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I. EINLEITUNG 

I. 1 Mutualistische Pflanze-Mikroorganismus-Interaktionen 

Pflanzen stellen mit ihrer Fähigkeit, mittels Photosynthese aus CO2, Mineralstoffen, 
Wasser und Lichtenergie Kohlenhydrate assimilieren zu können, neben Algen und photo-
synthetisch aktiven Cyanobakterien (Blaualgen) die Lebensgrundlage aller heterotrophen 
Organismen dar. Um ihre Versorgung mit Mineralstoffen zu optimieren, haben Pflanzen 
unterschiedliche Strategien entwickelt. Die mutualistische Interaktion mit bodenbürtigen 
Mikroorganismen stellt eine dieser Strategien dar (Barea et al. 2005, Rengel & Marschner 
2005). Der Mutualismus beschreibt eine Symbiose im engeren Sinne, in welcher beide 
Partner wechselseitig voneinander profitieren. In dieser Form der Pflanze-Mikroorga-
nismus-Interaktion, die durch einen Nährstoffaustausch beider Partner charakterisiert ist, 
gehen Pflanzen Assoziationen z.B. mit Stickstoff-fixierenden Knöllchenbakterien (Gage 
2004) oder mit Mykorrhizapilzen ein. Letztere versorgen ihren Wirt v.a. mit Phosphat und 
Stickstoff (Smith & Read 1997, Barea et al. 2005). Im Gegenzug beziehen die 
heterotrophen Mikrosymbionten Kohlenhydrate von der Pflanze. Während die Gruppe der 
Stickstoff-fixierenden Bakterien vor allem mit Leguminosen assoziiert ist, ist eine 
Interaktion mit Mykorrhizapilzen bei einem Großteil der Landpflanzen (einschließlich der 
Leguminosen) zu beobachten. Mykorrhiza-Symbiosen können unterschieden werden in (1) 
arbuskuläre Mykorrhiza (AM), (2) Ektomykorrhiza, (3) ericoide Mykorrhiza und (4) 
Mykorrhiza der Orchideen, wobei die letztere nicht immer eine mutualistische Beziehung 
darstellt (Cameron et al. 2006, Girlanda et al. 2006). Die arbuskuläre Mykorrhiza ist 
sowohl bei krautigen Pflanzen als auch Gehölzen fast aller Familien anzutreffen. Dem ge-
genüber ist die Ektomykorrhiza auf die Gruppe der holzigen Pflanzen begrenzt; die dabei 
ausgebildeten Fruchtkörper sind als typische Waldpilze bekannt. Die letzten beiden 
Gruppen beschränken sich jeweils auf ein oder zwei Pflanzenfamilien (zur Übersicht siehe 
Smith & Read 1997).  
 
I. 2 Die arbuskuläre Mykorrhiza (AM) 

Die AM stellt die am weitesten verbreitete mutualistische Interaktion von Pflanzen und 
Mikroorganismen dar; dies gilt im systematischen wie auch im geographischen Sinne. Sie 
kann von fast allen Landpflanzen weltweit, inklusive Farnen und einigen Moosen (Smith 
& Smith 1997, Smith & Read 1997, Read et al. 2000), mit Pilzen des Phylum Glome-
romycota der Ordnung Glomales (Schüssler et al. 2001) eingegangen werden. Von dieser 
Interaktion ausgenommen sind u.a. die Brassicaceen (einschließlich Arabidopsis thaliana). 
Es wird vermutet, dass sich die AM bereits einhergehend mit der Evolution der 
Landpflanzen entwickelt hat und dabei den frühen pflanzlichen Organismen die 
Umstellung auf das 'Landleben' durch Bereitstellung von Bodenmineralien ermöglicht hat 
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(zur Übersicht siehe Brundrett 2002). Fossile Funde endosymbiontischer Strukturen in 
Moos-ähnlichen ersten Landpflanzen aus dem Zeitalter des Devon (vor ca. 400 Mio. 
Jahren) (Remy et al. 1994) und von Glomales-Sporen aus dem Ordovicum (vor ca. 460 
Mio. Jahren) (Redecker et al. 2000) belegen eine evolutionär sehr frühe Entwicklung der 
AM, die die starke Verbreitung dieser Symbiose im heutigen Pflanzenreich erklärt. 
Die Pflanze profitiert auch von der AM in erster Linie durch eine verbesserte Versorgung 
mit schwer verfügbaren Mineralien, hier vor allem mit Phosphat sowie Stickstoff und 
Mikronährstoffen. Mykorrhizierte Wurzeln weisen eine stark vergrößerte Oberfläche auf, 
wobei zudem eine bessere Zugänglichkeit der Bodenpartikel aufgrund des geringen Quer-
schnitts der Pilzhyphen erreicht wird. Zusätzlich zeichnen sich mykorrhizierte Pflanzen 
häufig durch eine verbesserte Wasserversorgung und erhöhte Trocken- und Salzstress-
toleranz (Pfeiffer & Bloss 1988, Ruiz-Lozano & Azcón 2000, Porcel & Ruiz-Lozano 2004, 
Cho et al. 2006) sowie eine erhöhte Toleranz gegenüber Schwermetallen aus (Ouziad et al. 
2005, Gohre & Paszkowski 2006). Diverse Studien zeigten darüber hinaus eine lokale und 
systemische Bioprotektion der mykorrhizierten Pflanze gegenüber Phytopathogenen 
(Cordier et al. 1998, Pozo et al. 2002, Diedhiou et al. 2003).  
 
I. 3 Die Etablierung der AM und der Lebenszyklus des Pilzes 

Die obligat biotrophen AM-Pilze sind für ihren Lebenszyklus auf die Interaktion mit der 
Pflanze angewiesen (zur Übersicht siehe Harrison 1999). Sie vermehren sich asexuell, 
ohne Fruchtkörperbildung, mittels Sporulation. Ein Austausch von genetischem Material 
kann jedoch über ein Zusammenwachsen von Hyphen (Anastomose) verschiedener Pilze 
erfolgen (Sanders 2006). Die Sporen keimen im Boden zu einer Keimhyphe aus, die sich 
bei Erkennung von spezifischen Signalstoffen der Wurzelexudate stark verzweigt. Als ein 
sogenannter branching factor wurde kürzlich das Strigolacton 5-Deoxystrigol identifiziert 
(Akiyama et al. 2005). Sobald die Keimhyphe mit einer Pflanzenwurzel in Kontakt 
kommt, bildet sie ein Appressorium aus (Abb. 1B; Abb. 2) und dringt in die Wurzel ein. 
Hierbei wurden zwei aktiv von der Pflanze gesteuerte Prozesse beobachtet: zum einen eine 
interzelluläre Penetration, bei dem angrenzende Zellwände zweier Epidermiszellen ausein-
anderweichen und der Pilzhyphe so das Eindringen ermöglichen (Demchenko et al. 2004) 
und zum anderen eine intrazelluläre Penetration der Wurzelepidermis. Bei dieser ist dem 
Eindringen der Hyphe in die Epidermiszelle die Bildung eines sogenannten penetration 
apparatus vorangeschaltet (Genre et al. 2005), durch den die Hyphe die Zelle passieren 
kann. Anschließend formt der Pilz intra- und/oder interzelluläre Hyphen (Abb. 1, C und G) 
und wächst so bis in den inneren Wurzelcortex, in dem er sich longitudinal weiter 
ausbreitet. Die intrazellulär gebildeten pilzlichen Strukturen bleiben dabei durch die 
pflanzliche Plasmamembran vom Protoplasten der Pflanzenzelle getrennt. Bei guter 
Kohlenhydratversorgung formen einige Pilze lipidgefüllte Vesikel als Speicherorgane aus 
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(Abb.1, E und I). Sporen werden in der Regel außerhalb der Wurzel an den extraradikalen 
Hyphen gebildet (Abb. 2), letztere dienen dem Pilz zudem zur Nährstoffaufnahme. Die ex-
traradikalen pilzlichen Strukturen werden zusammenfassend als extraradikales Mycelium 
bezeichnet.  

 
 

 
 
Abbildung 1: Charakteristische Strukturen des AM-Pilzes Glomus intraradices in der 

Mykorrhizierung von Tabak (N. tabacum) in der Form des Arum-Typs. A: Übersicht nach 
Anfärben der pilzlichen Strukturen mittels Tinte nach Vierheilig et al. (1998), B: 
Appressorium, C: intrazelluäre Hyphe, D: Arbuskel, E: pilzliche Vesikel. F: Übersicht eines 
Wurzelquerschnitts nach Markierung des Pilzes mittels fluoreszenzmarkierten Lektinen 
(Weizenkeimagglutinin) (Schaarschmidt et al. 2006b), G: interzelluläre Hyphen, H: Arbuskel, 
I: pilzliche Vesikel. Maßstäbe in A und F entsprechen 50 µm, Maßstäbe in B-E und G-I stellen 
25 µm dar. 
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Bei der Ausbildung der AM innerhalb der Wurzel lassen sich zwei morphologische For-
men unterscheiden (Smith & Smith 1997, Barker et al. 1998). Bei dem Arum-Typ der AM 
erfolgt die Ausbreitung des Pilzes im Wurzelcortex vorrangig über interzelluläre Hyphen 
(Abb. 2A). Von diesen abzweigend bilden sich intrazellulär die bäumchenartigen Arbuskel 
(Abb. 1, D und H), die die namensgebende Struktur der AM-Pilze darstellen. Sie entstehen 
durch starke, dichotome Verzweigung einer intrazellulären Hyphe und füllen im voll ent-
wickeltem Zustand fast die gesamte Cortexzelle aus. Dagegen zeichnet sich der Paris-Typ 
durch spiralförmig gebildete intrazelluläre Hyphen (coils) aus, über die sich der Pilz inner-
halb des Wurzelcortex von Zelle zu Zelle ausbreitet (Abb. 2B). Interzelluläres Hyphen-
wachstum ist bei dieser AM-Form selten. Ausgehend von den coil-Hyphen, die vermutlich 
Funktionen der Arbuskel im Arum-Typ übernehmen können (van Aarle et al. 2005), bilden 
sich meist nur wenig strukturierte Arbuskel.  
Die Ausbildung des jeweiligen Typus der AM wird maßgeblich von der Pflanze bestimmt 
(Brundrett & Kendrick 1990, Smith & Smith 1997, Brundrett 2004). Da Leguminosen als 
Modellpflanzen mutualistischer Interaktionen die Arum-Form ausbilden, wurden die meis-
ten – insbesondere die molekularbiologischen – Untersuchungen an diesem Typ der AM 
durchgeführt. Die vorliegende Arbeit beschränkt sich in ihren Untersuchungen ebenfalls 
auf diese Form der AM. 
 
 

 
 
Abbildung 2: Schema der Ausbildung einer arbuskulären Mykorrhiza des Arum-Typs (A) und des 

Paris-Typs (B). Ep: Epidermis, C: Cortex, En: Endodermis, s: Spore, eh: externe Hyphe, ap: 
Appressorium, ih: interzelluläre Hyphe, a: Arbuskel, ic, intrazelluläre coil-Hyphe, v: Vesikel. 
Abbildung nach Barker et al. (1998). 

 
 

Die Etablierung der mutualistischen Interaktion setzt spezifische Erkennungsmechanismen 
beider Partnern voraus, von denen einige bereits kurz genannt wurden (zur Übersicht siehe 
Harrison 2005). Die Analyse der frühen Signalkette in der Erkennung und Etablierung 
mutualistischer Pflanze-Mikroorganismus-Interaktionen in Leguminosen zeigte dabei 
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Gemeinsamkeiten in der Signaltransduktion von AM und Nodulation auf (Kistner et al. 
2005). Dieser konservierte Signalweg beider Endosymbiosen ist der Nod-Faktor-Erken-
nung in der Nodulation durch membrangebundene LysM-Rezeptorkinasen nachgeschaltet. 
Er beinhaltet eine putative NBS-LRR (nucleotide-binding site, leucine-rich repeat)-Rezep-
torkinase und einen mutmaßlichen Liganden-kontrollierten Kationenkanal, die Bildung ei-
nes Calcium-Signals durch oszillierende Ca2+-Konzentrationen (Ca2+-spiking) sowie an-
schließende Weiterleitung des Signals durch eine putative Ca2+/Calmodulin-abhängige 
Kinase. Diese führt über Phosphorylierungsprozessen zu der Aktivierung von Transkrip-
tionsfaktoren und so zu einer spezifischen Genexpression (zur Übersicht siehe Oldroyd & 
Downie 2004, Geurts et al. 2005). Im Gegensatz zur Nodulation ist das pilzliche 
Ausgangssignal für die Aktivierung der frühen Signaltransduktion in der Pflanze, der 
sogenannte Myk-Faktor, noch nicht identifiziert worden.  
 
I. 4 Regulationsmechanismen in der AM 

Um die Besiedlung mit dem pilzlichen Partner zu kontrollieren und eine übermäßige Kolo-
nisierung zu verhindern, sind spezifische Regulationsmechanismen der Pflanze notwendig. 
Einen solchen Mechanismus beschreibt z.B. die Autoregulation endosymbiontischer Inter-
aktionen, die eine systemische Feedback-Inhibierung nachfolgender Besiedlungen darstellt 
(zur Übersicht siehe Kinkema et al. 2006). Entsprechende Mutanten zeichnen sich durch 
eine exzessive Kolonisierung durch den Mikrosymbionten aus. Die Autoregulation kann 
sowohl durch Mykorrhizierung als auch Nodulierung ausgelöst werden und wirkt nachfol-
gend auf beide Endosymbiosen (Catford et al. 2003, Meixner et al. 2005). Die Aktivierung 
der Autoregulation erfolgt bereits frühzeitig während der Erkennung und Etablierung der 
Symbiose und beinhaltet einen Langstreckensignalweg (Delves et al. 1986, Nishimura et 
al. 2002). Als Signalvermittler im Spross wurde eine putative membrangebundenen LRR-
Rezeptorkinase identifiziert (Krusell et al. 2002, Nishimura et al. 2002, Searle et al. 2003). 
Eine Kontrolle des AM-Pilzes zur Verhinderung einer exzessiven Kolonisierung sowie 
dem Eindringen des Pilzes in den Zentralzylinder der Wurzel wird zudem durch die Akti-
vierung pflanzlicher abwehrrelevanter Mechanismen vermutet (zur Übersicht siehe García-
Garrido & Ocampo 2002, Hause & Fester 2005). So zeigen mykorrhizierte Wurzeln eine 
Aktivierung der Jasmonat- und Salicylatbiosynthese (Blilou et al. 2000, Hause et al. 2002) 
sowie eine Akkumulation reaktiver Sauerstoffspezies (Salzer et al. 1999, Fester & Hause 
2005). Zudem konnte eine Induktion von abwehrbezogenen Genen festgestellt werden 
(Gianinazzi-Pearson et al. 1996, Blee & Anderson 2000, Salzer et al. 2000, Gao et al. 
2004). Die Transkripte solcher Gene akkumulieren meist sehr spezifisch, wie z.B. in der 
frühen Phase der Interaktion (Volpin et al. 1994, Liu et al. 2003), in arbuskulierten Zellen 
(Blee & Anderson 1996, Blee & Anderson 2000) oder von Genen AM-spezifischer 
Isoformen, wie z.B. für Chitinasen gezeigt (Pozo et al. 1998, Salzer et al. 2000). Weiterhin 
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weisen mykorrhizierte Wurzeln teilweise, insbesondere in frühen Stadien, eine Aktivierung 
des Phenylpropanstoffwechsel mit erhöhten Gehalten phenolischer Verbindungen auf  
(Volpin et al. 1994, Maier et al. 1995, Blee & Anderson 1996, Peipp et al. 1997, Lohse et 
al. 2005). Diese Aktivierung  pflanzlicher Abwehrmechanismen in der AM unterscheidet 
sich dabei in ihrer Spezifität und Stärke von Pathogen-induzierten Abwehrreaktionen und 
lässt somit AM-spezifische Regulationsmechanismen erkennen. 
 
I. 5 Der Arbuskel und der Nährstoffaustausch in der AM 

Bedingt durch die stark vergrößerte Oberfläche stellen die Arbuskel ein wichtiges Organ 
für den Nährstoffaustausch zwischen Pilz und Pflanze dar. Sie bleiben jedoch, wie alle in-
trazellulären Pilzstrukturen, durch die Plasmamembran von dem pflanzlichen Cytoplasma 
getrennt. Im Fall einer Arbuskelbildung entsteht dabei durch starke Erweiterung und Um-
strukturierung der pflanzlichen Plasmamembran die periarbuskuläre Membran sowie als 
neuartiger Apoplast der periarbuskuläre oder symbiontische Zwischenraum beider Partner 
(zur Übersicht siehe Harrison 1999, Hause & Fester 2005). Die mit der Arbuskelbildung 
einhergehende umfassende Veränderung der pflanzlichen Zellstruktur umfasst zudem eine 
Reihe weiterer morphologischer Änderungen, wie z.B. die Fragmentierung der Zentral-
vakuole, die Translokation und Hypertrophie des Zellkerns, eine Akkumulation von Or-
ganellen, und damit einhergehend eine Aktivierung der Transkription und des Zellstoff-
wechsels (Harrison 1999, Hause & Fester 2005). Insbesondere die stimulierte Teilung und 
Proliferation von Plastiden und Mitochondrien sowie ihr Metabolismus während der AM 
wurden detailliert analysiert (Lohse et al. 2005, Lohse et al. 2006). Für Arbuskel ist eine 
begrenzte Lebensdauer von ca. 5 bis 10 Tagen beschrieben (Sanders et al. 1977, Alexander 
et al. 1988). Danach wird das pilzliche Material vollständig (vermutlich von beiden 
Partnern) abgebaut, die periarbuskuläre Membran bildet sich zurück und die Zelle nimmt 
ihre vorherige Morphologie und physiologische Funktion an (Harrison 1999, Hause & 
Fester 2005). Danach oder auch schon während des Abbaus kann eine Neubesiedlung 
derselben Cortexzelle durch einen neuen Arbuskel erfolgen (M. Harrison, persönliche 
Mitteilung). 
Die Abgabe mineralischer Nährstoffe vom Pilz an die Pflanze über die Arbuskel und den 
periarbuskulären Zwischenraum gilt als gesichert. So zeigen AM-induzierbare Phosphat-
transporter eine spezifische Lokalisierung in arbuskelhaltigen Zellen (Rausch et al. 2001, 
Harrison et al. 2002). Darüber hinaus wurden im Bereich der Arbuskel erhöhte H+-
ATPase-Aktivitäten pflanzlichen (Gianinazzi-Pearson et al. 2000, Krajinski et al. 2002) 
und pilzlichen Ursprungs (Ferrol et al. 2000, Requena et al. 2003), begleitet von einer 
Ansäuerung des symbiontischen Zwischenraums (Guttenberger 2000), festgestellt. 
Inwieweit Arbuskel auch die pilzlichen Organe für die Zuckeraufnahme aus der Wurzel 
darstellen, ist vielfach diskutiert (Blee & Anderson 1998, Bago 2000, Douds et al. 2000b). 
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Mittels Isotop-markierter Substrate wurde gezeigt, dass AM-Pilze Kohlenhydrate in Form 
von Hexosen, insbesondere Glucose, über intraradikale Strukturen aufnehmen können 
(Shachar-Hill et al. 1995, Pfeffer et al. 1999, Douds et al. 2000a). Eine Aufnahme von 
Zuckern, mit hoher Affinität zu Glucose, war jedoch auch für isolierte intraradikale 
Hyphen zu detektieren (Solaiman & Saito 1997). Zudem wurden in mykorrhizierten 
Wurzeln erhöhte H+-ATPase-Aktivitäten nicht nur in der Nähe von Arbuskeln sondern 
auch im Bereich der Pilzhyphen nachgewiesen (Gianinazzi-Pearson et al. 1991). Im 
Gegensatz dazu spricht für eine Aufnahme von Zuckern über die Arbuskel neben deren 
Morphologie auch ihre Lokalisierung (zur Übersicht siehe Blee & Anderson 1998). So 
werden Arbuskel vor allem in Zellen des inneren Wurzelcortex gebildet; diese weisen 
aufgrund ihrer Nähe zum Leitgewebe eine gute Kohlenhydratversorgung auf. Weiterhin 
wurde eine Korrelationen zwischen Arbuskelanzahl und der Sporulation des Pilzes 
beobachtet (Douds 1994). Es ist daher wahrscheinlich, dass Kohlenhydrate aus dem 
Wurzelapoplasten sowohl über die Arbuskel wie auch über interzelluläre Hyphen 
aufgenommen werden können.  
Eine Abgabe bzw. Aufnahme von Zuckern kann sowohl passiv als auch aktiv erfolgen. 
Eine passive Aufnahme der Hexosen aus dem Apoplasten durch den Pilz würde durch die 
schnelle Synthese von Trehalose und Glykogen in den intraradikalen Pilzstrukturen forciert 
(Shachar-Hill et al. 1995; siehe auch nachfolgendes Kapitel I. 6), da auf diese Weise der 
osmotische Gradient aufrecht erhalten wird. Eine aktive Aufnahme erfordert die Aktivität 
entsprechender Transporter. Ein solcher pilzlicher Monosaccharidtransporter konnte kürz-
lich für ein Mitglied der Glomeromycota identifiziert werden, das eine AM-ähnliche Endo-
symbiose mit Cyanobakterien eingeht (Martin 2005). Dies lässt die Existenz orthologer 
Proteine anderer Pilze des Phylum Glomeromycota vermuten. Zudem deuten die erhöhten 
H+-ATPase-Aktivitäten im Bereich pilzlicher Strukturen auf einen aktiven Transport der 
Hexosen hin. Insbesondere die nachgewiesenen H+-ATPase-Aktivitäten pilzlichen Ur-
sprungs (Ferrol et al. 2000, Requena et al. 2003) sowie die erhöhten Aktivitäten in der 
Nähe interzellulärer Hyphen (Gianinazzi-Pearson et al. 1991) stützen diese These.  
Ein pflanzlicher AM-induzierbarer Hexosetransporter wurde für Medicago truncatula 
identifiziert (Mtst1) (Harrison 1996). Transkripte von Mtst1 akkumulieren sowohl im 
Phloem und in der Wurzelspitze als auch in mykorrhizierten Wurzeln im Bereich stark 
kolonisierter Cortexzellen. Es wird vermutet, dass dieser Transporter der pflanzlichen Auf-
nahme von Hexosen aus dem Apoplasten dient, um so die erhöhte metabolische Aktivität 
der mykorrhizierten Zelle zu unterstützen (Harrison 1996). 
 
I. 6 C-Metabolismus der AM-Pilze 

AM-Pilze gelten als oleogene Pilze. Sie sind in der Lage, über 25% ihres Trocken-
gewichtes in Form von Lipiden zu akkumulieren. Es gibt Hochrechnungen, nach denen bis 
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zu 20% des gesamten durch Pflanzen assimilierten Kohlenstoffs (C) an den pilzlichen AM-
Symbionten abgegeben werden; dies entspräche jährlich ca. 5 Mill. Tonnen Kohlenstoff 
weltweit (Bago et al. 2000, Bago et al. 2002). Für eine detaillierte Analyse der C-Auf-
nahme und des C-Metabolismus dieser Pilze wurden daher umfangreiche Fütterungs-
experimente mit Isotop-markierten Substraten an mykorrhizierten Wurzelkulturen durch-
geführt (zur Übersicht siehe Bago et al. 2000, Douds et al. 2000b). Auf diese Weise wurde 
gezeigt, dass AM-Pilze in der Symbiose Hexosen ausschließlich über intraradikale 
Strukturen, nicht aber über das extraradikale Mycelium, aufnehmen können (Pfeffer et al. 
1999, Douds et al. 2000a). Einzig die Keimhyphe war in der Lage, Hexosen aufzunehmen 
(Douds et al. 2000a). 
 
 

 
 

Abbildung 3: Aktive biochemische Wege des C-Metabolismus und der daraus abgeleitete  C-
Transport in symbiontischen intraradikalen und extraradikalen Hyphen von AM-Pilzen. PPP: 
Pentose-Phosphat-Weg, TCA: Tricarbonsäurezyklus, TAG: Triacylglycerid, AA: Aminosäure, 
1: Mitochondrien, 2: Glyoxysomen, 3: Lipidkörper. Abbildung aus Bago et al. (2000). 

 
 

Die für den Pilz identifizierten aktiven biochemischen Wege des C-Metabolismus in intra- 
und extraradikalen Hyphen sind schematisch in Abb. 3 dargestellt (zur Übersicht siehe 
Bago et al. 2000, Douds et al. 2000b). Nach Aufnahme der Kohlenhydrate bildet der Pilz 
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Trehalose und Glykogen als erste Kohlenstoffspeicher- und Transportformen (Shachar-Hill 
et al. 1995). Nachfolgend werden Lipide, insbesondere Triacylglyceride (TAGs), im intra-
radikalen Mycelium synthetisiert (Pfeffer et al. 1999, Douds et al. 2000b). TAGs bilden 
neben Glykogen die Hauptenergielieferanten für den Metabolismus des extraradikalen 
Myceliums und der Sporen. 
Der Transport von TAGs erfolgt vor allem in Form von Lipidkörpern (Bago et al. 2002, 
siehe auch Murphy 2001). Diese bestehen vermutlich aus einem Kern unlöslicher Lipide 
(in der Regel TAGs) umgeben von einer Einzelschicht aus Phospholipiden, in die Proteine 
des TAG-Metabolismus eingelagert werden können. Die größte Anzahl von Lipidkörpern 
zeigte sich in extraradikalen Hyphen nahe der Wurzel sowie nahe der Sporen (Bago et al. 
2002). In extraradikalen Hyphen (Abb. 3) und in keimenden Sporen werden TAGs kata-
bolisiert und Aminosäuren und Chitin synthetisiert. So können nach Spaltung der TAGs 
(durch Lipasen und Acyl-CoA-Dehydrogenase) Acetyl-CoA-Einheiten in den Glyoxylat-
zyklus eintreten. Die aus Triosen über Gluconeogenese entstehende Glucose wird über den 
Pentose-Phosphat-Weg geleitet oder dient direkt der Synthese von Chitin, Trehalose und 
Glykogen. Nach ß-Oxidation der Fettsäuren können zudem über den Tricarbonsäurezyklus 
(TCA) Präkursoren für Aminosäuren bereitgestellt werden (Douds et al. 2000a, Lammers 
et al. 2001, Bago et al. 2002). 
 
I. 7 Pflanzliche Invertasen und ihre Bedeutung in der AM 

Während der AM-Pilz nur Hexosen aufnehmen und metabolisieren kann, bildet in Pflanzen 
Saccharose die Haupttransportform photosynthetisch assimilierten Kohlenstoffs zu den 
heterotrophen sink-Geweben. Die Hydrolyse von Saccharose erfolgt entweder reversibel 
mittels cytosolischer Saccharose-Synthase unter Bildung von UDP-Glucose und Fructose 
oder mittels der enzymatischen Aktivität von Invertasen zu Glucose und Fructose (Koch 
2004, Roitsch & González 2004). Pflanzliche Invertasen können nach ihrem pH-Optimum 
und ihrer Lokalisation in drei Klassen eingeteilt werden: (1) neutrale, cytosolische Inverta-
sen, (2) saure, vakuoläre Invertasen und (3) saure, zellwandgebundene apoplastische Inver-
tasen (auch extrazelluläre Invertasen genannt) (Tymowska-Lalanne & Kreis 1998, Roitsch 
& González 2004). Die sauren Invertasen stellen N-glycosylierte ß-Fructofuranosidasen 
dar. Die verschiedenen Klassen Saccharose-spaltender Enzyme erfüllen unterschiedliche 
physiologische Funktion in der Pflanze (Abb. 4; zur Übersicht siehe auch Sturm & Tang 
1999, Koch 2004, Roitsch & González 2004).  
Cytosolische Invertasen und Saccharose-Synthasen speisen vermutlich den Katabolismus 
der Pflanzenzelle. Letzteren wird zusätzlich eine Funktion in der Bildung der pflanzlichen 
Zellwand sowie der Antwort der Pflanze auf Kälte und anaerobe Bedingungen zugeschrie-
ben, da UDP-Glucose eine Vorstufe verschiedener an diesen Prozessen beteiligter Metabo- 
iten darstellt. Diese Enzyme sind zudem in Zellen des Phloems lokalisiert, so dass Saccha-
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rose-Synthasen die Kohlenhydratverteilung zwischen source- und sink-Organen regulieren 
können.  

 

Abbildung 4: Übersicht der pflanzlichen Saccharose-spaltenden Enzyme und ihrer wichtigsten 
physiologischen Funktionen. suc: Saccharose, glc: Glucose, frc: Fructose. Abbildung modifi-
ziert nach Sturm (1999) 

 

 
Vakuoläre Invertasen kontrollieren die Zuckerzusammensetzung in Früchten und Speicher-
organen, wie u.a. für Tomate und Kartoffelknollen gezeigt (Ohyama et al. 1995, Klann et 
al. 1996, Miron et al. 2002). Weiterhin haben sie eine wichtige Funktion in der Osmo-
regulation, der Zellstreckung, dem Gravitropismus und der pflanzlichen Antwort auf abio-
tischen Stress, wie z.B. Kälte, Trockenheit, Verwundung oder Sauerstoffmangel. 
Apoplastische Invertasen spielen eine essentielle Rolle in Versorgung der sink-Organe 
durch Phloementladung. Durch die Hydrolyse der Saccharose, die im sink-Organ aus dem 
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Phloem freigesetzt wird, wird der über das osmotische Gefälle regulierte Langstrecken-
transport der Saccharose zu den sink-Geweben stimuliert. Durch die Bereitstellung von 
Kohlenhydraten als Energiequelle und das Freisetzen von Hexosen als Signalmoleküle, die 
u.a. eine Induktion von Phytohormonen bewirken können, steuern apoplastische Invertasen 
vielfältigste Entwicklungsprozesse der Pflanze. Dazu gehören beispielsweise die Pollen- 
und Samenentwicklung, die Speicherwurzelbildung oder die Blattseneszenz (Miller & 
Chourey 1992, Tang et al. 1999, Goetz et al. 2001, Balibrea Lara et al. 2004). Außerdem 
können apoplastische Invertasen auf diese Weise pflanzliche Abwehrmechanismen 
induzieren (Herbers et al. 1996, Ehness et al. 1997, Baumert et al. 2001; zur Übersicht 
siehe zudem Roitsch et al. 2003, Rolland et al. 2006). Die verschiedenen Isoenzyme der 
extrazellulären Invertasen zeigen oftmals eine hohe gewebespezifische Expression, wie 
u.a. für die apoplastischen Tomateninvertasen (LINs) gezeigt wurde (Godt & Roitsch 1997, 
Fridman & Zamir 2003). Zusätzlich werden diese spezifisch durch unterschiedliche interne 
entwicklungsabhängige und externe stressbezogene Stimuli induziert, dazu zählen v.a. 
Phytohormone und Hexosen sowie Verwundung und Elicitorbehandlung (Godt & Roitsch 
1997, Goetz et al. 2000, Proels et al. 2003, Thoma et al. 2003, Proels et al. 2006). 
In der AM wird den Saccharose-spaltenden Enzymen – und hierbei insbesondere den apo-
plastischen Invertasen – eine essentielle Rolle für die Kohlenhydratversorgung des Pilzes 
zugesprochen. So wurden für AM-Pilze bislang keine Saccharose-spaltenden Enzyme 
identifiziert, gleichzeitig beschränkt sich ihre Fähigkeit zur Aufnahme von Kohlenhydraten 
auf apoplastische Hexosen. Die Etablierung und Aufrechterhaltung erhöhter sink-Stärke, 
wie sie in der mykorrhizierten Wurzel vorliegt, erfolgt typischerweise durch apoplastische 
Invertasen. In mykorrhizierten Wurzel konnten für alle Enzymklassen pflanzlicher 
Saccharose-spaltender Enzymen erhöhte Transkript- und/oder Aktivitätslevel nachgewie-
sen werden. So wurden erhöhte Aktivitäten aller Enzyme in mykorrhiziertem Klee (Trifo-
lium repens) aufgezeigt (Wright et al. 1998), höhere cytosolische Invertaseaktivität zudem 
in mykorrhizierten Sojabohnen (Glycine max) (Schubert et al. 2003). Verstärkte Tran-
skriptakkumulationen in mykorrhizierten Wurzeln bzw. arbuskulierten Zellen konnten für 
das Gen einer vakuolären Invertase in Gartenbohne (Phaseolus vulgaris) sowie für Saccha-
rose-Synthase-kodierende Gene in Gartenbohne, Mais (Zea mays) und Medicago detek-
tiert werden (Blee & Anderson 2002, Hohnjec et al. 2003, Ravnskov et al. 2003). 
 
Die funktionelle Bedeutung dieser pflanzlichen Enzyme für die Kohlenhydratversorgung 
des Pilzes ist bislang jedoch nicht bewiesen. Zudem ist die regulatorische Funktion des 
pflanzlichen Kohlenhydratmetabolismus und vor allem der Invertasen in der Ausbildung 
der AM bislang kaum untersucht. Eine Regulation der AM über die Photosyntheseleistung 
und damit über die Menge verfügbarer Kohlenhydrate ist belegt. So resultiert eine Reduk-
tion der Lichtintensität und/oder der Beleuchtungsdauer in geringeren Hexosegehalten der 
Wurzel und damit in reduzierter Mykorrhizierung (Hayman 1974). Für mykorrhizierte 
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Wurzelkulturen wurde im Gegenzug bei erhöhter Fütterung der Wurzel mit Saccharose 
und verstärkter Kohlenhydratabgabe an den Pilz eine Stimulierung des Phosphataustauschs 
gezeigt (Bücking & Shachar-Hill 2005). Dies deutet auf ein Konkurrieren beider Partner 
um limitiert verfügbare Kohlenhydrate in der AM hin. Inwieweit die Bereitstellung und 
Verteilung der Kohlenhydrate und somit die Ausbildung der Interaktion tatsächlich durch 
Saccharose-spaltende Enzyme kontrolliert und darüber gezielt moduliert werden kann, ist 
jedoch unklar. Apoplastische Invertasen könnten neben der Versorgung des Pilzes zudem 
eine Kontrollfunktion in der AM über die Induktion von Abwehrmechanismen ausüben.  
 
I. 8 Zielstellung der Arbeit 

Im Rahmen der vorliegenden Dissertation galt es, die Rolle des pflanzlichen Kohlenhydrat-
metabolismus – dabei insbesondere die der apoplastischen Invertasen – in der mutualisti-
schen Pflanze-Mikroorganismus-Interaktion der arbuskulären Mykorrhiza (AM) zu charak-
terisieren. Dazu war der Kohlenhydratmetabolismus der Pflanze unter Nutzung transgener 
Tabakpflanzen (Nicotiana tabacum) gezielt zu modulieren.  
 

Eine Überexpression von Invertasen in der Wurzel sollte klären,  
(1) welche Strukturen der Pilz unter a priori erhöhten Invertaseaktivitäten und dadurch 

erhöhten Hexosegehalten der Wurzel ausbildet und ob  
(2) durch derart erhöhte Hexosegehalte im Wurzelapoplasten die Kohlenhydratversorgung 

des Pilzes verbessert werden kann.  
 

Sollte letzteres der Fall sein, wäre zu analysieren, inwieweit  
(3) eine gesteigerte Kohlenhydratversorgung des Pilzes in einer verbesserten Mykorrhizie-

rung mit höheren Nutzen für beide Partner oder  
(4) in einer parasitischen Kolonisierung durch den Pilz resultiert.  
 

Im Gegensatz dazu wäre zu überprüfen, inwieweit 
(5) erhöhte extrazelluläre Invertaseaktivitäten in der Wurzel über eine mögliche Aktivie-

rung pflanzlicher Abwehrmechanismen zu einer reduzierten Mykorrhizierung führen.   
 

Diese Arbeiten waren in erster Linie mit Pflanzen durchzuführen, die ein chimäres Gen 
exprimieren, das für eine in den Apoplasten sekretierte Hefe-Invertase kodiert. Der 
Schwerpunkt lag dabei auf der wurzelspezifischen Erhöhung apoplastischer Invertase-
aktivität. Dazu sollte ein chemisch induzierbares Promotorsystem genutzt werden, dessen 
Induktion hinsichtlich einer spezifischen Aktivierung der Invertase in der Wurzel zu 
untersuchen war. Im Anschluss sollten die Auswirkungen des veränderten pflanzlichen 
Kohlenhydratstatus auf die Ausbildung und Funktion der AM mit mikroskopischen, 
biochemischen und molekularbiologischen Methoden analysiert werden. 
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II. ZUSAMMENFASSENDE DISKUSSION DER ERGEBNISSE 

II. 1 Die wurzelspezifische Erhöhung von Invertaseaktivitäten und Hexosegehalten 
und ihre Wirkung auf die AM 

In der vorliegenden Arbeit wurde die Bedeutung des Kohlenhydratmetabolismus – insbe-
sondere der apoplastischen Invertasen – auf die Ausbildung einer arbuskulären Mykorrhiza 
(AM) und die C-Versorgung des obligat biotrophen AM-Pilzes untersucht. Diese Analysen 
wurden in erster Linie an transgenen Tabakpflanzen (Nicotiana tabacum) durchgeführt, die 
eine Hefe-Invertase exprimieren. Um die extrazelluläre Invertaseaktivität der Wurzel und 
darüber das Angebot an pilzverfügbaren apoplastischen Hexosen zu erhöhen, wurden NT 
alc::cwINV-Pflanzen genutzt. Diese Pflanzen exprimieren ein chimäres Gen, das für eine 
Invertase aus Hefe (Saccharomyces cereviseae) kodiert, die mittels eines Signalpeptids des 
Proteinase-Inhibitors II aus Kartoffel (Solanum tuberosum) in den Apoplasten sekretiert 
wird (cwINV; von Schaewen et al. 1990). Die Expression erfolgt in diesen Pflanzen unter 
der Kontrolle des Alkohol-induzierbaren Promotorsystem aus dem filamentösen Pilz 
Aspergillus nidulans (alc-Promotor; Salter et al. 1998). Für eine wurzelspezifische Ex-
pression des cwINV-Gens wurde die Induktion des alc-Promotors im Hinblick auf eine 
lokale Aktivierung untersucht. Auf diese Weise sollte eine spezifische Erhöhung der Inver-
taseaktivität in der Wurzel ermöglicht und damit eine Pfropfung zwischen Wildtyp-Spross 
und Wurzeln Invertase-überexprimierender Pflanzen umgangen werden.  
Das alc-Promotorsystem kann effizient und einfach mittels Ethanol (Salter et al. 1998, 
Roslan et al. 2001) sowie Ethanol-ähnlichen Substanzen, wie primären Alkoholen, primä-
ren Monoaminen und einigen Ketonen, induziert werden (Flipphi et al. 2002). Insbeson-
dere der Ethanoldampf erwies sich als ein äußerst effektiver Induktor (Roslan et al. 2001, 
Sweetman et al. 2002), so dass eine organspezifische Induktion erschwert wird. Es gelang 
daher nicht, trotz weitestgehendem Luftabschluss der Töpfe nach Gießapplikation wäss-
riger Ethanollösungen, dieses Promotorsystem mittels Ethanol wurzelspezifisch zu 
aktivieren (Schaarschmidt et al. 2004). Die Applikation gering konzentrierter, wässriger 
Acetaldehydlösungen resultierte demgegenüber in einer lokalen Promotoraktivierung 
(Schaarschmidt et al. 2004). Acetaldehyd, das mittels Alkohol-Dehydrogenase reversibel 
aus Ethanol gebildet werden kann, wurde als eigentlicher physiologischer Induktor in 
Aspergillus nidulans beschrieben (Flipphi et al. 2001). Zudem verursacht Acetaldehyd 
geringere Nebenwirkungen auf den pflanzlichen Metabolismus als Ethanol (Junker et al. 
2003). In Wurzeln von NT alc::uidA-Pflanzen führte eine einmalige Gießapplikation mit 
gering konzentriertem Acetaldehyd zu einer schnellen und transienten Induktion des 
Promotors, mit einem Aktivitätsmaximum des Markerproteins nach 2 bis 4 Tagen (Schaar- 
schmidt et al. 2004). 
Mittels drei wöchentlich wiederholten Behandlungen konnte in NT alc::cwINV-Pflanzen 
eine langanhaltende Erhöhung der Invertaseaktivität über ca. 5 Wochen erzielt werden 
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(Schaarschmidt et al. 2004). Eine solche Applikationsdichte hatte bei den geringen 
Acetaldehydkonzentrationen keine ersichtlichen Auswirkungen des Induktors auf die 
Vitalität der Pflanze. Eine Erhöhung der Invertaseaktivität wurde in allen Zellen des mit 
Acetaldehyd behandelten Gewebes gezeigt (Schaarschmidt et al. 2004). Eine möglichst 
langfristige Aktivierung des Promotors im gesamten behandelten Gewebe bei möglichst 
geringen Auswirkungen auf den allgemeinen Metabolismus und die Vitalität der Pflanze 
stellten eine wichtige Voraussetzung für die Nutzung dieses Systems dar. Mit den Arbeiten 
von Junker et al. (2003) und eigenen Arbeiten (Schaarschmidt et al. 2004) konnte diese 
Grundvoraussetzung für die Analyse eines definiert veränderten Primärmetabolismus der 
Pflanze und seiner Rolle in der Interaktion mit anderen Organismen als gegeben angesehen 
werden. Zudem ermöglicht der Einsatz von Acetaldehyd unter Nutzung von split root-
Pflanzen eine Aktivierung des Promotors und damit im Fall der NT alc::cwINV-Pflanzen 
eine Induktion der apoplastisch lokalisierten Hefe-Invertase in nur einer Hälfte des Wur-
zelsystems. Dies erlaubt einen direkten Vergleich zwischen Wurzeln mit Wildtyp-ähnlich-
em Metabolismus und Wurzeln mit erhöhter Invertaseaktivität und erhöhten Hexosege-
halten einer Pflanze (Schaarschmidt et al. 2004). Ein solches Vorgehen minimiert die hohe 
biologische Varianz bei der Untersuchung der Interaktion zwischen Pflanze und Symbiont. 
 
Die Analyse möglicher Effekte erhöhter extrazellulärer Invertaseaktivität in der Wurzel 
und dadurch erhöhter Hexosegehalte auf die mutualistische Interaktion der AM erfolgte in 
der Regel mit dem Modellpilz Glomus intraradices. Ein Effekt der Acetaldehydbehand-
lung auf die Keimfähigkeit pilzlicher Sporen bzw. das intrazelluläre Wachstum des Pilzes 
konnte in Wildtyp-Pflanzen nicht festgestellt werden (Schaarschmidt et al. 2006b). Trotz 
erhöhter Invertaseaktivität und verändertem Hexose/Saccharose-Verhältnis in den mit 
Acetaldehyd behandelten Wurzelhälften der NT alc::cwINV-Pflanzen konnte kein Unter-
schied in der Mykorrhizierung zu wasserbehandelten Wurzelhälften festgestellt werden 
(Schaarschmidt et al. 2006b). Dieses Ergebnis war unabhängig vom Zeitpunkt des Induk-
tionsbeginns (direkt nach der Inokulation / bei beginnender Kolonisierung der Wurzel), 
von getesteten Lichtbedingungen (reduzierte Lichtintensität / erhöhte UV-Intensität) oder 
von verschiedenen Glomus-Spezien (G. intraradices / G. mosseae). Pflanzen, die nicht im 
split root-System angezogen wurden, zeigten durch die Induktion der Hefe-Invertase im 
gesamten Wurzelsystem ebenfalls keinen Einfluss auf die Kolonisierung mit G. intrara-
dices oder G. mosseae im Vergleich zu wasserbehandelten Pflanzen. Veränderungen konn-
ten weder in der Formierung pilzlicher Strukturen noch im Ausmaß der Besiedlung de-
tektiert werden. Zudem blieb die Kolonisierung in ihrer charakteristischen Form auf den 
inneren Wurzelcortex beschränkt. Es fanden sich keine pilzlichen Strukturen im Zentral-
zylinder oder im meristematischen Bereich der Wurzelspitze, die eine parasitische Koloni-
sierung durch den Pilzes vermuten lassen könnten. Die Analyse der pilzspezifischen Fett-
säure Palmitvaccensäure (C16:1? 11), die als Indikator für die Kohlenhydratversorgung des 
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AM-Pilzes dienen kann (Trépanier et al. 2005, van Aarle & Olsson 2005), zeigte keine 
veränderten Gehalte in mykorrhizierten Wurzeln mit erhöhter apoplastischer Invertase-
aktivität. Ebenso verhielt es sich mit der Akkumulation typischer AM-induzierter pflanz-
licher Sekundärmetabolite, den Cyclohexenon- und Mykorradicin-Derivaten (Maier et al. 
1995, Fester et al. 2002, Fester et al. 2005, Schliemann et al. 2006). Diesen aus dem 
Carotinoid-Stoffwechsel hervorgehenden Metaboliten wird eine funktionelle – allerdings 
bislang noch unbekannte – Rolle in der AM zugesprochen (Fester et al. 2002, Strack et al. 
2003, Strack & Fester 2006). Um die Funktionalität der Symbiose bewerten zu können, 
wurden die Phosphatgehalte und die Salzstresstoleranz der Pflanzen untersucht, da durch 
die AM nicht nur die Nährstoffversorgung der Pflanze verbessert, sondern auch ihre 
Toleranz gegenüber Salz- und Trockenstress erhöht wird (Pfeiffer & Bloss 1988, Ruiz-
Lozano & Azcón 2000, Porcel & Ruiz-Lozano 2004, Cho et al. 2006). Diese Effekte 
spiegelten sich hier in erhöhten Phosphatgehalten der Blätter mykorrhizierter Tabakpflan-
zen und in geringeren mRNA-Gehalten der Salzstress-induzierbaren Gene Osmotin und 
Tsi1 (Tobacco stress induced gene 1; Park et al. 2001) wider (Schaarschmidt et al. 2006b). 
Es wurden jedoch keine darüber hinaus gehenden Änderungen in dem Phosphatstatus der 
Pflanze sowie der Transkriptakkumulation Salzstress-induzierbarer Gene offensichtlich, 
die auf die erhöhte Invertaseaktivität zurückzuführen wären. Erhöhte Hexosegehalte der 
Wurzel durch verstärkte Invertaseaktivität im Wurzelapoplasten hatte somit keinen nach-
weislichen Einfluss auf die Ausbildung und die Funktionalität der mutualistischen AM.  
Extrazelluläre Invertasen üben allerdings nicht nur wichtige Funktionen in pflanzlichen 
Entwicklungsprozessen aus, sondern sind zudem in die Aktivierung von abwehrbezogenen 
Mechanismen der Pflanze involviert (Roitsch et al. 2003). Tabakpflanzen mit starker Ex-
pression des chimären cwINV-Gens unter der Kontrolle des 35S-Promotor vom Blumen-
kohl-Mosaik-Virus (CaMV) weisen eine Transkriptakkumulation von PR (pathogenesis 
related)-Protein kodierenden Genen sowie Resistenz gegenüber dem Kartoffelvirus Y 
(PVY) auf (Herbers et al. 1996). Eine entsprechende Transkriptakkumulation dieser PR-
Gene war bei wurzelspezifischer Expression der Hefe-Invertase jedoch nicht detektierbar 
(Schaarschmidt et al. 2006b). 
Zusammenfassend fanden sich durch eine erhöhte apoplastische Invertaseaktivität der 
Wurzel und ein a priori erhöhtes Angebot pilzverfügbarer Kohlenhydrate keinerlei 
Anhaltspunkte für eine exzessive Kolonisierung der Wurzel, eine Verbesserung der 
Symbiose mit Vorteil für beide Partner oder eine reduzierte Mykorrhizierung durch 
Aktivierung von Abwehrmechanismen. 
 
Da eine erhöhte Invertaseaktiviät im Apoplasten der Wurzel keinen Effekt auf die AM 
zeigte, wurde überprüft, ob erhöhte Invertaseaktivitäten in anderen Zellkompartimenten 
und die damit verbundene Änderung der Hexosegehalte in der Wurzel einen Einfluss auf 
die Ausbildung einer AM ausüben. Dazu wurden zunächst NT alc::cytINV-Pflanzen in die 
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Untersuchungen einbezogen, die das Gen einer cytosolisch lokalisierten Hefe-Invertase 
unter dem alc-Promotorsystem exprimieren (Caddick et al. 1998). Diese Pflanzen zeigten 
nach wurzelspezifischer Induktion der Invertase ebenfalls keinen Effekt auf eine 
Interaktion mit G. intraradices oder G. mosseae – trotz erhöhter Hexosegehalte der Wur-
zeln (Schaarschmidt et al. 2006b). Für einen direkten Vergleich aller Invertaseklassen und 
der Wirkung ihrer erhöhten Enzymaktivität in der Wurzel auf die AM wurde außerdem die 
Agrobacterium rhizogenes-vermittelte Wurzeltransformation genutzt. Die dafür verwende-
ten Plasmide enthielten jeweils ein Gen, das für eine apoplastisch, vakuolär oder cyto-
solisch lokalisierte Hefe-Invertase kodiert – alle unter Kontrolle des 35S-Promotors. Als 
Kontrolle wurde ein Plasmid verwendet, dass unter Kontrolle dieses Promotors das Gen 
der ß-Glucuronidase beinhaltete. Die Wurzeltransformation wurde an Medicago truncatula 
durchgeführt. Medicago stellt eine wichtige Modellpflanze für die Analyse mutualistischer 
Pflanze-Mikroorganismus-Interaktionen dar; zudem sollten durch die Verwendung einer 
Leguminose mögliche Tabak- oder Solanaceen-spezifische Besonderheiten der AM aus-
geschlossen werden. Die transiente Wurzeltransformation ermöglicht die gezielte Überex-
pression oder Suppression von Genen bzw. die Expression von Fremdgenen in der Wurzel. 
Die so entstehenden chimären Pflanzen besitzen einen Wildtyp-Spross und eine transfor-
mierte Wurzel und ermöglichen damit die Analyse von wurzelspezifisch exprimierten 
Genen einschließlich wurzelspezifisch modulierter Prozesse und ihre Bedeutung auf die 
AM (Limpens et al. 2004, Isayenkov et al. 2005, Crane et al. 2006, Taylor et al. 2006). 
Analog zu den Ergebnissen an Tabak konnten jedoch auch in Medicago keine Effekte 
wurzelspezifisch erhöhter Invertaseaktivitäten – unabhängig von ihrer subzellulären Loka-
lisation – und dem daraus resultierenden Anstieg der Glucose- und Fructosegehalte auf die 
AM nachgewiesen werden (Schaarschmidt et al. 2006b).  
 
II. 2 Bedeutung pflanzlicher Invertasen für die Kohlenhydratversorgung in der 

Mykorrhizierung von Wildtyp-Pflanzen 

Die an Invertase-überexprimierenden Pflanzen durchgeführten Untersuchungen zeigten 
keine Beeinflussung der AM durch erhöhte Invertaseaktivitäten und dadurch erhöhte 
Hexosegehalte der Wurzel auf (Schaarschmidt et al. 2006b). Dies könnte eine unter-
geordnete Rolle von Invertasen für die Bereitstellung pilzverfügbarer Kohlenhydrate 
vermuten lassen. Ebenso wäre die Bedeutung von Hexosen für die C-Versorgung des AM-
Pilzes zu hinterfragen. Wäre der Pilz in der Lage, Saccharose mit ähnlicher Affinität wie 
Glucose und/oder Fructose aufzunehmen und zu metabolisieren, hätten erhöhte Invertase-
aktivitäten keinen Einfluss auf die Kohlenhydratverfügbarkeit des AM-Pilzes. Isolierte 
intraradikale Hyphen zeigen in der Aufnahme von Kohlenhydraten jedoch eine deutlich 
höhere Affinität zu Glucose als zu Saccharose und Fructose (Solaiman & Saito 1997). 
Zudem konnten Saccharose-spaltende Enzyme in AM-Pilzen nicht identifiziert werden. 
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Für die Ektomykorrhizapilze Amanita muscaria und Hebeloma crustuliniforme wurde 
gezeigt, dass diese in ihrer Kohlenhydratversorgung von pflanzlichen apoplastischen Inver-
tasen abhängig sind (Salzer & Hager 1991). Ein Monosaccharidtransporter für Amanita 
muscaria wurde bereits identifiziert (Nehls et al. 1998). Für eine wichtige Funktion pflanz-
licher Saccharose-spaltender Enzyme in der AM spricht zudem die Akkumulation erhöhter 
Transkript- und Aktivitätslevel solcher Enzyme in mykorrhizierten Wurzeln  (Wright et al. 
1998, Blee & Anderson 2002, Hohnjec et al. 2003, Ravnskov et al. 2003, Schubert et al. 
2003, Schaarschmidt et al. 2006a).  
In eigenen Arbeiten konnten in mykorrhizierten Wurzeln mittels einer Invertase-in situ-
Färbung erhöhte Enzymaktivitäten im Phloem und in der Nähe pilzlicher Strukturen – so-
wohl von Arbuskeln als auch von Hyphen – in Wildtyp-Tabak und -Tomate (Lycopersicon 
esculentum) aufgezeigt werden (Schaarschmidt et al. 2006a). Zudem wurde eine Promotor-
aktivierung und eine Transkriptakkumulation der apoplastischen Tomateninvertase LIN6 in 
NT LIN6::uidA-Pflanzen bzw. in Wildtyp-Tomaten nachgewiesen. Diese waren ebenfalls 
im Phloem sowie nahe Arbuskeln und interzellulären Hyphen lokalisiert. Der extrazellu-
lären Tomateninvertase LIN6, die mit den anderen apoplastischen Tomateninvertasen 
LIN5, LIN7 und LIN8 eine Genfamilie bildet, wird eine entscheidende Bedeutung in der 
Etablierung und Aufrechterhaltung erhöhter sink-Stärke durch Phloementladung beigemes-
sen (Godt & Roitsch 1997, Roitsch et al. 2003). Eine Akkumulation von LIN6-Transkrip-
ten erfolgt durch interne und – im Gegensatz zu den Genen der anderen Isoformen – durch 
verschiedenste externe, stressbezogene Stimuli, wie die Applikation von Methyljasmonat 
oder Brassinosteroiden, Elicitorbehandlung, A. tumefaciens-induzierte Tumorbildung oder 
Verwundung von Blättern (Godt & Roitsch 1997, Goetz et al. 2000, Fridman & Zamir 
2003, Thoma et al. 2003). Die Verwundung der Wurzel resultierte ebenfalls in einer stark 
erhöhten (ca. 12-fachen) LIN6-Transkriptakkumulation (Schaarschmidt et al. 2006a). 
Im Gegensatz zu dieser Stressantwort wurden in mykorrhizierten Wurzeln nur etwa 2- bis 
3-fach erhöhte LIN6-Transkriptmengen im Vergleich zu nicht mykorrhizierten Pflanzen 
detektiert (Schaarschmidt et al. 2006a). Durch diese moderate Induktion während der AM 
könnte eine Aktivierung von pflanzlichen Abwehrmechanismen vermieden werden. Erhöh-
te LIN6-Transkriptakkumulationen waren zudem auf Stadien mit hohem C-Bedarf, wie die 
späten Stadien der AM-Interaktion mit hohen Kolonisierungsraten oder nach Inokulation 
mit einer höheren Konzentration pilzlichen Inokulums, begrenzt (Schaarschmidt et al. 
2006a). Dies lässt sich teilweise mit der Detektionsgrenze der Nachweismethoden erklären. 
Insbesondere bei einer Aufarbeitung des gesamten Wurzelmaterials entstehen Verdün-
nungseffekte, da zum einen nicht alle Wurzeln einer Pflanze kolonisiert sind und sich zum 
anderen die Besiedlung des Pilzes auf den Wurzelcortex beschränkt. Jedoch decken sich 
die Daten der vorliegenden Arbeit mit dem für mykorrhizierte Kleewurzeln gezeigten über 
die Zeit zunehmendem Aktivitätsanstieg extrazellulärer Invertasen (Wright et al. 1998). 
Vakuoläre Invertasen und die Saccharose-Synthasen zeigten in dieser Studie einen transi-
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enten Aktivitätsanstieg in frühen Stadien der Interaktion, während cytosolische Invertase-
aktivitäten im Vergleich zu nicht mykorrhizierten Pflanzen über den gesamten Zeitraum 
gleichmäßig erhöht waren.  
Diese Ergebnisse deuten auf eine funktionelle Aufspaltung der verschiedenen Saccharose-
spaltenden Enzyme in der AM hin. So könnten die vakuolären Invertasen und Saccharose-
Synthasen insbesondere in frühen Stadien zu einer Bereitstellung verfügbarer Kohlen-
hydratreserven dienen, während die extrazellulären Invertasen über Phloementladung die 
zunehmende sink-Stärke der mykorrhizierten Wurzel und die direkte Versorgung des AM-
Pilzes mit apoplastischen Hexosen bedient. Ähnliche Unterschiede in der physiologischen 
Funktion der verschiedenen Saccharose-spaltenden Enzymklassen wurden für die Bildung 
von Speicherwurzeln in Karottenpflanzen beschrieben (Tang & Sturm 1999, Tang et al. 
1999). Dabei führte eine für die Pfahlwurzel spezifische antisense-Suppression eines 
Saccharose-Synthase-Gens zur normalen Entwicklung der Pfahlwurzel bei geringerer 
Größe der gesamten Pflanze (Tang & Sturm 1999). Karottenpflanzen mit entsprechend 
supprimierter Genexpression einer vakuoläreren Invertase bildeten hingegen nur sehr 
kleine, aber dennoch normal entwickelte Pfahlwurzeln und dafür mehr Blattmasse (Tang et 
al. 1999). Diese Unterversorgung der Wurzel zugunsten der Blattentwicklung war beson-
ders extrem in Pflanzen mit entsprechend supprimierter Genexpression einer apoplasti-
schen Invertase. Diese bildeten keinerlei Speicherwurzeln, aber mehr Blätter als die 
Kontrollpflanzen aus (Tang et al. 1999). Dies unterstreicht die besondere Funktion extra-
zellulärer Invertasen in der Versorgung der sink-Organe mit Kohlenhydraten über den 
Langsteckentransport des Phloems.  
Eine verhältnismäßig moderate Induktion apoplastischer Invertasen während der AM in 
Wildtyp-Pflanzen, wie für LIN6 gezeigt (Schaarschmidt et al. 2006a), könnte somit der 
Kohlenhydratversorgung des Pilzes zugute kommen ohne gleichzeitig Abwehrmechanis-
men der Pflanze zu aktivieren. 
 
II. 3 Die wurzelspezifische Reduktion von Invertaseaktivitäten und Hexosegehalten 

und ihre Wirkung auf die AM 

Da die Überexpression von Invertasen und die daraus resultierenden erhöhten Hexose-
gehalte der Wurzel keinen Einfluss auf die AM zeigten, wurde in weiterführenden Versu-
chen eine entgegengesetzte Strategie gewählt. So sollten transgene Pflanzen mit gestörter 
Phloembeladung oder reduzierter Invertaseaktivität über die Bedeutung des Kohlen-
hydratstatus der Pflanze und ihrer Invertasen für die Ausbildung und Funktion der AM 
Aufschluss geben.  
Tabakpflanzen, die phloemspezifisch eine Pyrophosphatase aus Escherichia coli 
exprimieren (NT rolC::ppa), zeichnen sich durch eine Störung der vom anorganischen 
Pyrophosphat abhängigen Phloembeladung und einer daraus resultierenden Unterversor-
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gung der Wurzel sowie Wachstumsdepressionen aus (Lerchl et al. 1995). Diese Pflanzen 
wiesen neben einem reduziertem Wurzel/Spross-Verhältnis der Hexosegehalte eine abneh-
mende Kolonisierung mit G. intraradices auf, die von einem deutlich verringertem Anteil 
an Vesikeln und Sporen im Vergleich zu Wildtyp-Pflanzen begleitet wurde (Schaarschmidt 
et al. 2006b). Dies zeigt eine Unterversorgung des Pilzes an und bestätigt die Abhängigkeit 
der AM-Pilze von dem Kohlenhydratstatus der Pflanze bzw. ihrer Wurzel.  
Um die Bedeutung der Invertasen für die Versorgung des AM-Pilzes mit Kohlenhydraten 
zu analysieren, wurden transgene Tabakpflanzen genutzt, die das Gen eines spezifischen 
Inhibitors saurer Invertasen aus Arabidopsis thaliana exprimieren (Link et al. 2004). Über 
die spezifische Inaktivierung saurer Invertasen, die vielfältige Prozesse in der Pflanze steu-
ern können, bilden Invertase-Inhibitoren ein wichtiges Kontrollelement der Pflanze (zur 
Übersicht siehe Rausch & Greiner 2004). Die strukturellen Eigenschaften der Invertase-
Inhibitor-Proteine einschließlich ihrer strukturbedingten Spezifität sowie ihrer geringen 
Beeinflussung durch Temperatur und pH-Wert (Hothorn et al. 2004a, 2004b, Hothorn & 
Scheffzek 2006) machen sie zu einem guten Werkzeug für die Analyse der physiologi-
schen Funktionen saurer Invertasen (Greiner et al. 1999, Balibrea Lara et al. 2004). In 
Arabidosis wurden zwei Isoformen dieser Inhibitor-Proteine identifiziert, von denen 
AtC/VIF1 in erster Linie vakuoläre Invertasen inhibitiert und AtC/VIF2 beide Formen 
saurer Invertasen hemmen kann (Link et al. 2004). Homologe Gene wurden auch für 
Tabak, Zuckerrübe (Beta vulgaris) und Mais (Zea mays) charakterisiert (Weil et al. 1994, 
Greiner et al. 1998, Bate et al. 2004, Eufinger 2006). Trangene Tabakpflanzen, die Tabak-
eigene Inhibitoren wurzelspezifisch überexprimiern, standen für die vorliegende Arbeit 
jedoch nicht zur Verfügung.  
In transgenen NT pyk10::InvInh-Pflanzen, die das Invertase-Inhibitor-Gen AtC/VIF2 unter 
der Kontrolle des wurzel- und sämlingspezifischen pyk10-Promotors (Nitz et al. 2001) 
exprimieren, wurden in vitro wurzelspezifisch reduzierte apoplastische Invertaseaktivitäten 
nachgewiesen (Schaarschmidt et al. 2006b). Vakuoläre Invertasen zeigten meist keine 
veränderte Aktivität in vitro. Eine in vivo-Inhibierung dieser Invertasen kann allerdings 
nicht ganz ausgeschlossen werden. Analog zu reduzierter apoplastischer Invertaseaktivität 
wurden verminderte Hexosegehalte sowie verminderte Hexose/Saccharose-Verhältnisse in 
den Wurzeln festgestellt. Die reduzierte Mykorrhizierung dieser transgenen Pflanzen mit 
zudem geringerer Dichte pilzlicher Strukturen zeigte zum ersten Mal die Abhängigkeit der 
Ausbildung und Formierung der AM vom Hexosegehalt der Wurzel in Abhängigkeit der 
pflanzlichen Invertaseaktivität (Schaarschmidt et al. 2006b). 
 
Zusammenfassend lassen diese Ergebnisse darauf schließen, dass die mutualistische Inter-
aktion in der AM zwar abhängig von der Invertaseaktivität und dem Hexosegehalt der 
Wurzel ist, dass jedoch in Wildtyp-Pflanzen unter normalen Wachstumsbedingungen die 
Kohlenhydratversorgung der mykorrhizierten Wurzel keinen limitierenden Faktor darstellt 
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und dass eine ausreichende Aktivität von Saccharose-spaltenden Enzymen vorliegt. Dazu 
kann zum einen eine de novo-Synthese dieser Proteine beitragen, auf die u.a. eine erhöhte 
Promotoraktivität und stärkere Transkriptakkumulationen der apoplastischen Tomaten-
invertase LIN6 hindeuten könnten (Schaarschmidt et al. 2006a). Zum anderen erhöht die 
nachgewiesene Ansäuerung des symbiontischen Zwischenraums während der AM (Gutten-
berger 2000) die Aktivität vorhandener saurer Invertasen im Wurzelapoplasten. Es kann 
somit davon ausgegangen werden, dass der pilzliche Partner bereits optimal von der 
Pflanze mit Kohlenhydraten versorgt wird und die AM durch höhere Gehalte pilzverfüg-
barer Hexosen nicht gesteigert werden kann. Diese These wird von z.T. erhöhten Kohlen-
hydratgehalten der mykorrhizierten Wurzel gestützt (Wright et al. 1998). Diese konnten in 
den eigenen Versuchen zwar nicht festgestellt werden, allerdings führte die Mykorrhizie-
rung zu keiner Reduktion der Hexose- oder Saccharosegehalte, die bei einer Limitation zu 
erwarten gewesen wäre. 
 
II. 4 Die Erhöhung apoplastischer Invertaseaktivität in den Blättern und ihre 

Wirkung auf die AM 

Wie durch Analyse der apoplastischen Tomateninvertase LIN6 sowie mittels Invertase-
Inhibitor-Studien gezeigt werden konnte, ist den extrazellulären Invertasen eine wichtige 
Rolle in der Versorgung des Pilzes mit Kohlenhydraten zuzuschreiben. Neben dieser direk-
ten C-Versorgung von sink-Organen besitzen apoplastische Invertasen zudem wichtige 
regulatorische Funktionen. Diese sind u.a. für die Samen- und Pollenentwicklung (Miller 
& Chourey 1992, Goetz et al. 2001), die Blattseneszenz (Balibrea Lara et al. 2004) sowie 
für die Aktivierung von Abwehrmechanismen der Pflanze bekannt (Herbers et al. 1996, 
Ehness et al. 1997, Baumert et al. 2001; zur Übersicht siehe zudem Roitsch et al. 2003).  
Durch die Analyse konstitutiv Invertase-überexprimierender Pflanzen konnten im Rahmen 
der vorliegenden Arbeit erstmals Hinweise auf eine regulatorische Funktion apoplastischer 
Invertasen auf Ganzpflanzenniveau für die mutualistische Interaktion der AM aufgezeigt 
werden (Schaarschmidt et al. 2006c). Für diese Studien wurde eine heterozygote Tabak-
linie analysiert, die das chimäre Gen der apoplastisch lokalisierten Hefe-Invertase unter 
dem 35S-Promotor exprimiert (NT 35S::cwINV). Diese Pflanzen zeigten starke Unter-
schiede in der Expression der Invertase in den Blättern, während die Invertaseaktivität in 
der Wurzel bei allen Pflanzen – trotz Nutzung des 35S-Promotor – nicht oder nur moderat 
(bis ca. 3-fach) erhöht war.  
Interessanterweise konnte ein Zusammenhang zwischen der Invertaseaktivität der Blätter 
und der Kolonisierung der Wurzel mit G. intraradices festgestellt werden. Im Gegensatz 
zu Pflanzen mit wurzelspezifisch induzierter Invertase wiesen Tabakpflanzen mit moderat 
erhöhter (ca. 2- bis 4-facher) Invertaseaktivtät in den Blättern in früheren Stadien der 
Pflanzenentwicklung eine verstärkte Mykorrhizierung mit höherer Dichte pilzlicher Struk-
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turen auf  (Schaarschmidt et al. 2006c). Ausgeprägte phänotypische Symptome, die auf die 
moderat erhöhte Invertaseaktivität in den Blättern zurückzuführen wären, ließen sich in 
diesem Stadium der Pflanzenentwicklung nicht beobachten. Dahingegen wiesen Pflanzen 
mit deutlich erhöhter (mehr als 10-facher bis über 25-facher) Blatt-Invertaseaktivität vor 
allem in späteren Stadien der Pflanzenentwicklung starke Blattchlorosen auf, die teilweise 
in Nekrosen übergingen. Diese Pflanzen zeigten eine reduzierte Mykorrhizierung  
(Schaarschmidt et al. 2006c).  
 
Die phänotypischen Auswirkungen und die Reduzierung der Photosyntheseleistung der 
Pflanze durch konstitutive Expression des chimären cwINV-Genes der apoplastisch lokali-
sierten Hefe-Invertase wurden bereits detailliert beschrieben (von Schaewen et al. 1990, 
Sonnewald et al. 1991). Da Saccharose die Haupttransportform für Kohlenhydrate in der 
Pflanze darstellt, werden durch deren verstärkte Hydrolyse in den photosynthetisch aktiven 
Blättern die dort gebildeten Kohlenhydrate nur unzureichend in sink-Gewebe abgeführt. 
Dies führt zu einer Akkumulation von Hexosen in den source-Blättern, die eine Herab-
regulation der Photosynthese einschließlich der zu beobachteten Chlorosen und Nekrosen 
der Blätter bewirkt. Der Stau an Hexosen in source-Blättern resultiert überdies in einer 
Unterversorgung der sink-Organe. Zudem zeigen homozygote NT 35S::cwINV-Pflanzen 
eine Aktivierung von Hexose-induzierten Abwehrmechanismen, wie die Akkumulation 
von PR-Gentranskripten, Salicylat und phenolischen Substanzen, sowie eine Resistenz ge-
genüber PVY (Herbers et al. 1996, Herbers et al. 2000, Baumert et al. 2001).  
Die Reduktion der AM in Pflanzen mit hoher extrazellulärer Invertaseaktivität der Blätter 
kann daher auf die Unterversorgung der Wurzel mit Kohlenhydraten sowie auf einen 
erhöhten Abwehrstatus der Pflanze zurückgeführt werden. Übereinstimmend wurden in 
diesen Pflanzen reduzierte Saccharose- und Hexosegehalte der Wurzeln bei gleichzeitig 
starkem Anstieg der Hexosegehalte der Blätter sowie Transkriptakkumulationen von PR-
Genen in den Blättern nachgewiesen (Schaarschmidt et al. 2006c). 
 
In Gegensatz zu dieser Akkumulation von Hexosen durch stark erhöhte Invertase-
aktivitäten in den Blättern wiesen Pflanzen mit moderat erhöhter apoplastischer Invertase-
aktivität und stimulierter Mykorrhizierung unveränderte oder leicht reduzierte Hexosege-
halte in den Blättern auf (Schaarschmidt et al. 2006c). Die Wurzeln zeigten in ihrem steady 
state-Level allerdings ebenfalls reduzierte Hexose- und Saccharosegehalte. Die verstärkte 
Mykorrhizierung war daher nicht eindeutig auf eine verbesserte Versorgung des Pilzes 
zurückzuführen. Es konnten jedoch zahlreiche metabolische Veränderungen in den Wur-
zeln dieser transgenen Pflanzen im Vergleich zum Wildtyp detektiert werden (Schaar- 
schmidt et al. 2006c). So waren die Gehalte an phenolischen Verbindungen (Chlorogen-
säure und Scopolin), Aminen (Tyramin, Octopamin, Dopamin, Nicotin) und Aminosäuren 
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(u.a. 4-Aminobuttersäure [GABA] und 5-Aminovaleriansäure) in diesen Wurzeln redu-
ziert.  
Alle genannten Metabolite sind im Zusammenhang mit der Resistenz bzw. der Sensibilität 
von Pflanzen gegenüber Pathogenen beschrieben. Chlorogensäure-Isomere und Scopolin 
akkumulieren beispielsweise in PVY-infiziertem Wildtyp-Tabak (Baumert et al. 2001). 
Zudem zeigten in dieser Studie homozygote NT 35S::cwINV-Pflanzen erhöhte Gehalte die-
ser phenolischen Verbindungen und eine Resistenz gegenüber PVY. Amine wie Octopa-
min, Putrescin und Spermidin akkumulieren in Blättern der Gerste (Hordeum vulgare) 
während der hypersensitiven Reaktion gegenüber dem biotrophen Pathogen Blumeria gra-
minis hordei und in Elicitor-behandelten Kartoffelknollen (Solanum tuberosum) (Cow-ley 
& Walters 2002, Matsuda et al. 2005). Erhöhte Gehalte an Aminosäuren, einschließlich  
GABA, wurden in den Apoplasten von Tomatenblättern während der Infektion mit dem 
biotrophen Pathogen Cladosporium fulvum nachgewiesen (Solomon & Oliver 2001). 
GABA akkumuliert zudem in Blättern von Sojabohne (Glycine max) als Antwort auf abio-
tische Stressfaktoren wie Verwundung und wird u.a. als Schutzmechanismus gegenüber 
Herbivoren diskutiert (Wallace et al. 1984; zur Übersicht siehe auch Bown & Shelp 1997, 
Bown et al. 2006). Die Applikation von Isomeren von GABA und 5-Aminovaleriansäure 
induziert in verschiedenen Pflanzen, u.a. Arabidopsis, eine lokale oder systemische Resis-
tenz gegenüber einer Reihe von Pathogenen – einschließlich pathogenen Pilzen (Zimmerli 
et al. 2000, 2001, Cohen 2002, Ton & Mauch-Mani 2004). 
Weiterhin wurde in den NT 35S::cwINV-Pflanzen mit moderat erhöhter apoplastischer 
Invertaseaktivität in den Blättern ein Anstieg von Abszissinsäure (ABA) in den Wurzeln 
festgestellt. Die Blätter zeigten dagegen geringere bzw. nicht reproduzierbare Verän-
derungen. Für die Interaktion mit Mikroorganismen wurde gezeigt, dass die pflanzliche 
Suszeptibilität u.a. durch ABA beeinflusst wird. So zeigte die Analyse von Tomaten-
mutanten mit reduzierten ABA-Gehalten nicht nur eine höhere Resistenz der Mutanten 
gegenüber nekrotrophen pathogenen Pilzen, sondern auch eine reduzierte Interaktion mit 
AM-Pilzen (Audenaert et al. 2002, Herrera et al. 2006). In beiden Systemen konnte die 
Suszeptibilität der Mutante durch Applikation von ABA wieder hergestellt und im Wildtyp 
sogar erhöht werden.  
Die Stimulierung der Mykorrhizierung in NT 35S::cwINV-Pflanzen mit nur moderat er-
höhter Blatt-Invertaseaktivität könnte somit auf eine Änderung des Abwehr- und Hormon-
status der Wurzel zugunsten ihrer Suszeptibilität zurückgeführt werden. Eine direkte oder 
indirekte Aktivierung der Biosynthese von abwehrrelevanten Metaboliten (einschließlich 
phenolischen Verbindungen) wie auch von Phytohormonen (einschließlich ABA) durch 
apoplastische Invertasen bzw. Glucose wurde gezeigt (Baumert et al. 2001,  Cheng et al. 
2002; zur Übersicht siehe auch Leon & Sheen 2003, Roitsch et al. 2003, Rolland et al. 
2006). Die Regulation der ABA-Biosynthese in Pflanzen durch die Signalfunktion der Glu-
cose ist vor allem für entwicklungsbiologische Prozesse, wie die frühe Keimlingsent-
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wicklung und die Blattseneszenz, beschrieben (Cheng et al. 2002, Pourtau et al. 2004). In 
Wurzeln von NT 35S::cwINV-Pflanzen mit moderat erhöhter Invertaseaktivität erscheint 
eine solche Regulation über Glucose allein jedoch unwahrscheinlich, da hier die Gehalte 
phenolischer Verbindungen und die Gehalte von ABA in entgegengesetzter Weise 
verändert sind (Schaarschmidt et al. 2006c). Zudem zeigten alle heterozygoten NT 
35S::cwINV-Pflanzen, unabhängig von ihrem Mykorrhiza-Phänotyp, eine ähnliche Reduk-
tion der steady state-Level von Glucose im Vergleich zum Wildtyp. Die Ergebnisse der 
vorliegenden Arbeit deuten vielmehr auf eine komplexe regulatorische Funktion der 
apoplastischen Invertasen der Blätter auf die Ausbildung der AM in der Wurzel hin. 
 
Die mutualistische Interaktion in der AM wird somit unter anderem durch die apoplas-
tische Invertaseaktivität und den Kohlenhydratstatus der Blätter kontrolliert, welche so-
wohl die Kohlenhydratversorgung wie auch den Hormonstatus und die Abehrmechanismen 
in der Wurzel beeinflussen. Letztendlich kann durch erhöhte Invertaseaktivitäten in den 
Blättern eine Stimulierung oder Reduzierung der Mykorrhizierung erfolgen – jeweils 
unabhängig von der apoplastischen Invertaseaktivität der Wurzel. 
 
II. 5 Schlussfolgerungen 

Zusammenfassend kann festgehalten werden, dass insbesondere apoplastische Invertasen 
der Wurzel eine wichtige Rolle in der Versorgung des obligat biotrophen AM-Pilzes ein-
nehmen. In mykorrhizierten Wildtyp-Pflanzen wurden erhöhte Promotoraktivitäten, Tran-
skriptakkumulationen und Enzymaktivitäten nachgewiesen (schematisch dargestellt in 
Abb. 5A). Unter normalen Wachstumsbedingungen ist die Versorgung des Pilzes mit 
Hexosen allerdings nicht limitierend für die AM, so dass die Mykorrhizierung durch er-
höhte Invertaseaktivitäten in der Wurzel – unabhängig ihrer subzellulären Lokalisierung – 
nicht verbessert oder gefördert werden konnte (Abb. 5B). Demgegenüber resultierten ver-
ringerte apoplastische Invertaseaktivitäten in der Wurzel in einer reduzierten Mykorrhizie-
rung (Abb. 5C). 
Zusätzlich zu der Bereitstellung verfügbarer Zucker durch die Invertasen in der Wurzel 
kann die Ausbildung der mutualistischen AM durch die apoplastische Invertaseaktivität der 
source-Blätter reguliert werden. Diese Regulation auf Ganzpflanzenniveau erfolgt vermut-
lich durch Modulation des pflanzlichen Kohlenhydratstatus und damit einhergehender 
Änderungen des Abwehrstatus der Pflanze. So führte eine starke Modulation der source/ 
sink-Relationen zu einer Unterversorgung der Wurzel sowie einer Akkumulation von PR-
Transkripten in den Blättern und letztendlich in einer verringerten Mykorrhizierung (Abb. 
5D). Im Gegensatz dazu resultierte die moderate Modulation der source/sink-Relationen in 
einer Repression von abwehrrelevanten Mechanismen in der Wurzel und einer damit ein-
hergehenden Stimulierung der AM (Abb. 5E).  
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Abbildung 5: Schematische Darstellung modulierter apoplastischer Invertaseaktivität und ihre 
Wirkung auf die Mykorrhizierung in Tabak. A: In Wildtyp-Pflanzen wurden erhöhte Enzym-
aktivitäten in mykorrhizierten Wurzeln detektiert. B: Transgener Tabak mit wurzelspezifisch 
erhöhter Enzymaktivität zeigte keinen Effekt auf die Mykorrhizierung. C: Transgener Tabak 
mit wurzelspezifisch reduzierter Enzymaktivität wies eine reduzierte Mykorrhizierung auf. D: 
Konstitutive Überexpression apoplastisch lokalisierter Invertase führte in Pflanzen mit stark 
erhöhter Enzymaktivität in den Blättern zu einer reduzierten Mykorrhizierung. E: Konstitutive 
Überexpression apoplastisch lokalisierter Invertase führte in Pflanzen mit moderat erhöhter 
Enzymaktivität in den Blättern zu einer stimulierten Mykorrhizierung. Zur Verdeutlichung der 
Mykorrhizierung sind Wurzeln gezeigt, in denen die Pilzstrukturen mit Tinte nach Vierheilig 
et al. (1998) angefärbt wurden. INV: apoplastische Invertaseaktivität, Hex: Gehalt and Gluco-
se und Fructose, Myk: Mykorrhizierung, ABA: Abszissinsäure. 
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III. ZUSAMMENFASSUNG 

Im Mittelpunkt der vorliegenden Arbeit stand die Analyse der Bedeutung des pflanzlichen 
Kohlenhydratstatus – unter besonderer Berücksichtigung der apoplastischen Invertasen – 
für die Ausbildung und Funktion der arbuskulären Mykorrhiza (AM). In dieser mutualisti-
schen Interaktion ist der obligat biotrophe Pilz von der Kohlenhydratversorgung der Pflan-
ze mittels apoplastischer Hexosen angewiesen. Einige Daten über erhöhte Transkript- und/ 
oder Aktivitätslevels Saccharose-spaltender pflanzlicher Enzyme in mykorrhizierten Wur-
zeln lagen vor, wobei ein Effekt auf apoplastische Invertasen nur in einer Studie gezeigt 
werden konnte. Durch ihre Rolle in der Phloementladung und der Bereitstellung apo-
plastischer Hexosen wird insbesondere für diese Enzyme eine wichtige Funktion in der 
Kohlenhydratversorgung pflanzlicher sink-Organe sowie des AM-Pilzes vermutet. Eine 
funktionelle Bedeutung pflanzlicher Saccharose-spaltender Enzyme – einschließlich der 
apoplastischen Invertasen – für die Kohlenhydratversorgung des Pilzes ist bislang jedoch 
nicht gezeigt. Eine Regulation der AM über die Steuerung von Abwehrmechanismen in der 
Pflanze durch apoplastische Invertasen und Hexosen als Signalmoleküle, wie sie für patho-
gene Interaktionen vermutet wird, wurde bislang nicht analysiert. Im Rahmen dieser Arbeit 
wurde daher der Kohlenhydratstatus der Pflanze in erster Linie durch Expression einer 
apoplastisch lokalisierten Hefe-Invertase moduliert und die Auswirkungen auf die AM 
untersucht. Da kaum Daten über apoplastische Invertasen in der AM vorlagen, wurden 
zudem Wildtyp-Pflanzen in Hinblick auf eine Induktion extrazellulärer Invertasen während 
der Mykorrhizierung analysiert.  
 
• Mittels einer in situ-Aktivitätsfärbung konnten in Glomus intraradices-inokulierten 

Wurzeln von Wildtyp-Tabak (Nicotiana tabacum) und -Tomate (Lycopersicon esculen-
tum) erhöhte Invertaseaktivitäten im Bereich pilzlicher Strukturen sowie dem Phloem 
nachgewiesen werden. Die Analyse der apoplastischen Tomateninvertase LIN6 zeigte, 
insbesondere in Stadien mit hohem Kohlenhydratbedarf, eine Promotoraktivierung und 
erhöhte Transkriptakkumulationen in mykorrhizierten Wurzeln auf. Diese waren ent-
sprechend der Enzymaktivität im Bereich der Arbuskel und Hyphen sowie im Phloem 
lokalisiert. 

 
• Um die Auswirkungen einer spezifischen Überexpression von Invertasen in der Wurzel 

auf die AM zu analysieren, wurde das Alkohol-induzierbare (alc) Promotorsystem in 
transgenen Tabakpflanzen sowie die Agrobacterium rhizogenes-vermittelte Wurzel-
transformation von Medicago truncatula genutzt. Mittels dieser Systeme erfolgte eine 
wurzelspezifische Expression von chimären Genen, die jeweils für eine Hefe-Invertase 
mit apoplastischer, vakuolärer oder cytosolischer Lokalisierung kodieren. In diesen 
Invertase-überexprimierenden Pflanzen konnten trotz erhöhten Glucose- und Fructose-
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gehalten der Wurzel keine Auswirkungen auf die Ausbildung und Funktion der AM 
nach G. intraradices-Inokulation nachgewiesen werden. Eine Transkriptakkumulation 
von PR-Genen durch eine erhöhte apoplastische Invertaseaktivität der Wurzel war nicht 
nachweisbar.  

 
• Tabakpflanzen mit reduzierter apoplastischer Invertaseaktivität der Wurzel, realisiert 

durch die Expression eines Inhibitors saurer Invertasen aus Arabidospis thaliana 
(AtC/VIF2) unter dem pyk10-Promotor, zeigten verringerte Hexosegehalte der Wurzel 
und eine reduzierte Mykorrhizierung mit G. intraradices. Eine geringere Kolonisierung 
mit reduzierter Abundanz pilzlicher Vesikel und Sporen wurde zudem in Pflanzen mit 
gestörter Phloembeladung und Unterversorgung der Wurzel, durch phloemspezifische 
Expression eines Pyrophosphatase-Gens aus Escherichia coli, detektiert. 

 
• In heterozygoten Pflanzen mit konstitutiver Expression des chimären Gens einer apo-

plastisch lokalisierten Hefe-Invertase war bei gleichzeitig geringen Änderungen in der 
Invertaseaktivität der Wurzel die Kolonisierung mit G. intraradices entweder verringert 
oder stimuliert. Hier zeigte sich ein Zusammenhang zwischen apoplastischer Invertase-
aktivität der Blätter und der Mykorrhizierung der Wurzel. Pflanzen mit drastischer Er-
höhung der Blatt-Invertaseaktivität zeigten eine starke Akkumulation von Hexosen und 
erhöhte Transkriptakkumulationen von PR-Genen in den Blättern sowie eine Unter-
versorgung der Wurzel und letztendlich eine verringerte Mykorrhizierung. In Gegensatz 
dazu waren Pflanzen mit moderater Erhöhung der apoplastischen Invertaseaktivität im 
Blatt durch geringere Gehalte der Wurzel an abwehrrelevanten Metaboliten, wie pheno-
lischen Verbindungen, Aminen oder Aminosäuren, sowie durch erhöhte Abszissin-
säuregehalte in der Wurzel gekennzeichnet. In diesen Pflanzen wurde parallel zu dem 
geringeren Abwehrstatus und dem veränderten Hormonstatus der Wurzel eine verstärkte 
Mykorrhizierung festgestellt. Dies deutet, neben einer Funktion in der Versorgung des 
AM-Pilzes in der Wurzel, auf eine regulatorische Funktion apoplastischer Invertasen im 
Blatt in der Ausbildung der AM auf Ganzpflanzenniveau hin.  

 
• Inwieweit die stärkere Kolonisierung von Pflanzen mit moderat erhöhter Invertase-

aktivität in den Blättern Auswirkungen auf die Funktionalität der AM hat, wurde in der 
vorliegenden Arbeit nicht eingehend untersucht. Die Metabolitenanalyse dieser Pflan-
zen deutete jedoch anhand erhöhter Gehalte von Phosphaten sowie einigen stickstoff-
haltigen Verbindungen auf eine verbesserte Nährstoffversorgung der Pflanze hin. Die 
detaillierte Analyse des Nutzens der Pflanze von der verstärkten Besiedlung durch den 
AM-Pilz, wie z.B. die Nährstoffversorgung aber auch die Stresstoleranz dieser Pflan-
zen, bildet Gegenstand weiterführender Untersuchungen.  
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• Ob die aufgezeigte Regulation der Pflanze-Mikroorganismen-Interaktion über die apo-
plastische Invertaseaktivität der Blätter spezifisch für die AM ist, oder ob ähnliche 
Effekte auch in anderen mutualistischen Interaktionen (wie z.B. die Nodulation oder die 
Ektomykorrhiza) oder in der Interaktion mit Wurzelpathogenen (wie z.B. Phytophtora 
parasitica oder Pythium aphanidermatum) zu beobachten sind, konnte im Rahmen 
dieser Arbeit nicht geklärt werden. Zudem bleibt die Identifizierung der involvierten 
Signale bzw. Signalvermittler zwischen erhöhter apoplastischer Invertaseaktivität im 
Blatt und verändertem Abwehr- und Hormonstatus der Wurzel sowie die Rolle der 
Zucker in dieser Regulation offen. Für solche weiterführenden Untersuchungen wäre 
jedoch zunächst die Entwicklung und Etablierung eines standardisierten Systems – 
anstelle der Nutzung heterozygoter Pflanzen – notwendig. 
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Acetaldehyde

Sara Schaarschmidt 1, Nan Qu 2, 3, Dieter Strack 1, Uwe Sonnewald 2 and Bettina Hause 1, 4

1 Leibniz-Institut für Pflanzenbiochemie (IPB), Weinberg 3, D-06120 Halle (Saale), Germany 
2 Institut für Pflanzengenetik und Kulturpflanzenforschung (IPK), Corrensstrasse 3, D-06466 Gatersleben, Germany

;
The alc promoter system, derived from the filamen-

tous fungi Aspergillus nidulans, allows chemically regu-
lated gene expression in plants and thereby the study of
gene function as well as metabolic and developmental proc-
esses. In addition to ethanol, this system can be activated by
acetaldehyde, described as the physiological inducer in A.
nidulans. Here, we show that in contrast to ethanol, acetal-
dehyde allows tissue-specific activation of the alc promoter
in transgenic tobacco plants. Soil drenching with aqueous
acetaldehyde solutions at a concentration of 0.05% (v/v)
resulted in the rapid and temporary induction of the alc
gene expression system exclusively in roots. In addition, the
split root system allows activation to be restricted to the
treated part of the root. The temporary activation of the alc
system by soil drenching with acetaldehyde could be pro-
longed over several weeks by subsequent applications at
intervals of 7 d. This effect was demonstrated for the root-
specific induction of a yeast-derived apoplast-located inver-
tase under the control of the alcohol-inducible promoter
system. In leaves, which exhibit a lower responsiveness to
acetaldehyde than roots, the alc system was induced in the
directly treated tissue only. Thus, acetaldehyde can be used
as a local inducer of the alc gene expression system in
tobacco plants.

Keywords: Acetaldehyde — alc system — Apoplastic inver-
tase — Chemically inducible gene expression — Nicotiana
tabacum — Root-specific induction.

Abbreviations: BTH, benzothiadiazole; CaMV, cauliflower
mosaic virus; EcR, ecdysone receptor; GUS, β-glucuronidase;
GAPDH, glyceraldehyde phosphate dehydrogenase; VP16, herpes
simplex virus protein 16.

Introduction

Chemically inducible systems that activate or inactivate
gene expression represent powerful tools to study gene function
as well as biochemical, physiological and developmental proc-
esses in plants. Several chemically inducible promoter systems
have been developed (for review, see Gatz and Lenk 1998, Zuo

and Chua 2000, Padidam 2003). They are mostly based on
mechanisms of non-plant gene regulation responding to exter-
nal signals that do not usually appear in higher plants. The
most prominent examples are the tetracycline-triggered pro-
moter systems based on the bacterial tetracycline repressor
TetR, and the glucocortinoid-receptor-based steroid-inducible
system. The tetracycline-inducible system represents a de-
repression system in which the repressor protein TetR blocks
the target promoter by binding to tet operator sites, introduced
into the respective promoter (Gatz and Quail 1988, Gatz et al.
1992). The antibiotic tetracycline abolishes the binding of TetR
to DNA, thereby relieving the repression. In the tetracycline-
inactivation system the repressor TetR is fused to an acidic acti-
vation sequence of herpes simplex virus protein 16 (VP16)
(Gossen and Bujard 1992, Weinmann et al. 1994). In this case,
the repressor is converted into an activator (tTA), which loses
its DNA-binding ability upon tetracycline binding to the TetR
moiety. The steroid-inducible system makes use of the ligand-
binding domain of a mammalian-derived glucocorticoid recep-
tor. Glucocorticoid-dependent transcription is based on the
inhibitory interaction between the heat shock protein HSP90
and the steroid-binding domain of the receptor, thus inactivat-
ing the receptor. In the presence of a steroid, the ligand associ-
ates with the receptor leading to the release of HSP90 and
activating the receptor. The glucocorticoid receptor-binding
domain has been fused to different plant transcription factors
(Aoyama and Chua 1997, Simon et al. 1996). For a transcrip-
tional control system that can be combined with any gene, the
receptor is fused to a protein complex consisting of the GAL4
DNA-binding domain of yeast and the VP16 activation domain,
forming all together the GVG activator (Aoyama and Chua
1997). Both receptors can be combined to develop a gene
expression system inducible by the steroid dexamethasone and
repressible by tetracycline (Boehner et al. 1999). Inducible sys-
tems that could be activated by non-steroidal agonists have also
been developed, based on the insect ecdysone receptor (EcR)
and the use of registered agrochemicals as inducing agents
(Martinez et al. 1999, Padidam et al. 2003). Furthermore, some
endogenous plant promoters responding to specific chemicals
have been isolated, like the PR-1a promoter, which responds to
benzothiadiazole (BTH) (Goerlach et al. 1996).

For the widespread application of chemically inducible
systems in plants, specific characteristics of the inducers are

3 Present address: Max Planck Institute for Chemical Ecology, Beutenberg Campus, Hans-Knöll-Strasse 8, D-07745 Jena, Germany
4 Corresponding author: E-mail, bhause@ipb-halle.de; Fax, +49-345-5582-1509.
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required. Such features are in particular a high specificity for
the transgene and the compatibility of the plant and the envi-
ronment. Furthermore, the inducers should allow convenient
application with high efficiency at low concentrations, result-
ing in low use rates and low costs.

Most endogenous plant promoters are not highly specific
for the transgene, leading to an additional induction of genes
which are also controlled by the regulatory sequence. There-
fore, the use of well-characterized regulatory elements from
evolutionarily distant organisms, like yeast or mammalians, is
favored. But, not all of the available non-plant gene regulation
systems really accomplish these requirements. For example,
activation of the glucocorticoid-inducible transcription system
by dexamethasone can cause severe growth defects and the
induction of defense-related genes in Arabidopsis (Kang et al.
1999). These effects were suggested to result from the system
itself, either by the nuclear localization of GVG after glucocor-
ticoid binding or due to the potent VP16 transactivator domain.
The tetracycline-inducible system requires high concentrations
of the repressor TetR due to the fact that the repressor competes
with endogenous transcription factors for access to the target
promoter binding site. Even though the system could be suc-
cessfully established for tobacco and potato, it does not work in
Arabidopsis, which possibly does not tolerate the amounts of
TetR needed for efficient repression. In some cases high levels
of the repressor were also shown to have adverse effects on
tomato plants (Corlett et al. 1996).

A promising alternative to the systems mentioned above
has been recently established (Salter et al. 1998). The alcohol-
inducible alc gene expression system is based on the regula-
tory elements of the strongly inducible Aspergillus nidulans
alcA promoter. The transcriptional activation of the alcA gene
by ethanol or other alcohols and small ketones like 2-butanone
(Flipphi et al. 2002) is mediated by the AlcR transactivator, a
DNA-binding protein belonging to the C6 zinc binuclear clus-
ter family (Panozzo et al. 1997; for detailed review of the fun-
gal system, see Felenbok et al. 2001). In plants, the regulator
alcR is expressed under the control of the cauliflower mosaic
virus (CaMV) 35S promoter, so that in the presence of a chemi-
cal inducer AlcR will activate the expression of any gene fused
to a modified alcA promoter (Caddick et al. 1998, Salter et al.
1998). The alcohol-inducible gene expression system could
already be established for different plants like Arabidopsis thal-
iana, Nicotiana tabacum, Solanum tuberosum and Brassica
napus using ethanol as inducer (Roslan et al. 2001, Salter et al.
1998, Sweetman et al. 2002). Furthermore, recent studies indi-
cate that the alc system can also be used for the temporal and
spatial control of gene silencing by the inducible expression of
double-stranded RNA (Chen et al. 2003). Since acetaldehyde
was proposed to be the physiological inducer of the alc gene
system (Flipphi et al. 2002), first investigations have been car-
ried out testing this substance in transgenic systems. Data indi-
cated a more rapid response of potato (S. tuberosum) plants
carrying the alc system to treatment with acetaldehyde com-

pared with ethanol (Junker et al. 2003). Moreover, a low effect
of acetaldehyde on the plant metabolism could be shown. To
achieve tissue-specific induction of reporter gene expression,
the alc promoter system was combined with tissue-specific
promoters to control the expression of alcR. In potato, the B33
patatin promoter was used to induce the alc system and under-
lying genes tuber specifically (Junker et al. 2003). A restricted
activation of the alc system in Arabidopsis using different pro-
moter combinations was shown by Deveaux et al. (2003). The
authors were able to express the alcohol-regulated transcrip-
tion factor AlcR limited to subdomains of the shoot apical and
floral meristems. This aspect of temporal as well as spatial con-
trol of gene regulation provides a powerful tool for studying
gene function during plant development as well as physiologi-
cal and metabolical processes in defined plant tissues.

To enhance the potential of tissue-specific activation of
genes of interest by the alc system without the necessity of tis-
sue-specific promoters, we investigated the effect of acetalde-
hyde on the alc system in specific plant tissues of transgenic
tobacco (N. tabacum) plants. Using alc::uidA plants, we char-
acterized the responsiveness of roots and single leaves to
acetaldehyde by testing different concentrations as well as
plant tissue of different ages. Furthermore, we optimized the
acetaldehyde application to obtain long-lasting activation of the
alc system in roots. Using tobacco plants expressing an apo-
plast-located yeast-derived invertase under the control of the
alcohol-inducible promoter, we demonstrated the functional
induction of the enzyme upon drenching with acetaldehyde,
leading to a root-restricted alteration of the ratio between hex-
oses and sucrose.

Results

Root-specific induction by soil drenching
To examine the potential applicability of ethanol and

acetaldehyde to a root-specific activation of the alc promoter
system, tobacco plants carrying the alc::uidA construct were
soil-drenched with different concentrations of each of the
inducers. Ethanol concentrations in the range 0.05–0.5% (v/v)
applied to the root system resulted in a relatively slight increase
in β-glucuronidase (GUS) activity in roots (Fig. 1a). Despite
the bagging of pots immediately after treatment, concentra-
tions of >0.2% (v/v) showed strong induction of the alc system
in young leaves, whereas GUS activity in roots showed a slight
increase only. In contrast, application of acetaldehyde at very
low concentrations resulted in marked root-specific induction
of the alc promoter system (Fig. 1b). In particular, acetalde-
hyde concentrations of 0.01–0.1% (v/v) led to a nearly propor-
tional increase in GUS activity in roots, whereas concentrations
up to 0.05% (v/v) had no detectable effect on GUS activity in
leaves. Higher concentrations showed only a slight induction in
leaf tissue. Drenching with acetaldehyde at concentrations up
to 0.1% (v/v) seemed to have no negative effect on plant vigor
as shown by the total protein content and activity of glyceralde-
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hyde phosphate dehydrogenase (GAPDH) as internal control
enzyme (Fig. 1c). The protein content of the roots remained
constant upon treatment with acetaldehyde and the GAPDH
activity did not decrease until acetaldehyde concentrations
exceeded 0.1% (v/v). Acetaldehyde at a concentration of 0.2%
(v/v) might damage the root as indicated by a decrease in
GAPDH and GUS activity.

According to the presented results, further experiments on
the root-specific induction of the alc gene expression system
were carried out using 0.05% (v/v) acetaldehyde. Soil drench-
ing of plants in unbagged pots did not cause changes in the
activation levels in roots and leaves compared with plants in
bagged pots (data not shown). Therefore, bagging of the pots
was omitted in the following experiments. Flooding of the
plants with water for 5 and 12 d, which possibly results in
anaerobic conditions, did not affect the alc system in roots or
leaves of transgenic tobacco plants (data not shown).

All acetaldehyde concentrations tested showed a transient
effect indicated by a decrease in GUS activity 8 d after applica-
tion down to 10% or 20% of the activity shown 2 d after treat-
ment (data not shown). To achieve long-lasting effects we
tested repetitions of acetaldehyde application at different inter-
vals. Alc::uidA tobacco plants were drenched with 0.05% (v/v)
acetaldehyde once, twice (data not shown) or three times at
intervals of 24 h and 48 h, respectively. Controls treated with
water showed no activation of the alc promoter (data not
shown). Activation in leaves was not detectable in all experi-
ments performed using acetaldehyde. Fig. 2 shows the induc-
tion of GUS activity in roots. A single drenching with
acetaldehyde resulted in an increase in GUS activity lasting
about 1 week (Fig. 2a). The GAPDH activity of roots remained
at a nearly constant level. Repeated acetaldehyde application at
intervals of 24 h did not significantly increase GUS activity
(Fig. 2b). In addition, decreasing GAPDH activity indicated a
negative effect on plant vigor of successive treatments at short
intervals. Triple drenching at intervals of 48 h resulted in a
nearly linear increase in GUS activity (Fig. 2c). After a slight
decrease, GAPDH activity increased to the previous level indi-
cating the plant’s ability for rapid recovery. However, a long-
lasting effect on the induction of GUS activity could not be
obtained. GUS activity decreased again rapidly 9 d after the
first treatment. Thus, to activate the alc system over a long
period subsequent applications of acetaldehyde at greater time
intervals seemed to be more appropriate as shown for the long-
lasting induction of a yeast-derived invertase by weekly acetal-
dehyde treatment (see below).

To analyze a possible effect of plant development on the
activation of the alcohol-inducible promoter system in roots,
alc::uidA tobacco plants of various ages were soil-drenched
with acetaldehyde (Fig. 2d). By this, it could be shown that the
response to acetaldehyde was age dependent. In particular, in
roots of 6- to 8-week-old plants soil drenching with 0.05% (v/
v) acetaldehyde caused 2- to 5-fold higher GUS activity than in
roots of 10- to 14-week-old plants, indicating higher respon-
siveness of young plants.

To visualize the root-specific induction of the alc pro-
moter by drenching with acetaldehyde, histological GUS deter-
mination was carried out. In accordance with the presented
results based on the fluorimetric determination of GUS activ-
ity, plants treated once with 0.05% (v/v) acetaldehyde exhib-
ited root-located GUS staining (Fig. 3a). Roots showed a

Fig. 1 Activation of the alc system by different concentrations of eth-
anol and acetaldehyde, respectively. GUS activity in roots (squares),
young leaves (triangles) and older leaves (circles) of 8-week-old alc::
uidA tobacco plants 2 d after soil drenching once with 100 ml diluted
ethanol (a) or acetaldehyde (b). To prevent formation of vapor, pots
were bagged immediately after treatment. After soil drenching, etha-
nol- and acetaldehyde-treated plants were cultivated in separate green-
house chambers under similar growth conditions. (c) GAPDH activity
and protein content of roots treated with different acetaldehyde con-
centrations (n = 3).
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stronger staining 2 d after application of acetaldehyde com-
pared with 6 d after treatment. Moreover, root tips were stained
only at 2 d but not at 6 d after treatment. This suggested transient
induction of the alc system by acetaldehyde, because new-grown
tissue was not affected by previous acetaldehyde application.

To test the possible translocation of the inducer, root sys-
tems of alc::uidA tobacco plants were split onto two pots. One
part of the root system was triple treated with 0.05% acetalde-
hyde at intervals of 48 h, whereas the other part was treated
with water (Fig. 3b). Both histological and fluorimetrical deter-
mination of GUS activity demonstrated induction restricted to
the acetaldehyde-treated part of the root system. In both parts
GAPDH activity was almost unaffected. Therefore, drenching
with acetaldehyde at a concentration of 0.05% (v/v) activated
the alc system only in roots treated directly with acetaldehyde.
This allows root-specific induction of genes of interest under
the control of the alc promoter in transgenic plants as shown
below for alc::cwINV tobacco plants.

Leaf-specific induction by infiltration
To test whether acetaldehyde can also be used for local

gene activation in above-ground plant tissues, leaves of alc::uid
tobacco plants were treated with different concentrations of
acetaldehyde by infiltration into the intercostal regions (Fig.
4a). Histochemical GUS determinations revealed lower respon-
siveness of leaves to acetaldehyde as compared with roots. In
particular, treatment of medium-aged leaves with acetaldehyde
concentrations up to 1% (v/v) resulted in no GUS staining,
whereas infiltration with concentrations of 2% (v/v) and 5% (v/
v) led to an induction of the GUS activity in and directly
around the treated leaf area. The same effect could be obtained
for acetaldehyde application by dipping and brushing (data not
shown). Fluorimetric GUS determination indicated that the
induction of the alc system by infiltration of 5% (v/v) acetalde-
hyde is highly specific for the treated leaf (Fig. 4b). The
directly treated leaf area showed the highest induction of GUS
activity. Less activity could be detected in the surrounding tis-
sue as shown before by histological GUS staining. Other plant
tissues, like the upper and lower leaves, stem and leaf stalks as
well as roots, exhibited negligible GUS activity (Fig. 4b). Fur-
thermore, the local effect of acetaldehyde in leaves was corrob-

orated by the histological GUS analysis of leaves showing no
staining of leaf veins (Fig. 4a, insets).

To analyze the response of leaves at different developmen-
tal stages to acetaldehyde, histochemical and fluorimetric GUS

Fig. 2 Time courses of the induction of GUS activity by repeated soil
drenching with acetaldehyde. (a) GUS activity in roots (squares),
young leaves (triangles) and older leaves (circles) of 8-week-old alc::
uidA tobacco plants after a single treatment with 100 ml 0.05% (v/v)
acetaldehyde. Soil drenching with acetaldehyde was repeated at inter-
vals of 24 h (b) and 48 h (c). Arrows indicate time points of applica-
tion. As internal control for plant vitality the GAPDH activity of roots
was determined (cross). (n = 3). (d) Influence of plant age on the
induction of the alc gene expression system by soil drenching with
acetaldehyde. alc::uidA tobacco plants of different ages were drenched
twice, each time with 100 ml 0.05% (v/v) acetaldehyde with an inter-
val of 48 h. GUS activity was determined 4 d after the first treatment
(n = 6).
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determinations were carried out using leaves from transgenic
tobacco plants of differing ages injected with 5% acetaldehyde
(Fig. 4c, d). According to the results from soil drenching of dif-
ferent-aged plants, treated leaf areas of the youngest leaves
showed the highest responsiveness for acetaldehyde. With
increasing leaf age, protein content (data not shown) and
GAPDH activity (Fig. 4d) decreased, indicating a generally
decreasing activity of older leaves. Nevertheless, infiltration of
5% (v/v) acetaldehyde into the leaf did not affect the GAPDH
activity in leaves or other plant tissue (Fig. 4b, d). In conclu-
sion, acetaldehyde can be used as a local inducer of the alc
gene expression system in leaves of transgenic tobacco plants,
albeit at high concentrations.

Root-specific induction of a yeast-derived apoplastic invertase
under the control of the alc promoter

As described above, the alc system and its physiological
inducer acetaldehyde provide a time-controlled and locally
restricted induction of genes of interest in transgenic plants. To
demonstrate metabolic changes as a result of this induction, we
used transgenic tobacco plants harboring the alc::cwINV con-
struct. These plants carry a chimeric yeast-derived invertase
gene under the control of the alcohol-inducible promoter.
Fused to the potato proteinase inhibitor II signal peptide, the
invertase is targeted to the apoplast. Homozygous plants of the
T3 generation of three independent transgenic lines were tested
and did not exhibit differences in induced invertase activities
upon soil drenching with acetaldehyde (data not shown).

Fig. 3 Localization of GUS activity in roots induced by soil drenching with acetaldehyde. (a) GUS staining of 6-week-old alc::uidA tobacco
plants drenched once with 100 ml 0.05% (v/v) acetaldehyde. Whole plants were fixed and stained 2 and 6 d after treatment, respectively. Insets
show a representative root tip. Bars represent 1 cm and 50 µm in the case of insets. (b) GUS staining and determination of GUS activity of water-
and acetaldehyde-treated root parts of one representative 12-week-old alc::uidA tobacco plant. The alc system was induced by triple soil drench-
ing with 100 ml each of 0.05% (v/v) acetaldehyde at time intervals of 48 h. Seven days after the initial application a small amount of root mate-
rial was taken from each root part for fluorimetric GUS determination (small columns). The remaining material was immediately fixed and used
for GUS staining. As internal control for the vitality of the root parts GAPDH activity was measured (wide columns). H2O, water-treated root
part; Aa, acetaldehye-treated root part of one and the same plant. Bar represents 1 cm.

Fig. 4 Activation of the alc system in leaves of alc::uidA tobacco plants by acetaldehyde. (a) GUS staining of medium-aged leaves of 8-week-
old plants injected with acetaldehyde at different concentrations. Treated leaf areas were marked directly after application. Leaves were fixed and
stained 2 d after treatment. Insets show stained leaf areas after injection of 2% and 5% acetaldehyde, respectively, into the intercostal regions.
Bars represent 1 cm. (b) GUS and GAPDH activities in different plant tissues 2 d after leaf-treatment using acetaldehyde (open columns) in com-
parison with untreated plants (filled columns). In 8-week-old alc::uidA tobacco plants two intercostal regions of a medium-aged leaf were injected
with 5% (v/v) acetaldehyde. Fluorimetric GUS determination and determination of GAPDH activity as internal control for the vitality of the
plants were carried out for the directly treated leaf area, the surrounding leaf tissue, upper leaves, lower leaves, stems and leaf stalks as well as for
roots. Values represent the mean of three plants. (c) Histochemical GUS analysis of leaves of different developmental stages. GUS staining was
carried out 2 d after infiltration of two intercostal regions of each leaf with 5% (v/v) acetaldehyde. Treated leaf areas were marked immediately
after infiltration. The whole plant was fixed and stained. Insets show stained leaf areas of leaf numbers 1 and 3. Leaf number 1 presents the
youngest, leaf number 7 the oldest fully developed leaf of each plant. Bar represents 1 cm. (d) Determination of GUS and GAPDH activities in
leaves of different developmental stages. One intercostal region of each leaf of 8-week-old alc::uidA tobacco plants was injected with 5% (v/v)
acetaldehyde. The enzyme activities were measured 2 d after treatment and are shown for the directly treated leaf areas (filled columns) and the
surrounding untreated leaf areas (open columns). (n = 3).
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Fig. 4 (a–d)
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Therefore, these lines were not separated in the following
experiments, giving mean values of all three lines.

Invertase in situ staining visualized the invertase activity
induced by soil drenching with acetaldehyde (Fig. 5). Water-
treated transgenic plants showed only faint staining of the root
system, whereas plants drenched once with 0.05% acetalde-
hyde exhibited strong staining of the entire root system (Fig.
5a, c). The negative control, performed by omitting sucrose in
the staining solution, showed no background staining due to
remaining glucose in root tissue (Fig. 5b). Staining of cross-
sections of roots indicated a high invertase activity in all root
cells after induction of the alc system by acetaldehyde (Fig. 5f,
g). Thus, the induction was not limited to specific cell types.
All controls performed with sections showed no staining (Fig.
5d, e).

To achieve long-lasting induction of the alc system,
drenching with 100 ml 0.05% (v/v) acetaldehyde three times
once per week has been carried out (Fig. 6). By these treat-
ments, the invertase activity could be induced in roots over at
least 4 weeks (Fig. 6a). Neither young nor old leaves showed
increased invertase activity induced by acetaldehyde (Fig. 6b).

Variations in the supply of light and nutrients, causing severe
phenotypic effects, had no significant effect on the invertase
activity (data not shown). Increasing invertase activity resulted
in an accumulation of glucose and fructose and decreasing
amounts of sucrose in roots. The time course of the ratio
between the amounts of these two hexoses and sucrose corre-
lated with the detected invertase activity (Fig. 6c). Thus, the
yeast-derived extracellular invertase was shown to be function-
ally induced upon acetaldehyde treatment in alc::cwINV
tobacco plants.

Discussion

In this study, we established a system for the tissue-spe-
cific activation of the alc gene switch, particularly in view of a
modulation of root metabolism independently of the metabo-
lism in above-ground tissues. We could demonstrate that etha-
nol is not suitable for the exclusive activation of the alc system
in roots of transgenic tobacco plants (Fig. 1). This is in agree-
ment with the fact that soil drenching with ethanol led to an
induction of the alcohol-inducible promoter in leaves already at

Fig. 5 In situ invertase staining of alc::cwINV tobacco roots drenched with acetaldehyde. For the localization of invertase activity 2 d after
induction, 8-week-old alc::cwINV tobacco plants were soil-drenched once with 100 ml 0.05% (v/v). Control plants were water-treated. (a–c)
Staining of whole root systems (30 min, 30°C). (d–e) Staining of root cross-sections of 200 µm thickness (48 h, 30°C). Incubation with staining
solution containing 1% sucrose was carried out using water-treated (a, d) and acetaldehyde-treated (c, f, g) roots. As negative control, one part of
the acetaldehyde-treated root system and cross-sections of these roots were incubated with staining solution without sucrose (b, e). Bars represent
25 µm.
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low concentrations (Salter et al. 1998). When applied by root
drenching, the effect of ethanol on the alc promoter system in
leaves was much stronger than after the direct treatment of
leaves by spraying. Moreover, it could be shown that ethanol
vapor is an efficient inducer of the alc system in Arabidopsis
(Roslan et al. 2001) as well as in tobacco, potato and oilseed
rape (Sweetman et al. 2002). Ethanol vapor led to higher acti-
vation levels in leaves than root drenching with ethanol. There-
fore, we tried to circumvent the rise of ethanol vapor by

bagging the pots. This, however, could not prevent activation of
the alc promoter in leaves. Another inducer of the alc pro-
moter is acetaldehyde, which has recently been shown to be the
sole physiological inducer of alc gene expression in A. nidu-
lans (Flipphi et al. 2002). In transgenic potato plants, acetalde-
hyde activated the alc system more rapidly and caused less
metabolite changes than ethanol (Junker et al. 2003). Hence,
we tested acetaldehyde for induction of the alc system in
tobacco to modulate plant metabolism by the expression of
underlying genes. We demonstrated that soil drenching with
acetaldehyde leads to root-specific activation of the alc gene
expression system in tobacco. The time course of GUS activity
and GUS staining of root tips indicated a short-term effect of
acetaldehyde on the alc system (Fig. 2, 3). Moreover, we
showed that acetaldehyde allows restricted induction of the alc
system in roots and root parts by soil drenching. Additionally,
leaves in direct contact with acetaldehyde applied either by
infiltration, brushing or dipping showed an induction of the alc
system restricted to the treated leaf area. Rising acetaldehyde
vapor did not seem to have any effect on alc gene expression.
Histological and fluorimetrical GUS determinations indicated
that acetaldehyde is not subsequently translocated in the plant
tissue and has no systemic effect in tobacco plants (Fig. 3, 4).
For example, tobacco plants grown in the split root system
exhibited GUS activity only in the acetaldehyde-treated root
part but not in the water-treated part. Infiltration of the intercos-
tal regions of leaves with acetaldehyde did not result in the
induction of GUS activity in other plant tissue, particularly leaf
veins, stems and leaf stalks. This argues against the systemic
transport of the inducer. In some cases, GUS activity could also
be detected directly around the injected leaf area marked imme-
diately after treatment. This effect seems to be due to restricted
spreading of acetaldehyde by diffusion in the intercostal
regions without subsequent uptake into the veins. Neverthe-
less, infiltration of acetaldehyde had no influence on the alc
system in other plant tissues except of the treated leaf. This
temporary and local effect of acetaldehyde permits activation
of genes of interest by the alcohol-inducible promoter at
defined developmental stages in root parts as well as single
leaves and allows a direct comparison of induced and non-
induced parts of the same plant. Another strategy for control-
led tissue-restricted gene regulation has been recently shown
(Deveaux et al. 2003, Junker et al. 2003, Maizel and Weigel
2004). In these studies tissue-specific promoters were com-
bined with the alc promoter system, allowing time controlled
and highly tissue-specific activation of the alc system and
underlying genes. For tuber-specific induction in potato the
B33 patatin promoter was used (Junker et al. 2003). Combina-
tion of the alc system with the promoter of the meristem iden-
tity gene LEAFY allowed flower-specific induction (Maizel and
Weigel 2004). Deveaux et al. (2003) combined the alc system
with regulatory sequences driving the alcR transcription factor
in meristematic subdomains of Arabidopsis plants. Thus, pro-
moter combinations were revealed as an elegant method, exhib-

Fig. 6 Time course of invertase activity and resulting effects on sugar
contents in alc::cwINV plants. To induce the yeast-derived invertase,
8-week-old alc::cwINV tobacco plants were triple drenched with
100 ml each of 0.05% (v/v) acetaldehyde at intervals of 7 d (filled tri-
angles). As controls water-treated transgenic plants (open triangles)
and acetaldehyde-treated wild-type plants (circles) were used. (a) Spe-
cific invertase activity in roots (mean values of two independent exper-
iments, n = 6). (b) Specific invertase activity in leaves (mean values of
young and older leaves, n = 6). (c) Ratio of the sum of the amounts of
glucose and fructose to the amount of sucrose in roots (mean values of
two independent experiments, n = 6). Arrows indicate the time points
of acetaldehyde application.
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iting high specificity for restricted gene regulation even for
tissue subdomains. However, this strategy requires specific
constructs containing the respective tissue-specific promoters.
Irrespective of the work, those promoters are not yet available
for every plant and every special tissue. Moreover, it could be
shown by Junker et al. (2003) that using the alc system and the
B33 patatin promoter the reporter gene expression was not uni-
form but limited to the outer part of potato tubers. To date it is
not clear whether this effect is based on the activity of the pata-
tin promoter or on the accessibility of cells to the inducing
agent. Hence, constitutive expression of alcR under the CaMV
35S promoter and the subsequent specific activation of the alc
system and underlying genes by acetaldehyde offers a con-
venient alternative for temporally and locally controlled gene
regulation.

Furthermore, we characterized the responsiveness of dif-
ferent plant tissues for an application with acetaldehyde for
dependence on the developmental stage. Roots showed a nearly
100-fold higher response to acetaldehyde in comparison with
leaves. This might be due to more efficient uptake of aqueous
acetaldehyde solutions by roots than by leaves. Such an effect
has already been shown for the use of aqueous ethanol solu-
tions as inducing agent (Salter et al. 1998). Here, soil drench-
ing with 1% (v/v) ethanol revealed a higher effect on the alc
system in leaves than direct leaf treatment by spraying with
10% (v/v) ethanol. Additionally, rising ethanol vapor, probably
easily taken up by aerial parts of the plant, was shown to be a
highly efficient inducer (Roslan et al. 2001, Sweetman et al.
2002). Compared with ethanol, the wide differences in the
responsiveness of roots and leaves to acetaldehyde could be
due to the lack of effect of acetaldehyde vapor. Nevertheless, in
both tissues, the effect of acetaldehyde treatment decreased sig-
nificantly with increasing plant or leaf age. Additionally, histo-
chemical GUS determinations indicated the strongest GUS
activity upon soil drenching in young roots and particularly in
root tips. Thus, the decreasing effect of repeated soil drenching
with acetaldehyde at intervals of 7 d, which has been shown for
the induction of a yeast-derived invertase in transgenic tobacco
plants (Fig. 6), could be due to the altered responsiveness of the
plants. Adaptation of the plant to acetaldehyde, however, can-
not be excluded, but it seems to be more likely that the decreas-
ing effect of soil drenching is caused by the decreasing
responsiveness of plants over the weeks. The altered suscepti-
bility of tissues of different developmental stages could be due
to the generally lower activity of older plant tissue. This could
affect directly the responsiveness to the inducing agent or
might also affect the activity of the CaMV 35S promoter
expressing the alcR regulator. Previous studies have already
indicated that the CaMV promoter does not necessarily show
the same expression level in all tobacco tissues (Mitsuhara et
al. 1996, Harper and Stewart 2000). In these studies the CaMV
promoter has been shown to be more active in young leaves
than in older ones. It has been suggested that the CaMV 35S
promoter exhibits higher activity in the S phase of the cell cycle

(Nagata et al. 1987). Furthermore, the CaMV promoter has
been shown to be highly active in roots, especially in root tips
(Benfey et al. 1989). This could also explain the higher respon-
siveness of roots in comparison with leaves.

Nevertheless, soil drenching with acetaldehyde three times
once a week allows long-lasting induction of the alc system
over at least 1 month. In contrast, successive treatments at short
intervals as well as higher concentrations of acetaldehyde
might affect plant vigor leading to lower activation levels (Fig.
1, 2). This was for example demonstrated by tobacco roots
treated with acetaldehyde concentrations of >0.1% exhibiting
low GUS activity. This decreasing effect of higher acetalde-
hyde concentrations has also been described for transgenic
potato tubers, but with 10-fold higher concentrations (Junker et
al. 2003), again suggesting a plant- and tissue-specific optimal
concentration of the inducer. Moreover, as shown by Junker et
al. (2003) acetaldehyde had low effects on the plant metabo-
lism in an optimal range, which is specific for the respective
plant system. Therefore, optimization of acetaldehyde applica-
tion in view of the specific requirements has to be carried out
as in any other chemically inducible system.

The presented data clearly demonstrate the opportunity for
an easy to handle and temporally regulated, tissue-specific acti-
vation of the alc promoter system in plants using acetaldehyde.
To demonstrate the physiological significance of the system,
we used alc::cwINV tobacco plants expressing a yeast-derived
invertase under the control of the alcohol-inducible promoter.
Constitutive induction of yeast-derived invertase in transgenic
tobacco plants resulted in dramatic changes in plant develop-
ment and phenotype (von Schaewen et al. 1990, Sonnewald et
al. 1991). Upon constitutive invertase expression plants showed
stunted growth, bleached and necrotic lesions of leaves, a
reduced rate of photosynthesis and suppressed root formation.
Furthermore, transgenic plants expressing the yeast-derived,
apoplast-located invertase constitutively exhibited a higher
defense status due to increasing levels of phenylpropanoids
(Baumert et al. 2001) as well as enhanced expression of PR
protein genes, increasing callose content, stimulated peroxi-
dase activity and elevated salicylic acid levels (Herbers et al.
1996). Using transgenic plants expressing the invertase under
the control of the alcohol-inducible promoter system, we could
induce the apoplast-located invertase by drenching with acetal-
dehyde root-specifically without a direct effect on the metabo-
lism in leaves. Thus, the amounts of glucose, fructose and
sucrose in leaves remained constant whereas acetaldehyde-
treated roots showed an increasing amount of hexoses and a
decreasing sucrose content compared with untreated roots. We
could thus establish a powerful tool for studying metabolic
processes like carbohydrate metabolism by modulation of root
metabolism independently of the metabolism in above-ground
tissue. This system provides the possibility to analyze the influ-
ence of modulated carbohydrate metabolism on interactions
between plants and root-specific microorganisms, including
pathogens and symbionts.



Acetaldehyde as local inducer of alc gene switch 1575
Under optimized conditions, activation of the alc gene
expression system by acetaldehyde represents a highly compat-
ible chemically regulated system and complements the possi-
ble field of application given by ethanol, a well-characterized
inducer of the alc system. Summarizing the presented and pre-
vious results (see Introduction), both acetaldehyde and ethanol
provide easy to handle, non-toxic and cheap activation of genes
under the control of the alcohol-inducible promoter showing a
high specificity for the transgene. Both inducers exhibit high
efficiency at low concentrations and complement one another
to a wide range of usage including tissue-restricted induction as
well as widespread induction by either soil drenching, spray-
ing, infiltration, brushing, dipping or vaporization. Conclud-
ing, the alc gene expression system represents a chemically
inducible system which can be activated in a multifaceted man-
ner by the use of different inducers. In addition, time- and spa-
tially controlled gene regulation by acetaldehyde will allow the
induction or silencing of genes, whose constitutive up- or
down-regulation would have deleterious effects on plant devel-
opment or plant vigor.

Material and Methods

Material, growth conditions
Wild-type tobacco plants (N. tabacum cv. Samsun NN) were

obtained from Vereinigte Saatzuchten eG (Ebsdorf, Germany). Seeds
of alc::uidA tobacco plants were kindly provided by Ian Jepson (Syn-
genta). All plants were germinated on solid MS medium (Duchefa,
Haarlem, Netherlands). Transgenic plants were selected on medium
containing 50 mg litre–1 kanamycin A (Duchefa). After 3 weeks plants
were transferred into 12-cm pots filled with expanded clay (Original
Lamstedt Ton; Fibo ExClay, Lamstedt, Germany) and grown in the
greenhouse at 16 h light (22°C) and 8 h dark (20°C). Plants were
watered with distilled water and fertilized weekly with 5 ml Long Ash-
ton (20% phosphate) (Hewitt 1966). Unless indicated otherwise,
experiments were carried out with 8-week-old plants. For the extrac-
tion of proteins, soluble sugars and starch, root and leaves were har-
vested 3 h after beginning of the light period and rapidly frozen in
liquid nitrogen. Data were obtained from three individual plants of
each genotype and treatment. Each leaf sample for one developmental
stage of leaves was pooled from two leaves of the same plant.

Plasmid construction and plant transformation
To obtain inducible expression of apoplastic, yeast-derived inver-

tase, a chimeric gene comprising the proteinase inhibitor II signal pep-
tide and the mature yeast invertase protein was PCR amplified from
plasmid PI-3-INV (von Schaewen et al. 1990). The PCR product was
subcloned into pGEM-T and subjected to sequence analysis. Thereaf-
ter, the chimeric coding region was placed under the control of the
alcohol-inducible expression system by inserting the fragment into the
appropriate plant transformation vector as described in Caddick et al.
(1998) yielding plasmid alc::cwINV. Subsequently, plasmid alc::
cwINV was transformed into Agrobacterium tumefaciens, strain
CV58C1, carrying the virulence plasmid pGV2260 (Deblaere et al.
1985). Transformation of tobacco plants using Agrobacterium-medi-
ated gene transfer was carried out as described previously (Rosahl et
al. 1987).

Treatment with acetaldehyde and ethanol
To compare the effect of ethanol and acetaldehyde on the root-

specific activation of the alc system, tobacco plants were soil-drenched
once with 100 ml of different concentrations of the two inducers.
Afterwards, the pots were immediately enclosed in a plastic bag. In
subsequent soil-drenching experiments carried out with 0.05% (v/v)
acetaldehyde, plant pots were placed in sealed plastic pots. To induce
the alc promoter in leaves, aqueous solutions of different acetaldehyde
concentrations were injected directly into the leaf. Treated areas were
marked immediately after infiltration.

Protein extraction and determination of enzyme activities
Frozen plant material (80 ± 2.5 mg) was homogenized in liquid

nitrogen and incubated for 10 min on ice with 600 µl extraction buffer
containing 50 mM sodium phosphate (pH 7.0), 10 mM EDTA, 10 mM
2-mercaptoethanol, 0.1% (w/v) N-lauroyl-sarcosine sodium salt, and
0.1% (v/v) Triton X-100. After centrifugation (14,000×g, 10 min, 4°C)
the supernatant was used for the determination of enzyme activities.
All measurements were carried out in three independent replicates for
each sample. Protein content was determined as described by Brad-
ford (1976) using bovine serum albumin (Roth, Karlsruhe, Germany)
as the standard.

Protein extracts of root and leaf samples were assayed for GUS
activity by fluorometry (Jefferson et al. 1987). Measurement of
GAPDH activity was carried out by incubating 5 µl protein extract
with 200 µl reaction buffer containing 100 mM Tris–HCl (pH 7.0),
5 mM MgCl2, 1 mM sodium fluoride, 5 mM DTT, 0.5 mM NADH,
10 mM 3-phosphoglycerate, 10 U triose phosphate isomerase (Roche,
Mannheim, Germany) and 20 U phosphoglycerate kinase (Sigma-
Aldrich, Steinheim, Germany). The absorbance at 340 nm was meas-
ured as kinetics using a 96-well microtitre plate reader (Sunrise;
Tecan, Crailsheim, Germany). Boiled protein extract of each sample
was incubated and measured in the same manner as controls. Values
were standardized using purified GAPDH (Roche). The activity of the
yeast-derived invertase was determined in the neutral pH range to limit
the influence of endogenous plant invertases. For this, 5 µl extract
were incubated with 200 µl reaction buffer containing 100 mM imida-
zole (pH 6.9), 200 mM sucrose, 10 mM MgCl2, 2 mM NAD, 1 mM
ATP, 0.5 U glucose-6-phosphatase dehydrogenase from Leuconostoc
mesenteroides (Serva, Heidelberg, Germany) and 1 U hexokinase
(Fluka, Buchs, Switzerland). The increase in absorbance at 340 nm
was measured in a 96-well microtitre plate reader at intervals of
10 min. Boiled protein extracts were used as controls. Assays were
standardized using purified yeast invertase (Fluka).

In situ stainings
Localization of the GUS protein was carried out by staining as

described by Blume and Grierson (1997). After fixation, roots, leaves
and whole plants were incubated with staining solution for 36 h at
37°C. Chlorophyll was removed by washing in 90% (v/v) ethanol.

To localize the induction of invertase activity in acetaldehyde-
treated alc::cwINV tobacco plants, root pieces of 3 mm were fixed in
2% (w/v) paraformaldehyde, 2% (w/v) polyvinylpyrrolidone 40 and
1 mM DTT in PBS (pH 7.0) at RT for 1 h (Sergeeva and Vreugdenhil
2002). After washing in PBS, root pieces were immobilized in 15%
(w/v) gelatine and sectioned into 200 µm thick cross-sections using a
vibrating blade microtome (VT 1000 S; Leica, Nussloch, Germany).
Sections were collected in 10 mm tissue culture inserts with a 8 µM
polycarbonate membrane (Nunc A/S, Roskilde, Denmark) placed in
12-well macrotitre plates. To remove soluble sugars sections were
washed with PBS at 4°C over night and afterwards stained for inver-
tase activity using 1 ml staining buffer consisting of 38 mM sodium
phosphate (pH 6.0), 25 U glucose oxidase (Fluka), 0.024% (w/v)
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nitroblue tetrazolium, 0.014% (w/v) phenazine methosulfate and 1%
(w/v) sucrose (Doehlert and Felker 1987, Sergeeva and Vreugdenhil
2002) for 48 h at 30°C in the dark. In control reactions sucrose was
omitted. Staining of whole root systems for 30 min at 30°C was car-
ried out in the same way except for a more intensive washing before
staining.

Determination of soluble sugars
Frozen root and leaf material (each sample: 50 mg FW) was

homogenized in liquid nitrogen and incubated with 500 µl 80% (v/v)
aqueous ethanol in a thermomixer for 1 h at 80°C and 1,000 rpm. After
centrifugation (14,000×g, 5 min, 4°C) the supernatant was evaporated
to dryness at 20°C. Resuspended residues (in 250 µl aqua dest.) were
used for the determination of soluble sugars in three replicas. For this,
200 µl buffer containing 50 mM imidazol (pH 6.9), 5 mM MgCl2,
2 mM NAD, 1 mM ATP and 0.1 U glucose-6-phosphatase dehydroge-
nase from L. mesenteroides were added to 10 µl of the extract. The
absorbance at 340 nm was measured after incubation for 10 min at RT
in a microplate reader (Sunrise). For the determination of glucose
0.1 U hexokinase (Fluka) in 5 µl aqua dest. was added. The absorb-
ance at 340 nm was measured when the reaction reached a plateau.
The content of fructose and sucrose was quantified in the same way
using 0.1 U phosphoglucose isomerase (Sigma-Aldrich) and 0.5 U
invertase (Fluka), respectively, in 5 µl aqua dest. Values were calcu-
lated from the differences between the measurements using glucose
and sucrose as standards.
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Abstract

Extracellular invertases are suggested to play a crucial

role in the arbuscular mycorrhiza (AM) symbiosis to

fulfil the increased sink function of the mycorrhizal root

and the supply of the obligate biotrophic AM fungus

with hexoses. In tomato (Lycopersicon esculentum), LIN6

represents an apoplastic invertase which is described

as a key enzyme in establishing and maintaining sink

metabolism. In this study, transcript levels of LIN6 were

analysed in tomato roots colonized with the AM fungus

Glomus intraradices. Using real-time RT–PCR, a nearly 3-

fold increase in LIN6 mRNA levels was detected at late

stages of mycorrhization (11 weeks after inoculation). A

1.8-fold induction could already be achieved at earlier

stages (5 weeks after inoculation) using higher inoculum

concentrations, whereas wounding of non-mycorrhizal

roots resulted in up to 12-fold enhanced LIN6 transcripts.

As revealed by in situ hybridization, the expression of

LIN6 upon mycorrhization was specifically restricted

to colonized cells and to the central cylinder. Such a

strongly localized pattern due to mycorrhizal cells and to

the central core could also be shown for promoter activity

using transgenic Nicotiana tabacum plants expressing

the gene coding for b-glucuronidase under the control of

the LIN6 promoter. The moderate induction of LIN6

expression in mycorrhizal tomato roots compared with

stress-stimulated induction suggested a fine-tuning in

the activation of sink metabolism in the mutualistic inter-

action, avoiding stress-induced defence reactions.

Key words: Apoplastic invertase LIN6, arbuscular mycorrhiza,

in situ hybridization, Lycopersicon, real-time RT-PCR,

transgenic Nicotiana.

Introduction

Arbuscular mycorrhiza (AM) represents an important and
widespread symbiosis, formed between most terrestrial
plants and zygomycete fungi of the phylum Glomeromycota.
This mutualistic association is characterized by an exchange
of nutrients. The fungus assists the plant with the acquisition
of mineral nutrients, mainly phosphate, from the soil,
whereas the plant supplies the fungus with carbon (Harrison,
1998). Previous studies using isotopic labelled substrates
revealed the ability of the fungus to take up and metabolize
hexoses, preferentially glucose, within intraradical structures
(Shachar-Hill et al., 1995; Solaiman and Saito, 1997; Pfeffer
et al., 1999). An uptake of hexoses by extraradical hyphae
could not be detected (Pfeffer et al., 1999). Nevertheless, it
is still a matter of debate whether arbuscules or intercellular
hyphae are more important for carbon uptake (for reviews
see Bago, 2000; Douds et al., 2000). Whereas the ability of
isolated intraradical hyphae to take up glucose has been
shown (Solaiman and Saito, 1997), other studies revealed
a dependency of the incorporation of labelled glucose into
trehalose and glycogen on the presence of arbuscules
(Pfeffer and Shachar-Hill, 1996). Moreover, a correlation
between arbuscule and spore formation was found (Douds,
1994). The relevance of arbuscules for the uptake of
carbohydrates is further supported by the observation that
arbuscules are established mainly in the innermost cortex
cells near to the central core, suggesting an optimal position
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for the exchange of metabolites including carbohydrates (Blee
and Anderson, 1998).
To supply mycorrhizal roots with hexoses, photosynthetic-

ally fixed carbon, which is translocated to the plant sink
organs in the form of sucrose, has to be cleaved either by a
cytosolic sucrose synthase or by invertases. Plant inver-
tases can be divided into three types characterized by their
optimal pH value and subcellular location: (i) the soluble
alkaline invertases, which have been associated with the
cytoplasm; (ii) the soluble acid invertases residing in the
vacuole; and (iii) the apoplastic acid invertases, ionically
bound to the cell wall (for reviews see Tymowska-Lalanne
and Kreis, 1998; Sturm, 1999; Roitsch and González,
2004). Until now, only a few studies have revealed increased
transcript accumulation or activities for sucrose-cleaving
enzymes upon mycorrhization. Among the findings were
enhanced transcript levels of a cytosolic invertase and
sucrose synthase in arbusculated cells of Phaseolus vulgaris
(Blee and Anderson, 2002), and transcripts of sucrose
synthase encoding genes in mycorrhizal maize roots
(Ravnskov et al., 2003) and near mycorrhizal structures
in Medicago truncatula (Hohnjec et al., 2003). Regarding
enzymatic activity, increases were described for cytosolic
invertase in mycorrhizal soybean (Glycine max) (Schubert
et al., 2003), and for all types of sucrose-cleaving
enzymes, depending on the mycorrhizal stage, in mycor-
rhizal clover (Trifolium repens) roots (Wright et al., 1998).
There, vacuolar invertase and sucrose synthase were
induced particularly in the early stages of mycorrhization,
cytosolic invertases remained constant, and cell wall-bound
apoplastic invertase activity showed a time-dependent
increase. Extracellular invertases are suggested to be likely
candidates for providing apoplastic hexoses and have a key
function in supporting increasing sink strength by phloem
unloading (Tymowska-Lalanne and Kreis, 1998; Roitsch
et al., 2003). They also seemed to be involved in the carbon
allocation in other symbiotic plant–fungi interactions, such
as ectomycorrhiza (Salzer and Hager, 1991; Wright et al.,
2000). Furthermore, increased activity of acid invertases
was also found in interactions with pathogenic biotrophic
fungi such as rust fungi (Long et al., 1975; Krishnan and
Pueppke, 1988; Tetlow and Farrar, 1992) or powdery mildew
fungi (Storr and Hall, 1992; Scholes et al., 1994; Fotopoulos
et al., 2003).
In the present study, an analysis was carried out to

determine whether apoplastic invertases are involved in the
carbon allocation during mycorrhization of tomato plants.
In tomato, extracellular invertase isoenzymes are encoded
by a gene family including four members: LIN5, LIN6,
LIN7, and LIN8. Whereas LIN5 and LIN7 seemed to be
mainly involved in the carbohydrate supply of flowers and
fruits, respectively (Godt and Roitsch, 1997; Fridman and
Zamir, 2003), LIN8 is weakly expressed in roots and
leaves (Fridman and Zamir, 2003) as well as in developing
fruits (Miron et al., 2002). LIN6 is specifically expressed in

actively growing sink tissues such as seedling roots, flower
buds, and tumours, and was shown to be induced by glucose
and cytokinin as well as stress-related stimuli such as elicitor
treatment or wounding, while sucrose synthase was not
induced by most of those stimuli (Godt and Roitsch, 1997).
Thus, the apoplastic tomato invertase LIN6 was suggested
to have an important function in the carbohydrate supply
of sink organs as well as in establishing sink metabolism
in response to certain external and internal stimuli. There-
fore, the transcript accumulation of LIN6 was analysed
as the most likely candidate in mycorrhizal roots on a
tissue- and cell-specific level.

Materials and methods

Plant material

Wild-type Lycopersicon esculentum cv. Moneymaker and cv.
Microtom were obtained from N.L. Chrestensen Erfurter Samen-
und Pflanzenzucht (Erfurt, Germany) and Florensis Deutschland
GmbH (Weilimdorf/Stuttgart, Germany), respectively. Seeds were
germinated in wet expanded clay of 2–5 mm particle size (Original
Lamstedt Ton, Fibo ExClay, Lamstedt,Germany) and further cultivated
in 8 cmpots filled with the same substrate in a growth chamber at 23 �C,
50% relative humidity, and 16 h light (250 lmol photons m�2 s�1)/8 h
dark. Plants were watered with distilled water and fertilized twice
per week with 10 ml of Long Ashton (20% phosphate) (Hewitt,
1966). Unless indicated otherwise, experiments were carried out with
L. esculentum cv. Moneymaker.
Transgenic Nicotiana tabacum LIN6::uidA plants were selected

by sowing on solid MS medium (Duchefa, Haarlem, The Nether-
lands) containing 50 mg l�1 kanamycin A (Duchefa). After 2 weeks,
plants were transferred into pots filled with expanded clay and
cultivated as described above for wild-type tomato plants.

Plasmid construction and plant transformation

To generate a translational fusion between the gene encoding b-
glucuronidase (GUS; uidA) and the LIN6 promoter, a 3.4 kb LIN6
promoter fragment was subcloned as a HindIII and XhoI fragment
from pR6-11 (Balibrea et al., 2004) into the binary vector pBI101+
(Goetz et al., 2000) to generate pPR6.31, thus fusing the LIN6 start
codon in-frame to the uidA translational start site (R Proels, T Roitsch,
unpublished data). The LIN6::uidA construct was transformed in
tobacco (N. tabacum cv. Samsun NN) using Agrobacterium
tumefaciens strain LBA4404 and standard transformation procedures
(Horsch et al., 1985). Transgenic lines expressing the LIN6::uidA
fusion were characterized by PCR and fluorometric GUS assays
(R Proels, T Roitsch, unpublished data).

Inoculation with Glomus intraradices and determination of

degree of mycorrhization

The AM fungus Glomus intraradices Schenk & Smith isolate 49
(Maier et al., 1995) was used after enrichment by previous
cultivation with leek (Allium porrum cv. Elefant) in expanded clay
in the greenhouse. Leeks were grown in clay for at least 4 months
and then removed, and the clay was used as an inoculum. Finally,
plants were inoculated 4.5 weeks after sowing, except for plants used
for invertase in situ staining. Here, 3-week-old plants were inoculated.
For inoculation, plants were transferred after careful removal of the
previous substrate to new pots of 10–17 cm diameter filled with
expanded clay containing at least 10% (v/v) G. intraradices inoculum
freshly harvested from mycorrhizal leek plants. Non-mycorrhizal
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plants were transferred in the same way to pure expanded clay.
Transgenic tobacco plants were inoculated using the split root system:
roots were divided into two pots; one was filled with pure expanded
clay, whereas the other contained 10% (v/v) inoculum. Further culti-
vation took place in a growth chamber under the same conditions as
described above with 25 ml of Long Ashton (20% phosphate) twice
per week as fertilization.
Non-mycorrhizal and mycorrhizal roots were harvested at the end

of the light period. For the estimation of G. intraradices coloniz-
ation, a representative cross-section of each root system was taken.
Mycorrhizal structures were stained according to Vierheilig et al.
(1998) using 5% ink (Sheaffer Skrip jet black, Sheaffer Manufactur-
ing, Madison, WI, USA) in 2% acetic acid. Colonization of root
pieces was analysed using a stereomicroscope.

Wounding of roots

For the wounding experiment, roots and leaves of non-mycorrhizal
plants of the inoculum dilution series were used 5 weeks after
inoculation. Wounding was carried out by squeezing with tweezers.
Afterwards, plant material was incubated for up to 10 h in wet tissue
paper in the case of roots or by floating on water in the case of leaves.

Determination of invertase activities

Determination of apoplastic, vacuolar, and cytosolic invertase activities
was performed according to Wright et al. (1998). For protein
extraction, frozen plant material (16065 mg) was homogenized in
liquid nitrogen and incubated with 1.2 ml of extraction buffer for
10 min on ice. After centrifugation (14 000 g, 10 min, 4 �C), the
supernatant was used for the determination of vacuolar and cytosolic
invertase activities; the pellet was washed three times with extraction
buffer and used for activity assay of apoplastic (cell wall-bound)
invertases after final resuspension in 1.2 ml of extraction buffer.
The reactionmixture contained 80 ll of extract or resuspended pellet,

80 mM buffer, and 100 mM sucrose in a final volume of 800 ll. As
buffer, citrate (pH4.5)wasused for detectionof acidapoplastic invertase
activity, citrate (pH 5.5) for acid vacuolar invertases, and sodium phos-
phate (pH 7.5) for alkaline cytosolic invertases. The reaction mixtures
were incubated at 37 �C for 0, 30, and 60 min. To stop the reaction,
200ll of themixturewas taken out, neutralizedwith 40ll of TRIS–HCl
(pH 10.0), and boiled for 10 min. As controls, protein fractions in-
activated by boiling and extraction buffer alone were used. Incubations
were carried out in three independent replicates for each sample.
Glucose production of each stopped reaction mixture was measured

by an enzyme-linked assay. For this, 30 ll of the stopped reaction
mixture was incubated in a microtitre plate with 200 ll of 50 mM
imidazole (pH 6.9), 5 mM MgCl2, 2 mM NAD, 1 mM ATP, 0.5 U
of glucose-6-phosphatase dehydrogenase from Leuconostoc mesen-
teroides (Serva, Heidelberg, Germany), and 1 U of hexokinase (Fluka,
Buchs, Switzerland). Glucose was used as standard. When the reaction
reached a plateau, the absorbance at 340 nm was measured in a 96-well
microtitre plate reader (Sunrise, Tecan, Crailsheim, Germany).
Protein content was determined as described by Bradford (1976)

using bovine serum albumin (BSA; Carl Roth, Karlsruhe, Germany)
as standard.

Real-time RT–PCR analysis

Total RNA of tomato root material was isolated using the Qiagen
RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) including
a DNase digestion (RNase-free DNase Set, Qiagen). First-strand
cDNA synthesis of 1 lg of RNA in a final volume of 20 ll was
performed with M-MLV reverse transcriptase, RNase H Minus,
Point Mutant (Promega, Madison, WI, USA) according to the
supplier’s protocol using oligo(dT) (T19) primer. Control reactions
were performed by omitting reverse transcriptase.

For real-time PCR, 3 ll of 1:10 diluted cDNA (15 ng of reverse
transcribed total RNA) or 3 ll of diluted control reaction were mixed
with SYBRGreen PCRMastermix (Applied Biosystems,Warrington,
UK), 1 pmol of forward primer, and 1 pmol of reverse primer in a final
volume of 10 ll in three independent replicates. For analysis of LIN6
transcript levels (GenBank accession no. AF506005), the following
primers and annealing temperaturewere used: forward primer, 5#-ATC
TAC CCG TCT AAAG-3#; reverse primer: 5#-CCAACCAATACT
CTC C-3#; 48 �C. To normalize LIN6 expression for differences in
the efficiency of cDNA synthesis, transcript levels of the constitu-
tively expressed elongation factor 1-a of Lycopersicon esculentum
(GenBank accession no. X14449) were measured using the following
primers and temperature: forward primer, 5#-ACC ACG AAG CTC
TCC AGG AG-3#; reverse primer, 5#-CAT TGA ACC CAA CAT
TGT CAC C-3#; 60 �C. The efficiency of each primer pair was in the
range of 0.95–1.0. Real-time PCR was done using the Mx 3005P
QPCR system (Stratagene, La Jolla, CA, USA) with the following
protocol: denaturation (95 �C for 10 min), amplification (40 cycles of
95 �C for 30 s, primer-specific annealing temperature for 1 min, and
72 �C for 30 s), and melting curve (95 �C for 1 min, 60 �C for 30 s,
heating up to 95 �C with a heating rate of 0.1 �C s�1).
Data were evaluated with the MxPro software (Stratagene). To

correct for well-to-well fluorescent fluctuations, normalization of
the SYBR Green–dsDNA complex signal to the passive reference
dye ROX, which is included in the SYBR Green PCR Mastermix,
was performed. Relative LIN6 expression levels were calculated by
the comparative Ct method including normalization to the
constitutively expressed gene and to a control sample.

In situ stainings

To localize invertase activity in mycorrhizal tomato roots, root pieces
of 3mmwere fixed, and stained as described previously (Schaarschmidt
et al., 2004) using 140 lm thick cross-sections prepared with a
vibrating blade microtome (VT 1000 S, Leica Microsystems, Wetzlar,
Germany). Staining for invertase activity was performed with 38 mM
sodium phosphate (pH 6.0), 25 U of glucose oxidase (Fluka), 0.024%
(w/v) nitroblue tetrazolium (NBT), 0.014% (w/v) phenazine metho-
sulphate, and 1% (w/v) sucrose overnight at 37 �C in the dark. Sucrose
was omitted in control reactions.
Localization of the GUS protein in roots of LIN6::uidA tobacco

plants growing in the split root system was carried out by staining as
described by Blume and Grierson (1997). After fixation, root parts
were incubated with staining solution overnight at 37 �C. Cross-
sections of stained roots were cut by hand using a razor blade or, after
embedding in polyethylene glycol (PEG) (Hause et al., 1996), with a
microtome (HM 355, Microm International, Walldorf, Germany).
Micrographs were taken using a Zeiss ‘Axioplan’ microscope

(Zeiss, Jena, Germany) equipped with a video camera (Fujix Digital
CameraHC-300Z, Fuji Photo Film, Tokyo, Japan) andwere processed
through Photoshop 7.0 (Adobe Systems, San Jose, CA, USA).

In situ hybridization

For embedding in paraffin, root pieces of 3 mm were fixed in 4% (w/v)
paraformaldehyde, 0.1% (v/v) Triton X-100 in phosphate-buffered saline
(PBS) for 2 h at room temperature. After washing, root pieces were
dehydrated in a graded ethanol series. Ethanol was replaced stepwise with
Rotihistol (Carl Roth, Karlsruhe, Germany) and samples were then
stepwise infiltrated with Paraplast (Sigma-Aldrich, Steinheim, Germany)
at 60 �C. Embedded roots were cut using a microtome. For in situ
hybridization, longitudinal sections and cross-sections of 8 lm thickness
were mounted on slides coated with poly-L-lysine (Sigma-Aldrich).
Sections were deparaffinized with Roticlear (Carl Roth) and rehydrated.
After 10 min equilibration in 10 mM TRIS–HCl (pH 8.0), sections were
incubated with 10 lg ml�1 proteinase K (Sigma-Aldrich) in 0.05 M
TRIS–HCl (pH 7.5) and 5 mM EDTA for 30 min at 37 �C. After
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washing in 10 mM TRIS–HCl (pH 8.0), sections were blocked with 1%
(w/v) BSA and 2 mg ml�1 glycine in the same buffer for 30 min (at
room temperature). Sections were washed in 10 mM TRIS–HCl (pH
8.0), equilibrated in 0.1 M triethanolamine (pH 8.0), and then acetylated
for 10 min with 0.25% acetic anhydride in 0.1 M triethanolamine (pH
8.0). After washing, dehydration with a graded ethanol series, and air-
drying, hybridization was carried out in a humid box at 45 �C overnight.
Hybridization solution consisted of 50% (v/v) formamide, 53 SSC,
0.5% (w/v) SDS, 53Denhardt’s solution, 2mgml�1 tRNA, and 200 U
ml�1 RNase inhibitor containing 600 ng per slide of denaturated
digoxigenin (DIG)-labelled sense or antisense RNA (DIG RNA
labelling Kit, Roche Diagnostics, Mannheim, Germany). Slides were
washed at 45 �C with 50% (v/v) formamide in 43 SSC for 10 min,
afterwards with 43 SSC (10 min) and 0.23 SSC (5 min). After equil-
ibration in STE [10 mM TRIS–HCl (pH 7.5), 1 mM EDTA and 0.5 M
NaCl] at room temperature, the sections were treated with 25 lg ml�1

RNase A in STE for 20 min at 37 �C followed by washing steps of 5
min each in STE at room temperature and 0.23 SSC at 45 �C. After
a short equilibration in TBS [0.1 M TRIS–HCl (pH 7.5), 0.15 M
NaCl] and blocking of sections with 1% blocking reagent (Roche
Diagnostics) in TBS for 30 min at room temperature, immunological
detection of DIG-labelled RNA hybrids was performed using a 1:2000
diluted anti-DIG-fab fragment conjugated with alkaline phosphatase
(Roche Diagnostics) according to the supplier’s protocol. The colo-
rimetric reaction was performed in a humidified box overnight at 37
�C with detection buffer [0.1 M TRIS–HCl (pH 9.5), 0.1 M NaCl, and
50 mM MgCl2] containing 0.4 M nitroblue tetazolium (NBT), 0.5 M
5-bromo-4-chloro-3-indolyl-phosphate (BCIP), and 10 mM Levami-
sol (Sigma-Aldrich). The reaction was stopped by washing the
sections in TE [10 mM TRIS–HCl (pH 8.0) and 1 mM EDTA].
Micrographs were taken and processed as described for in situ

stainings.

Results

Induction of invertase activity upon mycorrhization

To analyse the role of invertases in the AM, induction of
invertase activity in G. intraradices-colonized wild-type
tomato roots was investigated. Invertase in situ stainings
revealed a high invertase activity in mycorrhizal roots (Fig.
1). Root cross-sections incubated with staining solution
containing sucrose as substrate showed a strong staining in
arbusculated cells and near intercellular hyphae, as well as
in the root central core (Fig. 1A, C). Control reactions where
sucrose was omitted (Fig. 1B) and non-mycorrhizal roots (not
shown) did not exhibit any staining. To clarify which types of
plant invertases are induced upon mycorrhization, activity
assays were performed using the soluble protein fraction for
analysis of alkaline and acid intracellular invertases and the
cell wall-bound protein fraction for analysis of apoplastic
invertases.Using the respectiveoptimalpHvalue, this approach
allows a distinction between all three types of plant invertases
(Wright et al., 1998). Unfortunately, it was not possible to
detect any increase in root invertase activity upon mycorr-
hization comparedwith non-mycorrhizal tomato roots (Fig. 2).

LIN6 transcript levels in mycorrhizal versus wounded
tomato roots

To analyse the invertase induction upon mycorrhization
in a more sensitive way, expression studies were carried

out concentrating on the apoplastic tomato invertase iso-
enzyme LIN6.
In a time-course analysis, over the first 5 weeks after

inoculation, non-mycorrhizal and mycorrhizal roots
showed a similar decrease of relative LIN6 transcript
levels analysed by comparative real-timeRT–PCR (Fig. 3A).
After reaching a nearly constant low level, G. intraradices-
colonized roots showed a significant accumulation of
LIN6 mRNA 10 weeks after inoculation compared with
uninoculated roots. This 2.8-fold transcript accumulation,
however, could be detected after reaching the maximal
mycorrhization rate 8 weeks after inoculation.
Using higher inoculum concentrations, LIN6 induction

could be observed earlier and at lower degrees of
mycorrhization (Fig. 3B). Tomato plants inoculated with
an inoculum concentration of at least 20% (v/v) showed
only 5 weeks later an ~1.8-fold increase in LIN6 transcripts
compared with non-mycorrhizal control plants. The degree
of mycorrhization ranged from 25% to nearly 50%
depending on the inoculum concentration. However, the
LIN6 transcript levels did not increase further with
increasing mycorrhization. Plants grown in 10% (v/v)
inoculum did not show a significant accumulation of LIN6
mRNA at this time point, as could already be observed in
the mycorrhization kinetics described above (Fig. 3A). In
parallel, roots of non-mycorrhizal plants were wounded by

Fig. 1. In situ invertase staining of Glomus intraradices-colonized
tomato roots. Staining was performed using 140 lm thick root cross-
sections of Lycopersicon esculentum wild-type plants 3 (C) and 4 weeks
after inoculation (A, B) using an inoculum concentration of 15% (v/v).
(A, C) Sections incubated with staining solution containing 1% (w/v)
sucrose. Arrows indicate staining near fungal structures and in the
central cylinder. (B) Negative control incubated without sucrose. cc,
Central cylinder; h, hyphae; a, arbuscules. Bars represent 50 lm.
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squeezing and incubated for up to 10 h. In roots, LIN6
transcripts showed a rapid and strong accumulation, with
a 12-fold increase 5 h after wounding (Fig. 3C), whereas
leaves exhibited only a weakly enhanced LIN6 transcript
level up to 10 h after wounding (data not shown).

Localization of LIN6 transcripts and promoter activity
in mycorrhizal roots

To localize the accumulating LIN6 transcripts in the my-
corrhizal root tissue, in situ hybridizations were performed
using G. intraradices-colonized wild-type L. esculentum
cv. Moneymaker and cv. Microtom plants (Fig. 4A–D).
Upon mycorrhization, increased LIN6 transcripts occurred
in the root cortex in arbusculated cells and near fungal hy-
phae and in the central core (Fig. 4A, C). Hybridization with
a sense probe did not exhibit specific labelling (Fig. 4B, D).
To analyseLIN6 promoter activity, transgenic N. tabacum

plants were generated expressing the gene for the marker
protein GUS controlled by the LIN6 promoter. LIN6::uidA
tobacco plants were inoculated with G. intraradices in the
split root system. Using this system, examination of tissues
in the same plant clearly showed that the increased promoter
activity of LIN6 was highly restricted to colonized roots
(Fig. 4E–K). Mycorrhizal root parts exhibited a clear GUS
staining only 7 weeks after inoculation, whereas the non-
mycorrhizal roots showed only a few small stained regions
(Fig. 4E, I). Cross-sections of these mycorrhizal roots and of
roots harvested 11 weeks after inoculation clearly revealed
an increased promoter activity in G. intraradices-colonized
cells and in the root central core (Fig. 4F–H). Most non-
mycorrhizal roots did not exhibit any GUS staining, except
in some cases where, in a few short root segments, a faint
staining in the central cylinder occurred (Fig. 4J, K).

Discussion

Apoplastic cleavage of sucrose by a plant invertase is
required for all interactions with hexose-using biotrophic
partners missing such enzyme activity. It has been shown
that AM fungi are able to take up and metabolize hexoses,
mainly glucose (Solaiman and Saito, 1997; Pfeffer et al.,
1999). Until now, it could not be shown, however, whether
AM fungi possess sucrose-cleaving enzymes permitting
them to use sucrose as a carbon source. Isolated intra-
radical hyphae preferentially take up glucose, and have
only limited uptake of fructose and sucrose, both 2–3 times
slower than glucose, as shown by a radiorespirometric

Fig. 2. Time-course of invertase activities of non-mycorrhizal and
Glomus intraradices-colonized tomato roots. At the time point of
inoculation with 10% (v/v) inoculum, Lycopersicon esculentum wild-

type plants were 4.5 weeks old. The activities of apoplastic (A), vacuolar
(B), and cytosolic (C) invertases were measured according to Wright
et al. (1998) using different protein fractions and different pH values.
For invertase activity, root material of four parallel plants was
pooled in equal shares. Each point represents the mean 6SD of three
technical replicates. (D) Mycorrhization degree of the analysed
plants. Mean values 6SD are given (n¼4).
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assay (Solaiman and Saito, 1997). Analysis of enzyme
activities of isolated intraradical hyphae and germinated
spores revealed differences between symbiotic and non-
symbiotic conditions, for example, for hexokinase activity,
but no data exist for sucrose-hydrolysing enzymes (Saito,
1995). As shown for axenically cultured ectomycorrhizal
fungi, these fungi do not exhibit apoplastic invertase
activity and cannot consume sucrose (Salzer and Hager,
1991). The incapacity for sucrose uptake was also revealed
for isolated protoplasts from Amanita muscaria, which
were instead shown to be able to take up hexoses with
a strong preference for glucose (Chen and Hampp, 1993).
Although ectomycorrhizal fungi are suggested to require
host apoplastic invertase, such increased activity levels
could not be detected (Schaeffer et al., 1995).
In this study, induction of the apoplastic tomato

invertase LIN6 was shown upon colonization with the
AM fungus G. intraradices. Using sensitive methods such
as comparative real-time RT–PCR and in situ hybridiza-
tion, increased LIN6 transcript levels could be detected,
which were found to be localized in arbusculated cells and
near hyphae by in situ techniques. In addition, using
transgenic LIN6::uidA tobacco plants, promoter activation
in cells containing or near fungal structures could be
visualized. Moreover, increased LIN6 mRNA levels and
promoter activity were found in the central core of
mycorrhizal roots, which are characterized by a higher
sink function. Non-mycorrhizal roots showed no or only
less GUS staining, which was restricted to the central core,
indicating promoter activity in such cells. These points
confirm the postulated role of LIN6 in phloem unloading
(Godt and Roitsch, 1997). To our knowledge, increased
transcript levels of apoplastic invertases in AM-colonized
roots has not been shown previously, in contrast to those
of other sucrose-cleaving enzymes, which in some studies
were found to be induced (Blee and Anderson, 2002;
Hohnjec et al., 2003; Ravnskov et al., 2003).
Although extracellular invertases are suggested to play an

important role in supplying sink organs with carbohydrates,
it seemed to be hard to detect increased activity or transcript
levels. Only a few previous studies revealed enhanced acid
invertase activity in obligate biotrophic fungi–plant inter-
actions includingparasitic interactions, for example, reported
for powdery mildew (Storr and Hall, 1992; Scholes et al.,
1994; Fotopoulos et al., 2003) and rust (Long et al., 1975;
Krishnan and Pueppke, 1988; Tetlow and Farrar, 1992)
as well as mutualistic interactions (Wright et al., 1998).
This could be caused by technical problems, as increased
invertase activity levels could be detected near AM fungal
structures by in situ activity staining but not by enzyme
assays using extracted protein fractions. Due to the highly
localized induction of gene expression in infected cells,
this effect might be due to a dilution by extracting the com-
plete root system of mycorrhizal plants, which always con-
tains a high proportion of non-mycorrhizal cells. A similar

Fig. 3. LIN6 expression in non-mycorrhizal and Glomus intraradices-
colonized tomato roots and upon wounding. The experiments were
carried out with 4.5-week-old Lycopersicon esculentum wild-type plants
(age at the time point of inoculation). Relative LIN6 transcript levels
were determined using real-time RT–PCR analysis. The degree of
mycorrhization was estimated by staining a representative cross-section
of each root system. (A) Relationship between LIN6 expression and
time-course of mycorrhization. Plants were inoculated with an inoculum
concentration of 10% (v/v) or remained uninoculated. The mean LIN6
transcript level of non-mycorrhizal plants 10 weeks after inoculation was
set to 1. Data are presented as mean values6SD (n¼4). (B) Relationship
between LIN6 expression and inoculum concentration. Plants were
inoculated with different inoculum concentrations and harvested
5 weeks later. The mean LIN6 transcript level of non-mycorrhizal plants
was set to 1. Data are given as means 6SD. (non-mycorrhizal
plants, n¼3; mycorrhizal plants, n¼5). (C) Wounding of roots. Roots
of non-mycorrhizal plants were wounded by squeezing and incubated
for up to 10 h. LIN6 transcripts were analysed in pooled samples of
three plants.
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effect was already described by Blee and Anderson (2002),
who could detect increased transcript levels of genes en-
coding vacuolar invertase and sucrose synthase in arbuscu-
lated cells by in situ hybridization but not via northern
analysis of whole root tissues. Furthermore, the authors
failed to detect increased enzyme activities by extracting
the whole root. This might be based on the fact that the
analysis of transcript levels offers more sensitive methods

compared with enzyme activity assays. Moreover, in situ
methods provide a powerful tool for sensitive tissue- or
cell-specific analysis. In addition, in situ invertase activity
staining would also encompass a potential post-trans-
lational repression of the enzyme activity by proteinaceous
(Rausch and Greiner, 2004) or chemical (Höke and Dräger,
2004) invertase inhibitors present in the tissue, showing by
this the biologically effective, local invertase activity.

Fig. 4. Localization of LIN6 transcripts and LIN6 promoter activity upon colonization with Glomus intraradices. (A–D) Localization of LIN6 mRNA
in mycorrhizal wild-type tomato roots. In situ hybridization was performed on cross-sections and longitudinal sections of 8 lm thickness of roots of
Lycopersicon esculentum cv. Microtom (A, B) and cv. Moneymaker (C, D) plants, respectively, which were inoculated 11 weeks previously. (A, C)
Hybridization with digoxigenin (DIG)-labelled antisense RNA for LIN6 shows staining in the root cortex near arbuscules and hyphae and in the central
cylinder (see arrows). (B, D) Controls performed using DIG-labelled sense RNA show only a faint background staining. (E–K) Localization of LIN6
promoter activity in roots of transgenic tobacco plants. GUS staining of roots was performed with split root Nicotiana tabacum LIN6::uidA plants 7 (E,
H, I) and 11 weeks (F, G, J, K) after inoculation. One root part of each plant was inoculated with the AM fungus (E–H); the other root part remained
uninoculated (I–K). The non-mycorrhizal root part showed only a few short stained regions 7 weeks after inoculation (I), whereas the mycorrhizal root
part exhibited an intense GUS staining of most roots (E). Longitudinal sections of 5 lm thickness of these roots (H) and hand-cut cross-sections of
GUS-stained roots harvested 11 weeks after inoculation (F, G) clearly exhibited a strong staining localized near the fungal structures and in the central
cylinder (see arrows). Most non-mycorrhizal roots did not exhibit any GUS activity (J); some showed a faint staining in the central cylinder (K). h,
Hyphae; a, arbuscule; v, vesicle; cc, central cylinder. Bars represent 50 lm, except (E, I) where bars represent 1 cm.
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In the present study, increased LIN6 transcripts could
be detected at late stages of mycorrhization in a fully
established symbiosis (10 and 11 weeks after inoculation)
or, if plants were inoculated with a higher density of fungal
structures, at earlier stages before reaching the maximal
mycorrhization rate (5 weeks after inoculation). This
suggests a threshold of fungal demand for hexose to
induce LIN6 transcription. Long-term experiments revealed
increasing activity levels of extracellular invertases over 70
d in mycorrhizal clover (Wright et al., 1998). By contrast,
cytosolic invertase activity was elevated, but remained
constant in comparison with levels in non-mycorrhizal
roots. Increased enzyme activities of sucrose synthase and
vacuolar invertases in these roots were detected particularly
in the early stages of mycorrhization, though increased
vacuolar invertase activity seemed to be caused by parallel
nodulation ofmycorrhizal clover roots. InG. max, apoplastic
and vacuolar invertases showed no enhanced activity due to
AM up to an experimental duration of 40 d, while cytosolic
invertase activity was already enhanced (Schubert et al.,
2003). Although these studies do not implicate increased
vacuolar invertase activity upon mycorrhization, increased
transcript levels of a gene coding for a vacuolar invertase
suggested an important function for this type of plant
invertase in the AM interaction (Blee and Anderson, 1998,
2002). Thus, distinct roles for the different types of plant
invertases during the process of AM are suggested.
Cytosolic and vacuolar invertases might be more important
in metabolizing intracellular sucrose at the beginning of
mycorrhization. In this case, the intracellular hydrolysis of
sucrose would maintain a gradient for symplastic influx
of sucrose into colonized cells and establish a gradient for
the efflux of hexoses to the apoplast (Blee and Anderson,
1998). By contrast, higher activities of extracellular
invertases seemed to be particularly involved in stages
requiring high carbohydrate levels like a fully established
AM to maintain the increasing sink strength by phloem
unloading and to provide apoplastic hexoses. Such higher
activities might be reached by acidification of the
arbuscular interface, enhancing the activity of existing
extracellular invertases (Guttenberger, 2000), or by in-
duction of protein biosynthesis which might be indicated
by transcript accumulation as shown for LIN6. Two such
phases of invertase induction could already be seen in
wounded tomato leaves (Godt and Roitsch, 1997). After
wounding, transcripts of a vacuolar invertase accumulated
transiently between 1 h and 24 h after wounding, whereas
LIN6 transcripts could be detected from 24 h onwards. This
suggests establishment of sink strength in wounded leaves
after mobilization of local reserves.
LIN6 was found to be sensitive to different stress-related

stimuli such as wounding (Godt and Roitsch, 1997) or the
application of brassinosteroids (Goetz et al., 2000) and
methyl jasmonate (Thoma et al., 2003). By wounding of
tomato roots, a rapid, up to 12-fold increase in LIN6 mRNA

levels of the roots was observed, whereas G. intraradices
inoculation led to a 2- or 3-fold increase in LIN6 transcript
level, measured in whole root tissue. Thus, in tomato roots,
LIN6 seemed to be highly susceptible to external stress. In
return, a severe modulation of source–sink activities and
strong induction of extracellular invertases could result in an
activation of defence-related mechanisms of the plant via
sugar-mediated gene expression (Rolland et al., 2002;
Roitsch et al., 2003), which would interfere with the
mutualistic interaction. Therefore, the dual roles of extracel-
lular invertase in stress responses and assimilate partitioning
(Roitsch et al., 2003) need to be balanced. The susceptibility
of roots to stress stimuli and the linkage between stress-
induced invertase induction and activation of defence mech-
anisms requires a co-ordinated regulation and fine-tuned
increase of hexose-providing enzymes, such as the observed
moderate induction of LIN6 in the present study, by AM.
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The mutualistic interaction in arbuscular mycorrhiza (AM) is characterized by an exchange of mineral nutrients and 
carbon. The major benefit of AM, which is the supply of phosphate to the plant, and the stimulation of 
mycorrhization by low phosphate fertilization has been well-studied. However, less is known about the regulatory 
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status was performed by expressing genes encoding a yeast-derived invertase, which was directed to different 
subcellular locations. Using Nicotiana tabacum alc::cwINV plants, the yeast invertase was induced in the whole root 
system or in root parts. Despite increased hexose levels in these roots, we did not detect any effect on the 
colonization with Glomus intraradices analyzed by assessment of fungal structures and the level of fungus-specific 
palmitvaccenic acid (C16:1? 11), indicative for the fungal carbon supply, or the plant phosphate content. Roots of 
Medicago truncatula, transformed to express genes encoding an apoplast-, cytosol- or vacuolar-located yeast-derived 
invertase, had increased hexose-to-sucrose ratios compared to GUS-transformed roots. However, transformations 
with the invertase genes did not affect mycorrhization. These data suggest the carbohydrate supply in AM cannot be 
improved by root-specifically increased hexose levels, implying that under normal conditions sufficient carbon is 
available in mycorrhizal roots. In contrast, N. tabacum rolC::ppa plants with defective phloem loading and N. 
tabacum pyk10::InvInh plants with decreased acid invertase activity in roots exhibited a diminished mycorrhization. 
 

Arbuscular mycorrhiza (AM) represents a wide-
spread mutualistic association between soil-born 
fungi of the phylum Glomeromycota and most land 
plants. The AM interaction enables the plant to 
improve its supply of water and mineral nutrients, 
mainly phosphate. In return, the obligate biotrophic 
AM-fungi are provided with carbon. In the Arum-
type interaction, as analyzed here between Glomus 
sp. and tobacco (Nicotiana tabacum) or Medicago 
truncatula, the AM-fungus colonizes the cortical 
cells by formation of intra- and intercellular hyphae 
and very characteristic haustoria-like structures, the 
highly branched intracellular arbuscules. When the 
carbon supply is sufficient, lipid-rich vesicles are 
formed intercellularly within the cortex, as fungal 
storage-organs. Intracellular fungal structures are 
separated from the plant cytoplasm by an extension 
of the plasma membrane, forming the periarbuscular 
membrane surrounding the arbuscule. The greatly 
increased surfaces of host and arbuscule plasma 
membranes offers optimized conditions for effective 

nutrient exchange via the developed symbiotic inter-
face (for review, see Gianinazzi-Pearson et al., 1996; 
Harrison, 1999).  

The exchange of phosphate via the periarbuscular 
interface and the induction of AM-specific phosphate 
transporters are already well-characterized (Karan-
dashov and Bucher, 2005; Requena, 2005). The same 
holds true for the regulation of AM by the phosphate 
availability for the plant. High levels of available 
phosphate (Mosse, 1973; Jasper et al., 1979) as well 
as the inhibition of phosphate exchange by the 
knockout or down-regulation of arbuscular mycorr-
hiza-inducible phosphate transporters (Maeda et al., 
2006; M. Harrison, personal communication) can 
suppress the mycorrhization. In contrast, there are 
only limited data about regulation of AM formation 
by the carbon aspect of this interaction, although 
previous studies revealed a link between phosphate 
and carbon availability. Analysis of monoxenic AM 
cultures of carrot roots feed with isotopically labeled 
carbon indicated an increased carbon supply of the
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fungus in roots that were undersupplied with phos-
phate (Olsson et al., 2002). Moreover, higher carbon 
availability was shown to stimulate the phosphate 
allocation (Bücking and Shachar-Hill, 2005). 
Conversely, limiting light intensity reduced myco-
rrhization and lead to decreased growth and phos-
phate uptake (Hayman, 1974; Tester et al., 1985; Son 
and Smith, 1988). 

The fungal carbon uptake and metabolism has in-
tensively been studied using isotopic-labeled substra-
tes (for review, see Bago et al., 2000). Hexoses, in 
particular glucose, were found to be the major form 
in which carbon is taken up and metabolized by AM-
fungi (Solaiman and Saito, 1997; Pfeffer et al., 1999; 
Douds et al., 2000). Glucose can then be directly 
incorporated into trehalose and glycogen, the first 
substantial fungal carbon pool (Shachar-Hill et al., 
1995). Later on, storage lipids are synthesized. The 
most abundant form of lipid in AM-fungi are tri-
acylglycerols, which also serve as a carbon transport 
form in the fungus (Bago et al., 2002). In the 
symbiotic stage, carbohydrates can only be taken up 
within intraradical structures; in contrast to the germ 
tube, no uptake of hexoses could be detected by the 
extraradical mycelium (Pfeffer et al., 1999; Douds et 
al., 2000). The high labeling levels in fungal metabo-
lites suggested a direct uptake of isotopic-labeled 
hexoses from the root apoplast without dilution, with 
the hexoses becoming part of the host sugar pool 
(Shachar-Hill et al., 1995; Douds et al., 2000). The 
uptake of carbon via the arbuscules is anticipated 
inter alia by the optimized formation and localization 
of these highly branched structures for nutrient ex-
change (for review, see Blee and Anderson, 1998). 
Moreover, the incorporation of isotopically labeled 
glucose into trehalose and glycogen was found to de- 
pend on the presence of arbuscules (Pfeffer and Sha-
char-Hill, 1996) and the latter could be correlated 
with spore formation (Douds, 1994). However, isola-
ted intraradical hyphae showed efficient uptake of 
glucose, suggesting the putative involvement of 
hyphae in carbon uptake as well (Solaiman and 
Saito, 1997).   

In addition to labeling experiments, the exchange 
of carbon in the form of hexoses is further supported 
by transcript accumulation of a mycorrhiza-induced 
hexose transporter from Medicago truncatula in 
colonized root areas (Harrison, 1996). This suggests 
an active transport of hexoses into and/or out of 
colonized cells driven by H+-gradient generated by 
plasma membrane-located H+-ATPases, which were 
found to be induced upon mycorrhization (Marx et 
al., 1982; Gianinazzi-Pearson et al., 1991; Ferrol et 
al., 2002; Krajinski et al., 2002). The active hexose 

transport would supplement the potential passive 
efflux of carbohydrates through the plant plasma 
membrane into the symbiotic interface. The subse-
quent uptake of carbon by the AM-fungus in form of 
hexoses is supported by the isolation of a fungal 
monosaccharide transporter from a member of the 
Glomeromycota that undergoes AM-like endosymbi-
osis with cyanobacteria (Martin, 2005). The present 
of orthologous proteins from other glomeromycotan 
fungi within the arbuscular plasma membrane is very 
likely. Another indication of fungal uptake of 
hexoses is given by increased transcript and activity 
levels of plant sucrose-cleaving enzymes in 
mycorrhizal roots (Wright et al., 1998; Blee and 
Anderson, 2002; Hohnjec et al., 2003; Ravnskov et 
al., 2003; Schubert et al., 2003; Schaarschmidt et al., 
2006). 

In plants, sucrose is the major transport form of 
photosynthetically fixed carbon to sink organs. 
Utilization of sucrose requires hydrolysis which can 
either be performed by cytosolic sucrose synthase, 
producing UDP-glucose and fructose, or invertases, 
producing glucose and fructose. Plant invertases can 
be classified by their subcellular location and their 
pH-optima into three groups: (1) acidic cell wall-
bound apoplastic invertases, (2) acidic soluble va-
cuolar invertases and (3) alkaline soluble cytosolic 
invertases (Tymowska-Lalanne and Kreis, 1998; 
Roitsch and González, 2004). No AM-fungal su-
crose-cleaving enzymes have been identified so far, 
suggesting that plant invertases and sucrose synthase 
play an important role in delivering hexoses to the 
fungal partner. Particularly, extracellular invertases 
have a key function in supporting increasing sink 
strength, a feature of mycorrhizal roots, by phloem 
unloading (Godt and Roitsch, 1997; Tymowska-
Lalanne and Kreis, 1998; Roitsch et al., 2003) and 
they may directly deliver utilizable carbohydrates to 
the apoplastic fungal structures. Increased transcript 
and activity levels of apoplastic invertases in 
mycorrhizal roots, which are particularly detectable 
at stages with high carbohydrate demand, corrobo-
rate this assumption (Wright et al., 1998; Schaar-
schmidt et al., 2006). 
 

To analyze the regulatory function of the carbon 
supply during AM, the current study focuses on the 
modulation of the carbohydrate status of the plant by 
root-specific overexpression of invertases, particular-
ly an apoplast-located invertase. Increased extracel-
lular hexose levels, achieved by an a priori enhanced 
apoplastic invertase activity in the root, might cause 
several alterations in the formation of the AM inter-
action. On the one hand, establishing a higher sink 
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strength in the root before colonization by the AM-
fungus and the increase of available carbon might 
stimulate the mycorrhization and enhance the benefit 
to the plant as described for the phosphate supply 
(Bücking and Shachar-Hill, 2005). On the other 
hand, the supply of the AM-fungus with hexoses 'for 
free' could result in an excessive colonization, 
changing a mutualistic association into a parasitic 
one. If the fungus is able to take up hexoses via 
intraradical hyphae, as shown for isolated hyphae 
(Solaiman and Saito, 1997), the number of arbuscu-
les might decrease, indicating that the fungus does 
not fulfill its part in the symbiosis any longer. 
Another possibility might include activation of de-
fense-related mechanisms in the plant root via 
hexose sensing (Herbers et al., 1996; Rolland et al., 
2002; Roitsch et al., 2003), which can interfere with 
the mutualistic interaction, resulting in diminished 
mycorrhization. 

To study the impact of altered hexose availability 
on mycorrhization of N. tabacum or M. truncatula 
two general approaches were followed. To increase 
root hexose content, yeast-derived invertases were 
expressed either under control of a chemically indu-
cible promoter in N. tabacum or in hairy roots of M. 
truncatula following Agrobacterium rhizogenes 
transformation. Decreased root hexose content was 
achieved by either expression of a phloem-specific 
Escherichia coli inorganic pyrophosphatase or root-
specific expression of A. thaliana invertase inhibitor. 
Here we report that elevated root hexose content 
does not alter mycorrhization of N. tabacum or M. 
truncatula roots, indicating sufficient carbon supply 
in normal growth conditions. Reducing assimilate 
supply of roots as consequence of reduced phloem-
loading of photoassimilates, however, strongly 
decreases AM growth. By specifically inhibiting root 
invertase activity the requirement of sufficient 
hexose supply for AM growth could be documented. 
 
 
RESULTS 
 
Effect of Root-Specific Enhancement of 
Apoplastic Invertase Activity on AM Formation 
 

To increase the carbon availability in the root and 
to analyze its role in the formation of AM, we used 
transgenic Nicotiana tabacum plants expressing a 
chimeric gene encoding a yeast-derived invertase 
which is translocated to the apoplast. In these NT 
alc::cwINV plants, the expression is under the 
control of the alcohol-inducible (alc) promoter 
system derived from Aspergillus nidulans. The alc 

promoter can easily be activated in roots and also in 
root parts by the specific application of low 
concentrations of acetaldehyde (Schaarschmidt et al., 
2004). Drenching with 0.05% (v/v) acetaldehyde at 
weekly intervals results in long-lasting induction of 
the invertase and does not apparently affect plant 
vigor (Schaarschmidt et al., 2004). 

To allow a direct comparison between control roots 
and roots with elevated invertase activity in one my-
corrhizal plant, split root plants were used, dimini-
shing the high biological variance occurring in the 
analysis of an interaction between two different or-
ganisms. Apoplastic invertase was induced by week-
ly drenching of one part of the split root with 0.05% 
(v/v) acetaldehyde starting at the time of inoculation, 
apoplastic invertase was induced (Fig. 1A) and he-
xose levels increased. Levels of glucose (2-fold) and 
fructose (2.5-fold) were increased over a period of at 
least 6 weeks, whereas sucrose content decreased 
(0.6-fold) (Fig. 1B shows the increased hexose-to-
sucrose ratio). Sugar levels of water-treated roots or 
leaves were not affected (data not shown). The 
acetaldehyde application did not detectably interfere 
with either the vigor of the plant or of the AM-
fungus (data not shown). 

Surprisingly, comparing colonization of high-
hexose and control roots with Glomus intraradices 
revealed no obvious difference (Figs. 1C and 2). The 
degree of mycorrhization and the formation of fungal 
structures did not differ from water-treated NT 
alc::cwINV roots or from wild-type plants which 
were drenched either with acetaldehyde or with 
water (Figs. 1C and 2). The number of arbuscules 
and fungal vesicles did not change and the coloni-
zation was restricted to the root cortex as usual; no 
fungal structures were found in the root central core 
(Fig. 2) or in the root tip (not shown). Furthermore, 
no significant changes could be detected in the accu-
mulation of the fungus-specific palmitvaccenic acid 
(C16:1? 11) or of its precursor palmitic acid (C16:0) 
(Fig. 1D), indicating that the fungal supply of carbon 
was unchanged. Obviously, the variance between 
different mycorrhizal plants was in most cases grea-
ter than between the differently treated root parts of 
one plant (Fig. 1D, see also Fig. 1C). Similarly, 
levels of AM-induced plant secondary metabolites 
such as cyclohexenone derivatives (Maier et al., 
2000) and mycorradicin derivatives (also called "yel-
low pigment") (Klingner et al., 1995) were not affec- 
ted by the increased invertase activity (Tab. I). In 
non-mycorrhizal plants these metabolites could not 
be detected (data not shown; see also Fester et al., 
2002; 2005; Schliemann et al., 2006). Induction of 
invertase activity starting at the beginning of fungal
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Figure 1. Induction of an apoplast-located invertase in 
root parts of transgenic tobacco plants and effects on 
mycorrhization. A to C, NT alc::cwINV plants were culti-
vated using the split-root system where both root parts 
were either inoculated with G. intraradices 6 weeks after 
sowing (myc) or left as controls without inoculation (non-
myc).  To  induce expression  from the chimeric  invertase 

colonization (3 weeks after inoculation) also had no 
effect on the mycorrhization (Supplemental Fig. 1; 
for metabolite accumulation, see also Fig. 1D and 
Table I). Even testing different AM-fungi (Glomus 
intraradices versus Glomus mosseae) as well as dif-
ferent light conditions (high light conditions with 
increased UV-[A+B]-intensity or reduced light 
intensity to limit the carbohydrate supply of myco-
rrhizal wild-type roots) did not show any effect of 
increased hexose levels in root parts of NT 
alc::cwINV plants on AM formation (Supplemental 
Figs. 2 and 3). In addition, the analysis of normally 
grown (non-split root) plants also revealed no 
influence of increased root-specific apoplastic inver-
tase activity on the mycorrhization (see also Supple-
mental Fig. 3).  
Arbuscular mycorrhiza not only improves the nu-
trient availability of the plant, but it can also enhance 
the plant's tolerance against drought and salt stress 
(Pfeiffer and Bloss, 1988; Ruiz-Lozano and Azcón, 
2000; Cho et al., 2006). Thus, as criteria of the 
plant’s benefit from the symbiotic interaction, the 
plant phosphate content and the salt stress tolerance 
of non-split root plants in term of transcript 
accumulation of the salt stress-inducible genes 
Osmotin and Tsi1 (Tobacco Stress Induced Gene 1; 
Park et al., 2001) were investigated. G. intraradices-
colonized wild-type plants showed a slightly en-
hanced inorganic phosphate content in the leaves 
compared to non-mycorrhizal plants (Fig. 3). Phos-
phate content of the NT alc::cwINV plants was not 
altered by the expression of the invertase gene. Addi-
tionally,  the induction  of the yeast  invertase had no 
effect on the gene expression of Osmotin and Tsi1 
(Supplemental Fig. 4). 

 
 

 
           
gene, a defined root from the split-root plants was dren-
ched with 100 ml of 0.05% (v/v) aqueous acetaldehyde 
solution (Aa). The control root was treated with water 
(H2O). Soil-drenching was performed in weekly intervals 
0, 7 and 14 days after inoculation as indicated by arrows. 
A, Invertase activity of the root parts. B, Ratio of the 
glucose and fructose contents to the sucrose content of the 
root parts. C, Degree of mycorrhization of the root parts of 
single plants. D, Content of palmitvaccenic acid and 
palmitic acid in single root parts of mycorrhizal plants 6 
weeks and 7 weeks after inoculation. Plants harvested 6 
weeks after inoculation are described above (A to C), 
plants harvest at week 7 were cultivated and inoculated in 
the same way but drenched with acetaldehyde 21, 28 and 
35 days after inoculation. Data are expressed in A and B 
as means ± SD. (n = 3). In C, data of single root parts and 
the mean values of the three parallel plants are given. 
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Figure 2. Formation of fungal structures in water- and acetaldehyde-treated wild-type and alc::cwINV roots. Cross 
sections of 140 µm thickness of G. intraradices-colonized roots were stained with two fluorescent labeled wheat germ 
agglutinins (WGAs). The fluorescence of WGA-TRITIC showing high affinity to arbuscules and hyphae is shown in red, 
and the fluorescence of WGA-Alexa Fluor 488, which additionally labeled fungal vesicles (v), is in green. In the overlay, 
structures labeled by both fluorescent WGAs as arbuscules (a) and hyphae (h) appear in yellow. Plants were harvested 6 
weeks after inoculation. Drenching of the whole root system with 100 ml 0.05% (v/v) acetaldehyde for root-specific 
induction of apoplastic invertase was performed 5-times at weekly intervals starting with the time point of inoculation 
(+Aa). Control plants were water-treated (+H2O). Bars = 50 µm. 

 
To exclude an induction of defense reactions by 

elevated extracellular invertase activity in the root, 
transcript levels of defense-related genes, which are 
induced by constitutive expression of the apoplast-
located yeast invertase (Herbers et al., 1996), were 
analyzed. In contrast to tobacco leaves with strongly 
increased invertase activity, the induction of the 
yeast-derived invertase in the root did not lead to 
enhanced transcript levels of PAR1, PR-Q or PR-1b 
in roots or leaves (Supplemental Fig. 5).  

Biomass analysis of non-mycorrhizal or myco-
rrhizal wild-type and alc::cwINV plants, treated ei-
ther with water or acetaldehyde, did not indicate an 
increased sink function in roots with enhanced apo-
plastic invertase activity (Fig. 4). The root-to-shoot 
ratio of the fresh weight and of the dry weight (data 
not shown) did not change.  

Summarizing, these data suggest that the sink func-
tion of the root and the supply of the AM-fungus 
with carbon cannot be improved by root-specifically 
elevated apoplastic invertase activity leading to 
increased hexose levels. 
  
Overexpression of Invertases Directed to Three 
Different Compartments in Root Cells of 
Medicago truncatula 
 
Because increased apoplastic invertase activity of the 
root had no effect on AM formation, the influence of 
cytosol- and vacuole-located invertases was tested. 
In tobacco plants that expressed the yeast gene co-
ding  for cytosolic  invertase under  control of the alc 
promoter (NT alc::cytINV; Caddick et al., 1998), 
cytosolic invertase induction in the root did not alter
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Figure 3. Inorganic phosphate content of roots and leaves 
of water- and acetaldehyde-treated wild-type and alc: 
:cwINV plants. Six-week-old plants were either inoculated 
with G. intraradices (myc) or left without inoculation 
(non-myc). Invertase induction in the whole root system 
was performed as described in Fig. 1 for root part-specific 
induction. Data are presented as mean values + SD (non-
mycorrhizal plants: n = 4; mycorrhizal plants: n = 6) and 
are tested with multiple t test including Bonferroni correc-
tion. P<0.05. Means sharing the same letters are not signi-
ficantly different.  
 
the extent of colonization with G. intraradices or G. 
mosseae (Supplemental Figs. 2 and 3). To compare 
all 3 types of different subcellular located invertases, 
Agrobacterium rhizogenes-mediated root transfor-
mation of the model legume Medicago truncatula 
was performed using either the 35S::cwINV-, the 
35S::cytINV- or the 35S::vacINV-construct. Control 
plants were transformed with the 35S::uidA-con-
struct expressing the gene coding for ß-glucuro-
nidase (GUS). Yeast invertase expressing roots sho-
wed on average an approximately 3- to 6-fold increa-
sed hexose level and an enhanced hexose-to-sucrose 
ratio, both compared to GUS-transformed roots (Fig. 
5A). 

However, none of the overexpressing plants 
showed altered mycorrhization. The content of G. 
intraradices-specific rRNA did not differ significant-
ly between GUS- and INV-transformed roots. The 
same was found for transcript levels of the AM-in-
duced phosphate transporter MtPT4 (Fig. 5B). Both 
parameters can be used for quantification of myco-
rrhization (Isayenkov et al., 2004). Non-mycorrhizal 
plants contained no fungal rRNA and negligible 
MtPT4 transcript levels (data not shown). The in-
organic phosphate levels in roots and leaves (Fig. 5, 
C and D) as well as AM-induced and fungus-specific 
metabolites, as palmitvaccenic acid and palmitic acid 

(Fig. 5E) or cyclohexenone and mycorradicin deriva-
tives (data not shown), did not change in any of the 
INV-transformed roots compared to roots of GUS-
transformed plants. Thus, it can be concluded that 
enhanced carbon availability in the root at specified 
subcellular location did not modify the physiological 
properties of AM. This finding suggests that the 
supply of the AM-fungus is already optimal in the 
mutualistic association. 
 
 
 

 
Figure 4. Biomass analysis of non-mycorrhizal and 
mycorrhizal wild-type and transgenic tobacco plants exhi-
biting increased apoplastic invertase activity in the root. 
A, Root-to-shoot ratio of the fresh weight of 8-week-old 
non-mycorrhizal wild-type and alc::cwINV plants. These 
plants were soil-drenched twice with 100 ml 0.05% (v/v) 
acetaldehyde (Aa) or water (H2O) one and two weeks 
before harvest. Mean values of two independent experi-
ments + SD are given. (wild-type: n = 22; alc::cwINV: 
mean values of three independent lines with each n = 30). 
B, Root-to-shoot ratio of the fresh weight of 13-week-old 
wild-type and alc::cwINV plants inoculated with G. 
intraradices 7 weeks before harvest. Acetaldehyde (Aa) or 
water (H2O) was applied as described for A, but was 
carried out weekly 4 times starting 7 days after 
inoculation. Results are the mean + SD. (wild-type: n = 
24; alc::cwINV: mean values of three independent lines 
with each n = 16). 
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Effect of an Undersupply of the Root on AM 
 

Because increased hexose levels in the root had no 
effect on mycorrhization, as proof of concept, 
transgenic tobacco plants with an undersupply of 
carbon in the root were analyzed. The effect of low 
root carbohydrate content on AM formation was 
studied in transgenic tobacco plants expressing the 
ppa gene from E. coli, encoding inorganic pyro-
phosphatase, under control of the phloem-specific 
rolC promoter (NT rolC::ppa). Phloem-specific ex-
pression of ppa inhibits the inorganic pyrophosphate 
(PPi)-dependent uptake of sucrose into the phloem 
cells resulting in sugar accumulation in source leaves 
and an undersupply of the sink organs (Lerchl et al., 
1995). Here, heterozygous NT rolC::ppa plants were 
investigated. These plants were classified according 
to the degree of growth reduction ('large', 'interme-
diate' and 'small'; Fig. 6A). All plants showed stunted 
growth, and in addition, the root-to-shoot ratio of the 
fresh weight (Fig. 6B) and of the dry weight (data 
not shown) was decreased compared to wild-type 
plants. This clearly indicates an insufficient carbohy-
drate supply in the root. Furthermore, all rolC::ppa 
plants exhibited decreased carbohydrate levels in the 
root and/or increased levels in the shoot (Fig. 6C 
shows the decreased root-to-shoot ratio of hexoses).  

  
           
Figure 5. Analysis of root-transformed M. truncatula 
plants expressing genes encoding yeast-derived invertase 
directed to different subcellular locations. A, Ratio of the 
sum of glucose and fructose to the sucrose content of the 
transformed roots. B, Relative levels of Glomus intrara-
dices rRNA and of transcripts of the mycorrhiza-induced 
phosphate transporter MtPT4 in mycorrhizal roots. Tran-
script and rRNA levels of roots transformed with the 
GUS-construct were set to 1. C and D, Inorganic phos-
phate content of roots (C) and leaves (D). E, Content of 
palmitvaccenic acid (C16:1? 11) and palmitic acid (C16:0) 
in mycorrhizal roots. Agrobacterium rhizogenes-mediated 
root transformation was performed using constructs 
containing the gene coding for yeast invertase, which is 
either translocated to the apoplast (cwINV), the cytosol 
(cytINV) or the vacuole (vacINV), or the gene coding for 
ß-glucuronidase (GUS), all expressed under control of the 
35S promoter. Five weeks after transformation, plants 
were inoculated with G. intraradices (myc) or left without 
inoculation (non-myc) and were harvested 5 weeks later. 
All result are presented as means + SD. (non-mycorrhizal 
plants: n = 4; mycorrhizal plants: n = 6). Data of non-
mycorrhizal and mycorrhizal plants root-transformed with 
plasmids coding for the different located invertases were 
compared to non-mycorrhizal and mycorrhizal plants root-
transformed with the GUS-construct, respectively using 
the Student t test. *P<0.05, **P<0.01. 
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Figure 6. Analysis of transgenic tobacco plants with phloem-specific expression of a pyrophosphatase. A, Phenotypes of 
9-week-old non-mycorrhizal wild-type (left-most position) and rolC::ppa plants. Heterozygous NT rolC::ppa plants were 
classified by their growth reduction into 3 groups: ‘large’, ‘intermediate’ and ‘small’ (from left to right; see different 
shadings). B, Biomass analysis. Ratio of root fresh weight to shoot fresh weight of non-mycorrhizal and mycorrhizal wild-
type and rolC::ppa plants 3 and 5 weeks after inoculation. Wild-type and rolC::ppa plants were inoculated with G. 
intraradices 6 weeks after sowing (myc) or left without inoculation (non-myc). C, Root-to-shoot ratio of the sum of 
glucose and fructose in the mycorrhizal plants. Ratios of NT rolC::ppa plants comprehend data of 'large', 'intermediate' 
and 'small' plants. D, Mycorrhization degree of the inoculated plants. Data in B, C and D are given as means + SD. (n = 6). 
For each developmental stage, the fresh weight and hexose ratios of NT rolC::ppa plants were compared to wild-type 
plants using the Student t test. *P<0.05, **P<0.01. E and F, Ink-stained fungal structures in a wild-type (E) and an 
‘intermediate’ rolC::ppa plant (F) 4 weeks after inoculation. Bars represent 100 µm.  

 
With increasing growth reduction and therefore 

lower carbohydrate supply of roots of the heterozy-
gous NT rolC::ppa plants, decreasing mycorrhiza-
tion rates were observed upon G. intraradices-inocu- 

 
lation (Fig. 6D). Moreover, fewer fungal vesicles and 
spores were found compared to wild-type plants 
(Fig. 6, E and F). This indicates an undersupply of 
the AM-fungus leading to decreased formation of 
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fungal storage organs, which rely on the carbon allo-
cation by the plant.  
 
Effect of Root-Specifically Decreased Invertase 
Activity on AM 
 

Because a general undersupply of the root with 
carbon by defective phloem loading resulted in de-
creased mycorrhization, the analysis of plants with 
reduced invertase activity and decreased phloem 
unloading complement this study. This aspect was 
implemented by expressing the Arabidopsis gene 
AtC/VIF2 coding for an inhibitor of acid invertases 
(Link et al., 2004) under control of the root- and 
seedling-specific pyk10 promoter from Arabidopsis 
(Nitz et al., 2001) in transgenic N. tabacum plants 
(NT pyk10::InvInh). Recombinant AtC/VIF2 protein 
was shown to affect apoplastic and vacuolar inver-
tase activities in vitro (Link et al, 2004). Plants of the 
two independent NT pyk10::InvInh lines, 98-1-10 
and 98-4-1, showed reduced apoplastic invertase 
activities in the root (Fig. 7A). Vacuolar invertase 
activity was inhibited in vitro only in one line at later 
developmental stages (Fig. 7B). Neutral cytosolic 
invertase activity levels were not affected; the same 
was true for invertases in leaves (data not shown). 
Alterations in invertase activities due to the myco-
rrhization could not be detected (data not shown). 
According to the reduced apoplastic invertase acti-
vity, the roots had lower contents of glucose and 
fructose (Fig. 7C shows the sum of both hexoses) 
and a reduced ratio of both hexoses to sucrose (Fig. 
7D). In such roots we found a lower mycorrhization 
level of the roots with G. intraradices (Fig. 7E). 
Moreover, colonized roots of NT pyk10::InvInh 
plants  showed  a lower density  of  fungal  structures 

 
 

  
Figure 7. Analysis of transgenic tobacco plants with root-
specific expression of an invertase inhibitor. A and B, Cell 
wall (A) and vacuolar (B) invertase activity in roots of 
wild-type SR1 and NT pyk10::InvInh plants 3.5 and 5 
weeks after inoculation with G. intraradices. C, Glucose 
and fructose content of the roots. D, Ratio of the glucose 
and fructose contents to the sucrose content of the roots. 
E, Degree of mycorrhization. Plants were inoculated with 
G. intraradices either 2.5 weeks after sowing and 
harvested 3.5 weeks later or inoculated 4 weeks after 
sowing and harvested 5 weeks later. Data in A to E are 
presented as mean values + SD (at 3.5 weeks: n = 3; at 5 
weeks: n = 5). In A to C the data from the transgenic lines 
were compared to the wild-type by the Student t test. 
*P<0.05, **P<0.01. F, Ink-stained fungal structures in a 
wild-type and a NT pyk10::InvInh plant of line 98-1-10, 
each 5 weeks after inoculation. Bars represent 100 µm. 
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compared to the wild-type (Figure 7, F and G) 
reflected by a significant decrease in fungus-specific 
rRNA 5 weeks after inoculation (data not shown). 
This indicates that the carbon supply in the AM 
interaction depends on the activity of apoplastic 
invertases that deliver hexoses.  
 
 
DISCUSSION 
 

The influence of the carbohydrate status of the 
plant on arbuscular mycorrhiza (AM) formation is  
still poorly understood. In this study, the effect of 
elevated root hexose levels on the mutualistic 
interaction in AM was investigated. This was achie-
ved by increased invertase activities in different sub-
cellular locations in the root. Surprisingly, we were 
not able to detect any change in the mycorrhization 
of tobacco or Medicago plants with increased apo-
plastic, cytosolic or vacuolar invertase activities in 
the root, either on the fungal or plant side. We 
intensively analyzed NT alc::cwINV plants with root 
(part)-specifically increased apoplastic invertase 
activity, because extracellular invertases have been 
suggested to play a crucial role in the carbohydrate 
supply of the obligate biotrophic AM-fungus 
(Schaarschmidt et al., 2006). However, no evidence 
was found either for forcing the mutualistic associ-
ation, or for changing it into a parasitic one, or for 
suppressing AM by activation of defense reactions. 
All of the measured parameters for AM formation 
remained unaffected, both in normally grown and in 
split root plants.  

The split root system, in which only one root part 
was drenched with acetaldehyde, allows the compa-
rison of roots with non-induced and induced yeast 
invertase in the same plant, diminishing the high bio-
logical variance occurring in the analysis of an inter-
action between two different organisms. However, in 
all plants analyzed, the degree of mycorrhization and 
the formation of fungal structures in roots with 
elevated apoplastic invertase activity did not differ 
from water-treated NT alc::cwINV roots or wild-type 
plants. The levels of AM-induced plant metabolites 
such as cyclohexenone and mycorradicin derivatives, 
which accumulate in mycorrhizal roots and are 
suggested to play a functional role in AM (Fester et 
al., 2002; Strack et al., 2003), showed no significant 
alteration. The fungal supply of carbon, deduced 
from the content of fungus-specific palmitvaccenic 
acid (C16:1? 11) (Trépanier et al., 2005; van Aarle 
and Olsson, 2005), appeared to be unaffected, 
despite elevated hexose levels in the root. In addi-
tion, the plant's benefit of AM, like the content of 
phosphate and increased salt stress-tolerance (Pfeif- 
fer and Bloss, 1988; Ruiz-Lozano and Azcón, 2000; 
Cho et al., 2006), was not influenced due to invertase 
induction. On the first glance this might contradict to 
previous feeding experiments indicating a stimula-
tion of the phosphate allocation in mycorrhizal roots 
by increased carbohydrate availability (Bücking and 
Shachar-Hill, 2005). However, in these experiments 
with axenic root cultures the authors observed due to 
feeding of higher sucrose amounts an increased 
carbon transfer from the root to the fungus which 
was suggested to stimulate P uptake and transfer by 
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the fungus. Here, no indices for a higher carbon 
transfer from the plant to the AM-fungus were found 
although levels of available carbon increased. More-
over, these findings were obtained from experiments 
with axenic cultures of transformed carrot roots, and 
they can not be directly applied to the situation in a 
normal mycorrhizal root. 

In plants, a severe modulation of source-sink 
activities and strong induction of extracellular inver-
tases could lead to an activation of defense-related 
mechanisms via sugar mediated gene expression 
(Rolland et al., 2002; Roitsch et al., 2003). As 
shown previously, constitutive expression of the 
apoplast-located yeast invertase resulted in a strong 
accumulation of PR protein transcripts in tobacco 
leaves, encoded by PAR1, PR-1b and PR-Q (Herbers 
et al., 1996). During root-specific expression of 
apoplast-located yeast invertase, we did not observe 
transcript accumulation of those PR genes, indicating 
that there was no activation of plant defense res-
ponses interfering with the mutualistic interaction. 
To check the intensity of sink-source modulation in 
tobacco plants with elevated extracellular invertase 
activity in the root, some markers for sink strength 
were analyzed. However, there was no effect of 
enhanced apoplastic invertase activity detected for 
the starch content (data not shown) or for the root 
biomass. The root-to-shoot ratio of fresh weight and 
dry weight did not change; the same was found for 
the total plant biomass (data not shown). This might 
suggest that the increased apoplastic invertase 
activity did not change the sink strength. Especially 
in storage sinks, as rhizomes, tap roots or tubers, the 
storage is often limited by the activity of enzymes 
involved in starch and oil accumulation, like sucrose 
synthase or hexokinases. Nevertheless, increased 
sink strength by expression of yeast-derived apoplas-
tic invertase leading to higher yields has been shown, 
e.g. for potato tubers (Sonnewald et al., 1997; Hajire-
zaei et al., 2000) and for Arabidopsis seeds (Heyer et 
al., 2004). In contrast, transgenic tobacco plants ex-
pressing the apoplast-located yeast invertase with a 
seed-specific promoter did not show increased accu-
mulation of storage products in the oilseeds, even 
with additional overexpression of hexokinase, indi-
cating no change in the sink strength of these storage 
sinks (Tomlinson et al., 2004). In Arabidopsis, the 
root-specific expression of yeast-derived apoplastic 
invertase had no detectable effect on the plant bio-
mass, as well (von Schweinichen and Büttner, 2005). 
In contrast, Arabidopsis plants expressing an apo-
plastic invertase of Chenopodium rubrum with the 
root-specific pyk10 promoter showed only slightly 
enhanced invertase activity and no changes in the 

soluble sugar contents, but there was an indirect 
influence on the whole plant development and an 
increased total plant biomass (von Schweinichen and 
Büttner, 2005). The authors observed a similar phe-
notype when the extracellular-located yeast invertase 
was driven under a meristem-specific promoter, 
which was observered in several other studies (e.g. 
Lerchl et al., 1995; Fukushima et al., 2001; Canam et 
al., 2006), confirming the principal function of a 
yeast-derived invertase in plants.  

In the present study induction of the apoplast-
located yeast invertase resulted in root-specifically 
enhanced hexose levels which were suggested to 
affect AM. To test whether the subcellular location 
of increased invertase activity in the root plays an 
essential role for improving the carbon supply of the 
AM-fungus, A. rhizogenes-mediated root transforma-
tion was carried out. In addition, the model legume 
M. truncatula was used to exclude potential tobacco-
specific features in the formation of AM. However, 
even in Medicago, none of the differently located 
invertases had an observable effect on AM forma-
tion. These results suggest that hexoses might not be 
the favored form of AM-fungal carbon uptake and 
that the fungus is capable using sucrose with the 
same efficiency. In this case, increased invertase ac-
tivity in the root would not influence the availability 
of carbon for the fungus. Nevertheless, this assump-
tion would be in strong contrast to several other stu-
dies that examine the induction of sucrose-cleaving 
enzymes in mycorrhizal roots (e.g. Dehne, 1986; 
Snellgrove et al., 1987; Wright et al., 1998; Hohnjec 
et al., 2003; Schaarschmidt et al., 2006) and also to 
the fact that isolated intraradical hyphae showed a 
high preference for the uptake of glucose compared 
to sucrose and fructose (Solaiman and Saito, 1997). 

To vitiate this assumption, we have shown for the 
first time the importance of acid invertases in the 
AM association by repressing their enzymatic 
activity. Post-translational inhibitor-mediated inacti-
vation of enzymes represents a powerful tool for 
analyzing the physiological role of enzyme classes. 
Proteinaceous inhibitors of extracellular and acid 
invertases are essential to control acid invertase 
activities and their regulatory functions in plants 
(Balibrea et al., 2004; for review, see Rausch et al., 
2004). Here, transgenic tobacco plants with root-
specific expression of AtC/VIF2 were analyzed. The 
inhibitory effect of AtC/VIF2 has been demonstrated 
in vitro using recombinant protein (Link et al., 
2004). From this, a higher in vitro affinity of va-
cuolar invertases compared to apoplastic invertases 
was shown; however, the inhibitors may behave dif-
ferently in vivo. Using the roots of NT pyk10::InvInh 
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lines we found using in vitro assays that there was 
significantly reduced extracellular invertase activity 
but less inhibition of vacuolar invertases. Along with 
decreased apoplastic invertase activity, the roots 
were characterized by reduced hexose contents and a 
decreased hexose-to-sucrose ratio, indicating the in 
vivo function of AtC/VIF2 in tobacco roots. Reduced 
colonization rates with a  lower density of fungal 
structures clearly demonstrate the important role of 
apoplastic invertases in supplying sufficient amounts 
of hexoses in the mycorrhizal root. 

In conclusion, we suggest that under normal 
growth conditions the supply of the fungal symbiont 
with carbon is already optimal in the AM-symbiosis 
and that it cannot readily be improved. This hypo-
thesis is supported by increased levels of soluble 
sugars in mycorrhizal clover roots (Wright et al., 
1998), which argues for a slower uptake of hexoses 
by the fungus compared to delivering sucrose and 
cleavage into hexoses by the plant. We were, not 
able to detect significantly increased root hexose or 
sucrose levels in mycorrhizal wild-type or control 
transgenic plants as water-treated NT alc::cwINV 
and GUS-transformed Medicago truncatula in this 
study (data not shown). However, constant (instead 
of decreasing) hexose or sucrose levels in mycorrhi-
zal tobacco and Medicago roots indicate the suffici-
ent availability of carbohydrates in wild-type plants 
under normal growth conditions. In contrast, ac-
cording to previous experiments that show a reduced 
mycorrhization upon limiting light intensity (Hay-
man, 1974; Tester et al., 1985; Son and Smith, 
1988), suppression of AM could be observed if the 
root was severely undersupplied with carbohydrates 
as shown for NT rolC::ppa plants. During the distur-
bed inorganic pyrophosphatase-dependent uptake of 
sucrose into the phloem cells and translocation of 
sucrose to the sink tissue (Lerchl et al., 1995), the 
formation of AM was characterized by less density 
of fungal storage organs indicating a deficiency of 
carbon.  

Summarizing, our  findings clearly demonstrate the 
fungal dependency on the carbohydrate supply of the 
root controlled by plant invertases and the general 
regulation of AM formation by carbon availability. 
Nevertheless, in the functional symbiotic interaction 
in AM, the carbon supply seems not to be the 
limiting factor. It is tempting to speculate that other 
mechanisms such as the phosphate supply of the 
plant or plant defense responses to limit fungal 
growth to the root cortex may be of higher impor-
tance in regulating that interaction. 
 

MATERIAL AND METHODS 
 
Plant Material, Growth Conditions 
 

Wild-type tobacco plants (Nicotiana tabacum cv. 
Samsun NN) were obtained from Vereinigte Saatzuchten 
eG (Ebsdorf, Germany) and germinated on solid MS 
medium (Duchefa, Haarlem, Netherlands). Transgenic 
Nicotiana tabacum alc::cwINV (Schaarschmidt et al., 
2004) and rolC::ppa plants (Lerchl et al., 1995) were 
selected by sowing on solid MS medium containing 50 
mg/l kanamycin A (Duchefa). All tobacco plants were 
cultivated in a growth chamber with 16 h light (250 µmol 
photons m-2 s-1; Philips Powerstar HQI 250/D lamps, 
Philips, Hamburg, Germany) at 25°C and 50% relative 
humidity. After 3 weeks, plants were transferred into pots 
filled with expanded clay of 2-5 mm particle size (Origi-
nal Lamstedt Ton, Fibo ExClay, Lamstedt, Germany). 
They were water-ed with distilled water and fertilized 
twice per week with 10 ml 10x Long Ashton (20% phos-
phate corresponding to 2.8 mM) (Hewitt, 1966).  

Medicago truncatula cv. Jemalong seeds (obtained from 
AustraHort, Cleveland, Australia) were scarified by incu-
bation in concentrated H2SO4 for 10 min, washed with 
water and surface-sterilized in 1:6-diluted sodium hypo-
chlorite solution (12% Cl) (Roth, Karlsruhe, Germany) for 
5 min. After washing, the seeds were placed on 0.8% 
(w/v) plant agar (Duchefa) and germinated 2 days at RT in 
the light and 4 days at 4°C in the dark. The seedling were 
root-transformed as described below and transferred to 
pots filled with expanded clay as described for tobacco. 
Plants were cultivated in a growth chamber at 20°C, 50% 
relative humidity and 16 h light (250 µmol m-2 s-1) / 8 h 
dark, watered with distilled water and fertilized twice per 
week with 5 ml 10x Long Ashton (20% phosphate). 

After inoculation with Glomus intraradices, plants were 
cultivated under the same conditions as before, but fertili-
zed with 25 ml 10x Long Ashton (20% phosphate) twice 
per week in case of tobacco and 10 ml twice per week in 
case of Medicago. Roots and middle-aged leaves of tobac-
co and roots and all leaves of Medicago plants were har-
vested at the end of the light period. 
 
Plasmid Constructions, Stable Plant 
Transformation and Determination of Plant 
Invertase Activities 
 

The pyk10 promoter was amplified by PCR using 
genomic DNA and subcloned into the vector pTF2-6     
(T. Fatima and T. Roitsch, unpublished) to generate 
pMB1-18. The cDNA encoding AtC/VIF2 (at5g64620) 
was amplified by RT-PCR using total RNA, initially 
cloned into the vector pBluescript KS+ to generate 
pMCG2, and subsequently subcloned thereof as Acc65I-
KpnI fragment into the binary vector pTF2-6 to generate 
plasmid pMCG4. To generate a transcriptional fusion 
between the pyk10 promoter and the cDNA encoding 
AtC/VIF2, a 1467 bp pyk10 promoter fragment was 
subcloned as Acc65I fragment from pMB1-18 into the 
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binary vector pMCG4, linearized by Acc65I, to generated 
pMCG6. The pyk10: :InvInh construct was transformed in 
tobacco (Nicotiana tabacum cv. SR1) using Agrobacte-
rium tumefaciens strain LBA4404 and standard transfor-
mation procedures (Horsch et al. 1985). Transgenic lines 
expressing the pyk10::InvInh fusion were characterized by 
PCR (M. Gonzalez and T. Roitsch, unpublished). 

Determination of apoplastic (cell wall-bound) and vacu-
olar plant invertase activities was performed as described 
by Greiner et al. (1999). 
 
Agrobacterium rhizogenes-Mediated Root 
Transformation 
 

Construction of plasmids containing the 35S::cwINV, 
35S::cytINV, 35S::vacINV constructs was described previ-
ously (von Schaewen et al., 1990; Sonnewald et al., 1991). 
A plasmid containing the 35S::uidA construct was kindly 
provided by Stanislav Isayenkov (IPB Halle) (Isayenkov 
et al., 2005). Agrobacterium rhizogenes Arqua1 (Quandt 
et al., 1993) was transformed by electroporation. The in-
duction of transgenic hairy roots was performed accor-
ding to standard procedures (Vieweg et al., 2004). After 
development of hairy roots, all roots that did not emerge 
from the infection site and roots that did not show a 'hairy 
root'-phenotype were removed. 
 
Invertase Induction and Determination of Yeast 
Invertase Activity 
 

Using the alc promoter system, the yeast-derived inver-
tase was induced in NT alc::cwINV plants root-specifi-
cally by soil-drenching with 100 ml of 0.05% (v/v) aq. 
acetaldehyde solution (Schaarschmidt et al., 2004). Unless 
otherwise mentioned, acetaldehyde was applied 3 times at 
weekly intervals starting with the time point of inocu-
lation. Control plants were drenched in the same way with 
distilled water. Root part-specific invertase induction was 
carried out using the split root system, in which the root 
system was divided onto 2 pots. Here, only one root part 
of mycorrhizal or non-mycorrhizal plants was treated with 
acetaldehyde, whereas the other was drenched with water. 
Determination of invertase activity was performed as 
described before (Schaarschmidt et al., 2004). 
 
Inoculation with Glomus intraradices and Staining 
of Fungal Structures 
 

The AM-fungus Glomus intraradices Schenk & Smith 
isolate 49 (Maier et al., 1995) was enriched by previous 
co-cultivation with leek (Allium porrum cv. Elefant). For 
inoculation, plants were transferred after careful removal 
of the previous substrate to new pots filled with expanded 
clay containing 5 to 10% (v/v) G. intraradices-inoculum 
freshly harvested from mycorrhizal leek plants. Non-
mycorrhizal plants were transferred in the same way to 
pure expanded clay. All tobacco plants were inoculated 6 
weeks after sowing; inoculation of Medicago was perfor-
med 5 weeks after root transformation. For the estimation 

of G. intraradices-colonization a representative cross 
section of each root system was taken. The mycorrhizal 
structures in the root pieces were stained according to 
Vierheilig et al. (1998) using 5% (v/v) ink (Sheaffer Skrip 
jet black, Sheaffer Manufacturing, Madison, USA) in 2% 
(v/v) acetic acid and analyzed using a stereomicroscope. 
Micrographs of ink stained roots were taken using a Zeiss 
"Axioplan" microscope (Zeiss, Jena, Germany) equipped 
with a video camera (Fujix Digital Camera HC-300Z, Fuji 
Photo Film, Tokyo, Japan) and were processed through 
Photoshop 7.0 (Adobe Systems, San Jose, USA). 

For fluorescent staining of fungal structures with wheat 
germ agglutinin (WGA), coupled to tetramethyl rhoda-
mine isothiocyanate  (TRITIC) or Alexa Fluor 488, root 
pieces of 3 mm were fixed with 4% (w/v) paraformalde-
hyde and 0.1% (v/v) Triton X-100 in PBS for 30 min at 
RT and afterwards cut into 140 µm-thick cross-sections 
using a vibrating blade microtome (VT 1000 S, Leica 
Microsystems, Wetzlar, Germany). Cross sections were 
digested in 1% (w/v) cellulase, 0.1% (w/v) bovine serum 
albumin (BSA) and 0.01% (w/v) pectinase in PBS for 1 h 
at RT. After washing with PBS, staining was performed 
using 50 µg/ml WGA-TRITIC and 50 µg/ml WGA-Alexa 
Fluor 488 (both from Molecular Probes, Leiden, NL) in 
PBS for 30 min at RT. The formation of mycorrhizal 
structures was analyzed with a confocal laser scanning 
microscope (LSM 510 Meta, Zeiss, Jena, Germany) using 
the 488 nm (Alexa Fluor 488) and 543 nm (TRITC) laser 
lines for excitation. Series of optical sections (z-series) 
were acquired by scanning 19 sections with a distance of 
0.2 µm on the z-axis; z-series projections were done with 
the LSM Image Examiner software (Zeiss). 
 
Real-Time RT-PCR Analysis 
 

Total RNA of Medicago root material was isolated using 
the Qiagen RNeasy Plant Mini Kit (Qiagen, Hilden, Ger-
many) including a DNase-digestion (RNase-free DNase 
Set, Qiagen). First strand cDNA synthesis of 1 µg RNA in 
a final volume of 20 µl was performed with M-MLV Re-
verse Transcriptase, RNase H Minus, Point Mutant (Pro-
mega, Madison, USA) according to the supplier's protocol 
using an oligo dT (T19) primer for gene expression analy-
sis of MtPT4 and a random hexamer primer for determina-
tion of fungal rRNA levels. 

For real-time PCR 4.5 µl of 1:9-diluted cDNA (25 ng 
reverse transcribed total RNA) were mixed with 2x Taq-
Man Master Mix (Applied Biosystems, Foster City, USA) 
and 20x TaqMan probe and primers (Assays-by-Design, 
Applied Biosystems) in a final volume of 10 µl in 3 inde-
pendent replicates. TaqMan probes and primers for the 
mycorrhiza-induced phosphate transporter MtPT4 of Me-
dicago truncatula and for Glomus intraradices-specific 
rRNA were used as described previously (Isayenkov et al., 
2004). As internal control for both cDNA-syntheses tran-
script levels of elongation factor 1-alpha of M. truncatula 
were measured (Isayenkov et al., 2004). Real-time PCR 
was performed using the Mx 3005P QPCR system 
(Stratagene, La Jolla, USA) according to the Assays-by-
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Design protocol (Applied Biosystems). Data were evalu-
ated with the MxPro software (Stratagene) and calculated 
by the comparative Ct method.  
 
Determination of Soluble Sugars and Inorganic 
Phosphate 
 

The soluble sugar contents were measured photometri-
cally by a coupled enzymatic assay as described previous-
ly (Schaarschmidt et al., 2004). The determination of 
inorganic phosphate was performed according to Taussky 
and Shorr (1953). Frozen root and leaf material (100 to 
500 mg fr.w.) was homogenized in liquid nitrogen and 
incubated under shaking with 800 µl 3% (v/v) perchloric 
acid for 20 min at RT. After centrifugation (14,000 g, 5 
min, RT), 120 µl of the supernatant were incubated with 
80 µl reaction solution containing 10% (v/v) ammonium 
molybdate stock solution [0.4 M (NH4)6Mo7O24 in 10 N 
H2SO4] and 0.18 M FeSO4 in a microtitre plate. When the 
reaction reached a plateau the absorbance was measured at 
750 nm using a 96-well microtitre plate reader (Sunrise, 
Tecan, Crailsheim, Germany). The standard was KH2PO4. 
All measurements were carried out in 3 independent 
replicates for each sample. 
 
Metabolite analysis 
 

Homogenized lyophilized root material (30 mg) was 
first extracted 3 times with 500 µl hexane. The super-
natant (in total 1.5 ml) was collected and 15 µl of a methyl 
nonadecanoate stock solution (2 mg/ml hexane) (Sigma-
Aldrich, Steinheim, Germany) were added as internal 
standard. After washing the pellet with hexane and drying 
it, the polar components were extracted in the same way 
using 80% (v/v) aqueous methanol. As internal standard 
75 µl of a ribitol stock solution (2 mg/ml H2O) (Sigma-
Aldrich) were added.  

Gas chromatography/mass spectroscopy GC/MS measu-
rements were performed with an Trace 2000 GC equipped 
with an Autosampler 3000 and a single quadrupole Trace 
DSQTM (ThermoElectron, Dreieich, Germany). Hexane 
extracts (125 µl aliquots) were derivatized after reduction 
to dryness in glass injection vials with 100 µl N-methyl-N-
(trimethylsilyl)-trifluoroacetamide (MSTFA; CS-Chroma-
tographie Service, Langerwehe, Germany) for 30 min at 
70oC and diluted with 400 µl hexane prior to injection. 
The following conditions were used: EI-voltage 70 eV; 
source temp. 240°C; column J&W DB-5 MS (30 m x 0.25 
mm, i.d., 0.25 µm film thickness) (Agilent, Folsom, 
USA); carrier gas helium at constant flow of 1 ml/ min; 
temp. program: 50°C (2 min), 50 to 260°C (6°C/min), 
260°C (3 min), 260 to 300°C (10°C/min), 300°C (6 min); 
injection temp.: 240°C, splitless injection 1 µl, mass range 
of m/z 40 to m/z 800. Data acquisition and evaluation run 
with Xcalibur 1.4.1. 

Methanol extracts were analyzed by high performance 
liquid chromatography (HPLC) according to Schliemann 
et al. (2006). A 10 µl aliquot of each extract was injected 
onto a 5 µm Nucleosil C18 column (250 x 4 mm i.d.; 
Macherey–Nagel, Düren, Germany). Separation was 

achieved using a 40-min linear gradient at 1 ml/min from 
5 to 25% (v/v) acetonitrile in 1.5% (v/v) aq. H3PO4 
followed by a gradient from 25 to 80% (v/v) acetonitrile 
in 20 min. Cyclohexenone and mycorradicin derivatives 
were detected photometrically at 245 nm and 380 nm, 
respectively, by a Waters 2996 photodiode array detector 
(Waters, Eschborn, Germany). Data were collected and 
analyzed using the Millennium software 2010 (Millipore, 
Eschborn, Germany). 
 
Supplemental Data 
 

The following materials will be available in the online 
version of this article. 
 

Supplemental Figure S1. Mycorrhizal formation in 
alc::cwINV tobacco plants after invertase induction in root 
parts. 
 

Supplemental Figure S2. Influence of UV and total 
photon irradiance intensity on the mycorrhization of wild-
type and transgenic tobacco plants with increased 
invertase activity in the root. 
 

Supplemental Figure S3. Colonization of transgenic 
tobacco plants, exhibiting root part-specifically increased 
apoplastic or cytosolic invertase in roots, with G. mosseae. 
 

Supplemental Figure S4. Expression analysis of the salt 
stress-inducible genes Osmotin and Tsi1 in wild-type and 
alc::cwINV tobacco plants.  
 

Supplemental Figure S5. Expression analysis of PR 
genes in wild-type and alc::cwINV tobacco plants. 
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Supplemental Figure 1. Mycorrhizal formation in alc::cwINV tobacco plants after invertase induction in 
root parts. NT alc::cwINV plants were cultivated in parallel to the plants shown in Fig. 1 using the split 
root system in which both root parts were inoculated with G. intraradices 6 weeks after sowing. The 
induction of the invertase gene was performed by drenching one root in the split root plants with 100 ml of 
0.05% (v/v) aqueous acetaldehyde solution (Aa) whereas the other root was treated with water (H2O). Soil-
drenching was performed at weekly intervals starting with the onset of mycorrhizal colonization 21, 28 and 
35 after inoculation as indicated by arrows. Mycorrhization degree of the root parts of single plants and the 
mean value ± SD is given (n = 3).  
 



Effect of modulated carbon availability on AM 

Plant Physiol., submitted 19

 
 
Supplemental Figure 2. Influence of UV and total photon irradiance intensity on the mycorrhization of 
wild-type and transgenic tobacco plants with increased invertase activity in the root. A, Influence of 
enhanced UV intensity on the mycorrhization of acetaldehyde-treated wild-type and alc::cwINV plants. 
Plants were grown under 250 µmol m-2 s-1 as described in "Material and Methods" and were inoculated 
with G. intraradices 6 weeks after sowing. Subsequently, at 6, 13, and 20 days, the whole root system of 
the plants was drenched with 100 ml of 0.05% (v/v) aqueous acetaldehyde solution to induce apoplast-
located yeast invertase. Two days after the beginning of invertase induction, half of the plants were 
carefully transferred into an analogous growth chamber with the same conditions but equipped accessorily 
with Osram Eversun lamps [L 100/79 Super, emission spectrum: 310 to 400 nm peaking at 355 nm, UV-A 
(75 W/m2) and UV-B (1.5 W/m2); Osram, München, Germany] to increase UV intensity mimicking the 
sun light (+ UV). The other plants were cultivated under the same light conditions without additional UV 
light as before (- UV). Plants were harvested 2 weeks after the beginning of UV exposure and 2 days after 
the last acetaldehyde treatment. Mean values + SD are given. (n = 5). Data tested with one-way ANOVA 
and post-hoc Tukey HSD test. P<0.01. Means sharing the same letters are not significantly different. 



Effect of modulated carbon availability on AM 

Plant Physiol., submitted 20

Note the increased mycorrhization upon UV exposure. In contrast, increased invertase activity of roots or 
root parts did not affect the mycorrhization degree. B and C, Influence of reduced total light intensity on 
the myco-rrhization of wild-type, alc::cwINV and alc::cytINV plants treated with acetaldehyde (Aa) or 
water (H2O). In the alc::cytINV plants, the yeast-derived invertase is cytosol directed (Caddick et al., 
1998). Plants were grown up either as split root (B) or as non-split root plants (C) as described in "Material 
and Methods" under 250 µmol m-2 s-1. When inoculation with G. intraradices occurred (6 weeks after 
sowing), the total photon irradiance intensity was reduced to 60 µmol m-2 s-1. Invertase induction was 
induced by soil-drenching of root parts (B) or of the whole root system (C) with 100 ml of 0.05% (v/v) 
aqueous acetaldehyde solution 0, 7, 14 and 28 days after inoculation. Control plants were water-treated. 
Data are presented as mean + SD of 3 to 4 parallel plants. 
 
 
 
 
 

 
 
Supplemental Figure 3. Colonization of transgenic tobacco plants, exhibiting root part-specifically 
increased apoplastic or cytosolic invertase in roots, with G. mosseae. A, Mycorrhization degree of NT 
alc::cwINV plants, expressing apoplast-located yeast-derived invertase. B, Mycorrhization degree of NT 
alc::cytINV plants, in which the yeast-derived invertase is located in the cytosol. Root part-specific 
induction of apoplast- and cytosol-located yeast invertase in NT alc::cwINV and alc::cytINV plants, 
respectively was performed using the split root system. Both root parts were inoculated with G. mosseae 
Nicholson & Gerdemann (Biorize R&D, Dijon, France) 6 weeks after sowing and one part was drenched 
with 100 ml of 0.05% (v/v) aqueous acetaldehyde solution (Aa) whereas the other part was water-treated 
(H2O). Soil-drenching was performed 5-times at weekly intervals starting 7 days after inoculation as 
indicated by arrows. Mycorrhization degree of the root parts of single plants and the mean value is given. 
(in A: n = 3; in B: n = 4).  
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Supplemental Figure 4. Expression analysis of the salt stress-inducible genes Osmotin and Tsi1 in wild-type and alc::cwINV tobacco plants. Plants were inoculated with 
G.  intraradices 5 weeks after sowing (myc) or stayed uninoculated (non-myc). Root-specific induction of the apoplastic yeast invertase was performed by drenching the 
whole root system with 100 ml 0.05 % (v/v) acetaldehyde, which was applied 0, 7 and 14 d after inoculation (+Aa). Control plants were water-treated (+H2O). Two days 
after the last treatment, all plants were soil-drenched with 100 ml 300 mM NaCl. Roots and middle-aged leaves were harvested 0, 1, 3 and 24 h after NaCl-application. 
Total RNA was isolated from pooled samples of three parallel plants. After RT, semi-quantitative PCR was performed with different amounts of cDNA using the 
following primers and annealing temperatures: Osmotin: forward primer: 5' – act atc gag gtc cga aac – 3', reverse primer: 5' – ctt cca ggc att tcc aag – 3', 56°C; Tsi1: 
forward primer: 5' – gac gac gaa gga caa gat ac – 3', reverse primer: 5' – cat cgt tac gga gaa ctg ac – 3', 56°C; Ubiquitin: forward primer: 5' – tga ctg gga aga cca tca c – 3', 
reverse primer: 5' – tag aaa cca cca cgg aga c – 3', 55°C. 
Note that in roots and leaves, Osmotin was clearly induced by drenching with NaCl. Tsi1 showed only low transcript accumulation in both tissues after NaCl treatment. 
Both genes showed slightly lower expression levels in mycorrhizal plants than in non-mycorrhizal plants. However, acetaldehyde-treated wild-type showed decreased 
expression levels of Osmotin in roots and leaves compared to water-treated wild-type plants, possibly due to slight effects of acetaldehyde on Osmotin gene expression. 
Moreover, Osmotin and Tsi1 accumulation in leaves and roots of mycorrhizal alc::cwINV plants was in general lower than in wild-type plants – independent of 
acetaldehyde application. Thus, there was no obvious reduction in salt stress-inducible gene expression due to the invertase induction. 
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Supplemental Figure 5. Expression analysis of PR genes in wild-type and alc::cwINV tobacco plants. 
Transcript levels of PAR1, PR-Q and PR-1b were analyzed in leaves and roots of water- (H2O) and 
acetaldehyde-treated (Aa) wild-type and NT alc::cwINV plants by RT PCR. Cultivation, inoculation with G. 
intraradices and acetaldehyde-treatment of plants was performed as described for Supplemental Figure 4, but 
without NaCl treatment. non-myc: plants left without inoculation, myc: plants inoculated with G. 
intraradices. As positive control, leaves of plants with constitutive expression of the chimeric gene encoding 
apoplast-located yeast invertase with the 35S promoter were used (A41-10; von Schaewen et al., 1990; 
Herbers et al., 1996). In addition, the leaves and roots of non-mycorrhizal wild-type plants harvested 24 h 
after soil-drenching with 300 mM NaCl as described in Supplemental Figure 4 were analyzed (NaCl). Total 
RNA of roots and middle-aged leaves was isolated from pooled samples of three parallel plants. After RT, 
semi-quantitative PCR was performed with 25 cycles and an annealing temperature of 56°C using the 
following primers: PAR1: forward primer: 5' – gaa gcg ttg cgt gtt aga g – 3', reverse primer: 5' – cac tgg tcg 
gtt tca atc c – 3'; PR-Q: forward primer: 5' – ttg gca caa ggc att ggt tc – 3', reverse primer: 5' – ctt gtt gtc ctg 
tgg tgt cat c – 3'; PR-1b: forward primer: 5' – gta ggc gtg gaa cca tta ac – 3', reverse primer: 5' – gca ctt aac 
cct agc aca tc – 3'; Ubiquitin: forward primer: 5' – tga ctg gga aga cca tca c – 3', reverse primer: 5' – tag aaa 
cca cca cgg aga c – 3'. 
Note the strong accumulation of PR transcripts in leaves of plants with constitutive expression of the 
apoplast-located yeast invertase (A41-10). No increased mRNA levels were found in plants with root-
specifically induced yeast invertase. Plants treated with NaCl showed no enhanced accumulation of PR gene 
transcripts 24 h after treatment. 
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The effect of constitutive invertase overexpression on the arbuscular mycorrhiza (AM) is shown. The analysis of the 
enhanced potential for sucrose cleavage was performed with a heterozygous line of Nicotiana tabacum 35S::cwINV 
expressing a chimeric gene encoding apoplast-located yeast-derived invertase with the CaMV35S promoter. Despite 
the 35S promoter, roots of the transgenic plants showed no or only minor effects on invertase activity  whereas the 
activity in leaves was increased at different levels. Plants with severely elevated leaf invertase activity, which 
exhibited a strong accumulation of hexoses in source leaves, showed pronounced phenotypical effects like stunted 
growth and chlorosis and an undersupply of the root with carbon. Moreover, transcripts of PR (pathogenesis related) 
genes accumulated in the leaves. In these plants, mycorrhization was reduced. Surprisingly, plants with moderately 
increased leaf invertase activity showed a stimulation of mycorrhization particularly three weeks after inoculation. 
Compared to wild-type, a higher degree of mycorrhization accompanied by a higher density of all fungal structures 
and a higher amount of G. intraradices-specific rRNA was detected. Those transgenic plants showed no 
accumulation of hexoses in the source leaves, minor phenotypical effects and no increased PR gene accumulation. 
The roots had even lower levels of phenolic compounds (chlorogenic acid and scopolin), amines (like tyramine, 
dopamine, octopamine, nicotine) and some amino acids (including 5-amino-valeric acid, 4-amino-butyric acid) as 
well as an increased abscisic acid content compared to wild-type. Minor metabolic changes were found in the leaves 
of these plants. The changes in metabolism and defense status of the plant and their putative role in the formation of 
an AM symbiosis are discussed.  
 

In autotrophic plants, sucrose represents the major 
carbon transport form from photosynthetically active 
source leaves to heterotrophic sink tissues. Efficient 
carbon allocation and providing of utilizable 
carbohydrates is a key for successful plant growth 
and development. Apoplastic invertases, also termed 
cell wall-bound or extracellular invertases, are 
known as important regulators in such processes. By 
phloem unloading, they can establish and maintain 
increasing sink strength. Hydrolysis of sucrose by 
extracellular invertases at the site of phloem 
unloading drives the long-distance carbon transport 
to sink organs powered by differences in osmotic 
potentials. The cleavage products glucose and 
fructose can directly serve as carbon and energy 
sources for the plant cells. Next to the direct feeding 
of the plant cell, sucrose and hexoses can act as 
metabolic signals influencing plant gene expression 
and development (for reviews, see Koch, 1996; 
Rolland et al., 2006). In general, hexoses favor cell 
division and expansion whereas sucrose favors 
differentiation and maturation (for review, see Koch, 
2004). Moreover, sugars are important signals in the 

activation of defense-related mechanisms (for 
reviews, see Rolland et al., 2002; Rolland et al., 
2006). 

In addition to apoplastic invertases, sucrose can be 
hydrolyzed in plants by the action of vacuolar or 
cytosolic invertases and cytosolic sucrose synthase. 
Whereas the latter cleaves sucrose reversible into 
UDP-glucose and fructose, all invertases hydrolyze 
sucrose to glucose and fructose which are both – in 
contrast to UDP-glucose – known to trigger hexose 
signal function. Similar to apoplastic invertases, the 
vacuolar invertases are N-glycosylated ß-fructofura-
nosidases with an acidic pH-optima. The function of 
vacuolar invertases in controlling sugar composition 
in fruits and storage organs such as tubers is well-
studied for tomato and potato (Ohyama et al., 1995; 
Miron et al., 2002). Furthermore, they play a role in 
the osmoregulation and cell enlargement and are 
involved in the response to cold, drought, wounding, 
hypoxia and gravitropism (for reviews, see Sturm 
and Tang, 1999; Roitsch and González, 2004). In 
contrast, less is known about physiological functions 
of neutral cytoplasmic invertase. This class of inver-
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tases is suggested to drive catabolism by channeling 
sucrose into the metabolism. The same is proposed 
for cytosolic sucrose synthase. Sucrose synthase 
might further be involved in cell wall formation and 
in the plant response to cold and anaerobiosis, as 
UDP-glucose is a precursor of compounds involved 
in such processes. Additionally, activity of sucrose 
synthase might regulate carbohydrate portioning 
between source and sink organs as the enzyme is 
also located to phloem cells of source leaves (for 
reviews, see Sturm and Tang, 1999; Koch, 2004; 
Roitsch and González, 2004).  

Specific physiological functions of the different 
sub-cellularly located sucrose cleaving enzymes 
have been demonstrated for plant developmental 
processes. Using transgenic carrot plants with tap 
root-specific antisense suppression of sucrose-clea-
ving enzymes the individual role of sucrose synthase, 
apoplastic and vacuolar invertases in tap root forma-
tion has been shown. Suppression of sucrose syntha-
se resulted in normal development of tap roots but 
lower size of roots and leaves (Tang and Sturm, 
1999). Plants with suppressed vacuolar invertase 
produce very small, but otherwise normally develo-
ped tap roots and more leaves than control plants 
(Tang et al., 1999). Carrots expressing antisense 
mRNA against extracellular invertase form no tap 
roots but more leaves (Tang et al., 1999) indicating 
that tap root formation is strongly dependent on 
apoplastic invertase activity regulating sink strength 
and phloem unloading. Characterization of the maize 
mutant miniture-1, which is deficient in an endo-
sperm-specific apoplastic invertase causing an early 
degeneration and withdrawal of maternal cells from 
the endosperm, revealed the crucial role of an apo-
plastic invertase-mediated maintenance of a physio-
logical gradient of sucrose for normal seed develop-
ment (Miller and Chourey, 1992). 

Furthermore, the specific expression pattern of 
different apoplastic isoenzymes in a development- 
and organ-specific manner allows a fine-tuned res-
ponse to certain stimuli and indicates the important 
regulatory function of these enzymes. For example, 
expression analysis of the extracellular tomato inver-
tases showed that three of four isoenzymes (LIN5, 
LIN6 and LIN7) are expressed in flowers – but in 
distinct developmental stages and/or different flower 
organs (Godt and Roitsch, 1997; Fridman and Zamir, 
2003; Proels et al., 2003). Antisense suppression of 
the LIN7 tobacco homolog NIN88 resulted in male 
sterility (Goetz et al., 2001), supporting the crucial 
role of one apoplastic invertase isoenzyme in pollen 
development. 

Apoplastic  invertases  are  known  to  respond  to a 

whole set of stimuli including sugars, phytohor-
mones, abiotic and biotic stressors. For example, 
induction by glucose and the growth promoting 
phytohormone zeatin was found for LIN6 (Godt and 
Roitsch, 1997), whereas vacuolar invertase and 
sucrose synthase showed no response. Moreover, 
LIN6 was strongly induced by stress-related stimuli  
such as polygalacturonic acid, mimicking pathogen 
infection, brassinosteroids, methyl jasmonate and 
wounding of leaves or roots (Godt and Roitsch, 
1997; Goetz et al., 2000; Thoma et al., 2003; Schaar-
schmidt et al., 2006). An activation by gibberellic 
acid, auxin and abscisic acid was found for the LIN5 
promoter (Proels et al., 2003). The tapetum- and 
pollen-specific LIN7 was found to be at least gibbe-
rellic acid-inducible (Proels et al., 2006). In addition 
to wounding, apoplastic invertases can be also in-
duced by other abiotic stresses like drought or salt 
stress (Roitsch et al., 2003; Ji et al., 2005). Upon 
biotic stress, higher transcript or activity levels of 
extracellular invertases were detected, e.g. in potato 
virus Y infected tobacco (Herbers et al., 2000) and 
upon infection with several pathogenic fungi, such as 
rice blast (Magnaporthe grisea), rust (Pucchinia 
hordei) and powdery mildew (Erysiphe cichorace-
arum) (Tetlow and Farrar, 1992; Fotopoulos et al., 
2003; Cho et al., 2005). In mutualistic plant-fungus 
interactions like ectomycorrhiza and arbuscular my-
corrhiza, apoplastic invertases are induced to support 
the increased sink strength due to the feeding of the 
symbiotic partner (Salzer and Hager, 1991; Wright et 
al., 1998; Wright et al., 2000; Schaarschmidt et al., 
2006). 

In return to this regulation of apoplastic invertase 
by certain stimuli, invertases release hexoses as sig-
nals for several, inter alia stress-related, mechanisms 
including phytohormone accumulation, expression of 
defense genes and a feedback induction of inver-
tases. Such hexose-triggered transcript accumulation 
has been shown e.g. for the defense gene PAL and 
the cell wall invertase gene CIN1, both strongly 
expressed in glucose-treated Chenopodium rubrum 
cell culture (Ehness et al., 1997). Thus, extracellular 
invertases belong to a complex network of regulatory 
elements amplifying the initial signal (for reviews, 
see Leon and Sheen, 2003; Roitsch et al., 2003). 

Overexpression of genes coding for extracellular-
located invertase can affect hormonal regulated 
developmental processes and increase tolerance 
against abiotic and biotic stresses. In this respect, 
senescence-induced invertase-overexpressing tobac-
co leaves exhibited a cytokinin-mediated delay of 
leaf senescence (Balibrea Lara et al., 2004). The con-
stitutive overexpression results in an improved salt 
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stress tolerance (Fukushima et al., 2001), accumu-
lation of PR gene transcripts, increased salicylate 
levels and accumulation of phenolic compounds 
accompanied by increased resistance against potato 
virus Y (PVY) (Herbers et al., 1996; Baumert et al., 
2001). The effect of constitutive overexpression of 
apoplastic invertase on mutualistic interactions – 
including the arbuscular mycorrhiza (AM) fungi – is, 
however, unknown. The AM fungi, forming a mutu-
alistic symbiosis with most land plants (for review, 
see Hause and Fester, 2005), are dependent on the 
sucrose-cleaving enzymes of their host as they are 
only able to take up hexoses from the plant apoplast 
within their intraradical formed mycelium (Pfeffer et 
al., 1999; Douds et al., 2000). No uptake could be 
observed by extraradiacl grown mycelium. Thus, 
upon invertase overexpression, these micoorganisms 
might benefit from a higher availability of carbo-
hydrates. On the other hand, activation of defense re-
action might interfere with the mutualistic interac-
tion.  

Hence, in the present study the effect of consti-
tutive overexpression of apoplastic invertases on 
formation of AM was analyzed. Therefore, a 
heterozygous line of Nicotiana tabacum 35S:-
:cwINV plants (von Schaewen et al., 1990) was 
used, expressing a chimeric invertase gene with 
the CaMV35S promoter. The chimeric invertase 
gene consists of the signal peptide of potato 
proteinase inhibitor II and the coding sequence 
of the yeast invertase gene suc2 and encodes a 
N-glycosylated invertase, which is efficiently 
secreted to the apoplast (von Schaewen et al., 
1990). Heterozygous NT 35S::cwINV plants 
were characterized due to their invertase activi-
ty, sugar levels and defense status and analyzed 
in view to their colonization with the AM fun-
gus Glomus intraradices. Surprisingly, either a 
stimulation or a repression in the fungal coloni-
zation of the root was observed – depending on 
the leaf invertase activity. Thus, a regulatory 
function of apoplastic invertases on whole plant 
level is suggested.  
 
 
RESULTS 
 
Relations between invertase activity, contents of 
soluble sugars, phenotypical effects and 
mycorrhization  
 

Plants of a heterozygous Nicotiana tabacum 35S: 
:cwINV line showed a broad spectrum in their indivi-
dual invertase activity and their soluble sugar levels 
in leaves. In Figure 1 (A to D) the invertase activities 
and sugar levels in Glomus intraradices-inoculated 
plants of two independent experiments are presented. 
Non-mycorrhizal plants showed a similar spectrum 
in invertase activity and sugar levels (data not 
shown).  

Leaf invertase activity was found to be increased 
from about 2-fold up to more than 25-fold compared 
to wild-type (Fig. 1A). Despite expression of the chi-
meric invertase gene under control of the 35S promo-
ter, however, root invertase activity was only mode-
rately enhanced (up to 3-fold) or not affected at all. 
Hence, transgenic plants were divided by their leaf 
invertase activity into 4 groups: (a) up to 50 pkat mg 
protein-1, (b) in the range from 50 to 100 pkat mg 
protein-1, (c) in the range from 100 to 200 pkat mg 
protein-1 and (d) more than 200 pkat mg protein-1. 
Leaf invertase activity of wild-type plants averaged 
at 12 pkat mg protein-1. It became obvious that mo-
derately increased invertase activities in NT 35S: 
:cwINV leaves (2- to 4-fold) are mainly observed at 
earlier developmental stages (3 weeks after inocula-
tion) whereas at later stages (6 weeks after inocula-
tion) the invertase activity was in some plant about 
25-fold higher than in the wild-type.   

According to their invertase activity, NT 35S: 
:cwINV plants showed particularly at later develop-
mental stages (4.5 and 6 weeks after inoculation) 
markedly elevated hexose (glc + frc) contents and 
hexose-to-sucrose ratios in the leaves (Figs. 1, B and 
D). The sucrose content in leaves was less affected 
(Fig. 1C). In transgenic plants with moderately in-
creased leaf invertase activity (group a) levels of 
soluble sugars were less affected in the leaves or 
even slightly decreased (for the latter, see experiment 
I, 3 weeks after inoculation). Roots of all plants 
showed constant or reduced sugar levels and 
constant hexose-to-sucrose ratios compared to wild-
type roots (Figs. 1, B to D). 

Interestingly, we found a correlation between the 
leaf invertase activity and the degree of myco-
rrhization in NT 35S::cwINV plants. At early stages 
(3 weeks after inoculation), plants with moderately 
(2- to 4-fold) increased invertase activity in leaves 
showed a higher degree of mycorrhization and in-
creased amounts of G. intraradices-specific rRNA 
(Figs. 1, E and F). Furthermore, we could detect a 
higher density of fungal structures (Figs. 2, B and C; 
see also Supplemental Fig. 1, A and C) compared to 
wild-type plants. In contrast, mycorrhization and 
fungal rRNA levels decreased with increasing leaf 
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Figure 1. Invertase activity, soluble sugars and mycorrhization in G. intraradices-inoculated invertase-overexpressing 
plants. A, Invertase activity in roots and leaves of wild-type and NT 35S::cwINV plants. B and C, Glucose and fructose 
content (B) and the sucrose content (C) in these plants. D, Ratio of the glucose and fructose contents to the sucrose 
content. E, Degree of mycorrhization. F, Relative levels of G. intraradices-specific rRNA. Levels of fungal rRNA in wild-
type roots were for each time-point set to 1. All determinations were done for two independent experiments shown as 
experiment I and II. Six-week-old plant were inoculated with G. intraradices and harvested in experiment I after 3 and 4.5 
weeks and in experiment II after 3 and 6 weeks. Heterozygous plants expressing the chimeric invertase gene were grouped 
by their leaf invertase activity as followed. '35S::cwINV; a': leaf invertase activity up to 50 pkat mg protein-1; '35S::cwINV; 
b': between 50 and 100 pkat mg protein-1;  '35S::cwINV; c': between 100 and 200 pkat mg protein-1; '35S::cwINV; d': over 
200 pkat mg protein-1. Data are given as mean values + SD of 3 to 8 plants per group. 
 
 
invertase activity resulting in repressed mycorrhi-
zation at later developmental stages (group b to d). 
Staining of fungal structures revealed less formation 
of fungal storage organs than in wild-type roots 
(Figs. 2, E and F). In contrast to transgenic plants of 
group a, showing well-developed arbuscules, in 
plants with severely increased leaf invertase activity 
particularly small arbuscules were found (Supple-
mental Fig. 1, C and E). In some root segments 
exclusively intercellular hyphae could be detected. A 
similar colonization pattern with less formation of 
fungal storage organs was previously found in 
transgenic NT rolC::PPa plants with a severe under-
supply of the root (Supplemental Fig. 1F; see also 
Schaarschmidt et al., 2006). In these plants, the 
phloem-specific expression of the pyrophospatase 
gene ppa from Escherichia coli inhibits the inorganic 
pyrophosphate (PPi)-dependent uptake of sucrose 
into the phloem cells resulting in sugar accumulation 
in source leaves and an undersupply of the sink or-
gans (Lerchl et al., 1995).  

In 35S::cwINV plants, the correlation between the 
leaf invertase activity and the degree of mycorrhi-
zation occurred in both experiments, although in ex-
periment II colonization levels were in general much 
lower than in experiment I. 
 
Plant phenotype and PR gene expression in 
invertase-overexpressing plants 
 

In addition to the moderately increased leaf 
invertase activity, 35S::cwINV plants with increased 
mycorrhization are characterized by less phenotypi-
cal symptoms (Fig. 2A). Only minor growth reduc-
tion and leaf chlorosis could be observed. The con-
tent of total chlorophyll was either not affected at all 
or only slightly reduced compared to wild-type 
plants (Fig. 3A). In contrast, plants with severely 
elevated leaf invertase activity and reduced myco-
rrhization showed a pronounced phenotype with 
stunted growth and chlorosis of leaves (Fig. 2D). To-
tal chlorophyll content as well as stem length and 
leaf size of NT 35S::cwINV decreased with increa-

sing invertase activity compared to wild-type, espe-
cially at later developmental stages (Fig. 3, A and B). 
The number of leaves was less affected but also de-
creased in comparison to wild-type plants 6 weeks 
after inoculation (Fig. 3B). Similar phenotypes were 
observed in non-mycorrhizal NT 35S::cwINV plants.       

As described previously, constitutive expression of 
apoplast-located yeast invertase can lead to an en-
hanced defense status of the plant (Herbers et al., 
1996; Herbers et al., 2000). To test whether defense 
mechanisms are induced in heterozygous NT 35S: 
:cwINV plants, gene expression analysis of PAR 1, 
PR-Q and PR-1b, which were found to accumulate in 
leaves of homozygous NT 35s::cwINV plants (Her-
bers et al., 1996), was performed.  

In invertase-overexpressing plants with moderate 
leaf invertase activity and increased mycorrhization, 
transcripts of the analyzed PR genes did not accu-
mulate to higher levels than in wild-type (Fig. 4). In 
leaves with higher invertase activity (groups b to d), 
however, PAR1, PR-Q and PR-1b transcript levels 
accumulated to higher levels compared to wild-type 
leaves. In contrast, increased transcript accumulation 
of PR genes was not detected in roots. There,  PR 
gene transcript levels seemed even to be lower than 
in the wild-type. Thus, in the analyzed plants induc-
tion of PR gene expression by elevated leaf invertase 
activity was found to be local instead of systemic. 
 
Hormone and metabolite status of invertase-
overexpressing plants with stimulated 
mycorrhization 
 

To analyze metabolic alterations possibly leading 
to the stimulated mycorrhization in NT 35S::cwINV 
plants with moderately increased leaf invertase 
activity compared to wild-type plants, steady-state 
analyses of phytohormones and polar metabolites 
were performed. Roots and leaves of wild-type and 
NT 35S::cwINV plants of group a, harvested 3 weeks 
after inoculation with G. intraradices, were investi-
gated. In both experiments (experiment I and II), sig-
nificantly (1.8- and 2.7-fold) increased abscisic acid
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Figure 2. Phenotypes of invertase-overexpressing plants and formation of mycorrhizal structures. A and D, Phenotypes of 
wild-type and representative 35S::cwINV tobacco plants with medium symptoms 3 weeks (A) and 6 weeks (D) after 
inoculation with Glomus intraradices. All plants were inoculated 6 weeks after sowing. B, C, E, F, Ink-stained fungal 
structures in roots of wild-type (B and C) and invertase-overexpressing plants (E and F) harvested 3 weeks (B and C) and 
6 weeks (E and F) after inoculation. 
 

 
(ABA) levels were found in roots of invertase-
overexpressing plants compared to wild-type roots 
(Fig. 5). In leaves, the ABA content was less affected 
showing only in one experiment a significant in-
crease (1.8-fold). Contents of total, free and conjuga-
ted indole-3-acetic acid (IAA) showed in one ex-
periment only (experiment II) a significant (>2-fold) 
increase in roots of the analyzed NT 35S::cwINV 
plants compared to wild-type roots (Supplemental 
Fig. 2). IAA contents in leaves were not significantly 
affected by increased invertase activity. 

Analysis of polar compounds revealed a clear se-
paration between the metabolic steady-state of roots 
and leaves as well as more pronounced different-
tiations between wild-type and 35S::cwINV plants 
than between both experiments (Figure 6A). The 
identified compounds and their change in pool size 
for roots and leaves of all wild-type and 35S::cwINV 
plants of both experiments (experiment I and II) are 
listed in Table I. In the Supplemental Tables I and II 
the metabolite fingerprint of all mass fragments 
observed in at least 15% of the samples and the sub-
set of all identified mass fragments, respectively, are 
given. Interestingly, more metabolic changes occur-
red in roots than in leaves of invertase-overexpres- 
sing  plants  compared  to  wild-type.  Most  of  them 

 become apparent as decreased metabolite levels.  
By analyzing polar compounds via GC/MS we 

found as determined by photometric sugar measure-
ments (see Fig. 1), even in those transgenic plants 
with increased mycorrhization, lower monosaccha-
ride contents in the roots (Table I). In addition to 
decreased glucose and fructose levels, xylose, ribose, 
rhamnose and fucose were detected on lower 
amounts (Table I). The leaves were not significantly 
affected in their monosaccharide contens. Decreased 
monosaccharide contents in roots may be due to 
higher colonization of those transgenic plants and the 
accompanied uptake of hexoses by the fungus. 
However, photometric sugar measurements showed a 
similar reduction in non-mycorrhizal plants (data not 
shown). In contrast, raffinose was found predomi-
nantly in the transgenic plants (Supplemental Fig. 3) 
and the polyol erythriol was markedly elevated in 
leaves of moderately invertase-overexpressing 
plants. Moreover, contents of sugar phosphates and 
some other phosphates were increased in roots and 
leaves, which might indicate a higher phosphate 
supply of the transgenic plants showing increased 
mycorrhization (Supplemental Fig. 3). An enhanced 
nutrient supply of 35S::cwINV plants with increased 
mycorrhization might also be indicated by 4-fold and
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Figure 3. Chlorophyll content and growth parameters of 
wild-type and invertase overepressing plants. A, Content 
of total chlorophyll of wild-type and NT 35S::cwINV 
plants of two independent experiments (experiment I and 
II). B, Length of stem, number of full-developed leaves 
and length of the largest leaf, used as indicator for leaf 
size, of wild-type and NT 35S::cwINV plants 6 weeks af-
ter inoculation. All plants were inoculated with G. intra-
radices 6 weeks after sowing. The plants were grouped by 
their leaf invertase activity as described in Fig. 1. Data are 
presented as mean + SD of 3 to 8 plants per group. 
 
8-fold higher levels of carbodiimide in roots and 
leaves, respectively, and by higher amounts of a 
novel amine. Its putative role is unknown, but it 
could, however, be detected in all tobacco plants and 
was found to be around 100-fold increased in roots 
of invertase-overexpressing plants compared to wild-
type, which contrasts to all identified amines 
(Supplemental Table II and Supplemental Fig. 3). 

Polyhydroxy acids and organic acids were less 
affected in the transgenic plants. Thus, leaves of 
moderately invertase-overexpressing plants showed 
only an enhanced content of itaconic acid, whereas 
their roots had lower contens of gluconic acid, 
gluroronic acid and succinic acid. In addition, some 
amino acids or amino acid derivatives were reduced 
in 35S::cwINV plants. In roots, these were identified 
as alanine, 5-amino-valeric acid and 4-amino-butyric 
acid (GABA), the latter had a borderline P value for 

the changed pool size of both experiments but was 
significantly reduced in each experiment (see also 
Supplemental Fig. 4). In leaves, proline was the only 
amino acid showing a reduced amount. Interestingly, 
the transgenic plants had also, especially in roots, 
lower contents of defense-related metabolites such as 
amines and phenolic compounds. In roots of inver-
tase-overexpressing plants with increased mycorrhi-
zation, chlorogenic acid (caffeoylquinic acid), scopo-
lin and all identified amines were reduced (Supple-
mental Fig. 4). The latter includes octopamine, tyra-
mine, nicotine and dopamine; spermidin also appea-
red decreased. Moreover, reduced levels of benzyl-
glucopyranoside occurred in roots of 35S::cwINV 
plants with moderate invertase activity. Nicotine, 
octopamine, dopamine, chlorogenic acid and scopo-
lin are among the top scoring identified metabolites 
contributing to the found metabolic differentiation 
(Figure 6B). However, the reduced levels of chloro-
genic acid, octopamine and tyramine in the leaves 
were mainly due to metabolic changes in one 
experiment only (experiment I) (Supplemental Fig. 
3).  
 

 
 

Figure 4. Expression analysis of PR genes in wild-type 
and invertase-overexpressing tobacco. Transcript levels of 
PAR1, PR-Q and PR-1b were analyzed in pooled root- and 
leaf-samples of at least 3 mycorrhizal wild-type and NT 
35S::cwINV plants via RT PCR. Plants were inoculated 
with G. intraradices, harvested at two time-points and 
grouped by their leaf invertase activity as described in Fig. 
1. The amount of template used for RT-PCR is given in 
the figure.                                                                           b
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Figure 5. ABA content in wild-type plants and NT 
35S::cwINV plants with increased mycorrhization. The 
abscisic acid content in roots and leaves of mycorrhizal 
wild-type and 35S::cwINV tobacco plants with moderate 
leaf invertase activity (below 50 pkat mg protein-1) 3 
weeks after inoculation with G. intraradices is shown. 
Data of two independent experiments (experiment I and 
II) are given each as mean value + SD of 3 to 5 plants. In 
total 8 wild-type and 8 transgenic plants were analyzed. 
Data of the transgenic lines were compared to the wild-
type by the Student t test. *P<0.05, **P<0.002. 

 
Thus, moderately increased invertase activity in to-

bacco leaves resulted in a marked change of the me-
tabolic status of the root with increased ABA con-
tents and decreased levels of defense-related com-
pounds like phenolic compounds, amines and some 
amino acids, whereas minor effects on the leaves 
could be detected.  
 
 
DISCUSSION 
 

As shown recently, root-specific elevated apoplast-
tic invertase activity, achieved by expressing a chi-
meric gene encoding apoplast-located yeast-derived 
invertase with an alcohol inducible promoter, does 
not affect arbuscular mycorrhiza (AM) in transgenic 
tobacco plants (Schaarschmidt et al., 2006). In con-
trast, root-specific expression of an acid invertase in-
hibitor gene resulted in reduced apoplastic invertase 
activity and decreased mycorrhization in roots of 
transgenic tobacco (Schaarschmidt et al., 2006). In 
the present study, the regulation of AM by con-
stitutive overexpression of apoplastic invertases was 
analyzed. Therefore, transgenic Nicotiana tabacum 
35S::cwINV plants of a heterozygous line were ana-
lyzed, containing different copy numbers of the chi-
meric gene coding for apoplast-located yeast inver-
tase which is under the control of the CaMV35S pro-
moter (von Schaewen et al., 1990). Upon inoculation 
with Glomus intraradices, a correlation between leaf 
invertase activity and root colonization rate was 
found. Surprisingly, slightly increased (2- to 4-fold) 

leaf invertase activity stimulated the mycorrhization, 
whereas severely increased (10- to 25-fold) invertase 
activity in source leaves repressed AM. 

As the obligate biotrophic AM-fungi are dependent 
on the carbon supplied by the plant host, the impact 
on the mycorrhization might be due to the changed 
carbohydrate status of the plants. As shown for NT 
rolC::ppa  plants   with   defective   phloem-loading, 

 

 
 

Figure 6. Independent component analysis (ICA) of 
metabolite profiles from roots (diamonds) and leaves 
(circles) of N. tabacum wild-type (open symbol) and 
35S::cwINV plants with increased mycorrhization (closed 
symbol). Two independent experiments, I (small symbol) 
and II (large symbol), were performed. A, Analysis of 
ICA scores demonstrates common differences in root and 
leaf metabolism (IC 2) in response to moderate cwINV 
expression in the data set (supplemental table I). B, 
Loadings analysis demonstrates the contribution of 
metabolites to this metabolic differentiation. All detected 
GC-TOF-MS mass fragments are shown and the top 
scoring identified metabolites indicated: 1 carbodiimide, 2 
nicotianamine, 3 erythritol, 4 glyceric acid-3-phosphate, 5 
nicotine, 6 octopamine, 7 caffeoylquinic acid (chlorogenic 
acid), 8 dopamine, 9 glucose, 10 glycine, 11 allantoin, 12 
fructose-6-phosphate, 13 phosphoric acid, 14 tryptophan, 
16 scopolin. 
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Figure 7. Proposed model for the regulation of AM by increased apoplastic invertase activity in leaves of NT 35S::cwINV 
plants. A, Transgenic plants with strong invertase expression in leaves are characterized by severe hexose accumulations in 
the source leaves, increased transcript levels of PR genes in leaves, indicating increased defense status of the plant, and an 
undersupply of the root with carbohydrates. These plants showed reduced mycorrhization. B, Transgenic plants with mo-
derate invertase expression showed in some cases reduced hexose levels in leaves. All of those plants are characterized by 
reduced contents of defense-related metabolites in roots and increase levels of abscisic acid in roots. These plants showed 
increased mycorrhization. INV, apoplastic leaf invertase. Hex, hexose content. Myc, macorrhization. ABA, abscisic acid. 

  

which was achieved by phloem-specific expression 
of a pyrophospatase gene from E. coli, an under-
supply of the root with hexoses leads to repression of 
mycorrhization (Supplemental Fig. 1; Schaar-
schmidt et al., 2006). These transgenic tobacco 
plants are characterized by a defective phloem-
loading and translocation of sucrose to the sink 
organs resulting in sugar accumulation in source 
leaves, drastic growth defects and an undersupply of 
the roots inter alia with hexoses. Accordingly, in NT 
35S::cwINV plants with strongly increased leaf 
invertase activity the enhanced cleavage of sucrose 
in source leaves causes a defective sucrose trans-
location to the sink organs. This results in severe 
hexose accumulation in the leaves accompanied by 
chlorosis and growth defects leading to an under-
supply of the root with carbohydrates (see also von 
Schaewen et al., 1990; Sonnewald et al., 1991). It is 
highly probable that this insufficient carbon trans-
location in the plant results in starvation of the AM-
fungus and therefore reduces fungal growth.  

In addition, drastic changes in the sink/source re-
lations by increased apoplastic invertase activity and 
increased accumulation of hexoses can result in a 
stress response of the plant (Roitsch et al., 2003; 
Rolland et al., 2006). An elevated defense status of 
homozygous NT 35S::cwINV plants was previously 
indicated by transcript accumulation of PR genes and 
increased tolerance against virus infection (Herbers 
et al., 1996). In the present study, we detected with 

increasing apoplastic leaf invertase activity increased 
PR transcript accumulations in leaves of hetero-
zygous plants. In the roots, which exhibited no or 
only moderately enhanced invertase activity, no in-
duced PR gene transcription was found. Thus, tran-
scription of PAR1, PR-1b and PR-Q was locally 
indu-ced by strongly increased leaf invertase activi-
ty. Nevertheless, an additional effect on AM fungal 
growth in the roots by activation of defense-related 
mechanisms in the leaves cannot be excluded.  

It is known that defense-related mechanisms are 
somehow induced upon AM, most likely to restrict 
fungal growth to the root cortex and avoid excessive 
colonization (for reviews, see García-Garrido and 
Ocampo, 2002; Hause and Fester, 2005). Several 
studies revealed expression of defense-related genes 
upon AM (e.g. Salzer et al., 2000; Liu et al., 2003; 
Gao et al., 2004). However, transcripts of genes 
associated with plant defense response often accu-
mulate in a very specific manner and different stages 
of AM symbiosis, e.g. the initial phase of AM 
establishment (Volpin, et al. 1994; Liu et al., 2003), 
in different subcellular sites like arbuscule-contai-
ning cells (Blee and Anderson, 1996; Blee and 
Anderson, 2000) or isoenzyme-specific gene expres-
sion as shown for chitinases (Pozo, et al. 1998; Sal-
zer et al., 2000). This indicates an induction of spe- 
cific, defense-related regulatory mechanisms upon 
AM to control the mutualistic interaction. 
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Thus, repression of mycorrhization in NT 35S: 
:cwINV plants with strong invertase induction in the 
leaf apoplast is suggested to be due to increased 
hexose accumulation in the source leaves leading to 
an elevated defense status of the plant and an un-
dersupply of the root with carbohydrates (Fig. 7A). 

In contrast to NT 35S::cwINV plants with repressed 
mycorrhization, plants with slightly elevated leaf in-
vertase activity showed no accumulation of PAR1, 
PR-1b and PR-Q transcripts. This corresponds to the 
lack of hexose accumulation in the leaves or even 
reduced hexose-to-sucrose ratio in leaves accompa-
nied by marginal phenotypical symptoms. However, 
the stimulation of AM formation cannot be explained 
by the amount of available carbon in the root. At 
least, determination of steady-state levels of soluble 
sugars revealed a reduced root sugar levels in all 
35S::cwINV plants. Analyzing the steady-state level 
of polar metabolites in wild-type plants and NT 
35S::cwINV plants with enhanced mycorrhization, 
the latter showed in roots reduced levels of chloro-
genic acid, scopolin and all identified amines, inclu-
ding e.g. tyramine and octopamin. Moreover, levels 
of benzylglucopyranoside and amino acids, including 
4-amino-butyric acid (GABA) and 5-amino-valeric 
acid, were reduced in the roots of transgenic plants 
compared to wild-type.  

Such metabolites are known to accumulate in re-
sponse to biotic stress and are discussed to enhance 
plant resistance (Solomon and Oliver, 2001; Cowley 
and Walters, 2002; Matsuda et al., 2005; Vermerris 
and Nicholson, 2006). Interestingly, chlorogenic acid 
isomers and sopolin accumulated not only in PVY-
infected tobacco plants but also in leaves of homo-
zygous NT 35S::cwINV plants – exhibiting in return 
resistance against PVY (Baumert et al., 2001). 
Amines and amino acids like amino-butyric acid and 
amino-valeric acid are suggested to be involved in 
the plant defense particularly against pathogenic 
fungi. GABA was shown to accumulate, in addition 
to some other amino acids, in tomato upon infection 
with the biotrophic fungi Cladosporium fulvum 
(Solomon and Oliver, 2001) and is further discussed 
for a role in plant response to wounding and her-
bivore attack (Bown et al., 2006). The GABA isomer 
ß-amino-butyric acid (BABA) was found to protect 
Arabidopsis against Botrytis cinerea and Peronos-
pora parasitica (Zimmerli et al., 2000; Zimmerli et 
al., 2001) and can induce local and systemic resis-
tance in several pathosystems (Cohen, 2002). Ami-
nes, such as octopamine, putrescine and spermidine, 
accumulated in elicitor-treated potato tubers and in 
barley upon hypersensitive response to Blumeria 
graminis hordei (Cowley and Walters, 2002; Mat-

suda et al., 2005). Moreover, N-(hydroxycinnamoyl)-
amines, such as N-feruloyltyramine and 4-N-cou-
maroyltyramine, appeared to be involved in cell wall 
fortification in response to Phytophthora infestans 
attack and thereby might affect fungal growth in the 
apoplastic space (Schmidt et al., 1999).  
Thus, decreased accumulation of defense-related me-
tabolites might indicate a reduced defense status in 
roots of those 35S::cwINV plants leading to increa-
sed AM-fungal colonization of the root. In contrast 
to the roots, however, leaves with moderate invertase 
induction showed minor metabolic changes. Only in 
one experiment (experiment I, 3 weeks after inocu-
lation), reduced contents of amines and chlorogenic 
acid were detected. This might be due to a decreased 
hexose-to-sucrose ratio in leaves of these plants. As 
severely elevated hexose-to-sucrose ratio in source 
tissue induces defense reactions by hexose sensing 
(Herbers et al., 1996) a reduced hexose-to-sucrose 
ratio might down-regulate or repress such mecha-
nisms.  

Most detected reductions in the metabolic steady-
state of the analyzed NT 35S::cwINV plants, particu-
larly the reduced levels of defense-related com-
pounds in the root, seemed not to be due to the in-
creased mycorrhization, as one could assume. Be-
cause the mycorrhization levels of both experiments 
differ drastically, changes in the metabolite profile 
due to increased colonization would even be obvious 
by comparing the wild-type plants of both experi-
ments. However, corresponding changes were parti-
cularly not found for amino acids, chlorogenic acid 
or amines (see also Supplemental Fig. 4). This is su-
pported by previous studies on Medicago truncatula, 
in which phenolic compounds, amines and amino 
acids, were not reduced but sometimes even slightly 
elevated upon G. intraradices-inoculation (Lohse et 
al., 2005). Moreover, G. intraradices-colonized bar-
ley showed an at least transient accumulation of hy-
droxycinnamic acid amids (Peipp et al., 1997). These 
findings further supports our hypothesis that down-
regulation of defense-related mechanisms might en-
hance mycorrhization of transgenic plants with 
slightly elevated invertase activity in the leaf 
apoplast. 

In addition to reduced contents of such defense-
related metabolites, we detected in NT 35S::cwINV 
plants exhibiting enhanced mycorrhization increased 
abscisic acid (ABA) levels in the roots. Reports 
concerning ABA levels in mycorrhizal plants give 
contrary results as some describe an increase upon 
AM in roots and leaves (Danneberg et al., 1992; 
Bothe et al., 1994; Meixner et al., 2005) whereas 
others found a decrease in leaves (Allen et al., 1982). 
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However, ABA is known to determine basal sus-
ceptibility in plant-microbe interaction – both patho-
genic and symbiotic ones. Tomato mutants with re-
duced ABA levels showed not only higher resistance 
upon infection with the necrotrophic fungus Botrytis 
cinerea (Audenaert et al., 2002), but are also cha-
racterrized by a reduced AM formation (Herrera et 
al., 2006). In both systems, application of exogenous 
ABA restored susceptibility of the mutant and 
increased the susceptibility of the wild-type.  

Thus, increased AM formation in NT 35S::cwINV 
plants with moderately enhanced leaf invertase 
activity might be due to reduced levels of resistance-
inducing metabolites such as amines, phenolics and 
some amino acids and additionally increased ABA 
contents in the root which could, somehow, be 
regulated by the carbohydrate status of the plant 
(Fig. 7B).  

Summarizing the presented data, we found a cru-
cial function of invertase activity in the leaf apoplast 
and the sugar status of source leaves in regulating the 
AM symbiosis. The symbiotic interaction between 
root-colonizing AM-fungi and plants seemed to be 
controlled inter alia by the carbohydrate status of the 
leaves affecting carbohydrate supply, hormone 
status, PR gene transcripts and stress-related meta-
bolites in the root. By this, the AM formation can 
either be forced or repressed, both independently on 
the apoplastic invertase activity in the root. 
 
 
MATERIAL AND METHODS 
 
Plant material and growth conditions 
 

Wild-type tobacco plants (Nicotiana tabacum cv. 
Samsun NN) were obtained from Vereinigte Saatzuchten 
eG (Ebsdorf, Germany) and germinated on solid MS 
medium (Duchefa, Haarlem, Netherlands). Seeds of a 
heterozygous line of Nicotiana tabacum 35S::cwINV (von 
Schaewen et al., 1990), kindly provided by U. Sonnewald 
(University of Erlangen), were sown on solid MS medium 
containing 50 mg/l kanamycin A (Duchefa) for selection. 
All plants were cultivated in a growth chamber with 16 h 
light (250 µmol photons m-2 s-1; Philips Powerstar HQI 
250/D lamps, Philips, Hamburg, Germany) and 8 h dark at 
25°C and 50% relative humidity. After 3 weeks on solid 
medium, plants were transferred into pots filled with 
expanded clay of 2-5 mm particle size (Original Lamstedt 
Ton, Fibo ExClay, Lamstedt, Germany). Plants were wa-
tered with distilled water and fertilized twice per week 
with 10 ml 10x Long Ashton (20% phosphate) (Hewitt, 
1966). After inoculation with the AM-fungus, plants were 
grown under the conditions described above but fertilized 
with 25 ml 10x Long Ashton (20% phosphate) twice per 

week. Roots and middle-aged leaves were harvested at the 
end of the light period. 
 
Inoculation with Glomus intraradices, staining of 
fungal structures and determination of fungal 
rRNA 
 

For inoculation, the AM-fungus Glomus intraradices 
Schenk & Smith isolate 49 (Maier et al., 1995) was used 
after enrichment by previous co-cultivation with leek 
(Allium porrum cv. Elefant). Six-week-old tobacco plants 
were inoculated by careful removal of the previous 
substrate and transfer to new pots filled with expanded 
clay containing 5% (v/v) G. intraradices-inoculum freshly 
harvested from mycorrhizal leek plants. Non-mycorrhizal 
plants were transferred in the same way to pure expanded 
clay. For the estimation of G. intraradices-colonization a 
representative cross section of each root system was taken. 
The mycorrhizal structures in the root pieces were stained 
according to Vierheilig et al. (1998) using 5% (v/v) ink 
(Sheaffer Skrip jet black, Sheaffer Manufacturing, 
Madison, USA) in 2% (v/v) acetic acid and analyzed 
using a stereomicroscope. Micrographs of ink stained 
roots were taken using a Zeiss "Axioplan" microscope 
(Zeiss, Jena, Germany) equipped with a video camera 
(Fujix Digital Camera HC-300Z, Fuji Photo Film, Tokyo, 
Japan) and were processed through Photoshop 7.0 (Adobe 
Systems, San Jose, USA). 

The amount of G. intraradices-specific rRNA in roots 
was quantified by real-time RT-PCR. Total RNA of my-
corrhizal roots was isolated using the Qiagen RNeasy 
Plant Mini Kit (Qiagen, Hilden, Germany) including a 
DNase-digestion (RNase-free DNase Set, Qiagen). First 
strand cDNA synthesis of 1 µg RNA in a final volume of 
20 µl was performed with M-MLV Reverse Transcriptase, 
RNase H Minus, Point Mutant (Promega, Madison, USA) 
according to the supplier's protocol using random hexamer 
primer. For real-time PCR 4.5 µl of 1:9-diluted cDNA (25 
ng reverse transcribed total RNA) were mixed with 2x 
TaqMan Master Mix (Applied Biosystems, Foster City, 
USA) and 20x TaqMan probe and primers (Assays-by-
Design, Applied Biosystems) in a final volume of 10 µl in 
3 independent replicates. TaqMan probes and primers for 
G. intraradices-specific rRNA were used as described 
previously (Isayenkov et al., 2004). As internal control for 
cDNA-synthesis transcript levels of N. tabacum Ubiquitin 
were measured using the following probe and primers: 
probe: 5' – gga agc agc tcg agg at – 3', forward primer: 5' 
– cca gca gag gtt gat ctt tgc – 3', reverse primer: 5' – aag 
gac ctt ggc tga cta caa tat c – 3' (Custom Taqman Gene 
Expression Assay, Assays-by-Design. Applied 
Biosystems). Real-time PCR was performed using the Mx 
3005P QPCR system (Stratagene, La Jolla, USA) 
according to the Assays-by-Design protocol (Applied 
Biosystems). Data were evaluated with the MxPro 
software (Stratagene) and calculated by the comparative 
Ct method.  
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Determination of invertase activity and soluble 
sugar contents 
 

Invertase activity was measured as described 
(Schaarschmidt et al., 2004). Determination of soluble su-
gar contents was performed photometrically by a coupled 
enzymatic assay as described previously (Schaarschmidt 
et al., 2004). 
 
Determination of total chlorophyll content and 
phenotypic analysis 
 

For chlorophyll determination, leaf material was 
homogenized in liquid nitrogen. Of each sample, 50 mg 
were extracted twice with 1.5 ml of absolute methanol. 
The supernatant (in total 3 ml) was collected and diluted 
1:1 with methanol. The total chlorophyll content in 1 ml 
diluted extract was measured spectrophotometrically (DU 
640 Beckmann Spectrophotometer, Beckmann Instru-
ments, Munich, Germany) against methanol at 664.5 nm 
wavelength, showing adsorption maxima of the extract. 
Determination was carried out in 2 independent replicates. 

As phenotypical markers of growth reduction stem 
length, total number of fully developed leaves and length 
of the youngest and oldest counted leaf as well as length 
of the largest leaf were determined for each plant. Leaf 
length corresponded with leaf width and total leaf area. 
 
Analysis of transcript accumulation of PR genes 
 

Total RNA isolation and cDNA synthesis of pooled 
samples of roots and middle-aged leaves of at least 3 
parallel plants was performed as described above for the 
determination of fungal rRNA but with oligo dT (T19) 
primer instead of random hexamer primer for cDNA 
synthesis. After RT, PCR was performed with 0.5 µl or 3 
µl template in a total volume of 50 µl using GoTaq DNA 
Polymerase (Promega), 5x Green GoTaq Flexi Buffer 
(Promega), 2 mM MgCl2, 0.2 mM each dNTP and each 
0.5 µM forward and reverse primer. Primers were used as 
followed: PAR1: forward primer: 5' – gaa gcg ttg cgt gtt 
aga g – 3', reverse primer: 5' – cac tgg tcg gtt tca atc c – 3'; 
PR-Q: forward primer: 5' – ttg gca caa ggc att ggt tc – 3', 
reverse primer: 5' – ctt gtt gtc ctg tgg tgt cat c – 3'; PR-1b: 
forward primer: 5' – gta ggc gtg gaa cca tta ac – 3', reverse 
primer: 5' – gca ctt aac cct agc aca tc – 3'; Ubiquitin: 
forward primer: 5' – tga ctg gga aga cca tca c – 3', reverse 
primer: 5' – tag aaa cca cca cgg aga c – 3'. PCR conditions 
were for all primers 2 min at 95°C, followed by 25 cycles 
of 30 s at 95°C, 30 s at 56°C, 40 s at 72°C, and additional 
2 min at 72°C. After the reaction, 20 µl of the assay were 
separated on a 1% (w/v) agarose gel stained with ethidium 
bromide.  
 
Steady-state analysis of polar metabolites 
 

After homogenization in liquid nitrogen, 120±5 mg of 
leaf or root material from mycorrhizal plants were ex-
tracted with 300 µl pre-cooled (-20°C) absolute methanol. 
To each sample, 30 µl of a methylnonadecanoate stock 

solution (2 mg ml-1 methanol) (Sigma-Aldrich, Steinheim, 
Germany) and 30 µl of a ribitol stock solution (0.2 mg ml-

1 methanol) (Sigma-Aldrich) were added. After shaking at 
70°C for 15 min, 200 µl chloroform was added to the 
samples which were shaken at 37 °C for additional 5 min. 
Then 400 µl H2O was added. Centrifugation was perfor-
med after vortexing at 16.000 g for 5 min at room tem-
perature. For back-up and validation purposes, 80 µl and 
160 µl aliquots of the upper polar phase were dried by 
vacuum centrifugation (Concentrator 5301, Eppendorf, 
Hamburg, Germany). Chemical derivatization (Roessner 
et al., 2000; Fiehn et al., 2000) and GC-TOF-MS meta-
bolite profiling analysis (Wagner et al., 2003) was per-
formed essentially as described previously. Metabolites 
were identified using the NIST05 mass spectral search and 
comparison software (National Institute of Standards and 
Technology, Gaithersburg, MD, USA; http://www.nist. 
gov/srd/mslist.htm).and the mass spectral and retention 
time index (RI) collection (Schauer et al., 2005) of the 
Golm Metabolome Database (GMD; Kopka et al., 2005). 
Metabolites are characterized by chemical abstracts 
system (CAS) identifiers and compound codes issued by 
the Kyoto Encyclopedia of Genes and Genomes (KEGG; 
Kanehisa et al., 2004). RIs represent Kovàts indices 
(Kovàts, 1958) calculated form standard additions to each 
chromatogram of a mixture of C12, C15, C19, C22, C32, C36 
n-alkanes. Metabolites were quantified after mass spectral 
deconvolution (ChromaTOF software version 1.00, Pega-
sus driver 1.61, LECO, St. Joseph, MI, USA) of at least 
two mass fragments of metabolite derivatives, here called 
analytes. Peak height representing an arbitrary mass spec-
tral ion current of each mass fragment was normalized 
using the amount of the sample fresh weight the ribitol 
analyte for internal standardization of volume variations. 
 
Independent component analysis and statistical 
assessment of GC-TOF-MS fingerprints 
 

Independent component analysis (ICA; Scholz et al., 
2004) was applied to the metabolite fingerprints compiled 
in Supplemental Table I. Data were normalized by cal-
culation of response ratios using the median of each row 
as denominator and subsequent logarithmic transforma-
tion. Missing value substitution was as described earlier 
(Scholz et al., 2005). Statistical testing was performed 
using the Student’s t-test. Logarithmic transformation of 
response ratios approximated required Gaussian normal 
distribution of metabolite profiling data. 
 
Determination of ABA 
 

The content of abscisic acid in roots and leaf material 
was determined as described previously (Meixner et al., 
2005) using ca. 100 mg fresh weight of plant material per 
sample. During extraction 50 ng (d6)-ABA (Plant Biotech-
nology Institute, National Research Council of Canada, 
Saskatoon, Canada) were added to each sample. For GC-
MS analysis the sample was methylated with freshly pre-
pared diazomethane (Cohen, 1984). GC-MS analysis was 
carried out on a Varian Saturn 2100 ion-trap mass spectro-



Increased invertase activity in the leaf apoplast affects AM 

Plant Physiol., submitted 15

meter using electron impact ionization at 70 eV, connec-
ted to a Varian CP-3900 gas chromatograph equipped 
with a CP-8400 autosampler (Varian, Walnut Creek, CA, 
USA). For the analysis 2.5 µl of the methylated sample 
dissolved in 20 µl ethyl acetate was injected onto a Pheno-
menex (Aschaffenburg, Germany) ZB-5 column (30 m x 
0.25 mm x 0.25 µm) using He carrier gas at 1 ml min-1. 
Injector temperature was 250°C and the temperature pro-
gram was 60°C for 1 min, followed by an increase of 
25°C min-1 to 180°C, 5°C min-1 to 250°C, 25°C min-1 to 
280°C, then 5 min isothermically at 280°C. Transfer line 
temperature was 280°C and the trap temperature 200°C. 
For higher sensitivity, the µSIS mode (Varian Manual; 
Wells and Huston, 1995) was used. For the determination 
of ABA the ions of the methylated substance at m/z 
190/194 were monitored and the endogenous hormone 
concentrations were calculated by the principles of isotope 
dilution (Cohen et al., 1986). 
  
 
Supplemental Data 
 

The following materials will be available in the online 
version of this article. 
 

Supplemental Figure S1. Formation of fungal structures 
in invertase-overexpressing plants. 
 

Supplemental Figure S2. Indole-3-acetic acid (IAA) 
content in wild-type plants and NT 35S::cwINV plants 
showing increased mycorrhization.  
 

Supplemental Figure S3. Steady-state levels of selected 
polar metabolites with increased levels in moderate 
invertase expressing NT 35S::cwINV plants compared to 
wild-type plants. 
 

Supplemental Figure S4. Steady-state levels of selected 
polar metabolites with decreased levels in moderate 
invertase expressing NT 35S::cwINV plants compared to 
wild-type plants. 
 

Supplemental Table I. Metabolite fingerprint of steady-
state pool sizes of polar metabolites from wild-type plants 
and apoplastic invertase overexpressing plants with 
increased mycorrhization. 
 

Supplemental Table II. Metabolite profile of steady-state 
pool sizes of polar metabolites from wild-type plants and 
apoplastic invertase overexpressing plants with increased 
mycorrhization. 
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Supplemental Figure 1. Formation of fungal structures in invertase-overexpressing plants. A and B, wild-
type plant. C and D, NT 35S::cwINV plant with moderate invertase activity in leaves (below 50 pkat mg 
protein-1). E, NT 35S::cwINV plant with high invertase activity in leaves (more than 100 pkat mg protein-

1). F, Transgenic NT rolC::PPa plant with pronounced phenotype, characterized by a general undersupply 
of the root (Lerchl et al., 1995; Schaarschmidt et al., 2006). All plants were cultivated in parallel and 
inoculated with G. intraradices 6 weeks after sowing. Roots were harvested 4.5 weeks after inoculation. 
Cross sections of 140 µm thickness of G. intraradices-colonized roots were stained with two fluorescent 
labeled wheat germ agglutinins (WGAs) as described previously (Schaarschmidt et al., 2006). The 
fluorescence of WGA-TRITIC showing high affinity to arbuscules and hyphae is given in red, the 
fluorescence of WGA-Alexa Fluor 488, which additionally labeled fungal vesicles (v), in green. In the 
shown overlay, structures labeled by both fluorescent WGAs as arbuscules (a) and hyphae (h) appear in 
yellow. The formation of mycorrhizal structures was analyzed with a confocal laser scanning microscope 
(LSM 510 Meta, Zeiss, Jena, Germany) using the 488 nm (Alexa Fluor 488) and 543 nm (TRITC) laser 
lines for excitation. Series of optical sections (z-series) were acquired by scanning 10 sections with a 
distance of 0.2 µm on the z-axis; z-series projections were done with the LSM Image Examiner software 
(Zeiss). Bars = 50 µm. 
Note the high colonization of the root cortex in NT 35S::cwINV with slightly increased invertase activity 
compared to wild-type (A and C) and the formation of well-developed arbuscules (B and D). In contrast, 
less fungal structures including mostly small arbuscules were found in the roots of a NT 35S::cwINV plant 
with strongly increased leaf invertase activity (E). In some parts of the roots only intercellular hyphae were 
found. This corresponds to the colonization of NT rolC::PPa plants (F), expressing the E. coli 
pyrophosphate gene ppa with a phloem-specific promoter. In these plants the PPi-dependent phloem-
loading is defective resulting in growth reduction of the plant and an undersupply of the root. 
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Supplemental Figure 2.  Indole-3-acetic acid (IAA) content in wild-type plants and NT 35S::cwINV 
plants showing increased mycorrhization. The content of total, free and conjugated IAA in roots and leaves 
of mycorrhizal wild-type and 35S::cwINV tobacco plants with moderate leaf invertase activity (below 50 
pkat mg protein-1) 3 weeks after inoculation with G. intraradices are shown. Determination of IAA was 
performed as described previously (Fitze et al., 2005). Data of two independent experiments (experiment I 
and II) are given each as mean value + SD of 3 to 5 plants. In total 8 wild-type and 8 transgenic plants 
were analyzed. Data of the transgenic lines were compared to the wild-type by the Student t test. *P<0.05, 
**P<0.002. 
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Supplemental Figure 3. Steady-state levels of selected polar metabolites with increased levels in 
moderate invertase expressing NT 35S::cwINV plants compared to wild-type plants. Contents of raffinose, 
carbodiimide, a novel amine, phosphoric acid and several phosphates in roots and leaves are shown. For 
each component the identified mass fragment with the highest response from the metabolite profile of 
Supplemental Table I was chosen. The data are given for root and leaf samples of wild-type (wt) and 
35S::cwINV plants with moderate invertase activity in leaves (below 50 pkat mg protein-1) (INV) of two 
independent experiments (exp I and exp II). For each experiment the mean values + SD of 3 to 5 wild-type 
or transgenic plants are shown. The change of pool size is given as ratio of transgenic and wild-type plant 
levels and include the data of all analyzed plants (8 wild-type and 9 transgenic plants). 
Note particularly the increased levels of the shown phosphorous- and nitrogen-containing compounds in 
roots and leaves of 35S::cwINV plants with moderately enhanced invertase activity in the leaf apoplast 
compared to wild-type plants. 
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Supplemental Figure 4. Steady-state levels of selected polar metabolites with decreased levels in 
moderate invertase expressing NT 35S::cwINV plants compared to wild-type plants. Contents of 
benzylgluco-pyranoside, 5-amino-valeric acid, 4-amino-butyric acid, the identified amines, chlorogenic 
acid isomers and scopolin in roots and leaves are shown. For each component the identified mass fragment 
with the highest response from the metabolite profile of Supplemental Table I was chosen. The data are 
given for root and leaf samples of wild-type (wt) and 35S::cwINV plants with moderate invertase activity 
in leaves (below 50 pkat mg protein-1) (INV) of two independent experiments (exp I and exp II). For each 
experiment the mean values + SD of 3 to 5 wild-type or transgenic plants are shown. The change of pool 
size is given as ratio of transgenic and wild-type plant levels and include the data of all analyzed plants (8 
wild-type and 9 transgenic plants). 
Note the decreased levels of those defense-related compounds in the roots of 35S::cwINV plants with 
moderately enhanced invertase activity in the leaf apoplast compared to wild-type plants. 
 
 

 
 
 
 

 
 
 
 
Supplemental Table I. Metabolite fingerprint of steady-state pool sizes of polar metabolites from wild-
type plants and apoplastic invertase overexpressing plants with increased mycorrhization. Changes in 
metabolite accumulation of roots and leaves from NT 35S::cwINV plants with moderate invertase activity 
in leaves (below 50 pkat mg protein-1) (INV) and coincident increased mycorrhization were compared to 
wild-type plants (wt). All samples were harvested 3 weeks after inoculation with G. intraradices in two 
independent experiments (experiment I and II). The data matrix represents all mass fragments observed in 
at least 15 % of the samples. Mass fragments are characterized by chromatographic retention (RI), mass 
(amu), count (%), loadings values of independent component 1 and 2, and a manual metabolite annotation 
(column A-F). Sample are described by name, experiment, chromatogram file, genotype organ and scores 
values of independent component 1 and 2 (rows 1-8). The quantitative matrix represents mass spectral ion 
currents divided by sample fresh weight and ion current of the internal ribitol standard (IS), namely 
normalized  responses [IS-1 g-1].   
 
 
 
 
 
 
 
 
 
 
Supplemental Table II. Metabolite profile of steady-state pool sizes of polar metabolites from wild-type 
plants and apoplastic invertase overexpressing plants with increased mycorrhization. These data represent 
the subset of identified mass fragments from the fingerprint of Supplemental Table I. Metabolites are 
grouped according to chemical class and characterized by sum formula, KEGG and CAS identifier. 
Analytes used to monitor metabolites in GC-TOF-MS profiles are characterized by chemical derivatization 
and CAS as well as MPIMP identifier (MPIMP-ID, Kopka et al. 2005). Valdiation of identification is 
documented by deviation of expected from found RI, mass spectral match factor, frequency of occurrence 
and choice of selective mass fragments. Furthermore average and standard deviation of each replicate 
sample group and relative changes of pool sized comparing 35S::cwINV (INV) to wild-type (wt) plants are 
given. Statistical testing was performed as described in materials and methods. In total 8 wild-type and 9 
transgenic plants were analyzed. Significant changes (p<0.05) between wild-type and transgenic plants are 
marked in bold, increase in the transgenic in red and decrease in green.  
 



Experiment I I I I II II II II II I I I II II II II I I I I II II II II II I I I II II II II II
Genotype INV INV INV INV INV INV INV INV INV wt wt wt wt wt wt wt INV INV INV INV INV INV INV INV INV wt wt wt wt wt wt wt wt
Organ leaf leaf leaf leaf leaf leaf leaf leaf leaf leaf leaf leaf leaf leaf leaf leaf root root root root root root root root root root root root root root root root root
Independent Component 1 (Scores) 0,83 0,89 0,30 0,48 1,04 1,08 1,55 0,86 1,21 1,16 1,14 0,78 1,19 1,04 1,10 1,33 -1,10 -0,85 -1,16 -1,11 -0,70 -0,90 -0,74 -0,86 -1,00 -1,09 -1,25 -1,09 -0,62 -0,81 -0,90 -0,85 -0,98
Independent Component 2 (Scores) -1,10 -0,82 0,08 0,09 0,70 2,03 0,57 0,64 1,92 -1,81 -1,34 -1,16 -0,31 -0,66 0,29 0,35 0,85 0,19 0,35 1,17 0,02 1,23 0,48 1,17 1,47 -1,45 -1,05 -0,54 0,07 -1,39 -1,22 -0,70 -0,13
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964,21 100 82 -3,03E-04 3,01E-04 Name: M000836_A100005-101_MST_958.82_TRUE_Carbodiimide (2TMS) 0,010 0,026 0,018 0,004 0,083 0,029 0,002 0,017 0,026 0,005 0,159 0,256 0,561 0,663 0,131 0,370 0,245 0,205 0,230 0,013 0,011 0,019 0,007 0,019 0,030 0,231 0,001
964,36 171 100 -1,75E-04 9,96E-04 Name: M000836_A100005-101_MST_958.82_TRUE_Carbodiimide (2TMS) 0,298 0,129 1,875 0,458 0,710 3,142 2,677 3,825 0,556 0,090 0,241 0,428 0,158 0,182 0,090 0,104 2,736 3,953 9,892 10,887 2,812 6,603 3,793 3,346 3,594 0,233 0,376 0,279 0,158 0,079 0,483 5,803 0,266
964,22 186 100 -1,87E-04 1,16E-03 Name: M000836_A100005-101_MST_958.82_TRUE_Carbodiimide (2TMS) 0,015 0,004 0,089 0,023 0,031 0,164 0,141 0,167 0,029 0,005 0,007 0,012 0,006 0,007 0,004 0,004 0,156 0,228 0,564 0,627 0,158 0,368 0,223 0,193 0,211 0,011 0,016 0,015 0,007 0,002 0,022 0,296 0,012

1055,30 191 100 -4,97E-06 3,20E-04 Name: M000100_A105001-101_CONT-METB_1046.77_TRUE_Lactic acid, DL- (2TMS) 0,012 0,029 0,035 0,092 0,023 0,019 0,030 0,027 0,028 0,022 0,027 0,021 0,009 0,008 0,055 0,017 0,025 0,008 0,037 0,021 0,152 0,025 0,028 0,019 0,045 0,017 0,007 0,078 0,017 0,003 0,011 0,012 0,011
1054,87 219 100 -1,06E-05 3,63E-04 Name: M000100_A105001-101_CONT-METB_1046.77_TRUE_Lactic acid, DL- (2TMS) 0,004 0,009 0,011 0,034 0,006 0,007 0,005 0,006 0,009 0,007 0,006 0,004 0,003 0,002 0,019 0,006 0,008 0,002 0,011 0,006 0,039 0,007 0,008 0,004 0,011 0,005 0,002 0,020 0,005 0,001 0,003 0,002 0,004
1124,66 147 100 -2,42E-04 7,16E-05 Name: M000070_A113002-101_METB_1116.8_TRUE_Oxalic acid (2TMS) 0,046 0,647 0,954 0,833 0,617 1,515 0,367 0,382 0,339 0,540 0,381 0,936 2,115 0,263 0,585 0,268 3,224 5,101 2,532 2,630 3,400 2,020 1,654 1,152 1,806 4,650 2,285 3,394 3,937 1,439 2,697 1,369 1,428
1124,53 175 100 -2,97E-04 -1,89E-04 Name: M000070_A113002-101_METB_1116.8_TRUE_Oxalic acid (2TMS) 0,021 0,013 0,066 0,024 0,015 0,006 0,007 0,008 0,009 0,012 0,010 0,018 0,033 0,005 0,011 0,005 0,077 0,117 0,053 0,062 0,085 0,048 0,030 0,026 0,042 0,071 0,040 0,082 0,086 0,032 0,043 0,032 0,034
1124,66 190 100 -2,53E-04 -9,67E-05 Name: M000070_A113002-101_METB_1116.8_TRUE_Oxalic acid (2TMS) 0,044 0,025 0,058 0,034 0,028 0,038 0,015 0,017 0,018 0,025 0,019 0,041 0,094 0,011 0,023 0,012 0,159 0,235 0,110 0,129 0,171 0,100 0,059 0,054 0,088 0,161 0,078 0,168 0,171 0,068 0,093 0,065 0,070
1208,26 100 100 1,36E-04 2,90E-05 Name: M000030_A122001-101_METB_1208.77_TRUE_Valine, DL- (2TMS) 0,029 0,049 0,060 0,050 0,030 0,044 0,045 0,130 0,030 0,086 0,068 0,056 0,070 0,073 0,037 0,035 0,017 0,014 0,013 0,011 0,005 0,010 0,009 0,014 0,015 0,022 0,018 0,027 0,014 0,016 0,006 0,008 0,013
1208,36 144 100 1,22E-04 -4,33E-05 Name: M000030_A122001-101_METB_1208.77_TRUE_Valine, DL- (2TMS) 0,152 0,251 0,257 0,257 0,129 0,202 0,257 0,254 0,149 0,429 0,319 0,198 0,202 0,411 0,212 0,185 0,097 0,079 0,068 0,058 0,047 0,055 0,053 0,053 0,065 0,123 0,105 0,163 0,083 0,083 0,044 0,046 0,072
1208,36 218 100 1,16E-04 -2,86E-05 Name: M000030_A122001-101_METB_1208.77_TRUE_Valine, DL- (2TMS) 0,020 0,034 0,034 0,043 0,018 0,027 0,037 0,043 0,023 0,061 0,043 0,037 0,028 0,059 0,032 0,027 0,015 0,012 0,011 0,008 0,002 0,007 0,008 0,007 0,009 0,016 0,015 0,023 0,013 0,014 0,007 0,007 0,010
1237,49 99 100 3,30E-06 1,77E-05 Name: M000364_A127002-101_METB_1235.6_TRUE_Urea (2TMS) 0,056 0,315 0,114 0,090 0,055 0,104 0,070 0,087 0,074 0,092 0,075 0,098 0,044 0,042 0,051 0,048 0,050 0,046 0,067 0,049 0,069 0,052 0,046 0,046 0,069 0,047 0,035 0,081 0,054 0,064 0,038 0,031 0,033
1236,54 171 100 -1,03E-04 1,07E-04 Name: M000364_A127002-101_METB_1235.6_TRUE_Urea (2TMS) 0,009 0,144 0,012 0,017 0,012 0,025 0,009 0,016 0,022 0,017 0,013 0,014 0,008 0,009 0,011 0,023 0,032 0,018 0,040 0,025 0,063 0,040 0,035 0,028 0,069 0,030 0,017 0,082 0,047 0,049 0,014 0,010 0,020
1236,26 189 100 -6,80E-05 1,06E-04 Name: M000364_A127002-101_METB_1235.6_TRUE_Urea (2TMS) 0,010 0,418 0,016 0,023 0,016 0,038 0,016 0,024 0,029 0,022 0,021 0,018 0,011 0,013 0,014 0,027 0,033 0,021 0,047 0,035 0,065 0,043 0,039 0,033 0,078 0,025 0,018 0,088 0,048 0,062 0,017 0,012 0,022
1253,92 105 100 5,81E-05 4,35E-05 Name: M000347_A128003-101_CONT-METB_1251.2_TRUE_Benzoic acid (1TMS) 0,144 0,185 0,344 0,195 0,126 0,206 0,151 0,436 0,138 0,178 0,195 0,178 0,114 0,129 0,156 0,076 0,090 0,072 0,104 0,059 0,060 0,065 0,058 0,056 0,057 0,087 0,058 0,069 0,066 0,067 0,072 0,059 0,050
1254,08 135 100 6,54E-05 5,25E-05 Name: M000347_A128003-101_CONT-METB_1251.2_TRUE_Benzoic acid (1TMS) 0,110 0,151 0,271 0,156 0,089 0,159 0,100 0,643 0,103 0,146 0,149 0,159 0,077 0,093 0,113 0,056 0,061 0,049 0,069 0,040 0,041 0,043 0,039 0,038 0,038 0,059 0,038 0,046 0,044 0,046 0,048 0,039 0,033
1253,62 179 100 2,75E-05 2,53E-06 Name: M000347_A128003-101_CONT-METB_1251.2_TRUE_Benzoic acid (1TMS) 0,101 0,129 0,251 0,137 0,087 0,141 0,094 0,116 0,091 0,117 0,131 0,126 0,054 0,079 0,095 0,037 0,066 0,053 0,076 0,041 0,040 0,045 0,038 0,038 0,037 0,060 0,040 0,044 0,045 0,045 0,049 0,037 0,033
1260,20 100 100 -1,42E-05 1,11E-05 Name: M000096_A128002-101_METB_1262.07_TRUE_Ethanolamine (3TMS) 2,522 5,597 5,616 4,542 2,560 5,376 3,453 5,053 3,163 5,772 4,331 4,956 2,654 1,970 3,181 2,134 3,301 3,633 3,445 2,866 2,396 2,238 2,216 2,419 2,326 3,206 2,686 2,617 2,346 2,029 2,850 2,542 2,225
1260,47 158 100 -6,66E-05 -7,00E-05 Name: M000025_A129002-101_METB_1266.17_TRUE_Leucine (2TMS) 0,217 0,330 0,311 0,279 0,138 0,243 0,219 0,263 0,187 0,442 0,361 0,250 0,168 0,382 0,186 0,153 0,387 0,342 0,291 0,214 0,154 0,181 0,177 0,222 0,249 0,425 0,376 0,513 0,214 0,192 0,172 0,176 0,235
1260,24 174 100 -1,77E-05 8,57E-06 Name: M000096_A128002-101_METB_1262.07_TRUE_Ethanolamine (3TMS) 5,275 11,758 11,715 9,354 5,335 11,269 7,102 10,257 6,423 12,007 9,058 10,324 5,506 4,126 6,554 4,346 6,998 7,650 7,218 6,115 4,995 4,728 4,713 5,146 4,994 6,798 5,667 5,520 4,937 4,202 6,021 5,417 4,773
1262,10 205 100 2,80E-06 -1,00E-05 Name: M000053_A129003-101_METB_1265.33_TRUE_Glycerol (3TMS) 0,272 0,452 0,581 0,396 0,261 0,445 0,299 0,362 0,277 0,475 0,347 0,424 0,222 0,207 0,257 0,193 0,198 0,215 0,234 0,213 0,177 0,161 0,151 0,176 0,164 0,219 0,184 0,425 0,169 0,188 0,186 0,147 0,146
1263,92 211 100 7,90E-05 4,08E-04 Name: M000075_A129001-101_METB_1264.1_TRUE_Phosphoric acid (3TMS) 0,417 0,664 0,787 1,374 0,656 1,215 0,821 1,075 1,414 0,431 0,407 0,469 0,749 0,405 0,543 0,481 0,377 0,413 0,766 0,872 0,481 0,458 0,292 0,381 0,469 0,258 0,272 0,267 0,279 0,239 0,190 0,280 0,222
1262,12 218 100 2,94E-06 -2,07E-05 Name: M000053_A129003-101_METB_1265.33_TRUE_Glycerol (3TMS) 0,091 0,145 0,195 0,130 0,085 0,143 0,101 0,119 0,091 0,157 0,114 0,141 0,072 0,070 0,084 0,065 0,065 0,072 0,078 0,062 0,059 0,054 0,049 0,057 0,050 0,073 0,062 0,150 0,056 0,064 0,061 0,048 0,048
1264,06 232 100 -1,13E-04 -6,87E-05 Name: M000025_A129002-101_METB_1266.17_TRUE_Leucine (2TMS) 0,004 0,003 0,005 0,006 0,001 0,003 0,004 0,004 0,003 0,011 0,008 0,001 0,003 0,010 0,002 0,003 0,011 0,009 0,008 0,004 0,004 0,005 0,005 0,005 0,007 0,012 0,011 0,016 0,005 0,005 0,004 0,004 0,006
1260,26 262 100 -1,75E-05 1,66E-06 Name: M000096_A128002-101_METB_1262.07_TRUE_Ethanolamine (3TMS) 0,091 0,195 0,189 0,156 0,091 0,181 0,121 0,175 0,106 0,207 0,153 0,172 0,096 0,069 0,110 0,074 0,119 0,132 0,120 0,105 0,087 0,082 0,080 0,089 0,085 0,116 0,098 0,094 0,085 0,070 0,104 0,093 0,081
1262,12 293 100 1,96E-06 8,89E-06 Name: M000053_A129003-101_METB_1265.33_TRUE_Glycerol (3TMS) 0,006 0,007 0,012 0,007 0,004 0,009 0,007 0,006 0,006 0,008 0,005 0,007 0,005 0,004 0,005 0,004 0,004 0,004 0,005 0,004 0,004 0,004 0,003 0,003 0,003 0,004 0,004 0,008 0,004 0,004 0,004 0,003 0,003
1263,92 299 100 7,82E-05 3,97E-04 Name: M000075_A129001-101_METB_1264.1_TRUE_Phosphoric acid (3TMS) 2,122 3,401 3,997 6,801 3,326 6,141 4,092 5,337 6,873 2,191 2,082 2,401 3,743 2,060 2,739 2,389 1,917 2,098 3,790 4,202 2,386 2,247 1,469 1,914 2,321 1,319 1,375 1,346 1,418 1,217 0,966 1,400 1,127
1263,92 314 100 7,89E-05 4,13E-04 Name: M000075_A129001-101_METB_1264.1_TRUE_Phosphoric acid (3TMS) 0,330 0,521 0,622 1,079 0,523 0,968 0,646 0,845 1,116 0,332 0,318 0,363 0,602 0,322 0,426 0,377 0,301 0,328 0,609 0,694 0,383 0,365 0,232 0,302 0,375 0,205 0,215 0,210 0,223 0,189 0,149 0,223 0,175
1286,96 159 100 4,28E-06 -1,99E-04 Name: M000017_A132002-101_METB_1288.6_TRUE_Isoleucine (2TMS) 0,014 0,010 0,018 0,024 0,008 0,015 0,009 0,014 0,009 0,059 0,041 0,019 0,007 0,033 0,010 0,007 0,010 0,008 0,007 0,006 0,005 0,010 0,004 0,005 0,004 0,016 0,015 0,024 0,008 0,007 0,004 0,005 0,007
1286,96 218 100 2,31E-06 -2,13E-04 Name: M000017_A132002-101_METB_1288.6_TRUE_Isoleucine (2TMS) 0,017 0,013 0,020 0,028 0,010 0,015 0,010 0,017 0,012 0,069 0,046 0,023 0,008 0,039 0,012 0,009 0,012 0,010 0,007 0,007 0,005 0,011 0,005 0,006 0,005 0,020 0,017 0,028 0,009 0,008 0,005 0,006 0,008
1296,12 142 100 2,63E-04 -1,18E-04 Name: M000029_A132003-101_METB_1298_TRUE_Proline, DL- (2TMS) 1,306 1,775 0,622 0,419 0,484 1,694 1,733 2,497 0,582 4,699 4,192 2,940 1,728 4,534 1,398 0,988 0,210 0,140 0,075 0,101 0,061 0,214 0,208 0,294 0,292 0,465 0,579 0,902 0,187 0,215 0,076 0,103 0,442
1296,15 216 100 2,74E-04 -1,38E-04 Name: M000029_A132003-101_METB_1298_TRUE_Proline, DL- (2TMS) 0,053 0,066 0,024 0,017 0,018 0,064 0,069 0,100 0,023 0,192 0,166 0,116 0,067 0,199 0,055 0,040 0,008 0,006 0,002 0,003 0,002 0,008 0,007 0,010 0,011 0,017 0,022 0,036 0,007 0,011 0,003 0,004 0,017
1296,13 244 91 2,17E-04 -2,39E-04 Name: M000029_A132003-101_METB_1298_TRUE_Proline, DL- (2TMS) 0,005 0,006 0,003 0,002 0,001 0,006 0,007 0,011 0,005 0,020 0,014 0,013 0,009 0,019 0,005 0,007 0,000 0,001 0,000 0,001 0,000 0,001 0,001 0,002 0,003 0,004 0,001 0,006 0,001 0,002
1302,14 100 100 2,96E-04 4,16E-04 Name: M000031_A133001-101_METB_1304.47_TRUE_Glycine (3TMS) 0,079 0,419 0,124 0,097 0,640 0,609 0,845 1,890 0,524 0,155 0,212 0,170 27,050 0,233 0,370 0,201 0,161 0,126 0,106 0,085 0,115 0,089 0,114 0,085 0,138 0,123 0,142 0,243 0,127 0,071 0,084 0,168 0,131
1301,91 106 100 -1,30E-04 2,81E-05 Name: M000457_A133004-101_METB_1299.83_TRUE_Nicotinic acid (1TMS) 0,093 0,129 0,133 0,110 0,089 0,227 0,081 0,124 0,092 0,158 0,123 0,138 0,003 0,059 0,067 0,055 0,102 0,130 0,122 0,097 0,091 0,086 0,078 0,093 0,113 0,129 0,141 0,159 0,098 0,119 0,117 0,136 0,146
1301,98 136 100 -4,16E-05 -7,29E-05 Name: M000457_A133004-101_METB_1299.83_TRUE_Nicotinic acid (1TMS) 0,108 0,151 0,158 0,131 0,106 0,229 0,096 0,149 0,108 0,188 0,138 0,164 0,387 0,070 0,079 0,066 0,121 0,150 0,144 0,106 0,108 0,096 0,092 0,105 0,132 0,146 0,165 0,187 0,105 0,140 0,139 0,157 0,170
1302,14 174 100 2,94E-04 4,18E-04 Name: M000031_A133001-101_METB_1304.47_TRUE_Glycine (3TMS) 0,244 1,322 0,343 0,266 2,025 1,887 2,546 5,788 1,604 0,474 0,585 0,519 72,898 0,746 1,153 0,615 0,513 0,351 0,338 0,256 0,364 0,283 0,362 0,277 0,442 0,386 0,449 0,756 0,400 0,231 0,270 0,535 0,412
1301,97 180 100 -5,30E-05 -8,56E-05 Name: M000457_A133004-101_METB_1299.83_TRUE_Nicotinic acid (1TMS) 0,116 0,163 0,167 0,140 0,111 0,205 0,102 0,152 0,116 0,203 0,148 0,174 0,276 0,074 0,085 0,071 0,131 0,165 0,157 0,115 0,116 0,104 0,099 0,113 0,143 0,158 0,180 0,199 0,121 0,153 0,150 0,170 0,185
1300,75 201 100 3,15E-04 2,57E-04 Name: M000076_A133003-101_CONT-METB_1299.07_TRUE_Maleic acid (2TMS) 0,005 0,006 0,008 0,007 0,004 0,009 0,009 0,012 0,009 0,008 0,013 0,009 0,006 0,006 0,007 0,007 0,001 0,001 0,001 0,001 0,000 0,001 0,001 0,000 0,000 0,001 0,001 0,001 0,001 0,001 0,000 0,001 0,001
1300,68 215 100 2,25E-04 1,08E-04 Name: M000076_A133003-101_CONT-METB_1299.07_TRUE_Maleic acid (2TMS) 0,013 0,030 0,033 0,033 0,012 0,040 0,045 0,065 0,030 0,040 0,066 0,036 0,031 0,012 0,020 0,016 0,004 0,004 0,005 0,003 0,002 0,002 0,003 0,004 0,003 0,005 0,006 0,006 0,002 0,003 0,003 0,004 0,004
1300,74 245 100 2,20E-04 1,61E-04 Name: M000076_A133003-101_CONT-METB_1299.07_TRUE_Maleic acid (2TMS) 0,125 0,296 0,294 0,286 0,112 0,409 0,425 0,628 0,296 0,391 0,593 0,348 0,162 0,112 0,183 0,142 0,034 0,045 0,046 0,030 0,019 0,032 0,024 0,042 0,025 0,043 0,055 0,050 0,016 0,024 0,024 0,039 0,037
1302,16 276 100 3,21E-04 4,76E-04 Name: M000031_A133001-101_METB_1304.47_TRUE_Glycine (3TMS) 0,006 0,044 0,012 0,009 0,073 0,067 0,104 0,234 0,059 0,015 0,018 0,014 6,195 0,026 0,042 0,022 0,017 0,012 0,011 0,008 0,013 0,010 0,012 0,011 0,015 0,013 0,016 0,029 0,015 0,009 0,008 0,019 0,018
1310,25 172 100 2,26E-05 3,31E-05 Name: M000074_A134001-101_METB_1310.17_TRUE_Succinic acid (2TMS) 0,057 0,085 0,113 0,061 0,049 0,073 0,110 0,091 0,064 0,059 0,055 0,081 0,059 0,044 0,067 0,059 0,062 0,055 0,052 0,034 0,047 0,038 0,045 0,044 0,044 0,048 0,060 0,055 0,075 0,048 0,057 0,084 0,069
1310,25 247 100 2,39E-05 3,08E-05 Name: M000074_A134001-101_METB_1310.17_TRUE_Succinic acid (2TMS) 0,094 0,142 0,182 0,100 0,080 0,123 0,183 0,151 0,105 0,101 0,095 0,135 0,097 0,073 0,111 0,097 0,103 0,091 0,086 0,057 0,077 0,062 0,075 0,073 0,073 0,079 0,099 0,091 0,124 0,079 0,096 0,138 0,114
1310,25 262 100 6,19E-06 6,58E-05 Name: M000074_A134001-101_METB_1310.17_TRUE_Succinic acid (2TMS) 0,004 0,006 0,005 0,005 0,002 0,004 0,008 0,007 0,004 0,002 0,002 0,005 0,004 0,002 0,004 0,004 0,005 0,004 0,003 0,003 0,004 0,003 0,003 0,002 0,002 0,004 0,004 0,004 0,004 0,003 0,004 0,005 0,004
1320,77 189 100 4,92E-04 -9,19E-05 Name: M000073_A135003-101_METB_1321.67_TRUE_Glyceric acid, DL- (3TMS) 7,054 12,186 4,306 2,541 1,484 4,374 5,678 8,321 2,497 14,064 19,002 8,008 4,135 2,698 4,561 3,881 0,109 0,081 0,086 0,060 0,054 0,055 0,046 0,070 0,066 0,140 0,172 0,164 0,057 0,056 0,051 0,087 0,072
1320,74 292 100 5,00E-04 -8,26E-05 Name: M000073_A135003-101_METB_1321.67_TRUE_Glyceric acid, DL- (3TMS) 2,312 4,009 1,397 0,824 0,483 1,436 1,848 2,694 0,808 4,615 5,886 2,622 1,359 0,886 1,483 1,259 0,034 0,025 0,027 0,019 0,017 0,017 0,014 0,021 0,020 0,042 0,053 0,052 0,018 0,017 0,015 0,026 0,022
1320,70 307 100 5,10E-04 -7,84E-05 Name: M000073_A135003-101_METB_1321.67_TRUE_Glyceric acid, DL- (3TMS) 0,514 0,820 0,290 0,173 0,099 0,305 0,412 0,608 0,169 1,030 1,391 0,582 0,285 0,195 0,332 0,285 0,008 0,005 0,005 0,004 0,004 0,004 0,003 0,004 0,004 0,008 0,011 0,011 0,004 0,004 0,003 0,005 0,004
1335,49 99 100 9,13E-05 -4,73E-05 Name: M000456_A136001-101_METB_1335.3_TRUE_Uracil (2TMS) 0,095 0,130 0,142 0,105 0,084 0,121 0,070 0,084 0,056 0,152 0,110 0,138 0,067 0,056 0,068 0,040 0,019 0,029 0,040 0,037 0,020 0,025 0,026 0,036 0,034 0,016 0,020 0,033 0,018 0,026 0,029 0,030 0,030
1335,47 241 100 9,16E-05 -3,84E-05 Name: M000456_A136001-101_METB_1335.3_TRUE_Uracil (2TMS) 0,042 0,058 0,062 0,049 0,038 0,051 0,032 0,038 0,026 0,065 0,047 0,062 0,028 0,028 0,030 0,020 0,009 0,014 0,019 0,016 0,010 0,011 0,011 0,016 0,015 0,007 0,010 0,015 0,009 0,012 0,013 0,013 0,013
1335,46 255 100 8,35E-05 -6,90E-06 Name: M000456_A136001-101_METB_1335.3_TRUE_Uracil (2TMS) 0,020 0,026 0,031 0,023 0,017 0,023 0,015 0,018 0,015 0,026 0,022 0,029 0,013 0,011 0,014 0,009 0,005 0,007 0,008 0,007 0,005 0,005 0,005 0,007 0,007 0,003 0,005 0,007 0,004 0,005 0,006 0,006 0,006
1338,19 133 100 1,13E-04 1,44E-04 Name: M000455_A135004-101_METB_1337.73_TRUE_Itaconic acid (2TMS) 0,007 0,008 0,018 0,010 0,007 0,007 0,006 0,009 0,010 0,005 0,005 0,011 0,003 0,003 0,005 0,008 0,002 0,002 0,003 0,003 0,002 0,002 0,002 0,003 0,003 0,001 0,001 0,001 0,001 0,002 0,002 0,003 0,002
1338,19 215 100 7,19E-05 1,37E-04 Name: M000455_A135004-101_METB_1337.73_TRUE_Itaconic acid (2TMS) 0,005 0,007 0,013 0,012 0,005 0,009 0,005 0,007 0,009 0,006 0,004 0,011 0,003 0,004 0,005 0,005 0,002 0,003 0,003 0,002 0,001 0,001 0,002 0,003 0,002 0,002 0,002 0,002 0,001 0,002 0,002 0,002 0,003
1338,19 259 100 6,83E-05 1,74E-04 Name: M000455_A135004-101_METB_1337.73_TRUE_Itaconic acid (2TMS) 0,004 0,005 0,011 0,011 0,005 0,006 0,005 0,006 0,008 0,005 0,003 0,008 0,003 0,003 0,004 0,004 0,002 0,003 0,003 0,002 0,001 0,001 0,002 0,002 0,002 0,002 0,002 0,002 0,001 0,002 0,001 0,002 0,002
1346,20 83 100 2,64E-04 2,23E-04 Name: M000067_A137001-101_METB_1346.23_TRUE_Fumaric acid (2TMS) 0,291 0,579 0,425 0,445 0,271 0,661 0,828 0,792 0,617 0,557 0,614 0,467 0,349 0,174 0,330 0,295 0,055 0,053 0,106 0,052 0,058 0,065 0,072 0,099 0,077 0,046 0,058 0,053 0,062 0,048 0,053 0,077 0,068
1346,20 115 100 2,56E-04 2,34E-04 Name: M000067_A137001-101_METB_1346.23_TRUE_Fumaric acid (2TMS) 0,114 0,230 0,167 0,174 0,108 0,261 0,334 0,318 0,246 0,218 0,247 0,181 0,141 0,068 0,130 0,117 0,022 0,019 0,072 0,020 0,023 0,025 0,028 0,039 0,031 0,018 0,022 0,022 0,024 0,018 0,020 0,030 0,026
1346,20 245 100 2,67E-04 2,16E-04 Name: M000067_A137001-101_METB_1346.23_TRUE_Fumaric acid (2TMS) 0,878 1,736 1,282 1,343 0,815 1,988 2,469 2,366 1,840 1,674 1,835 1,404 1,046 0,526 0,980 0,882 0,171 0,166 0,215 0,164 0,181 0,199 0,218 0,297 0,235 0,143 0,181 0,167 0,194 0,153 0,170 0,233 0,205
1351,23 204 100 1,81E-04 3,16E-04 Name: M000015_A138001-101_METB_1353.33_TRUE_Serine, DL- (3TMS) 0,126 0,464 0,120 0,226 0,250 0,640 0,352 0,695 0,289 0,305 0,319 0,131 0,966 0,234 0,793 0,606 0,205 0,150 0,132 0,108 0,142 0,125 0,120 0,149 0,192 0,164 0,183 0,337 0,167 0,093 0,082 0,153 0,179
1351,28 218 100 1,85E-04 3,19E-04 Name: M000015_A138001-101_METB_1353.33_TRUE_Serine, DL- (3TMS) 0,083 0,278 0,074 0,139 0,157 0,400 0,222 0,438 0,180 0,186 0,194 0,077 0,611 0,153 0,494 0,380 0,125 0,091 0,081 0,066 0,086 0,077 0,074 0,092 0,120 0,099 0,114 0,210 0,103 0,057 0,051 0,095 0,112
1351,26 278 100 1,89E-04 3,33E-04 Name: M000015_A138001-101_METB_1353.33_TRUE_Serine, DL- (3TMS) 0,006 0,022 0,008 0,014 0,011 0,029 0,017 0,035 0,015 0,014 0,014 0,006 0,055 0,010 0,043 0,033 0,010 0,006 0,006 0,004 0,006 0,005 0,005 0,006 0,009 0,008 0,009 0,016 0,008 0,005 0,003 0,006 0,008
1356,67 188 100 2,94E-04 2,55E-04 Name: M000026_A138002-101_METB_1360.43_TRUE_Alanine, DL- (3TMS) 0,449 0,486 0,691 0,501 0,873 0,700 0,873 0,562 0,962 0,242 0,200 0,531 0,711 0,869 1,010 0,729 0,136 0,096 0,082 0,062 0,078 0,059 0,103 0,054 0,066 0,072 0,086 0,123 0,131 0,111 0,087 0,222 0,131
1356,67 262 100 2,99E-04 2,67E-04 Name: M000026_A138002-101_METB_1360.43_TRUE_Alanine, DL- (3TMS) 0,059 0,060 0,087 0,065 0,118 0,091 0,117 0,074 0,130 0,030 0,025 0,069 0,097 0,120 0,138 0,100 0,018 0,013 0,011 0,008 0,010 0,008 0,013 0,007 0,008 0,010 0,011 0,016 0,016 0,015 0,011 0,030 0,017
1356,67 290 100 2,88E-04 2,65E-04 Name: M000026_A138002-101_METB_1360.43_TRUE_Alanine, DL- (3TMS) 0,018 0,010 0,014 0,011 0,019 0,014 0,019 0,014 0,023 0,005 0,004 0,013 0,016 0,020 0,023 0,017 0,004 0,002 0,002 0,001 0,002 0,002 0,002 0,002 0,001 0,001 0,002 0,003 0,003 0,003 0,002 0,005 0,003
1369,43 84 100 -2,73E-05 -6,00E-04 Name: M000145_A139002-101_METB_1369.17_TRUE_Nicotine 18,645 11,789 11,866 7,473 5,296 6,674 4,914 8,511 4,209 60,909 33,403 40,948 4,242 14,797 6,839 7,011 6,385 4,270 4,489 2,201 1,818 1,761 0,943 1,744 0,935 18,410 14,236 17,249 1,541 4,363 4,593 3,748 3,551
1369,30 133 100 -2,90E-05 -6,01E-04 Name: M000145_A139002-101_METB_1369.17_TRUE_Nicotine 4,217 2,645 2,778 1,514 1,235 1,563 1,151 2,003 0,990 14,615 7,712 8,945 0,985 3,296 1,600 1,595 1,445 0,999 1,057 0,519 0,423 0,415 0,220 0,406 0,217 4,402 3,459 4,215 0,361 1,025 1,165 0,864 0,815
1369,38 162 100 -2,95E-05 -6,03E-04 Name: M000145_A139002-101_METB_1369.17_TRUE_Nicotine 1,530 0,960 1,002 0,600 0,448 0,568 0,418 0,727 0,358 5,345 2,828 3,169 0,360 1,204 0,580 0,579 0,524 0,365 0,382 0,188 0,152 0,150 0,079 0,147 0,077 1,609 1,259 1,530 0,129 0,371 0,426 0,315 0,302
1376,49 117 100 5,10E-05 7,24E-05 Name: M000016_A140001-101_MST_1379.43_TRUE_Threonine, DL- (3TMS) 0,122 0,246 0,113 0,205 0,091 0,260 0,163 0,262 0,102 0,232 0,222 0,117 0,192 0,138 0,190 0,145 0,156 0,087 0,064 0,058 0,057 0,070 0,065 0,076 0,090 0,195 0,174 0,303 0,080 0,057 0,045 0,113 0,094
1376,49 218 100 5,28E-05 7,29E-05 Name: M000016_A140001-101_MST_1379.43_TRUE_Threonine, DL- (3TMS) 0,079 0,148 0,070 0,117 0,058 0,158 0,102 0,160 0,066 0,141 0,134 0,073 0,117 0,083 0,115 0,088 0,093 0,053 0,039 0,036 0,035 0,043 0,039 0,046 0,054 0,117 0,105 0,187 0,048 0,036 0,028 0,070 0,056
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1376,49 291 100 4,78E-05 8,72E-05 Name: M000016_A140001-101_MST_1379.43_TRUE_Threonine, DL- (3TMS) 0,018 0,034 0,020 0,033 0,014 0,038 0,025 0,041 0,018 0,034 0,032 0,019 0,027 0,020 0,028 0,022 0,023 0,014 0,010 0,009 0,008 0,011 0,009 0,011 0,012 0,029 0,025 0,046 0,012 0,009 0,007 0,016 0,013
1401,69 203 100 1,62E-04 -2,84E-05 Name: M000102_A143001-101_METB_1401.03_TRUE_Glutaric acid (2TMS) 0,020 0,017 0,016 0,016 0,006 0,026 0,026 0,027 0,013 0,025 0,023 0,017 0,014 0,007 0,014 0,011 0,002 0,003 0,006 0,004 0,001 0,003 0,006 0,002 0,002 0,004 0,006 0,005 0,002 0,004 0,005 0,002 0,002
1398,91 205 58 -1,93E-04 -5,41E-04 Name: M000000_A142003-101_MST_1400.7_TRUE_ 0,015 0,006 0,001 0,002 0,001 0,000 0,002 0,001 0,001 0,001 0,001 0,002 0,001 0,001 0,001 0,002 0,002 0,001 0,001
1401,11 233 100 1,74E-05 1,02E-04 Name: M000102_A143001-101_METB_1401.03_TRUE_Glutaric acid (2TMS) 0,009 0,002 0,017 0,006 0,016 0,006 0,004 0,006 0,003 0,005 0,005 0,006 0,002 0,003 0,005 0,003 0,009 0,010 0,002 0,005 0,002 0,001 0,004 0,002 0,004 0,001 0,003 0,002 0,002 0,004 0,004 0,002 0,002
1398,84 234 97 -1,39E-04 -6,92E-04 Name: M000000_A142003-101_MST_1400.7_TRUE_ 0,016 0,130 0,047 0,007 0,007 0,002 0,003 0,008 0,005 0,005 0,017 0,012 0,006 0,006 0,002 0,003 0,005 0,018 0,004 0,005 0,005 0,004 0,003 0,003 0,017 0,006 0,005 0,006 0,014 0,011 0,005 0,005
1400,84 261 100 5,04E-05 2,16E-05 Name: M000102_A143001-101_METB_1401.03_TRUE_Glutaric acid (2TMS) 0,017 0,007 0,025 0,017 0,029 0,013 0,009 0,009 0,007 0,013 0,010 0,014 0,012 0,007 0,009 0,006 0,009 0,001 0,007 0,006 0,004 0,009 0,003 0,004 0,009 0,003 0,005 0,005 0,005 0,009 0,005 0,006 0,003
1418,13 154 100 2,90E-05 5,35E-06 Name: M000000_A143003-101_CONT-MST_1419.8_TRUE_ 0,185 0,480 0,430 0,316 0,173 0,455 0,246 0,473 0,238 0,660 0,389 0,389 0,241 0,124 0,282 0,196 0,193 0,207 0,204 0,145 0,129 0,137 0,116 0,161 0,132 0,195 0,163 0,160 0,133 0,132 0,154 0,118 0,136
1418,13 174 100 2,86E-05 5,89E-06 Name: M000000_A143003-101_CONT-MST_1419.8_TRUE_ 0,268 0,692 0,625 0,464 0,255 0,659 0,358 0,685 0,353 0,953 0,565 0,573 0,346 0,181 0,407 0,283 0,280 0,301 0,298 0,210 0,188 0,198 0,167 0,235 0,191 0,284 0,237 0,233 0,192 0,194 0,224 0,172 0,198
1418,13 227 100 3,01E-05 -2,03E-06 Name: M000000_A143003-101_CONT-MST_1419.8_TRUE_ 0,017 0,042 0,037 0,027 0,015 0,037 0,022 0,040 0,022 0,060 0,035 0,034 0,021 0,011 0,025 0,016 0,017 0,018 0,018 0,013 0,011 0,012 0,010 0,013 0,011 0,017 0,014 0,014 0,012 0,012 0,013 0,010 0,012
1422,16 232 100 1,06E-04 -1,04E-04 Name: M000027_A144001-101_METB_1424.73_TRUE_Alanine, beta- (3TMS) 0,005 0,008 0,004 0,007 0,002 0,006 0,006 0,008 0,006 0,018 0,005 0,005 0,008 0,005 0,007 0,007 0,003 0,002 0,002 0,002 0,002 0,001 0,002 0,002 0,002 0,003 0,005 0,004 0,004 0,003 0,003 0,005 0,004
1422,86 248 100 4,89E-05 3,56E-05 Name: M000027_A144001-101_METB_1424.73_TRUE_Alanine, beta- (3TMS) 0,015 0,033 0,023 0,023 0,013 0,030 0,046 0,044 0,027 0,028 0,022 0,018 0,040 0,029 0,036 0,037 0,033 0,023 0,015 0,011 0,015 0,017 0,024 0,016 0,017 0,033 0,040 0,044 0,046 0,024 0,024 0,066 0,041
1422,86 290 100 4,48E-05 -3,64E-06 Name: M000027_A144001-101_METB_1424.73_TRUE_Alanine, beta- (3TMS) 0,003 0,007 0,005 0,004 0,002 0,007 0,010 0,012 0,006 0,018 0,005 0,004 0,008 0,006 0,008 0,009 0,009 0,005 0,004 0,003 0,004 0,004 0,005 0,003 0,004 0,007 0,009 0,010 0,010 0,006 0,006 0,013 0,008
1440,54 103 100 1,00E-04 6,00E-05 Name: M000019_A146001-101_METB_1442.17_TRUE_Homoserine, DL- (3TMS) 0,011 0,008 0,003 0,004 0,010 0,003 0,009 0,007 0,008 0,003 0,007 0,007 0,009 0,008 0,006 0,013 0,006 0,006 0,004 0,004 0,004 0,004 0,006 0,008 0,007 0,005 0,004 0,007 0,005 0,004 0,004 0,005 0,004
1440,60 128 100 7,13E-07 2,38E-04 Name: M000019_A146001-101_METB_1442.17_TRUE_Homoserine, DL- (3TMS) 0,001 0,005 0,004 0,003 0,003 0,007 0,007 0,006 0,006 0,004 0,004 0,007 0,006 0,002 0,005 0,005 0,006 0,006 0,005 0,005 0,005 0,006 0,007 0,010 0,008 0,005 0,005 0,008 0,006 0,004 0,004 0,004 0,006
1440,38 218 88 -3,53E-05 1,62E-04 Name: M000019_A146001-101_METB_1442.17_TRUE_Homoserine, DL- (3TMS) 0,003 0,002 0,003 0,006 0,008 0,002 0,002 0,001 0,004 0,001 0,003 0,005 0,005 0,005 0,004 0,004 0,005 0,005 0,006 0,010 0,008 0,006 0,005 0,007 0,006 0,004 0,004 0,005 0,006
1457,13 156 97 4,27E-05 2,28E-05 Name: M000000_A147001-101_MST_1457.8_TRUE_ 0,054 0,114 0,109 0,091 0,050 0,110 0,079 0,121 0,067 0,136 0,100 0,077 0,062 0,044 0,067 0,047 0,050 0,061 0,041 0,034 0,034 0,030 0,036 0,032 0,046 0,037 0,038 0,033 0,038 0,040 0,031 0,045
1457,14 174 97 4,38E-05 2,13E-05 Name: M000000_A147001-101_MST_1457.8_TRUE_ 0,473 0,987 0,977 0,794 0,425 0,973 0,688 1,020 0,598 1,185 0,881 0,686 0,519 0,382 0,566 0,399 0,443 0,476 0,348 0,294 0,286 0,261 0,327 0,280 0,390 0,331 0,330 0,290 0,327 0,346 0,282 0,311
1457,13 227 97 4,08E-05 1,91E-06 Name: M000000_A147001-101_MST_1457.8_TRUE_ 0,020 0,039 0,035 0,030 0,016 0,035 0,027 0,040 0,023 0,045 0,034 0,025 0,020 0,015 0,022 0,017 0,017 0,019 0,013 0,011 0,011 0,010 0,013 0,011 0,015 0,013 0,014 0,012 0,014 0,014 0,012 0,011
1462,88 247 100 2,69E-04 1,52E-04 Name: M000066_A148001-101_METB_1464.3_TRUE_Malic acid, 2-methyl-, DL- (3TMS) 0,110 0,142 0,106 0,097 0,056 0,147 0,153 0,147 0,113 0,059 0,160 0,139 0,117 0,086 0,145 0,083 0,006 0,006 0,139 0,037 0,006 0,007 0,006 0,007 0,005 0,007 0,009 0,010 0,008 0,008 0,009 0,011 0,010
1462,87 259 100 3,18E-04 4,22E-05 Name: M000066_A148001-101_METB_1464.3_TRUE_Malic acid, 2-methyl-, DL- (3TMS) 0,026 0,027 0,027 0,023 0,012 0,032 0,037 0,037 0,027 0,034 0,036 0,030 0,028 0,018 0,034 0,019 0,001 0,001 0,009 0,002 0,001 0,001 0,001 0,002 0,001 0,001 0,003 0,002 0,002 0,002 0,002 0,002 0,002
1462,81 321 97 2,75E-04 1,42E-04 Name: M000066_A148001-101_METB_1464.3_TRUE_Malic acid, 2-methyl-, DL- (3TMS) 0,010 0,012 0,013 0,012 0,005 0,019 0,019 0,015 0,011 0,005 0,016 0,014 0,012 0,008 0,017 0,009 0,000 0,001 0,015 0,003 0,000 0,000 0,001 0,001 0,001 0,001 0,001 0,001 0,001 0,001 0,000 0,001
1478,90 233 100 1,36E-04 8,54E-05 Name: M000065_A149001-101_METB_1477.3_TRUE_Malic acid, DL- (3TMS) 20,928 32,345 32,419 27,144 15,919 32,656 21,950 35,576 22,382 40,618 29,944 34,254 15,500 13,898 20,415 12,583 7,849 6,285 5,950 4,686 3,938 3,495 3,685 4,479 5,030 9,684 7,672 7,290 4,080 3,039 3,012 4,077 5,047
1478,92 245 100 1,40E-04 9,48E-05 Name: M000065_A149001-101_METB_1477.3_TRUE_Malic acid, DL- (3TMS) 14,386 22,139 22,359 18,932 10,895 22,507 15,574 25,258 15,984 28,029 20,565 23,702 10,622 9,517 14,252 8,889 5,414 4,298 4,032 3,126 2,650 2,375 2,494 3,021 3,399 6,685 5,249 5,008 2,689 2,028 2,000 2,757 3,412
1482,96 335 36 1,61E-04 -1,56E-04 Name: M000065_A149001-101_METB_1477.3_TRUE_Malic acid, DL- (3TMS) 0,013 0,276 0,233 0,073 0,078 0,106 0,002 0,003 0,005 0,001 0,001 0,014
1491,02 205 97 3,27E-04 8,97E-04 Name: M000054_A150002-101_METB_1493.2_TRUE_Erythritol (4TMS) 0,131 0,095 0,118 0,185 0,059 0,287 0,249 1,172 0,335 0,118 0,105 0,086 0,053 0,063 0,053 0,058 0,010 0,008 0,029 0,006 0,014 0,022 0,035 0,045 0,019 0,009 0,012 0,007 0,007 0,000 0,005 0,006
1491,02 217 94 2,90E-04 7,13E-04 Name: M000054_A150002-101_METB_1493.2_TRUE_Erythritol (4TMS) 0,216 0,139 0,241 0,304 0,113 0,499 0,472 2,190 0,568 0,157 0,143 0,145 0,079 0,121 0,081 0,111 0,020 0,014 0,055 0,010 0,026 0,041 0,066 0,085 0,036 0,016 0,024 0,027 0,015 0,010 0,013
1491,05 293 91 3,47E-04 8,92E-04 Name: M000054_A150002-101_METB_1493.2_TRUE_Erythritol (4TMS) 0,013 0,009 0,010 0,021 0,005 0,027 0,025 0,120 0,034 0,010 0,010 0,009 0,005 0,005 0,007 0,006 0,001 0,000 0,002 0,001 0,002 0,002 0,003 0,004 0,002 0,001 0,000 0,000 0,000 0,001
1508,58 91 100 3,73E-05 -1,11E-04 Name: M000220_A152003-101_METB_1507_TRUE_Salicylic acid (2TMS) 0,006 0,015 0,024 0,012 0,003 0,006 0,004 0,008 0,007 0,017 0,014 0,012 0,006 0,009 0,019 0,005 0,006 0,004 0,003 0,003 0,003 0,004 0,002 0,005 0,002 0,003 0,005 0,004 0,003 0,004 0,003 0,002 0,002
1509,50 135 100 1,13E-04 -3,93E-05 Name: M000220_A152003-101_METB_1507_TRUE_Salicylic acid (2TMS) 0,010 0,040 0,018 0,026 0,004 0,015 0,011 0,016 0,011 0,021 0,024 0,011 0,015 0,012 0,019 0,010 0,007 0,005 0,002 0,004 0,005 0,003 0,003 0,003 0,003 0,005 0,007 0,008 0,005 0,005 0,002 0,003 0,005
1509,58 202 100 1,27E-04 -5,52E-05 Name: M000033_A152002-101_METB_1509.77_TRUE_Aspartic acid, DL- (3TMS) 0,081 0,313 0,103 0,166 0,028 0,115 0,087 0,099 0,051 0,169 0,200 0,084 0,129 0,086 0,127 0,080 0,042 0,035 0,019 0,029 0,033 0,018 0,024 0,017 0,025 0,029 0,051 0,061 0,034 0,016 0,018 0,026 0,030
1509,57 218 100 1,23E-04 -6,45E-05 Name: M000033_A152002-101_METB_1509.77_TRUE_Aspartic acid, DL- (3TMS) 0,133 0,522 0,171 0,273 0,050 0,193 0,144 0,166 0,083 0,281 0,338 0,151 0,213 0,142 0,214 0,134 0,071 0,061 0,033 0,050 0,055 0,031 0,040 0,030 0,041 0,051 0,085 0,103 0,056 0,029 0,031 0,043 0,051
1508,50 232 100 1,07E-04 -1,79E-05 Name: M000033_A152002-101_METB_1509.77_TRUE_Aspartic acid, DL- (3TMS) 0,653 2,454 1,397 1,302 0,288 1,003 0,702 0,802 0,399 1,361 1,603 0,757 1,000 0,679 1,916 0,743 0,443 0,297 0,170 0,244 0,356 0,193 0,196 0,471 0,255 0,248 0,409 0,490 0,270 0,202 0,155 0,214 0,462
1507,86 267 100 8,76E-05 5,13E-05 Name: M000220_A152003-101_METB_1507_TRUE_Salicylic acid (2TMS) 0,009 0,012 0,021 0,015 0,006 0,013 0,006 0,013 0,012 0,013 0,009 0,016 0,004 0,007 0,027 0,010 0,004 0,005 0,004 0,003 0,003 0,002 0,002 0,003 0,002 0,005 0,004 0,004 0,002 0,003 0,002 0,003 0,002
1514,88 128 100 -1,94E-04 -3,05E-05 Name: M000018_A152001-101_METB_1514.5_TRUE_Methionine, DL- (2TMS) 0,008 0,022 0,019 0,020 0,013 0,031 0,014 0,022 0,008 0,023 0,025 0,014 0,012 0,014 0,009 0,021 0,062 0,048 0,038 0,053 0,026 0,038 0,055 0,070 0,039 0,078 0,083 0,103 0,039 0,038 0,043 0,045 0,045
1514,88 176 100 -1,83E-04 -1,11E-05 Name: M000018_A152001-101_METB_1514.5_TRUE_Methionine, DL- (2TMS) 0,009 0,023 0,019 0,022 0,013 0,031 0,016 0,022 0,010 0,024 0,027 0,015 0,012 0,016 0,012 0,025 0,065 0,051 0,040 0,056 0,029 0,041 0,057 0,072 0,041 0,081 0,088 0,108 0,042 0,040 0,045 0,047 0,046
1521,16 156 100 1,31E-04 1,53E-04 Name: M000037_A153002-101_METB-METB_1519.43_TRUE_Pyroglutamic acid, DL- (2TMS) 8,583 12,662 12,346 13,409 5,799 16,583 16,862 17,082 12,115 11,427 11,275 7,934 13,730 10,041 11,537 10,338 5,112 4,625 4,254 4,363 4,497 3,769 3,885 3,816 4,394 4,194 4,579 6,719 3,765 4,673 2,905 4,798 4,249
1521,20 230 100 1,25E-04 1,49E-04 Name: M000037_A153002-101_METB-METB_1519.43_TRUE_Pyroglutamic acid, DL- (2TMS) 0,593 0,861 0,877 0,921 0,395 1,116 1,095 1,150 0,825 0,781 0,745 0,570 0,958 0,661 0,760 0,681 0,357 0,321 0,294 0,290 0,309 0,261 0,262 0,259 0,305 0,289 0,318 0,445 0,261 0,325 0,194 0,317 0,301
1520,90 258 100 1,27E-04 1,50E-04 Name: M000037_A153002-101_METB-METB_1519.43_TRUE_Pyroglutamic acid, DL- (2TMS) 0,503 0,725 0,735 0,779 0,343 0,939 0,929 0,969 0,705 0,660 0,624 0,472 0,779 0,557 0,635 0,572 0,289 0,268 0,249 0,243 0,263 0,222 0,221 0,210 0,260 0,239 0,264 0,376 0,220 0,275 0,162 0,270 0,254
1524,36 174 100 -9,15E-05 5,98E-05 Name: M000114_A153003-101_METB_1526.53_TRUE_Butyric acid, 4-amino- (3TMS) 0,493 0,761 0,414 0,530 0,461 1,105 0,882 1,141 0,418 0,760 0,514 0,356 1,137 0,949 0,578 0,620 2,519 1,833 1,172 0,883 0,725 0,744 0,592 0,760 0,962 2,544 2,807 2,781 1,271 0,945 0,889 1,353 1,661
1524,37 216 100 -9,74E-05 7,34E-05 Name: M000114_A153003-101_METB_1526.53_TRUE_Butyric acid, 4-amino- (3TMS) 0,033 0,049 0,026 0,034 0,030 0,075 0,062 0,077 0,027 0,051 0,030 0,021 0,085 0,066 0,039 0,044 0,189 0,135 0,084 0,064 0,051 0,053 0,042 0,054 0,071 0,192 0,210 0,216 0,095 0,067 0,064 0,103 0,126
1524,36 304 100 -9,41E-05 5,16E-05 Name: M000114_A153003-101_METB_1526.53_TRUE_Butyric acid, 4-amino- (3TMS) 0,066 0,099 0,052 0,070 0,062 0,146 0,122 0,154 0,057 0,106 0,070 0,052 0,168 0,131 0,078 0,085 0,359 0,261 0,165 0,125 0,102 0,104 0,084 0,106 0,137 0,361 0,403 0,404 0,180 0,132 0,126 0,195 0,238
1528,18 205 100 1,68E-04 -2,98E-05 Name: M000454_A154001-101_MST_1529.43_TRUE_ 0,069 0,079 0,064 0,050 0,019 0,073 0,059 0,282 0,048 0,165 0,150 0,089 0,037 0,033 0,041 0,030 0,012 0,012 0,011 0,008 0,007 0,007 0,006 0,009 0,008 0,016 0,019 0,020 0,007 0,008 0,007 0,009 0,009
1528,18 220 100 1,69E-04 -2,93E-05 Name: M000454_A154001-101_MST_1529.43_TRUE_ 0,080 0,089 0,074 0,058 0,023 0,083 0,067 0,328 0,056 0,186 0,172 0,101 0,043 0,038 0,048 0,035 0,013 0,014 0,013 0,009 0,008 0,008 0,007 0,010 0,009 0,018 0,022 0,022 0,008 0,009 0,008 0,010 0,009
1528,18 292 100 1,72E-04 -2,29E-05 Name: M000454_A154001-101_MST_1529.43_TRUE_ 0,097 0,111 0,091 0,072 0,029 0,104 0,083 0,400 0,069 0,229 0,210 0,126 0,053 0,048 0,058 0,044 0,016 0,016 0,015 0,010 0,010 0,009 0,008 0,013 0,011 0,021 0,027 0,027 0,009 0,011 0,009 0,012 0,012
1546,37 205 100 1,10E-04 2,89E-05 Name: M000078_A156001-101_METB_1546.43_TRUE_Threonic acid (4TMS) 6,924 9,857 6,396 7,013 1,723 7,958 7,229 13,012 3,688 13,333 11,560 9,149 3,951 2,428 4,323 3,314 2,712 1,933 1,157 0,684 0,271 0,509 0,371 0,777 0,370 4,539 4,380 4,711 0,588 0,249 0,442 1,241 0,879
1546,37 220 100 1,12E-04 2,89E-05 Name: M000078_A156001-101_METB_1546.43_TRUE_Threonic acid (4TMS) 8,945 12,016 7,679 8,705 1,999 9,867 9,091 16,425 4,470 16,718 14,652 11,345 4,999 2,863 5,350 4,205 3,346 2,369 1,365 0,801 0,310 0,590 0,426 0,910 0,422 5,764 5,716 6,122 0,694 0,282 0,500 1,511 1,050
1546,26 292 100 1,10E-04 2,82E-05 Name: M000078_A156001-101_METB_1546.43_TRUE_Threonic acid (4TMS) 10,109 14,173 9,195 10,085 2,438 11,475 10,396 18,776 5,295 19,250 16,799 13,215 5,746 3,464 6,218 4,775 3,909 2,811 1,643 0,961 0,374 0,712 0,516 1,101 0,512 6,579 6,527 6,997 0,832 0,347 0,616 1,791 1,259
1566,18 223 100 2,66E-04 1,37E-04 Name: M000574_A158007-101_MST_1561.07_PRED_ 0,027 0,072 0,103 0,087 0,033 0,070 0,048 0,073 0,064 0,035 0,045 0,101 0,023 0,029 0,050 0,137 0,002 0,007 0,010 0,007 0,003 0,004 0,006 0,007 0,007 0,002 0,005 0,006 0,002 0,006 0,011 0,005 0,007
1566,17 267 100 2,79E-04 1,87E-04 Name: M000574_A158007-101_MST_1561.07_PRED_ 0,036 0,098 0,141 0,117 0,046 0,097 0,067 0,096 0,087 0,044 0,064 0,134 0,030 0,041 0,065 0,181 0,003 0,010 0,013 0,010 0,004 0,007 0,008 0,010 0,009 0,001 0,006 0,007 0,002 0,008 0,016 0,007 0,011
1566,22 282 100 2,92E-04 1,48E-05 Name: M000574_A158007-101_MST_1561.07_PRED_ 0,011 0,029 0,042 0,036 0,013 0,029 0,021 0,029 0,027 0,013 0,019 0,040 0,009 0,012 0,019 0,054 0,000 0,003 0,004 0,002 0,001 0,002 0,002 0,003 0,002 0,001 0,002 0,002 0,001 0,003 0,005 0,003 0,003
1570,25 198 100 1,44E-04 3,68E-04 Name: M000571_A158004-101_METB_1568.23_TRUE_Glutaric acid, 2-oxo- (1MEOX) (2TMS) 0,026 0,034 0,035 0,036 0,051 0,106 0,105 0,091 0,062 0,025 0,025 0,031 0,081 0,060 0,087 0,065 0,030 0,032 0,031 0,038 0,037 0,031 0,032 0,028 0,037 0,033 0,025 0,035 0,031 0,031 0,020 0,021 0,020
1570,25 288 100 1,24E-04 3,61E-04 Name: M000571_A158004-101_METB_1568.23_TRUE_Glutaric acid, 2-oxo- (1MEOX) (2TMS) 0,005 0,007 0,009 0,008 0,011 0,022 0,021 0,021 0,014 0,005 0,005 0,008 0,016 0,012 0,018 0,013 0,007 0,007 0,007 0,008 0,007 0,007 0,006 0,006 0,007 0,007 0,006 0,008 0,006 0,007 0,005 0,004 0,004
1570,25 304 100 1,11E-04 3,41E-04 Name: M000571_A158004-101_METB_1568.23_TRUE_Glutaric acid, 2-oxo- (1MEOX) (2TMS) 0,004 0,005 0,007 0,008 0,009 0,018 0,017 0,018 0,011 0,005 0,005 0,008 0,013 0,009 0,015 0,009 0,006 0,006 0,007 0,007 0,007 0,006 0,005 0,005 0,006 0,006 0,005 0,006 0,006 0,006 0,004 0,004 0,003
1582,75 142 100 3,44E-04 1,13E-04 Name: M000000_A159001-101_MST_1581.7_TRUE_ 0,640 0,536 0,290 0,210 0,193 3,456 1,332 1,359 0,444 1,526 1,310 1,204 0,799 1,875 0,605 0,474 0,060 0,034 0,026 0,039 0,023 0,068 0,104 0,099 0,107 0,140 0,175 0,306 0,045 0,134 0,028 0,047 0,099
1582,76 186 100 3,46E-04 1,15E-04 Name: M000000_A159001-101_MST_1581.7_TRUE_ 0,455 0,378 0,205 0,148 0,134 2,467 0,955 0,957 0,317 1,078 0,921 0,856 0,567 1,339 0,429 0,339 0,042 0,025 0,018 0,027 0,016 0,048 0,073 0,069 0,076 0,098 0,124 0,218 0,032 0,094 0,020 0,032 0,069
1582,78 288 100 3,39E-04 1,15E-04 Name: M000000_A159001-101_MST_1581.7_TRUE_ 0,041 0,033 0,020 0,014 0,011 0,230 0,087 0,089 0,028 0,094 0,084 0,073 0,050 0,128 0,037 0,030 0,004 0,002 0,002 0,002 0,002 0,005 0,006 0,006 0,006 0,009 0,011 0,019 0,003 0,009 0,002 0,002 0,006
1588,25 292 100 1,95E-05 -1,51E-04 Name: M000000_A160001-101_MST_1589.93_TRUE_ 0,062 0,075 0,056 0,056 0,017 0,069 0,049 0,167 0,034 0,153 0,143 0,078 0,036 0,041 0,035 0,031 0,034 0,026 0,020 0,013 0,006 0,009 0,007 0,015 0,006 0,088 0,086 0,086 0,012 0,012 0,011 0,018 0,018
1588,23 305 100 1,69E-05 -1,37E-04 Name: M000000_A160001-101_MST_1589.93_TRUE_ 0,027 0,031 0,026 0,027 0,010 0,031 0,023 0,077 0,018 0,068 0,065 0,037 0,017 0,019 0,016 0,014 0,016 0,013 0,010 0,006 0,003 0,005 0,003 0,007 0,003 0,042 0,041 0,041 0,006 0,007 0,006 0,009 0,009
1588,24 333 100 1,74E-05 -1,17E-04 Name: M000000_A160001-101_MST_1589.93_TRUE_ 0,010 0,014 0,013 0,012 0,005 0,012 0,009 0,029 0,006 0,025 0,023 0,017 0,005 0,006 0,009 0,006 0,006 0,005 0,004 0,002 0,001 0,002 0,001 0,003 0,001 0,015 0,014 0,015 0,003 0,002 0,002 0,003 0,003
1613,66 246 94 -1,43E-04 1,00E-04 Name: M000036_A163001-101_METB_1615.4_TRUE_Glutamic acid, DL- (3TMS) 0,006 0,108 0,010 0,003 0,204 0,105 0,417 0,025 0,260 0,273 0,257 0,036 0,011 0,064 0,442 0,402 0,263 0,225 0,203 0,145 0,117 0,161 0,189 0,453 0,707 0,570 0,258 0,090 0,134 0,177 0,329
1613,73 348 85 -2,35E-04 -2,77E-04 Name: M000036_A163001-101_METB_1615.4_TRUE_Glutamic acid, DL- (3TMS) 0,005 0,002 0,008 0,005 0,017 0,000 0,012 0,010 0,010 0,002 0,004 0,020 0,017 0,011 0,009 0,008 0,006 0,005 0,006 0,008 0,019 0,032 0,025 0,011 0,004 0,005 0,007 0,015
1613,74 363 79 -1,12E-04 1,62E-04 Name: M000036_A163001-101_METB_1615.4_TRUE_Glutamic acid, DL- (3TMS) 0,003 0,002 0,003 0,008 0,005 0,004 0,004 0,001 0,002 0,008 0,007 0,005 0,004 0,003 0,003 0,002 0,003 0,004 0,008 0,013 0,010 0,004 0,001 0,002 0,003 0,006
1626,03 174 100 2,22E-04 -5,97E-05 Name: M000431_A164005-101_MST_1628.4_TRUE_ 0,226 0,239 0,140 0,146 0,151 0,334 0,206 0,371 0,226 0,541 0,311 0,276 0,189 0,303 0,314 0,256 0,047 0,042 0,031 0,024 0,032 0,027 0,026 0,041 0,032 0,096 0,086 0,101 0,051 0,048 0,055 0,055 0,062
1626,03 200 100 2,18E-04 -6,00E-05 Name: M000431_A164005-101_MST_1628.4_TRUE_ 0,011 0,011 0,006 0,005 0,007 0,017 0,010 0,020 0,012 0,026 0,015 0,016 0,009 0,016 0,018 0,013 0,003 0,002 0,002 0,002 0,002 0,001 0,002 0,001 0,002 0,006 0,005 0,006 0,003 0,002 0,003 0,003 0,003
1626,01 318 100 2,36E-04 -1,91E-05 Name: M000431_A164005-101_MST_1628.4_TRUE_ 0,005 0,006 0,003 0,001 0,003 0,009 0,005 0,010 0,006 0,012 0,007 0,007 0,004 0,007 0,008 0,006 0,001 0,001 0,001 0,001 0,001 0,001 0,001 0,001 0,001 0,003 0,002 0,003 0,001 0,001 0,001 0,001 0,002
1630,21 91 100 1,38E-04 1,88E-04 Name: M000011_A164001-101_METB_1629.33_TRUE_Phenylalanine, DL- (2TMS) 0,064 0,165 0,036 0,074 0,030 0,121 0,491 0,163 0,083 0,097 0,143 0,095 0,052 0,106 0,044 0,041 0,039 0,026 0,025 0,029 0,019 0,027 0,025 0,093 0,027 0,033 0,050 0,188 0,016 0,026 0,016 0,020 0,022
1629,02 192 100 1,55E-04 1,87E-04 Name: M000011_A164001-101_METB_1629.33_TRUE_Phenylalanine, DL- (2TMS) 0,122 0,323 0,044 0,129 0,054 0,227 1,160 0,314 0,154 0,191 0,294 0,163 0,099 0,232 0,077 0,080 0,070 0,052 0,050 0,056 0,038 0,052 0,049 0,182 0,051 0,066 0,098 0,370 0,032 0,049 0,029 0,043 0,042
1630,21 218 100 1,17E-04 2,21E-04 Name: M000011_A164001-101_METB_1629.33_TRUE_Phenylalanine, DL- (2TMS) 0,166 0,449 0,063 0,183 0,073 0,320 1,589 0,443 0,208 0,259 0,403 0,234 0,136 0,307 0,107 0,111 0,145 0,074 0,071 0,077 0,054 0,073 0,067 0,269 0,073 0,093 0,138 2,979 0,045 0,066 0,040 0,060 0,066
1630,74 223 100 1,49E-04 2,05E-04 Name: M000463_A164003-101_METB_1630.47_TRUE_Benzoic acid, 4-hydroxy- (2TMS) 0,024 0,051 0,067 0,055 0,025 0,048 0,074 0,045 0,039 0,033 0,040 0,065 0,018 0,022 0,031 0,035 0,017 0,010 0,010 0,009 0,005 0,007 0,008 0,014 0,007 0,004 0,007 0,025 0,004 0,010 0,008 0,007 0,007
1630,64 267 100 1,48E-04 1,72E-04 Name: M000463_A164003-101_METB_1630.47_TRUE_Benzoic acid, 4-hydroxy- (2TMS) 0,024 0,053 0,056 0,049 0,024 0,048 0,108 0,048 0,040 0,032 0,043 0,061 0,019 0,028 0,030 0,029 0,007 0,008 0,013 0,010 0,006 0,006 0,008 0,049 0,008 0,006 0,011 0,036 0,005 0,010 0,007 0,007 0,007
1630,72 282 97 1,21E-04 3,61E-04 Name: M000463_A164003-101_METB_1630.47_TRUE_Benzoic acid, 4-hydroxy- (2TMS) 0,004 0,011 0,012 0,007 0,004 0,010 0,006 0,009 0,009 0,006 0,007 0,013 0,003 0,003 0,005 0,004 0,002 0,001 0,002 0,000 0,001 0,001 0,004 0,001 0,000 0,001 0,008 0,000 0,001 0,001 0,001 0,002
1642,74 217 100 5,23E-05 -1,85E-04 Name: M000579_A165001-101_METB_1644.13_TRUE_Xylose, D- (1MEOX) (4TMS) 0,152 0,169 0,089 0,132 0,106 0,117 0,177 0,186 0,107 0,290 0,219 0,141 0,162 0,153 0,147 0,151 0,119 0,083 0,068 0,045 0,048 0,041 0,039 0,041 0,045 0,247 0,190 0,198 0,069 0,100 0,067 0,096 0,100
1642,74 307 100 1,06E-04 -1,60E-04 Name: M000579_A165001-101_METB_1644.13_TRUE_Xylose, D- (1MEOX) (4TMS) 0,044 0,047 0,026 0,041 0,030 0,033 0,050 0,055 0,032 0,081 0,062 0,039 0,047 0,043 0,041 0,044 0,021 0,014 0,011 0,007 0,008 0,006 0,006 0,007 0,007 0,063 0,045 0,046 0,010 0,015 0,009 0,016 0,017
1649,57 217 100 6,03E-05 -2,22E-04 Name: M000581_A167002-101_METB_1658.05_PRED_Arabinose, D- (1MEOX) (4TMS) 0,096 0,068 0,048 0,047 0,050 0,064 0,078 0,085 0,045 0,163 0,120 0,079 0,064 0,076 0,059 0,069 0,028 0,026 0,125 0,016 0,029 0,014 0,014 0,019 0,020 0,066 0,071 0,064 0,023 0,031 0,024 0,030 0,028
1649,61 307 100 1,75E-05 -1,85E-04 Name: M000581_A167002-101_METB_1658.05_PRED_Arabinose, D- (1MEOX) (4TMS) 0,023 0,015 0,016 0,014 0,009 0,012 0,017 0,022 0,017 0,042 0,029 0,020 0,010 0,017 0,010 0,019 0,008 0,009 0,041 0,009 0,004 0,006 0,003 0,003 0,003 0,019 0,017 0,015 0,007 0,008 0,007 0,006 0,006
1664,60 116 100 -1,50E-04 -8,30E-05 Name: M000013_A168001-101_METB_1665.8_TRUE_Asparagine, DL- (3TMS) 0,005 0,008 0,004 0,008 0,005 0,008 0,006 0,009 0,006 0,013 0,011 0,005 0,007 0,009 0,006 0,007 0,022 0,019 0,016 0,023 0,008 0,006 0,005 0,007 0,006 0,038 0,065 0,051 0,007 0,010 0,007 0,009 0,011
1664,52 160 100 -8,25E-06 -4,33E-05 Name: M000582_A168002-101_METB_1666.87_TRUE_Ribose, D- (1MEOX) (4TMS) 0,016 0,013 0,015 0,017 0,012 0,023 0,025 0,030 0,021 0,021 0,019 0,015 0,018 0,041 0,019 0,021 0,023 0,021 0,015 0,015 0,018 0,017 0,015 0,017 0,018 0,043 0,034 0,044 0,029 0,032 0,028 0,041 0,035
1665,27 188 97 -1,85E-04 -1,98E-05 Name: M000013_A168001-101_METB_1665.8_TRUE_Asparagine, DL- (3TMS) 0,002 0,003 0,003 0,005 0,002 0,002 0,001 0,001 0,003 0,004 0,001 0,002 0,002 0,002 0,002 0,006 0,006 0,005 0,006 0,003 0,002 0,001 0,002 0,002 0,010 0,015 0,012 0,002 0,003 0,002 0,002 0,003
1664,52 217 100 -5,99E-06 -5,13E-05 Name: M000582_A168002-101_METB_1666.87_TRUE_Ribose, D- (1MEOX) (4TMS) 0,082 0,075 0,077 0,073 0,067 0,123 0,129 0,151 0,097 0,111 0,091 0,081 0,092 0,203 0,098 0,108 0,114 0,108 0,080 0,077 0,091 0,083 0,080 0,088 0,090 0,212 0,164 0,200 0,142 0,161 0,139 0,195 0,169
1665,18 231 100 -1,82E-04 1,12E-04 Name: M000013_A168001-101_METB_1665.8_TRUE_Asparagine, DL- (3TMS) 0,001 0,002 0,001 0,003 0,002 0,001 0,001 0,002 0,002 0,000 0,004 0,000 0,002 0,003 0,002 0,002 0,005 0,006 0,005 0,006 0,002 0,002 0,001 0,002 0,001 0,011 0,018 0,013 0,003 0,003 0,002 0,003 0,003
1664,52 307 100 -2,71E-06 -4,52E-05 Name: M000582_A168002-101_METB_1666.87_TRUE_Ribose, D- (1MEOX) (4TMS) 0,024 0,019 0,021 0,023 0,017 0,035 0,037 0,045 0,029 0,032 0,028 0,020 0,028 0,063 0,028 0,033 0,033 0,030 0,022 0,022 0,027 0,024 0,024 0,025 0,027 0,064 0,050 0,063 0,044 0,048 0,041 0,059 0,051
1669,21 230 100 2,70E-04 3,26E-04 Name: M000000_A168003-101_MST_1669.08_PRED_ 0,003 0,019 0,002 0,006 0,007 0,043 0,013 0,020 0,009 0,011 0,002 0,003 0,019 0,013 0,026 0,024 0,003 0,002 0,002 0,002 0,003 0,002 0,003 0,002 0,003 0,004 0,005 0,005 0,002 0,004 0,003 0,004 0,003
1669,18 320 97 2,81E-04 2,05E-04 Name: M000000_A168003-101_MST_1669.08_PRED_ 0,003 0,023 0,001 0,007 0,007 0,046 0,014 0,018 0,008 0,012 0,004 0,020 0,016 0,026 0,024 0,004 0,002 0,002 0,003 0,003 0,002 0,003 0,003 0,002 0,004 0,005 0,006 0,003 0,004 0,003 0,004 0,003
1669,15 422 91 2,59E-04 2,10E-04 Name: M000000_A168003-101_MST_1669.08_PRED_ 0,001 0,005 0,003 0,003 0,018 0,005 0,007 0,003 0,006 0,007 0,005 0,008 0,012 0,001 0,001 0,000 0,001 0,001 0,001 0,001 0,001 0,001 0,002 0,002 0,002 0,001 0,002 0,002 0,002 0,001
1683,60 217 100 1,65E-04 -7,00E-05 Name: M000000_A170001-101_MST_1687.63_TRUE_ 0,205 0,189 0,177 0,161 0,101 0,142 0,139 0,167 0,122 0,346 0,271 0,218 0,141 0,141 0,141 0,131 0,049 0,046 0,034 0,041 0,020 0,017 0,018 0,019 0,025 0,052 0,038 0,050 0,025 0,029 0,020 0,028 0,028
1683,54 307 100 1,70E-04 -6,10E-05 Name: M000000_A170001-101_MST_1687.63_TRUE_ 0,092 0,079 0,079 0,071 0,046 0,059 0,060 0,073 0,055 0,149 0,116 0,098 0,055 0,059 0,059 0,055 0,020 0,020 0,014 0,016 0,008 0,007 0,007 0,007 0,009 0,023 0,016 0,022 0,010 0,011 0,007 0,010 0,009
1683,54 319 100 1,68E-04 -6,32E-05 Name: M000000_A170001-101_MST_1687.63_TRUE_ 0,082 0,070 0,068 0,061 0,041 0,053 0,053 0,064 0,047 0,132 0,104 0,088 0,050 0,052 0,051 0,049 0,018 0,017 0,012 0,014 0,007 0,006 0,007 0,006 0,008 0,020 0,014 0,019 0,008 0,010 0,006 0,009 0,014
1699,23 204 100 -1,89E-04 -1,95E-04 Name: M000248_A172001-101_METB_1699.3_TRUE_Glucose, 1,6-anhydro, beta-D- (3TMS) 0,053 0,093 0,085 0,099 0,047 0,080 0,062 0,089 0,059 0,102 0,088 0,094 0,051 0,049 0,064 0,048 0,260 0,209 0,107 0,073 0,108 0,070 0,058 0,062 0,072 0,459 0,403 0,618 0,284 0,164 0,185 0,219 0,289
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1699,25 217 100 -1,89E-04 -1,94E-04 Name: M000248_A172001-101_METB_1699.3_TRUE_Glucose, 1,6-anhydro, beta-D- (3TMS) 0,040 0,073 0,066 0,076 0,036 0,062 0,047 0,069 0,047 0,075 0,068 0,075 0,039 0,038 0,049 0,036 0,203 0,169 0,075 0,054 0,086 0,052 0,045 0,049 0,055 0,369 0,320 0,495 0,230 0,129 0,148 0,165 0,228
1699,34 333 100 -1,87E-04 -1,99E-04 Name: M000248_A172001-101_METB_1699.3_TRUE_Glucose, 1,6-anhydro, beta-D- (3TMS) 0,005 0,009 0,009 0,011 0,004 0,007 0,005 0,006 0,007 0,009 0,007 0,010 0,005 0,004 0,007 0,005 0,023 0,020 0,008 0,006 0,011 0,006 0,006 0,006 0,006 0,047 0,040 0,061 0,028 0,016 0,018 0,020 0,028
1704,73 117 100 8,50E-06 -2,32E-04 Name: M000590_A172002-101_METB_1709.7_TRUE_Rhamnose, DL- (1MEOX) (4TMS) 0,208 0,159 0,289 0,129 0,111 0,132 0,104 0,157 0,114 0,314 0,243 0,206 0,134 0,222 0,133 0,135 0,097 0,103 0,057 0,079 0,073 0,047 0,038 0,059 0,069 0,202 0,160 0,211 0,070 0,097 0,085 0,095 0,091
1704,73 160 100 1,98E-05 -2,25E-04 Name: M000590_A172002-101_METB_1709.7_TRUE_Rhamnose, DL- (1MEOX) (4TMS) 0,030 0,023 0,025 0,019 0,016 0,021 0,017 0,023 0,017 0,043 0,036 0,033 0,020 0,028 0,019 0,020 0,014 0,014 0,011 0,011 0,011 0,007 0,006 0,008 0,008 0,031 0,023 0,031 0,010 0,014 0,012 0,013 0,012
1710,26 307 100 -2,20E-07 -2,85E-06 Name: M000155_A173001-101_IS (QUAN)_1715.23_TRUE_Ribitol, D- (5TMS) 0,508 0,490 0,499 0,512 0,500 0,508 0,483 0,494 0,489 0,497 0,491 0,494 0,487 0,494 0,488 0,477 0,483 0,486 0,485 0,492 0,482 0,480 0,474 0,484 0,464 0,481 0,494 0,492 0,487 0,498 0,486 0,462 0,468
1710,27 319 100 -3,36E-06 1,04E-06 Name: M000155_A173001-101_IS (QUAN)_1715.23_TRUE_Ribitol, D- (5TMS) 0,823 0,769 0,785 0,812 0,807 0,807 0,774 0,786 0,791 0,779 0,775 0,777 0,794 0,802 0,788 0,783 0,808 0,796 0,806 0,813 0,800 0,814 0,805 0,809 0,795 0,789 0,821 0,824 0,817 0,832 0,807 0,785 0,802
1710,45 422 100 -1,04E-05 7,17E-06 Name: M000155_A173001-101_IS (QUAN)_1715.23_TRUE_Ribitol, D- (5TMS) 0,029 0,022 0,028 0,028 0,030 0,026 0,027 0,027 0,028 0,026 0,024 0,027 0,028 0,029 0,026 0,027 0,030 0,029 0,029 0,030 0,030 0,030 0,030 0,029 0,030 0,028 0,029 0,030 0,031 0,031 0,029 0,029 0,029
1713,34 117 88 3,92E-05 -8,36E-05 Name: M000591_A173002-101_METB_1718.3_TRUE_Fucose, DL- (1MEOX) (4TMS) 0,234 0,145 0,168 0,135 0,167 0,220 0,203 0,234 0,174 0,246 0,218 0,180 0,176 0,232 0,166 0,189 0,131 0,112 0,086 0,093 0,089 0,084 0,082 0,111 0,223 0,193 0,162 0,155 0,161
1713,34 160 88 2,82E-05 -8,54E-05 Name: M000591_A173002-101_METB_1718.3_TRUE_Fucose, DL- (1MEOX) (4TMS) 0,024 0,017 0,019 0,019 0,017 0,022 0,022 0,025 0,020 0,026 0,022 0,020 0,019 0,027 0,018 0,021 0,015 0,012 0,011 0,012 0,010 0,009 0,010 0,011 0,025 0,021 0,020 0,017 0,018
1727,16 117 91 2,49E-04 -2,33E-04 Name: M000591_A175001-101_METB_1731.3_TRUE_Fucose, DL- (1MEOX) (4TMS) 0,363 0,351 0,293 0,232 0,194 0,287 0,261 0,348 0,249 0,804 0,601 0,495 0,249 0,267 0,295 0,217 0,020 0,026 0,024 0,024 0,026 0,020 0,021 0,026 0,023 0,027 0,041 0,041 0,042 0,042
1727,15 160 91 1,81E-04 -3,25E-04 Name: M000591_A175001-101_METB_1731.3_TRUE_Fucose, DL- (1MEOX) (4TMS) 0,009 0,007 0,008 0,005 0,006 0,007 0,007 0,011 0,008 0,016 0,014 0,015 0,007 0,008 0,007 0,006 0,000 0,002 0,002 0,002 0,002 0,001 0,001 0,002 0,001 0,002 0,003 0,003 0,003 0,003
1727,05 277 82 1,12E-04 -2,93E-04 Name: M000591_A175001-101_METB_1731.3_TRUE_Fucose, DL- (1MEOX) (4TMS) 0,004 0,003 0,003 0,002 0,003 0,002 0,002 0,005 0,004 0,007 0,007 0,007 0,002 0,003 0,002 0,003 0,001 0,001 0,000 0,001 0,000 0,001 0,001 0,002 0,002 0,001 0,001
1733,05 174 100 -3,70E-05 -9,00E-05 Name: M000186_A175002-101_METB-METB_1737.17_TRUE_Putrescine (4TMS) 0,204 0,416 0,209 0,147 0,090 0,205 0,416 0,548 0,212 0,590 0,526 0,294 0,264 0,311 0,247 0,233 0,417 0,347 0,333 0,263 0,243 0,262 0,252 0,354 0,349 0,550 0,485 0,504 0,299 0,190 0,294 0,344 0,371
1733,05 200 100 -4,15E-05 -8,75E-05 Name: M000186_A175002-101_METB-METB_1737.17_TRUE_Putrescine (4TMS) 0,011 0,019 0,010 0,007 0,004 0,009 0,022 0,029 0,011 0,027 0,025 0,017 0,013 0,015 0,013 0,011 0,021 0,017 0,017 0,013 0,012 0,013 0,012 0,017 0,017 0,028 0,025 0,025 0,015 0,009 0,014 0,017 0,019
1733,05 214 100 -4,07E-05 -8,64E-05 Name: M000186_A175002-101_METB-METB_1737.17_TRUE_Putrescine (4TMS) 0,013 0,024 0,012 0,010 0,005 0,012 0,027 0,035 0,013 0,035 0,032 0,020 0,016 0,019 0,016 0,015 0,027 0,022 0,021 0,017 0,015 0,017 0,016 0,023 0,023 0,035 0,032 0,033 0,019 0,012 0,018 0,022 0,024
1740,42 229 100 7,75E-05 1,75E-04 Name: M000113_A176002-101_METB_1740.47_TRUE_Aconitic acid, cis- (3TMS) 0,016 0,037 0,049 0,052 0,016 0,029 0,019 0,046 0,035 0,014 0,018 0,026 0,019 0,015 0,048 0,020 0,013 0,010 0,009 0,006 0,005 0,007 0,006 0,009 0,005 0,011 0,015 0,014 0,006 0,005 0,008 0,012 0,012
1740,41 285 100 7,82E-05 1,79E-04 Name: M000113_A176002-101_METB_1740.47_TRUE_Aconitic acid, cis- (3TMS) 0,006 0,015 0,017 0,015 0,006 0,010 0,007 0,017 0,012 0,006 0,006 0,008 0,010 0,005 0,015 0,006 0,005 0,004 0,003 0,002 0,002 0,003 0,002 0,003 0,002 0,004 0,005 0,005 0,002 0,002 0,003 0,004 0,004
1740,42 375 100 8,90E-05 2,13E-04 Name: M000113_A176002-101_METB_1740.47_TRUE_Aconitic acid, cis- (3TMS) 0,004 0,012 0,015 0,013 0,005 0,008 0,005 0,015 0,010 0,004 0,004 0,007 0,011 0,004 0,012 0,005 0,004 0,003 0,002 0,002 0,002 0,002 0,002 0,003 0,001 0,003 0,005 0,004 0,002 0,001 0,002 0,003 0,003
1748,18 211 100 -8,45E-05 2,40E-04 Name: M000328_A177002-101_METB_1748.53_TRUE_Glycerol-3-phosphate, DL- (4TMS) 0,002 0,003 0,005 0,004 0,003 0,004 0,003 0,003 0,003 0,001 0,004 0,004 0,003 0,002 0,003 0,002 0,005 0,007 0,008 0,007 0,012 0,009 0,008 0,007 0,008 0,003 0,004 0,003 0,004 0,003 0,002 0,005 0,003
1748,24 292 100 1,81E-05 2,60E-05 Name: M000605_A177001-101_MST_1750.53_TRUE_Ribonic acid (5TMS) 0,036 0,043 0,034 0,026 0,024 0,051 0,057 0,054 0,040 0,075 0,069 0,041 0,042 0,034 0,044 0,041 0,037 0,048 0,046 0,039 0,040 0,034 0,037 0,050 0,047 0,043 0,049 0,044 0,033 0,028 0,029 0,040 0,038
1748,20 299 100 -7,40E-05 1,95E-04 Name: M000328_A177002-101_METB_1748.53_TRUE_Glycerol-3-phosphate, DL- (4TMS) 0,005 0,007 0,012 0,012 0,006 0,010 0,008 0,010 0,007 0,005 0,007 0,009 0,008 0,007 0,007 0,004 0,011 0,017 0,017 0,018 0,022 0,021 0,021 0,017 0,020 0,007 0,009 0,007 0,010 0,007 0,005 0,011 0,007
1748,16 307 100 1,41E-05 -3,22E-05 Name: M000605_A177001-101_MST_1750.53_TRUE_Ribonic acid (5TMS) 0,007 0,006 0,008 0,004 0,004 0,008 0,009 0,008 0,006 0,011 0,012 0,009 0,007 0,007 0,007 0,008 0,006 0,008 0,008 0,006 0,018 0,005 0,005 0,007 0,007 0,008 0,008 0,006 0,005 0,004 0,004 0,007 0,006
1748,20 333 100 -7,31E-06 -3,50E-05 Name: M000605_A177001-101_MST_1750.53_TRUE_Ribonic acid (5TMS) 0,006 0,004 0,007 0,003 0,003 0,007 0,009 0,008 0,006 0,012 0,011 0,009 0,007 0,006 0,007 0,006 0,007 0,009 0,007 0,006 0,010 0,006 0,007 0,008 0,007 0,009 0,009 0,008 0,006 0,004 0,005 0,007 0,006
1748,20 357 100 -9,29E-05 2,12E-04 Name: M000328_A177002-101_METB_1748.53_TRUE_Glycerol-3-phosphate, DL- (4TMS) 0,003 0,004 0,007 0,007 0,004 0,007 0,005 0,006 0,004 0,003 0,005 0,005 0,005 0,003 0,005 0,003 0,007 0,010 0,011 0,011 0,017 0,014 0,012 0,011 0,012 0,005 0,006 0,005 0,006 0,004 0,004 0,006 0,004
1755,39 217 100 -3,44E-04 -4,03E-04 Name: M000000_A177004-101_MST_1756.27_TRUE_ 0,155 0,179 0,153 0,228 0,111 0,187 0,154 0,190 0,117 0,203 0,251 2,801 0,153 0,213 0,121 0,128 1,948 1,664 0,822 0,558 0,805 0,509 0,467 0,553 0,595 3,392 2,852 3,901 1,595 1,251 1,446 1,569 1,708
1758,34 292 100 1,13E-04 -3,54E-05 Name: M000000_A178005-101_MST_1760.2_TRUE_ 0,053 0,051 0,038 0,042 0,037 0,051 0,060 0,053 0,043 0,081 0,066 0,050 0,048 0,046 0,049 0,059 0,021 0,024 0,021 0,018 0,025 0,013 0,012 0,018 0,020 0,027 0,032 0,033 0,018 0,017 0,019 0,024 0,020
1755,41 305 100 -3,20E-04 -5,15E-04 Name: M000000_A177004-101_MST_1756.27_TRUE_ 0,006 0,003 0,008 0,006 0,002 0,004 0,004 0,011 0,005 0,033 0,012 0,068 0,005 0,006 0,004 0,005 0,050 0,042 0,020 0,013 0,020 0,012 0,012 0,013 0,014 0,091 0,078 0,108 0,043 0,031 0,037 0,042 0,045
1758,34 307 100 1,40E-04 -7,79E-05 Name: M000000_A178005-101_MST_1760.2_TRUE_ 0,010 0,009 0,008 0,012 0,007 0,009 0,013 0,011 0,012 0,015 0,013 0,024 0,008 0,008 0,010 0,011 0,003 0,004 0,003 0,002 0,004 0,002 0,002 0,002 0,003 0,004 0,006 0,005 0,003 0,003 0,004 0,004 0,003
1758,34 333 100 1,20E-04 -5,73E-06 Name: M000000_A178005-101_MST_1760.2_TRUE_ 0,011 0,010 0,008 0,010 0,007 0,009 0,013 0,012 0,012 0,016 0,013 0,007 0,009 0,008 0,011 0,012 0,004 0,005 0,004 0,003 0,005 0,003 0,003 0,003 0,004 0,005 0,007 0,006 0,004 0,004 0,004 0,005 0,004
1755,39 450 100 -3,51E-04 -2,33E-04 Name: M000000_A177004-101_MST_1756.27_TRUE_ 0,002 0,002 0,005 0,005 0,002 0,003 0,003 0,005 0,003 0,005 0,005 0,004 0,003 0,003 0,002 0,003 0,041 0,034 0,017 0,010 0,015 0,009 0,009 0,010 0,011 0,074 0,064 0,089 0,034 0,026 0,030 0,034 0,038
1766,90 156 94 -2,63E-04 1,14E-04 Name: M000032_A178001-101_METB_1767.57_TRUE_Glutamine, DL- (3TMS) 0,049 0,004 0,001 0,001 0,091 0,049 0,261 0,008 0,240 0,213 0,109 0,004 0,004 0,025 0,468 0,218 0,228 0,150 0,136 0,285 0,205 0,250 0,281 0,306 0,512 0,628 0,135 0,041 0,136 0,088 0,248
1766,96 245 85 -3,06E-04 -2,71E-05 Name: M000032_A178001-101_METB_1767.57_TRUE_Glutamine, DL- (3TMS) 0,004 0,007 0,004 0,028 0,001 0,022 0,019 0,010 0,001 0,000 0,003 0,048 0,021 0,022 0,014 0,013 0,029 0,020 0,025 0,029 0,031 0,053 0,066 0,013 0,004 0,014 0,008 0,026
1772,46 172 100 2,89E-05 1,79E-04 Name: M000000_A179009-101_MST_1779.12_PRED_ 0,004 0,011 0,005 0,006 0,003 0,009 0,009 0,010 0,006 0,013 0,009 0,006 0,015 0,009 0,013 0,009 0,006 0,097 0,015 0,019 0,009 0,015 0,010 0,011 0,015 0,003 0,003 0,004 0,007 0,006 0,003 0,008 0,004
1772,50 174 97 2,87E-05 4,87E-04 Name: M000000_A179009-101_MST_1779.12_PRED_ 0,001 0,002 0,000 0,000 0,003 0,004 0,005 0,006 0,003 0,003 0,003 0,007 0,003 0,004 0,003 0,006 0,083 0,017 0,018 0,008 0,013 0,008 0,010 0,016 0,003 0,003 0,004 0,005 0,005 0,002 0,006 0,003
1772,50 299 82 -9,21E-05 4,18E-04 Name: M000000_A179009-101_MST_1779.12_PRED_ 0,001 0,001 0,002 0,004 0,005 0,003 0,004 0,001 0,004 0,003 0,005 0,059 0,014 0,017 0,008 0,013 0,008 0,010 0,017 0,003 0,003 0,004 0,005 0,005 0,002 0,006 0,003
1790,10 117 100 -8,73E-05 -2,34E-04 Name: M000000_A181001-101_MST_1794.4_TRUE_ 0,182 0,239 0,180 0,156 0,069 0,160 0,115 0,240 0,082 0,374 0,353 0,217 0,125 0,121 0,138 0,103 0,179 0,195 0,194 0,160 0,111 0,098 0,086 0,122 0,102 0,290 0,322 0,274 0,109 0,128 0,135 0,142 0,124
1791,67 227 52 1,15E-04 2,22E-04 Name: M000105_A181003-101_METB_1790.17_TRUE_Glyceric acid-3-phosphate (4TMS) 0,003 0,005 0,016 0,000 0,003 0,004 0,000 0,002 0,004 0,001 0,001 0,000 0,002 0,001 0,000 0,001 0,000
1790,11 292 100 -9,97E-05 -2,35E-04 Name: M000000_A181001-101_MST_1794.4_TRUE_ 0,036 0,047 0,037 0,032 0,011 0,032 0,023 0,049 0,016 0,075 0,072 0,043 0,020 0,023 0,028 0,020 0,037 0,038 0,038 0,033 0,022 0,018 0,017 0,023 0,021 0,061 0,064 0,059 0,022 0,026 0,027 0,030 0,025
1791,62 299 58 7,95E-05 8,02E-04 Name: M000105_A181003-101_METB_1790.17_TRUE_Glyceric acid-3-phosphate (4TMS) 0,000 0,005 0,006 0,019 0,002 0,004 0,000 0,005 0,000 0,006 0,005 0,001 0,002 0,000 0,001 0,003 0,000 0,000 0,000
1790,11 333 100 -1,01E-04 -2,38E-04 Name: M000000_A181001-101_MST_1794.4_TRUE_ 0,038 0,048 0,039 0,034 0,012 0,031 0,024 0,050 0,018 0,078 0,075 0,045 0,022 0,024 0,029 0,021 0,040 0,041 0,041 0,036 0,023 0,020 0,018 0,025 0,022 0,064 0,069 0,062 0,024 0,028 0,029 0,032 0,027
1791,67 357 27 7,93E-06 -9,54E-05 Name: M000105_A181003-101_METB_1790.17_TRUE_Glyceric acid-3-phosphate (4TMS) 0,003 0,004 0,009 0,002 0,003 0,002 0,003 0,001 0,001
1793,40 204 100 2,80E-05 -8,32E-05 Name: M000607_A181002-101_METB_1792.47_TRUE_Shikimic acid (4TMS) 0,592 0,760 0,629 0,483 0,244 0,621 0,663 1,337 0,396 1,146 1,063 0,779 0,535 0,269 0,471 0,434 0,394 0,398 0,369 0,313 0,244 0,317 0,332 0,397 0,354 0,461 0,384 0,333 0,374 0,344 0,385 0,423 0,322
1793,40 255 100 1,86E-05 -8,31E-05 Name: M000607_A181002-101_METB_1792.47_TRUE_Shikimic acid (4TMS) 0,031 0,040 0,035 0,025 0,012 0,031 0,035 0,074 0,021 0,061 0,055 0,041 0,029 0,014 0,025 0,024 0,023 0,023 0,020 0,017 0,014 0,017 0,018 0,021 0,020 0,025 0,023 0,021 0,021 0,019 0,021 0,024 0,018
1793,40 357 100 2,71E-05 -7,20E-05 Name: M000607_A181002-101_METB_1792.47_TRUE_Shikimic acid (4TMS) 0,015 0,020 0,018 0,012 0,006 0,016 0,018 0,036 0,010 0,030 0,025 0,019 0,013 0,007 0,012 0,012 0,010 0,011 0,008 0,009 0,007 0,008 0,009 0,010 0,009 0,012 0,009 0,010 0,010 0,009 0,010 0,011 0,008
1804,85 273 100 -1,47E-05 6,54E-05 Name: M000069_A182004-101_METB-METB_1804.57_TRUE_Citric acid (4TMS) 19,751 31,619 38,488 33,254 10,729 26,341 13,322 34,880 22,298 17,832 15,865 23,842 15,030 14,433 25,541 14,606 17,651 15,906 13,271 12,952 7,515 9,459 7,797 11,236 7,559 18,995 18,701 20,334 10,708 9,812 10,340 10,922 11,445
1804,78 347 100 -1,30E-05 5,82E-05 Name: M000069_A182004-101_METB-METB_1804.57_TRUE_Citric acid (4TMS) 3,544 5,661 6,810 5,834 1,907 4,675 2,332 6,142 3,890 3,246 2,862 4,194 2,714 2,603 4,548 2,569 3,154 2,833 2,346 2,168 1,340 1,687 1,385 2,022 1,356 3,421 3,297 3,355 1,914 1,735 1,840 1,956 2,077
1804,85 465 100 -2,03E-05 7,33E-05 Name: M000069_A182004-101_METB-METB_1804.57_TRUE_Citric acid (4TMS) 1,273 1,915 2,388 2,126 0,617 1,561 0,746 2,201 1,348 1,001 0,890 1,355 0,991 0,958 1,786 0,965 1,218 1,063 0,807 0,654 0,428 0,623 0,488 0,734 0,465 1,282 1,269 1,433 0,705 0,566 0,625 0,804 0,911
1821,52 287 27 -5,46E-05 7,08E-06 Name: M000256_A184011-101_METB_1822.1_TRUE_Citric acid, 2-methyl-, DL- (4TMS) 0,054 0,004 0,003 0,002 0,004 0,003 0,006 0,002 0,007
1840,52 255 100 1,61E-04 -1,36E-04 Name: M000007_A185001-101_METB_1843.2_TRUE_Quinic acid, D(-)- (5TMS) 5,870 8,413 3,782 2,588 1,492 4,565 4,579 7,160 2,041 12,244 12,227 7,405 4,948 1,853 4,386 3,834 1,490 1,050 0,966 0,693 0,454 0,533 0,390 0,399 0,469 1,543 1,623 1,975 0,651 0,452 0,550 0,855 0,801
1840,43 345 100 1,51E-04 -1,19E-04 Name: M000007_A185001-101_METB_1843.2_TRUE_Quinic acid, D(-)- (5TMS) 6,958 10,353 4,922 3,366 1,959 5,854 5,643 8,598 2,648 14,045 13,336 9,209 5,685 2,383 5,359 4,485 1,913 1,370 1,281 0,921 0,599 0,706 0,511 0,537 0,615 1,985 2,053 2,453 0,854 0,602 0,723 1,106 1,038
1840,56 435 100 1,65E-04 -1,43E-04 Name: M000007_A185001-101_METB_1843.2_TRUE_Quinic acid, D(-)- (5TMS) 0,302 0,447 0,189 0,129 0,076 0,232 0,236 0,364 0,101 0,638 0,640 0,392 0,260 0,095 0,232 0,198 0,075 0,053 0,044 0,038 0,022 0,024 0,019 0,020 0,023 0,078 0,082 0,103 0,033 0,022 0,027 0,043 0,040
1846,71 260 76 -6,66E-05 9,89E-05 Name: M000611_A187006-101_MST_1850.6_TRUE_ 0,005 0,003 0,011 0,002 0,003 0,003 0,009 0,005 0,009 0,005 0,007 0,006 0,004 0,004 0,003 0,005 0,005 0,002 0,003 0,005 0,002 0,008 0,006 0,004 0,003
1846,71 305 61 4,42E-05 6,29E-04 Name: M000611_A187006-101_MST_1850.6_TRUE_ 0,002 0,001 0,001 0,004 0,002 0,005 0,001 0,006 0,004 0,002 0,001 0,001 0,002 0,001 0,000 0,003 0,003 0,002 0,001 0,001
1846,71 318 73 -1,07E-04 -3,76E-06 Name: M000611_A187006-101_MST_1850.6_TRUE_ 0,001 0,000 0,005 0,000 0,002 0,002 0,005 0,002 0,004 0,002 0,003 0,004 0,002 0,002 0,001 0,002 0,002 0,001 0,003 0,000 0,003 0,003 0,001 0,001
1851,67 217 100 -1,56E-05 -2,52E-04 Name: M000606_A187002-101_METB_1856.23_TRUE_Fructose, D- (1MEOX) (5TMS) 3,815 3,784 0,976 2,820 0,613 3,515 9,603 15,316 3,279 18,400 10,345 3,046 1,352 7,250 1,986 2,646 7,160 4,050 3,208 1,321 0,804 0,907 1,234 0,746 1,058 16,469 13,651 11,011 4,499 3,352 3,458 6,759 7,504
1851,77 307 100 -1,63E-05 -2,57E-04 Name: M000606_A187002-101_METB_1856.23_TRUE_Fructose, D- (1MEOX) (5TMS) 1,208 1,186 0,288 0,883 0,186 1,094 3,038 4,809 1,049 5,896 3,291 0,950 0,413 2,309 0,606 0,823 2,253 1,278 1,011 0,417 0,246 0,278 0,390 0,228 0,329 5,378 4,394 3,526 1,429 1,060 1,092 2,149 2,413
1851,81 364 100 -2,02E-05 -2,71E-04 Name: M000606_A187002-101_METB_1856.23_TRUE_Fructose, D- (1MEOX) (5TMS) 0,146 0,138 0,033 0,101 0,020 0,127 0,398 0,625 0,124 0,754 0,412 0,107 0,048 0,296 0,070 0,099 0,287 0,158 0,123 0,049 0,027 0,031 0,045 0,026 0,038 0,736 0,562 0,485 0,180 0,130 0,137 0,283 0,324
1861,18 217 100 -4,17E-05 -3,09E-04 Name: M000606_A188004-101_METB_1865.87_TRUE_Fructose, D- (1MEOX) (5TMS) 2,559 2,487 0,649 1,871 0,336 2,306 6,821 10,585 2,277 12,600 7,100 1,992 0,815 5,019 1,172 1,611 5,048 2,793 2,194 0,899 0,525 0,580 0,820 0,482 0,695 49,644 6,396 8,321 3,111 2,359 2,399 4,943 5,441
1861,18 307 100 -4,19E-05 -3,12E-04 Name: M000606_A188004-101_METB_1865.87_TRUE_Fructose, D- (1MEOX) (5TMS) 0,806 0,773 0,193 0,581 0,104 0,715 2,130 3,297 0,710 3,970 2,228 0,619 0,254 1,577 0,363 0,503 1,592 0,879 0,690 0,283 0,164 0,181 0,258 0,150 0,218 15,862 2,040 2,578 0,979 0,741 0,753 1,538 1,692
1861,18 364 100 -4,70E-05 -3,19E-04 Name: M000606_A188004-101_METB_1865.87_TRUE_Fructose, D- (1MEOX) (5TMS) 0,097 0,091 0,023 0,066 0,012 0,086 0,269 0,423 0,085 0,506 0,283 0,069 0,029 0,204 0,044 0,064 0,205 0,108 0,083 0,034 0,019 0,021 0,031 0,016 0,026 2,134 0,314 0,362 0,126 0,090 0,093 0,205 0,231
1871,23 264 100 -8,10E-05 -7,37E-05 Name: M000095_A188005-101_METB_1868.3_TRUE_Adenine (2TMS) 0,059 0,040 0,037 0,044 0,021 0,063 0,033 0,066 0,033 0,073 0,057 0,042 0,033 0,024 0,070 0,020 0,049 0,054 0,052 0,050 0,027 0,038 0,028 0,036 0,044 0,072 0,085 0,062 0,043 0,057 0,044 0,040 0,059
1871,23 279 100 -6,10E-05 1,84E-05 Name: M000095_A188005-101_METB_1868.3_TRUE_Adenine (2TMS) 0,014 0,011 0,006 0,007 0,004 0,013 0,011 0,025 0,008 0,014 0,008 0,010 0,007 0,006 0,011 0,006 0,009 0,010 0,012 0,031 0,006 0,007 0,004 0,007 0,008 0,015 0,018 0,012 0,008 0,010 0,007 0,007 0,009
1877,39 160 100 1,46E-05 -4,43E-04 Name: M000040_A189002-101_METB_1881.63_TRUE_Glucose, D- (1MEOX) (5TMS) 3,358 5,994 0,574 1,300 0,402 1,729 12,953 8,302 1,697 22,131 18,806 5,180 0,980 5,559 1,372 2,144 3,965 2,296 1,746 0,983 0,841 0,674 0,843 0,596 0,881 12,459 9,148 8,536 2,055 1,854 1,926 3,794 4,502
1877,19 205 100 4,87E-06 -4,22E-04 Name: M000040_A189002-101_METB_1881.63_TRUE_Glucose, D- (1MEOX) (5TMS) 3,452 6,118 0,634 1,387 0,433 1,799 11,633 7,918 1,735 20,053 17,292 5,303 1,018 5,263 1,426 2,126 4,188 2,428 1,939 1,073 0,872 0,722 0,892 0,649 0,928 11,185 9,826 8,342 2,107 1,901 1,970 3,518 4,216
1877,39 319 100 1,20E-05 -4,34E-04 Name: M000040_A189002-101_METB_1881.63_TRUE_Glucose, D- (1MEOX) (5TMS) 2,585 4,599 0,455 1,001 0,320 1,345 8,859 6,060 1,304 15,289 13,386 3,976 0,769 4,011 1,060 1,619 2,907 1,750 1,338 0,756 0,653 0,520 0,650 0,466 0,677 8,975 6,953 6,223 1,546 1,401 1,468 2,641 3,186
1875,44 431 61 -9,07E-05 -4,61E-04 Name: M000092_A189007-101_METB_1875.07_TRUE_Allantoin (4TMS) 0,002 0,001 0,000 0,001 0,001 0,001 0,001 0,002 0,002 0,002 0,003 0,002 0,002 0,002 0,001 0,002 0,002 0,002 0,001 0,002
1875,40 446 58 1,16E-04 -2,84E-04 Name: M000092_A189007-101_METB_1875.07_TRUE_Allantoin (4TMS) 0,001 0,000 0,001 0,001 0,001 0,001 0,001 0,002 0,001 0,003 0,001 0,002 0,001 0,001 0,001 0,001 0,001 0,001 0,002
1897,54 160 100 -4,86E-06 -4,83E-04 Name: M000040_A191001-101_METB-METB_1902.73_TRUE_Glucose, D- (1MEOX) (5TMS) 0,433 0,750 0,069 0,159 0,048 0,213 1,653 0,997 0,211 2,809 2,527 0,678 0,120 0,698 0,172 0,258 0,451 0,269 0,234 0,112 0,103 0,081 0,101 0,075 0,108 2,584 1,766 1,466 0,239 0,208 0,229 0,455 0,483
1897,54 205 100 -4,44E-07 -4,70E-04 Name: M000040_A191001-101_METB-METB_1902.73_TRUE_Glucose, D- (1MEOX) (5TMS) 0,571 0,994 0,087 0,206 0,065 0,289 2,101 1,302 0,281 3,618 3,224 0,878 0,157 0,900 0,225 0,331 0,585 0,346 0,301 0,148 0,135 0,107 0,130 0,099 0,136 3,112 2,220 1,826 0,309 0,268 0,295 0,566 0,599
1897,54 319 100 -4,11E-06 -4,81E-04 Name: M000040_A191001-101_METB-METB_1902.73_TRUE_Glucose, D- (1MEOX) (5TMS) 0,408 0,711 0,064 0,151 0,046 0,203 1,552 0,937 0,197 2,657 2,389 0,644 0,113 0,662 0,161 0,244 0,429 0,256 0,222 0,108 0,098 0,077 0,096 0,072 0,102 2,353 1,628 1,355 0,225 0,199 0,218 0,415 0,446
1910,26 100 100 -1,18E-04 -2,21E-04 Name: M000081_A191004-101_METB_1910.63_TRUE_Tyramine (3TMS) 0,189 0,211 0,228 0,145 0,130 0,205 0,160 0,248 0,107 0,342 0,218 0,259 0,213 0,272 0,160 0,202 0,366 0,339 0,314 0,316 0,171 0,206 0,176 0,223 0,179 0,649 0,534 0,616 0,248 0,338 0,350 0,429 0,308
1910,27 174 100 -1,02E-04 -2,14E-04 Name: M000081_A191004-101_METB_1910.63_TRUE_Tyramine (3TMS) 0,911 1,002 0,761 0,664 0,590 0,936 0,750 1,108 0,499 1,531 0,998 1,139 0,994 1,091 0,776 0,940 1,528 1,435 1,402 1,404 0,758 0,897 0,637 0,822 0,768 2,934 2,262 2,586 1,103 1,398 1,518 1,938 1,346
1910,27 250 100 -1,12E-04 -1,41E-04 Name: M000081_A191004-101_METB_1910.63_TRUE_Tyramine (3TMS) 0,012 0,014 0,008 0,009 0,009 0,013 0,011 0,018 0,008 0,021 0,013 0,017 0,014 0,028 0,010 0,014 0,074 0,020 0,029 0,022 0,011 0,014 0,011 0,013 0,011 0,048 0,036 0,041 0,016 0,021 0,026 0,028 0,021
1909,75 317 100 -1,43E-04 -1,01E-04 Name: M000014_A192003-101_METB_1912.3_TRUE_Lysine (4TMS) 0,004 0,011 0,006 0,010 0,003 0,011 0,009 0,023 0,006 0,025 0,012 0,016 0,010 0,027 0,005 0,008 0,028 0,022 0,022 0,026 0,011 0,015 0,016 0,025 0,014 0,035 0,037 0,041 0,013 0,015 0,011 0,036 0,018
1909,63 434 85 -2,50E-04 -3,37E-04 Name: M000014_A192003-101_METB_1912.3_TRUE_Lysine (4TMS) 0,001 0,003 0,001 0,000 0,001 0,004 0,002 0,002 0,000 0,009 0,001 0,011 0,002 0,012 0,003 0,001 0,001 0,001 0,001 0,007 0,007 0,004 0,003 0,001 0,011 0,001 0,003 0,001
1917,62 160 100 2,08E-05 -1,29E-04 Name: M000221_A193004-101_METB_1921.48_PRED_Glucuronic acid, D- (1MEOX) (5TMS) 0,035 0,040 0,024 0,022 0,007 0,069 0,032 0,063 0,018 0,078 0,083 0,040 0,014 0,018 0,018 0,012 0,014 0,014 0,012 0,012 0,009 0,008 0,007 0,007 0,010 0,033 0,029 0,034 0,011 0,009 0,009 0,043 0,019
1917,59 333 100 4,94E-05 2,50E-05 Name: M000221_A193004-101_METB_1921.48_PRED_Glucuronic acid, D- (1MEOX) (5TMS) 0,022 0,026 0,016 0,015 0,004 0,033 0,022 0,037 0,079 0,049 0,050 0,026 0,009 0,011 0,012 0,008 0,010 0,009 0,008 0,009 0,006 0,005 0,005 0,004 0,006 0,021 0,022 0,023 0,007 0,006 0,006 0,027 0,011
1932,00 179 100 -3,10E-05 -1,64E-04 Name: M000035_A194002-101_METB_1932.6_TRUE_Tyrosine, DL- (3TMS) 0,013 0,022 0,012 0,018 0,006 0,016 0,018 0,026 0,013 0,050 0,038 0,014 0,011 0,042 0,009 0,011 0,018 0,014 0,014 0,013 0,008 0,010 0,011 0,010 0,011 0,035 0,033 0,047 0,009 0,012 0,010 0,013 0,012
1932,00 218 100 -3,09E-05 -2,01E-04 Name: M000035_A194002-101_METB_1932.6_TRUE_Tyrosine, DL- (3TMS) 0,112 0,201 0,089 0,131 0,051 0,129 0,157 0,178 0,090 0,475 0,339 0,117 0,098 0,360 0,075 0,088 0,138 0,108 0,120 0,121 0,062 0,084 0,097 0,094 0,104 0,270 0,260 0,384 0,072 0,092 0,088 0,115 0,106
1932,00 280 100 -3,84E-05 -1,93E-04 Name: M000035_A194002-101_METB_1932.6_TRUE_Tyrosine, DL- (3TMS) 0,008 0,013 0,007 0,011 0,003 0,010 0,011 0,016 0,007 0,033 0,022 0,012 0,007 0,026 0,006 0,008 0,011 0,009 0,010 0,009 0,006 0,007 0,007 0,007 0,007 0,020 0,020 0,029 0,006 0,008 0,007 0,008 0,008
1941,97 219 94 2,63E-05 -1,56E-06 Name: M000117_A195001-101_METB_1940.6_TRUE_Cinnamic acid, 4-hydroxy-, trans- (2TMS) 0,005 0,005 0,012 0,008 0,004 0,007 0,005 0,006 0,006 0,012 0,006 0,012 0,006 0,005 0,006 0,004 0,011 0,009 0,003 0,002 0,005 0,003 0,001 0,001 0,001 0,013 0,007 0,002 0,004 0,002 0,001
1941,98 293 82 -5,48E-05 -1,26E-04 Name: M000117_A195001-101_METB_1940.6_TRUE_Cinnamic acid, 4-hydroxy-, trans- (2TMS) 0,003 0,009 0,005 0,003 0,004 0,003 0,003 0,003 0,005 0,006 0,003 0,003 0,002 0,001 0,009 0,008 0,002 0,002 0,003 0,002 0,001 0,008 0,005 0,002 0,003 0,002 0,002
1941,96 308 73 -1,55E-05 -2,42E-05 Name: M000117_A195001-101_METB_1940.6_TRUE_Cinnamic acid, 4-hydroxy-, trans- (2TMS) 0,001 0,007 0,003 0,002 0,003 0,003 0,003 0,005 0,002 0,002 0,003 0,002 0,007 0,006 0,001 0,002 0,002 0,001 0,005 0,002 0,001 0,002 0,002 0,002
1947,00 292 100 6,48E-05 -5,85E-05 Name: M000598_A196001-101_METB_1951.4_TRUE_Gulonic acid (6TMS) 0,012 0,015 0,015 0,015 0,006 0,013 0,013 0,021 0,010 0,027 0,026 0,014 0,016 0,005 0,024 0,007 0,005 0,007 0,007 0,005 0,004 0,003 0,004 0,004 0,004 0,008 0,009 0,008 0,004 0,004 0,003 0,004 0,004
1947,00 319 100 5,81E-05 -8,97E-05 Name: M000598_A196001-101_METB_1951.4_TRUE_Gulonic acid (6TMS) 0,009 0,010 0,010 0,011 0,005 0,008 0,008 0,014 0,007 0,020 0,019 0,011 0,012 0,003 0,016 0,004 0,003 0,004 0,005 0,004 0,003 0,003 0,003 0,003 0,003 0,006 0,006 0,006 0,003 0,003 0,002 0,003 0,003
1947,00 333 100 5,94E-05 -8,01E-05 Name: M000598_A196001-101_METB_1951.4_TRUE_Gulonic acid (6TMS) 0,011 0,015 0,014 0,015 0,006 0,012 0,013 0,021 0,009 0,028 0,028 0,015 0,017 0,004 0,022 0,007 0,005 0,007 0,007 0,005 0,004 0,004 0,004 0,004 0,004 0,008 0,009 0,008 0,004 0,004 0,003 0,004 0,004
1976,82 219 79 2,41E-04 -2,12E-04 Name: M000650_A199001-101_METB_1976.23_TRUE_Caffeic acid, cis- (3TMS) 0,025 0,057 0,072 0,073 0,030 0,053 0,048 0,069 0,049 0,040 0,050 0,082 0,022 0,027 0,043 0,035 0,003 0,003 0,004 0,002 0,002 0,002 0,002 0,001 0,004 0,004
1976,76 381 42 -8,06E-05 -1,16E-04 Name: M000650_A199001-101_METB_1976.23_TRUE_Caffeic acid, cis- (3TMS) 0,002 0,005 0,004 0,002 0,003 0,002 0,005 0,002 0,004 0,006 0,001 0,001 0,003 0,002
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1976,73 396 48 -4,88E-05 1,27E-04 Name: M000650_A199001-101_METB_1976.23_TRUE_Caffeic acid, cis- (3TMS) 0,005 0,010 0,015 0,015 0,006 0,011 0,009 0,014 0,011 0,008 0,010 0,017 0,004 0,004 0,009 0,007
1979,10 292 100 -6,98E-05 -1,42E-04 Name: M000596_A199002-101_METB_1984.67_TRUE_Galactonic acid (6TMS) 0,077 0,121 0,070 0,073 0,022 0,080 0,073 0,150 0,047 0,186 0,157 0,091 0,053 0,031 0,060 0,047 0,078 0,072 0,058 0,043 0,042 0,026 0,031 0,051 0,045 0,164 0,181 0,178 0,031 0,032 0,040 0,057 0,054
1979,10 305 100 -7,02E-05 -1,34E-04 Name: M000596_A199002-101_METB_1984.67_TRUE_Galactonic acid (6TMS) 0,029 0,045 0,029 0,030 0,009 0,030 0,028 0,059 0,019 0,071 0,062 0,035 0,020 0,012 0,023 0,018 0,031 0,027 0,022 0,016 0,016 0,009 0,011 0,020 0,017 0,063 0,071 0,069 0,012 0,012 0,015 0,021 0,020
1979,10 333 100 -7,16E-05 -9,59E-05 Name: M000596_A199002-101_METB_1984.67_TRUE_Galactonic acid (6TMS) 0,027 0,035 0,023 0,024 0,007 0,024 0,021 0,044 0,017 0,067 0,050 0,029 0,016 0,009 0,019 0,015 0,026 0,025 0,020 0,015 0,013 0,009 0,009 0,017 0,016 0,047 0,055 0,052 0,009 0,008 0,011 0,014 0,018
1984,42 247 94 -1,87E-04 -8,32E-05 Name: M000425_A200006-101_METB_1984.5_TRUE_Pantothenic acid, D- (3TMS) 0,003 0,002 0,002 0,003 0,002 0,009 0,003 0,005 0,006 0,002 0,002 0,003 0,002 0,003 0,009 0,010 0,012 0,011 0,009 0,009 0,008 0,009 0,012 0,012 0,010 0,011 0,007 0,011 0,010 0,010 0,007
1984,39 291 97 -1,71E-04 -5,23E-05 Name: M000425_A200006-101_METB_1984.5_TRUE_Pantothenic acid, D- (3TMS) 0,006 0,007 0,007 0,004 0,008 0,007 0,019 0,007 0,011 0,010 0,006 0,005 0,007 0,005 0,006 0,018 0,020 0,025 0,023 0,019 0,018 0,017 0,020 0,025 0,027 0,023 0,025 0,014 0,023 0,021 0,021 0,016
1984,43 305 61 -1,84E-04 -2,86E-04 Name: M000508_A200001-101_METB_1989.07_TRUE_Gluconic acid (6TMS) 0,001 0,001 0,001 0,005 0,007 0,002 0,004 0,003 0,001 0,002 0,003 0,002 0,016 0,008 0,014 0,003 0,003 0,005 0,008 0,005
1984,42 319 61 -1,24E-04 -2,68E-04 Name: M000508_A200001-101_METB_1989.07_TRUE_Gluconic acid (6TMS) 0,001 0,001 0,001 0,003 0,007 0,002 0,004 0,003 0,001 0,002 0,003 0,001 0,016 0,004 0,014 0,001 0,002 0,003 0,007 0,003
1984,41 333 79 -2,17E-04 2,36E-04 Name: M000508_A200001-101_METB_1989.07_TRUE_Gluconic acid (6TMS) 0,000 0,000 0,005 0,001 0,009 0,005 0,002 0,004 0,000 0,010 0,009 0,008 0,006 0,004 0,003 0,003 0,004 0,004 0,020 0,018 0,018 0,005 0,004 0,005 0,008 0,009
1984,43 420 82 -1,48E-04 -6,84E-05 Name: M000425_A200006-101_METB_1984.5_TRUE_Pantothenic acid, D- (3TMS) 0,000 0,001 0,002 0,000 0,002 0,001 0,001 0,001 0,001 0,001 0,002 0,002 0,003 0,003 0,002 0,002 0,002 0,002 0,003 0,003 0,003 0,002 0,002 0,002 0,003 0,002 0,001
1998,14 292 100 -1,83E-04 -9,07E-06 Name: M000000_A201002-101_MST_2002.87_TRUE_ 0,009 0,016 0,019 0,016 0,010 0,020 0,017 0,038 0,018 0,024 0,022 0,017 0,008 0,013 0,027 0,016 0,032 0,041 0,100 0,051 0,065 0,035 0,048 0,156 0,094 0,043 0,050 0,054 0,033 0,051 0,086 0,071 0,096
1998,14 305 100 -1,77E-04 8,66E-06 Name: M000000_A201002-101_MST_2002.87_TRUE_ 0,005 0,009 0,010 0,009 0,006 0,011 0,010 0,023 0,010 0,013 0,012 0,009 0,005 0,008 0,015 0,010 0,018 0,023 0,057 0,029 0,038 0,020 0,028 0,093 0,054 0,024 0,028 0,031 0,018 0,029 0,050 0,041 0,055
1998,14 333 100 -1,79E-04 -1,17E-05 Name: M000000_A201002-101_MST_2002.87_TRUE_ 0,009 0,016 0,019 0,016 0,009 0,020 0,017 0,037 0,017 0,025 0,023 0,018 0,009 0,013 0,024 0,015 0,032 0,040 0,091 0,050 0,058 0,032 0,044 0,137 0,084 0,040 0,047 0,052 0,031 0,046 0,075 0,063 0,085
2020,05 174 82 -4,97E-04 -1,35E-04 Name: M000838_A203001-101_METB_2023.34_TRUE_Octopamine (4TMS) 0,000 0,000 0,001 0,004 0,001 0,002 0,001 0,002 0,002 0,002 0,055 0,066 0,067 0,051 0,046 0,059 0,038 0,055 0,060 0,174 0,151 0,092 0,065 0,127 0,112 0,094 0,113
2019,96 193 58 -4,34E-04 -6,03E-04 Name: M000838_A203001-101_METB_2023.34_TRUE_Octopamine (4TMS) 0,000 0,000 0,002 0,000 0,001 0,001 0,001 0,001 0,000 0,001 0,001 0,004 0,003 0,005 0,001 0,002 0,002 0,001 0,002
2019,97 267 52 -8,59E-05 -4,01E-04 Name: M000838_A203001-101_METB_2023.34_TRUE_Octopamine (4TMS) 0,003 0,002 0,003 0,002 0,002 0,002 0,001 0,002 0,002 0,007 0,007 0,004 0,003 0,006 0,004 0,003 0,004
2028,24 292 52 -2,01E-05 2,33E-04 Name: M000594_A204001-101_MST_2032.47_TRUE_ 0,011 0,012 0,015 0,014 0,011 0,007 0,007 0,010 0,012 0,008 0,010 0,009 0,007 0,010 0,005 0,008 0,007
2028,24 333 55 -1,84E-05 4,20E-04 Name: M000594_A204001-101_MST_2032.47_TRUE_ 0,004 0,023 0,026 0,033 0,033 0,022 0,014 0,015 0,020 0,027 0,018 0,020 0,020 0,014 0,022 0,011 0,017 0,016
2037,05 174 100 -2,53E-04 -8,15E-05 Name: M000000_A204002-101_MST_2038.53_TRUE_ 0,035 0,044 0,038 0,037 0,026 0,070 0,061 0,092 0,045 0,050 0,049 0,043 0,044 0,060 0,039 0,041 0,319 0,288 0,269 0,275 0,159 0,154 0,109 0,146 0,139 0,527 0,432 0,452 0,184 0,314 0,321 0,273 0,248
2036,96 280 48 -8,31E-05 -3,05E-04 Name: M000000_A204002-101_MST_2038.53_TRUE_ 0,002 0,002 0,002 0,001 0,001 0,001 0,001 0,001 0,005 0,003 0,004 0,001 0,002 0,002 0,002 0,001
2036,95 368 55 -8,08E-05 -3,64E-04 Name: M000000_A204002-101_MST_2038.53_TRUE_ 0,001 0,007 0,007 0,006 0,006 0,004 0,003 0,002 0,003 0,003 0,013 0,010 0,011 0,004 0,008 0,007 0,006 0,005
2060,03 206 64 -3,00E-04 -4,30E-04 Name: M not assigned_A not assigned_METB_2067.01_TRUE_Scopoletine (1TMS) 0,001 0,000 0,003 0,000 0,003 0,003 0,002 0,001 0,002 0,001 0,001 0,001 0,001 0,006 0,008 0,003 0,002 0,003 0,004 0,003 0,003
2060,07 234 70 -2,15E-04 -2,69E-04 Name: M not assigned_A not assigned_METB_2067.01_TRUE_Scopoletine (1TMS) 0,003 0,005 0,002 0,006 0,004 0,001 0,007 0,006 0,004 0,002 0,004 0,003 0,002 0,004 0,003 0,011 0,015 0,008 0,004 0,007 0,009 0,007 0,008
2060,03 264 64 -4,08E-04 -7,11E-04 Name: M not assigned_A not assigned_METB_2067.01_TRUE_Scopoletine (1TMS) 0,001 0,001 0,002 0,000 0,003 0,002 0,002 0,000 0,001 0,001 0,001 0,001 0,001 0,005 0,006 0,002 0,002 0,002 0,003 0,002 0,003
2073,11 100 67 -1,23E-04 -3,87E-04 Name: M000080_A208001-101_METB_2075.87_TRUE_Dopamine (4TMS) 0,008 0,004 0,007 0,005 0,004 0,010 0,009 0,007 0,006 0,007 0,008 0,012 0,012 0,009 0,022 0,018 0,028 0,013 0,012 0,020 0,019 0,017
2073,16 174 64 -9,90E-05 -4,95E-04 Name: M000080_A208001-101_METB_2075.87_TRUE_Dopamine (4TMS) 0,001 0,002 0,002 0,002 0,004 0,004 0,004 0,004 0,002 0,003 0,003 0,003 0,002 0,010 0,007 0,009 0,004 0,005 0,008 0,006 0,005
2078,34 217 100 3,31E-04 -1,03E-04 Name: M000060_A209002-101_METB_2083.87_TRUE_Inositol, myo- (6TMS) 18,452 21,627 12,083 9,371 7,185 13,932 12,826 11,736 7,893 35,805 26,763 27,891 10,529 10,589 10,574 8,469 0,983 0,672 0,537 0,598 0,288 0,374 0,324 0,349 0,459 1,711 1,799 1,318 0,422 0,521 0,301 0,452 0,590
2078,40 305 100 3,07E-04 -7,05E-05 Name: M000060_A209002-101_METB_2083.87_TRUE_Inositol, myo- (6TMS) 8,848 11,227 6,840 5,329 3,944 7,625 6,478 6,390 4,399 16,897 12,236 13,027 5,043 5,039 5,444 4,168 0,590 0,404 0,325 0,359 0,175 0,225 0,195 0,210 0,277 1,010 1,043 0,775 0,252 0,314 0,182 0,272 0,356
2078,40 507 100 3,64E-04 -1,84E-04 Name: M000060_A209002-101_METB_2083.87_TRUE_Inositol, myo- (6TMS) 0,323 0,297 0,153 0,120 0,093 0,181 0,172 0,150 0,101 0,714 0,592 0,453 0,170 0,171 0,140 0,114 0,011 0,008 0,006 0,007 0,003 0,004 0,004 0,004 0,005 0,019 0,021 0,015 0,004 0,006 0,003 0,005 0,006
2091,89 205 100 1,65E-04 -2,30E-04 Name: M000000_A211001-101_MST_2096.9_TRUE_ 0,628 0,558 0,378 0,302 0,257 0,468 0,472 0,557 0,297 1,218 0,907 0,649 0,401 0,429 0,390 0,392 0,099 0,105 0,084 0,085 0,101 0,075 0,083 0,103 0,101 0,190 0,133 0,177 0,131 0,159 0,158 0,179 0,139
2091,89 217 97 1,71E-04 -3,20E-04 Name: M000000_A211001-101_MST_2096.9_TRUE_ 0,348 0,306 0,203 0,164 0,138 0,251 0,256 0,301 0,157 2,407 0,359 0,222 0,233 0,215 0,213 0,057 0,060 0,052 0,052 0,055 0,041 0,044 0,055 0,057 0,100 0,074 0,096 0,069 0,083 0,081 0,098 0,074
2091,94 319 100 1,67E-04 -2,34E-04 Name: M000000_A211001-101_MST_2096.9_TRUE_ 0,600 0,533 0,358 0,288 0,246 0,447 0,449 0,531 0,284 1,211 0,831 0,620 0,382 0,409 0,374 0,374 0,093 0,097 0,078 0,078 0,094 0,070 0,079 0,098 0,095 0,180 0,126 0,169 0,124 0,151 0,152 0,174 0,130
2095,90 249 82 -2,31E-04 -8,08E-05 Name: M000651_A210001-101_METB_2093.07_TRUE_Ferulic acid, trans- (2TMS) 0,002 0,001 0,001 0,002 0,002 0,003 0,004 0,002 0,001 0,000 0,001 0,002 0,004 0,005 0,005 0,002 0,002 0,002 0,003 0,002 0,004 0,005 0,003 0,002 0,004 0,002 0,002
2095,89 308 85 -2,94E-04 -2,07E-04 Name: M000651_A210001-101_METB_2093.07_TRUE_Ferulic acid, trans- (2TMS) 0,002 0,001 0,002 0,001 0,002 0,003 0,007 0,003 0,001 0,000 0,000 0,002 0,004 0,005 0,005 0,002 0,002 0,002 0,003 0,002 0,004 0,006 0,003 0,002 0,001 0,004 0,002 0,002
2095,89 338 91 -1,68E-04 -1,95E-04 Name: M000651_A210001-101_METB_2093.07_TRUE_Ferulic acid, trans- (2TMS) 0,002 0,002 0,001 0,001 0,003 0,004 0,000 0,004 0,004 0,001 0,002 0,001 0,001 0,003 0,004 0,006 0,006 0,002 0,003 0,002 0,004 0,002 0,004 0,006 0,004 0,002 0,001 0,004 0,002 0,003
2114,67 217 100 9,46E-05 -2,44E-04 Name: M000000_A213001-101_MST_2119.93_TRUE_ 0,014 0,021 0,006 0,007 0,013 0,014 0,030 0,025 0,015 0,045 0,054 0,017 0,013 0,020 0,010 0,009 0,011 0,008 0,006 0,003 0,005 0,003 0,003 0,002 0,004 0,034 0,025 0,020 0,006 0,007 0,007 0,009 0,008
2114,68 262 100 1,36E-04 -2,41E-04 Name: M000000_A213001-101_MST_2119.93_TRUE_ 0,006 0,008 0,002 0,005 0,005 0,005 0,011 0,011 0,006 0,016 0,018 0,006 0,005 0,006 0,005 0,003 0,004 0,003 0,002 0,000 0,001 0,001 0,001 0,001 0,001 0,011 0,009 0,007 0,002 0,002 0,002 0,003 0,002
2114,67 319 100 1,12E-04 -2,56E-04 Name: M000000_A213001-101_MST_2119.93_TRUE_ 0,025 0,037 0,013 0,013 0,023 0,027 0,057 0,043 0,026 0,077 0,093 0,036 0,023 0,034 0,018 0,017 0,016 0,012 0,008 0,005 0,007 0,004 0,004 0,002 0,006 0,056 0,039 0,034 0,009 0,011 0,011 0,014 0,013
2120,90 205 100 1,06E-04 -2,33E-04 Name: M000000_A214003-101_MST_2125.87_TRUE_ 0,033 0,052 0,017 0,014 0,029 0,036 0,079 0,057 0,036 0,103 0,126 0,049 0,025 0,047 0,022 0,023 0,021 0,016 0,010 0,007 0,010 0,006 0,006 0,005 0,008 0,075 0,055 0,049 0,013 0,017 0,014 0,021 0,019
2120,90 217 100 9,84E-05 -1,99E-04 Name: M000000_A214003-101_MST_2125.87_TRUE_ 0,019 0,031 0,010 0,007 0,017 0,022 0,045 0,033 0,022 0,061 0,074 0,026 0,014 0,028 0,013 0,013 0,013 0,009 0,006 0,006 0,006 0,005 0,003 0,004 0,005 0,044 0,033 0,030 0,008 0,010 0,009 0,012 0,011
2120,90 319 100 1,08E-04 -2,45E-04 Name: M000000_A214003-101_MST_2125.87_TRUE_ 0,032 0,052 0,017 0,014 0,029 0,036 0,077 0,054 0,035 0,100 0,123 0,048 0,024 0,046 0,022 0,022 0,021 0,016 0,009 0,006 0,009 0,006 0,006 0,004 0,007 0,074 0,053 0,049 0,013 0,016 0,014 0,020 0,019
2127,75 264 55 -9,26E-05 -1,58E-04 Name: M000099_A214002-101_METB_2127_TRUE_Guanine (3TMS) 0,001 0,002 0,003 0,002 0,002 0,001 0,000 0,001 0,001 0,001 0,002 0,003 0,002 0,001 0,002 0,001 0,002 0,001
2127,34 352 61 -3,91E-04 3,34E-04 Name: M000099_A214002-101_METB_2127_TRUE_Guanine (3TMS) 0,000 0,001 0,001 0,015 0,017 0,015 0,014 0,008 0,007 0,009 0,008 0,009 0,013 0,014 0,012 0,008 0,011 0,010 0,009 0,009
2127,41 367 61 -3,72E-04 2,68E-04 Name: M000099_A214002-101_METB_2127_TRUE_Guanine (3TMS) 0,000 0,001 0,000 0,003 0,004 0,004 0,004 0,002 0,001 0,002 0,002 0,002 0,003 0,004 0,003 0,002 0,003 0,002 0,002 0,002
2133,95 219 100 2,86E-04 1,63E-04 Name: M000649_A214001-101_METB_2133.2_TRUE_Caffeic acid, trans- (3TMS) 0,202 0,568 0,681 0,579 0,271 0,540 0,347 0,532 0,456 0,190 0,419 0,692 0,171 0,260 0,316 0,236 0,023 0,031 0,035 0,021 0,015 0,015 0,017 0,025 0,020 0,046 0,024 0,033 0,019 0,021 0,027 0,026 0,032
2134,00 307 94 2,74E-04 2,13E-04 Name: M000649_A214001-101_METB_2133.2_TRUE_Caffeic acid, trans- (3TMS) 0,007 0,022 0,028 0,024 0,010 0,017 0,014 0,021 0,020 0,008 0,015 0,025 0,006 0,010 0,012 0,010 0,001 0,001 0,001 0,001 0,000 0,000 0,000 0,001 0,000 0,002 0,001 0,000 0,001 0,001 0,001
2133,95 396 100 2,77E-04 1,52E-04 Name: M000649_A214001-101_METB_2133.2_TRUE_Caffeic acid, trans- (3TMS) 0,037 0,107 0,130 0,109 0,052 0,100 0,065 0,101 0,087 0,035 0,077 0,131 0,031 0,049 0,059 0,044 0,004 0,006 0,007 0,004 0,003 0,003 0,003 0,005 0,003 0,010 0,005 0,007 0,004 0,004 0,005 0,005 0,006
2192,68 146 88 1,46E-04 -7,57E-05 Name: M000106_A220002-101_METB_2195.55_TRUE_Spermidine (4TMS) 0,006 0,009 0,006 0,016 0,004 0,003 0,010 0,006 0,005 0,008 0,006 0,010 0,007 0,006 0,005 0,004 0,002 0,002 0,001 0,000 0,000 0,001 0,001 0,001 0,001 0,001 0,001 0,002 0,001
2192,28 174 100 1,44E-04 -6,51E-05 Name: M000106_A220002-101_METB_2195.55_TRUE_Spermidine (4TMS) 0,016 0,024 0,022 0,043 0,014 0,008 0,029 0,019 0,015 0,021 0,022 0,027 0,019 0,018 0,014 0,012 0,006 0,005 0,005 0,004 0,003 0,002 0,002 0,004 0,004 0,005 0,005 0,005 0,004 0,003 0,004 0,007 0,004
2192,28 200 100 1,46E-04 -4,78E-05 Name: M000106_A220002-101_METB_2195.55_TRUE_Spermidine (4TMS) 0,010 0,016 0,015 0,030 0,009 0,005 0,019 0,012 0,010 0,013 0,013 0,018 0,012 0,012 0,010 0,008 0,005 0,003 0,003 0,003 0,002 0,001 0,001 0,002 0,002 0,003 0,003 0,004 0,003 0,002 0,002 0,005 0,002
2213,75 202 100 -1,73E-04 -2,57E-04 Name: M000012_A223001-101_METB_2214.47_TRUE_Tryptophan, DL- (3TMS) 0,045 0,081 0,029 0,044 0,011 0,078 0,057 0,228 0,042 0,402 0,308 0,039 0,018 0,172 0,012 0,015 0,103 0,099 0,105 0,116 0,045 0,076 0,074 0,112 0,074 0,299 0,292 0,344 0,044 0,091 0,073 0,064 0,082
2213,84 218 94 -1,50E-04 -3,86E-04 Name: M000012_A223001-101_METB_2214.47_TRUE_Tryptophan, DL- (3TMS) 0,002 0,002 0,003 0,001 0,001 0,003 0,009 0,002 0,015 0,012 0,002 0,008 0,002 0,001 0,004 0,005 0,005 0,006 0,003 0,004 0,003 0,005 0,003 0,014 0,013 0,013 0,002 0,005 0,004 0,003 0,003
2213,84 291 88 -2,37E-04 -2,89E-04 Name: M000012_A223001-101_METB_2214.47_TRUE_Tryptophan, DL- (3TMS) 0,002 0,002 0,001 0,000 0,003 0,003 0,010 0,021 0,016 0,001 0,009 0,000 0,007 0,008 0,008 0,009 0,003 0,005 0,005 0,007 0,005 0,021 0,020 0,022 0,003 0,005 0,004 0,004 0,005
2221,86 357 100 -4,47E-05 -2,41E-04 Name: M000000_A223005-101_MST_2214.92_PRED_ 0,064 0,146 0,086 0,052 0,051 0,071 0,047 0,071 0,039 0,105 0,098 0,083 0,063 0,064 0,039 0,035 0,055 0,060 0,085 0,062 0,046 0,057 0,052 0,053 0,031 0,054 0,047 0,075 0,040 0,079 0,103 0,058 0,043
2221,86 372 100 -5,91E-05 -2,50E-04 Name: M000000_A223005-101_MST_2214.92_PRED_ 0,006 0,014 0,008 0,005 0,004 0,007 0,005 0,008 0,003 0,010 0,010 0,009 0,006 0,006 0,003 0,004 0,006 0,006 0,009 0,006 0,005 0,006 0,005 0,005 0,003 0,005 0,005 0,008 0,004 0,007 0,010 0,006 0,004
2246,03 144 97 1,05E-04 -1,32E-04 Name: M000106_A226002-101_METB_2251.13_TRUE_Spermidine (5TMS) 0,081 0,148 0,078 0,060 0,064 0,096 0,104 0,062 0,214 0,152 0,061 0,142 0,097 0,084 0,100 0,054 0,038 0,046 0,034 0,024 0,026 0,018 0,044 0,025 0,050 0,060 0,052 0,036 0,040 0,039 0,044 0,043
2246,03 174 97 9,38E-05 -1,28E-04 Name: M000106_A226002-101_METB_2251.13_TRUE_Spermidine (5TMS) 0,054 0,095 0,052 0,040 0,040 0,061 0,067 0,041 0,146 0,099 0,041 0,090 0,062 0,054 0,064 0,036 0,025 0,035 0,026 0,015 0,018 0,014 0,032 0,020 0,033 0,040 0,036 0,023 0,026 0,026 0,030 0,030
2246,03 201 97 9,11E-05 -1,21E-04 Name: M000106_A226002-101_METB_2251.13_TRUE_Spermidine (5TMS) 0,006 0,013 0,007 0,004 0,006 0,008 0,008 0,007 0,019 0,012 0,005 0,013 0,008 0,008 0,008 0,005 0,003 0,004 0,003 0,002 0,002 0,001 0,003 0,002 0,005 0,006 0,004 0,003 0,004 0,004 0,004 0,004
2273,03 245 100 -1,55E-04 1,88E-05 Name: M000000_A229001-101_MST_2276.64_PRED_ 0,007 0,008 0,018 0,013 0,003 0,006 0,009 0,013 0,014 0,012 0,009 0,014 0,005 0,004 0,006 0,004 0,016 0,018 0,019 0,022 0,013 0,013 0,010 0,013 0,018 0,013 0,015 0,015 0,011 0,013 0,010 0,011 0,010
2273,05 292 88 -2,04E-04 1,48E-05 Name: M000000_A229001-101_MST_2276.64_PRED_ 0,002 0,002 0,004 0,001 0,003 0,002 0,003 0,002 0,001 0,002 0,003 0,000 0,005 0,006 0,005 0,006 0,004 0,003 0,003 0,004 0,005 0,004 0,004 0,004 0,003 0,004 0,002 0,003 0,003
2273,04 319 88 -1,71E-04 5,68E-05 Name: M000000_A229001-101_MST_2276.64_PRED_ 0,002 0,003 0,004 0,003 0,005 0,003 0,004 0,004 0,001 0,002 0,003 0,001 0,006 0,008 0,007 0,008 0,005 0,005 0,004 0,005 0,007 0,006 0,006 0,005 0,004 0,005 0,004 0,004 0,004
2289,84 211 73 5,81E-05 2,86E-04 Name: M000510_A232002-101_METB_2292.77_TRUE_Fructose-6-phosphate (1MEOX) (6TMS) 0,001 0,003 0,002 0,002 0,004 0,004 0,004 0,002 0,002 0,001 0,001 0,001 0,001 0,002 0,003 0,002 0,002 0,002 0,002 0,003 0,001 0,001 0,001 0,001
2289,90 299 91 7,16E-05 4,38E-04 Name: M000510_A232002-101_METB_2292.77_TRUE_Fructose-6-phosphate (1MEOX) (6TMS) 0,005 0,001 0,004 0,004 0,008 0,009 0,010 0,007 0,003 0,004 0,001 0,005 0,002 0,003 0,003 0,002 0,003 0,006 0,008 0,005 0,006 0,005 0,004 0,008 0,002 0,003 0,003 0,003 0,003 0,002
2289,89 315 100 6,09E-05 3,40E-04 Name: M000510_A232002-101_METB_2292.77_TRUE_Fructose-6-phosphate (1MEOX) (6TMS) 0,012 0,018 0,013 0,025 0,009 0,019 0,020 0,023 0,017 0,012 0,010 0,006 0,012 0,006 0,008 0,007 0,007 0,006 0,012 0,018 0,011 0,014 0,011 0,011 0,018 0,005 0,004 0,005 0,007 0,006 0,005 0,003 0,005
2292,39 160 100 1,40E-04 3,23E-04 Name: M000711_A231001-101_METB_2292.9_TRUE_Mannose-6-phosphate (1MEOX) (6TMS) 0,006 0,013 0,008 0,018 0,004 0,007 0,010 0,011 0,029 0,007 0,007 0,007 0,007 0,004 0,005 0,004 0,002 0,003 0,005 0,007 0,006 0,006 0,004 0,005 0,007 0,001 0,002 0,001 0,003 0,003 0,002 0,003 0,002
2292,40 357 100 1,71E-04 3,07E-04 Name: M000711_A231001-101_METB_2292.9_TRUE_Mannose-6-phosphate (1MEOX) (6TMS) 0,003 0,005 0,003 0,007 0,002 0,003 0,004 0,004 0,012 0,002 0,002 0,003 0,003 0,002 0,002 0,002 0,001 0,002 0,001 0,003 0,002 0,003 0,002 0,002 0,003 0,001 0,000 0,000 0,001 0,001 0,001 0,001 0,001
2292,39 387 100 1,22E-04 3,31E-04 Name: M000711_A231001-101_METB_2292.9_TRUE_Mannose-6-phosphate (1MEOX) (6TMS) 0,008 0,020 0,012 0,024 0,006 0,011 0,014 0,016 0,037 0,009 0,008 0,008 0,010 0,005 0,007 0,006 0,003 0,005 0,007 0,011 0,008 0,010 0,007 0,007 0,011 0,002 0,002 0,002 0,004 0,004 0,003 0,004 0,003
2294,68 204 100 -3,55E-05 -6,33E-05 Name: M000000_A231002-101_MST_2297.2_TRUE_ 0,065 0,057 0,064 0,030 0,057 0,071 0,079 0,136 0,048 0,102 0,092 0,047 0,064 0,128 0,068 0,057 0,130 0,112 0,062 0,053 0,033 0,046 0,043 0,045 0,037 0,182 0,171 0,186 0,038 0,056 0,064 0,075 0,064
2294,68 337 97 -3,88E-05 -8,63E-05 Name: M000000_A231002-101_MST_2297.2_TRUE_ 0,004 0,004 0,003 0,003 0,004 0,006 0,011 0,004 0,007 0,006 0,005 0,004 0,009 0,005 0,004 0,008 0,008 0,004 0,004 0,002 0,003 0,003 0,003 0,002 0,012 0,012 0,013 0,002 0,004 0,005 0,005 0,004
2294,64 361 64 -1,10E-05 -3,07E-04 Name: M000000_A231002-101_MST_2297.2_TRUE_ 0,000 0,000 0,004 0,002 0,001 0,002 0,003 0,001 0,002 0,000 0,001 0,001 0,001 0,004 0,004 0,004 0,000 0,001 0,001 0,001 0,001
2304,34 160 100 1,08E-04 2,92E-04 Name: M000513_A233002-101_METB-METB_2307.1_TRUE_Glucose-6-phosphate (1MEOX) (6TMS) 0,021 0,027 0,020 0,031 0,013 0,031 0,027 0,031 0,022 0,022 0,017 0,014 0,016 0,008 0,011 0,010 0,006 0,007 0,017 0,020 0,013 0,019 0,013 0,014 0,022 0,003 0,004 0,004 0,007 0,006 0,005 0,008 0,005
2304,34 299 100 1,00E-04 2,92E-04 Name: M000513_A233002-101_METB-METB_2307.1_TRUE_Glucose-6-phosphate (1MEOX) (6TMS) 0,026 0,033 0,024 0,035 0,016 0,035 0,032 0,037 0,023 0,024 0,020 0,015 0,019 0,009 0,011 0,011 0,007 0,008 0,020 0,027 0,016 0,024 0,017 0,017 0,027 0,004 0,004 0,005 0,009 0,007 0,006 0,009 0,006
2304,34 387 100 1,03E-04 2,86E-04 Name: M000513_A233002-101_METB-METB_2307.1_TRUE_Glucose-6-phosphate (1MEOX) (6TMS) 0,028 0,037 0,027 0,038 0,017 0,040 0,035 0,041 0,027 0,028 0,022 0,018 0,020 0,011 0,013 0,013 0,008 0,009 0,022 0,028 0,017 0,026 0,018 0,018 0,029 0,004 0,004 0,006 0,010 0,008 0,007 0,011 0,007
2350,93 259 100 1,09E-04 -1,56E-04 Name: M000000_A236005-101_MST_2352.09_PRED_ 0,038 0,040 0,038 0,030 0,021 0,037 0,036 0,051 0,032 0,081 0,072 0,053 0,030 0,033 0,034 0,028 0,011 0,012 0,011 0,013 0,013 0,010 0,008 0,012 0,011 0,020 0,015 0,017 0,012 0,020 0,015 0,016 0,013
2350,93 331 100 1,11E-04 -1,68E-04 Name: M000000_A236005-101_MST_2352.09_PRED_ 0,049 0,052 0,046 0,037 0,027 0,048 0,045 0,064 0,037 0,106 0,092 0,065 0,038 0,041 0,042 0,037 0,014 0,015 0,014 0,017 0,016 0,013 0,010 0,015 0,015 0,024 0,018 0,021 0,015 0,025 0,019 0,021 0,017
2350,93 421 100 1,08E-04 -1,34E-04 Name: M000000_A236005-101_MST_2352.09_PRED_ 0,014 0,015 0,015 0,012 0,008 0,015 0,015 0,021 0,014 0,031 0,029 0,021 0,011 0,012 0,015 0,012 0,005 0,005 0,004 0,006 0,005 0,004 0,003 0,005 0,004 0,009 0,006 0,007 0,005 0,009 0,006 0,006 0,005
2360,32 292 100 -3,50E-04 -2,81E-04 Name: M000000_A237001-101_MST_2360.1_TRUE_ 0,065 0,060 0,054 0,040 0,016 0,038 0,026 0,115 0,027 0,166 0,112 0,070 0,022 0,033 0,038 0,027 0,389 0,373 0,395 0,423 0,220 0,184 0,152 0,221 0,258 0,388 0,409 0,397 0,122 0,237 0,211 0,194 0,177
2360,32 305 100 -3,52E-04 -2,82E-04 Name: M000000_A237001-101_MST_2360.1_TRUE_ 0,047 0,044 0,039 0,030 0,012 0,027 0,019 0,083 0,020 0,119 0,083 0,051 0,016 0,024 0,027 0,020 0,287 0,275 0,293 0,313 0,163 0,136 0,112 0,163 0,191 0,287 0,304 0,295 0,089 0,176 0,156 0,143 0,130
2360,32 375 100 -3,55E-04 -2,67E-04 Name: M000000_A237001-101_MST_2360.1_TRUE_ 0,032 0,028 0,027 0,022 0,008 0,018 0,014 0,058 0,015 0,081 0,055 0,036 0,010 0,016 0,019 0,014 0,204 0,196 0,208 0,222 0,114 0,096 0,078 0,116 0,135 0,203 0,216 0,210 0,061 0,123 0,108 0,101 0,092
2370,57 217 97 -1,04E-04 3,20E-04 Name: M000000_A239003-101_MST_2378.13_PRED_ 0,004 0,003 0,003 0,005 0,003 0,005 0,004 0,006 0,004 0,001 0,003 0,005 0,001 0,005 0,001 0,009 0,007 0,012 0,011 0,004 0,008 0,004 0,005 0,009 0,002 0,006 0,005 0,005 0,003 0,003 0,003 0,003
2370,57 299 97 -3,52E-05 3,39E-04 Name: M000000_A239003-101_MST_2378.13_PRED_ 0,005 0,006 0,006 0,008 0,004 0,008 0,007 0,008 0,005 0,004 0,002 0,006 0,002 0,004 0,003 0,008 0,007 0,012 0,011 0,005 0,009 0,006 0,006 0,010 0,002 0,005 0,004 0,005 0,003 0,003 0,003 0,003
2370,57 387 97 -3,67E-05 3,49E-04 Name: M000000_A239003-101_MST_2378.13_PRED_ 0,004 0,004 0,004 0,006 0,003 0,006 0,006 0,006 0,004 0,003 0,001 0,004 0,002 0,003 0,002 0,006 0,005 0,009 0,008 0,004 0,007 0,004 0,005 0,007 0,001 0,004 0,004 0,004 0,003 0,003 0,002 0,002
2385,74 91 100 3,43E-04 -3,93E-05 Name: M000000_A241003-101_MST_2384.23_TRUE_ 0,119 0,133 0,077 0,084 0,039 0,085 0,131 0,191 0,072 0,121 0,084 0,066 0,039 0,101 0,031 0,040 0,005 0,006 0,004 0,003 0,002 0,004 0,003 0,003 0,004 0,005 0,006 0,005 0,009 0,010 0,008 0,012 0,009
2385,74 204 100 3,07E-04 -2,87E-05 Name: M000000_A241003-101_MST_2384.23_TRUE_ 0,082 0,088 0,052 0,056 0,026 0,056 0,087 0,140 0,051 0,083 0,059 0,047 0,029 0,067 0,022 0,029 0,005 0,007 0,003 0,003 0,002 0,003 0,002 0,003 0,003 0,005 0,006 0,005 0,006 0,008 0,006 0,008 0,006
2385,62 209 73 3,01E-04 -9,02E-06 Name: M000000_A241003-101_MST_2384.23_TRUE_ 0,012 0,014 0,009 0,013 0,004 0,011 0,017 0,025 0,009 0,015 0,009 0,009 0,004 0,011 0,003 0,006 0,000 0,000 0,001 0,001 0,001 0,001 0,001 0,001
2466,63 174 100 -2,29E-04 1,23E-03 Name: M not assigned_A not assigned_MST_2467.11_TRUE_ 0,090 0,071 0,076 0,138 0,028 0,223 0,065 1,311 0,077 0,205 0,030 0,024 0,033 0,028 0,025 0,026 1,251 1,683 10,082 11,729 0,622 9,622 3,056 4,853 9,806 0,000 0,022 0,136 0,018 0,020 0,092 0,085 0,094
2466,53 287 91 -3,63E-04 1,12E-03 Name: M not assigned_A not assigned_MST_2467.11_TRUE_ 0,004 0,002 0,002 0,005 0,001 0,007 0,002 0,048 0,004 0,010 0,000 0,000 0,001 0,047 0,065 0,419 0,554 0,023 0,464 0,128 0,200 0,496 0,001 0,001 0,005 0,001 0,001 0,003 0,003 0,003
2466,50 517 88 -3,68E-04 1,02E-03 Name: M not assigned_A not assigned_MST_2467.11_TRUE_ 0,004 0,002 0,003 0,005 0,001 0,007 0,003 0,043 0,004 0,008 0,000 0,000 0,043 0,059 0,385 0,508 0,020 0,427 0,117 0,182 0,452 0,001 0,001 0,004 0,001 0,000 0,003 0,002 0,003

Supplemental Table I - page 4 of 5
(annotaded matabolites only)



2581,50 186 45 -1,69E-05 9,69E-04 Name: M000778_A259003-101_METB_2583.67_TRUE_Nicotianamine (4TMS) 0,000 0,002 0,007 0,009 0,016 0,015 0,005 0,024 0,012 0,011 0,046 0,002 0,004 0,004 0,001
2581,50 218 39 6,74E-05 6,35E-04 Name: M000778_A259003-101_METB_2583.67_TRUE_Nicotianamine (4TMS) 0,001 0,003 0,001 0,003 0,004 0,004 0,002 0,006 0,003 0,003 0,011 0,001 0,001
2623,48 217 100 8,56E-05 1,00E-05 Name: M000044_A264001-101_METB_2629.63_TRUE_Sucrose, D- (8TMS) 16,419 22,949 14,974 17,373 14,247 25,614 18,977 24,018 19,321 28,644 23,127 22,265 20,225 12,629 16,351 17,163 11,515 11,140 11,317 9,110 7,643 6,690 6,297 7,488 6,359 8,701 11,200 8,774 7,545 10,627 9,455 7,283 9,921
2623,05 361 100 8,00E-05 -1,79E-05 Name: M000044_A264001-101_METB_2629.63_TRUE_Sucrose, D- (8TMS) 14,623 21,418 15,281 16,758 12,632 22,910 15,458 21,118 16,963 25,795 20,754 20,231 17,754 10,000 13,045 14,193 7,215 9,186 9,913 8,146 6,896 5,788 5,602 6,657 5,317 8,106 9,625 7,575 6,461 8,963 8,040 5,671 8,492
2623,04 437 100 1,07E-04 1,49E-05 Name: M000044_A264001-101_METB_2629.63_TRUE_Sucrose, D- (8TMS) 2,177 3,025 2,010 2,256 1,905 3,375 2,410 3,053 2,445 3,767 3,051 2,873 2,714 1,572 2,070 2,082 1,192 1,456 1,484 1,204 1,007 0,876 0,832 0,993 0,837 0,797 0,934 0,717 0,994 1,363 1,226 0,884 1,275
2638,83 230 76 2,81E-05 4,32E-05 Name: M000287_A265001-101_METB_2639.93_TRUE_Adenosine (4TMS) 0,016 0,016 0,010 0,022 0,020 0,018 0,011 0,030 0,083 0,043 0,034 0,023 0,033 0,013 0,015 0,015 0,017 0,020 0,027 0,033 0,035 0,006 0,027 0,024 0,008
2638,83 245 70 6,58E-05 9,06E-05 Name: M000287_A265001-101_METB_2639.93_TRUE_Adenosine (4TMS) 0,009 0,008 0,006 0,011 0,011 0,010 0,008 0,016 0,072 0,025 0,020 0,013 0,019 0,007 0,008 0,008 0,009 0,010 0,017 0,014 0,018 0,014 0,012
2638,83 259 64 9,10E-05 1,56E-04 Name: M000287_A265001-101_METB_2639.93_TRUE_Adenosine (4TMS) 0,003 0,004 0,005 0,002 0,003 0,006 0,029 0,013 0,008 0,003 0,007 0,002 0,002 0,002 0,002 0,002 0,003 0,010 0,009 0,004 0,003
2692,06 204 100 -6,60E-05 -2,76E-04 Name: M000000_A271002-101_MST_2694.53_PRED_ 0,020 0,048 0,028 0,028 0,008 0,016 0,010 0,027 0,010 0,028 0,028 0,028 0,008 0,009 0,007 0,007 0,010 0,010 0,008 0,012 0,008 0,004 0,008 0,006 0,007 0,019 0,015 0,022 0,009 0,018 0,010 0,008 0,009
2692,08 259 73 -3,80E-04 -2,35E-04 Name: M000000_A271002-101_MST_2694.53_PRED_ 0,001 0,001 0,001 0,000 0,001 0,003 0,000 0,004 0,004 0,002 0,003 0,006 0,003 0,005 0,005 0,007 0,007 0,006 0,004 0,002 0,007 0,002 0,003 0,009
2692,05 361 91 -7,81E-05 -3,73E-04 Name: M000000_A271002-101_MST_2694.53_PRED_ 0,002 0,005 0,001 0,003 0,001 0,001 0,001 0,005 0,001 0,002 0,003 0,005 0,001 0,002 0,002 0,001 0,002 0,001 0,000 0,001 0,001 0,001 0,003 0,003 0,003 0,001 0,002 0,002 0,001 0,002
2715,91 160 58 -8,59E-05 -6,97E-05 Name: M000048_A274001-101_METB_2727.13_TRUE_Maltose, D- (1MEOX) (8TMS) 0,019 0,020 0,012 0,013 0,006 0,009 0,012 0,013 0,006 0,020 0,017 0,017 0,003 0,003 0,001 0,003 0,001 0,001 0,005
2715,91 217 61 -1,02E-04 -1,21E-04 Name: M000048_A274001-101_METB_2727.13_TRUE_Maltose, D- (1MEOX) (8TMS) 0,062 0,067 0,037 0,035 0,019 0,029 0,027 0,038 0,017 0,060 0,055 0,047 0,008 0,008 0,005 0,008 0,001 0,003 0,017 0,007
2715,91 361 61 -1,10E-04 -1,22E-04 Name: M000048_A274001-101_METB_2727.13_TRUE_Maltose, D- (1MEOX) (8TMS) 0,071 0,077 0,042 0,041 0,022 0,034 0,034 0,044 0,021 0,067 0,063 0,054 0,009 0,008 0,006 0,009 0,001 0,004 0,020 0,010
2722,10 191 100 -4,62E-04 1,22E-04 Name: M000671_A274002-101_METB_2730.07_TRUE_Trehalose, alpha,alpha'-, D- (8TMS) 0,015 0,020 0,010 0,014 0,008 0,019 0,031 0,026 0,016 0,026 0,018 0,013 0,015 0,011 0,010 0,015 0,755 0,808 0,688 1,393 0,110 0,103 0,096 0,142 0,178 0,920 0,680 1,003 0,050 0,081 0,075 0,072 0,093
2722,10 217 100 -4,47E-04 1,19E-04 Name: M000671_A274002-101_METB_2730.07_TRUE_Trehalose, alpha,alpha'-, D- (8TMS) 0,013 0,017 0,008 0,009 0,007 0,014 0,019 0,021 0,012 0,018 0,015 0,009 0,010 0,008 0,007 0,011 0,481 0,507 0,431 0,882 0,067 0,063 0,059 0,089 0,112 0,590 0,438 0,638 0,031 0,050 0,047 0,045 0,058
2722,10 361 100 -4,68E-04 1,21E-04 Name: M000671_A274002-101_METB_2730.07_TRUE_Trehalose, alpha,alpha'-, D- (8TMS) 0,015 0,022 0,010 0,013 0,008 0,018 0,032 0,028 0,017 0,027 0,018 0,014 0,015 0,011 0,010 0,016 0,807 0,865 0,735 1,475 0,117 0,110 0,102 0,151 0,189 0,983 0,729 1,073 0,053 0,086 0,080 0,077 0,099
2758,08 245 39 -8,84E-05 4,64E-05 Name: M000098_A278001-101_METB_2757.67_TRUE_Guanosine (5TMS) 0,008 0,002 0,008 0,001 0,002 0,003 0,006 0,005 0,001 0,004 0,002 0,001 0,004
2758,02 280 39 -5,89E-05 3,03E-04 Name: M000098_A278001-101_METB_2757.67_TRUE_Guanosine (5TMS) 0,008 0,001 0,007 0,001 0,002 0,002 0,007 0,007 0,002 0,004 0,001 0,001 0,004
2758,08 324 45 -1,14E-04 1,18E-04 Name: M000098_A278001-101_METB_2757.67_TRUE_Guanosine (5TMS) 0,011 0,002 0,003 0,001 0,010 0,001 0,002 0,004 0,009 0,004 0,002 0,006 0,002 0,002 0,005
2971,49 255 100 1,32E-04 -5,13E-05 Name: M000644_A299001-101_METB_2975.13_TRUE_Quinic acid, 3-caffeoyl-, cis- (6TMS) 0,596 0,509 0,697 0,465 0,308 0,728 0,702 1,132 0,377 1,143 0,575 0,805 0,538 0,493 0,593 0,617 0,302 0,227 0,124 0,154 0,092 0,103 0,054 0,083 0,062 0,318 0,310 0,193 0,132 0,174 0,151 0,210 0,160
2971,49 307 100 1,33E-04 -5,05E-05 Name: M000644_A299001-101_METB_2975.13_TRUE_Quinic acid, 3-caffeoyl-, cis- (6TMS) 0,347 0,287 0,407 0,268 0,178 0,425 0,410 0,659 0,218 0,664 0,332 0,474 0,310 0,288 0,347 0,358 0,178 0,132 0,071 0,088 0,053 0,059 0,031 0,047 0,036 0,185 0,182 0,112 0,077 0,101 0,086 0,122 0,093
2971,49 345 100 1,32E-04 -5,10E-05 Name: M000644_A299001-101_METB_2975.13_TRUE_Quinic acid, 3-caffeoyl-, cis- (6TMS) 0,522 0,445 0,613 0,404 0,270 0,642 0,616 0,990 0,330 1,005 0,502 0,707 0,471 0,431 0,519 0,538 0,266 0,200 0,108 0,136 0,079 0,090 0,048 0,072 0,055 0,280 0,274 0,171 0,117 0,153 0,132 0,184 0,141
2975,07 204 100 2,92E-06 -6,48E-06 Name: M000673_A299002-101_METB_2972.97_TRUE_Galactinol (9TMS) 1,087 1,305 0,939 0,902 0,670 1,236 1,321 1,195 0,801 1,087 0,931 0,726 1,131 0,857 0,915 1,073 1,357 1,053 0,901 0,999 0,595 0,695 0,624 0,578 0,623 1,054 1,166 1,029 0,877 1,086 1,011 1,101 0,939
2975,07 305 100 -7,44E-07 4,42E-06 Name: M000673_A299002-101_METB_2972.97_TRUE_Galactinol (9TMS) 0,025 0,029 0,024 0,022 0,015 0,029 0,033 0,028 0,021 0,024 0,022 0,019 0,028 0,021 0,023 0,026 0,034 0,026 0,022 0,025 0,015 0,017 0,015 0,014 0,016 0,026 0,029 0,026 0,022 0,026 0,024 0,029 0,024
2975,07 433 100 8,17E-06 2,64E-05 Name: M000673_A299002-101_METB_2972.97_TRUE_Galactinol (9TMS) 0,013 0,015 0,012 0,010 0,007 0,015 0,018 0,015 0,011 0,012 0,010 0,009 0,014 0,010 0,012 0,013 0,016 0,013 0,011 0,012 0,008 0,008 0,007 0,007 0,007 0,013 0,014 0,013 0,011 0,013 0,012 0,014 0,012
2991,35 307 100 6,15E-04 1,52E-04 Name: M000645_A301001-101_METB_2994.15_TRUE_Quinic acid, 4-caffeoyl-, cis- (6TMS) 0,701 0,573 0,815 0,573 0,349 0,868 0,843 1,151 0,457 1,260 0,601 0,848 0,667 0,561 0,710 0,771 0,008 0,009 0,005 0,007 0,005 0,005 0,003 0,004 0,004 0,008 0,007 0,005 0,005 0,007 0,004 0,005 0,005
2991,47 324 97 6,64E-04 1,85E-04 Name: M000645_A301001-101_METB_2994.15_TRUE_Quinic acid, 4-caffeoyl-, cis- (6TMS) 0,165 0,131 0,193 0,131 0,082 0,204 0,202 0,278 0,108 0,301 0,140 0,198 0,163 0,135 0,171 0,191 0,001 0,002 0,001 0,002 0,000 0,001 0,001 0,001 0,001 0,001 0,001 0,001 0,002 0,001 0,001 0,001
2991,52 489 52 -9,14E-06 5,81E-04 Name: M000645_A301001-101_METB_2994.15_TRUE_Quinic acid, 4-caffeoyl-, cis- (6TMS) 0,026 0,020 0,033 0,023 0,013 0,032 0,033 0,047 0,020 0,048 0,022 0,033 0,026 0,022 0,030 0,031 0,000
3085,30 204 82 -2,26E-04 -1,92E-04 Name: M000000_A311002-101_MST_3092.87_TRUE_ 0,078 0,042 0,077 0,043 0,142 0,113 0,043 0,069 0,060 0,052 0,380 0,285 0,226 0,203 0,109 0,139 0,127 0,116 0,086 0,293 0,335 0,288 0,094 0,174 0,174 0,185 0,143
3085,32 217 79 -2,68E-04 -2,47E-04 Name: M000000_A311002-101_MST_3092.87_TRUE_ 0,012 0,018 0,004 0,022 0,016 0,008 0,013 0,019 0,012 0,093 0,067 0,052 0,047 0,025 0,032 0,030 0,026 0,018 0,069 0,081 0,069 0,021 0,041 0,041 0,043 0,034
3085,26 597 79 -1,62E-04 -7,78E-05 Name: M000000_A311002-101_MST_3092.87_TRUE_ 0,002 0,002 0,003 0,003 0,003 0,001 0,002 0,003 0,001 0,009 0,006 0,004 0,004 0,003 0,003 0,003 0,002 0,002 0,007 0,007 0,006 0,002 0,004 0,004 0,004 0,003
3095,73 255 100 6,67E-05 -2,74E-04 Name: M000003_A311001-101_METB_3101.6_TRUE_Quinic acid, 3-caffeoyl-, trans- (6TMS) 2,523 1,897 1,343 0,893 0,798 1,707 1,812 3,474 0,820 5,650 4,366 2,105 2,118 2,312 1,803 2,153 1,697 1,030 0,831 0,570 0,327 0,451 0,195 0,294 0,200 2,129 1,952 2,120 0,516 0,684 0,958 0,916 0,721
3095,79 307 100 6,66E-05 -2,68E-04 Name: M000003_A311001-101_METB_3101.6_TRUE_Quinic acid, 3-caffeoyl-, trans- (6TMS) 1,370 1,044 0,750 0,502 0,440 0,939 1,003 1,895 0,460 3,051 2,360 1,163 1,143 1,241 0,998 1,157 0,920 0,573 0,461 0,315 0,183 0,250 0,110 0,164 0,112 1,141 1,042 1,126 0,287 0,379 0,528 0,500 0,397
3095,79 345 100 6,69E-05 -2,71E-04 Name: M000003_A311001-101_METB_3101.6_TRUE_Quinic acid, 3-caffeoyl-, trans- (6TMS) 2,212 1,677 1,187 0,791 0,709 1,515 1,596 3,032 0,724 4,920 3,817 1,866 1,852 2,008 1,587 1,856 1,482 0,911 0,736 0,506 0,292 0,400 0,173 0,261 0,177 1,842 1,679 1,810 0,459 0,606 0,843 0,805 0,637
3152,86 307 100 5,46E-04 -5,90E-05 Name: M000004_A317001-101_METB_3155.23_TRUE_Quinic acid, 4-caffeoyl-, trans- (6TMS) 2,278 1,570 1,212 0,829 0,698 1,488 1,494 2,640 0,723 4,973 3,312 1,652 2,045 1,949 1,599 1,939 0,036 0,027 0,026 0,022 0,014 0,016 0,008 0,012 0,011 0,039 0,036 0,040 0,013 0,017 0,022 0,015 0,013
3152,86 324 100 5,57E-04 -5,15E-05 Name: M000004_A317001-101_METB_3155.23_TRUE_Quinic acid, 4-caffeoyl-, trans- (6TMS) 0,564 0,374 0,284 0,194 0,167 0,357 0,369 0,654 0,173 1,242 0,820 0,398 0,512 0,489 0,394 0,490 0,008 0,007 0,006 0,005 0,003 0,004 0,002 0,002 0,003 0,009 0,008 0,009 0,003 0,003 0,006 0,003 0,003
3153,14 489 97 5,43E-04 -1,79E-04 Name: M000004_A317001-101_METB_3155.23_TRUE_Quinic acid, 4-caffeoyl-, trans- (6TMS) 0,107 0,067 0,050 0,036 0,029 0,064 0,069 0,121 0,034 0,237 0,155 0,072 0,098 0,092 0,074 0,093 0,002 0,002 0,001 0,001 0,000 0,001 0,001 0,000 0,001 0,002 0,001 0,001 0,001 0,002 0,000 0,000
3162,73 217 61 -2,62E-04 -6,42E-04 Name: M000000_A318002-101_MST_3165.03_PRED_ 0,008 0,027 0,018 0,088 0,048 0,052 0,032 0,042 0,041 0,016 0,030 0,024 0,131 0,097 0,061 0,036 0,083 0,065 0,043 0,041
3162,73 264 61 -2,62E-04 -5,90E-04 Name: M000000_A318002-101_MST_3165.03_PRED_ 0,005 0,015 0,008 0,044 0,025 0,027 0,017 0,021 0,022 0,009 0,016 0,012 0,063 0,048 0,031 0,018 0,044 0,034 0,021 0,020
3162,73 361 61 -2,71E-04 -6,20E-04 Name: M000000_A318002-101_MST_3165.03_PRED_ 0,005 0,017 0,010 0,054 0,030 0,033 0,021 0,026 0,026 0,010 0,019 0,016 0,076 0,058 0,038 0,022 0,053 0,041 0,027 0,026
3175,53 255 100 8,13E-04 7,76E-05 Name: M000005_A319001-101_METB_3177.57_TRUE_Quinic acid, 5-caffeoyl-, trans- (6TMS) 1,020 0,607 0,519 0,330 0,305 0,577 0,537 0,925 0,282 1,998 1,347 0,787 0,706 0,867 0,649 0,692 0,002 0,000 0,001 0,001 0,000 0,001 0,001 0,001 0,001 0,001 0,002 0,005 0,000 0,001 0,002 0,000 0,000
3175,18 307 100 8,03E-04 4,01E-05 Name: M000005_A319001-101_METB_3177.57_TRUE_Quinic acid, 5-caffeoyl-, trans- (6TMS) 2,405 1,453 1,232 0,792 0,729 1,386 1,285 2,226 0,676 4,715 3,171 1,884 1,667 2,039 1,553 1,634 0,004 0,003 0,004 0,004 0,002 0,004 0,002 0,002 0,002 0,003 0,005 0,004 0,002 0,002 0,003 0,001 0,001
3175,46 345 100 8,19E-04 3,27E-05 Name: M000005_A319001-101_METB_3177.57_TRUE_Quinic acid, 5-caffeoyl-, trans- (6TMS) 1,039 0,621 0,533 0,338 0,312 0,592 0,548 0,944 0,290 2,041 1,374 0,809 0,721 0,886 0,665 0,702 0,002 0,000 0,002 0,001 0,000 0,002 0,001 0,001 0,001 0,001 0,002 0,002 0,000 0,001 0,002 0,000 0,000
3349,63 361 58 6,10E-05 2,64E-04 Name: M000049_A337002-101_METB_3362.87_TRUE_Raffinose (11TMS) 0,112 0,081 0,046 0,045 0,036 0,148 0,192 0,196 0,052 0,127 0,093 0,087 0,120 0,039 0,108 0,109 0,151 0,098 0,002
3349,59 437 52 7,95E-05 1,01E-04 Name: M000049_A337002-101_METB_3362.87_TRUE_Raffinose (11TMS) 0,007 0,002 0,004 0,004 0,009 0,012 0,014 0,003 0,008 0,006 0,005 0,007 0,003 0,006 0,007 0,009 0,006
3349,59 451 55 6,22E-05 1,51E-04 Name: M000049_A337002-101_METB_3362.87_TRUE_Raffinose (11TMS) 0,011 0,008 0,004 0,005 0,005 0,015 0,019 0,021 0,006 0,013 0,010 0,009 0,012 0,005 0,011 0,011 0,015 0,009
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Metabolite Analyte Normalized Response [IS-1 g-1 (FW)] Change of Pool Size Normalized Response [IS-1 g-1 (FW)]
Average Standard Deviation
Leaf Root Leaf Root Leaf Root
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Acids
Oxalic acid C2H2O4 C00209 144-62-7 A113002-101 18294-04-7 2 0 single 1 219|190|175|147|133 147 53177 100 1116,8 1124,7 7,9 0,70 966 0,6200 0,6439 0,6189 0,8078 3,3717 2,0065 3,4429 2,1739 0,87 0,6989 1,06 0,9983 0,4033 0,4996 0,2856 0,8846 1,1924 0,8422 1,1830 1,1322
Oxalic acid C2H2O4 C00209 144-62-7 A113002-101 18294-04-7 2 0 single 1 219|190|175|147|133 190 2377 100 1116,8 1124,7 7,9 0,70 966 0,0405 0,0231 0,0284 0,0348 0,1580 0,0944 0,1358 0,0937 0,96 0,6675 1,19 0,6741 0,0140 0,0095 0,0118 0,0398 0,0548 0,0468 0,0499 0,0448
Oxalic acid C2H2O4 C00209 144-62-7 A113002-101 18294-04-7 2 0 single 1 219|190|175|147|133 175 1156 100 1116,8 1124,5 7,7 0,69 966 0,0308 0,0092 0,0132 0,0135 0,0771 0,0464 0,0644 0,0454 1,41 0,4920 1,21 0,6181 0,0237 0,0034 0,0042 0,0135 0,0281 0,0234 0,0216 0,0230
Lactic acid** C3H6O3 C00186 79-33-4 A105001-101 17596-96-2 2 0 single 1 219|117|191|133|234 191 787 100 1046,8 1055,3 8,5 0,81 955 0,0418 0,0256 0,0232 0,0219 0,0229 0,0535 0,0340 0,0106 1,46 0,1932 1,78 0,0632 0,0349 0,0044 0,0032 0,0221 0,0120 0,0560 0,0388 0,0051
Lactic acid** C3H6O3 C00186 79-33-4 A105001-101 17596-96-2 2 0 single 1 219|117|191|133|234 219 217 100 1046,8 1054,9 8,1 0,77 955 0,0147 0,0065 0,0054 0,0076 0,0068 0,0138 0,0088 0,0028 1,53 0,2277 1,88 0,0511 0,0136 0,0016 0,0015 0,0080 0,0036 0,0143 0,0094 0,0015
Maleic acid** C4H4O4 C01384 110-16-7 A133003-101 23508-82-9 2 0 single 1 245|147|170|215| 245 2693 100 1299,1 1300,7 1,7 0,13 965 0,2504 0,3739 0,4440 0,1498 0,0386 0,0283 0,0491 0,0278 1,16 0,5329 0,98 0,7910 0,0838 0,1892 0,1309 0,0304 0,0079 0,0087 0,0060 0,0099
Maleic acid** C4H4O4 C01384 110-16-7 A133003-101 23508-82-9 2 0 single 1 245|147|170|215| 215 313 100 1299,1 1300,7 1,6 0,12 965 0,0272 0,0384 0,0475 0,0196 0,0040 0,0028 0,0056 0,0033 1,06 0,7721 0,86 0,2311 0,0096 0,0195 0,0164 0,0082 0,0007 0,0006 0,0006 0,0009
Maleic acid** C4H4O4 C01384 110-16-7 A133003-101 23508-82-9 2 0 single 1 245|147|170|215| 201 81 100 1299,1 1300,8 1,7 0,13 965 0,0063 0,0086 0,0099 0,0063 0,0007 0,0005 0,0010 0,0007 0,97 0,7569 0,81 0,4458 0,0013 0,0031 0,0024 0,0008 0,0001 0,0003 0,0002 0,0004
Fumaric acid C4H4O4 C00122 110-17-8 A137001-101 17962-03-7 2 0 single 1 245|115|217|143| 245 13894 100 1346,2 1346,2 0,0 0,00 970 1,3095 1,8958 1,6374 0,8586 0,1787 0,2261 0,1636 0,1910 1,37 0,1447 1,08 0,1879 0,3513 0,6574 0,2176 0,2317 0,0242 0,0443 0,0188 0,0309
Fumaric acid C4H4O4 C00122 110-17-8 A137001-101 17962-03-7 2 0 single 1 245|115|217|143| 83 4629 100 1346,2 1346,2 0,0 0,00 970 0,4349 0,6337 0,5461 0,2868 0,0664 0,0741 0,0522 0,0614 1,37 0,1491 1,16 0,1250 0,1179 0,2211 0,0739 0,0787 0,0262 0,0156 0,0062 0,0114
Fumaric acid C4H4O4 C00122 110-17-8 A137001-101 17962-03-7 2 0 single 1 245|115|217|143| 115 1904 100 1346,2 1346,2 0,0 0,00 970 0,1712 0,2531 0,2153 0,1141 0,0334 0,0291 0,0206 0,0237 1,38 0,1515 1,32 0,1408 0,0476 0,0894 0,0332 0,0321 0,0257 0,0063 0,0024 0,0048
Succinic acid C4H6O4 C00042 110-15-6 A134001-101 40309-57-7 2 0 single 1 247|172|147|262|129 247 2572 100 1310,2 1310,3 0,1 0,01 985 0,1296 0,1284 0,1103 0,0947 0,0841 0,0720 0,0898 0,1102 1,27 0,1115 0,78 0,0099 0,0410 0,0398 0,0213 0,0156 0,0198 0,0059 0,0105 0,0231
Succinic acid C4H6O4 C00042 110-15-6 A134001-101 40309-57-7 2 0 single 1 247|172|147|262|129 172 1553 100 1310,2 1310,3 0,1 0,01 985 0,0790 0,0773 0,0648 0,0573 0,0506 0,0436 0,0545 0,0666 1,29 0,0905 0,78 0,0086 0,0257 0,0236 0,0140 0,0097 0,0118 0,0034 0,0058 0,0143
Succinic acid C4H6O4 C00042 110-15-6 A134001-101 40309-57-7 2 0 single 1 247|172|147|262|129 262 102 100 1310,2 1310,3 0,1 0,01 985 0,0050 0,0048 0,0031 0,0035 0,0034 0,0028 0,0039 0,0041 1,47 0,0852 0,82 0,0118 0,0007 0,0024 0,0014 0,0010 0,0009 0,0006 0,0002 0,0008
Malic acid C4H6O5 C00149 97-67-6 A149001-101 38166-11-9 3 0 single 1 233|245|335|307|217 233 272356 100 1477,3 1478,9 1,6 0,11 981 28,2092 25,6967 34,9385 15,5990 6,1928 4,1253 8,2156 3,8510 1,12 0,3546 0,93 0,8562 5,4458 8,1650 5,3698 3,4254 1,3014 0,6264 1,2863 0,8509
Malic acid C4H6O5 C00149 97-67-6 A149001-101 38166-11-9 3 0 single 1 233|245|335|307|217 245 187800 100 1477,3 1478,9 1,6 0,11 981 19,4540 18,0435 24,0986 10,8202 4,2176 2,7876 5,6472 2,5770 1,13 0,3377 0,93 0,8739 3,7240 5,7753 3,7479 2,3973 0,9421 0,4194 0,9066 0,5867
Malic acid C4H6O5 C00149 97-67-6 A149001-101 38166-11-9 3 0 single 1 233|245|335|307|217 335 1053 36 1477,3 1483,0 5,7 0,38 934 0,1443 0,1532 0,0919 0,0019 0,0037 0,0053 1,18 0,5825 0,44 0,8687 0,1863 0,1134 0,0194 0,0015 0,0073
Itaconic acid C5H6O4 C00490 97-65-4 A135004-101 55494-04-7 2 0 single 1 259|215|133|147|230 133 98 100 1337,7 1338,2 0,5 0,03 926 0,0109 0,0079 0,0071 0,0047 0,0023 0,0021 0,0011 0,0020 1,61 0,0213 1,18 0,1212 0,0049 0,0018 0,0037 0,0025 0,0006 0,0007 0,0003 0,0009
Itaconic acid C5H6O4 C00490 97-65-4 A135004-101 55494-04-7 2 0 single 1 259|215|133|147|230 215 95 100 1337,7 1338,2 0,5 0,03 926 0,0091 0,0071 0,0068 0,0041 0,0025 0,0021 0,0020 0,0020 1,53 0,0387 1,10 0,3633 0,0041 0,0019 0,0037 0,0008 0,0005 0,0007 0,0001 0,0006
Itaconic acid C5H6O4 C00490 97-65-4 A135004-101 55494-04-7 2 0 single 1 259|215|133|147|230 259 83 100 1337,7 1338,2 0,5 0,03 926 0,0079 0,0060 0,0052 0,0035 0,0024 0,0018 0,0016 0,0017 1,62 0,0241 1,22 0,1679 0,0038 0,0013 0,0029 0,0010 0,0005 0,0005 0,0001 0,0005
Glutaric acid, 2-oxo- C5H6O5 C00026 328-50-7 A158004-101 60022-87-9 2 1 major 1 198|288|304|186|229 198 1129 100 1568,2 1570,3 2,0 0,13 913 0,0329 0,0831 0,0271 0,0735 0,0326 0,0330 0,0310 0,0246 1,13 0,6645 1,15 0,0288 0,0050 0,0254 0,0033 0,0132 0,0038 0,0040 0,0055 0,0059
Glutaric acid, 2-oxo- C5H6O5 C00026 328-50-7 A158004-101 60022-87-9 2 1 major 1 198|288|304|186|229 288 244 100 1568,2 1570,3 2,0 0,13 913 0,0072 0,0176 0,0063 0,0147 0,0073 0,0066 0,0070 0,0052 1,17 0,6120 1,16 0,0522 0,0016 0,0052 0,0019 0,0026 0,0004 0,0006 0,0008 0,0013
Glutaric acid, 2-oxo- C5H6O5 C00026 328-50-7 A158004-101 60022-87-9 2 1 major 1 198|288|304|186|229 304 199 100 1568,2 1570,3 2,0 0,13 913 0,0059 0,0147 0,0058 0,0115 0,0063 0,0057 0,0059 0,0046 1,18 0,6723 1,18 0,0578 0,0018 0,0044 0,0020 0,0028 0,0005 0,0006 0,0005 0,0012
Glutaric acid C5H8O4 C00489 110-94-1 A143001-101 55494-07-0 2 0 single 1 158|261|233|116|186 261 204 100 1401,0 1400,8 -0,2 -0,01 907 0,0162 0,0135 0,0120 0,0082 0,0057 0,0057 0,0043 0,0054 1,49 0,1834 0,96 0,8675 0,0074 0,0090 0,0020 0,0027 0,0031 0,0031 0,0008 0,0022
Glutaric acid C5H8O4 C00489 110-94-1 A143001-101 55494-07-0 2 0 single 1 158|261|233|116|186 203 201 100 1401,0 1401,7 0,7 0,05 907 0,0173 0,0193 0,0215 0,0115 0,0036 0,0030 0,0049 0,0031 1,17 0,5535 0,94 0,4226 0,0021 0,0096 0,0040 0,0032 0,0016 0,0018 0,0010 0,0013
Glutaric acid C5H8O4 C00489 110-94-1 A143001-101 55494-07-0 2 0 single 1 158|261|233|116|186 233 107 100 1401,0 1401,1 0,1 0,01 907 0,0085 0,0070 0,0054 0,0031 0,0064 0,0024 0,0020 0,0027 1,86 0,1870 1,61 0,2929 0,0065 0,0053 0,0002 0,0010 0,0040 0,0013 0,0014 0,0013
Malic acid, 2-methyl- C5H8O5 C02612 6236-10-8  A148001-101 3 0 single 1 247|349|259|321|203 247 1246 100 1464,3 1462,9 -1,4 -0,10 manual 0,1138 0,1233 0,1193 0,1079 0,0471 0,0065 0,0088 0,0091 1,06 0,6925 3,14 0,6194 0,0194 0,0406 0,0534 0,0294 0,0630 0,0009 0,0013 0,0010
Malic acid, 2-methyl- C5H8O5 C02612 6236-10-8  A148001-101 3 0 single 1 247|349|259|321|203 259 290 100 1464,3 1462,9 -1,4 -0,10 manual 0,0258 0,0290 0,0334 0,0247 0,0036 0,0014 0,0021 0,0020 0,97 0,7923 1,29 0,5666 0,0017 0,0106 0,0033 0,0075 0,0039 0,0005 0,0007 0,0003
Malic acid, 2-methyl- C5H8O5 C02612 6236-10-8  A148001-101 3 0 single 1 247|349|259|321|203 321 145 97 1464,3 1462,8 -1,5 -0,10 manual 0,0117 0,0138 0,0118 0,0115 0,0048 0,0006 0,0010 0,0010 1,11 0,5611 2,70 0,7843 0,0013 0,0057 0,0063 0,0040 0,0069 0,0003 0,0006 0,0003
Aconitic acid, cis- C6H6O6 C00417 585-84-2 A176002-101 55530-71-7 3 0 single 1 229|285|375|211|215 229 412 100 1740,5 1740,4 0,0 0,00 902 0,0384 0,0290 0,0194 0,0256 0,0094 0,0065 0,0132 0,0086 1,45 0,1331 0,84 0,1270 0,0162 0,0121 0,0058 0,0148 0,0028 0,0018 0,0021 0,0030
Aconitic acid, cis- C6H6O6 C00417 585-84-2 A176002-101 55530-71-7 3 0 single 1 229|285|375|211|215 285 151 100 1740,5 1740,4 -0,1 0,00 902 0,0131 0,0104 0,0067 0,0090 0,0036 0,0024 0,0048 0,0029 1,44 0,1235 0,91 0,3108 0,0051 0,0044 0,0015 0,0043 0,0011 0,0007 0,0006 0,0010
Aconitic acid, cis- C6H6O6 C00417 585-84-2 A176002-101 55530-71-7 3 0 single 1 229|285|375|211|215 375 124 100 1740,5 1740,4 0,0 0,00 902 0,0110 0,0088 0,0050 0,0083 0,0027 0,0019 0,0040 0,0022 1,42 0,1907 0,90 0,3557 0,0048 0,0044 0,0019 0,0041 0,0011 0,0006 0,0007 0,0009
Citric acid C6H8O7 C00158 77-92-9 A182004-101 14330-97-3 4 0 single 1 273|375|211|183|257 273 377135 100 1804,6 1804,9 0,3 0,02 978 30,7779 21,5140 19,1798 17,4025 14,9451 8,7130 19,3435 10,6455 1,41 0,1428 0,91 0,2308 7,9137 9,8234 4,1559 5,4312 2,2376 1,6225 0,8707 0,6139
Citric acid C6H8O7 C00158 77-92-9 A182004-101 14330-97-3 4 0 single 1 273|375|211|183|257 347 68545 100 1804,6 1804,8 0,2 0,01 978 5,4624 3,7891 3,4340 3,1086 2,6254 1,5578 3,3575 1,9045 1,40 0,1577 0,91 0,2220 1,3752 1,7317 0,6860 0,9618 0,4510 0,2961 0,0620 0,1277
Citric acid C6H8O7 C00158 77-92-9 A182004-101 14330-97-3 4 0 single 1 273|375|211|183|257 465 25015 100 1804,6 1804,9 0,3 0,02 978 1,9255 1,2947 1,0822 1,1751 0,9358 0,5476 1,3281 0,7225 1,39 0,2061 0,84 0,1271 0,4762 0,6434 0,2429 0,4074 0,2529 0,1275 0,0910 0,1383
Shikimic acid C7H10O5 C00493 138-59-0 A181002-101 55520-78-0 4 0 single 1 204|462|372|255|357 204 13033 100 1792,5 1793,4 0,9 0,05 913 0,6159 0,6520 0,9959 0,4270 0,3686 0,3287 0,3928 0,3698 0,95 0,8869 0,92 0,2011 0,1144 0,4189 0,1923 0,1135 0,0391 0,0561 0,0643 0,0389
Shikimic acid C7H10O5 C00493 138-59-0 A181002-101 55520-78-0 4 0 single 1 204|462|372|255|357 255 691 100 1792,5 1793,4 0,9 0,05 913 0,0327 0,0346 0,0523 0,0229 0,0205 0,0179 0,0227 0,0204 0,95 0,8492 0,90 0,1060 0,0064 0,0239 0,0104 0,0063 0,0029 0,0029 0,0019 0,0021
Shikimic acid C7H10O5 C00493 138-59-0 A181002-101 55520-78-0 4 0 single 1 204|462|372|255|357 357 341 100 1792,5 1793,4 0,9 0,05 913 0,0164 0,0171 0,0246 0,0112 0,0096 0,0088 0,0106 0,0096 0,99 0,9342 0,92 0,1761 0,0035 0,0117 0,0053 0,0028 0,0014 0,0012 0,0014 0,0009
Citric acid, 2-methyl- C7H10O7 C02225 A184011-101 4 0 major 1 287|479|389|197|225 287 355 27 1822,1 1821,5 -0,6 -0,03 manual 0,0292 0,0023 0,0036 0,0045 3,65 0,6057 0,0357 0,0003 0,0023
Quinic acid C7H12O6 C00296 77-95-2 A185001-101 5 0 single 1 255|345|334|537|419 345 70894 100 1843,2 1840,4 -2,8 -0,15 954 6,3999 4,9404 12,1967 4,4780 1,3714 0,5938 2,1636 0,8645 0,72 0,3388 0,77 0,1700 3,0183 2,6855 2,6116 1,4857 0,4100 0,0760 0,2529 0,2109
Quinic acid C7H12O6 C00296 77-95-2 A185001-101 5 0 single 1 255|345|334|537|419 255 57798 100 1843,2 1840,5 -2,7 -0,15 954 5,1632 3,9674 10,6252 3,7553 1,0494 0,4490 1,7137 0,6617 0,67 0,2779 0,75 0,1597 2,5563 2,2782 2,7890 1,3473 0,3307 0,0579 0,2301 0,1683
Quinic acid C7H12O6 C00296 77-95-2 A185001-101 5 0 single 1 255|345|334|537|419 435 3144 100 1843,2 1840,6 -2,6 -0,14 954 0,2668 0,2019 0,5565 0,1961 0,0524 0,0215 0,0874 0,0331 0,66 0,2533 0,74 0,1413 0,1403 0,1167 0,1427 0,0720 0,0164 0,0022 0,0134 0,0087
Pantothenic acid C9H17NO5 C00864 79-83-4 A200006-101 3 0 major 1 291|420|201|157|261 291 514 97 1984,5 1984,4 -0,1 -0,01 875 0,0065 0,0089 0,0092 0,0057 0,0213 0,0197 0,0249 0,0189 1,12 0,7801 0,93 0,8168 0,0004 0,0058 0,0030 0,0007 0,0029 0,0029 0,0021 0,0037
Pantothenic acid C9H17NO5 C00864 79-83-4 A200006-101 3 0 major 1 291|420|201|157|261 247 243 94 1984,5 1984,4 -0,1 0,00 875 0,0025 0,0037 0,0043 0,0026 0,0103 0,0093 0,0113 0,0087 1,02 0,7836 0,96 0,8273 0,0001 0,0029 0,0016 0,0005 0,0013 0,0014 0,0010 0,0019
Pantothenic acid C9H17NO5 C00864 79-83-4 A200006-101 3 0 major 1 291|420|201|157|261 420 68 82 1984,5 1984,4 -0,1 0,00 875 0,0005 0,0010 0,0014 0,0009 0,0026 0,0022 0,0027 0,0020 0,72 0,1916 0,99 0,6298 0,0008 0,0002 0,0004 0,0005 0,0005 0,0003 0,0005
Amino Acids
Glycine C2H5NO2 C00037 56-40-6 A133001-101 5630-82-0 3 0 major 1 174|248|276|100|86 174 71555 100 1304,5 1302,1 -2,3 -0,18 948 0,5437 2,7699 0,5257 18,8532 0,3645 0,3456 0,5301 0,3696 0,16 0,8551 0,80 0,3016 0,5205 1,7216 0,0556 36,0308 0,1076 0,0680 0,1978 0,1217
Glycine C2H5NO2 C00037 56-40-6 A133001-101 5630-82-0 3 0 major 1 174|248|276|100|86 100 25744 100 1304,5 1302,1 -2,3 -0,18 948 0,1795 0,9016 0,1787 6,9634 0,1194 0,1083 0,1696 0,1163 0,14 0,8473 0,81 0,3542 0,1604 0,5647 0,0296 13,3914 0,0325 0,0215 0,0647 0,0392
Glycine C2H5NO2 C00037 56-40-6 A133001-101 5630-82-0 3 0 major 1 174|248|276|100|86 276 5552 100 1304,5 1302,2 -2,3 -0,18 948 0,0176 0,1077 0,0157 1,5710 0,0122 0,0120 0,0192 0,0139 0,07 0,8099 0,74 0,1778 0,0177 0,0727 0,0021 3,0824 0,0039 0,0021 0,0083 0,0051
Alanine C3H7NO2 C00041 56-41-7 A138002-101 3 0 minor 2 188|262|290|100|114 188 7732 100 1360,4 1356,7 -3,8 -0,28 956 0,5319 0,7939 0,3246 0,8295 0,0941 0,0719 0,0939 0,1364 1,10 0,3869 0,73 0,0318 0,1084 0,1610 0,1804 0,1395 0,0312 0,0195 0,0261 0,0514
Alanine C3H7NO2 C00041 56-41-7 A138002-101 3 0 minor 2 188|262|290|100|114 262 1118 100 1360,4 1356,7 -3,8 -0,28 956 0,0675 0,1061 0,0411 0,1138 0,0125 0,0094 0,0122 0,0176 1,08 0,4434 0,75 0,0392 0,0131 0,0229 0,0243 0,0191 0,0044 0,0023 0,0031 0,0070
Alanine C3H7NO2 C00041 56-41-7 A138002-101 3 0 minor 2 188|262|290|100|114 290 187 100 1360,4 1356,7 -3,8 -0,28 956 0,0134 0,0181 0,0072 0,0188 0,0024 0,0017 0,0020 0,0031 1,16 0,2737 0,83 0,1477 0,0034 0,0038 0,0052 0,0031 0,0010 0,0004 0,0007 0,0011
Alanine, beta- C3H7NO2 C00099 107-95-9 A144001-101 55255-77-1 3 0 major 1 248|290|174|160|100 248 877 100 1424,7 1422,9 -1,9 -0,13 904 0,0236 0,0319 0,0227 0,0356 0,0204 0,0177 0,0390 0,0401 0,94 0,5826 0,52 0,0004 0,0071 0,0134 0,0048 0,0049 0,0098 0,0035 0,0051 0,0175
Alanine, beta- C3H7NO2 C00099 107-95-9 A144001-101 55255-77-1 3 0 major 1 248|290|174|160|100 290 193 100 1424,7 1422,9 -1,9 -0,13 904 0,0048 0,0075 0,0089 0,0076 0,0051 0,0040 0,0086 0,0087 0,77 0,3501 0,56 0,0004 0,0015 0,0034 0,0080 0,0014 0,0025 0,0007 0,0012 0,0031
Alanine, beta- C3H7NO2 C00099 107-95-9 A144001-101 55255-77-1 3 0 major 1 248|290|174|160|100 232 117 100 1424,7 1422,2 -2,6 -0,18 904 0,0063 0,0054 0,0094 0,0066 0,0022 0,0018 0,0037 0,0039 0,74 0,2450 0,52 0,0001 0,0018 0,0022 0,0072 0,0013 0,0008 0,0005 0,0010 0,0010
Serine C3H7NO3 C00065 56-45-1 A138001-101 7364-48-9 3 0 major 1 204|218|278|306|100 204 6534 100 1353,3 1351,2 -2,1 -0,16 949 0,2339 0,4454 0,2516 0,6498 0,1489 0,1454 0,2281 0,1347 0,73 0,4313 0,82 0,6289 0,1609 0,2071 0,1050 0,3141 0,0414 0,0283 0,0951 0,0444
Serine C3H7NO3 C00065 56-45-1 A138001-101 7364-48-9 3 0 major 1 204|218|278|306|100 218 4079 100 1353,3 1351,3 -2,0 -0,15 949 0,1433 0,2793 0,1526 0,4092 0,0907 0,0896 0,1411 0,0839 0,73 0,4438 0,81 0,5779 0,0941 0,1304 0,0655 0,1954 0,0252 0,0186 0,0599 0,0277
Serine C3H7NO3 C00065 56-45-1 A138001-101 7364-48-9 3 0 major 1 204|218|278|306|100 278 359 100 1353,3 1351,3 -2,1 -0,15 949 0,0123 0,0215 0,0113 0,0352 0,0065 0,0062 0,0109 0,0060 0,70 0,5086 0,76 0,4395 0,0071 0,0102 0,0046 0,0188 0,0025 0,0015 0,0047 0,0021
Aspartic acid C4H7NO4 C00049 56-84-8 A152002-101 15985-05-4 3 0 major 1 232|218|306|202|334 232 13269 100 1509,8 1508,5 -1,3 -0,08 949 1,4516 0,6388 1,2402 1,0846 0,2887 0,2944 0,3824 0,2608 0,87 0,3904 0,99 0,8698 0,7457 0,2932 0,4354 0,5715 0,1156 0,1187 0,1229 0,1198
Aspartic acid C4H7NO4 C00049 56-84-8 A152002-101 15985-05-4 3 0 major 1 232|218|306|202|334 218 2641 100 1509,8 1509,6 -0,2 -0,01 949 0,2747 0,1273 0,2565 0,1758 0,0536 0,0395 0,0795 0,0420 0,92 0,4242 0,85 0,4017 0,1750 0,0592 0,0960 0,0437 0,0164 0,0101 0,0265 0,0119
Aspartic acid C4H7NO4 C00049 56-84-8 A152002-101 15985-05-4 3 0 major 1 232|218|306|202|334 202 1573 100 1509,8 1509,6 -0,2 -0,01 949 0,1659 0,0759 0,1508 0,1052 0,0313 0,0235 0,0470 0,0246 0,93 0,4548 0,85 0,4305 0,1045 0,0358 0,0600 0,0260 0,0098 0,0061 0,0161 0,0075
Asparagine C4H8N2O3 C00152 70-47-3 A168001-101 55649-62-2 3 0 major 1 116|188|231|258|159 116 383 100 1665,8 1664,6 -1,2 -0,07 806 0,0060 0,0066 0,0099 0,0076 0,0201 0,0063 0,0516 0,0090 0,74 0,0929 0,58 0,2211 0,0020 0,0015 0,0044 0,0014 0,0032 0,0013 0,0137 0,0017
Asparagine C4H8N2O3 C00152 70-47-3 A168001-101 55649-62-2 3 0 major 1 116|188|231|258|159 231 112 100 1665,8 1665,2 -0,6 -0,04 806 0,0016 0,0015 0,0014 0,0021 0,0057 0,0017 0,0140 0,0030 0,83 0,7155 0,59 0,1153 0,0009 0,0005 0,0020 0,0006 0,0006 0,0006 0,0036 0,0005
Asparagine C4H8N2O3 C00152 70-47-3 A168001-101 55649-62-2 3 0 major 1 116|188|231|258|159 188 104 97 1665,8 1665,3 -0,5 -0,03 806 0,0029 0,0017 0,0021 0,0020 0,0056 0,0018 0,0125 0,0020 1,12 0,6779 0,69 0,4633 0,0013 0,0007 0,0021 0,0003 0,0006 0,0007 0,0028 0,0005
Butyric acid, 4-amino- C4H9NO2 C00334 56-12-2 A153003-101 39508-23-1 3 0 major 1 174|304|216|246|100 174 34903 100 1526,5 1524,4 -2,2 -0,14 972 0,5496 0,8014 0,5435 0,8211 1,6020 0,7566 2,7106 1,2237 0,98 0,8796 0,68 0,0580 0,1489 0,3456 0,2037 0,2680 0,7293 0,1329 0,1450 0,3160
Butyric acid, 4-amino- C4H9NO2 C00334 56-12-2 A153003-101 39508-23-1 3 0 major 1 174|304|216|246|100 304 4945 100 1526,5 1524,4 -2,2 -0,14 972 0,0716 0,1083 0,0762 0,1154 0,2275 0,1067 0,3893 0,1744 0,93 0,6955 0,68 0,0564 0,0198 0,0461 0,0274 0,0423 0,1046 0,0193 0,0245 0,0467
Butyric acid, 4-amino- C4H9NO2 C00334 56-12-2 A153003-101 39508-23-1 3 0 major 1 174|304|216|246|100 216 2556 100 1526,5 1524,4 -2,2 -0,14 972 0,0353 0,0543 0,0341 0,0585 0,1182 0,0541 0,2062 0,0907 0,96 0,8534 0,66 0,0537 0,0096 0,0240 0,0151 0,0211 0,0562 0,0105 0,0124 0,0259
Threonine C4H9NO3 C00188 72-19-5 A140001-101 64569-35-3 3 0 major 1 219|291|218|117|320 117 3715 100 1379,4 1376,5 -2,9 -0,21 983 0,1713 0,1754 0,1904 0,1664 0,0913 0,0716 0,2239 0,0779 0,98 0,7162 0,62 0,1462 0,0648 0,0826 0,0636 0,0286 0,0451 0,0123 0,0694 0,0274
Threonine C4H9NO3 C00188 72-19-5 A140001-101 64569-35-3 3 0 major 1 219|291|218|117|320 218 2265 100 1379,4 1376,5 -2,9 -0,21 983 0,1034 0,1087 0,1162 0,1010 0,0556 0,0434 0,1363 0,0475 0,99 0,7608 0,62 0,1429 0,0362 0,0489 0,0372 0,0178 0,0263 0,0074 0,0448 0,0166
Threonine C4H9NO3 C00188 72-19-5 A140001-101 64569-35-3 3 0 major 1 219|291|218|117|320 291 551 100 1379,4 1376,5 -2,9 -0,21 983 0,0263 0,0272 0,0282 0,0243 0,0140 0,0102 0,0333 0,0113 1,03 0,9476 0,64 0,1514 0,0083 0,0117 0,0081 0,0042 0,0065 0,0015 0,0110 0,0037
Homoserine C4H9NO3 C00263 672-15-1 A146001-101 56273-04-2 3 0 major 1 218|128|292|230|202 103 174 100 1442,2 1440,5 -1,6 -0,11 manual 0,0064 0,0074 0,0057 0,0091 0,0050 0,0060 0,0052 0,0045 0,91 0,6374 1,07 0,2181 0,0037 0,0028 0,0024 0,0025 0,0009 0,0017 0,0015 0,0007
Homoserine C4H9NO3 C00263 672-15-1 A146001-101 56273-04-2 3 0 major 1 218|128|292|230|202 218 166 88 1442,2 1440,4 -1,8 -0,12 manual 0,0026 0,0041 0,0018 0,0034 0,0047 0,0067 0,0058 0,0049 1,32 0,4473 1,01 0,5441 0,0026 0,0009 0,0017 0,0006 0,0021 0,0008 0,0009
Homoserine C4H9NO3 C00263 672-15-1 A146001-101 56273-04-2 3 0 major 1 218|128|292|230|202 128 153 100 1442,2 1440,6 -1,6 -0,11 manual 0,0035 0,0059 0,0052 0,0044 0,0052 0,0071 0,0057 0,0048 1,02 0,9208 1,09 0,1497 0,0016 0,0017 0,0016 0,0017 0,0007 0,0020 0,0017 0,0011
Glutamine C5H10N2O3 C00064 56-85-9 A178001-101 56145-13-2 3 0 major 1 156|245|347|362|203 156 5507 94 1767,6 1766,9 -0,7 -0,04 935 0,0181 0,0820 0,2266 0,0355 0,2663 0,2315 0,4822 0,1296 0,58 0,4163 0,92 0,5415 0,0269 0,1065 0,0187 0,0499 0,1389 0,0620 0,1628 0,0771
Glutamine C5H10N2O3 C00064 56-85-9 A178001-101 56145-13-2 3 0 major 1 156|245|347|362|203 245 625 85 1767,6 1767,0 -0,6 -0,03 935 0,0042 0,0103 0,0208 0,0036 0,0262 0,0233 0,0501 0,0130 0,98 0,6839 0,89 0,5929 0,0123 0,0020 0,0046 0,0147 0,0067 0,0179 0,0081
Valine C5H11NO2 C00183 72-18-4 A122001-101 15984-93-7 2 0 major 1 144|218|156|246|100 144 3336 100 1208,8 1208,4 -0,4 -0,03 921 0,2290 0,1982 0,3151 0,2526 0,0752 0,0547 0,1302 0,0656 0,76 0,1419 0,73 0,1226 0,0516 0,0585 0,1157 0,1063 0,0169 0,0066 0,0293 0,0194
Valine C5H11NO2 C00183 72-18-4 A122001-101 15984-93-7 2 0 major 1 144|218|156|246|100 100 768 100 1208,8 1208,3 -0,5 -0,04 921 0,0469 0,0558 0,0699 0,0537 0,0141 0,0107 0,0224 0,0112 0,86 0,3139 0,77 0,4164 0,0128 0,0421 0,0148 0,0205 0,0025 0,0042 0,0042 0,0041
Valine C5H11NO2 C00183 72-18-4 A122001-101 15984-93-7 2 0 major 1 144|218|156|246|100 218 511 100 1208,8 1208,4 -0,4 -0,03 921 0,0330 0,0295 0,0472 0,0368 0,0117 0,0069 0,0183 0,0100 0,75 0,1120 0,71 0,1157 0,0097 0,0102 0,0126 0,0152 0,0026 0,0027 0,0043 0,0033
Valeric acid, 5-amino- C5H11NO2 660-88-8 A164005-101 55191-54-3 3 0 major 1 174|200|318|100|86 174 3259 100 1628,4 1626,0 -2,4 -0,15 920 0,1875 0,2576 0,3763 0,2655 0,0360 0,0315 0,0941 0,0539 0,72 0,0683 0,52 0,0001 0,0519 0,0918 0,1437 0,0570 0,0106 0,0059 0,0075 0,0054
Valeric acid, 5-amino- C5H11NO2 660-88-8 A164005-101 55191-54-3 3 0 major 1 174|200|318|100|86 200 173 100 1628,4 1626,0 -2,4 -0,15 920 0,0083 0,0134 0,0191 0,0139 0,0020 0,0016 0,0056 0,0027 0,69 0,0569 0,51 0,0002 0,0031 0,0051 0,0064 0,0036 0,0004 0,0003 0,0002 0,0003
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Valeric acid, 5-amino- C5H11NO2 660-88-8 A164005-101 55191-54-3 3 0 major 1 174|200|318|100|86 318 81 100 1628,4 1626,0 -2,4 -0,15 920 0,0035 0,0065 0,0085 0,0065 0,0008 0,0008 0,0026 0,0013 0,70 0,1187 0,50 0,0011 0,0021 0,0028 0,0027 0,0018 0,0003 0,0002 0,0002 0,0003
Methionine C5H11NO2S C00073 63-68-3 A152001-101 27844-10-6 2 0 major 1 176|128|250|293|202 176 1331 100 1514,5 1514,9 0,4 0,03 966 0,0181 0,0184 0,0220 0,0162 0,0533 0,0478 0,0923 0,0439 0,98 0,8283 0,86 0,3036 0,0066 0,0083 0,0059 0,0063 0,0105 0,0170 0,0139 0,0030
Methionine C5H11NO2S C00073 63-68-3 A152001-101 27844-10-6 2 0 major 1 176|128|250|293|202 128 1263 100 1514,5 1514,9 0,4 0,03 966 0,0170 0,0174 0,0206 0,0142 0,0504 0,0456 0,0883 0,0420 1,01 0,9156 0,86 0,2906 0,0061 0,0091 0,0060 0,0048 0,0099 0,0168 0,0130 0,0033
Pyroglutamic acid (Glutamine, Glutamic acid)* C5H7NO3 C02238 A153002-101 213608-51-6 2 0 single 1 156|258|230|140|273 156 174220 100 1519,4 1521,2 1,7 0,11 983 11,7503 13,6882 10,2120 11,4115 4,5886 4,0721 5,1641 4,0781 1,18 0,4029 0,96 0,8054 2,1578 4,8656 1,9743 1,6753 0,3819 0,3453 1,3603 0,7705
Pyroglutamic acid (Glutamine, Glutamic acid)* C5H7NO3 C02238 A153002-101 213608-51-6 2 0 single 1 156|258|230|140|273 230 11835 100 1519,4 1521,2 1,8 0,12 983 0,8128 0,9162 0,6986 0,7654 0,3155 0,2791 0,3505 0,2795 1,18 0,3687 0,96 0,8374 0,1487 0,3187 0,1127 0,1356 0,0307 0,0256 0,0829 0,0539
Pyroglutamic acid (Glutamine, Glutamic acid)* C5H7NO3 C02238 A153002-101 213608-51-6 2 0 single 1 156|258|230|140|273 258 9954 100 1519,4 1520,9 1,5 0,10 983 0,6855 0,7768 0,5852 0,6358 0,2624 0,2353 0,2930 0,2364 1,20 0,3042 0,95 0,8060 0,1241 0,2645 0,0996 0,1014 0,0209 0,0245 0,0730 0,0467
Proline C5H9NO2 C00148 147-85-3 A132003-101 2 0 major 1 142||130|117|244 142 21685 100 1298,0 1296,1 -1,9 -0,14 963 1,0303 1,3980 3,9437 2,1621 0,1314 0,2137 0,6488 0,2046 0,42 0,0168 0,45 0,1239 0,6248 0,8526 0,9058 1,6103 0,0587 0,0947 0,2267 0,1446
Proline C5H9NO2 C00148 147-85-3 A132003-101 2 0 major 1 142||130|117|244 216 996 100 1298,0 1296,2 -1,8 -0,14 963 0,0396 0,0547 0,1578 0,0901 0,0047 0,0078 0,0251 0,0081 0,40 0,0146 0,42 0,1101 0,0233 0,0344 0,0388 0,0731 0,0023 0,0034 0,0098 0,0058
Proline C5H9NO2 C00148 147-85-3 A132003-101 2 0 major 1 142||130|117|244 244 120 91 1298,0 1296,1 -1,9 -0,14 963 0,0040 0,0060 0,0157 0,0098 0,0005 0,0007 0,0027 0,0023 0,42 0,0073 0,22 0,0102 0,0019 0,0036 0,0040 0,0062 0,0001 0,0005 0,0010 0,0022
Glutamic acid C5H9NO4 C00025 56-86-0 A163001-101 15985-07-6 3 0 major 1 246|363|128|348|156 246 6359 94 1615,4 1613,7 -1,7 -0,11 961 0,0413 0,1507 0,2663 0,0922 0,3330 0,1628 0,5767 0,1976 0,73 0,3501 0,76 0,4240 0,0579 0,1685 0,0089 0,1122 0,1052 0,0345 0,1274 0,0958
Glutamic acid C5H9NO4 C00025 56-86-0 A163001-101 15985-07-6 3 0 major 1 246|363|128|348|156 348 316 85 1615,4 1613,7 -1,7 -0,10 961 0,0037 0,0076 0,0111 0,0053 0,0142 0,0067 0,0252 0,0084 0,83 0,4463 0,73 0,3728 0,0020 0,0072 0,0014 0,0043 0,0052 0,0015 0,0061 0,0042
Glutamic acid C5H9NO4 C00025 56-86-0 A163001-101 15985-07-6 3 0 major 1 246|363|128|348|156 363 133 79 1615,4 1613,7 -1,7 -0,10 961 0,0025 0,0055 0,0043 0,0023 0,0058 0,0028 0,0104 0,0032 1,31 0,5044 0,75 0,5880 0,0002 0,0035 0,0003 0,0017 0,0022 0,0005 0,0024 0,0018
Leucine C6H13NO2 C00123 61-90-5 A129002-101 15984-97-1 2 0 major 1 158|232|102|260| 158 6932 100 1266,2 1260,5 -5,7 -0,45 manual 0,2840 0,2101 0,3510 0,2224 0,3087 0,1966 0,4381 0,1976 0,88 0,6365 0,87 0,5368 0,0498 0,0495 0,0962 0,1073 0,0742 0,0383 0,0694 0,0264
Leucine C6H13NO2 C00123 61-90-5 A129002-101 15984-97-1 2 0 major 1 158|232|102|260| 232 183 100 1266,2 1264,1 -2,1 -0,17 manual 0,0044 0,0031 0,0066 0,0046 0,0081 0,0051 0,0133 0,0050 0,67 0,7058 0,80 0,4795 0,0012 0,0011 0,0053 0,0038 0,0029 0,0011 0,0025 0,0010
Isoleucine C6H13NO2 C00407 73-32-5 A132002-101 15985-01-0 2 0 major 1 158|232|218|102|260 218 362 100 1288,6 1287,0 -1,6 -0,13 996 0,0195 0,0126 0,0460 0,0169 0,0090 0,0066 0,0215 0,0073 0,53 0,2407 0,67 0,1196 0,0064 0,0032 0,0233 0,0148 0,0022 0,0024 0,0058 0,0017
Isoleucine C6H13NO2 C00407 73-32-5 A132002-101 15985-01-0 2 0 major 1 158|232|218|102|260 159 309 100 1288,6 1287,0 -1,6 -0,13 996 0,0164 0,0111 0,0398 0,0144 0,0076 0,0057 0,0182 0,0061 0,53 0,2279 0,68 0,1435 0,0060 0,0031 0,0200 0,0123 0,0017 0,0023 0,0052 0,0015
Lysine C6H14N2O2 C00047 56-87-1 A192003-101 55429-07-7 4 0 major 1 156|174|317|230|434 317 548 100 1912,3 1909,8 -2,5 -0,13 manual 0,0079 0,0106 0,0174 0,0124 0,0246 0,0163 0,0379 0,0187 0,65 0,1789 0,84 0,4107 0,0034 0,0076 0,0066 0,0102 0,0029 0,0054 0,0032 0,0103
Lysine C6H14N2O2 C00047 56-87-1 A192003-101 55429-07-7 4 0 major 1 156|174|317|230|434 434 114 85 1912,3 1909,6 -2,7 -0,14 manual 0,0019 0,0017 0,0024 0,0035 0,0070 0,0024 0,0045 0,0035 0,58 0,7395 0,97 0,9459 0,0013 0,0017 0,0001 0,0051 0,0052 0,0027 0,0020 0,0042
Phenylalanine C9H11NO2 C00079 63-91-2 A164001-101 2899-52-7 2 0 major 1 192|266|218|91|294 218 7236 100 1629,3 1630,2 0,9 0,05 938 0,2153 0,5268 0,2985 0,1654 0,0921 0,1074 1,0701 0,0556 1,75 0,6336 0,26 0,6860 0,1645 0,6095 0,0912 0,0956 0,0355 0,0908 1,6537 0,0120
Phenylalanine C9H11NO2 C00079 63-91-2 A164001-101 2899-52-7 2 0 major 1 192|266|218|91|294 192 3550 100 1629,3 1629,0 -0,3 -0,02 938 0,1544 0,3817 0,2161 0,1218 0,0569 0,0745 0,1781 0,0389 1,73 0,6480 0,79 0,9284 0,1185 0,4453 0,0690 0,0738 0,0088 0,0606 0,1666 0,0084
Phenylalanine C9H11NO2 C00079 63-91-2 A164001-101 2899-52-7 2 0 major 1 192|266|218|91|294 91 1586 100 1629,3 1630,2 0,9 0,05 938 0,0848 0,1775 0,1116 0,0607 0,0297 0,0382 0,0905 0,0197 1,65 0,5086 0,80 0,9666 0,0559 0,1819 0,0271 0,0306 0,0062 0,0307 0,0847 0,0042
Tyrosine C9H11NO3 C00082 60-18-4 A194002-101 7415-19-2 3 0 major 1 218|280|354|179|100 218 4256 100 1932,6 1932,0 -0,6 -0,03 953 0,1334 0,1211 0,3106 0,1551 0,1217 0,0883 0,3046 0,0948 0,57 0,2359 0,62 0,1272 0,0483 0,0510 0,1808 0,1367 0,0120 0,0162 0,0688 0,0166
Tyrosine C9H11NO3 C00082 60-18-4 A194002-101 7415-19-2 3 0 major 1 218|280|354|179|100 179 512 100 1932,6 1932,0 -0,6 -0,03 953 0,0161 0,0159 0,0340 0,0184 0,0146 0,0102 0,0385 0,0113 0,64 0,3167 0,60 0,1062 0,0045 0,0072 0,0179 0,0157 0,0020 0,0013 0,0079 0,0016
Tyrosine C9H11NO3 C00082 60-18-4 A194002-101 7415-19-2 3 0 major 1 218|280|354|179|100 280 322 100 1932,6 1932,0 -0,6 -0,03 953 0,0097 0,0096 0,0222 0,0115 0,0097 0,0068 0,0228 0,0074 0,60 0,1930 0,65 0,1326 0,0027 0,0048 0,0104 0,0095 0,0010 0,0006 0,0053 0,0010
Tryptophan C11H12N2O2C00078 73-22-3 A223001-101 55429-28-2 3 0 major 1 202|291|218|303|130 202 3254 100 2214,5 2213,8 -0,7 -0,03 925 0,0495 0,0832 0,2501 0,0542 0,1060 0,0764 0,3118 0,0707 0,49 0,7744 0,60 0,2639 0,0221 0,0848 0,1883 0,0785 0,0074 0,0239 0,0277 0,0183
Tryptophan C11H12N2O2C00078 73-22-3 A223001-101 55429-28-2 3 0 major 1 202|291|218|303|130 291 229 88 2214,5 2213,8 -0,6 -0,03 925 0,0016 0,0043 0,0188 0,0034 0,0080 0,0050 0,0212 0,0044 0,33 0,4807 0,64 0,4014 0,0006 0,0043 0,0035 0,0050 0,0006 0,0017 0,0012 0,0011
Tryptophan C11H12N2O2C00078 73-22-3 A223001-101 55429-28-2 3 0 major 1 202|291|218|303|130 218 154 94 2214,5 2213,8 -0,6 -0,03 925 0,0024 0,0032 0,0135 0,0033 0,0050 0,0037 0,0133 0,0032 0,43 0,2235 0,66 0,4084 0,0002 0,0031 0,0026 0,0031 0,0006 0,0009 0,0004 0,0011
N- Compounds
Carbodiimide (Agmatine, Arginine)* CH2N2 A100005-101 2 0 single 1 171|186|155|141|100 171 66149 100 958,8 964,4 5,5 0,58 manual 0,6899 2,1820 0,2532 0,1334 6,8670 4,0296 0,2958 1,3576 8,22 0,0030 4,39 0,0000 0,8012 1,4727 0,1695 0,0440 4,1178 1,4849 0,0734 2,4894
Carbodiimide (Agmatine, Arginine)* CH2N2 A100005-101 2 0 single 1 171|186|155|141|100 100 4271 82 958,8 964,2 5,4 0,56 manual 0,0179 0,0336 0,0020 0,0158 0,4098 0,2362 0,0143 0,0579 2,30 0,2572 5,18 0,0001 0,0118 0,0347 0,0104 0,2406 0,0867 0,0038 0,0975
Carbodiimide (Agmatine, Arginine)* CH2N2 A100005-101 2 0 single 1 171|186|155|141|100 186 3649 100 958,8 964,2 5,4 0,56 manual 0,0328 0,1064 0,0078 0,0052 0,3938 0,2304 0,0140 0,0677 11,60 0,0013 4,79 0,0000 0,0380 0,0705 0,0038 0,0015 0,2361 0,0805 0,0029 0,1278
Urea CH4N2O C00086 57-13-6 A127002-101 18297-63-7 2 0 major 1 189|204|171|87|99 99 1709 100 1235,6 1237,5 1,9 0,15 manual 0,1437 0,0782 0,0883 0,0465 0,0531 0,0563 0,0544 0,0441 1,67 0,0972 1,06 0,2060 0,1164 0,0186 0,0117 0,0039 0,0092 0,0121 0,0235 0,0146
Urea CH4N2O C00086 57-13-6 A127002-101 18297-63-7 2 0 major 1 189|204|171|87|99 189 1067 100 1235,6 1236,3 0,7 0,05 manual 0,1170 0,0246 0,0204 0,0163 0,0339 0,0514 0,0437 0,0323 3,63 0,2739 0,96 0,2443 0,2009 0,0091 0,0020 0,0070 0,0110 0,0190 0,0383 0,0216
Urea CH4N2O C00086 57-13-6 A127002-101 18297-63-7 2 0 major 1 189|204|171|87|99 171 870 100 1235,6 1236,5 0,9 0,08 manual 0,0452 0,0169 0,0145 0,0125 0,0289 0,0472 0,0431 0,0280 2,20 0,3025 0,94 0,3152 0,0659 0,0067 0,0022 0,0070 0,0094 0,0181 0,0346 0,0185
Ethanolamine C2H7NO C00189 A128002-101 5630-81-9 3 0 major 1 174|86|100|188|262 174 179620 100 1262,1 1260,2 -1,8 -0,14 964 9,5257 8,0770 10,4628 5,1330 6,9951 4,9152 5,9948 5,0699 1,18 0,3287 1,11 0,4400 3,0479 2,5564 1,4796 1,1241 0,6461 0,1884 0,6992 0,6863
Ethanolamine C2H7NO C00189 A128002-101 5630-81-9 3 0 major 1 174|86|100|188|262 100 85595 100 1262,1 1260,2 -1,9 -0,15 964 4,5692 3,9210 5,0195 2,4847 3,3115 2,3189 2,8365 2,3983 1,18 0,3209 1,11 0,4535 1,4543 1,2293 0,7226 0,5480 0,3265 0,0910 0,3220 0,3140
Ethanolamine C2H7NO C00189 A128002-101 5630-81-9 3 0 major 1 174|86|100|188|262 262 3054 100 1262,1 1260,3 -1,8 -0,14 964 0,1577 0,1347 0,1775 0,0875 0,1189 0,0845 0,1027 0,0866 1,15 0,3632 1,11 0,4282 0,0474 0,0408 0,0275 0,0193 0,0108 0,0035 0,0113 0,0128
Putrescine (Putrescine, Agmatine)* C4H12N2 C00134 110-60-1 A175002-101 39772-63-9 4 0 major 1 174|361|214|100|200 174 10041 100 1737,2 1733,1 -4,1 -0,24 manual 0,2439 0,2941 0,4702 0,2638 0,3401 0,2922 0,5126 0,2995 0,77 0,1988 0,82 0,2664 0,1180 0,1843 0,1555 0,0340 0,0632 0,0549 0,0333 0,0692
Putrescine (Putrescine, Agmatine)* C4H12N2 C00134 110-60-1 A175002-101 39772-63-9 4 0 major 1 174|361|214|100|200 214 638 100 1737,2 1733,1 -4,1 -0,24 manual 0,0148 0,0186 0,0291 0,0166 0,0217 0,0186 0,0333 0,0189 0,77 0,1796 0,81 0,2791 0,0064 0,0122 0,0082 0,0017 0,0042 0,0037 0,0020 0,0046
Putrescine (Putrescine, Agmatine)* C4H12N2 C00134 110-60-1 A175002-101 39772-63-9 4 0 major 1 174|361|214|100|200 200 501 100 1737,2 1733,1 -4,1 -0,24 manual 0,0117 0,0151 0,0230 0,0128 0,0172 0,0145 0,0261 0,0149 0,79 0,2128 0,82 0,2782 0,0050 0,0102 0,0054 0,0015 0,0035 0,0027 0,0014 0,0036
Uracil C4H4N2O2 C00106 66-22-8 A136001-101 10457-14-4 2 0 single 1 241|255|99|113|126 99 1245 100 1335,3 1335,5 0,2 0,01 933 0,1178 0,0832 0,1335 0,0578 0,0314 0,0282 0,0233 0,0265 1,09 0,4583 1,11 0,2551 0,0216 0,0240 0,0216 0,0130 0,0094 0,0067 0,0089 0,0052
Uracil C4H4N2O2 C00106 66-22-8 A136001-101 10457-14-4 2 0 single 1 241|255|99|113|126 241 561 100 1335,3 1335,5 0,2 0,01 933 0,0527 0,0371 0,0581 0,0263 0,0145 0,0126 0,0107 0,0120 1,10 0,4216 1,11 0,2083 0,0088 0,0093 0,0097 0,0045 0,0039 0,0026 0,0040 0,0020
Uracil C4H4N2O2 C00106 66-22-8 A136001-101 10457-14-4 2 0 single 1 241|255|99|113|126 255 261 100 1335,3 1335,5 0,2 0,01 933 0,0248 0,0176 0,0256 0,0114 0,0070 0,0059 0,0053 0,0056 1,19 0,2148 1,13 0,1485 0,0046 0,0034 0,0035 0,0023 0,0015 0,0009 0,0020 0,0009
Allantoin C4H6N4O3 C01551 97-59-6 A189007-101 4 0 major 1 331|431|446|357|188 431 63 61 1875,1 1875,4 0,4 0,02 manual 0,0015 0,0001 0,0010 0,0021 0,0017 0,0017 16,44 0,96 0,5070 0,0004 0,0004 0,0008 0,0005 0,0004
Allantoin C4H6N4O3 C01551 97-59-6 A189007-101 4 0 major 1 331|431|446|357|188 446 53 58 1875,1 1875,4 0,3 0,02 manual 0,0008 0,0008 0,0017 0,0014 0,0013 0,95 0,6191 0,0007 0,0003 0,0007 0,0004 0,0005
Adenine C5H5N5 C00147 73-24-5 A188005-101 17995-04-9 2 0 major 1 264|279|192|165|237 264 1236 100 1868,3 1871,2 2,9 0,16 manual 0,0452 0,0433 0,0573 0,0366 0,0510 0,0347 0,0730 0,0488 0,97 0,9259 0,74 0,0229 0,0099 0,0201 0,0159 0,0229 0,0026 0,0069 0,0113 0,0085
Adenine C5H5N5 C00147 73-24-5 A188005-101 17995-04-9 2 0 major 1 264|279|192|165|237 279 261 100 1868,3 1871,2 2,9 0,16 manual 0,0093 0,0120 0,0108 0,0074 0,0155 0,0062 0,0149 0,0083 1,21 0,6253 1,03 0,4835 0,0035 0,0079 0,0032 0,0026 0,0106 0,0015 0,0029 0,0010
Adenosine C10H13N5O4C00212 58-61-7 A265001-101 53294-33-0 4 0 major 1 230|245|540|192|236 230 793 76 2639,9 2638,8 -1,1 -0,04 manual 0,0138 0,0209 0,0148 0,0566 0,0331 0,0160 0,0314 0,0164 0,47 0,2460 1,07 0,6763 0,0033 0,0013 0,0050 0,0373 0,0079 0,0027 0,0042 0,0108
Adenosine C10H13N5O4C00212 58-61-7 A265001-101 53294-33-0 4 0 major 1 230|245|540|192|236 245 485 70 2639,9 2638,8 -1,1 -0,04 manual 0,0075 0,0112 0,0086 0,0439 0,0192 0,0084 0,0163 0,0132 0,34 0,1934 0,94 0,3253 0,0016 0,0002 0,0015 0,0395 0,0053 0,0013 0,0024 0,0014
Adenosine C10H13N5O4C00212 58-61-7 A265001-101 53294-33-0 4 0 major 1 230|245|540|192|236 259 193 64 2639,9 2638,8 -1,1 -0,04 manual 0,0028 0,0048 0,0025 0,0174 0,0080 0,0019 0,0071 0,0038 0,41 0,6346 0,94 0,3711 0,0010 0,0009 0,0158 0,0040 0,0004 0,0040 0,0008
Guanine C5H5N5O C00242 73-40-5 A214002-101 3 0 major 1 352|367|264|202|99 352 365 61 2127,0 2127,3 0,3 0,02 870 0,0005 0,0008 0,0153 0,0080 0,0130 0,0093 1,10 0,9423 0,0003 0,0015 0,0008 0,0011 0,0012
Guanine C5H5N5O C00242 73-40-5 A214002-101 3 0 major 1 352|367|264|202|99 367 88 61 2127,0 2127,4 0,4 0,02 870 0,0003 0,0005 0,0038 0,0018 0,0032 0,0022 1,08 0,9741 0,0006 0,0004 0,0004 0,0004 0,0004
Guanine C5H5N5O C00242 73-40-5 A214002-101 3 0 major 1 352|367|264|202|99 264 60 55 2127,0 2127,8 0,8 0,04 870 0,0005 0,0022 0,0010 0,0022 0,0014 0,95 0,4007 0,0004 0,0004 0,0005 0,0002
Guanosine C10H13N5O5C00387 118-00-3 A278001-101 53294-38-5 5 0 major 1 324|245|280|368|410 324 177 45 2757,7 2758,1 0,4 0,01 657 0,0053 0,0036 0,0054 0,0034 1,04 0,5696 0,0051 0,0041 0,0028 0,0018
Guanosine C10H13N5O5C00387 118-00-3 A278001-101 53294-38-5 5 0 major 1 324|245|280|368|410 245 149 39 2757,7 2758,1 0,4 0,01 657 0,0046 0,0036 0,0044 0,0025 1,24 0,9870 0,0044 0,0038 0,0017 0,0015
Guanosine C10H13N5O5C00387 118-00-3 A278001-101 53294-38-5 5 0 major 1 324|245|280|368|410 280 149 39 2757,7 2758,0 0,3 0,01 657 0,0045 0,0033 0,0051 0,0023 1,12 0,9876 0,0047 0,0034 0,0026 0,0015
Nicotinic acid C6H5NO2 C00253 59-67-6 A133004-101 25436-37-7 1 0 single 1 180|136|106|78|195 180 3889 100 1299,8 1302,0 2,1 0,16 942 0,1463 0,1373 0,1751 0,1266 0,1419 0,1152 0,1789 0,1558 0,96 0,7880 0,77 0,0058 0,0236 0,0424 0,0275 0,0999 0,0233 0,0169 0,0206 0,0238
Nicotinic acid C6H5NO2 C00253 59-67-6 A133004-101 25436-37-7 1 0 single 1 180|136|106|78|195 136 3711 100 1299,8 1302,0 2,2 0,17 942 0,1370 0,1375 0,1633 0,1506 0,1302 0,1064 0,1660 0,1423 0,88 0,9154 0,77 0,0084 0,0224 0,0548 0,0254 0,1580 0,0205 0,0156 0,0205 0,0243
Nicotinic acid C6H5NO2 C00253 59-67-6 A133004-101 25436-37-7 1 0 single 1 180|136|106|78|195 106 2875 100 1299,8 1301,9 2,1 0,16 942 0,1160 0,1225 0,1398 0,0459 0,1129 0,0921 0,1429 0,1234 1,39 0,1502 0,78 0,0045 0,0186 0,0604 0,0175 0,0291 0,0157 0,0130 0,0148 0,0182
Spermidine C7H19N3 C00315 124-20-9 A220002-101 4 0 minor 2 174|200|418|257|160 174 264 100 2195,6 2192,3 -3,3 -0,15 866 0,0262 0,0172 0,0232 0,0159 0,0053 0,0031 0,0051 0,0043 1,11 0,8515 0,91 0,3678 0,0118 0,0076 0,0029 0,0029 0,0008 0,0010 0,0002 0,0015
Spermidine C7H19N3 C00315 124-20-9 A220002-101 4 0 minor 2 174|200|418|257|160 200 171 100 2195,6 2192,3 -3,3 -0,15 866 0,0176 0,0110 0,0146 0,0104 0,0035 0,0019 0,0033 0,0029 1,14 0,7972 0,88 0,2827 0,0084 0,0050 0,0028 0,0019 0,0010 0,0006 0,0002 0,0011
Spermidine C7H19N3 C00315 124-20-9 A220002-101 4 0 minor 2 174|200|418|257|160 146 90 88 2195,6 2192,7 -2,9 -0,13 866 0,0090 0,0055 0,0080 0,0052 0,0017 0,0008 0,0013 0,0015 1,10 0,9683 0,82 0,3085 0,0048 0,0027 0,0018 0,0012 0,0004 0,0005 0,0005
Spermidine C7H19N3 C00315 124-20-9 A226002-101 5 0 major 1 174|144|156|116|490 144 1758 97 2251,1 2246,0 -5,1 -0,23 933 0,1025 0,0773 0,1425 0,1056 0,0430 0,0273 0,0539 0,0403 0,71 0,1272 0,82 0,0363 0,0397 0,0211 0,0768 0,0248 0,0088 0,0099 0,0050 0,0033
Spermidine C7H19N3 C00315 124-20-9 A226002-101 5 0 major 1 174|144|156|116|490 174 1181 97 2251,1 2246,0 -5,1 -0,23 933 0,0670 0,0499 0,0952 0,0677 0,0303 0,0200 0,0362 0,0271 0,71 0,1257 0,85 0,0821 0,0243 0,0133 0,0525 0,0155 0,0056 0,0072 0,0034 0,0028
Spermidine C7H19N3 C00315 124-20-9 A226002-101 5 0 major 1 174|144|156|116|490 201 153 97 2251,1 2246,0 -5,1 -0,23 933 0,0085 0,0065 0,0118 0,0091 0,0042 0,0021 0,0052 0,0038 0,71 0,1448 0,78 0,0239 0,0036 0,0015 0,0071 0,0023 0,0010 0,0006 0,0008 0,0004
Tyramine C8H11NO C00483 51-67-2 A191004-101 68595-84-6 3 0 major 1 174|338|86|100|264 174 35345 100 1910,6 1910,3 -0,4 -0,02 937 0,8344 0,7767 1,2223 0,9502 1,4424 0,7762 2,5941 1,4607 0,75 0,0288 0,63 0,0043 0,1511 0,2490 0,2760 0,1321 0,0593 0,0955 0,3363 0,3065
Tyramine C8H11NO C00483 51-67-2 A191004-101 68595-84-6 3 0 major 1 174|338|86|100|264 100 8153 100 1910,6 1910,3 -0,4 -0,02 937 0,1936 0,1697 0,2730 0,2118 0,3337 0,1909 0,5998 0,3346 0,76 0,0512 0,65 0,0050 0,0358 0,0569 0,0630 0,0462 0,0244 0,0224 0,0590 0,0657
Tyramine C8H11NO C00483 51-67-2 A191004-101 68595-84-6 3 0 major 1 174|338|86|100|264 250 655 100 1910,6 1910,3 -0,4 -0,02 937 0,0108 0,0118 0,0171 0,0168 0,0361 0,0119 0,0418 0,0224 0,67 0,0243 0,87 0,1129 0,0026 0,0039 0,0042 0,0078 0,0253 0,0014 0,0057 0,0046
Tyramine, 3-methoxy- C9H13NO2 C05587 554-52-9 A204002-101 68595-86-8 3 0 major 1 174|368|209|86|100 174 5933 100 2039,6 2037,1 2,6 0,13 917 0,0384 0,0588 0,0473 0,0459 0,2875 0,1412 0,4704 0,2679 1,07 0,9671 0,67 0,0110 0,0037 0,0251 0,0039 0,0096 0,0225 0,0197 0,0503 0,0557
Tyramine, 3-methoxy- C9H13NO2 C05587 554-52-9 A204002-101 68595-86-8 3 0 major 1 174|368|209|86|100 368 242 55 2038,5 2037,0 2,6 0,13 917 0,0011 0,0066 0,0031 0,0115 0,0062 0,64 0,0098 0,0008 0,0007 0,0018 0,0014
Tyramine, 3-methoxy- C9H13NO2 C05587 554-52-9 A204002-101 68595-86-8 3 0 major 1 174|368|209|86|100 280 78 48 2038,5 2037,0 2,6 0,13 917 0,0019 0,0008 0,0040 0,0018 0,55 0,0080 0,0003 0,0003 0,0010 0,0004
Dopamine C8H11NO2 C03758 51-61-6 A208001-101 55606-74-1 4 0 major 1 174|426|338|86|100 100 461 67 2075,9 2073,1 -2,8 -0,13 manual 0,0076 0,0052 0,0079 0,0095 0,0230 0,0161 1,45 0,50 0,0000 0,0016 0,0015 0,0026 0,0051 0,0034
Dopamine C8H11NO2 C03758 51-61-6 A208001-101 55606-74-1 4 0 major 1 174|426|338|86|100 174 163 64 2075,9 2073,2 -2,7 -0,13 manual 0,0007 0,0020 0,0039 0,0024 0,0087 0,0055 0,38 0,53 0,0002 0,0005 0,0002 0,0005 0,0018 0,0016
Octopamine C8H11NO2 104-14-3 A203001-101 4 0 major 1 174|426|267|237|251 174 2137 82 2018,3 2020,1 1,8 0,09 916 0,0003 0,0014 0,0025 0,0017 0,0596 0,0516 0,1390 0,1025 0,34 0,0157 0,50 0,0000 0,0002 0,0014 0,0005 0,0079 0,0093 0,0422 0,0239
Octopamine C8H11NO2 104-14-3 A203001-101 4 0 major 1 174|426|267|237|251 267 140 52 2018,3 2020,0 1,7 0,08 916 0,0026 0,0020 0,0060 0,0039 0,52 0,0003 0,0007 0,0004 0,0020 0,0011
Octopamine C8H11NO2 104-14-3 A203001-101 4 0 major 1 174|426|267|237|251 193 59 58 2018,3 2020,0 1,7 0,08 916 0,0002 0,0001 0,0009 0,0008 0,0038 0,0017 2,43 0,37 0,0003 0,0005 0,0002 0,0009 0,0005
Nicotine C10H14N2 54-11-5 A139002-101 0 0 non-derivatized 84|133|161|162|92 84 204472 100 1369,2 1369,4 0,3 0,02 970 12,4434 5,9209 45,0863 8,2222 4,3363 1,4402 16,6314 3,5594 0,37 0,0944 0,39 0,0190 4,6162 1,7035 14,2123 4,5625 1,7111 0,4584 2,1544 1,2066
Nicotine C10H14N2 54-11-5 A139002-101 0 0 non-derivatized 84|133|161|162|92 133 48935 100 1369,2 1369,3 0,1 0,01 970 2,7887 1,3884 10,4238 1,8690 1,0049 0,3363 4,0254 0,8462 0,36 0,0920 0,37 0,0176 1,1086 0,4023 3,6812 0,9942 0,3799 0,1074 0,4990 0,3043
Nicotine C10H14N2 54-11-5 A139002-101 0 0 non-derivatized 84|133|161|162|92 162 17796 100 1369,2 1369,4 0,2 0,02 970 1,0231 0,5041 3,7807 0,6808 0,3646 0,1209 1,4657 0,3087 0,37 0,0944 0,37 0,0173 0,3832 0,1464 1,3654 0,3635 0,1379 0,0393 0,1837 0,1118
Nicotianamine C12H21N3O6C05324 34441-14-0 A259003-101 4 0 major 1 186|218|246|345|232 186 482 45 2583,7 2581,5 -2,2 -0,08 862 0,0011 0,0119 0,0196 0,0034 0,0013 1,08 0,0014 0,0014 0,0047 0,0163 0,0013
Nicotianamine C12H21N3O6C05324 34441-14-0 A259003-101 4 0 major 1 186|218|246|345|232 218 147 39 2583,7 2581,5 -2,2 -0,08 862 0,0017 0,0034 0,0050 0,0014 0,71 0,0672 0,0015 0,0014 0,0039 0,0001
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Phenylpropanoids and Phenolic Compounds
Benzoic acid** C7H6O2 C00180 65-85-0 A128003-101 2078-12-8 1 0 single 1 179|105|135|77|194 105 2748 100 1251,2 1253,9 2,7 0,22 manual 0,2170 0,2114 0,1835 0,1186 0,0811 0,0592 0,0712 0,0626 1,46 0,1103 1,09 0,7162 0,0876 0,1294 0,0099 0,0334 0,0195 0,0034 0,0147 0,0085
Benzoic acid** C7H6O2 C00180 65-85-0 A128003-101 2078-12-8 1 0 single 1 179|105|135|77|194 135 2080 100 1251,2 1254,1 2,9 0,23 manual 0,1720 0,2191 0,1513 0,0849 0,0548 0,0400 0,0477 0,0422 1,75 0,1591 1,09 0,6704 0,0689 0,2387 0,0070 0,0241 0,0127 0,0021 0,0110 0,0060
Benzoic acid** C7H6O2 C00180 65-85-0 A128003-101 2078-12-8 1 0 single 1 179|105|135|77|194 179 1779 100 1251,2 1253,6 2,4 0,19 manual 0,1547 0,1058 0,1249 0,0661 0,0588 0,0395 0,0480 0,0419 1,40 0,0899 1,14 0,5601 0,0659 0,0227 0,0071 0,0259 0,0151 0,0030 0,0103 0,0067
Salicylic acid C7H6O3 C00805 69-72-7 A152003-101 3789-85-3 2 0 single 1 267|209|91|249|135 135 207 100 1507,0 1509,5 2,5 0,17 699 0,0236 0,0113 0,0183 0,0139 0,0046 0,0031 0,0067 0,0042 1,06 0,7959 0,80 0,1139 0,0126 0,0049 0,0068 0,0039 0,0023 0,0008 0,0018 0,0012
Salicylic acid C7H6O3 C00805 69-72-7 A152003-101 3789-85-3 2 0 single 1 267|209|91|249|135 267 151 100 1507,0 1507,9 0,9 0,06 699 0,0143 0,0098 0,0126 0,0120 0,0039 0,0025 0,0042 0,0024 0,96 0,8486 1,12 0,9674 0,0048 0,0037 0,0036 0,0103 0,0009 0,0008 0,0004 0,0005
Salicylic acid C7H6O3 C00805 69-72-7 A152003-101 3789-85-3 2 0 single 1 267|209|91|249|135 91 142 100 1507,0 1508,6 1,6 0,10 699 0,0141 0,0055 0,0147 0,0097 0,0039 0,0032 0,0038 0,0029 0,79 0,3034 1,19 0,7480 0,0073 0,0020 0,0025 0,0065 0,0016 0,0014 0,0011 0,0008
Benzoic acid, 3-hydroxy- C7H6O3 C00587 99-06-9 A158007-101 3782-84-1 2 0 major 1 267|282|223|193|91 267 794 100 1561,1 1566,2 5,1 0,33 manual 0,0980 0,0786 0,0810 0,0792 0,0088 0,0075 0,0048 0,0090 1,09 0,4782 1,04 0,5078 0,0449 0,0221 0,0471 0,0691 0,0044 0,0025 0,0030 0,0049
Benzoic acid, 3-hydroxy- C7H6O3 C00587 99-06-9 A158007-101 3782-84-1 2 0 major 1 267|282|223|193|91 223 620 100 1561,1 1566,2 5,1 0,33 manual 0,0720 0,0576 0,0602 0,0598 0,0066 0,0056 0,0044 0,0061 1,07 0,5274 1,05 0,6458 0,0328 0,0167 0,0354 0,0526 0,0036 0,0018 0,0022 0,0034
Benzoic acid, 3-hydroxy- C7H6O3 C00587 99-06-9 A158007-101 3782-84-1 2 0 major 1 267|282|223|193|91 282 248 100 1561,1 1566,2 5,2 0,33 manual 0,0295 0,0240 0,0239 0,0236 0,0022 0,0019 0,0016 0,0026 1,12 0,4216 0,85 0,6154 0,0135 0,0067 0,0144 0,0207 0,0015 0,0007 0,0007 0,0014
Benzoic acid, 4-hydroxy- C7H6O3 C00156 99-96-7 A164003-101 2078-13-9 2 0 single 1 267|223|282|193|126 267 552 100 1630,6 1630,6 0,0 0,00 859 0,0459 0,0533 0,0455 0,0265 0,0093 0,0156 0,0176 0,0072 1,44 0,1396 1,24 0,7450 0,0147 0,0321 0,0149 0,0052 0,0025 0,0186 0,0164 0,0019
Benzoic acid, 4-hydroxy- C7H6O3 C00156 99-96-7 A164003-101 2078-13-9 2 0 single 1 267|223|282|193|126 223 477 100 1630,6 1630,7 0,1 0,01 859 0,0492 0,0460 0,0462 0,0264 0,0114 0,0081 0,0118 0,0071 1,36 0,1334 1,14 0,4160 0,0179 0,0180 0,0167 0,0076 0,0037 0,0032 0,0112 0,0023
Benzoic acid, 4-hydroxy- C7H6O3 C00156 99-96-7 A164003-101 2078-13-9 2 0 single 1 267|223|282|193|126 282 89 97 1630,6 1630,7 0,1 0,01 859 0,0085 0,0074 0,0088 0,0040 0,0019 0,0016 0,0030 0,0011 1,30 0,1913 0,99 0,8380 0,0036 0,0024 0,0035 0,0010 0,0006 0,0016 0,0040 0,0005
Cinnamic acid, 4-hydroxy-, trans- C9H8O3 C00811 501-98-4 A195001-101 10517-30-3 2 0 single 1 249|293|308|219|179 219 140 94 1940,6 1942,0 1,4 0,07 889 0,0074 0,0057 0,0100 0,0051 0,0063 0,0022 0,0070 0,0025 0,90 0,7027 1,03 0,7474 0,0032 0,0009 0,0036 0,0007 0,0045 0,0018 0,0056 0,0017
Cinnamic acid, 4-hydroxy-, trans- C9H8O3 C00811 501-98-4 A195001-101 10517-30-3 2 0 single 1 249|293|308|219|179 293 106 82 1940,6 1942,0 1,4 0,07 889 0,0058 0,0034 0,0055 0,0024 0,0053 0,0019 0,0051 0,0023 1,26 0,2666 1,32 0,7412 0,0027 0,0002 0,0008 0,0008 0,0039 0,0011 0,0027 0,0006
Cinnamic acid, 4-hydroxy-, trans- C9H8O3 C00811 501-98-4 A195001-101 10517-30-3 2 0 single 1 249|293|308|219|179 308 78 73 1940,6 1942,0 1,4 0,07 889 0,0038 0,0027 0,0037 0,0021 0,0045 0,0015 0,0029 0,0021 1,26 0,5184 1,60 0,8834 0,0027 0,0006 0,0015 0,0005 0,0028 0,0009 0,0017 0,0003
Caffeic acid, cis- C9H8O4 A199001-101 3 0 single 1 219|396|381|191|249 219 547 79 1976,2 1976,8 0,6 0,03 839 0,0565 0,0497 0,0576 0,0320 0,0029 0,0016 0,0036 1,23 0,2787 0,96 0,2005 0,0224 0,0140 0,0218 0,0091 0,0006 0,0007 0,0001
Caffeic acid, cis- C9H8O4 A199001-101 3 0 single 1 219|396|381|191|249 396 158 48 1976,2 1976,7 0,5 0,03 839 0,0111 0,0100 0,0117 0,0059 1,25 0,2580 0,0048 0,0030 0,0045 0,0022
Caffeic acid, cis- C9H8O4 A199001-101 3 0 single 1 219|396|381|191|249 381 50 42 1976,2 1976,8 0,5 0,03 839 0,0039 0,0030 0,0049 0,0017 1,21 0,3129 0,0015 0,0014 0,0017 0,0008
Caffeic acid, trans- C9H8O4 C01481 331-39-5 A214001-101 10586-03-5 3 0 single 1 396|381|219|307|205 219 3748 100 2133,2 2134,0 0,8 0,04 935 0,5075 0,4293 0,4339 0,2458 0,0277 0,0184 0,0343 0,0249 1,42 0,0957 0,83 0,1165 0,2101 0,1178 0,2514 0,0602 0,0068 0,0044 0,0108 0,0050
Caffeic acid, trans- C9H8O4 C01481 331-39-5 A214001-101 10586-03-5 3 0 single 1 396|381|219|307|205 396 709 100 2133,2 2134,0 0,8 0,04 935 0,0955 0,0809 0,0810 0,0459 0,0054 0,0035 0,0072 0,0048 1,43 0,0935 0,82 0,0751 0,0405 0,0219 0,0480 0,0116 0,0012 0,0007 0,0024 0,0007
Caffeic acid, trans- C9H8O4 C01481 331-39-5 A214001-101 10586-03-5 3 0 single 1 396|381|219|307|205 307 149 94 2133,2 2134,0 0,8 0,04 935 0,0203 0,0164 0,0160 0,0092 0,0011 0,0005 0,0015 0,0010 1,50 0,0816 0,77 0,1674 0,0091 0,0044 0,0088 0,0026 0,0003 0,0004 0,0001 0,0004
Ferulic acid, trans- C10H10O4 537-98-4 A210001-101 10517-09-6 2 0 single 1 338|249|323|293|308 338 86 91 2093,1 2095,9 2,8 0,13 807 0,0016 0,0023 0,0038 0,0011 0,0048 0,0025 0,0049 0,0025 0,95 0,8955 1,17 0,8973 0,0008 0,0017 0,0000 0,0005 0,0017 0,0008 0,0012 0,0010
Ferulic acid, trans- C10H10O4 537-98-4 A210001-101 10517-09-6 2 0 single 1 338|249|323|293|308 249 77 82 2093,1 2095,9 2,8 0,14 807 0,0016 0,0028 0,0027 0,0006 0,0040 0,0021 0,0039 0,0025 1,36 0,2619 1,04 0,5862 0,0007 0,0005 0,0012 0,0005 0,0016 0,0006 0,0010 0,0008
Ferulic acid, trans- C10H10O4 537-98-4 A210001-101 10517-09-6 2 0 single 1 338|249|323|293|308 308 74 85 2093,1 2095,9 2,8 0,13 807 0,0015 0,0028 0,0049 0,0003 0,0039 0,0020 0,0042 0,0021 0,89 0,2465 1,10 0,9949 0,0003 0,0007 0,0024 0,0004 0,0015 0,0006 0,0012 0,0010
Scopoletine C10H8O4 92-61-5 not  assigned 1 0 single 1 234|264|206|249|176 206 90 42 2067,0 2060,0 7,0 0,34 702 0,0005 0,0017 0,0003 0,0022 0,0012 0,0055 0,0031 4,49 0,46 0,0017 0,0018 0,0012 0,0004 0,0022 0,0008
Scopoletine C10H8O4 92-61-5 not  assigned 1 0 single 1 234|264|206|249|176 234 200 67 2067,0 2060,0 7,0 0,34 702 0,0026 0,0046 0,0021 0,0049 0,0032 0,0115 0,0069 1,96 0,2430 0,51 0,0009 0,0022 0,0021 0,0019 0,0006 0,0039 0,0018
Scopoletine C10H8O4 92-61-5 not  assigned 1 0 single 1 234|264|206|249|176 264 74 39 2067,0 2060,0 7,0 0,34 702 0,0013 0,0015 0,0000 0,0018 0,0010 0,0043 0,0024 45,10 0,49 0,0022 0,0011 0,0009 0,0002 0,0017 0,0006
Quinic acid, 3-caffeoyl-, cis- C16H18O9 A299001-101 6 0 single 1 345|255|397|324|219 255 9096 100 2975,1 2971,5 -3,6 -0,12 937 0,5670 0,6494 0,8408 0,5602 0,2018 0,0788 0,2736 0,1655 0,90 0,4633 0,75 0,0328 0,1026 0,3289 0,2857 0,0558 0,0797 0,0202 0,0698 0,0292
Quinic acid, 3-caffeoyl-, cis- C16H18O9 A299001-101 6 0 single 1 345|255|397|324|219 345 7973 100 2975,1 2971,5 -3,6 -0,12 937 0,4959 0,5695 0,7380 0,4898 0,1776 0,0688 0,2414 0,1452 0,90 0,4657 0,75 0,0324 0,0919 0,2879 0,2527 0,0479 0,0705 0,0174 0,0615 0,0253
Quinic acid, 3-caffeoyl-, cis- C16H18O9 A299001-101 6 0 single 1 345|255|397|324|219 307 5281 100 2975,1 2971,5 -3,6 -0,12 937 0,3271 0,3781 0,4898 0,3256 0,1172 0,0452 0,1598 0,0959 0,90 0,4533 0,75 0,0322 0,0630 0,1922 0,1668 0,0326 0,0477 0,0114 0,0413 0,0172
Quinic acid, 4-caffeoyl-, cis- C16H18O9 A301001-101 6 0 single 1 307|489|324|255|219 307 6727 100 2994,2 2991,4 -2,8 -0,09 745 0,6655 0,7335 0,9030 0,6771 0,0074 0,0040 0,0066 0,0052 0,91 0,4835 1,03 0,5975 0,1166 0,3271 0,3334 0,0885 0,0016 0,0009 0,0012 0,0012
Quinic acid, 4-caffeoyl-, cis- C16H18O9 A301001-101 6 0 single 1 307|489|324|255|219 324 1655 97 2994,2 2991,5 -2,7 -0,09 745 0,1548 0,1748 0,2128 0,1650 0,0016 0,0006 0,0010 0,0013 0,89 0,4239 0,96 0,4427 0,0302 0,0798 0,0815 0,0232 0,0008 0,0003 0,0004 0,0004
Quinic acid, 4-caffeoyl-, cis- C16H18O9 A301001-101 6 0 single 1 307|489|324|255|219 489 494 52 2994,2 2991,5 -2,6 -0,09 745 0,0255 0,0290 0,0345 0,0273 0,0003 0,90 0,4638 0,0055 0,0130 0,0132 0,0042
Quinic acid, 3-caffeoyl-, trans- C16H18O9 C00852 327-97-9 A311001-101 6 0 single 1 345|255|397|324|219 255 37213 100 3101,6 3095,7 -5,9 -0,19 939 1,6640 1,7222 4,0401 2,0967 1,0321 0,2932 2,0668 0,7590 0,58 0,0333 0,60 0,0241 0,7047 1,0892 1,7950 0,2133 0,4818 0,1055 0,0994 0,1808
Quinic acid, 3-caffeoyl-, trans- C16H18O9 C00852 327-97-9 A311001-101 6 0 single 1 345|255|397|324|219 345 32532 100 3101,6 3095,8 -5,8 -0,19 939 1,4666 1,5153 3,5344 1,8259 0,9087 0,2605 1,7770 0,6699 0,58 0,0349 0,60 0,0245 0,6149 0,9465 1,5465 0,1748 0,4169 0,0937 0,0866 0,1564
Quinic acid, 3-caffeoyl-, trans- C16H18O9 C00852 327-97-9 A311001-101 6 0 single 1 345|255|397|324|219 307 20263 100 3101,6 3095,8 -5,8 -0,19 939 0,9166 0,9474 2,1913 1,1346 0,5672 0,1638 1,1030 0,4182 0,59 0,0359 0,61 0,0248 0,3750 0,5908 0,9553 0,1011 0,2577 0,0579 0,0531 0,0975
Quinic acid, 4-caffeoyl-, trans- C16H18O9 A317001-101 6 0 single 1 307|489|324|255|219 307 17748 100 3155,2 3152,9 -2,4 -0,08 956 1,4725 1,4086 3,3124 1,8831 0,0277 0,0121 0,0383 0,0160 0,58 0,0259 0,87 0,3126 0,6166 0,7912 1,6609 0,1951 0,0058 0,0031 0,0024 0,0036
Quinic acid, 4-caffeoyl-, trans- C16H18O9 A317001-101 6 0 single 1 307|489|324|255|219 324 4384 100 3155,2 3152,9 -2,4 -0,08 956 0,3543 0,3440 0,8200 0,4712 0,0067 0,0029 0,0088 0,0037 0,56 0,0226 0,90 0,4570 0,1582 0,1984 0,4220 0,0524 0,0014 0,0007 0,0004 0,0014
Quinic acid, 4-caffeoyl-, trans- C16H18O9 A317001-101 6 0 single 1 307|489|324|255|219 489 849 97 3155,2 3153,1 -2,1 -0,07 956 0,0652 0,0633 0,1548 0,0893 0,0014 0,0006 0,0017 0,0008 0,55 0,0194 0,81 0,5300 0,0303 0,0368 0,0826 0,0105 0,0003 0,0003 0,0005 0,0007
Quinic acid, 5-caffeoyl-, trans- C16H18O9 C03908 A319001-101 6 0 single 1 307|447|345|255|219 307 16502 100 3177,6 3175,2 -2,4 -0,08 942 1,4706 1,2607 3,2568 1,7233 0,0038 0,0023 0,0038 0,0021 0,57 0,0213 1,14 0,5468 0,6811 0,6271 1,4170 0,2158 0,0006 0,0008 0,0010 0,0008
Quinic acid, 5-caffeoyl-, trans- C16H18O9 C03908 A319001-101 6 0 single 1 307|447|345|255|219 345 7099 100 3177,6 3175,5 -2,1 -0,07 942 0,6327 0,5371 1,4079 0,7437 0,0013 0,0009 0,0015 0,0008 0,56 0,0201 1,16 0,4263 0,2955 0,2648 0,6166 0,0976 0,0006 0,0005 0,0006 0,0007
Quinic acid, 5-caffeoyl-, trans- C16H18O9 C03908 A319001-101 6 0 single 1 307|447|345|255|219 255 6954 100 3177,6 3175,5 -2,0 -0,06 942 0,6190 0,5250 1,3771 0,7283 0,0012 0,0009 0,0027 0,0007 0,56 0,0202 0,77 0,7638 0,2915 0,2599 0,6059 0,0957 0,0006 0,0005 0,0023 0,0006
Phosphates
Phosphoric acid H3O4P C00009 7664-38-2 A129001-101 10497-05-9 3 0 single 1 314|299|211|283|225 299 63328 100 1264,1 1263,9 -0,2 -0,01 982 4,0802 5,1540 2,2249 2,7328 3,0015 2,0674 1,3469 1,2256 1,86 0,0035 1,80 0,0002 1,9757 1,4520 0,1623 0,7282 1,1627 0,3808 0,0279 0,1902
Phosphoric acid H3O4P C00009 7664-38-2 A129001-101 10497-05-9 3 0 single 1 314|299|211|283|225 211 12663 100 1264,1 1263,9 -0,2 -0,01 982 0,8104 1,0362 0,4358 0,5447 0,6068 0,4159 0,2656 0,2420 1,88 0,0040 1,83 0,0002 0,4059 0,3028 0,0311 0,1477 0,2490 0,0797 0,0073 0,0384
Phosphoric acid H3O4P C00009 7664-38-2 A129001-101 10497-05-9 3 0 single 1 314|299|211|283|225 314 10029 100 1264,1 1263,9 -0,2 -0,01 982 0,6380 0,8198 0,3376 0,4317 0,4830 0,3313 0,2098 0,1917 1,89 0,0038 1,84 0,0002 0,3181 0,2391 0,0226 0,1211 0,1979 0,0642 0,0050 0,0316
Glyceric acid-3-phosphate C3H7O7P C00197 820-11-1 A181003-101 31038-13-8 4 0 single 1 387|299|459|357|217 357 76 27 1790,2 1791,7 1,5 0,08 824 0,0054 0,0027 0,0026 0,0015 1,96 0,2231 1,48 0,0028 0,0007 0,0002 0,0000
Glyceric acid-3-phosphate C3H7O7P C00197 820-11-1 A181003-101 31038-13-8 4 0 single 1 387|299|459|357|217 299 74 58 1790,2 1791,6 1,4 0,08 824 0,0063 0,0031 0,0036 0,0013 0,0002 2,04 0,6214 2,55 0,0288 0,0075 0,0026 0,0029 0,0011 0,0001
Glyceric acid-3-phosphate C3H7O7P C00197 820-11-1 A181003-101 31038-13-8 4 0 single 1 387|299|459|357|217 227 61 52 1790,2 1791,7 1,5 0,08 824 0,0062 0,0036 0,0019 0,0010 0,0005 0,0003 1,70 0,9068 1,81 0,2033 0,0068 0,0006 0,0017 0,0008 0,0002 0,0004
Glycerol-3-phosphate C3H9O6P C00093 29849-82-9 A177002-101 31038-11-6 4 0 single 1 357|445|299|315|211 299 345 100 1748,5 1748,2 -0,3 -0,02 726 0,0089 0,0084 0,0072 0,0066 0,0160 0,0200 0,0077 0,0079 1,25 0,1353 1,97 0,0000 0,0032 0,0018 0,0020 0,0016 0,0031 0,0020 0,0012 0,0021
Glycerol-3-phosphate C3H9O6P C00093 29849-82-9 A177002-101 31038-11-6 4 0 single 1 357|445|299|315|211 357 222 100 1748,5 1748,2 -0,3 -0,02 726 0,0051 0,0048 0,0040 0,0037 0,0100 0,0133 0,0051 0,0047 1,30 0,1164 2,05 0,0000 0,0018 0,0013 0,0013 0,0011 0,0019 0,0022 0,0008 0,0013
Glycerol-3-phosphate C3H9O6P C00093 29849-82-9 A177002-101 31038-11-6 4 0 single 1 357|445|299|315|211 211 151 100 1748,5 1748,2 -0,3 -0,02 726 0,0036 0,0033 0,0029 0,0028 0,0068 0,0092 0,0035 0,0035 1,20 0,2396 2,01 0,0000 0,0013 0,0007 0,0019 0,0007 0,0010 0,0018 0,0007 0,0011
Mannose-6-phosphate C6H13O9P C00275 A231001-101 55530-76-2 6 1 major 1 160|471|387|357|299 387 209 100 2292,9 2292,4 -0,5 -0,02 824 0,0161 0,0168 0,0084 0,0071 0,0065 0,0084 0,0021 0,0036 2,14 0,0121 1,86 0,0002 0,0075 0,0118 0,0009 0,0019 0,0035 0,0017 0,0003 0,0005
Mannose-6-phosphate C6H13O9P C00275 A231001-101 55530-76-2 6 1 major 1 160|471|387|357|299 160 139 100 2292,9 2292,4 -0,5 -0,02 824 0,0112 0,0123 0,0069 0,0049 0,0044 0,0056 0,0012 0,0025 2,05 0,0293 1,95 0,0004 0,0055 0,0097 0,0003 0,0013 0,0023 0,0009 0,0003 0,0004
Mannose-6-phosphate C6H13O9P C00275 A231001-101 55530-76-2 6 1 major 1 160|471|387|357|299 357 58 100 2292,9 2292,4 -0,5 -0,02 824 0,0044 0,0051 0,0023 0,0022 0,0018 0,0024 0,0004 0,0011 2,13 0,0190 1,91 0,0094 0,0018 0,0040 0,0005 0,0004 0,0009 0,0005 0,0003 0,0002
Fructose-6-phosphate C6H13O9P C00085 643-13-0 A232002-101 55530-74-0 6 1 major 1 459|315|357|217| 315 300 100 2292,8 2289,9 -2,9 -0,13 843 0,0174 0,0177 0,0095 0,0080 0,0109 0,0130 0,0048 0,0051 2,04 0,0007 1,79 0,0000 0,0059 0,0054 0,0029 0,0028 0,0051 0,0029 0,0006 0,0015
Fructose-6-phosphate C6H13O9P C00085 643-13-0 A232002-101 55530-74-0 6 1 major 1 459|315|357|217| 299 128 91 2292,8 2289,9 -2,9 -0,13 843 0,0034 0,0074 0,0026 0,0034 0,0048 0,0053 0,0028 0,0027 1,93 0,1885 1,40 0,0062 0,0025 0,0023 0,0016 0,0013 0,0026 0,0015 0,0005 0,0004
Fructose-6-phosphate C6H13O9P C00085 643-13-0 A232002-101 55530-74-0 6 1 major 1 459|315|357|217| 211 57 73 2292,8 2289,8 -2,9 -0,13 843 0,0019 0,0031 0,0016 0,0012 0,0020 0,0021 0,0009 2,13 0,0146 1,49 0,0034 0,0010 0,0011 0,0005 0,0010 0,0005 0,0002
Glucose-6-phosphate C6H13O9P C00092 56-73-5 A233002-101 55530-73-9 6 1 major 1 160|387|299|471|357 387 507 100 2307,1 2304,3 -2,8 -0,12 911 0,0323 0,0321 0,0224 0,0142 0,0167 0,0216 0,0047 0,0083 1,82 0,0013 1,94 0,0002 0,0056 0,0100 0,0050 0,0042 0,0099 0,0055 0,0007 0,0019
Glucose-6-phosphate C6H13O9P C00092 56-73-5 A233002-101 55530-73-9 6 1 major 1 160|387|299|471|357 299 464 100 2307,1 2304,3 -2,8 -0,12 911 0,0295 0,0287 0,0198 0,0128 0,0159 0,0201 0,0043 0,0073 1,84 0,0012 2,02 0,0001 0,0058 0,0088 0,0045 0,0041 0,0097 0,0051 0,0006 0,0017
Glucose-6-phosphate C6H13O9P C00092 56-73-5 A233002-101 55530-73-9 6 1 major 1 160|387|299|471|357 160 386 100 2307,1 2304,3 -2,8 -0,12 911 0,0246 0,0248 0,0179 0,0112 0,0127 0,0161 0,0035 0,0063 1,76 0,0022 1,93 0,0001 0,0053 0,0074 0,0041 0,0033 0,0069 0,0040 0,0006 0,0014
Polyhydroxy Acids
Glyceric acid C3H6O4 C00258 473-81-4 A135003-101 38191-87-6 3 0 single 1 292|189|307|205|133 189 48543 100 1321,7 1320,8 -0,9 -0,07 988 6,5217 4,4707 13,6913 3,8185 0,0837 0,0583 0,1590 0,0645 0,67 0,3294 0,73 0,1665 4,2079 2,6973 5,5061 0,7981 0,0201 0,0096 0,0165 0,0148
Glyceric acid C3H6O4 C00258 473-81-4 A135003-101 38191-87-6 3 0 single 1 292|189|307|205|133 292 15698 100 1321,7 1320,7 -0,9 -0,07 988 2,1354 1,4539 4,3746 1,2467 0,0262 0,0179 0,0489 0,0196 0,68 0,3321 0,74 0,1933 1,3910 0,8734 1,6452 0,2574 0,0064 0,0029 0,0063 0,0045
Glyceric acid C3H6O4 C00258 473-81-4 A135003-101 38191-87-6 3 0 single 1 292|189|307|205|133 307 3557 100 1321,7 1320,7 -1,0 -0,07 988 0,4491 0,3187 1,0008 0,2742 0,0056 0,0038 0,0100 0,0041 0,64 0,2879 0,78 0,2472 0,2847 0,2022 0,4051 0,0571 0,0015 0,0004 0,0015 0,0009
Erythronic acid C4H8O5 15667-21-7 A154001-101 4 0 single 1 292|220|117|319|205 292 1154 100 1529,4 1528,2 -1,3 -0,08 916 0,0927 0,1370 0,1883 0,0508 0,0143 0,0102 0,0250 0,0106 1,07 0,8837 0,78 0,2498 0,0161 0,1497 0,0549 0,0064 0,0026 0,0019 0,0031 0,0015
Erythronic acid C4H8O5 15667-21-7 A154001-101 4 0 single 1 292|220|117|319|205 220 943 100 1529,4 1528,2 -1,3 -0,08 916 0,0754 0,1113 0,1531 0,0412 0,0120 0,0085 0,0207 0,0088 1,07 0,8912 0,79 0,2611 0,0132 0,1232 0,0455 0,0056 0,0024 0,0012 0,0024 0,0011
Erythronic acid C4H8O5 15667-21-7 A154001-101 4 0 single 1 292|220|117|319|205 205 821 100 1529,4 1528,2 -1,3 -0,08 916 0,0653 0,0962 0,1345 0,0354 0,0105 0,0074 0,0182 0,0078 1,06 0,9004 0,79 0,2187 0,0123 0,1058 0,0405 0,0047 0,0020 0,0011 0,0022 0,0009
Threonic acid C4H8O5 C01620 7306-96-9 A156001-101 38191-88-7 4 0 single 1 292|220|205|117|319 292 114087 100 1546,4 1546,3 -0,2 -0,01 969 10,8903 9,6761 16,4213 5,0508 2,3312 0,6430 6,7009 0,9690 1,03 0,7802 0,53 0,2610 2,2291 6,2880 3,0348 1,2168 1,3000 0,2828 0,2579 0,5681
Threonic acid C4H8O5 C01620 7306-96-9 A156001-101 38191-88-7 4 0 single 1 292|220|205|117|319 220 95477 100 1546,4 1546,4 -0,1 0,00 969 9,3363 8,3704 14,2383 4,3540 1,9703 0,5317 5,8671 0,8073 1,02 0,8020 0,52 0,2597 1,8689 5,5552 2,7103 1,1037 1,1232 0,2336 0,2218 0,4841
Threonic acid C4H8O5 C01620 7306-96-9 A156001-101 38191-88-7 4 0 single 1 292|220|205|117|319 205 81194 100 1546,4 1546,4 -0,1 0,00 969 7,5474 6,7220 11,3471 3,5042 1,6215 0,4595 4,5435 0,6799 1,03 0,7711 0,54 0,2667 1,5635 4,3458 2,1002 0,8295 0,8907 0,1967 0,1655 0,3890
Ribonic acid C5H10O6 C01685 A177001-101 5 0 single 1 292|333|307|217|103 292 1121 100 1750,5 1748,2 -2,3 -0,13 968 0,0346 0,0455 0,0617 0,0400 0,0424 0,0417 0,0453 0,0335 0,82 0,2241 1,06 0,2012 0,0071 0,0134 0,0180 0,0041 0,0055 0,0068 0,0030 0,0052
Ribonic acid C5H10O6 C01685 A177001-101 5 0 single 1 292|333|307|217|103 307 210 100 1750,5 1748,2 -2,4 -0,14 968 0,0061 0,0069 0,0105 0,0074 0,0071 0,0084 0,0073 0,0052 0,75 0,0326 1,30 0,2003 0,0014 0,0021 0,0012 0,0003 0,0010 0,0055 0,0008 0,0010
Ribonic acid C5H10O6 C01685 A177001-101 5 0 single 1 292|333|307|217|103 333 208 100 1750,5 1748,2 -2,3 -0,13 968 0,0050 0,0064 0,0106 0,0067 0,0072 0,0077 0,0084 0,0056 0,70 0,0422 1,12 0,2501 0,0020 0,0023 0,0015 0,0004 0,0014 0,0017 0,0008 0,0009
Glucuronic acid C6H10O7 C00191 1700-90-8 A193004-101 5 1 major 1 333|160|423|292|364 160 622 100 1918,5 1917,6 -0,9 -0,05 860 0,0304 0,0378 0,0672 0,0156 0,0128 0,0081 0,0322 0,0183 0,91 0,9693 0,47 0,0077 0,0084 0,0273 0,0237 0,0027 0,0014 0,0013 0,0027 0,0143
Glucuronic acid C6H10O7 C00191 1700-90-8 A193004-101 5 1 major 1 333|160|423|292|364 333 432 100 1918,5 1917,6 -0,9 -0,05 860 0,0195 0,0349 0,0420 0,0100 0,0091 0,0052 0,0216 0,0115 1,19 0,6676 0,49 0,0146 0,0051 0,0278 0,0134 0,0016 0,0006 0,0009 0,0010 0,0091
Galactaric acid C6H10O8 C01807 526-99-8 A204001-101 56272-61-8 6 0  333|292|373|423|305 333 777 55 2032,5 2028,2 -4,2 -0,21 907 0,0039 0,0287 0,0198 0,0194 0,0162 1,26 0,0355 0,0047 0,0052 0,0008 0,0041
Galactaric acid C6H10O8 C01807 526-99-8 A204001-101 56272-61-8 6 0  333|292|373|423|305 292 372 52 2032,5 2028,2 -4,2 -0,21 907 0,0129 0,0091 0,0090 0,0073 1,27 0,0301 0,0019 0,0023 0,0005 0,0018
Gulonic acid C6H12O7 A196001-101 6 0 single 1 333|292|423|433|319 292 230 100 1951,4 1947,0 -4,4 -0,23 856 0,0140 0,0127 0,0227 0,0129 0,0059 0,0040 0,0082 0,0039 0,78 0,6367 0,91 0,5848 0,0014 0,0057 0,0072 0,0088 0,0012 0,0004 0,0007 0,0003
Gulonic acid C6H12O7 A196001-101 6 0 single 1 333|292|423|433|319 333 230 100 1951,4 1947,0 -4,4 -0,23 856 0,0138 0,0122 0,0236 0,0125 0,0060 0,0040 0,0083 0,0040 0,75 0,5676 0,90 0,5260 0,0016 0,0057 0,0073 0,0085 0,0012 0,0004 0,0004 0,0004
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Gulonic acid C6H12O7 A196001-101 6 0 single 1 333|292|423|433|319 319 160 100 1951,4 1947,0 -4,4 -0,23 856 0,0100 0,0084 0,0166 0,0089 0,0040 0,0028 0,0057 0,0028 0,74 0,5585 0,89 0,4923 0,0011 0,0037 0,0051 0,0062 0,0008 0,0002 0,0002 0,0003
Galactonic acid C6H12O7 C00880 576-36-3 A199002-101 55400-16-3 6 0 single 1 333|292|319|305|157 292 2075 100 1984,7 1979,1 -5,6 -0,28 943 0,0854 0,0745 0,1447 0,0480 0,0628 0,0391 0,1743 0,0426 0,89 0,8688 0,58 0,1735 0,0237 0,0480 0,0489 0,0122 0,0153 0,0105 0,0094 0,0122
Galactonic acid C6H12O7 C00880 576-36-3 A199002-101 55400-16-3 6 0 single 1 333|292|319|305|157 305 798 100 1984,7 1979,1 -5,6 -0,28 943 0,0332 0,0290 0,0558 0,0183 0,0242 0,0148 0,0674 0,0162 0,90 0,9333 0,57 0,1700 0,0078 0,0185 0,0188 0,0047 0,0065 0,0043 0,0043 0,0044
Galactonic acid C6H12O7 C00880 576-36-3 A199002-101 55400-16-3 6 0 single 1 333|292|319|305|157 333 645 100 1984,7 1979,1 -5,6 -0,28 943 0,0270 0,0228 0,0488 0,0148 0,0216 0,0128 0,0511 0,0120 0,84 0,8592 0,66 0,4235 0,0054 0,0138 0,0193 0,0042 0,0053 0,0040 0,0041 0,0042
Gluconic acid C6H12O7 C00257 526-95-4 A200001-101 34290-52-3 6 0 single 1 333|292|319|305|157 333 230 79 1989,1 1984,4 -4,7 -0,23 manual 0,0003 0,0041 0,0028 0,0003 0,0082 0,0036 0,0186 0,0063 1,77 0,8148 0,57 0,0467 0,0037 0,0014 0,0016 0,0006 0,0015 0,0022
Gluconic acid C6H12O7 C00257 526-95-4 A200001-101 34290-52-3 6 0 single 1 333|292|319|305|157 305 188 61 1989,1 1984,4 -4,6 -0,23 manual 0,0011 0,0006 0,0046 0,0021 0,0129 0,0048 1,91 0,47 0,0094 0,0004 0,0020 0,0008 0,0042 0,0019
Gluconic acid C6H12O7 C00257 526-95-4 A200001-101 34290-52-3 6 0 single 1 333|292|319|305|157 319 159 61 1989,1 1984,4 -4,6 -0,23 manual 0,0012 0,0009 0,0040 0,0020 0,0112 0,0036 1,34 0,53 0,0899 0,0002 0,0022 0,0009 0,0061 0,0023
Polyols
Glycerol C3H8O3 C00116 56-81-5 A129003-101 1785-22-0 3 0 single 1 293|205|117|103| 205 6564 100 1265,3 1262,1 -3,2 -0,26 951 0,4253 0,3288 0,4154 0,2198 0,2147 0,1658 0,2761 0,1670 1,22 0,1823 0,94 0,6769 0,1284 0,0753 0,0646 0,0273 0,0148 0,0106 0,1299 0,0202
Glycerol C3H8O3 C00116 56-81-5 A129003-101 1785-22-0 3 0 single 1 293|205|117|103| 218 2167 100 1265,3 1262,1 -3,2 -0,25 951 0,1403 0,1079 0,1377 0,0727 0,0694 0,0539 0,0946 0,0555 1,22 0,1912 0,91 0,5257 0,0432 0,0235 0,0217 0,0081 0,0071 0,0045 0,0481 0,0073
Glycerol C3H8O3 C00116 56-81-5 A129003-101 1785-22-0 3 0 single 1 293|205|117|103| 293 128 100 1265,3 1262,1 -3,2 -0,25 951 0,0082 0,0063 0,0068 0,0043 0,0043 0,0032 0,0054 0,0035 1,34 0,0802 0,94 0,5353 0,0029 0,0018 0,0014 0,0006 0,0007 0,0004 0,0026 0,0006
Erythritol C4H10O4 C00503 149-32-6 A150002-101 25258-02-0 4 0 single 1 217|293|307|205|320 217 3159 94 1493,2 1491,0 -2,2 -0,15 947 0,2249 0,7682 0,1484 0,0979 0,0299 0,0456 0,0255 0,0160 4,41 0,0075 1,18 0,1297 0,0683 0,8141 0,0078 0,0210 0,0223 0,0303 0,0104 0,0074
Erythritol C4H10O4 C00503 149-32-6 A150002-101 25258-02-0 4 0 single 1 217|293|307|205|320 205 1714 97 1493,2 1491,0 -2,2 -0,15 947 0,1322 0,4204 0,1032 0,0568 0,0155 0,0243 0,0133 0,0052 3,81 0,0133 1,43 0,0679 0,0381 0,4331 0,0164 0,0047 0,0119 0,0159 0,0051 0,0030
Erythritol C4H10O4 C00503 149-32-6 A150002-101 25258-02-0 4 0 single 1 217|293|307|205|320 293 193 91 1493,2 1491,1 -2,2 -0,14 947 0,0131 0,0422 0,0098 0,0059 0,0010 0,0023 0,0014 0,0003 3,89 0,0202 1,26 0,0789 0,0052 0,0450 0,0007 0,0008 0,0010 0,0014 0,0009 0,0002
Inositol, myo- C6H12O6 C00137 87-89-8 A209002-101 2582-79-8 6 0 single 1 305|265|318|191|507 217 137464 100 2083,9 2078,3 -5,5 -0,27 971 15,3831 10,7143 30,1528 10,0405 0,6973 0,3589 1,6093 0,4573 0,69 0,2610 0,61 0,1411 5,6404 3,0113 4,9270 1,0479 0,1983 0,0642 0,2557 0,1089
Inositol, myo- C6H12O6 C00137 87-89-8 A209002-101 2582-79-8 6 0 single 1 305|265|318|191|507 305 69487 100 2083,9 2078,4 -5,5 -0,26 971 8,0610 5,7671 14,0530 4,9236 0,4195 0,2163 0,9427 0,2752 0,77 0,4664 0,62 0,1454 2,5561 1,5445 2,4941 0,5384 0,1181 0,0386 0,1459 0,0656
Inositol, myo- C6H12O6 C00137 87-89-8 A209002-101 2582-79-8 6 0 single 1 305|265|318|191|507 507 2119 100 2083,9 2078,4 -5,5 -0,26 971 0,2235 0,1396 0,5861 0,1489 0,0080 0,0041 0,0185 0,0049 0,53 0,1256 0,63 0,2107 0,1016 0,0403 0,1307 0,0272 0,0023 0,0006 0,0033 0,0012
Galactinol C12H22O11 C01235 A299002-101 9 0 single 1 204|191|433|305|169 204 28420 100 2973,0 2975,1 2,1 0,07 manual 1,0580 1,0446 0,9148 0,9940 1,0774 0,6229 1,0832 1,0029 1,09 0,4747 0,86 0,0333 0,1827 0,2894 0,1812 0,1290 0,1968 0,0447 0,0724 0,0957
Galactinol C12H22O11 C01235 A299002-101 9 0 single 1 204|191|433|305|169 305 700 100 2973,0 2975,1 2,1 0,07 manual 0,0250 0,0252 0,0216 0,0245 0,0267 0,0152 0,0271 0,0251 1,08 0,5381 0,85 0,0270 0,0029 0,0071 0,0029 0,0033 0,0050 0,0011 0,0018 0,0025
Galactinol C12H22O11 C01235 A299002-101 9 0 single 1 204|191|433|305|169 433 345 100 2973,0 2975,1 2,1 0,07 manual 0,0123 0,0131 0,0102 0,0123 0,0130 0,0075 0,0130 0,0124 1,12 0,4355 0,85 0,0256 0,0019 0,0041 0,0014 0,0016 0,0023 0,0005 0,0007 0,0012
Monosaccharides
Xylose C5H10O5 C00181 58-86-6 A165001-101 56196-07-7 4 1 minor 2 307|217|160|103|189 217 3327 100 1644,1 1642,7 -1,4 -0,08 manual 0,1353 0,1384 0,2166 0,1534 0,0788 0,0429 0,2118 0,0864 0,76 0,0605 0,49 0,0024 0,0346 0,0396 0,0747 0,0064 0,0309 0,0036 0,0311 0,0166
Xylose C5H10O5 C00181 58-86-6 A165001-101 56196-07-7 4 1 minor 2 307|217|160|103|189 307 763 100 1644,1 1642,7 -1,4 -0,08 manual 0,0396 0,0402 0,0605 0,0435 0,0133 0,0067 0,0514 0,0133 0,79 0,0961 0,40 0,0084 0,0094 0,0115 0,0212 0,0024 0,0060 0,0009 0,0104 0,0038
Arabinose C5H10O5 C00216 147-81-9 A167002-101 4 1 major 1 307|217|160|103|189 217 1368 100 1654,4 1649,6 -4,8 -0,29 899 0,0648 0,0642 0,1207 0,0671 0,0487 0,0193 0,0674 0,0275 0,72 0,0792 0,85 0,1416 0,0228 0,0172 0,0418 0,0070 0,0510 0,0064 0,0036 0,0036
Arabinose C5H10O5 C00216 147-81-9 A167002-101 4 1 major 1 307|217|160|103|189 307 348 100 1654,4 1649,6 -4,8 -0,29 899 0,0168 0,0155 0,0302 0,0136 0,0166 0,0039 0,0168 0,0069 0,78 0,4463 1,05 0,2421 0,0041 0,0052 0,0113 0,0047 0,0166 0,0011 0,0017 0,0006
Ribose C5H10O5 C08353 50-69-1 A168002-101 56196-08-8 4 1 major 1 307|217|160|103|189 217 3386 100 1666,9 1664,5 -2,3 -0,14 935 0,0770 0,1134 0,0946 0,1254 0,0949 0,0863 0,1918 0,1612 0,87 0,3738 0,55 0,0000 0,0037 0,0323 0,0154 0,0525 0,0190 0,0047 0,0250 0,0227
Ribose C5H10O5 C08353 50-69-1 A168002-101 56196-08-8 4 1 major 1 307|217|160|103|189 307 1093 100 1666,9 1664,5 -2,3 -0,14 935 0,0216 0,0328 0,0264 0,0379 0,0268 0,0254 0,0590 0,0486 0,84 0,3604 0,52 0,0000 0,0019 0,0103 0,0062 0,0166 0,0056 0,0014 0,0078 0,0070
Ribose C5H10O5 C08353 50-69-1 A168002-101 56196-08-8 4 1 major 1 307|217|160|103|189 160 742 100 1666,9 1664,5 -2,3 -0,14 935 0,0151 0,0223 0,0181 0,0251 0,0185 0,0170 0,0403 0,0329 0,86 0,3946 0,52 0,0000 0,0016 0,0068 0,0030 0,0110 0,0043 0,0010 0,0057 0,0053
Glucose, 1,6-anhydro C6H10O5 498-07-7 A172001-101 7449-14-1 3 0 major 1 204|217|333|243|317 204 4418 100 1699,3 1699,2 -0,1 0,00 946 0,0825 0,0673 0,0946 0,0529 0,1623 0,0739 0,4931 0,2281 1,05 0,6930 0,40 0,0004 0,0207 0,0170 0,0072 0,0075 0,0869 0,0200 0,1115 0,0568
Glucose, 1,6-anhydro C6H10O5 498-07-7 A172001-101 7449-14-1 3 0 major 1 204|217|333|243|317 217 3535 100 1699,3 1699,3 0,0 0,00 946 0,0637 0,0524 0,0725 0,0405 0,1250 0,0574 0,3945 0,1799 1,06 0,6425 0,39 0,0004 0,0166 0,0129 0,0043 0,0055 0,0722 0,0164 0,0900 0,0464
Glucose, 1,6-anhydro C6H10O5 498-07-7 A172001-101 7449-14-1 3 0 major 1 204|217|333|243|317 333 433 100 1699,3 1699,3 0,0 0,00 946 0,0083 0,0059 0,0088 0,0053 0,0144 0,0071 0,0492 0,0220 1,03 0,8344 0,37 0,0003 0,0025 0,0013 0,0019 0,0010 0,0083 0,0022 0,0111 0,0057
Rhamnose C6H12O5 C00507 3615-41-6 A172002-101 4 1 major 1 117|160|364|277|321 117 3502 100 1709,7 1704,7 -5,0 -0,29 836 0,1962 0,1235 0,2542 0,1561 0,0838 0,0571 0,1909 0,0877 0,79 0,1741 0,57 0,0066 0,0697 0,0212 0,0549 0,0439 0,0204 0,0148 0,0269 0,0107
Rhamnose C6H12O5 C00507 3615-41-6 A172002-101 4 1 major 1 117|160|364|277|321 160 499 100 1709,7 1704,7 -5,0 -0,29 836 0,0244 0,0190 0,0370 0,0221 0,0125 0,0079 0,0281 0,0122 0,75 0,0636 0,60 0,0100 0,0046 0,0029 0,0051 0,0042 0,0014 0,0018 0,0049 0,0018
Fucose C6H12O5 C01018 3615-37-0 A173002-101 56196-05-5 4 1 major 1 117|160|364|277|321 117 4333 88 1718,3 1713,3 -5,0 -0,29 903 0,1703 0,1997 0,2144 0,1907 0,1097 0,0917 0,2226 0,1678 0,93 0,3886 0,58 0,0000 0,0445 0,0287 0,0333 0,0289 0,0224 0,0114 0,0171
Fucose C6H12O5 C01018 3615-37-0 A173002-101 56196-05-5 4 1 major 1 117|160|364|277|321 160 498 88 1718,3 1713,3 -5,0 -0,29 903 0,0196 0,0213 0,0226 0,0209 0,0130 0,0104 0,0251 0,0189 0,95 0,5258 0,61 0,0000 0,0030 0,0029 0,0031 0,0040 0,0022 0,0009 0,0018
Fucose C6H12O5 C01018 3615-37-0 A175001-101 56196-05-5 4 1 major 1 117|160|364|277|321 117 3654 91 1731,3 1727,2 -4,1 -0,24 manual 0,3099 0,2677 0,6334 0,2570 0,0235 0,0234 0,0386 0,68 0,1447 0,65 0,0001 0,0600 0,0561 0,1572 0,0330 0,0024 0,0029 0,0067
Fucose C6H12O5 C01018 3615-37-0 A175001-101 56196-05-5 4 1 major 1 117|160|364|277|321 160 122 91 1731,3 1727,2 -4,1 -0,24 manual 0,0072 0,0078 0,0149 0,0071 0,0016 0,0016 0,0029 0,72 0,1117 0,62 0,0501 0,0017 0,0020 0,0013 0,0009 0,0010 0,0004 0,0006
Fucose C6H12O5 C01018 3615-37-0 A175001-101 56196-05-5 4 1 major 1 117|160|364|277|321 277 54 82 1731,3 1727,1 -4,3 -0,25 manual 0,0029 0,0032 0,0068 0,0025 0,0007 0,0009 0,0015 0,71 0,3005 0,53 0,0191 0,0009 0,0014 0,0004 0,0007 0,0003 0,0003 0,0003
Fructose C6H12O6 C00095 57-48-7 A187002-101 56196-14-6 5 1 major 1 307|217|277|364|335 217 138790 100 1856,2 1851,7 -4,6 -0,25 969 2,8486 6,4650 10,5969 3,3086 3,9351 0,9497 13,7106 5,1144 0,76 0,5631 0,32 0,0008 1,3312 5,9435 7,6801 2,6805 2,4343 0,1984 2,7293 1,9133
Fructose C6H12O6 C00095 57-48-7 A187002-101 56196-14-6 5 1 major 1 307|217|277|364|335 307 45446 100 1856,2 1851,8 -4,5 -0,24 969 0,8910 2,0353 3,3791 1,0377 1,2399 0,2940 4,4326 1,6286 0,75 0,5642 0,32 0,0008 0,4286 1,8692 2,4741 0,8639 0,7655 0,0659 0,9266 0,6197
Fructose C6H12O6 C00095 57-48-7 A187002-101 56196-14-6 5 1 major 1 307|217|277|364|335 364 6191 100 1856,2 1851,8 -4,4 -0,24 969 0,1044 0,2587 0,4245 0,1282 0,1543 0,0336 0,5943 0,2107 0,75 0,5615 0,29 0,0007 0,0514 0,2479 0,3237 0,1137 0,0992 0,0081 0,1283 0,0879
Fructose C6H12O6 C00095 57-48-7 A188004-101 56196-14-6 5 1 major 2 307|217|277|364|335 217 133099 100 1865,9 1861,2 -4,7 -0,25 983 1,8916 4,4650 7,2307 2,1544 2,7336 0,6202 21,4535 3,6505 0,77 0,6171 0,18 0,0019 0,8841 4,1683 5,3055 1,9372 1,7336 0,1372 24,4322 1,4492
Fructose C6H12O6 C00095 57-48-7 A188004-101 56196-14-6 5 1 major 2 307|217|277|364|335 307 44525 100 1865,9 1861,2 -4,7 -0,25 983 0,5881 1,3912 2,2726 0,6741 0,8609 0,1943 6,8269 1,1407 0,76 0,6081 0,18 0,0019 0,2815 1,2998 1,6761 0,6102 0,5471 0,0440 7,8293 0,4464
Fructose C6H12O6 C00095 57-48-7 A188004-101 56196-14-6 5 1 major 2 307|217|277|364|335 364 5711 100 1865,9 1861,2 -4,7 -0,25 983 0,0693 0,1751 0,2858 0,0852 0,1075 0,0226 0,9365 0,1491 0,75 0,5967 0,16 0,0016 0,0338 0,1680 0,2187 0,0804 0,0718 0,0057 1,0375 0,0652
Glucose C6H12O6 C00031 50-99-7 A189002-101 34152-44-8 5 1 major 1 160|319|229|343|305 160 105516 100 1881,6 1877,4 -4,2 -0,23 manual 2,8067 5,0165 15,3719 2,5137 2,2477 0,7669 10,0476 2,8263 0,50 0,2972 0,30 0,0015 2,4302 5,4062 8,9820 2,0868 1,2653 0,1248 2,1103 1,2343
Glucose C6H12O6 C00031 50-99-7 A189002-101 34152-44-8 5 1 major 1 160|319|229|343|305 205 97589 100 1881,6 1877,2 -4,4 -0,24 manual 2,8977 4,7035 14,2161 2,4586 2,4069 0,8126 9,7843 2,7424 0,52 0,3064 0,33 0,0022 2,4550 4,8435 7,8415 1,9250 1,3129 0,1204 1,4222 1,0585
Glucose C6H12O6 C00031 50-99-7 A189002-101 34152-44-8 5 1 major 1 160|319|229|343|305 319 77155 100 1881,6 1877,4 -4,2 -0,23 manual 2,1599 3,5776 10,8834 1,8649 1,6877 0,5934 7,3837 2,0486 0,51 0,2985 0,31 0,0016 1,8604 3,7019 6,0575 1,4738 0,9092 0,0939 1,4257 0,8146
Glucose C6H12O6 C00031 50-99-7 A191001-101 34152-44-8 5 1 minor 2 160|319|229|343|305 205 20191 100 1902,7 1897,5 -5,2 -0,27 manual 0,4644 0,8076 2,5730 0,4034 0,3451 0,1216 2,3860 0,4074 0,49 0,2964 0,22 0,0026 0,4088 0,8680 1,4814 0,3387 0,1813 0,0170 0,6591 0,1611
Glucose C6H12O6 C00031 50-99-7 A191001-101 34152-44-8 5 1 minor 2 160|319|229|343|305 160 15983 100 1902,7 1897,5 -5,2 -0,27 manual 0,3529 0,6245 2,0047 0,3121 0,2665 0,0936 1,9387 0,3228 0,49 0,2880 0,21 0,0025 0,3069 0,6834 1,1575 0,2635 0,1402 0,0147 0,5783 0,1340
Glucose C6H12O6 C00031 50-99-7 A191001-101 34152-44-8 5 1 minor 2 160|319|229|343|305 319 14897 100 1902,7 1897,5 -5,2 -0,27 manual 0,3335 0,5868 1,8964 0,2949 0,2536 0,0888 1,7787 0,3006 0,48 0,2875 0,22 0,0026 0,2909 0,6413 1,0933 0,2507 0,1329 0,0135 0,5156 0,1195
Disaccharides
Sucrose C12H22O11 C00089 57-50-1 A264001-101 19159-25-2 8 0 major 1 437|451|361|319|157 217 355284 100 2629,6 2623,5 -6,2 -0,23 950 17,9288 20,4354 24,6784 16,5918 10,7704 6,8953 9,5582 8,9661 0,96 0,8261 1,00 0,4354 3,4893 4,5091 3,4610 3,1245 1,1178 0,6321 1,4219 1,4799
Sucrose C12H22O11 C00089 57-50-1 A264001-101 19159-25-2 8 0 major 1 437|451|361|319|157 361 304428 100 2629,6 2623,1 -6,6 -0,25 950 17,0197 17,8163 22,2597 13,7478 8,6151 6,0520 8,4354 7,5254 1,00 0,8268 0,98 0,3236 3,0648 4,1838 3,0725 3,2033 1,1822 0,6874 1,0642 1,3997
Sucrose C12H22O11 C00089 57-50-1 A264001-101 19159-25-2 8 0 major 1 437|451|361|319|157 437 44211 100 2629,6 2623,0 -6,6 -0,25 950 2,3670 2,6374 3,2305 2,1096 1,3341 0,9088 0,8158 1,1483 0,97 0,9342 1,13 0,5314 0,4505 0,5794 0,4729 0,4681 0,1575 0,0850 0,1096 0,2012
Maltose C12H22O11 C00897 69-79-4 A274001-101 8 1 major 1 160|480|204|319|300 361 502 61 2727,1 2715,9 -11,2 -0,41 920 0,0579 0,0310 0,0613 0,0080 0,0007 0,0113 1,39 0,0927 0,07 0,0190 0,0097 0,0068 0,0015 0,0083
Maltose C12H22O11 C00897 69-79-4 A274001-101 8 1 major 1 160|480|204|319|300 217 432 61 2727,1 2715,9 -11,2 -0,41 920 0,0505 0,0258 0,0538 0,0072 0,0015 0,0091 1,35 0,1140 0,16 0,0167 0,0085 0,0067 0,0012 0,0069
Maltose C12H22O11 C00897 69-79-4 A274001-101 8 1 major 1 160|480|204|319|300 160 150 58 2727,1 2715,9 -11,2 -0,41 920 0,0160 0,0092 0,0179 0,0025 0,0014 0,0034 1,35 0,1023 0,41 0,0042 0,0030 0,0017 0,0010 0,0028
Trehalose, alpha,alpha'- C12H22O11 C01083 99-20-7 A274002-101 8 0 single 1 191|169|361|243|331 361 8726 100 2730,1 2722,1 -8,0 -0,29 974 0,0150 0,0208 0,0195 0,0127 0,9706 0,1338 0,9283 0,0788 1,17 0,5915 1,46 0,4257 0,0053 0,0095 0,0064 0,0029 0,3405 0,0361 0,1785 0,0169
Trehalose, alpha,alpha'- C12H22O11 C01083 99-20-7 A274002-101 8 0 single 1 191|169|361|243|331 191 8194 100 2730,1 2722,1 -8,0 -0,29 974 0,0148 0,0201 0,0193 0,0127 0,9112 0,1260 0,8679 0,0743 1,14 0,5788 1,46 0,4245 0,0039 0,0088 0,0067 0,0027 0,3250 0,0341 0,1677 0,0157
Trehalose, alpha,alpha'- C12H22O11 C01083 99-20-7 A274002-101 8 0 single 1 191|169|361|243|331 217 5199 100 2730,1 2722,1 -8,0 -0,29 974 0,0118 0,0145 0,0139 0,0091 0,5752 0,0781 0,5553 0,0463 1,19 0,3969 1,44 0,4371 0,0040 0,0056 0,0048 0,0016 0,2067 0,0220 0,1045 0,0100
Trisaccharides
Raffinose C18H32O16 C00492 512-69-6 A337002-101 11 0 single 1 437|451|361|217|204 361 2856 58 3362,9 3349,6 -13,2 -0,39 manual 0,0711 0,1248 0,1070 0,1010 0,0020 2,10 0,0321 0,0765 0,0199 0,0405
Raffinose C18H32O16 C00492 512-69-6 A337002-101 11 0 single 1 437|451|361|217|204 451 308 55 3362,9 3349,6 -13,3 -0,39 manual 0,0068 0,0132 0,0110 0,0103 1,14 0,0032 0,0073 0,0020 0,0037
Raffinose C18H32O16 C00492 512-69-6 A337002-101 11 0 single 1 437|451|361|217|204 437 196 52 3362,9 3349,6 -13,3 -0,39 manual 0,0043 0,0084 0,0066 0,0062 1,11 0,0024 0,0049 0,0013 0,0020
Internal Standard (Quantification)
Ribitol C5H12O5 C00474 488-81-3 A173001-101 32381-53-6 5 0 single 1 319|307|422|217|205 319 26647 100 1715,2 1710,3 -5,0 -0,29 974 0,7972 0,7931 0,7771 0,7917 0,8058 0,8047 0,8112 0,8084 1,01 0,2396 1,00 0,5128 0,0244 0,0143 0,0021 0,0086 0,0072 0,0074 0,0196 0,0174
Ribitol C5H12O5 C00474 488-81-3 A173001-101 32381-53-6 5 0 single 1 319|307|422|217|205 307 16029 100 1715,2 1710,3 -5,0 -0,29 974 0,5021 0,4948 0,4937 0,4866 0,4864 0,4769 0,4893 0,4803 1,02 0,0725 1,00 0,6436 0,0096 0,0094 0,0031 0,0072 0,0037 0,0079 0,0068 0,0148
Ribitol C5H12O5 C00474 488-81-3 A173001-101 32381-53-6 5 0 single 1 319|307|422|217|205 422 967 100 1715,2 1710,5 -4,8 -0,28 974 0,0268 0,0275 0,0256 0,0274 0,0295 0,0298 0,0289 0,0298 1,02 0,6613 1,01 0,6206 0,0030 0,0016 0,0014 0,0013 0,0007 0,0003 0,0011 0,0010
MSTs

A142003-101 234|203|144|189|103 234 259 97 1400,7 1398,8 -1,9 -0,13 913 0,0500 0,0049 0,0109 0,0065 0,0075 0,0042 0,0095 0,0082 3,14 0,4809 0,73 0,0693 0,0562 0,0025 0,0082 0,0041 0,0072 0,0010 0,0063 0,0041
A142003-101 234|203|144|189|103 205 51 58 1400,7 1398,9 -1,8 -0,13 913 0,0070 0,0016 0,0009 0,0023 0,0009 0,0014 0,0014 5,97 0,2343 0,96 0,2536 0,0070 0,0007 0,0003 0,0005 0,0005
A143003-101 174|154|156|102|100 174 8636 100 1419,8 1418,1 -1,7 -0,12 943 0,5122 0,4620 0,6970 0,3044 0,2722 0,1958 0,2512 0,1960 1,02 0,7478 1,10 0,6136 0,1889 0,1961 0,2217 0,0966 0,0424 0,0246 0,0282 0,0187
A143003-101 174|154|156|102|100 154 5939 100 1419,8 1418,1 -1,7 -0,12 943 0,3525 0,3170 0,4790 0,2110 0,1872 0,1348 0,1729 0,1346 1,02 0,7660 1,10 0,6013 0,1312 0,1372 0,1565 0,0679 0,0290 0,0165 0,0196 0,0131
A143003-101 174|154|156|102|100 227 515 100 1419,8 1418,1 -1,7 -0,12 943 0,0306 0,0273 0,0427 0,0183 0,0165 0,0115 0,0149 0,0116 1,00 0,7795 1,11 0,6052 0,0109 0,0109 0,0146 0,0060 0,0027 0,0014 0,0019 0,0013
A147001-101 174|227|156|130|248 174 12897 97 1457,8 1457,1 -0,7 -0,05 897 0,8077 0,7410 0,9172 0,4892 0,4167 0,2894 0,3500 0,3111 1,10 0,5651 1,10 0,6070 0,2403 0,2524 0,2517 0,0956 0,0552 0,0242 0,0344 0,0262
A147001-101 174|227|156|130|248 156 1508 97 1457,8 1457,1 -0,7 -0,05 897 0,0920 0,0855 0,1044 0,0577 0,0497 0,0333 0,0400 0,0374 1,09 0,5927 1,11 0,6926 0,0273 0,0298 0,0294 0,0120 0,0086 0,0021 0,0048 0,0055
A147001-101 174|227|156|130|248 227 507 97 1457,8 1457,1 -0,7 -0,05 897 0,0308 0,0279 0,0350 0,0192 0,0165 0,0114 0,0140 0,0126 1,08 0,6084 1,09 0,8088 0,0079 0,0096 0,0098 0,0038 0,0023 0,0013 0,0009 0,0014
A159001-101 142|186|288|216|303 142 10213 100 1581,7 1582,8 1,0 0,07 967 0,4193 1,3569 1,3466 0,9383 0,0397 0,0802 0,2073 0,0705 0,84 0,2315 0,47 0,1218 0,2023 1,2840 0,1640 0,6386 0,0146 0,0357 0,0875 0,0441
A159001-101 142|186|288|216|303 186 7457 100 1581,7 1582,8 1,1 0,07 967 0,2965 0,9658 0,9516 0,6688 0,0280 0,0563 0,1469 0,0494 0,85 0,2305 0,47 0,1210 0,1437 0,9173 0,1141 0,4568 0,0100 0,0252 0,0631 0,0309
A159001-101 142|186|288|216|303 288 646 100 1581,7 1582,8 1,1 0,07 967 0,0269 0,0890 0,0837 0,0611 0,0026 0,0050 0,0130 0,0044 0,87 0,2614 0,50 0,1492 0,0119 0,0860 0,0103 0,0455 0,0009 0,0019 0,0056 0,0030
A160001-101 292|305|333|219|117 292 1081 100 1589,9 1588,3 -1,7 -0,11 939 0,0625 0,0670 0,1246 0,0359 0,0232 0,0086 0,0868 0,0142 0,88 0,8043 0,43 0,0651 0,0089 0,0589 0,0404 0,0041 0,0090 0,0040 0,0014 0,0037
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A160001-101 292|305|333|219|117 305 496 100 1589,9 1588,2 -1,7 -0,11 939 0,0278 0,0320 0,0568 0,0164 0,0113 0,0044 0,0410 0,0073 0,89 0,8901 0,44 0,0544 0,0022 0,0266 0,0171 0,0020 0,0042 0,0018 0,0005 0,0016
A160001-101 292|305|333|219|117 333 195 100 1589,9 1588,2 -1,7 -0,11 939 0,0123 0,0123 0,0217 0,0066 0,0046 0,0016 0,0147 0,0027 0,94 0,9796 0,49 0,0779 0,0017 0,0099 0,0044 0,0015 0,0018 0,0007 0,0002 0,0006
A168003-101 320|230|422 320 211 97 1670,3 1669,2 -1,2 -0,07 manual 0,0084 0,0184 0,0081 0,0212 0,0025 0,0026 0,0051 0,0037 0,83 0,3485 0,64 0,0006 0,0099 0,0159 0,0058 0,0046 0,0009 0,0003 0,0010 0,0007
A168003-101 320|230|422 230 193 100 1670,3 1669,2 -1,1 -0,07 manual 0,0075 0,0181 0,0053 0,0204 0,0022 0,0024 0,0047 0,0033 0,96 0,8163 0,61 0,0019 0,0078 0,0146 0,0047 0,0054 0,0008 0,0003 0,0009 0,0009
A168003-101 320|230|422 422 86 91 1670,3 1669,2 -1,2 -0,07 manual 0,0028 0,0070 0,0056 0,0079 0,0008 0,0010 0,0022 0,0016 0,73 0,1745 0,48 0,0039 0,0023 0,0065 0,0027 0,0005 0,0003 0,0002 0,0005
A170001-101 307|319|217|243|129 217 2106 100 1687,6 1683,6 -4,0 -0,24 935 0,1831 0,1343 0,2782 0,1384 0,0426 0,0200 0,0467 0,0261 0,79 0,2304 0,93 0,4398 0,0187 0,0244 0,0645 0,0049 0,0066 0,0033 0,0073 0,0037
A170001-101 307|319|217|243|129 307 881 100 1687,6 1683,5 -4,1 -0,24 935 0,0802 0,0588 0,1210 0,0568 0,0175 0,0077 0,0204 0,0094 0,81 0,3553 0,95 0,5753 0,0090 0,0098 0,0257 0,0023 0,0031 0,0010 0,0037 0,0012
A170001-101 307|319|217|243|129 319 788 100 1687,6 1683,5 -4,1 -0,24 935 0,0703 0,0516 0,1080 0,0505 0,0153 0,0069 0,0176 0,0094 0,80 0,3093 0,91 0,4137 0,0086 0,0086 0,0221 0,0014 0,0026 0,0008 0,0030 0,0027
A177004-101 217|450|305|232|257 217 29066 100 1756,3 1755,4 -0,9 -0,05 974 0,1788 0,1518 1,0853 0,1538 1,2482 0,5857 3,3817 1,5136 0,30 0,2241 0,45 0,0008 0,0347 0,0375 1,4861 0,0416 0,6635 0,1314 0,5244 0,1742
A177004-101 217|450|305|232|257 305 846 100 1756,3 1755,4 -0,9 -0,05 974 0,0057 0,0052 0,0378 0,0048 0,0313 0,0141 0,0920 0,0396 0,29 0,0928 0,42 0,0007 0,0022 0,0035 0,0287 0,0009 0,0175 0,0035 0,0150 0,0055
A177004-101 217|450|305|232|257 450 668 100 1756,3 1755,4 -0,9 -0,05 974 0,0033 0,0030 0,0045 0,0026 0,0255 0,0109 0,0758 0,0324 0,93 0,6061 0,41 0,0006 0,0018 0,0012 0,0009 0,0004 0,0147 0,0026 0,0121 0,0046
A178005-101 292|333|307|217|103 292 913 100 1760,2 1758,3 -1,9 -0,11 690 0,0459 0,0488 0,0654 0,0505 0,0210 0,0176 0,0309 0,0197 0,84 0,0881 0,81 0,0994 0,0072 0,0088 0,0157 0,0058 0,0024 0,0055 0,0033 0,0027
A178005-101 292|333|307|217|103 333 186 100 1760,2 1758,3 -1,9 -0,11 690 0,0097 0,0108 0,0120 0,0101 0,0042 0,0036 0,0063 0,0041 0,94 0,7591 0,80 0,0582 0,0011 0,0026 0,0046 0,0020 0,0008 0,0011 0,0010 0,0004
A178005-101 292|333|307|217|103 307 164 100 1760,2 1758,3 -1,9 -0,11 690 0,0095 0,0104 0,0174 0,0095 0,0031 0,0028 0,0049 0,0033 0,78 0,1753 0,76 0,0255 0,0018 0,0025 0,0055 0,0012 0,0005 0,0010 0,0009 0,0003
A179009-101 174|299|414|188|315 172 358 100 1771,1 1772,5 1,4 0,08 787 0,0065 0,0073 0,0091 0,0115 0,0344 0,0120 0,0037 0,0055 0,66 0,0368 3,81 0,0011 0,0028 0,0032 0,0031 0,0028 0,0419 0,0030 0,0005 0,0017
A179009-101 174|299|414|188|315 174 262 97 1771,1 1772,5 1,4 0,08 787 0,0008 0,0043 0,0027 0,0042 0,0310 0,0112 0,0030 0,0042 0,75 0,2044 4,01 0,0004 0,0010 0,0015 0,0001 0,0020 0,0351 0,0033 0,0007 0,0016
A179009-101 174|299|414|188|315 299 258 82 1771,1 1772,5 1,4 0,08 787 0,0007 0,0034 0,0031 0,0238 0,0109 0,0030 0,0042 0,81 0,6225 3,20 0,0003 0,0002 0,0010 0,0016 0,0241 0,0038 0,0006 0,0013
A181001-101 292|333|117|219|305 117 4084 100 1794,4 1790,1 -4,3 -0,24 manual 0,1892 0,1333 0,3145 0,1219 0,1819 0,1040 0,2951 0,1276 0,77 0,4038 0,79 0,1618 0,0352 0,0691 0,0854 0,0142 0,0166 0,0137 0,0243 0,0124
A181001-101 292|333|117|219|305 333 966 100 1794,4 1790,1 -4,3 -0,24 manual 0,0397 0,0272 0,0659 0,0240 0,0392 0,0216 0,0649 0,0279 0,78 0,4746 0,77 0,1251 0,0060 0,0149 0,0185 0,0036 0,0024 0,0027 0,0037 0,0031
A181001-101 292|333|117|219|305 292 912 100 1794,4 1790,1 -4,3 -0,24 manual 0,0377 0,0261 0,0630 0,0229 0,0366 0,0204 0,0613 0,0261 0,78 0,4727 0,76 0,1252 0,0065 0,0148 0,0176 0,0039 0,0022 0,0028 0,0029 0,0029
A187006-101 5 0 single 1 260|318|305|247|159 260 176 76 1850,6 1846,7 -3,9 -0,21 manual 0,0046 0,0069 0,0020 0,0053 0,0068 0,0041 0,0033 0,0045 1,33 0,5144 1,32 0,1195 0,0051 0,0028 0,0018 0,0006 0,0019 0,0025
A187006-101 5 0 single 1 260|318|305|247|159 305 89 61 1850,6 1846,7 -3,9 -0,21 manual 0,0019 0,0022 0,0040 0,0016 0,0014 0,0018 0,87 1,72 0,1891 0,0016 0,0020 0,0005 0,0018 0,0011
A187006-101 5 0 single 1 260|318|305|247|159 318 84 73 1850,6 1846,7 -3,9 -0,21 manual 0,0015 0,0026 0,0005 0,0026 0,0033 0,0020 0,0016 0,0018 1,04 0,8667 1,44 0,0709 0,0031 0,0016 0,0011 0,0004 0,0013 0,0012
A201002-101 6 0 single 1 333|292|217|423|305 292 1452 100 2002,9 1998,1 -4,7 -0,24 863 0,0150 0,0206 0,0213 0,0161 0,0561 0,0796 0,0490 0,0673 0,99 0,8772 1,03 0,8083 0,0044 0,0104 0,0036 0,0078 0,0305 0,0482 0,0057 0,0257
A201002-101 6 0 single 1 333|292|217|423|305 333 1292 100 2002,9 1998,1 -4,7 -0,24 863 0,0152 0,0200 0,0219 0,0151 0,0532 0,0709 0,0461 0,0598 1,00 0,9187 1,05 0,7310 0,0041 0,0102 0,0032 0,0066 0,0264 0,0416 0,0062 0,0219
A201002-101 6 0 single 1 333|292|217|423|305 305 860 100 2002,9 1998,1 -4,7 -0,24 863 0,0079 0,0121 0,0115 0,0094 0,0320 0,0466 0,0278 0,0386 1,00 0,8775 1,04 0,7785 0,0022 0,0064 0,0020 0,0046 0,0176 0,0290 0,0036 0,0153
A211001-101 319|205|157|262|229 205 7095 100 2096,9 2091,9 -5,0 -0,24 943 0,4665 0,4101 0,9243 0,4028 0,0933 0,0926 0,1668 0,1532 0,69 0,1383 0,61 0,0000 0,1521 0,1274 0,2851 0,0180 0,0105 0,0130 0,0298 0,0190
A211001-101 319|205|157|262|229 319 6752 100 2096,9 2091,9 -5,0 -0,24 943 0,4445 0,3913 0,8873 0,3846 0,0867 0,0869 0,1582 0,1463 0,69 0,1386 0,59 0,0000 0,1458 0,1212 0,2997 0,0168 0,0098 0,0122 0,0282 0,0200
A211001-101 319|205|157|262|229 217 4366 97 2096,9 2091,9 -5,0 -0,24 943 0,2553 0,2206 1,3829 0,2207 0,0552 0,0503 0,0900 0,0809 0,39 0,2022 0,64 0,0000 0,0860 0,0699 1,4482 0,0093 0,0041 0,0070 0,0143 0,0110
A213001-101 319|205|157|262|229 319 590 100 2119,9 2114,7 -5,3 -0,25 902 0,0222 0,0353 0,0684 0,0229 0,0102 0,0047 0,0430 0,0118 0,70 0,3780 0,34 0,0029 0,0116 0,0147 0,0294 0,0080 0,0049 0,0019 0,0119 0,0020
A213001-101 319|205|157|262|229 217 353 100 2119,9 2114,7 -5,3 -0,25 902 0,0121 0,0196 0,0385 0,0131 0,0070 0,0031 0,0263 0,0075 0,68 0,3624 0,38 0,0035 0,0069 0,0077 0,0189 0,0049 0,0031 0,0010 0,0068 0,0012
A213001-101 319|205|157|262|229 262 125 100 2119,9 2114,7 -5,3 -0,25 902 0,0052 0,0079 0,0135 0,0050 0,0021 0,0010 0,0089 0,0024 0,78 0,5395 0,34 0,0039 0,0026 0,0032 0,0064 0,0012 0,0014 0,0004 0,0023 0,0004
A214003-101 319|205|103|157|229 205 802 100 2125,9 2120,9 -5,0 -0,23 937 0,0288 0,0475 0,0925 0,0292 0,0135 0,0069 0,0598 0,0168 0,70 0,4164 0,33 0,0014 0,0173 0,0205 0,0396 0,0120 0,0064 0,0019 0,0137 0,0030
A214003-101 319|205|103|157|229 319 782 100 2125,9 2120,9 -5,0 -0,23 937 0,0287 0,0464 0,0904 0,0283 0,0129 0,0065 0,0585 0,0165 0,70 0,4405 0,33 0,0012 0,0171 0,0197 0,0382 0,0117 0,0067 0,0020 0,0132 0,0031
A214003-101 319|205|103|157|229 217 477 100 2125,9 2120,9 -5,0 -0,23 937 0,0168 0,0276 0,0534 0,0172 0,0084 0,0046 0,0356 0,0099 0,70 0,4201 0,36 0,0020 0,0104 0,0110 0,0246 0,0070 0,0033 0,0011 0,0075 0,0016
A223005-101 357|372|207|191|171 357 1744 100 2214,9 2221,9 6,9 0,31 787 0,0867 0,0560 0,0954 0,0501 0,0655 0,0480 0,0588 0,0645 1,00 0,9928 1,00 0,5249 0,0416 0,0144 0,0113 0,0152 0,0135 0,0103 0,0142 0,0265
A223005-101 357|372|207|191|171 372 171 100 2214,9 2221,9 6,9 0,31 787 0,0082 0,0055 0,0094 0,0046 0,0067 0,0048 0,0059 0,0061 1,00 0,9998 1,05 0,7245 0,0038 0,0022 0,0006 0,0015 0,0016 0,0010 0,0015 0,0025
A229001-101 245|292|319|217|117 245 364 100 2278,9 2273,0 -5,8 -0,26 770 0,0115 0,0089 0,0119 0,0049 0,0190 0,0132 0,0144 0,0109 1,27 0,3843 1,21 0,0426 0,0050 0,0045 0,0024 0,0009 0,0025 0,0028 0,0009 0,0011
A229001-101 245|292|319|217|117 319 148 88 2278,9 2273,0 -5,8 -0,26 770 0,0032 0,0035 0,0040 0,0017 0,0074 0,0050 0,0057 0,0041 1,37 0,1633 1,22 0,0540 0,0011 0,0009 0,0000 0,0009 0,0008 0,0011 0,0002 0,0005
A229001-101 245|292|319|217|117 292 109 88 2278,9 2273,1 -5,8 -0,25 770 0,0026 0,0023 0,0027 0,0014 0,0054 0,0038 0,0041 0,0031 1,34 0,2702 1,24 0,0524 0,0014 0,0009 0,0005 0,0010 0,0005 0,0009 0,0004 0,0007

[851-926; NIST98090;Galactosylglycerol (6TMS)] A231002-101 337|204|217|361|129 204 2357 100 2297,2 2294,7 -2,5 -0,11 953 0,0539 0,0782 0,0805 0,0793 0,0892 0,0405 0,1797 0,0593 0,84 0,3489 0,67 0,0995 0,0164 0,0344 0,0296 0,0329 0,0379 0,0054 0,0075 0,0136
[926; Galactosylglycerol (6TMS)] A231002-101 337|204|217|361|129 337 164 97 2297,2 2294,7 -2,5 -0,11 953 0,0033 0,0055 0,0060 0,0054 0,0061 0,0028 0,0122 0,0039 0,83 0,2216 0,69 0,1196 0,0005 0,0030 0,0009 0,0022 0,0024 0,0005 0,0004 0,0009
[926; Galactosylglycerol (6TMS)] A231002-101 337|204|217|361|129 361 55 64 2297,2 2294,6 -2,6 -0,11 953 0,0001 0,0023 0,0015 0,0020 0,0007 0,0036 0,0008 1,07 0,6992 0,72 0,7134 0,0026 0,0013 0,0006 0,0003 0,0000 0,0004

A236005-101 331|421|259|262|191 331 797 100 2350,5 2350,9 0,4 0,02 manual 0,0462 0,0441 0,0876 0,0394 0,0148 0,0137 0,0210 0,0194 0,75 0,2167 0,73 0,0005 0,0062 0,0137 0,0209 0,0024 0,0013 0,0022 0,0033 0,0039
A236005-101 331|421|259|262|191 259 633 100 2350,5 2350,9 0,4 0,02 manual 0,0365 0,0355 0,0688 0,0311 0,0119 0,0110 0,0169 0,0152 0,76 0,2357 0,74 0,0009 0,0046 0,0108 0,0144 0,0024 0,0011 0,0019 0,0025 0,0030
A236005-101 331|421|259|262|191 421 254 100 2350,5 2350,9 0,4 0,02 manual 0,0139 0,0148 0,0269 0,0124 0,0049 0,0043 0,0071 0,0062 0,77 0,2684 0,73 0,0020 0,0017 0,0046 0,0053 0,0015 0,0005 0,0008 0,0013 0,0016
A237001-101 375|292|305|204|217 292 5926 100 2360,1 2360,3 0,2 0,01 982 0,0545 0,0445 0,1158 0,0300 0,3951 0,2072 0,3980 0,1883 0,73 0,5609 1,11 0,5972 0,0105 0,0401 0,0479 0,0072 0,0207 0,0404 0,0102 0,0431
A237001-101 375|292|305|204|217 305 4376 100 2360,1 2360,3 0,2 0,01 982 0,0399 0,0323 0,0845 0,0217 0,2922 0,1530 0,2954 0,1388 0,73 0,5710 1,11 0,5985 0,0076 0,0289 0,0343 0,0050 0,0156 0,0301 0,0087 0,0328
A237001-101 375|292|305|204|217 375 3087 100 2360,1 2360,3 0,2 0,01 982 0,0271 0,0227 0,0571 0,0148 0,2076 0,1079 0,2099 0,0971 0,75 0,6064 1,11 0,5856 0,0042 0,0201 0,0225 0,0036 0,0107 0,0217 0,0064 0,0230
A239003-101 204|357|217|387|315 299 173 97 2379,2 2370,6 -8,6 -0,36 manual 0,0061 0,0063 0,0030 0,0038 0,0096 0,0069 0,0035 0,0036 1,76 0,0030 1,86 0,0002 0,0015 0,0018 0,0013 0,0015 0,0026 0,0021 0,0018 0,0008
A239003-101 204|357|217|387|315 217 155 97 2379,2 2370,6 -8,6 -0,36 manual 0,0036 0,0043 0,0022 0,0029 0,0096 0,0060 0,0044 0,0034 1,48 0,0535 1,70 0,0015 0,0011 0,0011 0,0013 0,0022 0,0024 0,0023 0,0020 0,0007
A239003-101 204|357|217|387|315 387 131 97 2379,2 2370,6 -8,6 -0,36 manual 0,0047 0,0050 0,0022 0,0028 0,0072 0,0053 0,0028 0,0027 1,89 0,0018 1,87 0,0003 0,0007 0,0012 0,0015 0,0012 0,0021 0,0015 0,0014 0,0008

[Benzylglucopyranoside (4TMS)] A241003-101 91|209|204|217|233 91 866 100 2384,2 2385,7 1,5 0,06 890 0,1031 0,1036 0,0903 0,0528 0,0045 0,0031 0,0052 0,0095 1,50 0,1021 0,50 0,0005 0,0269 0,0592 0,0283 0,0322 0,0017 0,0009 0,0007 0,0015
[Benzylglucopyranoside (4TMS)] A241003-101 91|209|204|217|233 204 610 100 2384,2 2385,7 1,5 0,06 890 0,0694 0,0721 0,0627 0,0368 0,0045 0,0026 0,0052 0,0066 1,48 0,1220 0,59 0,0014 0,0177 0,0437 0,0183 0,0205 0,0021 0,0007 0,0006 0,0012
[Benzylglucopyranoside (4TMS)] A241003-101 91|209|204|217|233 209 132 73 2384,2 2385,6 1,4 0,06 890 0,0123 0,0133 0,0110 0,0059 0,0001 0,0003 0,0006 0,0009 1,58 0,0849 0,20 0,0031 0,0020 0,0080 0,0032 0,0037 0,0002
Amine not assigned 174|287|517|459|100 174 67647 100 2466,6 0,0939 0,3408 0,0866 0,0277 6,1864 5,5918 0,0527 0,0619 4,37 0,0359 100,18 0,0000 0,0306 0,5475 0,1025 0,0036 5,4934 4,0520 0,0733 0,0391
Amine not assigned 174|287|517|459|100 287 3387 91 2466,5 0,0033 0,0124 0,0050 0,0005 0,2713 0,2622 0,0021 0,0022 3,05 0,0683 123,06 0,0000 0,0014 0,0199 0,0066 0,0003 0,2545 0,2090 0,0021 0,0013
Amine not assigned 174|287|517|459|100 517 3201 88 2466,5 0,0037 0,0115 0,0076 0,0003 0,2487 0,2397 0,0021 0,0021 2,95 0,0717 118,45 0,0000 0,0013 0,0178 0,0002 0,2338 0,1914 0,0020 0,0014

A271002-101 259|349|160|204|217 204 365 100 2694,5 2692,1 -2,5 -0,09 manual 0,0308 0,0145 0,0283 0,0077 0,0100 0,0065 0,0185 0,0109 1,31 0,3195 0,63 0,0104 0,0118 0,0078 0,0002 0,0009 0,0019 0,0015 0,0036 0,0041
A271002-101 259|349|160|204|217 259 148 73 2694,5 2692,1 -2,5 -0,09 manual 0,0010 0,0006 0,0019 0,0002 0,0034 0,0051 0,0058 0,0045 0,53 0,8872 0,76 0,7245 0,0002 0,0017 0,0009 0,0016 0,0014 0,0030
A271002-101 259|349|160|204|217 361 50 91 2694,5 2692,1 -2,5 -0,09 manual 0,0031 0,0020 0,0032 0,0006 0,0016 0,0006 0,0028 0,0015 0,97 0,9723 0,61 0,0513 0,0017 0,0017 0,0014 0,0003 0,0004 0,0004 0,0005
A311002-101 597|204|217|337|243 204 4979 82 3092,9 3085,3 -7,6 -0,24 937 0,0655 0,0428 0,1273 0,0560 0,2736 0,1154 0,3057 0,1538 0,75 0,4055 1,01 0,4816 0,0204 0,0203 0,0110 0,0790 0,0202 0,0257 0,0371
A311002-101 597|204|217|337|243 217 1226 79 3092,9 3085,3 -7,5 -0,24 937 0,0152 0,0045 0,0190 0,0133 0,0650 0,0264 0,0731 0,0358 0,77 0,3123 1,01 0,4696 0,0039 0,0036 0,0045 0,0207 0,0054 0,0069 0,0089
A311002-101 597|204|217|337|243 597 116 79 3092,9 3085,3 -7,6 -0,25 937 0,0021 0,0028 0,0028 0,0016 0,0057 0,0025 0,0066 0,0032 1,18 0,4544 1,01 0,4393 0,0000 0,0002 0,0010 0,0023 0,0006 0,0008 0,0008

[819; NIST108989; Scopolin (4TMS)] C16H20O9 C01527 531-44-2 A318002-101 4 0 major 1 264|217|361|169|103 217 1907 61 3165,0 3162,7 -2,3 -0,07 950 0,0174 0,0183 0,0550 0,0306 0,0963 0,0535 0,95 0,68 0,0346 0,0140 0,0234 0,0110 0,0351 0,0195
[819; NIST108989; Scopolin (4TMS)] C16H20O9 C01527 531-44-2 A318002-101 4 0 major 1 264|217|361|169|103 361 1183 61 3165,0 3162,7 -2,3 -0,07 950 0,0112 0,0098 0,0346 0,0195 0,0573 0,0337 1,14 0,70 0,0404 0,0088 0,0139 0,0068 0,0192 0,0130
[819; NIST108989; Scopolin (4TMS)] C16H20O9 C01527 531-44-2 A318002-101 4 0 major 1 264|217|361|169|103 264 967 61 3165,0 3162,7 -2,3 -0,07 950 0,0099 0,0080 0,0282 0,0159 0,0471 0,0276 1,24 0,69 0,0410 0,0069 0,0114 0,0057 0,0160 0,0110
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