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Summary

Many plants and microorganisms produce toxins aecethas been an increased interest in the fate
of natural toxins in the terrestrial environmenthin the last decade. Several natural toxins have
been detected in the soil or in surface, drainagspil water. The presence of natural toxins m th
terrestrial environment is of concern, because th&y have unintended effects on various
organisms or because they may contaminate valuhabiking water resources. One of the most
important crops in the world, the potato plant,duees the two toxic glycoalkaloidg;chaconine
anda-solanine. These compounds are present in all pattse potato plant, and previous studies
indicate that they may be relatively persistenthia terrestrial environment. Potato plants arenofte
grown on sandy soils under heavy irrigation; bathditions increase the risk of leaching. Hence,
the potato glycoalkaloids could possible be ainsthe terrestrial environment.

The aim of the Ph.D. work presented here was testigate the fate of the potato glycoalkaloids,
chaconine andi-solanine, in the soil and groundwater environmés.a part of the project, a
sensitive and specific analysis method using liguncbmatography-electrospray ionization time-of-
flight mass spectrometry (LC-ESI-MS-TOF) was depeld in order to be able to detect the
glycoalkaloids in environmental samples. The fdtthe two glycoalkaloids in the environment was
investigated in both laboratory and field studiashe laboratory, degradation of the glycoalkatoid
was studied in soil and groundwater; the latterbsth identification of formed degradation
products. A conventional potato field was used fiela study, where the glycoalkaloid content was
followed in plants, soil, and groundwater duringeoyear. The present Ph.D. thesis consists of an
introductory section and four manuscripts. Onehefrhanuscripts is already published.

Theintroduction section consists of three major parts. The first part lisesature review of potato
glycoalkaloids in general, with focus on the aspeeievant for their environmental fate. The
second part comprises the analytical work. A revidwthe many methods, which are or have been
used for determination of the glycoalkaloids, isegi. Further, the analytical methods used in the
present work are discussed in detail. The fatehefgotato glycoalkaloids in the environment is
discussed in the last part, and this section imgmily based on the results obtained in the present
work. The fate studies are related to similar &telies of other natural compounds.

Manuscript | describes the development of a sensitive LC-TOF#wS®hod for determination of
the two potato glycoalkaloids and their common eghe, solanidine, in environmental samples.
The development included optimization of a new HRh€thod and optimization of the response
by the TOF-MS. Additionally, the fragmentation jgaits of the compounds were presented. The
performance of the method was evaluated with redpelearity, precision, and detection limits.
The obtained detection limits were in the range272ug/L. The work showed the LC-TOF-MS to
be a powerful tool for quantitative studies of glgtkaloids including identification of unknown
metabolites.

Manuscript 1l is a lab degradation study efchaconine and-solanine in groundwater sampled
from the field location at Fladerne Baek, Denmarke Tegradation of the glycoalkaloids and the



formation of metabolites were followed by LC-MS. éeldegradation was shown to be primarily
microbial and proceeded as a cleavage of the ttadmhydrate units. The metabolitssolanine,
y-solanine, and solanidine were formed fressolanine, whilep-chaconine,y-chaconine, and
solanidine were detected fromachaconine. This is the first report of the forroatiof 3;-solanine

by microbial degradation. The metabolite, solaregiwas also degraded, but no further metabolites
could be detected. Thus, this study shows thagerus groundwater microorganisms are capable
of degrading the glycoalkaloids.

Manuscript Ill is a comprehensive field study. The glycoalkamdtent in potato plants, soil, and
groundwater from a potato field was followed durangrowth season and the following winter. The
field location was a sandy soil from Fladerne B&&nmark used for potato growing. In the plants,
the maximum glycoalkaloid concentration of 22 gtkg weight was found in June. The total plant
amount of glycoalkaloids was at maximum in July K&#ha), after which it decreased during plant
senescence to below 0.63 kg/ha in October. In theewu soil, glycoalkaloids were found in
concentrations of up to 2.8 mg/kg dry weight. Thghbst soil load was estimated to be 0.6 kg/ha in
September. Glycoalkaloids were still present ingb# in March, despite no further transfer from
the plants during winter. Hence, the dissipatioth@ soil was slow during winter. The amount of
glycoalkaloids found in the soil accounted for oalyninor fraction of the amount present in the
plants. The investigation also showed degradatfotme glycoalkaloids in the potato plant during
decay. Thus, the major dissipation route for thgcapilkaloids was proposed to be degradation
within the plant material. No traces of glycoalkdbwere detected in the groundwater sampled
from 2-4 m below the potato field during the growsbason. From these results, the leaching
potential of the glycoalkaloids is evaluated tddoe.

In Manuscript IV, the degradation of the potato glycoalkalaiesolanine, was followed in three
agricultural soils, including soil from Fladerne BaSimilar degradation pattern was found in all
soils, where a fast initial degradation was followley a slower phase. The pattern was well
described by a sum of two first-order expressiétadf-lives ranging from 1.8-4.1 days were found
for the three topsoils at 15 °C, but residuals vesitedetected by the end of the experiment after
days. For the Fladerne Beaek soil, the degradatianaaditionally followed at 5 °C in both top- and
subsoil and here half-lives of similar lengths raggfrom 4.7-8.7 days were found. Overall, fast
degradation was found in both top- and subsoil atdow temperatures, and from these results, the
risk of glycoalkaloid leaching to the groundwatppaars to be limited.



Resumeé (Danish Summary)

Mange planter og mikroorganismer producerer toksiong i labet af de seneste ar er der opstaet en
@get interesse for naturlige toksiners skaebne tedtegstriske miljg. Saledes er der rapporteret om
flere fund af naturlige toksiner i jord samt i oft@de-, draen- eller jordvand. De naturlige tokssner
tilstedeveerelse i det terrestriske miljg kan gimkedning til bekymring, enten fordi forbindelserne
kan forarsage ugnskede effekter pa forskellige rosgaer, eller fordi de kan forurene veerdifulde
drikkevandsressourcer. En af de vigtigste afgreslerden, kartoffelplanten, producerer to toksiske
glykoalkaloidera-chaconin ogi-solanin. Disse to forbindelser findes i alle dafidartoffelplanten,

og de hidtidige studier af glykoalkaloiderne indie at de kan veere relativt persistente i det
terrestriske miljg. Dyrkning af kartofler foreg&itepa sandede jorde med stor markvanding. Dette
er begge forhold, som gger risikoen for udvaskning. samlede omsteendigheder medfgrer, at
kartoffelglykoalkaloiderne kan udggre en muligkesi det terrestriske milj@.

Formalet med neerveerende projekt var at undersagbrsn for de to kartoffelglykoalkaloider,
solanin oga-chaconin, i jord- og grundvandsmiljget. En delpabjektet bestod i at udvikle en
falsom og specifik analysemetode til bestemmelseylgikoalkaloiderne i pragver fra miljget.
Metoden blev udviklet ved brug af vaeske kromatagradlektrospray ionisering — time-of-flight —
masse spektrometri (LC-ESI-TOF-MS). Studier i latoriet og i felten har begge indgaet i
undersggelsen af glykoalkaloidernes skaebne i miljpdaboratoriet blev nedbrydningen af
forbindelserne i jord og grundvand undersggt, odvelere blev dannelsen af metabolitter fulgt i
grundvand. | feltstudiet blev indholdet af glykoalikider i planter, jord og grundvand fra en
konventionel kartoffelmark fulgt gennem et ar. DerfPh.D. afhandling bestar af en introduktion
samt af fire artikelmanuskripter, heraf er én aitiilerede publiceret.

Introduktionen bestar af tre hoveddele. Farste del er en gennegrafatien tilgeengelige litteratur
vedrgrende kartoffelglykoalkaloider. | gennemgandeyges der veegt pa de aspekter, der er
relevante i forhold til stoffernes skaebne i miljdeanden del behandles de analytiske metoder, og
der er en gennemgang af den lange raekke af anaysaen, som enten bruges eller tidligere har
veeret brugt til bestemmelse af glykoalkaloidernee Denyttede analysemetoder er desuden
behandlet i detaljer. | sidste del diskuteres Keglglykoalkaloidernes skaebne i miljget, og der er
her fokuseret pa dette projekts undersggelsereisdersggelser relateres til tilsvarende studier a
andre naturstoffer.

Manuskript | beskriver udviklingen af en fglsom LC-TOF-MS metddebestemmelse af de to
glykoalkaloider og deres feelles aglykon, solanidinprgver fra miljget. Metodeudviklingen
omfattede optimering af en ny HPLC metode samtnogriing af det opnaede respons pa TOF-MS.
Fragmenteringsmgnsteret for de tre forbindelsev bigsa vist. Metodens kvalitet blev evalueret
med hensyn til linearitet, preecision og detektioemgse. De opnaede detektionsgraenser 1a i
omradet 2.2-4.7 pg/L. HPLC-TOF-MS har i dette attbeyist sig at vaere et staerkt instrument i
forhold til at udfgre kvantitative bestemmelser glf/koalkaloider samt til identifikation af
tilhgrende ukendte metabolitter.
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Manuskript 1l er et nedbrydningsstudie afchaconin oga-solanin i grundvand, udtaget fra
feltlokaliteten, Fladerne Beaek, Danmark. Nedbrydemgaf glykoalkaloiderne og dannelsen af
metabolitter blev fulgt pa LC-MS. Det blev vist,radbrydningen primaert foregik mikrobielt, hvor
nedbrydningen skete via en klgvning af de tre kdithtenheder. Metabolittern@;-solanin, y-
solanin og solanidin, blev dannet feasolanin, mens der foregik en dannelse-afhaconin,y-
chaconin og solanidin fra-chaconin. Det er fgrste gang, at en mikrobiel eétseaff;-solanin er
blevet rapporteret. Den dannede metabolit, solaajdilev ogsa nedbrudt, men det var ikke muligt
at bestemme efterfalgende metabolitter. Dette studiser, at grundvandets iboende
mikroorganismer er i stand til at nedbryde glykadtkderne.

Manuskript 1ll er et omfattende feltstudie. Indholdet af glykaddikder i kartoffelplanter, jord og
grundvand fra en kartoffelmark blev fulgt gennem \@akstsaeson og den efterfglgende vinter.
Feltlokaliteten var en sandet kartoffelmark fradelme Baek, Danmark. Den hgjeste koncentration
af glykoalkaloider pa 22 g/kg tarstof blev fundgtianterne i juni. Derimod var den totale maengde
af glykoalkaloider i planterne pa det hgjeste niveguli (25 kg/ha), hvorefter den faldt, da
planterne visnede og endte pa under 0.63 kg/haobek | det gverste jordlag blev der fundet
koncentrationer af glykoalkaloider pa op til 2.8 /kyytarstof. Det hgjeste niveau i jorden blev
estimeret til 0.6 kg/ha i september. Glykoalkalondevar stadig til stede i jorden i marts maned,
selv. om der ikke var blevet tilfert yderligere madeag fra planterne henover vinteren.
Forsvindingen i jorden om vinteren foregik saled@sgsomt. Samlet set, udgjorde den fundne
meengde glykoalkaloider i jorden kun en lille del lfad der var malt i planterne. Desuden viste
undersggelsen, at der foregik en nedbrydning akoglikaloiderne i kartoffelplanten, nar den
visnede. Derfor menes det, at den primeere forsvgndf glykoalkaloiderne fra miljget foregik via
nedbrydning i selve planten. Der blev i lgbet akstseesonen ikke fundet spor af glykoalkaloider i
grundvandet, som var udtaget fra en dybde pa 2uhder kartoffelmarken. Ud fra de opnaede
resultater vurderes det, at glykoalkaloidernes skinengspotentiale er lille.

| Manuskript IV fglges nedbrydningen af glykoalkaloidetsolanin, i tre landbrugsjorde, inklusiv
jorden fra Fladerne Beaek. Nedbrydningen fulgte etaetlet mgnster i alle jordene, hvor der
indledningsvis foregik en hurtig nedbrydning. Derbilev fulgt af en periode med langsommere
nedbrydning. Nedbrydningskinetikken blev beskreawedd en sum af to fgrste ordens udtryk. Der
blev fundet halveringstider i starrelsesordenen4l18dage for de tre overjorde ved 15 °C, men
samtidig kunne der stadig males rester af forbsetee ved slutningen af forsagget efter 42 dage. |
bade over- og underjorden fra Fladerne Baek blebnyedingen desuden fulgt ved 5 °C. Her var
halveringstiderne i stgrrelsesordenen 4.7-8.7 d&genlet set blev der observeret en hurtig
nedbrydning i bade over- og underjord — selv veddmperatur, og resultaterne indikerer, at der er
en begraenset risiko for udvaskning af glykoalkadang til grundvandet.
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1 Introduction

A vast number of toxins are produced by plants micfoorganisms and alone in the human diet
5,000-10,000 natural toxins are estimated to begmte(Ames et al., 1990). The group of natural
toxins are diverse in terms of structure, toxicapd properties (Teuschler and Lindequist, 1988).
Many of the toxins are well-known and well-studiegther because the compounds have found use
as e.g. natural pesticides or medicine or becatiieed presence in important food or feed. One
example isArtemisia annuawhich is now cropped in large scale, becauseptant produces a
compound with antimalarial effect, artemisinin (fe@ra et al., 2005). Strychnine produced by the
strychnine tree §trychnos nux vomig¢as an example of a compound now used as a rodeatici
(Starr et al., 1996). Further, the bracken fd?tefidium aquiliniuny is an example of a plant on
which animals may be browsing; this plant contdivestoxic compound, ptaquiloside (Rasmussen
et al., 2005).

The spreading of chemicals in general and of teubstances in particular to the terrestrial
environment is of great concern, because it mayg hewntended effects on soil organisms or plant
growth or because it through leaching may reacfaseror ground water, where it can contaminate
valuable drinking water resources or affect aquatganisms. Hence, knowledge of the fate of
these compounds in the environment is needed. Gdrapsive fate studies for various groups of
compounds as e.g. the pesticides have been pedpreng. Sarmah et al. (2004) has given an
overview of the work on pesticides carried out sder New Zealand conditions. For pesticides in
drinking water, a general limit of 0.1 pg/L (forakaindividual active compound) is set by EU
(European Community, 1998) and programs such asdtienal Danish ground water monitoring
program are well-established in order to monitoraage of xenobiotic compounds. Pesticide
findings above the limit have led to closure of Bardrinking water supplies. However, the group
of natural toxins is sparely studied in terms ofimmental fate. In spite of the well-known
toxicity of the compounds, only little is known alidheir fate and possible effect in the terrektria
environment. Recent studies have revealed that sdntiee natural toxins produced by plants or
microorganisms can also be detected in soil or urfase, drainage, or soil water in the
surroundings. One example is the compound prodhbgete bracken fern, ptaquiloside, which has
been found in deeper soil layers, soil water, amthse wells (Rasmussen et al., 2005; Engel et al.,
2007). Another example is two mycotoxins, deoxylamal and zearalenone, which were detected
in drainage water from a field inoculated wiBusarium graminearunminfected winter wheat
(Bucheli et al., 2008). These compounds were auuditly detected in river water in very low
concentrations. Hence, natural toxins may not t@yreleased to the terrestrial environment, but
they may also persist long enough for transpoxiubh the soil matrix to the surrounding water
bodies. Depending on the toxicity and the concépotraof the compound, this may possibly result
in an effect on terrestrial or aquatic organismsrohumans.

The potato plant is one of the most important ciopfe world. More than 321 million tones were
produced worldwide in 2007 using 19 million hectare Denmark alone 1.5 million tones were
produced on 42,000 hectare (FAO, 2008). Potataesféen grown on sandy soils with low water



holding capacity. These soils are in general vabler to leaching, because they contain little
sorption material. The potato fields are heavihigated, which will result in large percolation and
lead to an increased risk of leaching. The potd&ntpgproduces two glycoalkaloida;chaconine
anda-solanine, which are known to be toxic to humanvai as many other organisms including
fungi, snails, and insects (McKee, 1959; Morris drek, 1984; Fewell and Roddick, 1993;
Roddick, 1996; Smith et al.,, 2001). The compounas @esent in all parts of the potato plant,
where the highest concentrations are found in th@vex ground plant material (Friedman and
McDonald, 1997; Kolbe and Stephan-Beckmann, 198ddhe and Stephan-Beckmann, 1997b).
The glycoalkaloids are partly metabolized by sorag@genic fungi (e.g. Weltring et al., 1997), but
only one report of conversion by non-pathogensbleas published (Oda et al., 2002). Furthermore,
the glycoalkaloids do not hydrolyze easily in aqueesolutions (Friedman and McDonald, 1995b)
and they are little affected by heating procesBesltiway and Ponnampalam, 1981). Overall, this
indicates that the glycoalkaloids could be reldyiyeersistent in the environment.

The high biomass of the potato plant and the higbumt of glycoalkaloids in the plant result in a

high potential glycoalkaloid load to the soil emviment from a potato field. The circumstances,
under which the potato plants are grown, constitugeeneral high risk of leaching. The possible
persistence of the compounds in the environment imagase the risk of leaching, because of the
prolonged lifetime in the soil. Overall, in additi®o the worldwide importance of this crop, this is

the motivation for the investigation of the fatetlo¢ glycoalkaloid in the environment.

The aim of the Ph.D. work presented here was testigate the fate of the potato glycoalkaloids in
the soil and groundwater environment. To performitivestigation, a new sensitive and structure-
specific analysis method for determination of thggalkaloids was developed. The investigation
comprised of both lab and field studies where #te 6f the potato glycoalkaloids in plant, soildan
groundwater was followed. The major part of the kyancluding the field study, was performed
using soil and groundwater from a typical sandidfigsed for potato growing located at Fladerne
Baek, Karup, Jutland, Denmark. The present thesisists partly of a synopsis and partly of four
enclosed manuscripts. In the synopsis, the theatebackground for the work is given and the
literature available is discussed. The resultseureesl in the four manuscripts and from unpublished
work are included and placed into context. Othgcagglkaloids are drawn into the discussions as
support for the limited data available for the potglycoalkaloids, when appropriate. The obtained
results relating to fate are compared with sinstadies of other natural toxins.



2 Potato Glycoalkaloids

2.1 Glycoalkaloids

The potato glycoalkaloids belong to the group &hklids, which is defined as a group of nitrogen-
containing organic compounds of natural origin watlyreater or lesser degree of basic character
(Hesse, 2000). The alkaloids are an enormous areatséi group of secondary metabolites; in fact,
more than 12,000 alkaloids have been described KWi@98). Examples of well-known alkaloids
are strychnine, cocaine, caffeine, nicotine, argblanine. The huge group of alkaloids is divided
into a number of groups with more similar strucgjrend the potato glycoalkaloids belong to the
group of steroidal glycoalkaloids, which are allyaisidic derivatives of nitrogen-containing
steroids. The steroidal glycoalkaloids are produicethore than 350 plant species, mainly of the
families SolanaceaandLiliaceae (Roddick, 1996). They consist of a C27 cholestskedeton to
which a carbohydrate moiety of one to five monobkaddes is attached (van Gelder, 1991;
Roddick, 1996). More than 75 different naturallycoring aglycone structures are known
(Roddick, 1996), and it will be beyond the scopettoé work to go into detail with all these
different compounds.
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Figure 2.1 Structures of potato, tomato, and eggplant glyaiaids.

Among the well-known species of the fam8planaceaeare the potato plan§6lanum tuberosum
the eggplant Solanum melongehaand the tomato plantycopersicon esculentymwhich all
produce glycoalkaloids. Each of the three specredyte mainly two very similar glycoalkaloids
(Friedman, 2002; Friedman, 2006jiqure 2.1). The potato plant produces the glycoalkaloigs,
chaconine and-solanine, which share a common aglycone, solagjdim which a trisaccharide
moiety; either chacotrioser{chaconine) or solatriosei-§olanine), is attached. Similar units are



attached to the aglycone, solasodine producedégdiplant, hereby producing the glycoalkaloids,
solamargine and solasonine. The tomato plant pesduthe compoundsg-tomatine and
dehydrotomatine, which only differ by the presemreabsence of a double bond in the ring
structure. In domestic potato plantssolanine andi-chaconine are usually the two dominating
glycoalkaloids (Friedman, 2006), but several otlggycoalkaloids may be present as well.
Especially in the wild species, a higher diversifyglycoalkaloids can be found. A resent study of
potato glycoalkaloids with a solanidine-like aglyeon four wild potato species and three cultivars
revealed more than 50 different glycoalkaloidsywich the majority was only present in the wild
species (Shakya and Navarre, 2008). This thesiséscmainly on the two potato glycoalkaloids,
chaconine and-solanine, and in the following, the temiycoalkaloidsis used synonymous with
these two compounds.

2.2 Physical and Chemical Properties

Selected physical and chemical properties sethaconine, a-solanine and their aglycone,
solanidine, are shown iiMable 2.1 Because the experimental data for the glycoaltal@re
limited, some properties have been computer estanay use of EPIwin software (USEPA, 2007).
All of the three compounds have low water solupiland contain a tertiary amine, which is
protonated at lower pH. The estimated log, Kalues differ widely between-solanine andu-
chaconine, and the difference origins from the Wetbe different carbohydrate moieties are given
in the estimation. This also influences the diffex® between the two estimated water solubilities,
because the estimated log.Kvalues are used for this estimation. It was, duthe experimental
work, also observed thatchaconine is less water soluble thasolanine, the size of the difference
between the two estimated logalues may however be uncertain.

Table 2.1Physical and chemical properties of the potatogllialoids,a-chaconine and-solanine, and
their common aglycone, solanidine.

a-chaconine a-solanine solanidine
CAS no. 20562-03-2 20562-02-1 80-78-4
Molecular formula GsH73sNO44 CysH7aNOg5 C,7H43NO
Molar mass (g/mol) 852.1 868.1 397.6
Water solubility (mg/L) 0.0021 (e 1.38 (est) 0.00131 (es
Log Kow 4.9 (esﬁl 2.0 (est? 7.3 (est?
Log Kqc 4.1 (estﬁ1 4.3 (estjl 6.1 (estﬁ1
V, (mm Hg) 6.78 x 10° (estf 1.67 x 10** (est 2.89 x 10" (estf
K, 6.7 8.6
& Calculated with EPIwin v3.20 (USEPA, 2007)

b Src, 2008
¢ Budavari, 1996
9 Bloom and Briggs, 1952
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Figure 2.2 Possible hydrolysis and degradation productseptitato glycoalkaloids.

The glycoalkaloids are rather stable compounds;regr little loss is observed when the potato
tubers are exposed to various cooking procedures asl baking, microwaving, boiling, or frying
(Bushway and Ponnampalam, 1981). The glycoalkaloisy undergo acidic or enzymatic
hydrolysis, whereby the side chain of carbohydrasegartly or fully removed Kigure 2.2).
Hereby, compounds containing tw@-¢ompounds), oney{compounds) or no carbohydrates
(solanidine) are produce@i;- and p.-chaconine have the same molar mass and can thuseno
distinguished by mass, why, if no differentiaticasibeen done, both compounds are sometimes just
mentionedp-chaconine. The enzymatic processes are discussei@tail in Chapter 5. Acidic
hydrolysis is favored by an alcoholic solvent, wdes an increased proportion of water in the



solution reduces the rate (Friedman and McDond@d5). Higher acid concentration and higher
temperature increase the hydrolysis rate as weiedman et al., 1993)x-Chaconine is faster
hydrolyzed and undergoes acid catalyzed hydrolysider milder conditions than-solanine
(Friedman et al., 1993; Friedman and McDonald, b99B.g. 10%wu-chaconine and 2%-solanine
were hydrolyzed at 38 °C in a methanolic 0.2M H@usgon after 90 minutes, while the amount
increased to 79% and 46%, respectively at 65 °@dfran et al.,, 1993). In a study, where the
conditions were optimized in order to obtain a maadi production of hydrolysis products, four
hydrolysis productspg-chaconinef3,-chaconiney-chaconine and solanidine) were obtained from
a-chaconine (Friedman and Levin, 1992; Friedmanl.etl893). In contrast, only three products
(B2-solanine,y-solanine and solanidine) were found frensolanine (Filadelfi and Zitnak, 1983;
Friedman et al.,, 1993). Small amounts of other omkn hydrolysis products were observed as
well, butp;-solanine was not detected (Friedman et al., 1993).

The aglycone, solanidine, is an important precufsoihormone synthesis, and therefore Nikoli
and Stankovi (2003) optimized a method for extraction, hydrdyand isolation of solanidine in
one step. In this system, hydrolysis was perforrmedl0% (w/v) hydrochloric acid in 50%
methanol, after which solanidine was transferred fhase of chloroform. Under these conditions,
more than 98% of the glycoalkaloids were transfameesolanidine after 90 minutes of extraction.

In agqueous solutions, the hydrolysis is slower. é&ncbnditions present in the digestive tracts of
animals (1 M HCI, 37 °C), few percentages of thiajmoglycoalkaloids were hydrolyzed within 3 h
(Friedman et al., 1993), and similar results wdraimed for the tomato glycoalkaloidstomatine
(Friedman et al., 1998b). IWanuscript IV, hydrolysis was studied at pH 3-6 (20 °C). Here no
hydrolysis was observed within 29 days.
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Figure 2.3 The biosynthetic pathway to the two potato glycabdlds, a-chaconine and
a-solanine.



2.3 Biosynthesis

The glycoalkaloids are synthesized in all partstted potato plant (Friedman, 2006), and the
biosynthesis may continue in the tubers after ter(ériedman and McDonald, 1997). The
biosynthesis is described in detail in HeftmanrB@%nd Bergenstrahle (1995); a short summary is
given here. The biosynthesis proceeds via the mei@pathway, which in general is responsible
for the steroid production (Friedman and McDondl@97) Eigure 2.3). Intermediates during the
biosynthesis are acetate (C2), mevalonate (C6)petsoyl pyrophosphate (C5), geranyl
pyrophosphate (C10), farnesyl pyrophosphate (Cddalene (C30), and cholesterol (C27). From
cholesterol, solanidine is formed, after which aftee carbohydrate moieties are attached.

Table 2.2Glycoalkaloid content of different parts of thetigto plant.

Plant part Total glycoalkaloid Mass ratio of Reference
content a-chaconine to
(mg/kg FW)? a-solanine
Stems 320-48H 1.4-1.6 (Friedman and Dao, 1992)
Leaves and stem 54-4,090 0.2-3.¢ This project, partly ifManuscript 11l
Leaves 1,45?) 1.4 (Friedman and Dao, 1992)
320-1,276 2.0-2.8 (Dao and Friedman, 1996)
230-590 1.2-1.4 (Kozukue et al., 1987)
Flowers 3,000-5,000 0.7 (Kozukue et al., 1987)
Berries 380 1.4 (Friedman and Dao, 1992)
180-1,350 ND (Coxon, 1981)
340 2.1 Manuscript Il
Roots 860 1.1 (Friedman and Dao, 1992)
Sprouts 2,750—10,060 1.1-1.2 (Friedman and Dao, 1992)
Tubers 155, 18-57 1.6-2.0 (Friedman and Dao, 1992)
7-190 1.4-2.2 (Friedman et al., 2003b)
Peel 850 2.7 (Friedman and Dao, 1992)
12-540 1.4-2.4 (Friedman et al., 2003b)
Flesh 128 2.0 (Friedman and Dao, 1992)
1-150 1.2-2.6 (Friedman et al., 2003b)
;irgl?jers left in the 390 1.4 Manuscript I

%Fresh weight
b High glycoalkaloids-containing plant

¢ Based on individual plants, determined in planisirdy the growth season. A general decline in cotraéon and
ratio was observed during the growth season.
4 ND not determined



2.4 Occurrence

Glycoalkaloids are found in all parts of the potatant and there is little or no transport of the
compounds between the plant parts (Friedman andavald, 1997; Friedman, 2006). The highest
concentrations are detected in the very activebywgrg young tissues as flowers, sprouts and
young leaves (Friedman and McDonald, 1997); anweer of concentrations found in different
plant parts is presented Trable 2.2 Relatively low concentrations are usually foundhe tubers;
the highest concentration is present in the outstrigw millimeters, while the flesh contains lower
concentrations (Kozukue et al., 1987). Small tulaeesoften found to contain higher concentrations
(Papathanasiou et al., 1999); this may be relate¢ldet higher peel to flesh ratio in the small tgber
The proportion between-solanine andr-chaconine may vary between tissue types and iemiet
(Table 2.2) ratios of 0.2-3.0 are observed. In most case&hiaconine is present in a slightly higher
amount.

Similar distributions of glycoalkaloids betweenstie types are found in other glycoalkaloid
containing plant species. In the two otl$alanumspeciesS. nigrumandS. incanumthe highest
content of solasodine was detected in the leavpstqud g/kg dry weight), with the highest
concentrations found in small leaves, while lowevels were found in fruits, roots, and stem
(Eltayeb et al., 1997). In tomato planéstomatine and dehydrotomatine were also found lirofal
the different plant tissues. The highest conceinimatwere found in flowers and in some cases in
the green fruits (up to 18 g/kg FW), while espdgial red mature fruits much lower concentrations
were detected, due to degradation of the glycoaialduring ripening (Friedman and Levin, 1995;
Kozukue et al., 2004).

The glycoalkaloid concentration in the potato tesswchanges during growth. A whole range of
experimental data were collected and analyzed dpe&and Stephan-Beckmann (1997a; 1997b) in
order to develop universal statements concernirgg davelopment of the potato plant. They
reported a decrease in glycoalkaloid concentraitiofeaves and stem of about 20% after four
months of growth. A more distinct decrease for ésand stem combined was shown in the present
study (Manuscript Il ); where the concentrations in October comprisdgl approximately 1% of

the concentration found in Juriédure 2.4).
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To predict a possible mass load of glycoalkalomsnf the potato plant to the underlying soil, the
total amount rather than the concentration of gijicoids in the plant is of interest. Kolbe and
Stephan-Beckmann (1997a; 1997b) presented daladwees, stems and tubers. They showed that
the leaves and stems combined contained the magogion of the glycoalkaloids in the plant (51-
76% depending on the time of the growth seasor)jdhves being the main source of those two.
The maximum amount of glycoalkaloid in the leavessvobserved 45-75 days after emergence,
which is in accordance with the present stuMarguscript Il ). Here, the highest amount of
glycoalkaloids in leaves and stem combined wasctidein July, because of the high biomass at
that time, even when the highest concentration feasd earlier in June. The amount detected in
July corresponded to 25 kg/ha. In the study by Edbd Stephan-Beckmann (1997a; 1997b), an
equal glycoalkaloid distribution between leaves autmers was observed by the end of the growth
season after four months. Most of the tubers Woligh be removed from the field during harvest,
why only the minor fraction of tubers left in theslfl after harvest may possess a source of
glycoalkaloids to the soil.

2.5 Influencing Factors on Production

Many factors affect the glycoalkaloid productiontire potato plant. Most knowledge is available
about the production in the tubers because of th&er for consumption. The content is overall
genetically controlled (Friedman and McDonald, 199lhis is illustrated by a study of eight
commercial varieties, where the total glycoalkaloaethcentration varied from 7.3-187 mg/kg FW in



the tubers (Friedman et al., 2003b). Additionalhg production of glycoalkaloids in the tubers is
affected by physiological stresses during growtld after harvest. The possible influences by
various stress factors have been investigated menaus studies, and a review can be found in
Friedman and McDonald (1997). Weather conditioresamajor stress factor during growth, and
especially cold rainy weather may induce glycoakhproduction. Potato plants may also produce
more glycoalkaloids as a response to stress caus@tbect attack; e.g. potato plants attacked by
Colorado potato beetled dptinotarsa decemlineatgproduced tubers with higher glycoalkaloid
content compared to non-attacked plants (Hlywkal.etl994; Dinkins et al., 2008). After harvest,
factors as light, storage conditions, and mechamngary are determining for the glycoalkaloid
production in the tubers (Friedman and McDonal®7)9higher concentrations are e.g. induced by
bruising (Dale et al., 1998) and light (Dale et 4093).

2.6 Biological effects

2.6.1 Toxicity

Ingestion of blighted or sprouted potato tuber®foother parts of the potato plant have for many
years been known to possible cause poisoning. &urithis common knowledge that green potato
tubers should not be consumed because of their plgboalkaloid content. Friedman and
McDonald (1997) refer several cases of human paigodescribed in early literature earlier than
1960. In a commonly cited case, 78 schoolboys becdmafter eating lunch (McMillan and
Thompson, 1979). The lunch did partly consist ofapmes, which had been left in the kitchen
during a long school break. All ill boys had eapmtatoes and analysis of the remaining potatoes
showed a high glycoalkaloid content of those. 1thefboys required hospitalization and common
symptoms were nausea, vomiting, diarrhoea, and mal@db pain. In a controlled experiment,
volunteers developed nausea and diarrhoea afteg smrved potatoes with high glycoalkaloid
content (Hellen&s et al., 1992).

The two main toxic effects of the glycoalkaloide an inhibition of two cholinesterases and cell
disruption (Friedman, 2006). The inhibited choliteeases are the acetyl- and butyrylcholinesterase
who both catalyze the hydrolysis of the neurotrattemacetylcholine at the synapse in the central
nervous system. Equal effect in inhibition of tHelknesterases is shown by both glycoalkaloids,
and no synergistic effects between the two haven lmbserved (Roddick, 1989). The aglycone,
solanidine, showed no inhibition effect. The intidm is probably due to a non-covalent
competitive binding to the active site of the eneyf{Rriedman, 2006). The other main toxic effect,
cell disruption, is caused by a complex formatiathwhe cell membrane (Friedman, 2006). The
aglycone part of the molecule is inserted into mirembrane bilayer, where it can interact with
membrane sterols. This can result in a rearrangewfethe membrane, whereby the membrane
structure is disrupted and the cell content leakesheciallya-chaconine forms strong complexes
with cholesterol and other phytosterols (Roddic®&79). a-Chaconine is a much more potent cell
disrupter thamu-solanine, but synergistic effects are observedwthey are both present (Friedman
and McDonald, 1997; Friedman, 2006).
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Several other effects in animals have been repometlding the ability to induce spina bifida,
anencephaly, embryotoxicity and teratogenicity déimman, 2006). The developmental toxicity of
both glycoalkaloids and their hydrolysis productsrevcomparedy-chaconine was reported to be
more toxic tharu-solanine (Friedman et al., 1991; Rayburn et &94). The hydrolysis produft-
chaconine was about as potenwiashaconine, while solanidine and the otfeandy-compounds
were less toxic than their correspondingompound (Friedman et al., 1991; Rayburn et 894).
Estrogenic effects were not observed for the twaadlkaloids, while low effect in vitro was
observed for solanidine (Friedman et al., 2003&ag potato glycoalkaloids do however also have
some beneficial properties; the compounds are tegdo inhibit growth of tumor cells from e.g.
human colon and liver (Lee et al., 2004; Friedmizal.¢ 2005).

To compare the toxicities of the two glycoalkaloiaisd their hydrolysis products, all the toxic
effects are to be taken into consideration. OveFRaledman and McDonald (1997) concluded, that
a-chaconine is the most potent potato glycoalkalaij that the hydrolysis products seem to lose
toxicity as they lose the carbohydrate moietiesaiddine is the least toxic compound.

2.6.2 Interactions with Organisms

The potato glycoalkaloids are considered to beragfahe plant chemical defensive system, but
the exact role is still undefined (Roddick, 1996ieBman and McDonald, 1997). Many studies
have investigated the interaction between the glkaboids and different pathogens with variable
results.

The effect of glycoalkaloids on bacteria is poastydied. No correlation was found between the
glycoalkaloid content in cultivars and their reaiste to neither ring rot caused ®grynebacterium
sepedonicunmor common scab caused 8treptomyces scabieldence, it was concluded that the
glycoalkaloids were not the factor determining tegistance (Paquin, 1966; Frank et al., 1975). An
investigation of the toxicity ofi-solanine towards microorganisms showed that asdtofBacillus
subtilis Micrococcus luteus Erwinia spp. and Pseudomonasspp. were unaffected by a
concentration of 2,000 mgrsolanine/L phosphate buffer (McKee, 1959). In arotype of study,
the glycoalkaloids were proven to have antibiotroperties; mice treated with low doses of
glycoalkaloids were resistant towards lethal doseSalmonella typhimuriunfGubarev et al.,
1998).

The glycoalkaloids possess a strong in vitro afstigigainst fungi (Roddick, 1987) and growth
inhibition of a fungi,Cladosporium fulvumwas reported as early as 1933 (Schmidt, 1933)jova
studies have investigated the effect of the glycalds on spore germination and fungal growth.
Effect on spore germination has been shownAscobolus crenulatyshoma medicaginignd
three Fusarium species (McKee, 1959; Fewell and Roddick, 1998hikition of growth was
observed for four fungiiscobolus crenulatyglternaria brassicicolaPhoma medicaginjsand the
potato pathogerRhizoctonia solani(Fewell and Roddick, 1993; Fewell and Roddick, 199
Pronounced synergism between the two glycoalkali@s observed. Also, a pH effect was found;
higher toxicity was seen at pH 7 compared to pAh& pH effect, which had also been observed in
earlier studies (McKee, 1959), was assigned toghéhmi toxicity of the uncharged form of the
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compound. Other potato pathogenic fungi may noaffected by the glycoalkaloids, because they
can overcome the toxicity of the glycoalkaloidsdonverting them into less toxic compounds (e.g.
Weltring et al., 1997), a subject which will bedlissed further in Chapter 5.

Adverse effects of glycoalkaloids on behavioral atelelopmental biology are described for
several insects (Tingey, 1984; Friedman and McDhrd97). E.g. Sanford et al. (1996) described
how the mortality increased for potato leafhopp@mpoasca fabgedieting on a glycoalkaloid
containing diet. Similarly, reduced fecundity, digttake and increased mortality were observed for
peach potato aphidMfzus persicae which were fed on an artificial diet containiglycoalkaloids
(Fragoyiannis et al., 1998). Also, non-insects rhayaffected by the glycoalkaloids; in a feeding
study of snails Helix aspersa both glycoalkaloids were shown to possess amt#ee activity.
Here, a-chaconine was the more active compound, afsblanine anda-chaconine interacted
synergistically (Smith et al., 2001).
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3 Determination of Potato Glycoalkaloids

In the following, important factors and requireneerior determination of naturally produced
organic compounds in plant and soil matrices aseudised with special emphasis on the potato
glycoalkaloids. Further, the range of methods mesty used for determination of the
glycoalkaloids is presented and discussed.

The determination of an analyte, irrespective agior in a solid matrix (e.g. soil or plant matdyia
can be divided into three steps. The first stegmigxtraction of the analyte from the matrix into a
appropriate solvent for analysis. Secondly, intanfecompounds have to be removed, and finally,
the concentration of the analyte has to be deteuhniAdditional steps, such as pre-concentration or
derivatization, may, depending on the chosen aicalytnethod, be needed as well. Extraction,
clean-up, and analysis methods will be describetktail in the following sections.

3.1 Extraction

Before analysis of a compound in a soil or plamy@a can be performed, the compound has to be
extracted from the matrix by use of an approprsateent. The optimal extraction procedure should
extract 100% of the analyte, while the extractibmterfering compounds should be minimal. Any
co-extracted interfering compounds may also be veahdater during the clean-up.

A simple and commonly used method is the shakeaetxdn, where the matrix and an appropriate
extraction solution are mixed in a bottle or tulmel &haken for a certain amount of time, after
which the extraction solution is removed and preg@aior analysis. The huge advantage of this
method is the lack of need for any specializedrimsént, by which the expenses may often be
increased and the number of possible extractiong bea limited. Disadvantages may be the
sometimes rather labor-intensive procedures andatheunt of solvent used. In stead, more
sophisticated extraction techniques such as eaplerated solvent extraction (ASE) or Soxhlet
extraction can be used. They may often provide aenedficient extraction due to instrumental
setup. E.g., by Soxhlet extraction, multiple exii@ats are done repeatedly by a re-distillationhef t
solvent and by use of ASE, a combination of raigedperature and high pressure improves the
extraction process (Rubinson and Rubinson, 200therCGadvantages include an automation of the
extraction process and/or a reduction in the amadindolvent needed. The availability of the
instrument and the number of samples extracted I&maously may though limit the use in
practice.

In the present work, shake extractions were perdrnbecause this was used in the initial work,
which was based on a standardized method for exinaof potato glycoalkaloids from plant
material (AOAC, 2000). Since this method workedIwilere was no need for a change to a more
sophisticated method with all the additional liidas and complications. Different parameters can
be optimized when using the shake method. The ehofcextraction solution is the most vital
parameter and depends on the compound in questiorelaas the matrix. The length of extraction
and the temperature during the extraction are otheortant parameters. Time should be long
enough to allow full extraction, but as short asgiole to avoid possible transformation of the
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compound and to ease the work. Similarly, dependimghe compound in question, temperature
can be raised to ease the extraction or lowereyoad possible transformation. Further, a second
extraction using fresh extractant may, if neces$arya complete extraction, be performed after
removal of the first extraction solution.

3.1.1 Extraction from Plant Material

Methods for extraction of xenobiotics are most ofgeveloped on samples spiked with pure
compound. However, when working with natural compatgj the plant material does already
contain an amount of the compound, which may benBowithin the plant material. To ease the
release of the analyte during the extraction pretes plant material is often dried and comminuted
prior to extraction. It is impossible to prove,aifi extraction of a natural compound is complete,
because the original concentration in the plantenmedtis unknown. It is however possible to
compare the amount extracted by different extrastdn practice, different extraction procedures
and consecutive extractions may be performed tbepthe probability of a complete extraction. In
addition, ordinary recovery experiments, where mampound is added to the plant material can be
performed too, but the binding of the naturallygemt and the spiked compound may differ, why
their extraction efficiencies may differ as well.

Table 3.1Solutions tested for glycoalkaloid extraction fraubers by Friedman
and McDonald (1995a; 1997). No reports of the ole@diextraction efficiencies

were given.
Extraction solution Acidic Organic
solvent
(1)  2-5% acetic acid 4
(2)  0.5% NaHS@in 2% acetic acid v
3) 0.02 M Na-1-heptanesulfonate in 0.17 M acetid a v
(4) 0.4 % 1-heptanesulfonic acid in 1% acetic acid v
(5) 5% trichloroacetic acid in 50-75% methanol v v
(6) Methanol/acetic acid/water (94:1:6) v v
(7) Tetrahydrofuran/water/acetonitrile/acetic a@d:2:0.1) v v
(8)  Chloroform/acetic acid/methanol (10:1:9) v v
(9)  Methanol/chloroform (2:1) v
(10)  Ethanol v

As the glycoalkaloids are only sparingly solublepktt 7 or above, they are usually extracted from
plant material by a non-aqueous and/or acidic etitna solution (Friedman and McDonald, 1997).
The combination of heat and acid is usually avojdetause this can cause hydrolysis. Exceptions
are methods, where the later quantification is dhase the aglycone, why previous hydrolysis is
required. More than 20 different extraction solnticare described in the literature (Friedman and
McDonald, 1997); most of them involve a weak salntof acetic acid and possible an addition of
an organic solvent (e.g. methanol, tetrahydrofuracgtonitrile, or chloroform). Friedman and
McDonald (1995a; 1997) tested ten of the previoysiplished solutions on dried, fresh, and
processed tuberd éble 3.1); the results showed 2% acetic acid to be the sastion for dried
samples, whereas fresh samples were better extragt@ mixture of methanol/chloroform or a
mixture of tetrahydrofuran/water/acetonitrile/acetacid. The official AOAC method for
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determination of glycoalkaloids in potato tubersguribe the use of an extraction solution similar
to the aqueous acetic acid solution — a solutiowater/acetic acid/NaHSQ100+5+0.5, v/viw)
(AOAC, 2000). The sodium bisulfite is added to rétaxidation during sample preparation and
analysis (Carman et al., 1986). This method waseamdor extraction of the glycoalkaloids from
the plant material in the present work. Here, tffeiency of the method was tested by three
consecutive extractions on the same freeze drezat phaterial. It was hereby shown that 86-91% of
the glycoalkaloids were extracted during the fiesttraction, why only one extraction was
performed in the work iManuscript 11l .

3.1.2 Extraction from Soil

In soil, the analyte may be sorbed, why the extvaatan be a more complicated task. Sorption can
occur to soil material as organic matter or claiie amount of analyte in soil may roughly be
divided into two fractions; a sorbed fraction anfiaction present in the soil solution, and the two
fractions are not extracted equally well. For thessesons, it is important to establish which fiacti

is of interest, before a new extraction method evetbped. It can be of interest to perform
consecutive extractions of increasing strength litaia information on the sizes of the different
fractions as done in Jensen et al. (2004). In athses, sufficient information will be obtained by
performing one single extraction extracting one bmth fractions. Extraction of the potato
glycoalkaloids from soil by a mild extractant (aque acetic acid) was previously shown to give
poor recoveries (Jensen et al., 2007), indicativag only little glycoalkaloids were present in the
soil solution. For this reason, stronger extractamere used in the present work by which the
sorbed fraction was extracted as well.

When a new method is developed in order to ex@atatural compound from soil, an optimized
method for plant extraction of the same compounenoéxists. This work is often used as basis for
the further development, and the method can sorastine directly transferred. However, the two
matrices are completely different, and while théurel compound is bound in the plant matrix,
sorption to clay or organic matter may take platéhie soil. These interactions in the soil may,
depending of the compound in question, be strovgey,a stronger extractant is sometimes needed
for soil extraction. One example of a compound, ietemilar extractants have been used for both
matrices, is the weakly sorbed compound, ptaquigsproduced by bracken fern (Rasmussen et
al., 2005). In the early work, ptaquiloside wagastied from both plant and soil material using pure
water (Rasmussen et al., 2003a; Rasmussen e08BpbP and only a slight modification by the
addition of a buffer to avoid a possible fast tfammation of ptaquiloside was introduced later
(Ovesen et al., 2008). Also, thujone, produced gtern red cedaif fiuja plicatg, was extracted
from needles as well as soil samples using steatilation (Strobel et al., 2005). Similarly, an
extraction solution previously applied to plant eral (70% methanol) was tested and used on soil
material for extraction of glucosinolates produbgdlants in the familyBrassicacea€Gimsing et

al., 2005). In another example, different solutisrese used to extract the mycotoxin, zearalenone,
from soil (Hartmann et al., 2008). For extractioani wheat, a mixture of acetonitrile and water
was frequently used, and this is known to give detepextraction. However, in soil higher
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extraction efficiency and lower standard deviatirre achieved by use of another stronger
extractant (100% methanol).

Glycoalkaloids have, as previously described, bedracted from potato plant material by use of
many different extraction solutions. A selection thlese was also tested during the initial
development of an extraction method for soil. Ins#én et al. (2007), four solutions were tested for
extraction from soil materialT@ble 3.2,1-4); solutions 1-3 were previously used for exicac
from plant material (Bushway et al., 1980; Bushwayl., 1985; AOAC, 2000). Only one of these
extractants (the mixture of tetrahydrofuran/waieetanitrile/acetic acid) did extract the
glycoalkaloids with a reasonable efficiency. As tkeovery was relatively low, the solution was
still not an optimal choice, why further improvent®rwere required. From that work, it was
observed that addition of acid improved the extoact Furthermore, an organic solvent was
required, because no glycoalkaloids were extra¢tedan aqueous acid solution solely. The
extraction method was improved by Pedersen (200Fp tested the extraction efficiencies of
agueous acidic mixtures of each of the three ocgaulvents; acetonitrile, methanol and
isopropanol. This work showed the mixtures withtaogrile to give the better recoveriefaple
3.2,5-7). The use of 60% acetonitrile, 0.4 M acetidagavea-solanine recoveries of 73-88% for
six soil matrices, where the higher recoveries wdrined for soils with little sorption capacity,
while the lower recoveries were found for the sath a higher organic contenvi@nuscript IV ).
This extraction solution is also used Manuscript Il , where the recoveries for the sandy soil
from Fladerne Beaek ranged from 83-98%.

Table 3.2Solutions tested for extraction of glycoalkaloidsnh spiked soils.

Extraction solution No. of soils Recovery Recovery Reference
tested a-solanine a-chaconine
(%) (%)

Q) 5% acetic acid 1 0 ND* (Jensen et al., 2007)
(2) tetrahydrofuran/water/acetonitrile (50:30:20) 1 34 NG (Jensen et al., 2007)
3) tetrahydrofuran/water/acetonitrile/acetic acid 4 47-63 NG (Jensen et al., 2007)

(50:30:20:1)
4) tetrahydrofuran 1 0 ND* (Jensen et al., 2007)

(5) 50-80% acetonitrile, 0.2 M acetic acid 1 57-84 48-63 (Pedersen, 2007)

(6) 50-80% isopropanol, 0.2 M acetic acid 1 7-13 -320 (Pedersen, 2007)

@) 50-80% methanol, 0.2 M acetic acid 1 7-14 14-43 (Pedersen, 2007)

(8) 60% acetonitrile, 0.2 M acetic acid 6 73-88 ND  Manuscript IV

9) 60% acetonitrile, 0.4 M acetic acid 1 83-94 - This project, partly
in Manuscript Il

2ND not determined

3.2 Clean-up

After the extraction, a clean-up step may be neddeéliminate any interfering compounds. A
common method for clean-up is solid phase extract®PE). SPE is performed by passing the
extraction solution containing the analyte overodidsphase that absorbs the analyte from the
solution. Matrix components may additionally bebsat. The extraction solution, now without the
analyte, but still containing any non-sorbing maitomponents, is discarded. The solid phase is
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thereafter washed, whereby weakly sorbed matrixpmmants are removed, before the elution of
the analyte takes place. The major part of theimmatmponents is generally removed during the
SPE clean-up, and the process will often resultipre-concentration of the analyte as well.
Different types of solid phases (apolar, polanooic) can be selected depending on the analyte and
the matrix (Rubinson and Rubinson, 2000).

SPE has become the most popular method for purditaf the glycoalkaloids (Friedman and
McDonald, 1997), and the use is discussed furtkeg,Hout also other methods as precipitation by
ammonium hydroxide, partitioning with aqueous,8i@,, or water-saturated butanol can be used
for glycoalkaloid purification (Wang et al., 197Bushway et al., 1979; Friedman et al., 1994).
Various SPE cartridges have successfully been @segre-concentration and purification of
glycoalkaloids; e.g. of 17 tested cartridges, tbegave good recoveries forsolanine (Jensen et
al., 2007). This selection of columns included CEBCphenyl and CN columns. Good results have
also been obtained using a benzenesulphonate catidranger and a macro porous copolymer
sorbent (Vaananen et al., 2000). The choice of &Eidge and the conditions used do not only
depend on the compound of interest, but also orxtraction solvent and the matrix components.
To obtain proper retention on a reversed phasearoglithe compounds should be dissolved in an
aqueous solution; why an organic extraction softutitay have to be diluted or evaporated prior to
application as done in Pedersen (2007) and Jens#n(2007). The influence of the matrix can be
illustrated by the clean-up of glycoalkaloids fre@amples with low and high levels of lipids (e.g.
tubers vs. potato chips). The samples with lowdlipontent were cleaned up by a C18 column
while better results were obtained by use of annanfNH,) column for samples with a high
amount of lipids (Saito et al., 1990). Hence, wivemea new matrix or extraction solution is
introduced, the SPE procedure should be validate@nsure that proper retention and good
recovery are still maintained.

3.3 Quantification

A broad range of analytical methods are in use,wdrelytes extracted from soil or plant matrices
are to be quantified. Only methods, which have hesad for glycoalkaloid quantification, will be
discussed here. During the years, quite many éiftemethods have been used for glycoalkaloid
determination; the choice of and change in methodsr time reflect the improvement and
development in analytical chemistry. The range efhrads generally used for quantification of the
glycoalkaloids now or in the past is discussedhmm following, while the specific methods used in
the present work is discussed further in Chapter 4.

3.3.1 Previously Used Methods

A couple of methods were primarily used in the pdstse were later more or less replaced when
new instruments or improved techniques were inttedu Among these methods are the
colorimetric methods, thin layer chromatography CJland gas chromatography (GC). The total
amount of glycoalkaloids was initially quantifie¢y warious colorimetric methods (Friedman and
McDonald, 1997). After the discovery of the secghgtoalkaloid,a-chaconine, in 1954, a method
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for quantification of the individual glycoalkaloidgas needed, and such a method was developed
by Paseshnichenko and Guseva (1956) using pape&mekography. TLC and later high
performance thin layer chromatography were botljueatly used techniques for separation and
determination of the individual glycoalkaloids atlte hydrolysis products, e.g. (Jellema et al.,
1981; Filadelfi and Zitnak, 1983; Ferreira et d1993; Friedman et al., 1993; Simonovska and
Vovk, 2000; Bodart et al., 2000). TLC is nowadaysrenor less replaced by high performance
liquid chromatography (HPLC), but new applicati@ms still published (e.g. Skarkova et al., 2008).
TLC was commonly performed using a silica gel plasestationary phase and a solvent system,
which consisted of variable combinations of chloraf, methanol, ammonia, and water. Several
detection methods of variable specificity exisg.eantimony trichloride, Dragendorff reagent,
anisaldehyde reagent, iodine vapor, Ce(IV)sulfatésgc acid reagent, and optical brighteners
(Cadle et al., 1978; Jellema et al., 1981; Filadeitl Zitnak, 1983; Ferreira et al., 1993; Friedman
et al., 1993; Simonovska and Vovk, 2000; Bodadl ¢2000; Skarkova et al., 2008).

GC coupled with a flame ionization detector canoalse used for quantification of the
glycoalkaloids. The glycoalkaloids may be quantifiadividually after a permethylation (Herb et
al., 1975) or in total when the glycoalkaloids ayelrolyzed to their corresponding aglycone prior
to analysis (Lawson et al., 1992). The direct asialpf the aglycones may shorten the column life
as high temperatures are required in the GC systemy, it may be preferred to perform a
derivatization of the aglycones before analysiqu(lla et al., 1999). In this later work, the GC was
coupled with a mass spectrometer (MS).

3.3.2 High Performance Liquid Chromatography (HPLC)

HPLC-UV is the dominating method used for separatiand determination of potato
glycoalkaloids. The first HPLC-UV method was pubés almost 30 years ago (Bushway et al.,
1979), where separation ofchaconine andi-solanine were obtained by use of a carbohydrate
analysis or an amino column. The later developroénew and improved techniques, columns etc.
have resulted in a range of improved methods (gagman et al., 1986; Friedman and Levin, 1992;
Edwards and Cobb, 1996; Kuronen et al., 1999; madet al., 2003b). Most methods concern
separation of the compounds in potato tubers amtglebut also methods for other matrices as
processed potato products and blood serum haveds»ehoped (Saito et al., 1990; Hellenas et al.,
1992). In general, columns with a C18 stationargsghare the preferred choice, but other stationary
phases as C8 and Nkan also be used. The glycoalkaloids contain monsbphores and have only
little UV absorption. Determination is usually parhed by UV detection at 200-215 nm, why the
choice of eluent for the separation is limited. Mnes of acetonitrile/water or acetonitrile/alcotml
which salt, acid pH or both are added in ordernprove the separation are commonly used
(Friedman and McDonald, 1997). Typical detectionité using HPLC-UV are 2-8 mg/L (Sotelo
and Serrano, 2000; Friedman et al., 2003b). TheiaffAOAC method for determination of
glycoalkaloids in potato tubers uses a C18 columncombination with an eluent of 60:40
acetonitrile/water (0.01 M phosphate buffer, pH) {A0AC, 2000). Detection is performed at 202
nm. This method has been used in the present w&ndkthe principles behind HPLC-UV separation
and determination are discussed further in Chapter
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3.3.3 Mass Spectrometry (MS)

MS has been used alone or in combination with gipue separation method for determination of
the glycoalkaloids. Alone, MS has been performed bge of a matrix-assisted laser
desorption/ionization time-of-flight mass spectroenglMALDI-TOF) (Abell and Sporns, 1996).
The method was compared to the ordinary HPLC-U\émeihation and it was presented as a fast
method with less need for sample clean-up. The mtigadvantage was the cost of the instrument.
MALDI-TOF was later used by the same research grifoumnalysis of glycoalkaloids in potato
tubers and in serum (Driedger and Sporns, 199%dgar and Sporns, 2001), but the instrument
has gained no further use within glycoalkaloid deieation.

A few methods using capillary electrophoresis-ME{S) or GC-MS have been published
(Laurila et al., 1999; Bianco et al., 2002), andetection limit of 10-50 pg/L has been reported for
CE-MS (Bianco et al., 2002). However, since HPLC-b&5 been the preferred method for many
years, the MS has primarily been introduced in @iykaloid determination as a replacement for the
UV detector. The first method using LC-MS for qutative determination of potato glycoalkaloids
in transgenic potato plants was published in 2@Bl{iecki et al., 2003). Hereafter, several other
methods for quantification of the glycoalkaloids preants or tubers have been published with
detection limits in the range from 0.25 to 39 pdgMatsuda et al., 2004; Chuda et al., 2004;
Zywicki et al., 2005; Vaananen et al., 2005). Tharge from UV to MS detection typically lowers
the limit of detection, which is also seen for tjigcoalkaloids. However, the developed LC-MS
methods were developed for analysis of potato éisswhere the glycoalkaloid concentrations are
relatively high. Hence, there was no need to ogintihe methods in order to obtain a low detection
limit.

3.3.4 Other Methods

Several other methods have been used for quantiicaf the glycoalkaloids. Most of these
methods have been developed in order to provideplluet breeders, harvesters and the potato
industry with a cheap, easy, and fast method fantfication of the total glycoalkaloid content.
One method measured the liposome lysis, which apgtional to the glycoalkaloid content
(Bacigalupo et al., 2004). Another method is basedhe inhibition of the cholinesterases by the
glycoalkaloids (Arkhypova et al., 2003), while moraethods using different formats of
immunoassays have been presented as well (Friedihan 1998a; Glorio-Paulet and Durst, 2000).

3.3.5 Choice of Method

A broad range of methods for quantification haverbpresented, of which many are still in use. In
order to choose a method, first it should be ckdifif a quantification of the individual

glycoalkaloids is needed or if only the total ambis of interest. Furthermore, the expected
concentration range of the glycoalkaloids is anartgmt factor for the choice. In the potato plant,
the concentrations are relatively high, why they d¢# analyzed by most methods. For the
environmental samples, low concentrations are dgdegvhy a more sensitive detection method as
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MS is preferred. Practical issues as number of kzsmgnd availability of analytical instruments
may influence the choice as well.

In the present work, a method for determinationinafividual glycoalkaloids in environmental
samples (soil and groundwater) was needed. Hersgnstive method as LC-MS was the preferred
choice. Only few LC-MS methods were published b#oén and they had little focus on the
obtained detection limit, so it was decided to d@ye quantitative LC-MS method. The principles
behind LC-MS are discussed in more details in Giraptand the developed method is published in
Manuscript | .
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4 Analytical Methods Used in This Project

4.1 High Performance Liquid Chromatography (HPLC)

HPLC is one of the most commonly used techniquesskparation of non-volatile organic
components. In chromatography in general, compowamndsselectively distributed between two
immiscible phases. In HPLC, the phases consist miohile liquid phase and a stationary phase
packed in a column. The mobile phase is forcedutjimothe column by high pressure and the
sample components are continuously distributed &etvthe two phases. The separation proceeds
according to the compounds affinities for eachhef two phases. The components are eluted from
the column at a specific time for each componefmgneby the desired analytes can be detected
individually. Separation can be performed by eitiseccratic or gradient elution. By an isocratic
elution, the mobile phase is kept constant forehire separation. In contrast, the mobile phase is
gradually changed towards a more desorbing eluegradient elution. Gradient elution is often
needed if a range of structural different analyesto be separated and analyzed in order to obtain
separation and elution within a reasonable timm&#&Rubinson and Rubinson, 2000).

The choice of mobile and stationary phases dependthe sample type, the analytes, and the
detection method. A number of stationary phaseseadable and they interact with the analytes by
different mechanisms. The HPLC separations aregodted based on the type of interaction. The
dominant type of HPLC separation today is revetsgsp separation, where a non-polar stationary
phase is used in combination with a more polar feqtiiase. The predominant stationary phase in
reverse phase HPLC consists of non-polar group£asls; bonded onto silica. This stationary
phase is known as C18. Shorter apolar chains as@ld,7 may also be used. Mobile phases in
reverse phase chromatography are mixtures of vaagran organic solvent such as acetonitrile or
methanol to which a buffer can be added. The chofcemobile phase can be restricted by the
choice of detector, as e.g. some mobile phasesaaigh UV cut-off while other are incompatible
with MS detection due to e.g. low volatilizationth@r types of HPLC separations include normal
phase, ion exchange, and size exclusion chromatiogréRubinson and Rubinson, 2000). In the
present project, reverse phase chromatographydesused throughout the work.

4.2 Detectors

A range of detection systems can be coupled withiRhC. Fluorescence, UV, and MS detectors
are all commonly used. The choice of detectorrgely dependent on the properties of the analytes
in question, as e.g. only fluorescent analyteshmadetected by a fluorescence detector (Rubinson
and Rubinson, 2000). Two type of detectors; UV Bt®#l have been used in this project, why only
the use of these detectors will be discussed théudetail here.

4.2.1 UV Detection

UV detection is based on determination of the dimure at a certain wavelength. The method
requires that the analytes in question absorb Uitliwhy the method is limited to UV light
absorbing compounds as aromatics or compounds ceitijugated double bonds. The detection
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method has a low specificity as all light absorboognpounds at the desired wavelength and with a
similar retention time will be misidentified as thenalyte. Coupled to the HPLC system,
determination by UV can either be performed atnglsi wavelength, or if a diode array detector is
present at several wavelengths at the same tineelafier increases the specificity of the method as
more wavelengths or a whole spectrum can be red@udeé used for identification.

4.2.2 MS Detection

The MS technique has found use within many fiellsesearch and can be used alone or in
combination with several separation techniqueseHte focus will be kept on the use of MS as a
guantitative detector coupled to HPLC. After th#tueint has left the HPLC, the first step in MS is
an evaporation of solvent, after which the analyes converted into gas phase molecules and
ionized in the ion source. The ions are hereaft@msported into the high vacuum of the mass
analyzer, where they are separated in space basedss to charge ratiosif. For this, a number

of different mass analyzers exist and the ones wstits project are presented later. The lastoregi

is the transducer or detector, where the signam fthe separated ions are amplified; hereby
producing a mass spectrum (Rubinson and Rubin€@); Dass, 2007).

Electrospray lonization

MS analysis requires high vacuum conditions, aridreehe analytes reaches the mass analyzer, an
interface is needed to eliminate the large volumhenaterial in the effluent from the HPLC. The
interface electrospray ionization (ESI) has becongemost successful interface for LC-MS and it
operates at atmospheric pressure. In ESI, the mpb#ése is led into the source through a stainless
steel capillary. A high voltage is applied to tigedf the capillary, whereby a so-called Taylor eon
with an aerosol of electrically charged dropletsfasmed. A flow of hot nitrogen assists and
stabilizes the nebulization process and the evéiparaf the eluent. The size of the droplets is
reduced by the evaporation of the eluent and firthkk charge density of the droplets becomes too
high and the repulsion too great and the droplgtsapart. The final result is a formation of free
ions in gas phase, after which the ions can bespi@ted into the vacuum. It is a soft technique
compared to other ionization techniques, and omile [fragmentation of the compounds occurs
(Bruins, 1998; Dass, 2007). It is though possilgeirtduce fragmentation by increasing the
sampling cone voltage, a technique which can hesefin compound identification (Dass, 2007).

The ionization by the ESI may be carried out ime&itpositive (ESI+) or negative (ESI-) mode
depending on the analytes. The effectiveness obthization process is affected by the pH and the
solvent (Bruins, 1998; Rubinson and Rubinson, 20BIigh surface tension and viscosity hamper
the production of the droplets, why highly aguemabile phases are not favorable. Not all buffers
are compatible with the use of ESI, non-volatildféns as e.g. phosphates, should be avoided,
because they may precipitate in the mass specteoraet thereby disturbing the analysis (Niessen,
2006). The effectiveness may also be affected leyntatrix, which often tends to reduce the
ionization (Stuber and Reemtsma, 2004).
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Mass Analyzers

From the ESI, the ions are transported into thé kcuum of the mass analyzer, where they are
separated in space basednafz A number of different mass analyzers exist. Mpe$ used in this
project — the quadrupole and the time-of-flight @)®nass analyzers — will be presented here.

The mass analyzer in a TOF instrument consists fiéld-free flight tube, where the ions are
separated according to their travel time to theectet. The ions travel with different velocities
depending om/z the smallem/z being the fastest. When the ion beam enters tlss maalyzer,

the beam is pulsed towards the reflectron in thet @nthe flight tube. The reflectron is an ion-
mirror which minimizes the dispersion of the iorfssamem/z and reflects the beam back. The
travel path has a form as a “V” in a MS with on#deron Figure 4.1). Newer instruments may
have two reflectrons, whereby the mass resolusandreased; here the travel path has a form as a
“W” (Figure 4.1). Them/z values of the ions are determined from their travee, and a mass
spectrum is produced. A complete mass spectrunbegmoduced every 25 ps (Dass, 2007).

Pusher Detector Pusher \y |ens Detector
B

Reflectron Reflectron

Figure 4.1Principle for TOF mass analyzer in "V” and "W" made

TOF instruments work within an almost unlimited aange or in practice up ta/z 10,000-
20,000. The ability to produce a complete masstagmowithin short intervals is a major advantage
for this type of mass spectrometers. The obtainadalss resolution is high; up to 10,000 (full-width
at half maximum (FWHM)). By additional use of atemal standard accurate mass determination
within £5 mDa is possible for compounds up to 1@30 (Niessen, 2006; Dass, 2007). In the past,
TOF instruments have primarily been applied forudtire elucidation and exact mass
measurements. Due to performance improvements ef TOF instruments, quantitative
measurements are now also possible, and sever@bdsefor quantification are published (e.qg.
Tolonen and Uusitalo, 2004; Ferrer et al., 2005rc@aReyes et al.,, 2006; Wang et al., 2006,
Manuscript 1).
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A quadrupole instrument consists of four parallektahrods. An electric field is created by applying
direct current and radio-frequency potentials ®ribds, whereby the collimated ion beam from the
source passes through the center of the arraydsfiroa complex oscillating path. By applying a
defined set of potentials to the rods, only ionthimi a narrowm/zrange pass through the rods to
the detector, while all other ions collide with tflegls and are neutralized. A full mass spectrum can
be obtained by varying the applied potentials. Qftee potential is fixed or jumps between a few
selected potentials hereby recording only a feye values. This mode is named selected ion
monitoring (SIM). For quantitative purposes, théspreferred, because higher sensitivity will be
obtained due to the longer recording time for egmdrific ion trace (Rubinson and Rubinson, 2000;
Dass, 2007). Quadrupole instruments have a praatizaupper limit of 4,000, but the primary use
is for analysis of low-mass compounds. The resmiuis lower than for TOF instruments; in
practice about unit mass. Quadrupoles are amongeisé widely used types of MS (Dass, 2007).

In environmental quantitative analysis, the useanidem mass spectrometry is common as well,
and in the present work a triple quadrupole MS alae tested. In tandem MS, two or more mass
spectrometers are coupled, whereby additional tstrekspecific information can be obtained. The
basic principle in tandem MS is a mass selectiothefdesired target ion in the first MS. This
precursor ion is then fragmentized in a second Ki@ a collision cell, after which the last MS can
be used for either mass scanning of the produa @@rfor recording of specific product ions. The
latter will be the case in quantitative measuremantid is called selected reaction monitoring
(SRM) or multiple reaction monitoring (MRM) (Das&007). The use of MRM will improve the
selectivity of the method as both precursor andipebion has to meet the selection criteria in each
MS.

Matrix Effects

The term matrix effect is defined as an (unexpgcseghpression or enhancement of the analyte
response due to co-eluting matrix constituents §d&a, 2006). In order to perform a quantitative
analysis, possible matrix effects should be ingaséid during method development and, if present,
dealt with. In MS, matrix effects will most ofter lnlue to ion suppression and depends on both the
analyte and the matrix (Antignac et al., 2005; Nég 2006). Different mechanisms are proposed to
explain the ion suppression (Antignac et al., 20®¢ most important mechanism is decreased
evaporation efficiency due to the presence of matomponents. Other possible mechanisms
include co-precipitation of the analytes with matomponents and ionization competition between
the analytes and the interfering compounds. Thexdrageneral two approaches to deal with an
observed matrix effect; either eliminating the rfdeng matrix components or changing the
conditions of the measurement to eliminate therfietence (Antignac et al., 2005; Niessen, 2006).
The elimination of the interfering components candone by improved sample clean-up or by
improved HPLC separation; both approaches mayrbe tionsuming. The influence of the effect
can be eliminated by changing the ionization coods; e.g. changing the ionization mode or use
of different mobile phase additives. The use ofra@rnal standard can also eliminate the influence
of a matrix effect if the analyte and the intersi@ndard are affected by the matrix in similar ways
Ideally, isotopically labeled internal standarde areferred. The availability of labeled natural
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compounds is however rather limited in practicedose the compounds are often not synthesized
commercially. The use of matrix-matched standasdanother possibility, hereby having similar
matrix effects in standards and samples. This maygh be cumbersome if samples with different
matrices are to be analyzed. The availability @inkl matrix solutions might also be limited, when
working with natural compounds; e.g. it would na possible to obtain a potato plant extract
without glycoalkaloids.

4.3 Practical Use and Comparison of Implemented Met  hods

In this project, three different detector systenmveh been used for quantification of the
glycoalkaloids after a previous separation by HPLG, TOF-MS, and single quadrupole-MS.
Their performances, advantages and limitations étation to the determination of the
glycoalkaloids in various matrices are discussddvipebased on the experiences obtained in this
project.

The HPLC-UV method was already implemented in abotatory (Harder, 2004), but because the
HPLC eluent was incompatible with MS detection,esvrHPLC method had to be developed. The
two HPLC methods are presentedTiable 4.1 In addition to the exchange of buffer, also the
elution mode was changed from isocratic to gradiBgtuse of a gradient method, solanidine was
eluted from the column within a reasonable time @suld be included in the method, too.

Further, optimization of the two MS detectors wasf@med. The TOF instrument was previously
mainly used for structure elucidation and compoidw®htification, but now quantitative work can
also be performed, and a method for quantitativerdenation of the glycoalkaloids have been
developed; the work is presentedMianuscript I. Quadrupole-MS or tandem MS have for the last
decade been the preferred choices when quantifyonggaminants in the environment by LC-MS
(Benaotti et al., 2003; Sancho et al., 2006; Groalgt2006). In this project, a tandem MS (triple
guadrupole MS) was introduced as a substituteh®MOF instrument for practical reasons. During
the initial work on the triple quadrupole, no fragmis were obtainable from the precursor ions of
the glycoalkaloids and solanidine, even when tlagrfrentation patterns were previously known
from the TOF instrument. Hence, it was chosen tothe instrument as a single quadrupole, where
quantification was performed using the protonatedlegular ions [M+H] of a-solanine, a-
chaconine, and solanidine.

In Table 4.1,the detection limits for the three detection mdthare presented. The detection limit
for a-solanine was lowered about a factor of 100 an@Q,,&vhen the UV detector was substituted
by a TOF-MS or a single quadrupole-MS, respectividignce by changing to a MS detector, it was
possible to obtain a lower working range, which weseded to perform low concentration
degradation studies and to analyze groundwaterlsamp
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Table 4.1The three detector systems used for quantificatfidhe glycoalkaloids.

Detection . .
HPLC method Detection limit Ref.
method
Eluent Type Buffer Time \I/rgl a-solanine a-chaconine Solanidine
Min uL ug/L ug/L ug/L
uv Acetonitrile- Isocratic Phosphate 25 30 410 ND2 NIP Man.
water buffer v
TOF-MS Acetonitrile- Gradient Ammonium 28.5 10 4.7 2.2 25 Man.
water acetate |
Single Acetonitrile- Gradient Ammonium 28.5 10 0.53 0.52 0.12 Man.
quadrupole-MS  water acetate Il

2ND not determined
b NI not included in the method

The development of the new HPLC method was perfdraseing the TOF instrument. By adjusting
the settings of this instrument, in-source fragragah can be induced and information about the
fragmentation patterns of the compounds revealdtenwfull mass spectra are recorded. The
fragmentation patterns of the glycoalkaloids andrsdine were presented Manuscript | and are
shown in Figure 4.2 From a-solanine, fragments om/z 722.5, 706.5, 560.4, and 398.3
corresponding to [M+H-Rham] [M+H-Glu]*, [M+H-Glu-Rham[, and [M+H-Glu-Rham-Gal]
were produced in addition to the protonated mokacidn [M+H]" at m/z 868.6 Figure 4.2.A).
Similar fragments, where one or more carbohydratesties were cleaved off, were produced for
a-chaconine Kigure 4.2.B). In contrast, no significant fragments were obedrfor solanidine
(Figure 4.2.0.
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Figure 4.2Fragmentation patterns farsolanine (A)a-chaconine (B), and solanidine (C) obtained by
TOF-MS using a cone voltage of 70 V and a shotadise between the capillary and the cone. From
Manuscript I .

Matrix effect was investigated for all three instrents by comparing slopes of calibration curves
using solvent based standards with slopes fronvastematrix based standards. Only for the single
guadrupole, significant matrix suppression was olesk Here, the matrix effect was evaluated by
comparing the slopes for standard curves prepared?0% acetonitrile, groundwater and

groundwater amended with 0.02% sodium azide. Sepje of 20-30% was observed for both

glycoalkaloids and their aglycon&igure 4.3. To eliminate the influence of the matrix effect,

matrix matched standards were used in the latek wothe instrument.
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Figure 4.3 Matrix suppression ofo-solanine, a-chaconine, and
solanidine using LC-single quadrupole-MS. Standandes obtained
for standards in solvent (20% acetonitrile), gromater and
groundwater amended with 0.02% Na-azide are sh@soundwater
was sampled from Fladerne Baek.



To illustrate the performances and information woig#d by the different detection systems,
chromatograms from one soil extract, cleaned updlig phase extraction and analyzed by all three
instruments are presentedkigure 4.4-4.6 For the UV chromatograntigure 4.4), rather small
peaks of-solanine andi-chaconine are present, and the shapes of the peakslittle irregular. In
addition, a huge injection peak troubles the gdigation, because of the overlap in time with the
analytes. A third peak is present in the chromatogrbut no identification is possible by the UV
detection.

6000 -
a-Solanine
5000 -
4000 + .
g a-Chaconine
5 3000 -
(8]
c
©
£ 2000 -
(o]
[72)
<
1000 - (B)
A
0 T T T T T T \( )
D 2 V 6 8 10 12 14
-1000 -

Time (min)

Figure 4.4 HPLC-UV chromatogram for a standard (A) and a $R&ned-
up soil extract (B). Detection was performed at 862 The sample was run
using the following chromatographic conditions; wlol mL/min, and
isocratic elution using a mobile phase 55% acettmin 0.01M phosphate
buffer (K;HPQ, and KHPQ, pH 7.6). Further detail about the
chromatographic conditions can be found/anuscript 111 .

More information is obtained by the analysis on T@&F instrumentKigure 4.5). First of all, the
glycoalkaloid peaks are much more distinct, dueht lower working range of the instrument.
Hereby, the identification from the UV chromatogramas confirmed. Secondly, at least one
additional peak at 9.4 min witm/z 706 is present; thisy/zvalue corresponds to the valuespef
solanine ang-chaconine. Distinction between degradation praxlwgth samem/z values is not
possible in this run, but would be possible if Hanple was compared to a sample of degradation
products froma-solanine ora-chaconine, solely. No other significant peaks abbserved. Any
peaks with same retention time assolanine ora-chaconine may origin from in-source
fragmentation; e.g. then/z398.3 at 7.07 min is an in-source fragmené&-ablanine. Solanidine do
also have am/z398.3 but have a higher retention time (14.0 min).
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Figure 4. 5HPLC-TOF-MS chromatogram for a SPE cleaned-upesdiiact. The sample
was run using the chromatographic conditions regbiin Manuscript |; flow 200
pnL/min, and a mobile phase consisting of eluent9¥% water, 5% acetonitrile, 3mM
ammonium acetate) and eluent Y (5% water, 95% aitate, 3mM ammonium acetate).
The following gradient was applied: 0—6.5 min, 2%%6.5-11.5 min, linear gradient to
80% Y; 11.5-21.5 min, 80% Y; 21.5-24.5 min, lingaadient to 24% Y. (A) Total ion
count, (B)m/z868.6 (i-solanine), (Cim/z852.6 i-chaconine), (D)n/z706.5 (possibly
Bi-solanine oB-chaconine), (Ein/z560.4, (F)m/z398.3 (in-source fragment).
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Figure 4.6 HPLC-single quadrupole-MS chromatogram for a SPe&amkd-up soil
extract. The sample was run using the MS conditicepgorted inManuscript 11,
including the following chromatographic conditiofiow 200 pL/min, and a mobile
phase consisting of eluent X (95% water, 5% aciti3mM ammonium acetate) and
eluent Y (5% water, 95% acetonitrile, 3mM ammoniacetate). The following gradient
was applied: 0-6.5 min, 24% Y; 6.5-11.5 min, lingaadient to 80% Y; 11.5-21.5 min,
80% Y; 21.5-24.5 min, linear gradient to 24% Y. (Pgtal ion count, (Bm/z852.64 §&-
chaconine), (C)m/z 868.64 §-solanine), (D)m/z 560.4, (E)m/z 706.4 (possiblyp;-
solanine oB-chaconine), (FIn/z722.4.



Similar information is obtained by the chromatograibtained by the single quadrupole instrument
(Figure 4.6). Distinct peaks are observed foisolanine andi-chaconine, while also a significant
peak is observed at/z706.4, which may possibly origin frof-solanine o3-chaconine. Smaller
peaks are also observednalz 722.4 and 560.4, which correspond to v values offf,-solanine
(722.4),y-solanine (560.4), ang-chaconine (560.4). Because of their closenesgmia to other
peaks and their small size, it can not, based isnctiromatogram, be excluded that the peaks may
originate from in-source fragmentation.

Generally, the soil samples were analyzed only BYEUV, and only-solanine andi-chaconine
were quantified and reported iManuscript Ill . The chromatograms obtained by mass
spectrometry show that at least a third significpeak atm/z 706 was present. This was not
included in the manuscript, as-solanine anda-chaconine were the overall dominating
glycoalkaloids in the soil extracts, while otherake were rarely detected and smaller in size. In
addition, the extraction and clean-up method ferdbil extracts was only developed and optimized
for the two main glycoalkaloids, and lower extrantefficiency and overall recovery were expected
for any degradation products.

Overall, all three instruments have been used is pinoject. The UV detection was used in
Manuscript 1V, where the degradation of a relatively high conadmn of a-solanine was
followed in soil. Plant and soil samples from tinedd were also analyzed by use of UV detection
(Manuscript Il ), because their content of glycoalkaloids werdigeht for UV detection. The
UV working range was insufficient for analysis dfet groundwater sampledénuscript 111 ),
which was instead analyzed by the single quadrulpt3e By use of the TOF instrument additional
detection of non-target compounds was possibles Thas used in the preliminary work for
Manuscript 1l , where a soil solution with glycoalkaloids wasessred for degradation products.
Further work fotManuscript Il , where the degradation of the glycoalkaloids dedftrmation and
degradation of known degradation products wereodald, was performed using the single
guadrupole instrument. The identification ability the TOF instrument was additionally used in
Manuscript 1ll and IV , where unknown peaks in the UV chromatograms vaenetified.
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5 Fate of Glycoalkaloids in the Environment

The fate of an organic compound in the terresem@ironment is determined by processes as
sorption, degradation, and leaching. In order edpt the fate a range of studies is needed. In the
laboratory, the processes are investigated undetratled conditions, whereby the individual
processes can be studied. Thereby, the mechanigimsdbcan be elucidated and possible
degradation products can be identified. The presessfluence each other and by use of field
studies, information about the fate under realistit also complex conditions can be gained. Both
types of studies are valuable and they providermétion about different aspects of fate.

Fate studies have been published for a range afaldtioactive compounds; though, overall the
number of studies is relatively small. The groupcompounds investigated is diverse in terms of
chemical structure and origifrigure 5.1), and the motivation and objectives for the stadigfer.
Many of the compounds origin from important cropecsps (DIBOA, DIMBOA, dhurrin,
linamarin, lotaustralin, mycotoxins), other compdsrare intentionally spread to suppress pests
(strychnine and glucosinolates), while a third grai compounds is studied in order to prove and
understand their allelopathic properties (juglome @atatasin-lll). The potato glycoalkaloids
belong to the first group of compounds, as theypaogluced by an important crop species. In the
following, the different type of fate studies wille discussed, and the work on the potato
glycoalkaloids will be related to the work publishen other natural compounds.

5.1 Degradation

Degradation of organic compounds may be a consequeh either abiotic or biotic processes;
including abiotic hydrolysis, microbial degradatian degradation due to plant enzymes. The
ultimate degradation, also named mineralization,anforganic compound is primarily due to
microbial activity and leads to the formation ofoiganic salts and CQO(Alexander, 1981).
Incomplete degradation leads to the formation c# on several metabolites, which are often of
major importance to fate studies, because they b#wer properties than the original compound.
The metabolites may e.g. be more persistent or palsg compounds and hence have a higher risk
of leaching (Boxall et al., 2004), but sometimes dpposite is the case as well; e.g. the degradatio
product of ptaquiloside, pterosin B, is less pdiean ptaquiloside (Rasmussen et al., 2005). Hence,
knowledge of the degradation pathway is extremelgartant, when the fate of a compound is
being investigated.

In the following, the degradation of the potatoaglglkaloids and the known metabolites will be
discussed. In addition to the processes discussed the potato glycoalkaloids undergo hydrolysis
under acidic conditions. This process was describe@hapter 2, because it was found to be
without relevance in the terrestrial environment.
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Figure 5.1 Natural compounds investigated in fate studietuding the name of the producing plant or
microorganism.
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5.1.1 Plant Enzymatic Degradation

Plants often produce enzymes to degrade or transtbeir own bioactive compounds; e.g. the
glucose moiety in both glucosinolates and cyanagghicosides can be cleaved by enzymes in the
plants (Gimsing et al., 2005; Johansen et al., 28¢arnholt et al., 2008). The enzymes and the
compounds in these plants do though only get intdact upon tissue damage. Potato plants also
contain enzymes, which can hydrolyze the glycoalkisl Sprouts, tubers, leaves, berries, and
blossoms do all contain enzymes, which hydrolyze dlycoalkaloids. This process leads to the
formation of the correspondinf- or y-compounds or solanidingrigure 2.2). The observed
hydrolysis products from the various tissue enzyrrespresented iable 5.1 Not all possible
hydrolysis products are always detected, archaconine andg;-solanine are in general rarely
observed. More studies suggest fhathaconine was directly transformed into solanidrecause

no y-chaconine was detected (Guseva and Paseshniche®&o, Swain et al., 1978). The same
hydrolysis pattern, where neform was detected, was observed by Guseva andsititasbenko
(1959), who tested the ability of potato sproutshimrolyze the two similar glycoalkaloids;
solasonine and solamargine.

Table 5.1Glycoalkaloid degradation products produced byereextracts from various potato tissues.

Origin a-Chaconine a-Solanine Reference

By B vy  Solanidine Br P vy  Solanidine

Sprouts + v + v + v v v (Swain et al., 1978)

Sprouts Oong form =+ v + v v v (Guseva and
Paseshnichenko, 1957)

Leaves No report of which products  No report of which products  (Guseva and
Paseshnichenko, 1957)

Potato peel v' v/ Nofurtherdegra- v& v~ No further degra- (Bushway et al., 1988;
dation studied dation studied Bushway et al., 1990)

Tubers v o ovov v - v = v (Swain et al., 1978)

Berries and + v + v No degradation (Filadelfi and Zitnak, 1982)

blossom mixture

a .
Small amount, primarf-form wasp,.

The reported hydrolysis products differ between tissue extracts. In one study, the enzyme
mixture prepared from sprouts produced dihghaconine and solanidine, while the extracts based
on dormant tubers produced all four possible hyaislproducts (Swain et al., 1978). Opposite, it
was observed that the sprout assay produygesblanine,y-solanine, and solanidine from-
solanine, while fewer hydrolysis products were picatl from the tuber extract. Not all tissues
hydrolyzed both potato glycoalkaloids equally; biend of berries and blossom did only hydrolyze
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a-chaconine (Filadelfi and Zitnak, 1982) and alse piotato sprouts hydrolyzedchaconine more
vigorously tharu-solanine (Guseva and Paseshnichenko, 1957).

All of the above mentioned results are based oryraezmixtures prepared from potato tissues,
while reports of any of the hydrolysis productsntact plant tissues are feg-Chaconine appears
to be the only hydrolysis product detected in int&sues, and this compound has been found in
roots, sprouts, leaves/stem, and in tubers fronet@s known to have a high glycoalkaloid content
(Morris and Petermann, 1985; Friedman and Dao, 139kdman and McDonald, 1995b;
Manuscript Il ). In the sprouts, Friedman and McDonald (19950)7)%bserved that akk-
chaconine were converted fig-chaconine after a prolonged storage of sproutéatpes at 3-4 °C,
while o-solanine was unaffected. In accordance, it wasmwks in Manuscript 11l , that B-
chaconine was produced in decaying plant mateaiad, that thex-chaconine concentration was
faster declining tham-solanine. In the tomato plant, the degradationgramarily been studied in
the fruits used for consumption, because they aotigh amount of glycoalkaloids, when they are
green and immature. In the fruits, almost all taneare enzymatic degraded tp-IBydroxy-5u-
pregn-16-en-20-one during ripening (Heftmann anaw&immer, 1972; Friedman, 2002).

5.1.2 Microbial Degradation and Metabolite Formatio n

Only few studies have investigated the microbiarddation of the potato glycoalkaloids. Most of
the studies cover potato pathogenic fungi, whicgrage the glycoalkaloids as a detoxification
mechanism (Morrissey and Osbourn, 1999). In gendralglycoalkaloids are degraded by removal
of one or more of the carbohydrates, whereby tkeity is reducedFusarium caeruleura cause

of dry rot in potatowas reported to hydrolyzesolanine into solanidine with andy-solanine as
intermediates (McKee, 1959). The blight fung@¥jytophthora infestansperformed a similar
conversion (Holland and Taylor, 1979), but no imediates were observed. Weltring et al. (1997)
studied the degradation of both glycoalkaloids grenked by two strains of another cause of potato
dry rot, Gibberella pulicaris a-Chaconine was by one strain converte@tahaconine and further
to solanidine, which was metabolized further téeast two other unknown products. This strain did
also converr-solanine, which was hydrolyzed infg- andy-solanine. The other strain did only
convert a-chaconine, and the first intermediaf®-chaconine, was only partly converted into
solanidine. In another study, three strains ofnidgatous fungi did similarly degradechaconine
only (Oda et al., 2002). Further study of one & s$frains, showed a conversion ififechaconine,
after which no further conversion proceeded. Thetissns were isolated from mould on surface of
potato sprouts, but in contrast to the fungi usedhie other studies, these three fungi strains
(Cladosporium cladosporioidePenicilliumsp.,Plectosphaerella cucumeripaere not reported to
be pathogenic to potato plants.

All the above mentioned fungi, which to differenttent possessed the ability to convert the
glycoalkaloids into less toxic metabolites, werth&i known potato pathogens or isolated from
potato tissue, and had as such shown their akdlitjve in close association with the potato plants
In Manuscript IV, the degradation of potato glycoalkaloids in grouater sampled from below a

potato field was investigated. The groundwater agoganisms did degrade both glycoalkaloids,
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and degradation proceeded by stepwise removaleot#nbohydrate units until the formation of
solanidine. Solanidine was degraded too, but it maspossible to identify any further metabolites
in the initial studies, where the solutions weralgred by LC-TOF-MS. In contrast to the previous
fungal studies, wherg,-solanine was formed from-solanine, in this workf;-solanine was
produced. Bacterial growth was observed duringdégradation, showing the glycoalkaloids to be
partly converted into bacterial biomass.

. --tomatidine

B,-tomatine : h
Xylose(B1-3) i

’/ I [}
< Glucose(p1-4)+Galactose(1-)-0

Glucose(B1-2) \\ .
| |

| ---- O-tomatine
pB,-tomatine

Figure 5.2 Degradation products from fungal degradation-of
tomatine

Other glycoalkaloids may also be detoxified by realamf one or more of the carbohydrate units.
For a-tomatine, the reported end products pg¢omatine,p-tomatine, and tomatidine (Sandrock
and VanEtten, 1998; Quidde et al., 1998; Friedn2002) Figure 5.2, whereas reports of
produced intermediates are sparse. The degradaiidomatidine appears as either sequential
removal of the carbohydrate units or as a diregdv@ge of the tetrasaccharide (Ford et al., 1977;
Sandrock and VanEtten, 1998). A comprehensive st/ performed by Sandrock and VanEtten
(1998), who examined the ability of 23 fungal simito degrades-tomatine. Both tomato
pathogens, pathogens of other non-tomato hoststveamégaprophytic fungi were included in this
study. Almost all tomato pathogens did conveitiomatine intof,-tomatine or tomatidine. In
contrast, only one non-tomato-pathogen was abtetoerta-tomatine. Further investigation of the
degradation process for one of the fungi, reve#thedformation of another metabolite in-between
the occurrence di,-tomatine and tomatidine; this metabolite was idiext asé-tomatine Figure

5.2 (Sandrock and VanEtten, 1998). No pathogens limeen reported to further degrade the
aglycone, but this ability has been documentedsfame other fungi (Bdliand Sdi¢, 1972,
Gaberc-Porekar et al., 1983).

5.1.3 Degradation in Soill

Degradation in soil is often studied by dissipatstadies, where soil is spiked with the compound
of interest. At certain times, the remaining amoisntietermined, and the amount of no longer
extractable compound is assigned to be degradegrabation of organic compounds is often
described by simple first-order kinetics (Eq. S aple 5.2. In other cases, the degradation follows
a bi-phasic pattern, where a fast initial dissiprais followed by a decrease in the dissipatioa, rat
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Table 5.2Kinetic expressions used for describing the detsgyn in soil.

Kinetic expression DTso Eq.

1.order kinetics G Coxexp (-kxt) In2 / k 5.1

2 x 1.order kinetics G axexp (-k xt) + (1a) x exp (-k x t) Iterative procedures.2

Cy and G are the concentrations of the compound presethieisoil at time 0 and t, k values are rate constan
(/day), t is time (days), and the constargxpresses the concentration of the compound dedrhd the fast
process.

Table 5.3Degradation kinetics and obtained half-lives () Df selected natural compounds.

Compound DTz Temp. Water content Kinetics Reference

DIMBOA 31 min 25°C  2:1 (soil:water) 1.order (Masiet al., 2004)

DIBOA-glucose 1 day 25°C  2:1 (soil:water) l.order (Macias et al., 2005)

DIBOA 1-2.6 day 25°C  2:1 (soil:water) 1.order (NExcet al., 2005)

Glucosinolate® 3.5-15.5h 20°C  1:1 (soil:water) Logistic (Gimsietgal., 2006)

Dhurrin 0.25-2h (topsoil) 22°C  1:1 (soil:water) 1.order (Johansen et ab,720
0.2-12 day (subsoil)

Linamarin / 1.5-35h 2.5°C Leaching experiment 1.order (Bjatnet al., 2008)

lotaustralin

Ptaquiloside 0.3-7.5 day 25°C  1:1 (soil:water) rdeoor (Rasmussen et al., 2005)

2 x l.order

Artemisinin 0.9-4.2 day 21°C 60% of field capacit¥ x 1.order (Jessing et al., 2008)

Ochratoxin A 0.2-1.2 day 18°C  60% of field capaci2 x 1.order (Mortensen et al., 2006)

Aflatoxin B1 4.1 day 25°C 1.order (Accinelliadt, 2008)

Zearalenone 6.4-16 day 18°C  60% of field capacity 1.order (Mortensen et al., 2006)

Potato 1.8-4.1 day 15°C 60% of field capacity 2 x 1.order Manuscript IV

glycoalkaloids 4.7-8.7 day 5¢C

Strychnine 24-27 day 25°C  75% of field capacity ordef (Starr et al., 1996)

abut-3-enyl, 2-hydroxy-but-3-enyl, benzyl, and pégyl
b after initial lag-phase

and this pattern can be described by a sum of insbdrder expressions (Eqg. 5-Pable 5.2. Both
expressions are frequently used for pesticide diegian (Beulke and Brown, 2001), and the
expressions have also found use for natural conmggmuviacias et al. (2004; 2005), for example,
used eq. 5.1 for description of dissipation of thenzoxazinoids, DIBOA-GIlc, DIBOA, and
DIMBOA. Eq. 5.2 has been used for description afsghation of ochratoxin A, zearalenone,
ptaquiloside, and artemisinin in soil (Mortensenakt 2006; Ovesen et al., 2008; Jessing et al.,
2008). The half-lives (D) can be derived from the expressiomalfle 5.2, and they are used in
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risk assessment. Obtained half-lives for a rangeatdiral compounds are presented able 5.3
The obtained D3, values range from a few hours for e.g. dhurrin #redglucosinolates up to 24-
27 days for strychnine. The latter half-life didgwever, include an initial three week lag-phase.
The values are relatively low compared to the ufipgt of 90 days for a compound to be approved
by the Danish Environmental Protection Agency pssticide (Miljgstyrelsen, 1999).

Degradation in Soil - Glycoalkaloids

For the glycoalkaloids, only two dissipation stidigave been performed. In a previous work by
Jensen et al. (2007), slow dissipation was obseime@d sandy soil at 5 °C, where most
glycoalkaloids remained in the soil after 36 dafygoubation. When a potato extract in stead of the
pure compound was used for spiking, a faster disisip, where most of the-solanine dissipated
within 26 days, was observed. The results indic#ttedaster dissipation to be due to an enhanced
degradation; either due to the enzymes in the p@siract or due to an increased microbial activity
because of the easily available nutrients providil the potato extract. No half-lives were derived
from this work. In the present workl@nuscript IV ), degradation of pure-solanine was followed

in three soils at three temperatures, at field thoés and described using eq. 5.2. The results
showed that the degradation was fastest in theysswit] while slower degradation was observed in
the soils with more organic matter or clay. Haliels in the range from 2-4 days were obtained for
the three soils at 15 °C, while somewhat highef-lhads of 5-9 days were found at 5 °C in the
sandy top- and subsoil. The variation in the obsgidegradation rates between the two studies may
possibly be due to differences in soil propertiesn@robial activity. In spite of the relatively aht
half-lives, residuals were still detected in thegant work at the end of the experiment after 42
days, as a result of a low second degradation rate.

A glucose moiety is a part of the structure in mahyhe natural compounds (dhurrin, linamarin,
lotaustralin, ptaquiloside, glucosinolates, DIMB@Ae). The glucose is here linked either by a
glycosidic linkage or as a thioglucose. In all scadbe glucose moiety is detached during the first
degradation step. The half-lives for these typescahpounds are in general relatively short,
ranging from hours to a few day$aple 5.3, although higher DJ values for ptaquiloside and
dhurrin were obtained in a few subsoils. Compatirgghalf-lives for the glycoalkaloids to the other
carbohydrate containing compounds, the glycoalllalcare among the slower degraded. The
obtained half-lives are though still within the genpreviously observed for the other compounds,
when the temperature used in the studies is tak®nconsideration. Compared to obtained half-
lives for a well-known pesticide, MCPA, (4-16 da6,°C) (Thorstensen and Lode, 2001), which is
thought as easily degradable, the obtained hadtlnf the glycoalkaloids are still relatively short

5.2 Sorption

Sorption reduces the mobility of a compound in,sihiereby limiting the risk of leaching to the

groundwater. Organic matter and clay particlesdarainating sorbents in the soil. Cationic organic
compounds can sorb to negatively-charged siteherclay particles or in the soil organic mater,
and this type of sorption is related to the cagemchange capacity of the soil. Non-ionic organic
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compounds sorb primarily to the less polar partthefsoil organic matter. The sorption process is
in principle reversible, whereby the equilibriunmkiespt at all times.

The Freundlich isotherm is commonly used to descsitrption:
Csoil = Kt X Cuater’ [Eq. 5.3]

where Goi and Guater are the concentrations of the compound in the awil in the soil water,
respectively, Kis the Freundlich distribution coefficient, ands a constant. Ih equals one, the
equation is reduced to a linear sorption isothevimg¢h is also commonly used;

Csoil = Ka % Cuater [Eq. 5.4]

where Ky is the linear distribution coefficient. ¢Kis soil specific and depends on the sorption
properties of the soil. It can be converted into@e general parameter,Kwhich is a distribution
coefficient between the soil water and the orgaar®on in the soil:

Kd = Koc X foc [Eq. 5.5]

where §. is the fraction of organic carbon in the soil.

5.2.1 Sorption - Glycoalkaloids

No sorption studies of the potato glycoalkaloidgehbeen published. Both glycoalkaloids contain a
tertiary amine, which is protonated at acidic pFSolanine has a piKvalue of 6.7, while no pK
value has been reported f@ichaconine; a value of same size can be expectedodine structural
similarities of the compounds. The glycoalkaloidsl wherefore be present in both cationic and
uncharged form in most agricultural soils. Sorptadnanother alkaloid, strychnine, which is also
present in both forms in soil, has been investijd&tarr et al., 1996). A correlation between the
cation exchange capacity and the sorption was wbder~urthermore, indications of a greater
degree of partitioning into the soil organic mathare seen at more alkaline pH, when a higher
proportion of the compound was uncharged. Henceya$ suggested that adsorption of the
protonated form through ion-exchange processeselisaw partitioning of the uncharged form into
the soil organic matter were both involved in tloepsion of strychnine. This may possible be the
case for the glycoalkaloids too. However, besigedmine group, the structures of strychnine and
the glycoalkaloids are not very alike, why any camgon should be taken with caution.

The partitioning into organic matter can be estedaby eq. 5.5, and estimated values fgg fidr
the two glycoalkaloids were given rable 2.1 For at typical agricultural soil {f= 2%), this will
lead to ky values of 250-400 L/kg for the two glycoalkaloidubsoils will typically have lower
organic matter content, e.g. 0.1%, and consequéhtlwill be lower (13-20 L/kg). Hence, the
major proportion of the glycoalkaloids will be falisorbed to the soil. However, this only takes
sorption of the uncharged fraction of the glycoldlds into the organic matter into account. If a
considerable proportion of the glycoalkaloid isriduas a cation, as it would be in slightly acidic
soils, this may lead to reduced sorption into thganic matter. In contrast, the cationic form may
be adsorbed through ion exchange processes, whagtbenof importance in particular in soils with
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high cation exchange capacities. This type of smmptvas studied for the protonated form of
another glycoalkaloidg-tomatine, which was shown to sorb strongly to edéht types of clay
(Johns, 1986). Overall, it is difficult to prediftpom the structure alone, how much the sorptida in
the soil organic matter is reduced for the catiangd how strongly the adsorption through ion-
exchange processes is. It would thus be prefetalgerform studies in the laboratory to investigate
the size and mode of sorption for the glycoalka@dd obtain empiric results. Further, sorption of
the degradation products, tBe andy-compounds, into the soil organic matter is expedtebe
stronger, because of their smaller carbohydratestiesi The aglycone, solanidine, without any
carbohydrate units at all, is expected to have sinengest sorption of all, as reflected in the
estimated log K. of 6.1 (Table 2.7).

A range of partition coefficients for other natu@mpounds are presentedTiable 5.4 Some
compounds, as strychnine and zearalenone, havédigin coefficients in the same magnitude as
the glycoalkaloids, while others, as ptaquilosithtee cyanogenic glycosides (dhurrin, linamarin,
lotaustralin), and the glucosinolates, are almokglyg found in the soil water.

Table 5.4Experimental and estimated distribution coeffitseior selected natural compounds.

Compound Distribution coefficients Soils Reference
Koc (L/kg) Kad Kt
(L/kg)
Dhurrin No sorption Five soils; top- and (Johansen et al.,
(exp) subsoils 2007)
Linamarin/ No sorption Two soils (sandy  (Bjarnholt et al.,
Lotaustralin (exp) and loamy) 2008)
Glucosinolatel No sorption Two soils; top- and (Gimsing et al.,
(exp) subsoils 2006)
Ptaquiloside 0.01-0.8Zexp) 10 soils, top- and (Rasmussen et al.,
subsoils 2005)
Artemisinin 10°°* (est) (Jessing et al.,
2008)
Juglone 1072 16> (exp) 3.0-3.7 (exp) Top- and subsoil  (von Kiparski et
(silty loam) al., 2007)
Ochratoxin A 10> (est) (Mortensen et al.,
2006)
Zearalenone  10>%%(est) (Mortensen et al.,
2006)
Potato 10™L 10%3 (est) 13-400 (est) Top- and subsoil This project
glycoalkaloids
Strychnine 109 10*%% (exp) 40-169 (exp) Four soils, topsoils (Starr et al., 1996)
55-173 (exp) Four soils (Kookana et al.,
1997)

abut—3—enyl, 2-hydroxy-but-3-enyl, benzyl, phendthy
bp= 0.65-1.00° n = 0.75-0.93% n = 0.52-0.66
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5.3 Field Studies

Investigations in the field are highly importantarder to determine the fate of a compound. In the
field, processes as sorption, degradation and ilegetill all be included, and the system is exposed
to naturally varying conditions regarding e.g. temgture, precipitation, and daylight. In addition,

the application pattern of a natural compound lrealistic. The application pattern is different

from that of a pesticide, which is applied by thenfier to the field in a known amount at a certain
time. The natural compounds may be released byerdifit mechanisms from the plants;

volatilization, leaching from plant parts, decomifioa of plant residues, or root exudation (Chou,

1999) and the amount released from the plant ienteia. The plants are also present in the field
for a long period of time. This may overall leadatanore continuous application process.

Table 5.5Content of selected natural compounds in soil aatbiv All data for soil are based on dry weight.

Compound Soll Water Reference

Thujone 169-1,200 mg/kg (3) (Strobel et al., 2005)
0.0012-0.0039 mg/kg

Juglone 0.0-5.7 mg/kg (Ponder and Tadros, 1985; De
Scisciolo et al., 1990; Jose and
Gillespie, 1998; von Kiparski et al.,

2007)
Artemisinin 0-2 cm: 0.16-11.7 mg/kg (Jessing et al., 2008)
2-5 cm: 0.0-0.5 mg/kg
Aflatoxin B1 0.0006-0.0055 mg/kg (Accinelli, et a2008)
Potato 0.0-2.8 mg/kg No findings Manuscript Il
glycoalkaloids
Ptaquiloside 0.1-8.5 mg/kg (cﬁ Soil water (90 cm): 0-7 pg/L (Rasmussen et al., 2003a;
0.007-5.0 mg/kg Surface wells: 30-45 pg/L Rasmussen et al., 2003b;
Rasmussen et al., 2005; Engel et al.,
2007)
Zearalenone 0.000-0.0075 mg/kg  River water: below Lob (Hartmann et al., 2008; Bucheli et
al., 2008)
Deoxynivalenol River water: up to 22 ng/L (Bucheli et al., 2008)
Batatasin-lll Soil solution: App. 50-200 pg/L  (Wallstedt et al., 2000)

Snowmelt: 21-54 pg/L

& 0-horizon
P | imit of guantification

Table 5.5shows a range of natural compounds which have Hetetted in soil and water. The
observed soil concentrations should be divided eetwconcentrations found in the O-horizon and
in the subsequent mineral soil layers. This is @uthe fact that plant material possible including
the natural compounds may be left as debris ortgpeof the soil and turn into O-horizon. Thus,
higher concentrations can be expected in the ocgkayer, as reported for e.g. thujone and
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ptaquiloside, where concentrations up to 1200 mghd)8.5 mg/kg, respectively, were found in the
organic soil layers (Rasmussen et al., 2003a; 8ktretbal., 2005). The thujone concentration in the
upper mineral soil was approximately a factor dd 1&ver than the average concentration in the O-
horizon. The general concentrations reported fer rthineral soil are ranging from a few pg/kg
(zearalenone, aflatoxin B1, and thujone) to 5-12kmdptaquiloside, juglone, and artemisinin).
Furthermore, a decrease in concentration with dégih been observed for both ptaquiloside,
juglone, and artemisinin (Ponder and Tadros, 1®fgel et al., 2007; Jessing et al., 2008). The
range of concentrations reported for a single camgamay vary widely; this can be explained by
spatial or seasonal variation, the amount origynafiplied, or differences between the study sites.
For juglone, e.g. a spatial variation was relaedhe distance from the walnut tree releasing the
compound (Jose and Gillespie, 1998). Seasonaltivarinas been investigated for batatasin-Ill and
juglone (De Scisciolo et al., 1990; Jose and Qiles1998; Wallstedt et al., 2000), but as only
three sampling times were used, trends are ditftoutlerive. The variation between different study
sites are illustrated by Rasmussen et al. (2008bpy measured ptaquiloside in soil from 20
different Danish sites; the concentrations diffengdto a factor of 100. Also the amount applied to
the soil may vary; e.g. the ptaquiloside conceitnabnd amount in the plants were found to vary
over a factor of 20-25. Beside the above mentiogradons, variation in the reported concentrations
may also be influenced by different sampling sg&® (e.g. sampling depth) or extraction
procedures.

Only a few of the natural compounds have been fowmngarious water samplegdble 5.5,
however for many of the compounds there existseponts of analysis of any water samples at all.
The highly water soluble compound ptaquiloside hiaeen detected in soil water from 90 cm and
in surface wells (Rasmussen et al.,, 2005). Als& two mycotoxins, deoxynivalenol and
zearalenone, have been detected in low concemtsafi@/L) in river water (Bucheli et al., 2008).

5.3.1 Field study - Glycoalkaloids

For the potato glycoalkaloids, the present worthesfirst field study ever done. The glycoalkaloid
content in plants, soil, and groundwater from aapmfield was followed during the growth season
and the following winter. Both seasonal and spaaiation was investigated by sampling of soil at
eight dates and by analysis of ten individual sséimples for each sampling date. The
glycoalkaloids were detected in the upper soil ig2e3 cm) and a seasonal variation was observed
(Figure 5.3). The highest concentrations of up to 2.8 mg/kgendetected during autumn. This is
within the high end of the range found for othetunal compounds. The glycoalkaloids were still
detected in the following March in spite of no het application of glycoalkaloids during the
winter. Additionally, a very high spatial variatiomas observed, e.g. concentrations in November
ranged about a factor of 60, this illustrates thpartance of a well thought sampling strategy. No
glycoalkaloids were found by analysis of the gramatér from 2-4 m depth sampled from May
through November. The results of the field studyfarther presented and discusseManuscript
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Figure 5.3 Concentrations of the glycoalkaloids in the soitidg the season. Detection limits (LOD) are
shown as long dashed lines. The boundaries ofdkertlicate the 25and the 75 percentile, respectively.
Error bars indicate the 80and 16' percentiles. In the box, the mean is presented bylid line and the
median by short dash line. (&)Solanine. (Bl-Chaconine. DW = dry weight. Fromanuscript Il .

5.4 Biological Effect Study

A small initial study was performed to investigailethe presence of glycoalkaloids in the soill
affected the mineralization of other compounds.sThktudy is not included in any of the
manuscripts, why it is presented in more detaite Helineralization was followed for three selected
compounds (acetate, MCPA, and mancozeb). Mancazebfungicide used in potato cropping,
MCPA is a commonly used pesticide, and acetate ciasen to represent the general microbial
activity. Three soils from the field location ataBkerne Baek were used; a potato field, a spring
barley field, which was used for potato cropping firevious year, and a soil planted by spruce.
Soils were spiked with HC-labelled compound (acetate, MCPA, or mancozet)saglycoalkaloid
mixture (1:1 ofa-chaconine and-solanine) in concentrations of about 0, 1, 12, @ddng/kg DW
soil. The concentrations were selected to coveraagituation, with concentration levels similar to
what was detected in the soil (up to 2.8 mg/kg David a worst case scenario where all
glycoalkaloids present in the plants were momelytaeleased to the upper 2 cm of soil (around
100 mg/kg DW). Mineralization was followed for 12yé$ by collection of the producédCO, in

0.5 M NaOH. The solution of NaOH was changed retyland the amount df'C was hereafter
determined using a liquid scintillation counter €Tiesults showed that the mineralization of acetate
and mancozeb did not differ between the variousagikaloid concentrations or between the three
soils. For MCPA, no difference was observed betweee different added glycoalkaloid
concentrations either, whereas a difference waeroed between the three soils, where a slower
mineralization was found for the field used for giot growing Figure 5.4). This was not
investigated further during this project, but ituth be of interest to investigate if the lower
mineralization was related to some aspects of th&t@ growing. Overall, no effect of the
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glycoalkaloids was found in this little study — ther for glycoalkaloids in natural concentrations
nor in the concentration representing a worst saseario.
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Figure 5.4 Mineralization of MCPA in three soils with a
glycoalkaloid concentration of up to 60 mg/kg DWl.so
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6 Conclusions and Perspectives

6.1 Analytical Study

A quantitative HPLC-TOF-MS method has been devealofer determination of the two
glycoalkaloids;a-chaconine and-solanine, and their common aglycone, solanidires ethod
was developed as a supplement to the ordinary HBY/@nrethod in order to enable work with low
concentration samples and in order to include dkigran products in the analysis. The optimized
method showed good performance in respect to raipdit and linear ranges, and the obtained
detection limits were in the range 2.2-4.7 pg/Le€, the work showed the HPLC-TOF-MS to be
a powerful tool for quantitative studies of glydaabids including unknown metabolites. Further, a
single quadrupole-MS was included in some of thdist, where the obtained detection limits were
lowered to 0.1-0.5 pg/L. In conclusion, the chafrgen UV to a TOF-MS or a single quadrupole-
MS for detection lowered the detection limits abaufactor of 100 and 1,000, respectively, and
permitted inclusion of metabolites in the analysis.

6.2 Fate Study

The potato glycoalkaloids were found to be degrabgdoil and groundwater microorganisms.
Metabolite formation was investigated in groundwagand the first metabolites formed were the
less toxicp- andy-compounds and solanidine. Solanidine was furtregratied into unknown
metabolites. The found metabolites are expectebetof less risk than the main glycoalkaloids
because of their lower toxicity and higher sorptidn various soils, including one subsoil,
investigated at relevant soil temperatures (5-20 R@lf-lives for the two glycoalkaloids were found
to be in the order of 2-9 days. This is within thigh range of half-lives found for other natural
toxins, but overall, relatively short compared tg.emany pesticides. Residuals were though
observed to remain in the soil for a longer penbtime (i.e. month(s)) in both incubation and diel
studies.

In the field study, a high potential load of glyiGdoids was found in the plants (25 kg/ha). Inepi
of this, only a minor fraction of the maximum plaantent (2%) was found in the upper soil layer.
It was shown that the glycoalkaloids were degramethe plants during senescence, why it is
suggested that the major dissipation route fordlyeoalkaloids in the plants were degradation
within the plants rather than a transfer to the. Sdie highest glycoalkaloid concentration in the
soil was detected during autumn, while the high#aht content was detected during summer.
Tubers left in the field after harvest containegicghlkaloids as well, but this amount could not
account for the content found in the soil. Fronsthebservations, the major transfer route from the
plants to the soil appeared to be transfer frompiaats during plant senescence. The field work
was performed on a sandy soil with heavy irrigatoa high percolation, and the general risk of
leaching from this soil was considered to be hidbwever, in spite of the vulnerability of the soill
and the high plant content of the glycoalkaloiti® &nalysis of the upper groundwater during the
growth season showed no trace of glycoalkaloidsnceg the results showed the risk of
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glycoalkaloid leaching to the groundwater to be .loRurthermore, soil concentrations of
glycoalkaloids, ranging from a real scenario to @rst case scenario, showed no effect on the
microbial activity or the ability to mineralize sekted pesticides. Hence, there was no indication of
effect on the soil microorganisms; however it skhdobé emphasized that this was a small initial
study, why further studies would be needed befamg eonclusion upon the effects of the
glycoalkaloids in the soil can be drawn. Also, effeon other soil organisms should be tested, as
the literature show that glycoalkaloids can affagfanisms as insects and snails.

In conclusion, a relatively small proportion of thetato glycoalkaloids present in the plants are
transferred to the soil. The soil and groundwatecroorganisms are able to degrade the
glycoalkaloids, and the initial degradation is tekay fast. However, glycoalkaloid residuals can
be detected in the very topsoil for a long perimat, despite of that there is no indication of leagh

to the groundwater. From the results obtained imwork, the overall conclusion is that the risk of
glycoalkaloid leaching is low.

6.3 Perspectives

The present work showed that the glycoalkaloidsewssgradable by the microorganisms in the
terrestrial environment, and that only a minor mtipn of the glycoalkaloids produced in the
plants were found in the soil. Additionally, no gbalkaloids were detected in the groundwater in
spite of the vulnerability of the scenario presemtpotato growing; sandy soil, high irrigation,dan
high percolation. From the overall results, thek risf the glycoalkaloids in the terrestrial
environment in terms of leaching appears to be B@ame questions, however, still remain in order
to fully clarify if the glycoalkaloids may posseasrisk in the terrestrial environment. Further,
additional questions may be asked in order to nladetter understanding of the processes.

One point, which needs further attention, is thepson of the glycoalkaloids in the soil. High
sorption is expected from the properties of thecgikaloids, as discussed previously. The
presence of both cationic and uncharged forms efgllgcoalkaloids in most soils will possibly
influence the sorption, and this influence needsaanvestigated; i.e. is the cationic form sorbed
strongly as the uncharged form? To answer thistguessorption studies at various pH could be
performed, and the sorption of the glycoalkaloidsthie individual sorbents, organic matter and
clay, could be investigated.

a-Solanine andy-chaconine were both found to be degraded to tiyc@ge, solanidine, in the
present work. Further degradation of solanidine wlserved in the groundwater; however, the
degradation pathway from solanidine still remainsbe elucidated. The literature report that
solanidine has low estrogenic effects, why furtineestigation of the complete degradation of the
glycoalkaloids is of interest.

The effect of the glycoalkaloids in the solil is #rer subject, which has been only touched lightly i
the present work. An initial study was performedt turther work is needed in order to investigate
a possible effect of glycoalkaloids on microorgams Furthermore, literature show that the
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glycoalkaloids affect organisms as insects andsnahy the found soil concentrations should be
tested upon other soil organisms.

The dissipation routes of the glycoalkaloids in giients are another aspect, which would be of
interest to study in more detail. Further studidstlee degradation within the plant during
senescence could be performed in order to detertnedegradation pathway. Additionally, studies
of a possible degradation within the left and padkecomposed tubers in the field could be
performed. The transfer process from the planh&d0oil has been partly resolved in the present
work. The field study indicated that the glycoatkds were mainly transferred to the soil during
plant senescence. However, several processes teggaited in a field study, and studies under
controlled conditions in the lab would give furthesight in the transfer process. Thus, it would be
of interest to study the release of the compoumdeucontrolled conditions in order to quantify the
amount released during the different processes (@igroff from the leaves, release during plant
senescence, or release from tubers). Hereby, fukthewledge of when a possible risk in the
terrestrial environment is present would be gained.

49



50



7 References

Abell, D. C., Sporns, P. (1996) Rapid quantitatidrpotato glycoalkaloids by matrix-assisted laser
desorption/ionization time-of-flight mass spectrérpe Journal of Agricultural and Food
Chemistry 44, 2292-2296.

Accinelli C., Abbas, H. K., Zablotowicz, R. M., Wihson, J. R. (2008)spergillus flavusflatoxin
occurrence and expression of aflatoxin biosynthegmes in soil. Canadian Journal of
Microbiology, 54, 371-379.

Alexander, M. (1981) Biodegradation of chemicalsea/ironmental concerrScience 211, 132-
138.

Ames, B. N., Profet, M., Gold, L. S. (1990) Dietangsticides (99.99% all naturaBroceedings of
the national academy of sciences of the UniteceStat America87, 7777-7781.

Antignac, J. P., de Wasch, K., Monteau, F., De Bnaler, H., Andre, F., Le Bizec, B. (2005) The
ion suppression phenomenon in liquid chromatographgs spectrometry and its consequences in
the field of residueAnalytica Chimica Acta529, 129-136.

AOAC (2000) AOAC Official Method 997.13 Glycoalkadls (a-solanine andu-chaconine) in
potato tubers.Journal of Aoac International In: Official Methods of Analysis of AOAC
International, W. Horwitz (Ed.), 17th Edn, Vol.[@. 62-64, Gaitherburg, MD.

Arkhypova, V. N., Dzyadevycg, S. V., Soldatkin, R., El'skaya, A. V., Martelet, C., Jaffrezic-
Renault, N. (2003) Development and optimisatiorbiosensors based on pH-sensitive field effect
transistors and cholinesterases for sensitive tietecf solanaceous glycoalkaloid@osensors and
Bioelectronics 18, 1047-1053.

Bacigalupo, M. A., Longhi, R., Meroni, G. (200d)Solanine and-chaconine glycoalkaloid assay
in Solanum tuberosum extracts by liposomes and-temelved fluorescencelournal of Food
Composition and Analysi&7, 665-673.

Beli¢, 1., Sai¢, H. (1972) Microbial dehydrogenation of tomatidingournal of Steroid
Biochemistry 3, 843-846.

Benotti, M. J., Ferguson, P. L., Rieger, R. A.,nNd€. R., Heine, C. E., Brownawell, B. J. (2003)
HPLC/TOF-MS: An alternative to LC/MS/MS for sensgéi and selective determination of polar
organic contaminants in the aquatic environment.Rerrer, 1., Thurman, E. M. (Eds.), Liquid
Chromatography/Mass Spectrometry, MS/MS and TimEhght MS: Analysis of emerging
contamintants, ACS Symposium Series 850, Ameridaen@cal Society, Washington DC, pp. 109-
127.

Bergenstrahle, A. (1995) Glycoalkaloid Synthesis Rotato Tubers,Dissertation Swedish
University of Agricultural Sciences, Uppasala, Semd

Beulke, S., Brown, C. D. (2001) Evaluation of methdo derive pesticide degradation parameters
for regulatory modellingBiology and Fertility of Soils33, 558-564.

Bianco, G., Schmitt-Kopplin, P., De Benedetto, &ettrup, A., Cataldi, T. R. (2002)

Determination of glycoalkaloids and relative aglyes by nonaqueous capillary electrophoresis
coupled with electrospray ionization-ion trap msgectrometryElectrophoresis23, 2904-2912.

51



Bjarnholt, N., Laegdsmand, M., Hansen, H. C. Bcobaen, O. H., Mgller, B. L. (2008) Leaching
of cyanogenic glucosides and cyanide from white@a@reen manur€hemospherer2, 897-904.

Bloom, H., Briggs, L. H. (1952) Solanum alkaloid®art 9. The relation between constitution and
basicity in solasodine, its derivatives, and salar@. Journal of the Chemical Sociedp91-3592.

Bodart, P., Kabengera, C., Noirfalise, A., Hubétt, Angenot, L. (2000) Determination of
solanine andi-chaconine in potatoes by high-performance thirdajhromatography/densitometry.
Journal of Aoac InternationaB3, 1468-1473.

Boxall, A. B. A., Sinclair, C. J., Fenner, K., Kalp D., Maund, S. J. (2004) When synthetic
chemicals degrade in the environméfrivironmental Science and Technology. A-pag8s368A-
375A.

Bruins, A. P. (1998) Mechanistic aspects of elesgray ionizationJournal of Chromatography,A
794, 345-357.

Bucheli, T. D., Wettstein, F. E., Hartmann, N., &§rbVl., Vogelgsang, S., Forrer, H.-R.,
Schwarzenbach, R. P. (2008) Fusarium mycotoxingrideked aquatic micropollutantgdurnal
of Agricultural and Food Chemisty$6, 1029-1034.

Budavari, S. (Ed.). (1996) The Merck Index, 12th,Bdlerck & Co., Whitehouse Station, NJ.

Bushway, R. J., Barden, E. S., Bushway, A. W., Bussh A. A. (1979) High-performance liquid-
chromatographic separation of potato glycoalkalaldsrnal of Chromatographyl78, 533-541.

Bushway, R. J., Barden, E. S., Bushway, A. W., Bush A. A. (1980) The mass extraction of
potato glycoalkaloids from blossomfmerican Potato Journab7, 175-180.

Bushway, R. J., Ponnampalam, R. (1984haconine and-solanine content of potato products
and their stability during several modes of cookidhgurnal of Agricultural and Food Chemistry
29, 814-817.

Bushway, R. J., Bureau, J. L., Stickney, M. R. @98 new efficient method for extracting
glycoalkaloids from dehydrated potatodsurnal of Agricultural and Food Chemistr§3, 45-46.

Bushway, A. A., Bushway, R. J., Kim, C. H. (19883olation, partial-purification and
characterization of a potato peel glycoalkaloidcgsidaseAmerican Potato Journab5, 621-631.

Bushway, A. A., Bushway, R. J., Kim, C. H. (199030lation, partial-purification and
characterization of a potato peelsolanine cleaving glycosidas@American Potato Journal67,
233-238.

Cadle, L. S., Stelzig, D. A., Harper, K. L., Yourg}, J. (1978) Thin-layer chromatographic system
for identification and quantitation of potato tulggycoalkaloidsJournal of Agricultural and Food
Chemistry 26, 1453-1454.

Carman, A. S., Kuan, S. S., Ware, G. M., Francis]).OKirschenheuter, G. P. (1986) Rapid high-
performance liquid-chromatographic determinatiorthe potato glycoalkaloidg-solanine andi-
chaconineJournal of Agricultural and Food Chemistr$4, 279-282.

Chou, C.-H. (1999) Roles of allelopathy in planbdiversity and sustainable agricultufgritical
Reviews in Plant Sciencel3, 609-636.

52



Chuda, Y., Tsuda, S., Ohara-Takada, A., KobayashiSuzuki, K., Ono, H., Yoshida, M., Nagata,
T., Kobayashi, S., Mori, M. (2004) Quantificatiof lght-induced glycoalkaloidsy-solanine and
a-chaconine, in four potato cultivarS¢lanum tuberosum.) distributed in Japan by LC/M$ood
Science and Technology Researth, 341-345.

Coxon, D. T. (1981) The glycoalkaloid content otgio berriesJournal of the Science of Food
and Agriculture 32, 412-414.

Dale, M. F. B., Griffiths, D. W., Bain, H., Todd,.[§1993) Glycoalkaloid increase f®@olanum
tuberosunon exposure to lighAnnals of Applied Biologyi23, 411-418.

Dale, M. F. B., Griffiths, D. W., Bain, H. (1998)ffect of bruising on the total glycoalkaloid and
chlorogenic acid content of potatS8dqlanum tuberosujrtubers of five cultivarsJournal of the
Science of Food and Agricultyré7, 499-505.

Dao, L., Friedman, M. (1996) Comparison of glycaédkd content of fresh and freeze-dried potato
leaves determined by HPLC and colorimetdpurnal of Agricultural and Food Chemisiry4,
2287-2291.

Dass, C. (2007) Fundamental of contemporary masstrgpnetry. John Wiley & Sons, Inc.,
Hoboken, New Jersey.

De Scisciolo, B., Leopold, D. J., Walton, D. C. 909 Seasonal patterns of juglone in soil beneath
Juglans Nigra(black walnut) and influence aJ. Nigra on understory vegetatiodournal of
Chemical Ecologyl16, 1111-1130.

Dinkins, C. L. P., Peterson, R. K. D., Gibson, J. Hu, Q., Weaver, D. K (2008) Glycoalkaloid
responses of potato to Colorado potato beetle idéfid. Food and Chemical Toxicology}6,
2832-2836.

Driedger, D. R., Sporns, P. (1999) Glycoalkaloisha@@ntration in Alberta potatoes determined by
matrix-assisted laser desorption/ionization magstspmetry.Journal of Aoac International82,
908-914.

Driedger, D. R., Sporns, P. (2001) Immunoaffinigmmgple purification and MALDI-TOF MS
analysis ofa-solanine andi-chaconine in serundournal of Agricultural and Food Chemisirg9,
543-548.

Edwards, E. J., Cobb, A. H. (1996) Improved highfgrenance liquid chromatographic method for
the analysis of potatoSplanum tuberosumglycoalkaloids.Journal of Agricultural and Food
Chemistry 44, 2705-2709.

Eltayeb, E. A., Al-Ansari, A. S., Roddick, J. G9@) Changes in the steroidal alkaloid solasodine
during development ddolanum nigrunandSolanum incanuniPhytochemistry46, 489-494.

Engel, P., Brandt, K. K., Rasmussen, L. H., Oves®en,G., Sgrensen, J. (2007) Microbial
degradation and impact of bracken toxin ptaqui@sidn microbial communities in soil.
Chemospheres7, 202-209.

European Community (1998) Council Directive 98/83/&f 3 November 1998 on the quality of
water intended for human consumption

FAO (2008) Potato world: Production and consumptioRAOSTAT. Available via
http://www.potato2008.orghccessed 28 Aug 2008.

53



Ferreira, F., Moyna, P., Soule, S., Vazquez, A.98)9 Rapid-determination of solanum
glycoalkaloids by thin-layer chromatographic scagnidournal of Chromatography /653, 380-
384.

Ferreira, J. F. S., Laughlin, J. C., Delabays,dd.Magalhdes, P. M. (2005) Cultivation and genetics
of Artemisia annualL. for increased production of the antimalariatearisinin. Plant Genetic
Resources3, 206-229.

Ferrer, ., Garcia-Reyes, J. F., Mezcua, M., Thunka M., Fernandez-Alba, A. R. (2005) Multi-
residue pesticide analysis in fruits and vegetabhedsiquid chromatography-time-of-flight mass
spectrometryJournal of Chromatography,A082, 81-90.

Fewell, A. M., Roddick, J. G. (1993) Interactivetimgal activity of the glycoalkaloidg-solanine
ando-chaconinePhytochemistry33, 323-328.

Fewell, A. M., Roddick, J. G. (1997) Potato glydadbid impairment of fungal development.
Mycological Research01, 597-603.

Filadelfi, M. A., Zitnak, A. (1982) Preparation ofiaconines by enzymic hydrolysis of potato berry
alkaloids.Phytochemistry21, 250-251.

Filadelfi, M. A., Zithak, A. (1983) A simple TLC amndard for identification of potato
glycoalkaloids Canadian Institute of Food Science and Technolagynhl, 16, 151-153.

Ford, J. E., McCance, D. J., Drysdale, R. B. (19M7@ detoxification ofi-tomatine byFusarium
Oxysporunt. sp.Lycopersici Phytochemistryl6, 545-546.

Fragoyiannis, D. A., McKinlay, R. G., D'Mello, J. P. (1998) Studies of the growth, development
and reproductive performance of the apMgzus persicaen artificial diets containing potato
glycoalkaloids Entomologia Experimentalis et Applica&8, 59-66.

Frank, J. A., Wilson, J. M., Webb, R. E. (1975) &ieinship between glycoalkaloids and disease
resistance in potatoeBhytopathology65, 1045-1049.

Friedman, M., Rayburn, J. R., Bantle, J. A. (19B&yelopmental toxicology of potato alkaloids in
the frog embryo teratogenesis assay — xenopu)fdtaod and Chemical Toxicologg9, 537-
547.

Friedman, M., Dao, L. (1992) Distribution of glydkaloids in potato plants and commercial potato
productsJournal of Agricultural and Food Chemis{r40, 419-423.

Friedman, M., Levin, C. E. (1992) Reversed-phasghdperformance liquid chromatographic
separation of potato glycoalkaloids and hydrolypi®ducts on acidic columnslournal of
Agricultural and Food Chemistry0, 2157-2163.

Friedman, M., McDonald, G., Haddon, W. F. (1993nd&tics of acid-catalyzed hydrolysis of
carbohydrate groups of potato glycoalkaloidshaconine and-solanine.Journal of Agricultural
and Food Chemistryt1, 1397-1406.

Friedman, M., Levin, C. E., McDonald, G. M. (19%HTromatine determination in tomatoes by

HPLC using pulsed amperometric detectidournal of Agricultural and Food Chemisir@2,
1959-1964.

54



Friedman, M., Levin, C. E. (199%) Tomatine content in tomato and tomato producterdehed
by HPLC with pulsed amperometric detectidournal of Agricultural and Food Chemisirg3,
1507-1511.

Friedman, M., McDonald, G. M. (1995a) Extractiofi@&éncy of various solvents for glycoalkaloid
determination in potatoes and potato produsiserican Potato JournalF2, 621.

Friedman, M., McDonald, G. M. (1995b) Acid-catalgizeartial hydrolysis of carbohydrate groups
of the potato glycoalkaloid-chaconine in alcoholic solutiondournal of Agricultural and Food
Chemistry 43, 1501-1506.

Friedman, M., McDonald, G. M. (1997) Potato gly¢@dbdids: Chemistry, analysis, safety, and
plant physiologyCritical Reviews in Plant Scienceks, 55-132.

Friedman, M., Bautista, F. F., Stanker, L. H., llaykK. A. (1998a) Analysis of potato
glycoalkaloids by a new ELISA kiflournal of Agricultural and Food Chemisir46, 5097-5102.

Friedman, M., Kozukue, N., Harden, L. A. (1998b)paration and characterization of acid
hydrolysis products of the tomato glycoalkalaiecomatine.Journal of Agricultural and Food
Chemistry 46, 2096-2101.

Friedman, M. (2002) Tomato glycoalkaloids: Role time plant and in the dietlournal of
Agricultural and Food Chemistrp0, 5751-5780.

Friedman, M., Henika, P. R., Mackey, B. E. (200B#gct of feeding solanidine, solasodine and
tomatidine to non-pregnant and pregnant mk@ead and Chemical Toxicolog$l, 61-71.

Friedman, M., Roitman, J. N., Kozukue, N. (2003khydBalkaloid and calystegine contents of eight
potato cultivarsJournal of Agricultural and Food Chemistryl, 2964-2973.

Friedman, M., Lee, K. R., Kim, H. J., Lee, |. So#0kue, N. (2005) Anticarcinogenic effects of
glycoalkaloids from potatoes against human ceryioar, lymphoma, and stomach cancer cells.
Journal of Agricultural and Food Chemistry3, 6162-6169.

Friedman, M. (2006) Potato glycoalkaloids and melitgs: Roles in the plant and in the diet.
Journal of Agricultural and Food Chemistry4, 8655-8681.

Gaberc-Porekar, V., Gottlieb, H. E., MefyM. (1983) A new microbial degradation pathway of
steroid alkaloidsJournal of Steroid Biochemist$9, 1509-1511.

Garcia-Reyes, J. F., Ferrer, C., Thurman, E. Min&edez-Alba, A. R., Ferrer, 1. (2006) Analysis
of herbicides in olive oil by liquid chromatographiyne-of-flight mass spectrometryournal of
Agricultural and Food Chemistrp4, 6493-6500.

Gimsing, A. L., Kirkegaard, J. A., Hansen, H. C. @005) Extraction and determination of
glucosinolates from soillournal of Agricultural and Food Chemistry3, 9663-9667.

Gimsing, A. L., Sgrensen, J. C., Tovgaard, L., desgn, A. M. F., Hansen, H. C. B. (2006)
Degradation kinetics of glucosinolates in s&ihvironmental Toxicology and ChemistBb, 2038-
2044.

Glorio-Paulet, P., Durst, R. A. (2000) Determinatiof potato glycoalkaloids using a liposome

immunomigration, liquid-phase competition immun@gssiournal of Agricultural and Food
Chemistry 48, 1678-1683.

55



Gros, M., Petrov, M., Barceld, D. (2006) Multi-residue analyticakthods using LC-tandem MS
for the determination of pharmaceuticals in envinental and wastewater samples: a review.
Analytical and Bioanalytical Chemistr86, 941-952.

Gubarev, M. I, Enioutina, E. Y., Taylor, J. L.,s, D. M., Daynes, R. A. (1998) Plant-derived
glycoalkaloids protect mice against lethal infeotiwith Salmonella typhimuriumPhytotherapy
Research12, 79-88.

Guseva, A. R., Paseshnichenko, V. A. (1957) Enzydegradation of potato glycoalkaloids.
Biochemistry-Moscow22, 792-799.

Guseva, A. R., Paseshnichenko, V. A. (1959) Enzymiaydrolysis of the glycoalkaloids of
Solanum aviculareBiochemistry-Moscow24, 525-527.

Harder, B. J. (2004) Ekstraktion og oprensningra&olanin fra jord,Master ThesisThe Royal
Veterinary and Agricultural University, FrederiksgeDenmark. (In Danish)

Hartmann, N., Erbs, M., Wettstein, F. E., Hoerder,C., Schwarzenbach, R. P., Bucheli, T. D.
(2008) Quantification of zearalenone in variousidsahgroenvironmental samples using-D
zearalenone as the internal standaodirnal of Agricultural and Food Chemisiry6, 2926-2932.

Heftmann, E., Schwimmer, S. (1972) Degradationonfdtine to B-hydroxy-5n-pregn-16-en-20-
one by ripe tomatoe®hytochemistryll, 2783-2787.

Heftmann, E. (1983) Biogenesis of steroidSolanaceaePhytochemistry22, 1843-1860.

Hellends, K.-E., Nyman, A., Slanina, P., L66f, Gabrielsson, J. (1992) Determination of potato
glycoalkaloids and their aglycone in blood serumhiyh-performance liquid chromatography —
Application to pharmacokinetic studies in humalmirnal of Chromatography73, 69-78.

Herb, S. F., Fitzpatrick, T. J., Osman, S. F. (39%Bparation of potato glycoalkaloids by gas
chromatographyJournal of Agricultural and Food Chemis{r3, 520-523.

Hesse, M. (2002) Alkaloids — Nature’s Curse or Bileg? Verlag Helvetica Chimica Acta, Zirich,
Switzerland.

Hlywka, J. J., Stephenson, G. R., Sears, M. K., ay®l Y. (1994) Effects of insect damage on
glycoalkaloid content in potatoesS@lanum tuberosum Journal of Agricultural and Food
Chemistry 42, 2545-2550.

Holland, H. L., Taylor, G. J. (1979) Transformatsaof steroids and the steroidal alkaloid, solanine,
by Phytophthora infestan®hytochemistryl18, 437-440.

Jellema, R., Elema, E. T., Malingre, T. M. (1981)idfodensitometric determination of potato
glycoalkaloids on thin-layer chromatogrardeurnal of Chromatography210, 121-129.

Jensen, P. H., Hansen, H. C. B., Rasmussen, bbskat O. S. (2004) Sorption-controlled
degradation kinetics of MCPA in soitnvironmental Science and Technolog§, 6662-6668.

Jensen, P. H., Harder, B. J., Strobel, B. W., Swanis, B., Hansen, H. C. B. (2007) Extraction and

determination of the potato glycoalkalaiesolanine in soillnternational Journal of Environmental
Analytical Chemistry87, 813-824.

56



Jessing, K. K., Cedergreen, N., Jensen, J., Hahte@, B. (2008) Degradation and ecotoxicity of
the biomedical drug artemisinin in sddnvironmental Toxicology and Chemistdpi:10.1897/08-
153.1

Johansen, H., Rasmussen, L. H., Olsen, C. E., Ham$eC. B. (2007) Rate of hydrolysis and
degradation of the cyanogenic glycoside, dhurrirsdil. Chemospheres7, 259-266.

Johns, T. (1986) Detoxification function of geophamd domestication of the potatimurnal of
Chemical Ecologyl2, 635-646.

Jose, S., Gillespie, A. R. (1998) Allelopathy itk walnut Juglans nigral.) alley cropping. I.
Spatio- temporal variation in soil juglone in a Kawalnut-corn Zea maysL.) alley cropping
system in the midwestern USRlant and Soil 203, 191-197.

Kolbe, H., Stephan-Beckmann, S. (1997a) Developyggnivth and chemical composition of the
potato crop $olanum tuberosuin) 1. Leaf and stenPotato Research0, 111-129.

Kolbe, H., Stephan-Beckmann, S. (1997b) Developpgmoivth and chemical composition of the
potato crop $olanum tuberosuin) 2. Tuber and whole plarRotato Research0, 135-153.

Kookana, R. S., Rogers, S. L., Oliver, D. P. (199@)ption and desorption behaviour of strychnine
rodenticide in soilsAustralian Journal of Soil ResearcBb, 491-502.

Kozukue, N., Kozukue, E., Mizuno, S. (1987) Glyt¢@dbids in potato plants and tubers.
Hortscience 22, 294-296.

Kozukue, N., Han, J. S., Lee, K. R., Friedman, 8004) Dehydrotomatine andtomatine content
in tomato fruits and vegetative plant tissubmurnal of Agricultural and Food Chemistry2, 2079-
2083.

Kuronen, P., Vaananen, T., Pehu, E. (1999) Revagrkade liquid chromatographic separation and
simultaneous profiling of steroidal glycoalkaloidsd their aglyconeslournal of Chromatography
A 863, 25-35.

Laurila, J., Laakso, I., Vaananen, T., KuronenHagpalahti, R., Pehu, E. (1999) Determination of
solanidine- and tomatidine-type glycoalkaloid aglys by gas chromatography/mass spectrometry.
Journal of Agricultural and Food Chemistr§7, 2738-2742.

Lawson, D. R., Erb, W. A., Miller, A. R. (1992) Alyais of Solanumalkaloids using internal
standardization and capillary gas chromatograpbyrnal of Agricultural and Food Chemistr0,
2186-2191.

Lee, K. R., Kozukue, N., Han, J. S., Park, J. tha), E. Y., Baek, E. J., Chang, J. S., Friedman,
M. (2004) Glycoalkaloids and metabolites inhibietgrowth of human colon (HT29) and liver
(HepG2) cancer cellgournal of Agricultural and Food Chemistry2, 2832-2839.

Macias, F. A., Oliveros-Bastidas, A., Marin, D.s@lano, D., Simonet, A. M., Molinillo, J. M. G.
(2004) Degradation studies on benzoxazinoids. 8egradation dynamics of 2,4-dihydroxy-7-
methoxy-(2H)-1,4-benzoxazin-3(4H)-one (DIMBOA) ant$ degradation products, phytotoxic
allelochemicals fronGramineaeJournal of Agricultural and Food Chemisiry2, 6402-6413.

57



Macias, F. A., Oliveros-Bastidas, A., Marin, D.s@lano, D., Simonet, A. M., Molinillo, J. M. G.
(2005) Degradation studies on benzoxazinoids. 8etjradation dynamics of (2R)-2{0b-
glucopyranosyl-4-hydroxy-(2H)-1,4-benzoxazin-3(4bi)e (DIBOA-GIc) and its degradation
products, phytotoxic allelochemicals fror®Gramineae Journal of Agricultural and Food
Chemistry 53, 554-561.

Matsuda, F., Morino, K., Miyazawa, H., Miyashita,.,MMiyagawa, H. (2004) Determination of
potato glycoalkaloids using high-pressure liquidrochatography-electrospray ionisation/mass
spectrometryPhytochemical Analysid5, 121-124.

McKee, R. K. (1959) Factors affecting the toxiottly solanine and related alkaloids Fasarium
caeruleumJournal of General Microbiology20, 686-696.

McMillan, M., Thompson, J. C. (1979) An outbreaksofspected solanine poisoning in schoolboys:
Examination of criteria of solanine poisoni@@uarterly Journal of Medicine48, 227-243.

Miljgstyrelsen (1999) Godkendelse af sprgjtemidMiljgtema nr. 21. Miljgstyrelsen, Miljg- og
Energiministeriet, Copenhagen, Denmark. (In Danish)

Morris, S. C., Lee, T. H. (1984) The toxicity aneratogenicity ofSolanaceaeglycoalkaloids,
particularly those of the potat&@lanum tuberosuma review.Food Technology in Australie86,
118-124.

Morris, S. C., Petermann, J. B. (1985) Genetic awmlironmental effects on levels of
glycoalkaloids in cultivars of potat&6lanum tuberosum.). Food Chemistry18, 271-282.

Morrissey, J. P., Osbourn, A. E. (1999) Fungalstasice to plant antibiotics as a mechanism of
pathogenesisviicrobiology and Molecular Biology Review&3, 708-724.

Mortensen, G. K., Strobel, B. W., Hansen, H. C.(B006) Degradation of zearalenone and
ochratoxin A in three Danish agricultural soithemosphere2, 1673-1680.

Niessen, W. M. A. (2006) Liquid Chromatography - deSpectrometry, Bedition. CRC Press,
Taylor & Francis Group, Boca Raton, Florida.

Nikoli¢, N. C., Stankow, M. Z. (2003) Solanidine hydrolytic extraction aseparation from the
potato Solanum tuberosurh.) vines by using solid-liquid-liquid system3ournal of Agricultural
and Food Chemistryp1, 1845-1849.

Oda, Y., Saito, K., Ohara-Takada, A., Mori, M. (20Hydrolysis of the potato glycoalkaloid
chaconine by filamentous fungiournal of Bioscience and Bioengineer,i®g, 321-325.

Ovesen, R. G., Rasmussen, L. H., Hansen, H. C2@8) Degradation kinetics of ptaquiloside in
soil and soil solutionEnvironmental Toxicology and Chemistgy, 252-259.

Papathanasiou, F., Mitchell, S. H., Harvey, B. M. @999) Variation in glycoalkaloid
concentration of potato tubers harvested from reaplants.Journal of the Science of Food and
Agriculture, 79, 32-36.

Paquin, R. (1966) Study on the role of the glycalids in the resistance of potato to bacterial
ringrot. American Potato Journa#3, 349-354.

Paseshnichenko, V. A., Guseva, A. R. (1956) Quativé determination of potato glycoalkaloids
and their preparative separati@iochemistry-Moscoy21, 606-611.

58



Pedersen, R. B. (2007) Analyse og nedbrydning ydogllkaloideta-solanin i jord,Master Thesis,
Faculty of Life Sciences, University of Copenhaderederiksberg, Denmark. (In Danish)

Ponder, F., Tadros, S. H. (1985) Juglone concemtram soil beneath black walnut interplanted
with nitrogen-fixing specieslournal of Chemical Ecology.1, 937-942.

Quidde, T., Osbourn, A. E., Tudzynski, P. (1998)jdadication of a-tomatine byBotrytis cinerea
Physiological and Molecular Plant Pathology2, 151-165.

Rasmussen, L. H., Jensen, L. S., Hansen, H. Q@23@) Distribution of the carcinogenic terpene
ptaquiloside in bracken fronds, rhizom&tgridium aquilinun), and litter in DenmarkJournal of
Chemical Ecology29, 771-778.

Rasmussen, L. H., Kroghsbo, S., Frisvad, J. C.,selanH. C. B. (2003b) Occurrence of the
carcinogenic bracken constituent ptaquiloside iandis, topsoils and organic soil layers in
Denmark.Chemospherebl, 117-127.

Rasmussen, L. H., Hansen, H. C. B., Lauren, D. §2®brption, degradation and mobility of
ptaquiloside, a carcinogenic brackePRtgridium sp.) constituent, in the soil environment.
Chemosphereb8, 823-835.

Rayburn, J. R., Bantle, J. A., Friedman, M. (198ble of carbohydrate side chains of potato
glycoalkaloids in developmental toxicityournal of Agricultural and Food Chemisirg2, 1511-
1515.

Roddick, J. G. (1979) Complex formation betweerasateous steroidal glycoalkaloids and free
sterolsin vitro. Phytochemistryl8, 1467-1470.

Roddick, J. G. (1987) Antifungal activity of plasteroids. In: Fuller, G., Nes, W. D. (Eds.),
Ecology and metabolism of plant lipids. Americane@tical Society, Washington, pp. 286-303.

Roddick, J. G. (1989) The acetylcholinesterasebiitdiy activity of steroidal glycoalkaloids and
their aglyconesPhytochemistry28, 2631-2634.

Roddick, J. G. (1996) Steroidal glycoalkaloids: iNatand consequences of bioactivity. In: Waller,
G. R., Yamasaki, K. (Eds.) Saponins used in tran#i and modern medicine, Proceedings of the
210th National Meeting of the American Chemical i8tc Symposium on Saponins: Chemistry

and Biological Activity, Plenum Press, New York,. [@77-295.

Rubinson, K. A., Rubinson, J. F. (2000). Contempotastrumental Analysis. Prentice-Hall, Inc.,
Upper Saddle River, New Jersey.

Saito, K., Horie, M., Hoshino, Y., Nose, N., Nakaza H. (1990) High-performance liquid
chromatographic determination of glycoalkaloidspotato productsJournal of Chromatography
508, 141-147.

Sancho, J. V., Pozo, O. J., Ibafez, M., Hernandez, (2006) Potential of liquid
chromatography/time-of-flight mass spectrometry ftire determination of pesticides and
transformation products in waté&nalytical and Bioanalytical Chemistr@86, 987-997.

Sandrock, R. W., VanEtten, H. D. (1998) Fungal gty to and enzymatic degradation of the
phytoanticipina-tomatine Phytopathology88, 137-143.

59



Sanford, L. L., Domek, J. M., Cantelo, W. W., Kobhaki, R. S., Sinden, S. L. (1996) Mortality of
potato leafhopper adults on synthetic diets comigirseven glycoalkaloids synthesized in the
foliage of variousSolanunmspeciesAmerican Potato Journal’3, 79-88.

Sarmah, A. K., MUller, K., Ahmad, R. (2004) Fateld®ehaviour of pesticides in the agroecosystem
— a review with a New Zealand perspecti&astralian Journal of soil Research2, 125-154.

Schmidt, M. (1933) Zur Entwicklungsphysiologie vddladosporium fulvumund uber die
widerstandsfahigkeit voBolanum racemigerumgegen diesen Parasitéhanta, 20, 407-439.

Shakya, R., Navarre, D. A. (2008) LC-MS analysissofanidane glycoalkaloid diversity among
tubers of four wild potato species and three caisvSolanum tuberosumJournal of Agricultural
and Food Chemistryp6, 6949-6958.

Simonovska, B., Vovk, I. (2000) High-performancénttayer chromatographic determination of
potato glycoalkaloidslournal of Chromatography,®03, 219-225.

Skarkova, J., Ostry, V., Ruprich, J. (2008) Instemtal HPTLC determination efsolanine and-
chaconine in peeled potato tubeksurnal of Planar Chromatographg1, 113-117.

Smith, D. B., Roddick, J. G., Jones, J. L. (200§ne3gism between the potato glycoalkaloids
chaconine and-solanine in inhibition of snail feedin@hytochemistry57, 229-234.

Sotelo, A., Serrano, B. (2000) High-performanceuitigchromatographic determination of the
glycoalkaloidsa-solanine andi-chaconine in 12 commercial varieties of Mexicamapm Journal
of Agricultural and Food Chemistyy8, 2472-2475.

SRC (2008) Syracuse Research Corporation, Inteea&thysprop Database Demo. Available via
http://www.syrres.com/esc/physdemo.hifstcessed 6 Nov 2008.

Starr, R. 1., Timm, R. W., Doxtader, K. G., HurlbGt. B., Volz, S. A., Goodall, M. (1996) Sorption
and aerobic biodegradation of strychnine alkaloidvarious soil systemgournal of Agricultural
and Food Chemistry44, 1603-1608.

Stobiecki, M., Matysiak-Kata, W., Hiaki, R., Skata, J., Szopa, J. (2003) Monitoringngjes in
anthocyanin and steroid alkaloid glycoside conterines of transgenic potato plants using liquid
chromatography/mass spectromeBfiytochemistry62, 959-969.

Strobel, B. W., Jensen, P. H., Rasmussen, L. Hnseta H. C. B. (2005) Thujone in soil under
Thuja plicata Scandinavian Journal of Forest Researgf, 7-11.

Stuber, M., Reemtsma, T. (2004) Evaluation of thrtakbration methods to compensate matrix
effects in environmental analysis with LC-ESI-M&nalytical and Bioanalytical Chemistrg78,
910-916.

Swain, A. P., Fitzpatrick, T. J., Talley, E. A., e S. F., Osman, S. F. (1978) Enzymatic
hydrolysis ofa-chaconine and-solanine Phytochemistryl7, 800-801.

Teuschler, E.Lindequist, U. (1988) Biogene gifte. Biologie - @hie - Pharmakologie, Akademie-
Verlag Berlin, Berlin, Germany.

Thorstensen, C. W., Lode, O. (2001) Laboratory adégtion studies of bentazone, dichlorprop,
MCPA, and propiconazole in Norwegian solsurnal of Environmental Quality80, 947-953.

60



Tingey, W. M. (1984) Glycoalkaloids As Pest Resist@a FactorsAmerican Potato Journal6l,
157-167.

Tolonen, A., Uusitalo, J. (2004) Fast screeninghme@tfor the analysis of total flavonoid content in
plants and foodstuffs by high-performance liquidochatography/electrospray ionization time-of-
flight mass spectrometry with polarity switchirigapid Communications in Mass Spectromelg;
3113-3122.

USEPA (2007) EPI Suit¥ v3.20 for Windows. U.S. Environmental Protection eAgy,
Washington DC.

Vaananen, T., Kuronen, P., Pehu, E. (2000) Compared commercial solid-phase extraction
sorbents for the sample preparation of potato glkadoids.Journal of Chromatography ,A869,
301-305.

Vaananen, T., Ikonen, T., Rokka, V.-M., Kuronen, $erimaa, R., Ollilainen, V. (2005) Influence
of incorporated wildSolanumgenomes on potato properties in terms of starciosteucture and
glycoalkaloid contentlournal of Agricultural and Food Chemistry3, 5313-5325.

van Gelder, W. M. J. (1991) Chemistry, toxicologyd occurrence of steroidal glycoalkaloids:
Potential contaminants of the potag®o(anum tuberosur.). In: Rizk, A.-F. M. (Ed.), Poisonous
plant contamination of edible plants. CRC Presst&ua pp. 117-156.

von Kiparski, G. R., Lee, L. S., Gillespie, A. R0Q7) Occurrence and fate of the phytotoxin
juglone in alley soils under black walnut treésurnal of Environmental Qualify36, 709-717.

Wallstedt, A., Nilsson, M.-C., Zackrisson, O., OdhaG. (2000) A link in the study of chemical
interference exerted ympetrum hermaphroditunQuantification of batatasin-1ll in soil solution.
Journal of Chemical Ecology6, 1311-1323.

Wang, D., Song, Y., Li, S.-L., Bian, Y.-Y., Guan, Ui, P. (2006) Simultaneous analysis of seven
astragalosides iRadix Astragaliand related preparations by liquid chromatograpdypled with
electrospray ionization time-of-flight mass spewtatry. Journal of Separation Sciencg9, 2012-
2022.

Wang, S. L., Thompson, N. R., Bedford, C. L. (19D@termination of glycoalkaloids in potatoes
(S. Tuberosuiwith a bisolvent extraction methofimerican Potato Journa#t9, 302-308.

Weltring, K.-M., Wessels, J., Geyer, R. (1997) Meiégsm of the potato saponiaschaconine and
a-solanine byGibberella pulicaris Phytochemistry46, 1005-1009.

Wink, M. (1998) Chemical ecology of alkaloids. RRoberts, M. F., Wink, M. (Eds.), Alkaloids:
Biochemistry, Ecology, and Medicinal Applicatiofenum Press, New York, pp. 265-299.

Zywicki, B., Catchpole, G., Draper, J., Fiehn, Q20@5) Comparison of rapid liquid

chromatography-electrospray ionization-tandem nsggEsctrometry methods for determination of
glycoalkaloids in transgenic field-grown potatoAsalytical Biochemistry336, 178-186.

61



