7. Voor het verbeteren van de kwaliteit van tarwe als grondstef wvoor de
broodbereiding dient te worden gestreefd naar eenvoudige methoden wvoor
het selecteren van nieuwe tarwelijnen op de kwantitatleve samenstelling

van de hoogmoleculaire gluteninesubunits.

8. Het Introduceren van genen van wilde plantescorten in voedselgewassen
dient alleen te worden toegestaan, indien voldoende wetenschappelijke en
experimentele ondersteuning door .fytochemici en/of toxicologen is

gegarandeerd.

9. Omdat tomaten tegenwoordig wvaak in het "licht-kleurstadium" worden
geoogst, is biochemisch onderzoek naar de degradatie van a-tomatine
gedurende de doorrijping gewenst; dit geldt in het bijzonder wanneer
genetisch materiaal van wilde Lycopersicon-soorten in de cultuurtomaat
wordt geintroduceerd.

Van Gelder WMJ, De Ponti OMB. (1987) Euphytica 36:555-561.

10. De gebruiksvriendelijkheid van electronisch tekstverwerken leidt
niet tot een vermindering maar veeleer tot een toename van het
paplerverbruik en vergroot daardoor de perspectieven wvoor hennep als

grondstof voor de papierindustrie.

11, Degemen die "natuurlijk" synoniem achten met "gezond", dienen te

beseffen dat "natuurlijke toxinen" een uitzondering op die regel zijn.

12. Genetische manipulatie: van een mug een olifant maken is gemakke-

lijker dan het omgekeerde.

W.M.J. van Gelder.

Proefschrift: Steroidal glycoalkaloids in Solanum species: consequences
for potato breeding and food safety.

Wageningen, 11 oktober 1989.
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GENERAL INTRODUGTION

The potato (Solanum tuberosum L.) which is grown in 80% of all coun-
tries, is one of the world's most important crops for human consump-
tion. In terms of global production, potato ranks fourth after wheat,
maize and rice. About 300 million metric tonnes of potatoes are pro-
duced annually, of which about 70% in the developed and 30% in the
developing countries (FACQ, 1987).

Usually potatoes are merely seen as an energy source only. However,
when potatoes are compared with other plant foods on a cooked basis,
'as eaten', 1t becomes clear that potatoes are also important as a
source of minerals, vitamins and protein (Woolfe, 1987). The protein
has a high nutritive quality because of its high content of essential
amino acids, especially lysine (Van Gelder and Vonk, 1980), which makes
it outstanding for complementing proteins from other plant foed. The
potato is superior to almost every other crop in food production per
hectare per day (CIP, 1982).

In order to reduce yield losses and tuber injuries caused by para-
site infestations of the potato crop, considerable amounts of fungi-
cides, ingecticides and nematocides are applied. The disadvantages, in
terms of ecological damage and financial costs, of the chemical contrel
of parasites being recognized, the attention for the genetic resistance
of the potato iIs strongly increasing. The breeding of new potato culti-
vars with an enhanced resistance to parasites requires the use of wild
Solanum species, as these species possess a broad spectrﬁm of resistan-
ces (Ross, 1986). They are also a source of valuable genes for resis-
tance to frost and drought, and for quality traits such as high con-
tents of protein and starch and low contents of reducing sugars. A dis-
advantage of Solanum species, from a consumers point of view, is that
they contain steroidal glycoalkaloids (SGAs). '

SGAs are natural toxins generally occurring in all parts of many
Solanaceous plants. The SGAs consist of a Cp7-steroidal alkaloid (5A4)
and a sugar moiety, often a di-, tri- or tetrasaccharide. The tubers of
the cultivated potato usually contain small quantities of a class of
SGAs, the solanidine glycosides, which are believed not to present a
health hazard to the consumer. However, potato tubers contain the

entire enzyme system necessary for synthesis of S5GAs, and many factors
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during growth and post-harvest handling of potatoes can induce de novo
synthesis which may lead to accumulation of undesirably high levels of
SGAs. Many cases of poisoning that have occurred after consumption of
potatoes, especially in the nineteenth and in the first half of this
century but also more recently (see Chapter II}, have been ascribed to
excessive levels of solanidine glycosides, resulting from abnormal
growth and storage conditions of the tubers. These cases generated much
research on the potato SGAs, but the general interest in SGAs is still
growing due to several other developments during this century, as is
indicated below.

The discovery that SGAs from wild Selanum species are involved in
the resistance of such species to certain parasites, initiated much
research on this topic (for literature reviews see: Tingey, 1984;
Roddick, 1987). Supply and price fluctuations between 1960 and 1975, of
the steroidal sapogenin diosgenin, the starting material for the pro-
duction of steroid hormones, prompted large programmes for the screen-
ing of Solanum species for the presence of the SA solasodine, that can
be used as an alternative (Mann, 1978; Ripperger and Schreiber, 1981).
A hypothesis, suggesting a toxin present in certain imperfect potato
tubers to be involved in human birth defects (Renwick, 1972), caused
great concern and led to a strong increase of the research on the tox-
icity and teratogenicity of the potato SGAs.

The withdrawal from commerce in the USA in 1970, of the cultivar
Lenape because of excessive levels of solanidine glycosides in its
tubers (Zitnak and Johnston, 1970), prompted studies on factors
affecting the SGA accumulation in potato tubers. The evidence that

‘Lenape’ inherited the ability to synthesize large amounts of sola-

nidine glycosides from its wild ancestor S, chacocense Bitt. (Sinden et
al., 1984), forces potato breeders to realize that the introgression
of genes from wild species into the cultivated potato, can result in
the introduction of undesired levels or types of SGAs (Van Gelder et
al., 1987 and 1988).

ATM OF THE STUDY PRESENTED IN THIS THESIS

Tuberiferous wild Solanum species are increasingly being used in

potato breeding (Ross, 1986). New techniques in cell biology, such as
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somatic hybridization, enable the potato breeder to recombine genes
from tuberiferous and genetically strongly different, nontuberiferous
Solapum species (Fish et al., 1988). The preceding facts imply that
there is a growing need for knowledge on the SGAs in Solanum species
which are being used or are potentially useful in potate breeding.
However, the qualitative and quantitative SGA compositions of wild
species used in potato breeding programmes and of their offspring, have
received little or no attention until now. This can partly be ascribed
to the complex methodology of the analysis of the SGAs (Van Gelder,
1989).

The aim of this study was to develop and apply a method for qual-
itative and quantitative analysis of the SGA compositions of Selanum
species, and to put the collected information into the perspectives of
potato breeding and of food safety, in order to point out the potential
consequences of the introduction of undesired levels or types of SGAs
into the cultivated potate. For this purpose attention has been paid to
the following topics.

-Review of the literature on the distribution and accumulation of sola-
nidine glycosides iIn the cultivated potato; S5GAs from wild Solanum
species will almost certainly accumulate similarly when introduced into
the household potato, because the biosynthetic pathways of the various
5GAs are closely related.

-Evaluation of the toxicity of the SGAs as the current so-called safe-
ty limits for solanidine glycosides in potatoes, reported in the lit-
erature, are conflicting and not based on such an evaluation.
-Development of an advanced procedure for the comprehensive and
quantitative analysis of the SGA composition of Solapum species. Much
emphasis has been given to identification and/or characterization of
(novel) aglycones.

-Determination of the SGA composition of a number of wild Solanum
species used in breeding programmes, and tentative study of the
potential transmission of SGAs from wild Solanum species to the
cultivated potato.

-Based on these studies, recommendations are made with respect to the
control of the levels and the types of SGAs in potatoes to be used for

human consumption.
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CHAPTER I¥

OCCURRENCE OF STEROIDAL GLYCOALKALOIDS AND THEIR DISTRIBUTION AND
ACCUMULATION IN THE POTATO TUBER

INTRODUCTION - HISTORY OF THE POTATO

The geographical origin of the potato is the Andes of Bolivia and Peru,
where many wild tuber-bearing Solanum species occur, from one or more
of which the cultivated potato ean have been derived (Wright, 1977;
Hawkes, 1978).

Detailed studies of starch and other cell structures enabled remains
of early food plants from the Chilca Valley near Lima being identified
as potatoes, which were radiocarbon dated at an age of 8000 years
{(Engel, 1970). At that time, potato tubers were collected from wild
growing plants, as the cultivation of the potato started about 5000
years ago (Cohen, 1977). However, at the time of the Spanish conquest,
the potato seems to have been an intensively cultivated crop in Bolivia
and Peru.

The potato was firstly introduced into Europe in about 1570, i.e. in
Spain, from where it diffused through continental Europe and parts of
Asia (Hawkes, 1978). A second introduction took place in England, be-
tween 1588 and 1593, from where it spread to Ireland, Scotland, Wales,
and to parts of northern Europe and to most of the British colonies. In
most European countries the potato started as a botanical curiosity
and, for a long time, it was hardly growm as a food crop, except for
southern France, where potatces were eaten by the poorest people, and
for England and Russia, where they were esteemed as a delicacy at the
royal courts. Between 1750 and 1800 the potato became Iincreasingly

popular as a field crop in many countries within and outside Europe,

*This chapter is based on the invited review paper:
Van Gelder WMJ. (1990) Steroidal glycoalkaloids: consequences for
potato breeding and food safety of utilizing wild Solanum species in
breeding programmes. In Handbook of Natural Toxins, Vol. 6, RF Keeler,
AT Tu (Eds). Marcel Dekker Inc., New York, in press.
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and within a hundred years entire populations became dependent on po-

tatoes as their principal source of nourishment.
DISCOVERY, OCCURRENCE AND CHEMISTRY OF SGAs

In 1820, Desfosses reported the discovery of an organic base, sola-
née, 1isolated from the berries of black nightshade (Sclanum nigrum
L.). A 100 mg of this compound administered orally te a2 dog caused
considerable wvomiting and wunconsciocusness. A compound similar to
‘solanée’ was found in potato and was named solanine (Baup, 1826). The
discovery of this toxin in this principal foed crop generated much re-
search, which 1s ongoing for over 160 years now.

Important contributions to the knowledge of the chemistry and the
occurrence of the SAs and SGAs have been made between 1861 and 1955.
Zwenger and Kind (1861) found that sclanine from potatoes was a glyco-
alkaloid and they named the aglycone solanidine (Fig. 1). The final
establishment of the formula of solanidine as Cp7H43NO (Schéopf and
Herrmann, 1933) lead to the general acceptance of the formula of sola-
nine as C;,5Hy3NQ15 (Henry, 1949). About 130 years after the discovery
of solanine, its composition was finally revealed as a mixture of two
series of glycoalkaloids, the a-, B- and vy-forms of solanine and of
chaconine (Table 1), which have the same aglycone (solanidine) but
different sugar moieties (Kuhn and Léw, 1954; Kuhn et al., 1955a and
1955b). About 90-95% of the solanidine in potato was found to be gly-
cosidie-bound in a@-solanine and a-chaconine (Kuhn and Léw, 1954; Kuhn
et al., 1955b; Pasesnishenko and Guseva, 1956). The A- and vy-forms de-
tected may have been artefacts resulting from the extraction proce-
dures (Prelog and Jeger, 1960) or intermediates in SGA metabolism.

Since 1820, hundreds of SGAs have been detected in about 350 species
of the families Solanaceae and Liliaceae. The chemistry and the occur-
rence of the SAs and SGAs in the genus Solanum have been reviewed up to
1981 (Prelog and Jeger, 1953 and 1960; Schreiber, 1968; Ripperger and
Schreiber, 1981); more than 80 5As possessing the Coy-skeleton of cho-
lestane have been described. They have been divided into five groups
representing different aglycone structures, namely solanidanes (e.g.
solanidine), spirosolanes (e.g. tomatidine and solasodine), solano-

capsines, 3-aminospirostanes (e.g. paniculidine) and epiminocholesta-




Table 1. Steroidal glycoalkaloids of tuber-bearing Solanum species.

Stercoidal glycoalkaloid1 Sugar moilety Glycoside structure?

Solanidine glycosides

a-Solanine Solatriose A: R- Gal'<:Rham
B-Solanine Solabiose B: R-Cal-Glu
1-Solanine3 Galactose C: R-Gal
a-Chaconine Chacotriose D: R- Gh1<:§ﬂ:$
ﬂl-Chaconine3 Chacobiose E: R-Glu-Rham-a
Bg-Chaconine3 Chacobiose F: R-Glu-Rham-b
7-Chac0nine3 Glucose G: R-Glu
Dehydrocommersonine Commertetraose  H: R-Gal-Gh1<:8%ﬁ
Demissidine glycosides
Demissine Lycotetraose I: R-Gal-Glu(%}lr"f
Commersonine Commertetraose As H
Leptinidine glycosides
Leptinine I Chacotriose As D
Leptinine II Solatriose As A
Acetylleptinidine glycosides
Leptine I Chacotriose As D
Leptine II Solatricse As A
Tomatidenol glycosides
a-Solamarine Solatriose As A
f-Solamarine Chacotriose As D
Solasodine glycosides
Solasonine Solatriose As A
Solamargine Chacotriecse As D
Tomatidine glycosides
a-Tomatine Lycotetraose As 1
Sisunine {(neotomatine) Commertetraose As H

lAglycone, structures are given in Fig. 1,
2R = aglycone; Gal = galactose; Rham = rhamnose; Glu = glucose;
Xyl = xylose.

3Minor steroidal glycoalkaloids may be artefacts or metabolites.
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Fig. 1. Structural formulas of Cj7-steroidal alkaleids (SAs) divided
into five groups: solanidanes, spirosolanes, solanocapsines, 3-amino-

spirostanes and epiminocholestanes,
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nes {(e.g. solafloridine) (Fig. 1). Other structures such as that of
the jervanes occur additionally in Veratrum species, family Liliaceae
{(Ripperger and Schreiber, 1981).

In the genus Solanum, the SAs are glycosidic-bound via the hydroxyl
group at the C-3 atom. They occur in combination with different sugar
moieties, e.g. solatriose, chacotriose, lycotetraose eté. As a result
numerous SGAs have heen reported for Solanum species, but until now
only a limited number of them have been detected in the tuber-bearing
species (Table 1),

New SAs and SGAs are still being reported, for example sisunine
(Osman et al., 1986), 78-hydroxy-O-methylsolanocapsine (Chakravarty and
Pakrashi, 1988), and szolanudine (Usubillaga, 1988). New solanidane-
type SAs have recently been detected in Solanum species used in potatoe

breeding (Van Gelder et al., 1987 and 198%9; see hereafter).

BIOSYNTHESTS AND DEGRADATION OF SGAs

The biosynthetic pathways of the SAs are closely related to each other
and to those of the steroidal sapogenins, which alsc occur in Solanum
species. They all follow the general pathway of the steroid biosynthe-
sis, starting from acetyl-coenzym A via the usual intermediates me-
valonic acid, squalene, cycloartenol and cholesterol. The steps in the
pathways from cheolesterol to the SAs have only partially been elucidat-
ed. Fig. 2 deliniates the main steps of the (partially hypothetical)
pathways for the biosynthesis of the SAs. Dormantinol and dormantinone
have been isclated from a solanidine synthesizing Veratrum species
{(Kaneko et al., 1977), but they have not yet been proven to be inter-
maediates by tracer experiments. The amino acid arginine was suggested
as the nitrogen source for solanidine in this biosynthesis route
(Kaneko et al., 1976).

The enzymatic glycosylation of the aglycones to the y-, f- and fi-
nally the a-forms of the SGAs occurs stepwise, at least in the case of
the solanidine and solasodine glycosides (Liljegren, 1971; Jadhav and
Salunkhe, 1973; Lavintman et al., 1977; Osman et al., 1980).
Solanidine was found to be rapidly converted into its glycosylated pro-
ducts, which is mentioned as a possible explanation for the fact that

free solanidine does normally not occur in healthy potato tuber tissue
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(Osman et al., 1980). In Solanum species, the aglycones shown in Table
1 are the end-products of the SA bilosynthesis which are glycosylated to
SGAs, whereas in other genera of the Solanaceae, Solanum aglycones have
been detected as precursors of other SAs, For example, in Veratrum
species, solanidine was converted into jervine and veratramine (Kaneko
et al., 1972) and in Fritillaria species, solanidine, solasodine and
tomatidenol seemed to be metabolized to camtschatcanidine; hapepunine,
anrakorinine and 27-hydroxyspirosolane (Kaneko et al., 1981).

Potato tissues contain enzymes that can degrade a-solanine and o-
chaconine by cleaving one or more sugars from their sugar moieties
{(Swain et al., 1978). Bushway et al, (1988) characterized an enzyme
from potato as a rhamnosidase; it formed mainly pJj-chaconine and a
small amount of fp-chaconine. These enzymes become active only when the
tissue is disrupted, probably because the enzymes and substrates are
present In different compartments within the cell. In analyses of
potato tissues this enzymatic degradation of SGAs may be a source of
artefacts.

Since the biosynthetic pathways of the various SAs are strongly re-
lated, it is to be expected that factors influencing the accumulation
of the solanidine glycosides in household potatoes, will similarly
affect alien SGAs if they would have been introduced into cultivars. It
is thus necessary to know the distribution of the SGAs in the potato
plant, and the factors which may affect the accumulation of the SGAs in

its tubers.
DISTRIBUTION OF S8GAs IN THE POTATO PLANT

SGAs are found in all organs of the potate plant, the highest concen-
trations in parts of high metabolic activity, such as flowers, unripe
berries, young leaves and sprouts. The pure S. tubergsum cultivars
contain only scolanidine glycosides. The most extensive study up to now,
on the distribution of the solanidine glycosides in different organs
and tuber tissues of potato was carried out by Lampitt et al. (1943),
who investigated different cultivars; their results are summarized in
Table 2. In addition data from other reports are compiled. The varia-
tion in the concentrations of the solanidine glycosides within a

certain organ or tissue can be ascribed to the different cultivars
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studied, and to differences in the growing conditions of the plants as
well as in the physiological stage of their organs.

Until now the SGA concentrations have often been expressed as mg$ as
well as mg/l00 g plant material, but according to the rules of the
International System of Units, mg/kg is to be preferred. In this
thesis SGA contents are expressed as mg/kg fresh nonpeeled tuber unless
stated otherwise.

Field-grown normal tubers of most of the current commercial potato
cultivars show average contents of sclanidine glycosides up to 100
mg/kg (Sinden and Webb, 1974; Patchett et al., 1977; Parnell et al.,
1984: Van Gelder, 1985a; Lammerink, 1985; Morris and Petermann, 1985;
Olsson, 1986; Uppal, 1987; De Maine et al., 1988). In The Netherlands,
the average contents of solanidine glycosides of the 14 most important
household cultivars which were determined in tubers grown in at least
three seasons at two locations, varied from 20-85 mg/kg (Van Gelder,
1985a). Calculations based on the data reported in the just-mentioned
studies, which concerned a total of 521 samples of potato tubers of
many different registered cultivars (excluding 'Lenape’) grown in dif-
ferent countries, revealed that almost 85% of the samples showed con-
tents of solanidine glycosides below 100 mg/kg. The contents of 12%
and 2% of the samples were 100-150 mg/kg and 150-200 mg/kg,
respectively; another 2% of the samples showed contents of these
glycosides exceeding 200 mg/kg (Fig. 3). Early and main crop potatoes
purchased at sales points (supermarkets, greengrocers and farm shops)
in the U.K. showed higher levels of these glycosides probably due to
earliness, and post-harvest handling and storage conditions. The aver-
age contents ranged from 90-170 mg/kg and the contents of individual
samples were up to 220 mg/kg (Davies and Blincow, 1984). The cultivar
Lenape contained S5GA levels up te 350 mg/kg in Canada (Zitnak and
Johnston, 1970) and up to 650 mg/kg in the U.S.A. (Sinden and Webb,
1974).

The solanidine glycosides are usually concentrated in about a 1.5 mm
layer under the skin of the potato tuber. In this case, peeling of po-
tatoes removes 50-95% of these SGAs (Bémer and Mattis, 1924; Lepper,
1949; Verbist and Monnet, 1979; Bushway et al., 1983; Uppal, 1987).
However, when potatoes contain conecentrations above 250 mg/kg, the

solanidine glycosides can be present throughout the flesh. Peeling may




23

—h
[
(=]

N =521.
Range 10-390 mg/kg
Average = 73 mg/kg

number of samples
o
(=]
I

8

20

20 40 60 80 100 120 140 160 180 200
solanidine glycosides mg/kg fresh tuber

Fig. 3. Frequency distribution of the contents of solanidine glycosides
{mg/kg fresh tuber) in 521 samples of potate tubers. These contents
were reported in the literature and include those of many registered
household potato cultivars grown in Australia, England, India, The
Netherlands, New Zealand, Scotland, Sweden and the U.S.A. (the cultivar
Lenape and breeding clones were excluded from this frequency distri-

bution).

then remove only 30-35% of the total amount of SGAs present (Zitnak,
1961; Wood and Young, 1974; Verbist and Monnet, 1979),

Morris and Petermann (1985) found that the amount of a-solanine
varied from 28% to 57% of the total amount of the solanidine glycesides
in potato tubers. Free solanidine up to 33% of the total amount (free
and glycosidic-bound scolanidine) present, has been reported to occur in
bitter potato tubers (Zitnak, 1961), but Lampitt et al. (1943) could
not detect free solanidine in tubers of nine cultivars, not even when
the tubers contained large amounts of solanidine glycosides due to

light exposure for 18 weeks.
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FACTORS AFFECTING THE ACCUMULATION OF SOLANIDINE GLYCOSIDES IN POTATC
TUBERS

Genetic variation and growth conditions

The contents of solanidine glycosides in field-grown tubers of commer-
cial potato cultivars can vary widely for individual samples. Values
between 10 mg/kg and 650 mg/kg have been reported (Baerug, 1962; Cronk
et al., 1974; Fitzpatrick et al., 1978; Verbist and Monnet, 1979;
Davies and Blincow, 1984; see also the studies of which the values have
been summarized in Fig. 3). The genetic variation is the largest source
of wvariation of the contents of solanidine glycosides, but these con-
tents may also vary among crops of a single cultivar grown at different
locations or in different years, due to the varying environmental con-
ditions (Sanford and Sinden, 1972; Sinden and Webb, 1972 and 1974;
Parnell et al., 1984; Van Gel&er and Dellaert, 1988).

Although interactions between genotype and enviromment have been
demonstrated, the ranking order of genotypes as to their SGA contents
remains quite constant under different environmental conditions
(Lepper, 1949; Sinden and Webb, 1974; Patchett et al., 1977; Lammerink,
1985; Olsson, 1986). In a recent study on 27 pgenotypes grown in four
seasons at two locations, a strong correlation (r = 0.86) was found
between the genotype-averages of the contents of solanidine glycosides
(10-650 mg/kg; measured over the years and locations) and the coeffi-
cients of wvariation calculated for each genotype (Van Gelder and
Dellaert, 1988). This may explain why cultivars with genetically deter-
mined 'high’ contents of solanidine glycosides in the tubers (above 100
mg/kg} accumulated easily excessive amounts (above 200 mg/kg) compared
with cultivars with low contents.

Most of the envirommental variation seems to result from climatic
influences (Maga, 1980; Jadhav et al., 1981). Especially an unusually
cool growing season accompanied with an abnormally high number of over-
cast days, probably resulting in an immature potato crop, has been
suggested to be the cause of excessive levels of solanidine glycosides
which were held responsible for cases of acute poisoning (Boémer and
Mattis, 1924, Norberg, 1987).

Immaturity has been associated with high or even excessive levels of

solanidine glycosides (Bomer and Mattis, 1924; Wolf and Duggar, 1946;
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Patchett et al., 1977; Ahmed and Miller, 197%9; Verbist and Monmet,
1979). Tuber size as well as maturity, are inversely related with the
content of solanidine glycosides within a cultivar, as these SGAs are
formed early during tuber development and as they are "diluted" during
the process of enlarging and maturation of the tubers. Moreover, the
SGAs are concentrated in the peel, which Is a relatively larger part of
the tubers when they are smaller, Verbist and Monnet (1979) found in 20
tuber samples of eight current cultivars contents of solanidine glyco-
sides varying from 96-448 mg/kg; the average tuber weights varied for
the different samples from 9-40 g. They supposed that such small pota-
toes can be responsible for cases of gastroenteritis. Other factors
that have been investigated in relation to SGA accumulation during the
growth of potato tubers in the field, are planting date, fertilization
with major elements and soil type. These factors exerted only little
effect on the accumulation of solanidine glycosides and are not asso-
ciated with potentially hazardous levels of these compounds (Maga,

1980; Jadhav et al., 1981; Sinden et al., 1984),

Light exposure and storage conditions

When harvested potatoes are exposed to light, their contents of solani-
dine glycosides may increase considerably. The increase depends on the
cultivar and is positively related to the light intensity and the dura-
tion of the exposure (Jadhav and Salunkhe, 1975; Maga, 1980; Zitnak
1981; Jadhav et al., 1981; Sinden et al., 1984: Uppal, 1987). Upon ex-
posure to bright sunlight (35000-50000 1x) for 6 h, the solanidine gly-
coside content of freshly harvested tubers increased from 50 mg/kg to
above 200 mg/kg (Baerug, 1962). Levels as high as 450 mg/kg have been
reported for tubers exposed to intense solar irradiation when left in
the field for 72 h (Zitnak, 1961 and 1977). During light exposure, the
solanidine glycoside contents of immature and small tubers increased
more strongly (up to 480 mg/kg) than those of mature and large tubers
(up to 200 mg/kg) (Bémer and Mattis, 1924; Wolf and Dugar, 1946; Lep-
per, 1949; Sinden and Webb, 1974; Patchett et al., 1977). Artificial
light during storage or marketing also induces de nove synthesis of
solanidine glycosides, The increases are usually not as dramatic as
those resulting from sunlight, and tubers of cultivars normally showing

contents below 100 mg/kg, do usually not exceed 150 mg/kg upon exposure
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to artificial light (Ahmed and Miller, 1981; Sinden et al., 1984; Lam-
merink, 1985; De Maine et al., 1988).

Light-induced synthesis of SGAs is often accompanied with greening
of the tubers as a result of the synthesis of chlorophyll in the potate
peel. Greened potatoes are often associated with bitterness and high
SGA levels. Although the spectral responses to light of the mechanisms
synthesizing the chlorophylls a and b and the SGAs a-solanine and o-
chaconine were similar (Petermann and Morris, 1985), these biochemical
processes seem to be able to proceed independently of each other
(Grison, 1987; De Maine et al., 1988). Potatoes with levels of solani-
dine glycosides as high as 600-1000 mg/kg, did not show any greening
(Zitnak, 1977). These data clearly show that greening is not a reliable
indicator of too high SGA levels in light-exposed potatoes.

Storage of potato tubers can increase their contents of solanidine
glycosides (Cronk et al., 1974; Ahmed and Miller, 1981), but the lit-
terature is contradictory with respect to the influence of the temper-
ature during, and the duration of the storage period. Storage in the
dark at various temperatures between 0°C and 28°C for 12 weeks (Nair et
al,, 1981; Limmeman et al., 1985) or between 10°C and 15°C for up to 7
months (Zitnak, 1953, quoted from Jadhav et al., 1981; Lammerink, 1985)
hardly affected the accumulation of solanidine glycosides. Storage at
4°C resulted in a slight increase after 3 months in a study by Wu and
Salunkhe (1976), but in non-elevated levels after 3-8 months in other
studies (Wolf and Duggar, 1946; Fitzpatrick et al., 1977; Bostock et
al., 1983). Storage at 4°C under humid conditions resulted in high
contents of solanidine glycosides after 6 weeks (Zitmak, 19533).

A large number of physical and chemical treatments to contrel post-
harvest accumulation of SGAs have been described. Among these are
vacuum packaging and packaging in coloured polyethylene bags, ionizing
radiation, submerging in water to which often chemicals were added,
heating of tubers and treating them with waxes, chemicals or oils. Some
treatments simultaneously inhibited SGA accumulation in, and greening
and/or sprouting of the tubers., For information on the efficacy and
limitations of these treatments reviews by Salunkhe and Wu (1979), Maga
{1980) and Jadhav et al. {1981l) are referred to.
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Tuber injury

Damage to tubers resulting from dropping, puncturing, cutting, hammer-
ing, brushing, or caused by diseases or by animals, stimulated the SGA
synthesis (Sinden and Webb, 1974; Wu and Salunkhe, 1976; Ahmed and
Miller, 1978; Olsson, 1986; Mondy et al., 1987). This effect is thought
to be due to a physiological defense mechanism in the tuber. In slight-
ly injured tubers the contents of solanidine glycosides can increase
200-300% (Sinden and Webb, 1974). Severely damaged tubers contained
levels of these glycosides sometimes exceeding 200 mg/kg, with extreme
values of 319 and 530 mg/kg (Olsson, 1986). The accumulation of the
glycosides occurred in the peel as well as in the flesh, mainly in the
first weeks of storage after the induction of the synthesis by mechan-
ical injury (Wu and Salunkhe, 1976). The extent of the SGA accumulation
depends strongly on the type of injury, on the cultivar and on the
storage conditions after the injury. Damaged tubers stored at ca 5°C in
the dark accumulated less solanidine glycosides than tubers stored at
ca 20°C (Wu and Salunkhe, 1976; Ahmed and Mdller, 1978; Mondy et al.,
1987). Probably, the tuber defense mechanism is more active at higher
temperatures. According to Fitzpatrick et al. (1978), damaged potatoes
purchased on the retail market contained levels of SGAs up to 193
mg/kg. Olsson (1986) observed a high correlation between the initial
solanidine glycoside contents of cultivars and breeding clones and
their elevated contents after damage, and recommended potato breeders
to select for low SGA contents to prevent accumulation of SGAs due to

damage .

Potato processing

SGAs are fairly heat-stable compounds, their melting points, at which
some SGAs may start decomposing, vary in general from 230-280°C (Prelog
and Jeger, 1960; Schreiber, 1968; Ripperger and Schreiber, 1981). At
these temperatures their aglycones do not show decomposition, and even
during gas chromatography at 280-320°C they hardly decompose (Van Gel-
der, 1985b). It is therefore not surprising that steaming, boiling,
baking, cocking, frying and microwaving of potatoes did neot affect
their contents of solanidine glycosides (Baker et al., 1955; Zitnak and
Johnston, 1970; Bushway and Ponnampalam, 1981).

When during the manufacturing of potato chips (Eng. = crisps) and
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French fries (Eng. = chips), half products such as slices or strips are
left for some time (3 h to 3 days) before frying or coocking, the SGA
contents can increase with 100% (Ahmed and Miller, 1978; Maga, 1981).
In aged potato slices of the cultivar Kennebec, which contains germ-
plasm of S, demissum Lindl., the tomatidenol glycosides e- and g-sola-
marine, not originating from S. tuberosum, were detected in addition to
a-solanine and a-chaconine (Shih and Kue, 1974; Fitzpatrick et al.,
1977). The above results are especially important in the light of the
results of Sizer et al. (1980), who showed that during the frying of
potato chips water was lost, which resulted in a three- to fourfold
concentration of 8GAs. They found strongly varying SGA contents, 95-720
mg/kg, in commercially purchased chips containing most of the potato
skin. The excessive content did not cause a noticeable bitterness, but
the authors suggested that the bitterness could have been masked by the
salt on, or the high 6il content of the chips. Bitterness can possibly
also be masked by other flavour additives. As especially infants and
adolescents sometimes consume relatively large amounts of chips, it is
advisable that potatoes are peeled well and that delays in processing

of slices or otherwise nonintact potatoes are avoided.
CONCLUSIONS

It can be stated that in view of the data given in the literature many
factors influencing the accumulation of solanidine glycosides in
potatoes should be kept in mind.

In order to control the accumulation of these 5GAs resulting from
the growth conditions, it is important that potato tubers are well-
covered with soll during growth, and that they are harvested when they
are mature. When the crop has been exposed to physiological stress,
especially unusual climatic conditions, it 1s advisable to check the
SGA content of the tubers after harvest. Exposure of potatoes to bright
light, especially sunlight, must be minimized.

Potato tubers can be stored for a considerable period of time, prob-
ably up to eight months or even longer, without a marked increase in
the contents of solanidine glycosides. However, in such cases the stor-
age conditions must be optimum. Indications that storage in the dark at

ca 9-15°C and at a low air humidity is to be preferred, can be found in
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the literature, but further study of the effects of storage conditions
on the accumulation of SGAs is needed. This is the more so, in view of
the currently increasing interest for cold storage (2-4°C) of potatoes
as an alternative to chemical sprouting inhibitors.

Growers of potatoes and those involved in marketing usually avoid
injury that deteriorates the outward appearance of potatces, but it is
important also from the viewpeoint of food safety, that any kind of in-
jury to potatoes should be avoided.

Potatoes must be peeled well before they are prepared and delays in
processing of slices or otherwise non-intact potatoes should also be
minimized.

Data in the literature suggest that, as a result of unusual post-
harvest conditions, S5GAs from wild Solanum species may be synthesized
in household potatoes containing germplasm of such species. Knowledge
on the occurrence and the toxicity of SGAs in wild Solanum species and

their offspring is therefore required.
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CHAFTER II

EVALUATION OF THE TOXICITY OF STEROIDAL GLYCOALKALOIDS

INTRODUCTION

The objective of this chapter is to evaluate the toxicological data on
SGAs in order to assess possible consumer hazards and to derive safe
levels for household potatoes. Also an assessment will be made of the
acceptable levels or comparable standards proposed in the literature so

far.

TOXICOLOGY OF SGAs

Toxicokinetics
Human data
Harvey et al. (1985a, 1985b and 1986) demonstrated that solanidine
glycosides as well as free aglycone were present in all sera of the
several hundreds of human beings (women and men) tested in the course
of a number of separate experiments. Calculations based on the data
presented in these studies showed that the concentrations varied from
about 2-110 ng expressed as solanidine glycosides per ml serum. Harvey
et al, (1985a and 1985b) found that the concentrations of these SGAs in
the sera were proportionally related to the SGA contents of the pota-
toes, and to the amount of potatoes (which had been prepared in various
ways), consumed by the individuals. The relationship between the SGA
concentration in the serum and the monthly potato intake found in the
male subjects was different from that found in the female subjects
(Fig. 1), which was ascribed to a greater day to day variation in the
size of potato portions eaten by the female subjects (Harvey et al.,
1985a). Upon abstention of potatoes and potato products by two sub-
jects, their serum SGA concentrations decreased with 35-55% after the
first week and 'became minimal' after 2-3 weeks (Harvey et al., 1985a).
Claringbold et al. (1982) administered tritiated solanidine to human

volunteers (two men, one woman) by intravenous (iv) injections. Such
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experiments are relevant from a consumers point of view, in that they
provide valuable information on the elimination of the SGAs. The excre-
tion rates of the tritiated solanidine were low; during the first 24 h,
3-7% of label was excreted and during the following week about 2% of
the dose daily. A half-time of excretion of 34-68 days was calculated.
The authors also examined human post-mortem livers which were of normal
histelogical appearance and originated from subjects who died suddenly
from cardiovascular disease. They detected free solanidine as well as
solanidine glycosides in total concentrations up to 106 mg solanidine
(230 mg a-solanine equivalents) per kg liver (calculated from the data
reported).

Claringbold et al. (1980) studied the kinetics of tritiated solaso-
dine after iv administration to two men. The men had excreted about 16%
of the labeled solasodine after 24 h and about 25% after 3 days. After
8 days, labeled compound was still present in the erythrocytes and the
plasma of the humans.

These studies show that after consumption of potatoes or potato pro-
ducts, human beings absorb the potato S$GAs from the gastrointestinal
tract in amounts proportionally related to the amounts ingested. After
the SGAs have entered the blood stream they are eliminated only slowly.
This implies that a certain level of accumulation of SGAs may occur in
the human body, which is confirmed by the relatively high SGA levels
that were found in post-mortem livers. The experiments also showed that
a-solanine and «-chaconine are partly hydrolysed libérating the
aglycone scolanidine. The long retention times of the SGAs in the human
body concur with the finding of Rihl (1951) who detected ‘solanine’ in

post-mortem urine 14 days after it had been ingested.

Experimental-animal data

Nishie et al. (1971) studied the kinetics of a-solanine in the rat.
After oral administration of 5 mg of tritiated a-solanine per kg body
weight (bw), this SGA was poorly absorbed from the gastrointestinal
tract; 78% was excreted after 24 h and 94%, (of which 84% with the
faeces and 10% with the urine) after 4 days. The highest concentrations
of o-solanine were found after 12 h in spleen, kidney, liver, lung,
fat, heart, brain and blood, in descending order. After intraperitoneal

(ip) administration of tritiated a-solanine the excretion rate was much
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lower: about 34% after 24 h at a dose range of 5-15 mg/kg bw. At a high
dose of 25 mg/kg bw the excretion almost stopped, resulting in accu-
mulation of labeled compound in liver, spleen, kidney and intestine.
After oral as well as ip administration, solanidine was formed upon
hydrolysis., Comparable results were obtained by Norred et al. (1976)
who studied the kinetics using tritiated a-chaconine. Thus both potato
SGAs, o-solanine and a-chaconine, are poorly absorbed from the gas-
trointestinal tract in the rat, and the patterns of distribution and
excretion of these compounds are similar. Solanidine was formed also
upon hydrolysis of a-chaconine.

Alozie‘et al. (1978) studied the kinetics of tritiated a-chaconine
in hamsters. Contrasting to the rat, the hamster absorbed the labeled
compound readily from the gastrointestinal tract after oral adminis-
tration of 10 mg/kg bw. After 7 days only 24% was excreted, much of the
labeled compound persisted in spleen, liver, lung, testes, kidney and
brain, in concentrations, in descending order, which were 3-6 times as
high as that in the blood. After ip administration, only 3% of the
label was excreted after 7 days.

Claringbold et al. (1980) found tritiated solasodine to be still
present in the livers of hamsters 22 days after (intracardial) admin-
istration.

The animal studies are generally in agreement with the findings in
humans. The s<olanidine glycosides are (partially) absorbed from the
gastrointestinal tract and once present in the blood stream these com-
pounds are absorbed by many organs and are then only slowly eliminated.
The amount of solanidine glycosides found in the blood represents only
a relatively small fraction of the total amount present in the body.
The S8GAs and the aglycones, solanidine as well as solasodine (which
result from hydrolysis of the glycosides in the body), are retained in
the body for several weeks,

The experiments with rats and hamsters show that considerable dif-
ferences may exist between species, in absorption and elimination of
the solanidine glycosides. They further suggest that the hamster re-
sembles man more closely with respect to these kinetics than the rat,
and thus the hamster may possibly be a more adequate test model for

studying the kinetics,
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Toxicodynamics

Acute and subacute toxicity

Human data

Potato SGAs. In the literature case studies as well as experimental
data on the acute and subacute toxicity of potato SGAs in man are
available. The two sources of information will be dealt with subse-
quently.

In the epidemiological literature a large number of cases of potato
poisoning have been described. The most extensive and careful examina-
tion of an epidemic of potato poisoning is found in McMillan and Thomp-
son (1979). The epidemic involved 78 boys between 11 years and 13 years
old that became 111 after eating a lunch at school, which included
potatoes. Seventeen of the boys required hospital admission; three
being dangerously ill. The authars present detailed clinical findings,
including a description of the symptoms of the suspected potato poi-
soning, which started 4-14 h after the meal. The common symptoms were
gastrointestinal, such as vomiting (for 1-3 days), diarrhoea (for 2-6
days) and abdominal pain; and neurological, such as restlessness, con-
fusion, delirium, stuporose, drowsiness or hallucination. Most of the
boys had fever sometimes as high as 40-40.53°C. Other symptoms recorded
were nausea, malaise, a rapid but very weak pulse (160/min), difficult
but accelerated respiration (48/min), a low or unrecordable blood pres-
sure, unconsiousness, skin lesions and disturbance of vision.

After 6-11 days of admission, the boys were fit to be discharged.
Some still complained of wvisual disturbance, dizziness or pain on
walking, but within the next few weeks all of them recovered.

Elaborate microbiological, bacteriological and virclogical examina-
tions, and chemical tests for numerous organic and anorganic compounds,
were carried out by experts on blood, serum, vomit, urine and faeces,
as well as on kitchen equipment and samples of food recovered from the
meal. It was concluded that the illnesses were due to the consumption
of a relatively small number of toxic potatoes, which had been in the
foodstores of the school for some months. The unpeeled potatoes con-
tained 330 mg solanidine glycosides per kg whilst toxic concentrations
of many other substances for which the potatoes were analysed were not
detected. Six days after the meal, plasma cholinesterase levels of the

boys were on average about 25% below normal. Ten boys had levels below
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the lower limit of the normal range of children up to 14 years old, but
one month later the values of all but one boy were within the normal

range. As potato SGAs are inhibitors of cholinesterase (Orgell et al.,

'1958; Orgell, 1963; Patil et al., 1972; Bushway et al., 1987), extracts

of the toxic potatoes were tested for their inhibitor activity, which
appeared three times higher than the anticholinesterase activity of an
extract of potatoes which did not cause symptoms of illness, From a
comparison of the anticholinesterase activity of extracts of prepared
but uneaten batches of the toxic potatoes with the activity of the pure
5GAs, the content of solanidine glycosides in the prepared potatoes was
estimated to be about 250-300 mg/kg. Finally the conclusion was drawn
that "the gastrointestinal, circulatory, neurclogical and dermatolog-
ical findings and the results of laboratory investigations were in
keeping with solanine poisoning”.

A fatal case of poisoning of a two year old girl that ingested (at
least) one potato fruit (berry) was described in detail by Rahl (1951}.
Potato fruits have been shown to contain amounts of solanidine glyco-
sides varying from 420-1080C mg/kg fresh weight (Chapter I, Table 2).
Considering all evidence (the nature of the plant material ingested,
the clinical symptoms observed and the course of the illness, post-
mortem and histological examinations, pathological information from a
similar case (Terbruggen, 1936}, toxicological information in the
literature, and the presence of ’solanine' in the post-mortem urine 14
days after the potato fruit was ingested), Rihl concluded that death
was caused by "solanine poisoning".

A massive outbreak of poisoning in Scotland in 1917 involved 61
persons; one subject, a five year old boy, died (Harris and Cockburn,
1918). Symptoms reported were headache, vomiting, diarrhoea and debil-
ity. The onset of symptoms varied from almost immediately after the
meal to 2 days after the meal; the duration of the illnesses varied
from a few hours to 3 days. Investigations showed coneclusively that all
the persons that became ill had consumed potatoes obtained from one
source, whilst those persons (often in the same households) who did
not partake of the potatoes were unaffected. The toxic potatoes were
normal in appearance, although quite a number of them showed sprouts
about 0.6 cm in length. Analyses showed that the toxic potatoes con-

tained 410 mg solanidine glycosides per kg, whilst normal potatoes
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'considered nontoxic’ showed contents of about 80 mg/kg. The authors
concluded: "the outbreak of poisoning was due to the eating of potatoes
containing an excessively large quantity of solanine”.

Table 1 presents a historical overview of cases of poisoning in
humans reported in the literature and ascribed to the consumption of
tubers or other parts of the potato plant. In all the cases the symp-
toms of poisoning were comparable to those reported by McMillan and
Thompson (1979). From these cases, it can be concluded that in general,
the onset of symptoms varies from 1-2 h to about 2 days after consump-
tion of the potatoes; the duration of the illness varies from a few
hours to about 2 weeks. In most cases, circumstantial evidence justi-
fied the conclusion that the potato material was the cause of the in-
toxication. The epidemie ascribed to the rotten potatoes (Reelah and
Keem, 1958) can have been caused by a variety of substances due to the
microbial contamination and cannot be ascribed with certainty to the
SGAs. In the cases of poisoning due to consumption of peotato fruits,
foliage and greened tubers, the SGA contents were not reported, but it
is known that such tissues and also small tubers usually contain high
levels of solanidine glycosides (see Chapter I, Table 2).

It should be noted in general that in many cases described in this
chapter the potatoes involved in poisoning showed a normal outward
appearance.

In addition to the case studies referred to above, there are some
data from experiments with human volunteers (summarized in Table 2). A
recent experiment involved six male volunteers who consumed potato
tubers containing 320 mg solanidine glycosides per kg fresh weight. The
tubers were baked and consumed including the skin. The amounts of SCAs
ingested varied for different volunteers from 1.75-2.58 mg/kg bw. All
persons showed symptoms of poisoning such as nauseating and severe
distress, which started after about 2 h; one person showed no other
symptoms; one vomited after 4 h; and four suffered from diarrhoea which
started after 4 h. Symptoms tapered off after 8-10 h (Bushway, 1987).

The cases described above, clearly indicate that potato tubers, may
cause poisoning in humans, due to their high levels of solanidine

glycosides.
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Experimental-animal data

Potato SGAs. Symptoms of acute toxicity caused by feeding potato mate-
rial or potato SGAs to animals are described in detail for the cow,
sheep, horse and pig by Rahl (1951) and by Kénig (19533) and for the
rabbit, mouse, rhesus monkey and rat by Patil et al. (1972) and by
Swinyard and Chaube (1973). The symptom complex is essentially the same
in all species studied and can be summarized as follows. Neurological
effects were prominent in all species and included apathy, drowsiness,
weakness or paralysis, tachycardia, dyspnoea, asphyxia, cyanosis and
unconsiousness. Dilated pupils or tachypnoea may occur. Gastrointes-
tinal effects such as vomiting were observed in the cow, sheep, horse
and pig and diarrhoea in the cow, sheep, horse and mice. In some cases
(cow) exanthematic symptoms such as skin eruptions were reported.
Auteopsy findings included mild to severe haemorrhagic gastroentericis,
haemorrhagic damage in mouth, mnose, lungs, liver, spleen, kidneys,
lymph nods, adrenals and salivary glands. Other effects observed were
hepatiec leucocytic infiltration in the mouse (Sharma et al., 1979),
accumulation of pleural and peritoneal sanguineous fluids in the rat
and the rhesus monkey (Swinyard and Chaube, 1973; Chaube and Swinyard,
1976), cholinesterase inhibition in wvivoe in the rabbit and the dog
(Patil et al., 1972) and increased body temperature. up to 40.3°C in
sheep (Kénig, 1953). An extensive gross and microscopic examination of
the pathologic effects of gavaging potato sprouts and potato SGAs to
the hamster has been reported by Baker et al. (1987). In this experi-
ment, 9 out of 10 hamsters receiving dried potato sprout material and 3
out of 5 hamsters receiving potato S5GAs died within 72 h after dosing.
At autopsy the most important effects were severe gastric and intesti-
nal mucosal necrosis and heamorrhage. The lesions observed were indica-
tive for exposure of the gastrointestinal epithelium to an irritant
poison. The hamsters also showed congestion of the kidneys and lungs
and gross and microscopic lesions of a variety of tissues. All lesions
in the hamsters that were fed sprout material were similar to those in
the hamsters that received extracted SGAs. The 3 hamsters that survived
to the time of euthanasia showed similar but milder symptoms. Gavaging
sprout material from which the S5GAs had been eliminated by extraction
(5 hamsters), or gavaging water (3 control animals), did not produce

abnormalities. These experiments showed that the SGAs were responsible
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for the toxic effects. In sheep, rats, rabbits and rhesus monkeys,
feeding of potato foliage, sprouts, greened or sprouted tubers, pro-
duced the same effects as administration of purified potato SGAs (Rihl,
1951; Kénig, 1953; Swinyard and Chaube, 1973).

From these findings it can be concluded that the SGAs were responsi-
ble for the toxic effects caused by the potato material. The clinical
and autopsy findings reported for potato SGA poisoning in animals are
comparable to those reported for poisoning in human beings caused by
potatoes or potato SGAs.

Acute toxic effects reported in the above-mentioned studies are
included in Table 3 (parental administration) and Table 4 (oral admin-
istration).

An interesting study on the acute and subacute toxicity of potate
SGAs is that of Chaube and Swinyard (1976) who studied the lethality of
a—-solanine and a-chaconine after ip administration to female Wistar
rats (Table 5). The authors reported that the signs of toxicity were
externally: nasal, oral and periorbital haemorrhage; and internally:
sanguineous ascitic and pleuritic fluid. A clear dose-response
(lethality) relationship for e-solanine and ea-chaconine was found. The
authors also reported a study on the subacute toxicity of a-solanine
and a-chaconine in pregnant and nonpregnant female Wistar vrats. The
animals received daily 5, 10 or 20 mg a-solanine or a-chaconine per kg
bw ip for 8 days, or 40 mg/kg bw ip for 2 days. The results are shown
in Table 6. External symptoms were similar to those described for acute
toxicity. Sanguineous ascitic fluid was recovered from all animals that
died and from about half of those that survived the dosages of 20-40 mg
SGA per kg bw. Histological changes associated with the treatment were
limited to moderate congestion of lung, spleen, and liver. The results
indicate that in the rat the subacute lethality of the SGAs is
quantitatively related to the daily dose and not to the total dose; for
instance two daily injections of 40 mg/kg bw (80 mg/kg bw total) were
at least as effective as 8 daily doses of 20 mg/kg bw (160 mg/kg bw
total). The authors alse concluded that pregnant rats are more sensi-

tive to a-chaconine than nonpregnant female rats.
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Table 5. Acute toxicity of a-solanine and a-chaconine in the rat after

intraperitoneal administration?.

ea-Solanine a-Chaconine
Dose Lethality LD50 Dose Lethality LD59
(mg/kg) (mg/kg) (mg/kg) (mg/kg)
Dead/total % Dead/total %
20 0/22 0 84.0 20 0/15 0 67.0
50 3/11 27b 40 1/9 11P
75 2/6 33¢ 60 3/8 38¢
85 5/10 50¢ 85 6/6 100¢
100 4/4 100°

3Female rats received single ip injections.
bRats died 3-7 days after injection.
CRats died within 24 h after injection,

After Chaube and Swinyard, (1976}

Table 6. Subacute toxicity of a-solanine and a-chaconine in the r
after intraperitoneal administration to nonpregnant-female and

pregnant animals.

Dose (mg/kg) Lethality
Daily Total a-S5olanine a-Chaconine
Nonpregnant Pregnant Nonpregnant Pregnant

Dead/total Dead/total Dead/total Dead/total

58 40 0/5 0/7 0/6 0/6
108 80 0/10 0/8 0/11 3/7¢
208 160 0/5 0/6 3,74 2/4¢
40P 80 1764 0/6 2/54 4/6¢

a,bpats received 8 (a) or 2 (b) consecutive ip injections.

at

to
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Although the data on the oral toxicity in experimental animals are
scarce, they suggest that the sensitivity to potato S5GAs of human
beings corresponds to a larger extent with that of the hamster than
with that of the rat or the mouse, Therefore for future experiments one

should consider the hamster as an adequate model.

SGAs from wild Solanum species. Wilson et al. (1961) studied the acute
toxicity of o-tomatine. A single oral dose of 900-1000 mg/kg bw to
rats (5 test animals) was fatal within 24 h. Histologic examination
showed an acute gastric mucosal erosion with a mild acute inflammation
in the underlying submucosa. This inflammation had produced spasm of
the pylorus, which in turn was considered the cause of the stomach te
be distended with much fluid. After iv administration of a lethal dose
in mice, death occurred within 0.5-2 min, due to a severe disturbance
of the central nervous system. There was often bloody nasal discharge.
Doses (iv) of 15 mg/kg bw or below were always nonfatal; a dose of 17.5
and 20 mg/kg bw produced mortality in 11 out of 17 and 7 out of 1l
mice, vrespectively, whereas doses above 22.5 mg/kg bw were always
fatal. Thus, in this experiment the maximum nonfatal dose differed only
slightly from the always fatal dose.

Nishie et al. (1975) compared the acute toxicity of w-tomatine with
that of a-solanine and a—chaconine (Table 3). The authors concluded
that these three SGAs were similarly toxiec except for the lethal doses
in rabbits; that of o-tomatine was more than twice as high than theose
of the potato SGAs. The data on the acute toxicity of co-tomatine are

tabulated in the Tables 3 and 4.

Reproduction and developmental toxicity

Human data

Potato SGAs. Studies that demonstrate effects of SGAs on reproduction
in human beings have not been reported. However, potato 5GAs have been
associated indirectly with teratogenicity. In 1972, Renwick reported a
correlation between seasonal, geographical and year-to-year variation
in the incidence of anencephaly and spina bifida (ASB) in humans and
the severity of blight-infestation (Phytophthora infestans) in pota-
toes. He guessed that a teratogenic substance in the blight-infected

potatoes might be responsihble for these severe birth defects, which
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occur relatively frequently in Britain; the incidence wvarying for
different regions from 2-10 per 1000 births. He suggested that the
teratogen could bhe a potato SGA, On the basis of this rather weak
evidence Renwick (1%972a; 1972b) even made the suggestion that avoidance
of potatoes by pregnant women would virtually eliminate these severe
malformations.

A subsequent short-term avoidance trial of potatoes and potato-
containing food products showed that ASB occurred in 2 out of 23 preg-
nancies in a potato-free group, whereas in a potato-consumers group 2
out of 56 pregnancies resulted in an ASB infant (Nevin and Merret,
1975). This report is regularly referred to in the literature as being
evidence against Renwick's hypothesis, but it can only be concluded
that this very limited study does not provide any evidence which can be
used to throw light on this problem.

It is concluded that not any evidence of a causal relationship
existing between ingestion of blighted potatoes or potato SGAs and ASB
in human beings has ever been presented. The literature reports on this

subject are suggestive and do not allow conclusions to be drawn.

Experimental-animal data

Potato SGAs. Renwick’s hypothesis initiated much research to test
whether blighted or otherwise imperfect potatoes or potato S5GAs, can
induce ASB in experimental animals. Many studies provided negative
evidence; those that were of a good standard are summarized hereafter.

Neither tuber material infested with Phvtophtora infestance or with

other potate pathogens, nor aged tubers showing high SGA contents, were
teratogenic upon gavaging in rats, marmosets, hamsters, mice or rabbits
(Poswillo et al., 1973; Chaube et al., 1973; Ruddick et al., 1974;
Keeler et al., 1975). Administration of o«o-sclanine or ea-chaconine,
either in pure form or in potato extracts, did not result in birth
defects in the following experimental animals: rats, given daily doses
up to 25 mg/kg bw orally during day 8-11 or day 6-15 of gestation
(Ruddick et al., 1974) or of 40 mg/kg bw ip on day 5 and 6 or 5-20
mg/kg bw ip during day 5-12 (Chaube and Swinyard, 1976); hamsters,
given single doses varying from 20-40 mg/kg bw orally on day 7 or day 8
(Keeler et al., 1978); mice, given 20 mg/kg bw ip daily during day 7-11

(Bell et al., 1976); and chick embryos, after injection into the yolk
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sack of amounts up to 30 mg/kg egg (LD30 19 mg/kg egg) (Nishie et al.,
1971 and 1975).

In several other papers however, it was reported that a-solanine,
a-chaconine or potato preparations, some of which were derived from
blighted potatces or from potato sprouts, can produce teratogenic
effects. These positive studies must be considered carefully. The few
referred to hereafter do not proveke major critical comments with
respect to the experimental design,

Mun et al. (1975) injected into the yolk sack of fertile chicken
eggs an amount of 0.26 mg SGA/egg. The SGAs were isolated from potatoes

infected with blight (Phytophthora infestance). This preparation pro-

duced 26% embryonal mortality (out of 92 embryos) and 29% abnormal-
ities, mainly tail, trunk and rump defects. Control groups showed 1%
{out of 88) and 8% (out of 125) mortality and 9% and 10% abnormalities,
respectively. For an assessment of the hazard of the 8GAs in potatoes,
the information on the teratogenicity of the blight infected potato
preparations cannot be used, because other compounds formed in the in-
fected potatoes can be responsible for the effect as well. A 'solanine’
preparation isolated from potato flowers produced 0-27% mortality and
15-25% abnormalities when doses of 0.015-0.26 mg/egg were injected into
the yolk sack. These effect levels were very low compared with those
reported by Nishie et al. (1971 and 1975). However, it camnnot be ex-
cluded that this preparation from flowers contained SGAs not found in
potato tubers. Mun et al. (1975) did not find a dose-effect relation-
ship. In summary it can be stated that these authors showed that
certain SGA preparations from potatoe material can induce malformations
in chicken embryos, but it is not clear whether their results are of
any significance for human beings.

Renwick et al. (1984) reported cranial defects and exencephaly in
hamsters given orally on day 7 or 8 of gestation, either a-sclanine or
a-chaconine in single doses varying from 165-200 mg/kg bw, or SGAs
isolated from potato sprouts in a single dose of 240 mg/kg bw. The
authors also reported a dose-related teratogenicity of potato sprouts
in hamsters, but upon a closer look this relationship appeared to be
based on the highest dose level only. This level, which was equivalent
to about 225 mg SGA per kg bw, was not a realistic dose as it produced

31% maternal lethality.
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Keeler et al. (1976 and 1978) found potato sprouts, from a number of
cultivars, which contained 220-400 times as much SGAs as tubers to be
teratogenic in hamsters. However, the doses administered caused 11-48%
maternal mortality. The terata included spina bifida and exencephaly.
Potato tubers or peels were not teratogenic at doses up to four times
as high as the sprout desages (5-21% maternal lethality) (see also
Keeler, 1979).

With respect to the birth defects In hamsters, it should be men-
tioned that a particular strain of hamsters (Simonsen) was chosen as
test animal to study teratogenicity of SGAs and SAs, because this
strain had proven to be sensitive to low doses of SA teratogens and to
produce a high incidence of deformities (Keeler et al,, 1976). The
oral doses of isolated SGAs or of sprouts, which produced teratogenic
effects in the hamsters in the above studies, were quite high, as was
apparent from maternal mortality (see also Table 4 Renwick et al.,
1984). In this respect it should be noted that recently, the WHO Expert
Task Group on Updating the Principles for the Safety Assessment of Food
Additives and Contaminants in Food (WHO, 1987) recommended that: "for
assessing, whether the organism is more sensitive to the agent under
test during its reproductive and developmental stages than during its
adult phase, the highest dose of food chemical that is administered is
generally the amount that would be expected to cause slight maternal
toxicity". The group further stated that: "If the test substance injur-
es reproduction or development at levels comparable with levels that
cause toxicity in adults, then no special concern should be attached to
the results of the reproduction/developmental toxicity studies" (WHO,
1987). Consequently, one can not conclude from the hamster trials that
potato material or potato SGAs should be considered as teratogens.

Considering all evidence, it can not be excluded that wvery high
doses of potate SGAs may produce birth defects. However, there is fair
evidence from experience with known teratogens (e.g. thalidomide,
vitamin A) that a 'no effect level’ concept applies to these chemicals,
Therefore, it does not seem likely that the potato SGAs are teratogenic

at levels present in the current potato cultivars.

Most of the above studies, regardless of whether or not birth defects

were Iinduced, showed that potato SGAs and potato preparations con-
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taining the SGAs adversely affected the reproduction rate in experi-
mental animals. Especially foetal mortality and resorption, but alseo
abortion and sometimes decreased fertility of proven breeders, were
reported.

The lowest ip administered doses reported in the literature to
produce effects on the reproduction of mammals are 5-20 mg/kg bw
(Chaube and Swinyard, 1976; Bell et al., 1976). The relevant data from
these literature reports are tabulated in Table 7.

Kline et al. (1961) reported a low oral dose of 'solanine’ to pro-
duce effects on the reproduction of the rat. In this study, five groups
of pregnant rats were fed ad libitum throughout pregnancy a commercial
laboratory diet or this diet mixed either with ground frozen potato
sprouts or with ‘solanine’ in concentrations of 30 or 40 mg/kg diet.
Unfortunately, the food consumption was not reported. The results of
this experiment (Table 8) showed that the number of pups per litter did
not differ between the treatments, but that both the potato sprouts and
*solanine’ caused a high incidence of neonatal mortality. Death oc-
curred within 3 days of birth due to starvation. As the pups that died
did not have milk in their stomachs, the authors presumed that the
potato SGAs "may be toxic for certain functions such as lactation,
possibly by wvirtue of an anti-hormone effeect." Further information to
support this presumption was not given. As the amount of ’'solanine’
ingested by the animals {is not known, this report can not be used for
an appropriate hazard assessment, but anyhow the oral dose level of
‘solanine’, 30 mg/kg in the diet, was low. The relatively low levels
(oral and ip) of SGAs that produced effects on the reproduction in rats

and mice, show that this aspect deserves further attention.
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Table 8. Effect of potato sprouts and of ’'solanine’ on neonatal

mortality in rat pups.

Test diet Number  Number of pups Number of
of litters with
litters Born Weaned (%) 100% mortality

Control (C) 11 115 35 (82.6) 1

C+10% potato sprouts 9 83 42 (50.6) 5

C+30 mg/kg solaninel & 41 8 (19.5) 2

C+30 mg/kg solanine? 10 100 31 (31.0) 6

C+40 mg/kg solanine? 10 106 33 (31.1) 5

lisolated from potato sprouts.
2Commercially obtained solanine standard.

After Kline et al. (1961).

5GAs from wild Solanum species. With respect to teratogenicity of the
5GAs from wild Solanum species, only few studies have been reported.
Tomatine injected into the yolk sack of chicken eggs in concentrations
varying from 0.5-25 mg/kg egg weight produced a significant (P = 0.05)
embryo mortality in chicken eggs, but it was not teratogenic (Nishie et
al., 1975).

As part of a study for revealing structural requirements for terato-
genicity of Veratrum and Solanum SAs, the aglycones solasodine and
tomatidine were tested (Keeler et al., 1976). A single high dose of
solasodine between 1180 and 1630 mg/kg bw, gavaged to hamsters at day 7
or 8 of gestation, resulted In a large increase in Ffoetal resorption
(total resorption in 21/115 pregnant dams; in two control groups 1/135
and 2/57) and a high incidence of malformations (gross birth defects in
33% of litters involving 50/727 foetuses; in two control groups 3/1400
and 2/548 foetuses), amongst which neural tube defects., Tomatidine was
not teratogenic nor did it produce resorptions at a single dose of 1200

or 2700 mg/kg bw. Both these apolar aglycones produced little or no
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maternal mortality, probably due to their poor absorption from the
gas%ro-intestinal tractl.

It can be concluded that tomatidine does probably not present a
teratogenic hazard to humans. However, it can not be excluded that
solasodine at high dosage levels is teratogeniec. As there are uncer-
tainties towards the occurrence of sclasodine in current potate culti-
vars (Chapter IX), one remark should be made. The aglycone solasodine
is probably poorly absorbed from the gastreointestinal tract compared to
its naturally occurring (glycosidic) form, which will be much better
solubilized in the stomach. Therefore, it can not be totally excluded

that the solasodine glycosides are teratogenic in humans.
EVALUATION OF THE TOXICOLOGICAL LITERATURE DATA

Evidence for toxicity of solanidine glycosides in humans

The studies on the toxicokinetics showed that SGAs are absorbed by the
human body in amounts proportionally related to the amounts of potatoes
(or potato products) consumed. Upon regular consumption of potatoes,
the solanidine glycosides as well as free aglycone may accumulate to a
certain level in various organs. In many countries potatoes are an
important component of the diet and they are consumed almost daily.
This means that chronic exposure may occur.

Two sources of information on the toxicity of SGAs are available in

the literature: firstly, case studies of poisoning in man; secondly,

1In a similar study (Brown and Keeler, 1978) four synthetic solani-
danes, the 225,25R epimer of solanidine and the 22R,25S, the 225,258
and the 228,25R dihydro-5a forms of solanidine were tested, in doses
varying from 39-343 mg/kg bw. All four solanidanes produced dose-
related foetal resorption. The 22R,255 and 225,255 solanidanes were
not, but the two 225,25R solanidanes were highly teratogenic, pro-
ducing malformations at doses above 80 mg/kg bw. This is a low effect-
level, considering that probably also these aglycones are poorly
absorbed from the gastrointestinal tract. These data show that SAs
possessing the 225,25R ceonfiguration, including solasodine, are more
likely to produce birth defects than 22R,255 SAs, such as solanidine
and tomatidine. However, the structural and configurational specificity
for teratogenicity among SAs and SGAs is still not clear (Keeler, 1986;
Gaffield, 1986). Especially the reported teratogenicity of the potato
SGAs (solanidine glycosides) cannot be explained by the current hypo-
thesis based on the stereochemical configuration.
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data from experiments, a few of which carried out with human
volunteers and those involving experimental animals.

In the first source of information, many cases of acute and subacute
poisoning of human beings due to consumption of sprouted, greened,
small, or otherwise imperfect potatoes or of other parts of the potato
plant have been described. The statement often made in the literature
for over B0 years now, that qualitatively imperfect potatoes are poi-
sonous due to contents of solanidine glycosides exceeding 200 mg/kg,
is obviously based on this Information. It can not be refuted that
potatoes of inferior quality can cause poisoning in human beings. The
literature data showed that many cases of acute poisoning have occurred
after consumption of potatoes containing sclanidine glycosides in
amounts of 230 mg/kg or above, In several reports, the facts clearly
pointed towards these SGAs as being responsible for the cases of poi-
soning, although the evidence was circumstancial; causal relationships
have not been demonstrated. The data arguing on the possible teratoge-
nicity of potatoes in man are sugpgestive and no other data on chronic
adverse effects in human beings have been reported. Therefore, from the
first source of information it can only be concluded that sprouted,
greened, small or otherwise imperfect potatoes can cause poisoning due
to excessive levels of solanidine glycosides.

The second source of jinformation, the literature describing the
experiments with human volunteers and with experimental animals, showed
that purified solanidine glycosides and potatoes containing high levels
of these S5GAs can exert acute toxic effects. In various animal species,
a causal relationship between administration of purified potata SGAs,
a-solanine as well as a-chaconine, and the production of toxic effects
was demonstrated. The symptom complex, the clinical as well as the
autopsy findings, in human beings of so-called ’‘potato poisoning’ or
'sclanine poisoning’ is essentially the same as the symptom complex
produced in test animals that received purified potato SGAs or potato
material containing high SGA levels. These facts support the hypothesis

that the SGAs are responsible for cases of potato poisoning in man.

Acceptable level for SGAs in potatoes

Many scientists who carried out studies on contents of solanidine gly-

cosides in potatoes (see Chapter I) generally accepted the idea that




60

excessive levels of these SGAs cause peoisoning in human beings. Most of
them refer in their papers to a so-called upper safety limit (accept-
able level) for contents of solanidine glycosides in potatoes.

Different safety limits have been proposed in the literature, but
the one most often referred to is that of Bémer and Mattis (1924},
These authors analysed batches of potatoes involved in cases of acute
and/or subacute poisoning of human beings in different parts of Ger-
many, and batches which did not cause symptoms of illness. The toxic
tubers contained levels of solanidine glycosides varying from 257-583
mg/kg (Tabel 1), whilst the nontoxic potatoes contained levels of 20-
150 mg/kg. At that time, Griebel (1922) had reported that potatoes
containing 380-790 mg ‘solanine’/kg (Tabel 1) caused nauseating, vom-
iting and a strong irritation in the neck region in a large number of
adults. Potatoes, which had been grown on the same site as the toxic
potatoes, but which did not cause noticeable symptoms of illness con-
tained 196 mg ’'solanine’/kg. From Griebel's and their own results,
Bémer and Mattis (1924) concluded: "potatoes with a solanine content
exceeding 200 mg/kg seem to cause adverse effects on human health".

Since then, many authors have assumed without further evidence that
levels below 200 mg/kg are safe. They ignore the fact that the 200
mg/kg level only relates to acute and/or subacute effects and not to
possible chronic effects. It should also be menticned in this context
that most of the researchers concerned are not toxicologists, but
chemists, geneticists and plant physiologists,

Other authors have proposed lower acceptable levels because they
took additional relevant facts into consideration. Ross et al. (1978)
stated that as the contents of solanidine glycosides in potatoes vary
with the year and location of growth, an upper limit of 60-70 mg/kg is
to be applied for cultivars to be selected for human consumption.
Recently, the National Institute of Agricultural Botany (NIAB) at
Cambridge (UK) recommended, that the overall amount of SGAs ingested
by the public should not be allowed to rise. NIAB therefore suggested
‘the average SCA content over all eight maincrop recommended potato
varieties’, which was calculated (over years and locations) to be 60
mg/kg, as a guideline for potato breeders to bear in mind when submit-
ting new potato cultivars for National List testing (Parnell et al.,

1984) .
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More recommendations on safety limits have been made in the lit-
erature, but none of them is based on an appropriate toxicological
evaluation.

Morris and Lee (1984) calculated the toxic doses for potato SGAs
from the cases of potato poisoning reported in the literature. Accord-
ing to these authors toxic doses amounted to about 2-5 mg/kg bw. Their
estimate was based on the upper S5GA levels reported fer the toxic
potatoes {(cf. Table 1). They assumed the amount of potatoes consumed to
be 500 g (except for one epidemic for which 250 g was taken, as the
serving had been specified being small) and the body weights of the
persons affected to be 80 kg for adults, 60 kg for children and 40 kg
for small children. The authors stated that the estimates were designed
to provide conservative values for the toxic doses, and that the S5GAs
could be twice as toxic as calculated,

Lepper (1949), Viollier (1941) and Alfa and Heyl (1923) reported SGA
levels of toxic potatoes (Table 1) not included in the study of Morris
and Lee (1984), In these cases the toxic doses, estimated by the method
of Morris and Lee (1984), range from 2-3 mg/kg bw.

Pfuhl (1899), who examined a severe epidemic of ’'solanine’ poisoning
in the German army, stated that 200-400 mg of pure 'solanine’ caused
symptoms of poisoning in human subjects. These amounts corresponded
with his calculations of the amounts of potato S5GAs ingested by the
poisoned soldiers, which were at maximum 300 mg, corresponding to about
4 mg/kg bw.

In the experiments with human volunteers, amounts of 200 mg pure
potato SGAs or more were reported to cause symptoms of illness in
adults, which means that about 3 mg/kg bw is an acute toxic dose. The
acute toxic doses of potato SGAs consumed in their natural matrix,
calculated from experiments with volunteers and from cases of potato
poisoning, were between 1.75 mg/kg bw and 5 mg/kg bw. The lowest dose
reported to cause acute toxic effects in human beings was thus 1.75
mg/kg bw. This means that an amount of 105 mg potato SGAs ingested by
an average person (60 kg) may potentially cause poisoning. This dose
is ingested when 525 g of potatoes containing 200 mg sclanidine glyco-
sides per kg is consumed. This is a fairly large amount of potatces but
consumption of such amounts is not exceptional.

Although an acceptable level for solanidine glycosides in potatoes
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can not be derived from data on acute toxicity, these data appear use-
ful in showing that the so-called safety limit of 200 mg/kg, often
referred to in the literature, is inadequate as virtually no margin
exists between amounts of potatoes that may cause acute toxic effects
and amounts that are being consumed. It must therefore be concluded
that the levels of solanidine glycosides in household potatoes should
remain considerably below 200 mg/kg; this applies of course also for

new cultivars containing germplasm from wild Seclanum species.

Literature on chronic effects in human beings is not available thus the
no-adverse effect level is unknown. Consequently, an acceptable level
for solanidine glycosides in household potatoes can not be derived from
the data on human toxicity.

Much literature on the toxicity of the potato SGAs in experimental
animals is available. However, many studies show shortcomings from a
toxiceological point of wview and/or with respect to essential infor-
mation on or the quality of the potato material or the SGA preparations
that were tested. The results of such studies can therefore not be used
for an adequate toxicological evaluation either.

The animal studies on the acute and subacute toxicity do not provide
information on the no-adverse effect level. The data presented in the
(sub)chronic study by Kline et al. suggesting that relatively low oral
doses of 'solanine’ may produce neonatal mortality in the rat, can not
be used either because data on the ’'solanine’ intake are lacking.
Therefore, it must unfortunately be concluded that, because of the
virtual absence of chronic toxicity data, an adequate no-adverse
effect level for potato SGAs can not be assessed. Thus there is mno
appropriate starting point for the establishment of a so-called accept-
able daily intake (ADI) figure for man, and consequently, the accept-
able level for solanidine glycosides in potatoes can not be derived.

Hardly any information on the toxicity of the SGAs from wild Solanum
species used in potato breeding programmes is available in the litera-
ture. Consequently, appropriate ADI figures for man can not be estab-
lished for these SGAs, and they must therefore not be intreduced into
the household potato.

In conclusion, it can be stated that the 'safety limit’ of 200 mg

solanidine glycosides per kg, propoéed in the literature for household
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potatoes as well as with respect to the registration of new cultivars,
must be considered potentially acute toxic. The ingestion by the
public of the amount of solanidine glycosides should not be allowed to
rise but should, on the contrary, preferably be reduced. Therefore, the
SGA contents of new household potato cultivars should not be higher
than the average level of the current cultivars; preferably their
contents should be lower. SGAs alien to §. tuberosum must not be
introduced into the household potato. As certain conditions during the
growth and post-harvest period of potatoes can result in a considerable
accumulation of these SGAs (Chapter I), it is advisable that for the
selection of new cultivars the guideline of about 60-70 mg SGA per kg
potatoes -recommended by Ross et al. (1978) and by NIAB (Parnell et
al., 1984)- is used in potato breeding, until an appropriate acceptable

level has been assessed.

Quantitative data reported in the following literature have been con-
sulted for the present study but were not included for reasons such
as: improper experimental design of the study, lack of information on
essential experimental details, questionable quality of the potato
material or SGA preparations tested, recantation of the results by the
authors, or insignificance of results for human beings; Azim et al.
(1982), Clarke et al. (1973), El Shabrawy and Negm (1980), Fontaine et
al. (1947), Gull et al. (1970), Harvey et al. (1986), Kénig and Staffe
(1953), Lorber et al. (1973), Pierro et al. (1977), Poswillo et al.
(1972), Sackmann et al. (1359) and Swinyard and Chaube (1973).
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CHAPTER III*

TWO-PHASE HYDROLYSIS OF STEROIDAL GLYCOALKALOIDS FROM SOLANUM SPECIES

INTRODUCTION

Wild and cultivated primitive Solapum species are being used in potato
breeding to introduce a variety of desirable characteristics into the
cultivated potato, for instance: disease and insect resistances; to-
lerances to frost, heat and other physiological stresses; improved
yield, starch content and processing quality.

The cultivar Lenape inherited from its wild ancestor S. chacoense
several of the mentioned useful characteristies but in addition the
potency to accumulate large amounts of SGAs (Sinden et al., 1984). This
was a serious warning that the utilization of germplasm from wild
Solanum species must be approached with caution (see also Chapter I).
Other examples that this utilization may lead to new cultivars with
high contents of SGAs have alsc been reported. In The Netherlands,
genotypes containing germplasm from wvarious wild Soclanum species, which
had been develeoped for industrial starch production only, showed con-
tents of solanidine glycosides up to 630 mg/kg (Van Gelder, 1982). In
Scotland many advanced breeding clones derived from 8, vermei Bitt. et
Wittm., which is a source of resistance against the potato cyst nema-
tode, appeared useless due to contents of solanidine glycosides up to
1570 mg/kg (Coxon et al., 1983). As a result, potato breeders are now
becoming more and more aware that intreducticen of alien germplasm inte
potate cultivars must be supported by SGA analyses. Gregory the pres-
ent Scientific Director of the International Potato Center at Lima
(Peru) stated: “Absence of glycoalkaloid assessment from a breeding
programme can result in wasted effort, time and money" (Gregory, 1984).

Chapter II showed that due to the scarce information on the toxicity

*This chapter is based on the paper:

Van Gelder WMJ. (1984) A new hydrolysis technique for steroid glyco-
alkaloids with unstable aglycones from Seolanum spp. J Sci Food Agric
35:487-494,
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of the SGAs from wild Solanum species, their acceptable levels for food
products can not be established, and that consequently these SGAs must
not be introduced inte the cultivated potato. It is therefore necessary
to analyse wild species for their SGA composition before they are used
in a breeding programme.

A common step in the methods for SGA analysis is acid hydrolysis of
the SGAs in order to cleave the sugar moleties from the aglycones. The
aglycones are subsequently extracted with an organic solvent and usu-
ally quantified as ‘total glycoalkaloids’ by a colorimetric or titri-
metric procedure (Coxon, 1984). For determining SGAs in (wild) tuber-
bearing Solanum species these quantitative techniques have been em-
ploved in combination with separate qualitative analyses of the main
aglycones by chromatographic techniques (Osman et al., 1978; Gregory et
al., 1981). The methodology for the analysis of 5GAs has recently been
reviewed (Van Gelder, 1989).

However, the conventional acid hydrolysis of SGAs, applied in the
studies reported until now, yields low and irreproducible recoveries,
varying from 35-90%, at least for the solanidine glycosides and e-
tomatine, even under optimized hydrolysis conditions (Coxon et al.,
1879; Mackenzie and Gregory, 1979; Blincow et al., 1982; Davies and
Blincow, 1984).

The initial aim of the present study was to investigate the hydro-
lysis of glycosides of solanidine, demissidine, tomatidine and sola-
sodine in order to select a procedure giving optimum recoveries, equal
for the wvarious aglycones. As solasodine glycosides were not avail-
able, only their aglycone could be tested for its stability under the
hydrolysis conditions.

The results showed that the conventional acid hydrolysis methods
were not satisfactory because of degradation of aglycones. Alkaline
hydrolysis was not promising either, because alkalis do not hydrelyse
solanine (Henry, 1949). Therefore a mew technique was developed, al-
lowing a simultaneous quantitative recovery of the aglycones from
different types of SGAs. It exploits the differences in polarity be-
tween the SGAs and their aglycones. The hydrolysis medium consists of
an aqueous acid and a nonpolar organic selvent, resulting in two
immiscible phases. The polar SGAs are hydrolysed in the acid phase and

the nonpolar aglycones formed are continuously withdrawn from the acid
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into the organic phase, in which they are protected from further dis-
integration. Thus the hydrolysis can proceed until the various SGAs are
quantitatively cleaved. Afterwards, the aglycones can easily be
recovered from the orpanic phase. The significance of this procedure

for analytical and preparative applications 1s discussed.

EXPERIMENTAL

Standard alkaloids and other chemicals

Solanidine glycosides were kindly supplied by Mr P. Plieger (Proef-
station voor Aardappel Verwerking-TNO, Groningen, The Netherlands),
solasodine and solasodiene by Mr A.L.M. Sanders (Diosynth, Oss, The
Netherlands). «-Tomatine was obtained from Roth CmbH & Co (Karlsruhe,
F.R.G.), a-solanine from Sigma (St. Louis, MO, U.S.A.) and tomatidine
from Fluka AG (Buchs, Switzerland). Solanidine and solanthrene were
prepared by hydrolysing the solanidine glycoside mixture, and separated
and purified as described in the Thin-layer chromatography paragraph.
Demissine was extracted from leaves of §, demissum Lindl. by the method
of Wang et al. (1972). After concentrating the extract, the pH was ad-
justed to 10 by adding ammonia (5 mol/l) at 70°C. Then demissine was
allowed to precipitate overnight at 2°C. The precipitate was collected
by centrifugation for 20 min at 11000 g, washed with 10 ml of aqueous
ammonia (1 mmol/l)/methancl (1:1 wv/v), and centrifuged again. The
demissine precipitate was recrystallized twice from hot ethanol (96%).
The purity of the preparation was checked by thin-layer chromatography
(TLC), as described herecafter for SGAs. The identity of demissine was
checked by comparison of its aglycone with demissidine (Roth) using TLC
and mass spectrometry (MS) (Mr C.A. Landheer, Department of Organic
Chemistry, Agricultural University, Wageningen, The Netherlands). Also
the identity of solanidine and solanthrene was confirmed by MS. All

other chemicals were analytical grade (E. Merck, Darmstadt, F.R.G.).

Plant material

Tuber samples of the potato household cultivar Bintje and of the cul-
tivar Astarte, which is used only for industrial starch production,
were obtained from the Potato Breeding Department of the Foundation for

Agricultural Plant Breeding SVP (Wageningen, The Netherlands}.




Hydrolysis of pure SGAs

Standard solutions were made up of, accurately weighed, 4 mg SGA or 2
mg SA per ml solvent. SGAs were dissolved in methanol/aqueous hydro-
chloric acid (0.25 mol/l) (l:1 v/v), and SAs in methanol/chloroform
(2:1 v/v).

For conventional acid hydrolysis, 2.0 ml samples of the SGA and SA
standard solutions were added to 100 ml of aqueous hydrochloric acid
(Table 2). During hydrolysis, the temperature of the acid was 97°C.

For hydrelysis in a two-phase system, 1.0 ml samples of the SGA and
SA solutions were pipetted into flasks, to which were added 50 ml of
hydrochlorie acid in the concentrations given in Table 2, and 100 ml of
carbon tetrachloride. During hyd