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Abstract 

3-Alkyl-2-methoxypyrazines (MPs) are highly odorous compounds occurring in a wide range 

of raw vegetables. Due to their high odor activity, they have been of great research interest. 

The most prominent MPs are 3-isopropyl-2-methoxypyrazine (IPMP), 3-sec-butyl-

2-methoxypyrazine (sBMP) and 3-isobutyl-2-methoxypyrazine (IBMP). While their occurrence 

has been widely studied, less is known about their biosynthesis. The identification of 

Vitis vinifera O-methyltransferases (VvOMTs) catalyzing the O-methylation of 3-alkyl-

2-hydroxy-pyrazines (HPs) gave an important insight into the last step of MP-biosynthesis. 

However, precursors and earlier biosynthetic steps are still unknown. Different pathways of 

MP-biosynthesis have been proposed, but none of them has been confirmed yet. 

The main objective of this study was thus to identify precursors of MPs. For this purpose, 

in vivo feeding experiments were conducted using stable isotope labeled compounds. Feeding 

experiments were conducted focusing on the IBMP-biosynthesis in bell pepper fruits 

(Capsicum annuum L.). Volatiles were extracted by headspace solid-phase 

microextraction (HS-SPME) and analyzed by comprehensive two-dimensional gas 

chromatography (GC×GC) coupled to time-of-flight mass spectrometry (ToF-MS). Feeding 

studies revealed an incorporation of L-leucine and α-ketoisocaproic acid (α-KIC) into IBMP. It 

could be shown that L-serine plays a key role in the biosynthesis of IBMP not only as a 

C2-building block, but also as nitrogen source. Indeed, the incorporation of L-serine as well as 

a C1-unit of glycine and glyoxylic acid into IBMP gave evidence for a metabolic interface of the 

IBMP-biosynthesis and photorespiration. 

Besides, the distribution of IBMP within the bell pepper plant was examined. Therefore, a 

method combining a stable isotope dilution assay (SIDA) with HS-SPME, GC and ToF-MS was 

developed and validated. IBMP was found in all plant organs. However, unripe bell pepper 

pericarp turned out to be the main site of IBMP-accumulation. In vivo feeding experiments 

revealed that IBMP is biosynthesized in all plant parts apart from roots and ripe bell pepper 

fruits. A long-distance transport of IBMP via the phloem was not detected. 
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Chapter 1 Introduction 

1. Pyrazines 

Pyrazine (1,4-diazine) is a six-membered, monocyclic aromatic ring molecule with two nitrogen 

atoms in the para-1,4-position. As almost all N-heterocycles, pyrazine is a basic compound.[1,2] 

 

Figure 1: Chemical structure and numbering of pyrazine. 

Its chemical structure as well as the numbering according to the nomenclature of the 

International Union of Pure and Applied Chemistry (IUPAC) are displayed in Figure 1. Given 

that, pyrazine is a symmetrical molecule, all carbon positions are chemically identical, so 

numbering is usually omitted for monosubstituted pyrazines like (2-)methylpyrazine.[2] The first 

pyrazine derivate was chemically synthesized in 1844. It was initially called ‘Amarone’ until it 

was confirmed to be 2,3,5,6-tetraphenylpyrazine in 1897 (Figure 2).[3] 

 

Figure 2: Chemical structure of 2,3,5,6-tetraphenylpyrazine. 

Over the years many synthetic routes to pyrazines have been developed. Amongst others, 

pyrazines are obtained by direct ring closure e.g. a cyclodimerization of α-aminoketones or 

α-aminoaldehydes or a condensation of a 1,2-diketone with a 1,2-diamine (Scheme 1).[4,5,6] 

 

Scheme 1: Synthetic routes to pyrazines. (A) Condensation of a 1,2-diketone with a 1,2-diamine 

generating hydroxypyrazines.[4] (B) Self-cyclization of two α-aminoketones.[6] 
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As pyrazines exhibit a wide range of biological functions like antibacterial, antiviral and 

anticancer properties, they are often used as pharmaceuticals.[7] Some examples are 

displayed in Figure 3. Pyrazinamide (1) as well as morinamide (2) for example are used for 

the treatment of tuberculosis, whereas oltipraz (3) serves as an anti-tumor agent.[8] Moreover, 

pyrazines are used as pesticides. Thionazin (4) for example serves as a nematicide.[9] 

 

Figure 3: Chemical structures of pyrazines used as pharmaceuticals or pesticides. 

Pyrazinamide (1), morinamide (2), oltipraz (3) and thionazin (4). 

However, pyrazines are not only synthesized chemically, but can also be obtained from nature, 

where they are widespread. Pyrazines are biosynthesized as primary and secondary 

metabolites by bacteria, fungi, yeast, insects, invertebrates and plants.[10,11,12–14] Aspergillic 

acid, which has antibiotic and antimycotic properties is for example a commonly known 

pyrazine biosynthesized by Aspergillus flavus (Figure 4).[15] 

 

Figure 4: Chemical structure of aspergillic acid. 

In nature, pyrazines are often used as semiochemicals. Pyrazines serve as pheromones for 

intraspecific communication or as allelomones for interspecific communication. Allelomones 

are subdivided into allomones, which benefit the emitter, kairomones, which favor the receiver 

and synomones, which are beneficial for both, emitter and receiver.[13,16,17] Four 

semiochemically active pyrazines are displayed in Figure 5. 3-Ethyl-2,5-dimethylpyrazine (5) 

is biosynthesized by an ant-associated bacterium (Serratia marcescens) and serves as an 

important trail and alarm pheromone of ants (Atta sexdens rubropilosa).[18,19] 2,5-Dimethyl-3-

(2-methylbutyl)-pyrazine (6) is used for the chemical defense by the phasmid insect Phyllium 

westwoodii (Phylliidae).[20] Several trisubstituted alkylpyrazines like 2-propyl-3,5-

dimethylpyrazine (7) are used for the pollinator attraction of Drakaea glyptodon flowers.[21] 

3-Isopropyl-2-methoxypyrazine (IPMP) (8) turned out to be biosynthesized as attractant by 
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ladybird beetles, but is also known to be emitted by the roots of spinach (Spinacea oleracea) 

to attract the root knot nematode Meloidogyne incognita.[22] 

 

Figure 5: Chemical structures of semiochemically active pyrazines. 3-Ethyl-2,5-dimethyl-

pyrazine (5), 2,5-dimethyl-3-(2-methylbutyl)-pyrazine (6), 2-propyl-3,5-dimethyl-pyrazine (7) and 

3-isopropyl-2-methoxypyrazine (IPMP, 8). 

In addition, pyrazines serve as key odorants in food. Due to their flavor and aroma properties, 

they are frequently used for improving the organoleptic quality of food products.[23] Their 

sensory impact is based on their odor detection thresholds (OTs), which is defined as the 

compound’s lowest concentration that can still be perceived by the human sense of smell.[24] 

Human perception of odorants occurs via specific olfactory receptors (ORs) on olfactory 

neurons found in a specialized epithelium in the nose. In 2021, it was shown that the pyrazine-

selective OR called OR5K1 is responsible for humans perceiving the odor of pyrazines. 

Notably, OR5K1 is especially activated by pyrazines, which serve as semiochemicals and key 

aroma compounds. Their perception is assumed to depend on the receiver: 

2,3,5-trimethylpyrazine (Figure 6, 8) for example is perceived as aversive by mice, for which 

it serves as an alarm semiochemical. In contrast, it is attractive to humans due to its roasted 

nut- or cocoa-like smell. The unnatural process of roasting is thought to be responsible for this 

ambiguous perception of several alkylpyrazines.[25] 

Alkyl- and alkoxy-pyrazines are important aroma impact compounds. Possessing low OTs, 

makes them extremely odorous even when present in low amounts.[23,26–28] A compound’s 

impact on the overall aroma of food is defined as its odor activity value (OAV). The OAV is 

calculated as the ratio of a compound’s concentration in the sample to its OT.[24] IPMP for 

example reaches the highest OAV (90) in raw peanuts (Arachis hypogaea L.) and the third 

highest OAV (114) in raw mustard seeds (Sinapis alba L.).[29,30] In contrast, 3-isobutyl-2-

methoxypyrazine (IBMP) reaches the highest OAV (490) in raw coffee beans (Coffea arabica 

var. tipica).[31]  
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1.1 Alkylpyrazines 

Alkylpyrazines contribute to the aroma properties of a wide range of foods. They can have a 

roasted or nutty flavour.[32] On the one hand, their aroma activity depends on their substituents: 

the more bulky the alkyl side chain the lower its OT.[33] 2,3,5-Trimethylpyrazine (Figure 6, 8) 

for instance turned out to be the methyl-substituted pyrazine with the highest aroma activity. 

However, lower OTs were obtained by the substitution of the methyl-substituent in position C-2 

by an ethyl-substituent (2-ethyl-3,5-dimethylpyrazine, 9) or a vinyl-group (2-ethenyl-3,5-

dimethyl-pyrazine, 10).[34] 

 

Figure 6: Structure-odor relationship of alkylpyrazines I. Chemical structures and OTs of aroma 

active 2,3,5-trimethylpyrazine (8), 2-ethyl-3,5-dimethylpyrazine (9) and 2-ethenyl-

3,5-dimethylpyrazine (10).[34] 

On the other hand, the aroma activity of multi-alkylated pyrazines is influenced by their 

substitution pattern. As displayed in Figure 7, the OT of 2,5-dimethylpyrazine (11) is lower 

than the OTs of 2,6-dimethylpyrazine (12) and 2,3-dimethylpyrazine (13).[35] 

 

Figure 7: Structure-odor relationship of alkylpyrazines II. Chemical structures and OTs of aroma 

active 2,5-dimethylpyrazine (11), 2,6-dimethylpyrazine (12) and 2,3-dimethylpyrazine (13).[35] 

1.1.1 Occurrence of Alkylpyrazines 

Alkylpyrazines are widely distributed in nature. They are biosynthesized by several insects, 

bacteria, and plants.[12,17,36] Moreover, they can be found in a wide range of thermally 

processed food like baked bread and potatoes, beef and in roasted peanuts and coffee and 

cocoa powder.[26,37] Additionally, they occur in various fermented soybean products like miso, 

natto, and soy sauce, biosynthesized by bacteria like Bacillus natto and Lactococcus lactis.[38] 



Introduction 

5 

 

1.1.2 Biosynthesis of Alkylpyrazines 

Alkylpyrazines can be formed as typical Maillard reaction products during thermal food 

processing.[39] As displayed in Scheme 2, the Maillard reaction initiates with the condensation 

of a reducing carbohydrate with an amino group (amino acid, protein, peptide) forming an 

N-glycosyl-amine or N-fructosyl-amine, which in turn generates either an Amadori or a Hyens 

product. These products undergo an enolization and form an α-dicarbonyl compound (14), 

which again reacts with an amino acid releasing a Strecker aldehyde (15) and generating an 

α-aminoketone (16) that dimerizes to the respective pyrazines (17).[40,41] 

 

Scheme 2: Pyrazine generation from the Maillard reaction.[41] 
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An alternative pathway via a dimerization of an azomethine ylide was proposed in 2010. 

Labeling studies showed that in the Maillard reaction α-keto acids and α-amino acids can 

generate a Schiff base (18) that – due to its instability – tends to undergo an intramolecular 

cyclization instead of an Amadori rearrangement. A decarboxylation of the resulting 

oxazolidine-5-one (19) leads to an azomethine ylide (20), which easily dimerizes to a 

piperazine (21). A decarboxylation and subsequent oxidation leads to the formation of 

pyrazine (22) (Scheme 3).[42,43] 

 

Scheme 3: Pyrazine generation via azomethine ylides (20) under Maillard reaction conditions.[42] 

Besides, alkylpyrazines are synthesized by different bacteria strains during fermentation 

processes. These biologically synthesized alkylpyrazines are subdivided into three classes: 

alkylated pyrazines with up to four alkyl side chains (usually methyl- or ethyl-substituted) 

belong to the first class, while pyrazines having two branched side chains are classified as the 

second class and the third class consists of alkylated methoxypyrazines.[44] Due to the great 

structural diversity of alkylated pyrazines, different biosynthetic pathways have been proposed. 

However, by far not all biosynthetic pathways have been elucidated yet.  

Feeding experiments with Corynebacterium glutamicum revealed the biosynthesis of 

mono- and multi-alkylated pyrazines. Their biosynthesis starts with a non-enzymatic amination 

of acyloin (23), which generates α-aminocarbonyls (24). A self-condensation of two 

α-aminocarbonyls yields a dihydropyrazine (25), which easily oxidizes to the respective 

pyrazine (26) (Scheme 4).[10] Depending on the substitution pattern of the acyloin, a wide 

variety of alkylated pyrazines can be formed.[44,45] 

 

 

Scheme 4: Proposed pathway of alkylpyrazines via acyloin (23).[10] 

Furthermore, aminoacetone turned out to be a direct precursor for alkylpyrazines. As displayed 

in Scheme 5, it is formed as an instable intermediate during the catabolism of L-threonine (27). 

The condensation of two molecules of aminoacetone (28) results in 2,5-dimethyl-

3,6-dihydropyrazine (29), which can be oxidized to 2,5-dimethylpyrazine (30). Feeding 
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experiments even demonstrated that acetate (31) serves as a precursor for the ethyl-

substituent of 3-ethyl-2,5-dimethylpyrazine (32) in Serratia marcescens.[18] 

 

Scheme 5: Proposed pathway of 3-ethyl-2,5-dimethylpyrazine (32) via L-threonine (27) and 

aminoacetone (28).[18] 

In myxobacteria (Nannocystis exedens subsp. cinnabarina and Chondromyces crocatus) the 

biosynthesis of branched dialkylpyrazines is supposed to start with a reduction of a branched-

chain amino acid to the corresponding α-aminoaldehyde. As α-aminoaldehydes are instable 

and highly reactive, they tend to dimerize generating dihydropyrazines, which in turn can be 

oxidized to pyrazines. As displayed in Scheme 6, valine (33) for instance is first reduced to 

valinal (34), which dimerizes to 2,5-diisopropyl-3,6-dihydropyrazine (35) and generates 

2,5-diisopropylpyrazine (35).[36] 

 

Scheme 6: Proposed pathway of 2,5-diisopropylpyrazine (36) via valine (33) and valinal (34).[36]  
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1.2 3-Alkyl-2-methoxypyrazines 

Pyrazines with a polar ethoxy- or methoxy- substituent tend to have even higher odor potencies 

than alkylated pyrazines.[27,33,34] The odor of alkylated 2-ethoxypyrazines like 2-ethoxy-3-

methyl-5-(2-methylpentyl)-pyrazine (37) for instance is described as nutty, coffee-like or fruity. 

In contrast, alkylated 2-methoxypyrazines like 2-methoxy-3-methyl-5-(2-methylpentyl)-

pyrazine (38) are associated with woody and green attributes (Figure 8).[27,46] 

 

Figure 8: Structure-odor relationship of alkoxypyrazines I. Chemical structures, OTs and odor 

descriptions of aroma active 2-ethoxy-3-methyl-5-(2-methylpentyl)-pyrazine (37) and 2-methoxy-

3-methyl-5-(2-methylpentyl)-pyrazine (38).[27]  

 

The most prominent alkylated methoxypyrazines are 3-alkyl-2-methoxypyrazines (MPs). 

Sensory investigations showed that the OT of MPs is affected by the alkyl chain length: the 

longer the alkyl side chain the lower the OT. The OT of 3-ethyl-2-methoxypyrazine (39) for 

example is ten times higher than the OT of 3-propyl-2-methoxypyrazine (40) (Figure 9).[32] 

 

Figure 9: Structure-odor relationship of alkoxypyrazines II. Chemical structures and OTs of 

aroma active 3-ethyl-2-methoxypyrazine (39) and 3-propyl-2-methoxypyrazine (40).[32]  

 

In addition, the substitution pattern of alkoxy-pyrazines plays a significant role in their aroma-

activity. For instance, 3-methyl-2-methoxypyrazine (41) has a lower OT than its 

2,6-isomer (42) and 2,5-isomer (43) (Figure 10).[35] 
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Figure 10: Structure-odor relationship of alkoxypyrazines III. Chemical structures and OTs of 

aroma active 3-methyl-2-methoxypyrazine (41), 6-methyl-2-methoxypyrazine (42) and 5-methyl-

2-methoxypyrazine (43).[35]  

 

1.2.1 Occurrence of 3-Alkyl-2-methoxypyrazines 

MPs occur in trace quantities in several foods including raw vegetables as well as raw peanuts, 

coffee and fragrant vegetable oils.[14,30,31,47–50] The most common MPs are 

3-isopropyl-2-methoxypyrazine (IPMP, 44), 3-sec-butyl-2-methoxypyrazine (sBMP, 45) and 

3-isobutyl-2-methoxypyrazine (IBMP, 46) (Figure 11). IBMP was first identified in bell pepper 

fruits (Capsicum annuum L.) in 1969, followed by the identification of sBMP in galbanum oil 

(Ferula galbaniflua) and IPMP in green peas (Pisum sativum).[46,51,52] The highest IBMP-levels 

can be found in green bell pepper fruits (Capsicum annuum L. var. grossum), while beetroot 

(Beta vulgaris) and parsnip (Pastinaca sativa) contain the highest sBMP-concentrations and 

pea shells (Pisum sativum) are rich in IPMP.[14] 

 

Figure 11: Chemical structures of 3-isopropyl-2-methoxypyrazine (IPMP, 44), 3-sec-butyl-

2-methoxypyrazine (sBMP, 45), 3-isobutyl-2-methoxypyrazine (IBMP, 46). 

In addition, MPs are found in several grapes of Vitis vinifera varieties and their respective wines 

like Cabernet Sauvignon, Sauvignon blanc, Cabernet franc, Pinot noir, Riesling, Chardonnay, 

Merlot and Carmenere, but also in Vitis species like V. amurensis, V. cinerea, V. riparia and 

V. rupestris.[53,54–57] MPs have a strong influence on the aroma of wines. In fact, they are 

responsible for an herbaceous, earthy and bell pepper-like wine aroma, which contributes to 

the typical aroma of wine varieties such as Sauvignon Blanc in moderate concentrations. In 

contrast, MPs have detrimental effects on the wine quality when present in higher 

concentrations.[57–59] Estimated OTs in wines are 10–16 ppt for IBMP and 1–2 ppt for 
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IPMP.[46,51,56,57,60] While IBMP is mainly associated with a green bell pepper aroma, IPMP is 

primarily related to an earthy and herbaceous aroma.[61] IBMP turned out to be the most 

abundant MP in grapes and wines. An aroma associated with unripe and green attributes is 

perceived by the consumers at IBMP-levels ≥8 ppt in white wine and ≥15 ppt in red wine.[56,57] 

MPs in wine are not only grape derived. IPMP for instance is considered to be the main cause 

for the off-flavor ‘ladybug taint’ (LBT), which is caused by the unintentional carry-over of the 

Coccinellidae ladybeetles Harmonia axyridis and Coccinella septempunctata into the wine 

during winemaking.[62] Moreover, cork stoppers can lead to elevated MP-levels in wine.[63] 

IBMP and IPMP, were identified as corky off-flavor compounds that can migrate from cork 

stoppers into the wine.[64] MPs occur naturally in raw cork planks or can be microbially induced 

by for example Pseudomonas species as well as Cedecea and Serratia strains.[65,66,67] 

In addition, MPs have a significant impact on coffee quality. Elevated IPMP- and IBMP-levels 

are supposed to be responsible for the ‘potato-taste defect’ (PTD) found in roasted coffee 

made of Coffea species.[68] The PDT is associated with potato peel aroma.[69] It has been 

hypothesized that an insect-bacteria-interaction between the coffee bug (Antestiopis orbitales) 

and bacteria species of the genus Enterobacteriaceae and Pantoea is causing an upregulation 

of genes and enzymes, which are involved in the biosynthesis of MPs.[70] 

1.2.2 Biosynthesis of 3-Alkyl-2-methoxypyrazines 

While the occurrence of MPs has been widely studied, less is known about their biosynthesis. 

In contrast to alkylpyrazines, MPs are not related to food processing. MPs are usually plant 

derived or biosynthesized by microorganisms. The bacterial IPMP-biosynthesis is assumed to 

start with a condensation of valine (47) and glycine (48) yielding 3-isopropylpiperazine-

2,5-dione (49) followed by a dehydration and methylation forming IPMP (50) (Scheme 7).[66,67] 

 

Scheme 7: Postulated biosynthesis of 3-isopropyl-2-methoxypyrazine (IPMP, 50) in 

Pseudomonas species.[66] 

The knowledge about the biosynthesis of MPs in plants is limited. Biosynthetic precursors and 

intermediates are still unknown. Their biosynthesis is supposed to be linked to the metabolism 

of amino acids. In 1970, Murray et al. postulated a biosynthetic pathway starting with the 

amination of a branched-chain amino acid (BCAA) like valine (51) followed by a condensation 
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with glyoxal (52) forming 3-isopropyl-2-hydroxypyrazine (IPHP, 53), which would in turn be 

enzymatically methylated to IPMP (54) (Scheme 8).[51] However, this pathway has been 

discussed controversially, as neither α-amino acid amides nor free glyoxal had been detected 

in plants.[14,71] 

 

Scheme 8: Postulated biosynthesis of 3-isopropyl-2-methoxypyrazine (IPMP, 54) in plants.[51] 

Another biosynthetic pathway was proposed in 2010. A significant increase in IBMP-content 

was detected when exogenous leucine and leucinamide (2-amino-

4-methylpentanamide, AMPA) were added to Cabernet Sauvignon grapes. Hence, it has been 

hypothesized that leucine (55) serves as a precursor, while AMPA (56) acts as an intermediate 

in the biosynthesis of IBMP (57) (Scheme 9).[72] 

 

Scheme 9: Postulated biosynthesis of 3-isobutyl-2-methoxypyrazine (IBMP, 57) via leucinamide 

(AMPA, 56).[72] 

Enantioselective sBMP-analysis strengthened the hypothesis of natural amino acids being the 

precursors to MPs, as only (S)-sBMP was detected in raw vegetables. As displayed in 

Scheme 10 the stereochemistry of L-isoleucine (58) is maintained during its incorporation into 

(S)-sBMP (59).[47] 

 

Scheme 10: Proposed incorporation of L-isoleucine (58) into (S)-sBMP (59). Retention of the 

stereochemistry of L-isoleucine during its incorporation.[47]  
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While the first steps of the biosynthesis of MPs in plants are still discussed, the final 

enzymatically catalyzed step has already been confirmed. In 2001, an S-adenosyl-

L-methionine (SAM) dependent enzyme has been identified to be responsible for the 

O-methylation (O-methyltransferase; OMT) of 3-alkyl-2-hydroxypyrazines (HPs) to MPs in Vitis 

vinifera grapes.[73,74] Dunlevy et al. isolated the full-length sequences of two genes encoding 

Vitis vinifera O-methyltransferases (VvOMT1 and VvOMT2) in 2010.[75] Two further VvOMTs 

(VvOMT3 and VvOMT4) were characterized in 2013.[76,77] 

 

Scheme 11: Final enzyme-catalyzed step in the biosynthesis of 3-alkyl-2-methoxy-

pyrazines (MPs). Methylation of 3-isobutyl-2-hydroxypyrazine (IBHP, 60) to 3-isobutyl-

2-methoxypyrazine (IBMP, 61) in Vitis vinifera grapes catalyzed by S-adenosyl-L-methionine 

dependent Vitis vinifera O-methyl-transferases (VvOMTs).[73–75,77] 

The VvOMTs differ in their affinities to catalyze the O-methylation of 3-isobutyl-

2-hydroxypyrazine (IBHP) to 3-isobutyl-2-methoxypyrazine (IBMP) (Scheme 11).[75] 

Differences in catalytic efficiencies are thought to be caused by steric hinderance and thus 

larger distances between the methyl-acceptor (HPs) and methyl-donor (SAM).[78] The different 

catalytical efficiencies might be responsible for the varying distribution of IPMP, IBMP and 

sBMP within vegetables and grape tissues. Usually, all three MPs are present, but one is 

predominantly biosynthesized.[14,75] In grapes for example IBMP is dominating. VvOMT3 is 

proposed to be mainly responsible for the O-methylation of IBHP in grapevines, as it is highly 

catalytically efficient and specific for the O-methylation of IBHP.[76] 

In 2016, three genes (NbOMT1, NbOMT2, and NbOMT3) encoding enzymes, which catalyze 

the O-methylation of IBHP in Nicotiana benthamiana (Solanaceae) were identified. NbOMT1 

showed the highest expression level. However, its expression decreased when plants were 

infected by bacterial phytopathogens (phytoplasmas).[79]  

Over the years it could be shown that IBMP-biosynthesis is affected by several abiotic and 

biotic stresses. As described above, in Coffea and Nicotiana benthamiana plants the IBMP-
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biosynthesis seems to be up- or downregulated in response to biotic stress caused by insects 

or bacteria.[70,79] In contrast, abiotic stresses including vinicultural and environmental factors 

like temperature, sunlight exposure and soil as well as viticultural practices turned out to affect 

IBMP-levels in grapes.[56,80] Especially cluster light exposure, and higher temperatures have 

shown to reduce MP-levels in grapes.[81,82]  

So far, it is unknown whether light suppresses IBMP-biosynthesis or if it causes IBMP-

degradation. Light-induced photodegradation and a thermal-induced degradation are 

discussed in the literature.[83] However, neither a degradation pathway nor degradation 

products have been identified yet. As decreasing IBMP-levels and increasing IBHP-levels have 

been observed during grape and bell pepper fruit ripening, it has been suggested that IBMP 

degrades back to IBHP (Scheme 12). However, not all of the IBMP was recovered as IBHP, 

so a subsequent IBHP-degradation, a coexisting degradation pathway or a volatilization of 

IBMP cannot be currently ruled out.[75,84]  

 

Scheme 12: Supposed degradation of IBMP (63) back to IBHP (62).[84]  
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1.2.3 Analysis of 3-Alkyl-2-methoxypyrazines 

Qualitative and quantitative analysis of MPs started with the first isolation of IBMP from bell 

peppers (Capsicum annuum L.) in 1969.[46] Following that, isolation and extraction techniques 

as well as analytical methods were constantly optimized and adapted to different matrices. 

Over the years MP-analysis gained in importance, especially in complex matrices like 

vegetables, grapes and wine. Since MPs are ultra-trace components in grapes (ppt), 

wines (ppt) as well as in vegetables (ppb), sufficient extraction sensitivities must be 

ensured.[48,84] Hence, powerful extraction techniques and extensive sample clean-up had to be 

developed. 

IBMP was extracted for the first time from grapes using liquid-liquid extraction (LLE).[54] 

Subsequently, many studies focused on improving the extraction of MPs. The extraction 

efficiencies of different LLE-solvents were examined.[58,59,85] Moreover, various extraction 

techniques like (vacuum) distillation, stir bar sorptive extraction (SBSE), and headspace 

techniques like headspace solid-phase microextraction (HS-SPME) were 

implemented.[55,56,81,86,87,88] Sample clean-up was mainly conducted by solid-phase 

extraction (SPE).[55,87] 

A few studies used liquid chromatography (LC) for the chromatographical separation of MPs.[89] 

However, gas chromatography (GC) turned out to be the main separation technique. For 

MP-analysis, GC was hyphenated with different detection techniques like nitrogen phosphorus 

detection (NPD) as well as flame ionization detection (FID) and mass 

spectrometry (MS).[54,90,91] Coelutions, which mainly occurred during the analysis of MPs in 

complex matrices affected the detection of MPs negatively. For this reason, multidimensional 

gas chromatography (MDGC), especially GC×GC-MS-hyphenation, became increasingly 

important.[91–93]   
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2. HS-SPME-GC×GC-ToF-MS-Analysis 

In the present thesis, MPs and their isotopologues were identified using 

HS-SPME-GC×GC-ToF-MS-analysis. HS-SPME-GC×GC-ToF-MS-analysis combines the 

headspace sampling technique and solid-phase microextraction with the comprehensive two-

dimensional gas chromatography interfacing with time-of-flight-mass spectrometry. For 

MP-quantification, a stable isotope dilution assay was combined with a validated 

HS-SPME-GC-ToF-MS-method. SIDA-HS-SPME-GC-MS is widely used for the quantification 

of MPs in different matrices like coffee beans, wine and fragrant vegetable oils.[49,58,94] 

2.1 Solid-Phase Microextraction 

SPME is a rapid, solvent-free sample preparation technique invented by Arthur and Pawliszyn 

in 1990.[95] SPME is carried out using a sorbent-coated fused silica fiber, which is protected by 

a septum piercing needle. The SPME fiber can be inserted either directly into the sample (direct 

immersion solid-phase microextraction, DI-SPME) or into its headspace (headspace solid-

phase microextraction, HS-SPME). DI-SPME is mainly used to extract non-volatile 

compounds, while HS-SPME usually extracts volatile and semi-volatile compounds.[96] 

2.1.1 Headspace Solid-Phase Microextraction 

HS-SPME facilitates the extraction of analytes from a wide range of matrices. HS-SPME is a 

non-exhaustive extraction, as only parts of the analyte are removed from the sample. The 

SPME-process consists of three steps: incubation, extraction, and desorption.[97] 

First samples are incubated in a tightly sealed HS-vial for a predefined time. During incubation, 

analytes successively equilibrate among the HS and the sample. After incubation, extraction 

starts. The fiber is exposed to the sample’s HS aiming the volatile’s equilibria between the 

sample and the HS as well as the HS and the fiber coating (fiber) (Figure 12). Hence, for a 

complete extraction, the analyte needs to reach a distribution equilibrium between the sample, 

the headspace, and the fiber.[98] 

 

Figure 12: Principle of HS-SPME extraction.[99] 
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As described in Equation 1, the amount of extracted analyte in equilibrium (neq) depends on 

the analyte’s initial concentration (c0), its distribution coefficients (Kx) between the three phases 

(fiber, HS, sample) and their volume ratios (Vx).[99] 

neq =
KfsVf c0Vs

KfsVf + KhsVh + Vs

 Equation 1 

neq  =  mass analyte adsorbed by coating (fiber) 

c0    =  initial concentration of the analyte 

Kfs   =  distribution coefficient (fiber and sample) 

Khs  =  distribution coefficient (headspace and sample) 

Vf     =  volume of coating (fiber) 

Vs    =  volume of sample 

Vh    =  volume of headspace 

Reaching the equilibrium state may require a long extraction time, which, however, can be 

reduced by either higher temperatures or sample stirring. In fact, a combination of increasing 

temperature and sample agitation is often used to achieve a good extraction efficiency, while 

keeping the extraction time as short as possible.[99,100] Besides, extraction efficiency depends 

on the physicochemical properties such as solubility, polarity, and volatility of the target 

analyte. Adding salt like sodium chloride (NaCl) to the sample improves the extraction of non-

polar analytes (salting out effect). In contrast, pH-adjustment improves the recovery of acidic 

or basic analytes, as only undissociated compounds are adsorbed by SPME.[101] 

Extraction selectivity, in turn, is influenced by the fiber coating materials. SPME coatings differ 

in for example thickness, length, polarities as well as extraction mechanism (absorbent or 

adsorbent). Widely used coatings are PDMS (polydimethylsiloxane), PA (polyacrylate), DVB 

(divinylbenzene). PA- and DVB-fiber coatings are used for polar compounds, while a PDMS-

coating is more convenient for the extraction of non-polar compounds. As samples generally 

consist of compounds having different polarities, mixed polymer coatings such as the 

Divinylbenzol/Carboxen/Polydimethylsiloxane (DVB/CAR/PDMS) coating were developed for 

the simultaneous extraction of analytes having different polarities.[100,102] 

SPME is compatible with GC and LC. After extraction, analytes are desorbed thermally from 

the SPME fiber into a GC- or LC-injector. The latter requires the use of suitable solvents as 

well as a special interface, which desorbs the analytes from the fiber into the mobile phase of 

the LC. In case of GC-analysis, splitless injection is usually used, as no solvent is present in 

the sample. The desorption efficiency is affected by parameters like desorption time and 

temperature as well as carrier gas flow.[96]  
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SPME can be used for quantitative analysis. The equilibrium extraction method for instance 

uses the linear relationship between the mass of analyte extracted by SPME at equilibrium and 

its initial concentration (neq ∝ c0) (Equation 1).[99] Once an equilibrium is reached the amount 

of the extracted compound does not increase even during further fiber exposure. Thus, the 

highest sensitivity is achieved at the extraction equilibrium.[97] However, the time required to 

reach an equilibrium can take up to a few days. That is why the pre-equilibrium extraction 

method is often used instead. Using constant and reproduceable extraction conditions 

(extraction temperature, extraction time, agitation), quantification is possible even before 

equilibrium extraction is achieved. Moreover, appropriate calibration methods like standard 

addition, external standard calibration or internal standard calibration are required.[103,104] 

2.1.1.1 Stable Isotope Dilution Assay 

Internal standard calibration is widely used for quantification, as it compensates potential 

matrix effects and significant losses of the target analyte during sample preparation and 

analysis. However, the choice of the internal standard is a crucial factor. The internal standard 

is added to the sample prior sample preparation and should, on the one hand, be a structural 

analog to the target analyte. It should have highly similar physicochemical properties such as 

solubility, polarity, and volatility like the analyte, as otherwise it would result in over- or 

underestimations of the analyte. On the other hand, the analyte and internal standard need to 

differ in their retention to provide a chromatographical separation.[103] Thus, choosing a proper 

internal standard might be challenging. 

A highly precise quantification method is the stable isotope dilution assay (SIDA), which was 

developed by Schieberle and Grosch in 1987.[105] The use of a stable isotope labeled 

compound leads to accurate results. As the analyte and its stable isotope labeled counterpart 

are almost chemically identical, their concentration-ratio should remain stable during sample 

preparation and analysis. After adding the stable isotope labeled compound to the sample, it 

needs to equilibrate in the sample’s matrix. Otherwise, the recovery of the added, isotope-

labeled standard might be higher than for the matrix-bound analyte, resulting in an 

underestimation of the analyte.[106] For calibration, solutions containing different analyte-

concentrations and a fixed concentration of the stable isotope labeled standard are prepared. 

A calibration curve is developed by plotting the concertation ratios against the ratios of the 

respective peak areas.[106,107]  

The analyte and its stable isotope labeled analogue can be separated by gas 

chromatography (GC), due to the inverse isotope effect.[108] In case of coelutions, they are 

distinguishable using mass spectral detection techniques. By introducing at least one stable 

isotope, the internal standard has a higher molecular weight compared to its unlabeled 

counterpart. The mass-to-charge-ratios (m/z) of the molecular ion (M+●) is thus shifted to higher 
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m/z-values. A loss of the stable isotope labeled motif during fragmentation should be avoided, 

to enable the detection of mass shifts of fragment ions.[106] 

2.2 Multidimensional Gas Chromatography 

GC is a method for separating analytes based on their volatility. The separation of compounds 

with similar boiling points is achieved using stationary phases with different polarities. The 

separation power is limited by the separation space i.e. the peak capacity of a conventional 

one-dimensional gas chromatography (1D GC).[109] 

To expand the separation space and thus increase the peak capacity, multidimensional gas 

chromatography (MDGC) was invented. MDGC requires at least two columns (two 

dimensions) with different chemical properties.[110] However, coupling two columns directly has 

the same effect as mixing different stationary phases – it improves the separation, but does 

not increase the peak capacity. To enhance the peak capacity a modulator needs to be applied 

as an interface between the two columns. The modulator accumulates, refocuses, and 

reinjects the eluate from the first column (first dimension, 1D) onto the second column (second 

dimension, 2D). There are several types of modulators commercially available such as valve-

based, thermal- or cryo-modulators. A thermal loop modulator for instance traps and refocuses 

the analytes by a cold nitrogen gas jet at the end of the first column. It generates two cold spots 

on a twice looped segment of the 2D. While the cold nitrogen gas flows continuously, the hot 

jet is activated periodically and remobilizes the analytes releasing them onto the 2D During the 

modulation process, the signal of an analyte eluting from the 1D is cut into several fractions, 

which can then be transferred to the 2D. The time needed for one modulation cycle is called 

modulation period (PM).[111] Two-dimensional GC (2D GC) is classified into heart-

cutting (H/C) 2D GC or comprehensive 2D GC (GC×GC). H/C 2D GC turned out to be an 

effective separation method for target analysis, as only preselected fractions of the sample are 

transferred to the 2D, whereas GC×GC enables a continuous two-column separation of the 

sample.[112] 

Moreover, to expand the separation space a so-called ‘orthogonality’ should be achieved. A 

2D GC-system is described as ‘orthogonal’ when there is no correlation between the retention 

mechanism in the two dimensions. Thus, for orthogonality the separation mechanisms of the 

two dimensions need to be independent from another. Usually, the 1D consists of an apolar 

column, while a (semi-) polar column is used as the 2D (apolar × (semi-)polar). In an apolar 1D, 

analytes are separated according to their volatility. Coeluting analytes having the same 

volatility can then be separated based on their polarity using a (semi-)polar 2D. However, in 

practice ideal orthogonality is never achieved, due to dispersion interactions, which occur in 
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any stationary phase. Coeluting substances can be distinguished using different detection 

methods like mass spectrometry (MS).[109,113]  

2.2.1 Comprehensive Two-Dimensional Gas Chromatography – Time of Flight 

Mass Spectrometry 

GC×GC was first developed in 1991.[114] It provides a high peak capacity and thus enables the 

separation of a wide range of analytes in a highly complex matrix. As a continuous process, 

GC×GC requires a fast modulation process. A 1D-signal should be modulated at least three 

times, so a PM usually takes 2–10 s.[115] 2D-seperation should ideally be completed within one 

PM to avoid the coelution of two subsequent fractions called ‘wrap around’. To ensure a fast 

2D-separation, a short column (1–2 m) having a thin film thickness (df 0.1 µm) and a narrow 

inner diameter (I.D. 0.1 mm) is usually used for the 2D.[112] 

The focusing effect during modulation reduces the signal widths of analytes leading to sharp 

signals and improved detection limits.[116] Due to narrow peaks eluting from the 2D, detectors 

with high sampling rates are required for GC×GC-analysis. At least 10 data points per peak 

are required to ensure an accurate peak reconstruction and quantification. Thus, the 

acquisition rate of a mass spectrometer needs to be sufficiently high. That is why scanning 

detectors like quadrupole and ion traps are less suitable for GC×GC-analysis than time-of-

flight mass spectrometer (ToF MS).[117] 

In fact, ToF-analyzer are known for their high acquisition rate. They separate ions of a pulsed 

ion beam according to the time they need to fly through a field-free flight path called ‘drift tube’. 

The ion’s velocity in the drift tube depends mainly on its mass. Therefore, high-mass ions reach 

a lower velocity than low-mass ions. To enhance the mass resolution of a ToF-analyzer, the 

drift path is usually elongated by an electric counter field (reflector), which reflects the entering 

ions. A reflector consists of ring-shaped electrodes with increasing potential. Thus, the higher 

the ion’s kinetic energy the deeper it enters the reflector. After reaching a kinetic energy of 

zero the ions are expelled towards the detector. Ions having the same mass, but different 

kinetic energies are re-focused after passing the reflector, which leads to sharp signals.[118] 

The main advantage of a GC×GC-MS-hyphenation is additional structural information allowing 

the identification of many analytes within a single GC×GC-analysis.  
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3. Objective of the Study 

The aim of this thesis was the identification of precursors in the biosynthesis of IBMP. For this 

purpose, in vivo feeding experiments were performed using stable isotope labeled compounds. 

To detect the incorporation of stable isotopes into IBMP a method combining HS-SPME with 

GC×GC and ToF-MS was developed. 

Due to their high IBMP-contents, Capsicum annuum L. (bell pepper) fruits were used for 

feeding studies. First, experiments focused on the pericarp tissue, which is the edible part of 

the fruit. The incorporation of deuterium atoms leads to a decrease in the retention time of an 

analyte. This inverse isotope effect facilitates the detection of deuterium-incorporation, as the 

deuterated and the unlabeled, genuine analytes are separable by GC. However, the inverse 

isotope effect becomes weaker for stable isotope labeled carbon (13C) and nitrogen (15N).[108] 

To identify 13C-/15N-incorporations, isotopic enrichments in distinct isotopic mass peaks, which 

can be detected by mass spectrometry are used instead. If 13C-/15N-incorporation rates are low 

the coeluting genuine compound can mask them, which makes the detection of 

13C-/15N-incorporation more difficult or even impossible. Consequently, to identify even low 

incorporation rates of 13C-/15N-atoms into IBMP a new experimental design for feeding 

experiments needed to be developed (Chapter 2 and Chapter 3). 

Later, distinct parts of the fruit such as calyx, pedicel, placenta, and seed as well as different 

plant organs like flowers, leaves, shoots, and roots were analyzed regarding their ability to 

biosynthesize IBMP de novo. Moreover, the IBMP-distribution within the whole plant was 

examined. For IBMP-quantification a method combining HS-SPME-GC-ToF-MS-analysis and 

SIDA was developed and validated. Furthermore, a long-distance transport of IBMP through 

the plant via the phloem was examined. For this purpose, petiole phloem exudates were 

collected using the EDTA-(ethylenediaminetetraacetic acid)-facilitated method and analyzed 

by HS-SPME-GC-ToF-MS (Chapter 4).  
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Chapter 2  

1. General Introduction 

The biochemistry of plants is complex. Due to the vast variety of plants, plant’s metabolism 

cannot be generalized. Moreover, it is highly flexible since plants are sessile organisms. Plant’s 

metabolism changes under certain circumstances. For instance, plants respond to abiotic and 

biotic stress by up- and downregulating enzymes and hence (in-)activating different metabolic 

pathways. This in turn leads to the biosynthesis and accumulation of certain secondary 

metabolites, which for instance serve for the plant’s defense.[119,120] 

By far not all metabolic pathways involved in the metabolism of plants have been investigated 

yet. For pathway delineation different research areas need to be combined. Apart from genetic 

and enzymatic approaches, stable isotope labeling experiments play a key role in dissecting 

metabolic pathways. Following the fate of stable isotope labeled compounds through 

biosynthetic processes facilitates the elucidation of novel biosynthetic pathways. In fact, stable 

isotope labeling experiments turned out to be a crucial tool to decipher complex metabolic 

mechanisms. Via isotope tracer experiments, precursors, and intermediates and thus the origin 

of metabolites can be determined on a molecular level.[121] 

Over the years, many biosynthetic pathways have been elucidated using stable isotope 

techniques. The use of 13C-labeled compounds for example allowed the discovery of 

glyceraldehyde-3-phosphate (64) and pyruvate (65) as precursors to the isoprenoid building 

blocks dimethylallyl-diphosphate (DMAPP, 66) and isopentenyl-diphosphate (IPP, 67) 

(Scheme 13).[122] 

 

Scheme 13: Glyceraldehyde-3-phosphate (64) and pyruvate (65) as precursors of dimethylallyl-

diphosphate (DMAPP, 66) and isopentenyl-diphosphate (IPP, 67). The MEP-(2-C-methyl-D-

erythritol-4-phosphate)-pathway, as a non-mevalonate pathway to the isoprenoid building blocks 

IPP and DMAPP.[122] 

Moreover, stable isotope labeling studies proved a metabolic link between the mevalonate 

pathway and the biosynthesis of branched-chain fatty acid biosynthesis in myxobacteria. It 

could be shown that three molecules of acetyl-CoA (68) condensate to 

3-hydroxy-3-methylglutaryl-CoA (3-HMG-CoA, 69), which in turn can be converted into either 
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3-methylbut-3-enoyl-CoA (70), which is a precursor for branched-chin fatty acids or 

mevalonate (71), which serves as a precursor to terpenes (Scheme 14).[123] 

 

Scheme 14: Shunt pathway that connects the mevalonate pathway and branched-chain fatty 

acids via 3-hydroxy-3-methylglutaryl-CoA (3-HMG-CoA, 69).[121] 

For stable isotope labeling experiments, samples like intact plant tissues (in vivo) or cell 

cultures (in vitro) are incubated with isotopically labeled compounds. As the labeled compound 

has almost the same chemical properties like its unlabeled counterpart, they are identically 

distributed within the plant and equally metabolized by the plant.[124] The incorporation of a 

stable isotope labeled compound can be verified based on the labeling pattern of the metabolic 

product formed during incubation. Commonly used isotopes are deuterium, 13C, 15N and 

34S.[124,125] 

The identification and quantification of the incorporation of isotopically labeled precursors into 

the metabolites requires powerful analytical instruments like MS. The incorporation of stable 

isotopes leads to higher intensities in distinct isotopic mass peaks, which are detectable by 

MS. On the one hand, MS allows to figure out whether the compound is incorporated or not. 

On the other hand, it shows how often it has been incorporated and which building blocks have 

been incorporated. The results of stable isotope tracer experiments hence give advice to 

important intermediates.[124,125] Usually, MS is coupled to a chromatographic system like GC or 

LC, which allow the separation of compounds that otherwise would be indistinguishable.[126] 
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2. Summary 

The main topic of this study is the identification of IBMP-precursors. For this purpose, in vivo 

feeding experiments were conducted using stable isotope labeled compounds and the pericarp 

tissue of bell pepper fruits (Capsicum annuum L.). Samples were treated directly after 

harvesting. Pedicel, calyx, and placenta were removed, and the pericarp was disinfected with 

a sodium-hypochlorite (NaOCl) solution to avoid microbial contamination. Afterwards, samples 

were washed with water to remove remaining NaOCl. Samples were incubated for 48 h with a 

stable isotope labeled compound. 

For in vivo stable isotope feeding experiments, a method combining HS-SPME with GC×GC 

and ToF-MS was developed. HS-SPME was carried out using a DVB/CAR/PDMS-coated 

2 cm-fiber, which had a good response to IBMP.[88,92,127] An aqueous solution containing 

sodium chloride was added to each sample to additionally enhance SPME efficiency (salting-

out effect).[128] 

Due to their similarity in the branched side chain, L-leucine has frequently been considered as 

a potential precursor for IBMP.[14,51,66] Thus, feeding experiments were conducted using 

deuterium labeled L-leucine (L-leucine-d10). Since the α-deuterium of L-leucine-d10 dissociates 

during the formation of the pyrazine ring, its incorporation should yield a nine-fold deuterated 

IBMP (IBMP-d9). Using pericarp tissue of unripe, green bell pepper pericarp revealed an 

incorporation of L-leucine (72) into IBMP (73) (Scheme 15). Due to the inverse isotope effect, 

GC×GC-analysis enabled the separation of deuterated IBMP and genuine IBMP. The number 

of incorporated deuterium atoms was determined based on mass spectral data. 

 

Scheme 15: Incorporation of L-leucine-d10 (72) generating IBMP-d9 (73). Based on in vivo 

feeding experiments using green, unripe bell pepper pericarp (Capsicum annuum L.). 

The mass spectrum of deuterated IBMP shows a similar fragmentation pattern to IBMP with 

shifts to higher masses. The shift of the molecular ion (M+●) by nine mass units (m/z 166 to 

m/z 175) confirmed the incorporation of nine deuterium atoms (IBMP-d9). In addition, a base 

peak at m/z 127 resulting from the elimination of deuterated propene (C3D6) in turn of a 

McLafferty rearrangement as well as the shift of m/z 151 to m/z 157 due to the methyl radical 

loss from the isobutyl side chain revealed an incorporation of L-leucine-d10 into IBMP 

(Scheme 16). 
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Scheme 16: Fragmentation pattern of IBMP (A) and IBMP-d9 (B). Mass shifts in the molecular 

ion (M+●) m/z 166 to m/z 175, as well as fragment ions m/z 124 to m/z 127, m/z 151 to m/z 157 

and m/z 94 to m/z 97 confirmed the deuteration of the whole isobutyl-moiety of IBMP. 

Comparable results were expected when L-leucine-d10 was fed to the pericarp of ripe, yellow 

bell pepper fruits. However, no incorporation of L-leucine-d10 into IBMP could be detected. It is 

known that IBMP-levels decrease during bell pepper and grape ripening. Moreover, a reduced 

expression of important enzymes involved in MP-biosynthesis was observed in grapes during 

ripening.[72] Therefore, it might be that no de novo biosynthesis was detectable in ripe fruits 

due to the down-regulation of important enzymes. 

Further experiments were conducted using the pericarp tissue of unripe, green bell pepper 

fruits. Branched chain amino acids (BCAAs) like L-leucine play an important role in the 

biosynthesis of several branched-chain volatiles (BCVs), which contribute to the fruity aroma 

notes of fruits like 2-methylbutanoate esters in strawberries (Fragaria × ananassa Duch.) and 

bananas (Musa sapientum L.).[129] First, it has been suggested that BCVs are biosynthesized 

as a result of the catabolic degradation of BCAAs in the mitochondria.[130] Later, the 

mitochondrial catabolism of BCKAs turned out to be responsible for the biosynthesis of BCVs 

in fruits like tomatoes.[131] 
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To examine the relevance of BCKAs in IBMP-biosynthesis feeding experiments were 

conducted using α-ketoisocaproic acid (α-KIC), which is the BCKA of L-leucine. Feeding 

studies revealed an incorporation of α-KIC-d7 into IBMP. To further investigate which precursor 

is more efficient, the incorporation rates of α-KIC-d7 and L-leucine-d10 were compared by 

feeding both compounds simultaneously (co-feeding experiment). In co-feeding experiments, 

L-leucine showed higher incorporation rates. However, such a higher incorporation rates might 

also occur due to differences in the cellular uptake, metabolism, and distribution of these 

compounds. To overcome these differences L-leucine-13C6,15N,2,3,3,4,5,5,5,5′,5′,5′-d10 

(L-leucine-13C6,15N, d10) was used for ensuing investigations. Results proved that the 15N-label 

is mostly lost during IBMP-biosynthesis, showing that BCKAs are relevant in the biosynthesis 

of MPs. 

Further experiments were conducted to examine which compound serves as the nitrogen 

donor to IBMP and to identify the C2-unit-precursor, which is required to generate the IBMP-

heterocycle. However, the inverse isotope effect is less effective for stable isotope labeled 

carbon (13C) and stable isotope labeled nitrogen (15N). So, mixed labeling studies (co-feeding 

experiments) were performed by feeding L-leucine-d10 simultaneously to a putative 

13C/15N-labeled precursor. As displayed in Figure 13 co-feeding L-leucine-d10 and for instance 

[13C2]-glyoxylic acid should result in the biosynthesis of IBMP-d9 (A), [13C2]-IBMP-d9 (B) and 

[13C2]-IBMP (C). 

 

Figure 13: Expected labeling pattern of IBMP in co-feeding studies with [13C2]-glyoxylic acid and 

L-leucine-d10. Incorporation of (A) L-leucine-d10, (B) L-leucine-d10 and [13C2]-glyoxylic acid, 

(C) [13C2]-glyoxylic acid. 

The biosynthesis of [13C2]-IBMP-d9 and thus an incorporation of [13C2]-glyoxylic acid would be 

detectable by GC×GC-ToF-MS. On the one hand, the incorporation of deuterium atoms should 
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allow the separation of the genuine IBMP and its heavier isotopologue by GC×GC. On the 

other hand, a chromatographically separation should enable the detection of isotopic 

enrichments in distinct isotopic mass peaks by ToF-MS.  

In fact, the inverse isotope effect was enhanced by the incorporation of the deuterium atoms 

of L-leucine-d10 resulting in the separation of the labeled and unlabeled isotopologues by 

GC×GC. Based on mass spectral data an incorporation of a C1-unit of glycine and glyoxylic 

acid as well as one nitrogen atom of glutamine could be confirmed. 

 

Figure 14: Incorporation of L-leucine and α-KIC as well as glyoxylic acid, glycine, and glutamine 

into IBMP., based on in vivo feeding experiments using green, unripe bell pepper pericarp 

(Capsicum annuum L.). The exact position of the 13C-label in the pyrazine ring (13C-5 or 13C-6; 

here 13C-5 is shown) cannot be determined at the present stage. 

In sum, feeding studies revealed that IBMP is biosynthesized in the pericarp tissue of unripe 

bell pepper fruits. Feeding experiments showed that L-leucine and α-KIC are important 

precursors for the biosynthesis of IBMP. Moreover, L-glutamine turned out to serve as a 

nitrogen source in IBMP-biosynthesis, while glycine as well as glyoxylic acid provide a 

C1-building block to IBMP (Figure 14). 
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Chapter 3  

1. General Introduction 

L-Serine is a proteinogenic amino acid, which plays a key role in plant metabolism. It is an 

important building block for many biomolecules. L-Serine participates in the biosynthesis of 

proteins, phospholipids as well as cysteine and glycine. Moreover, it serves as an important 

C1-unit donor and participates in the biosynthesis of purines and pyrimidines as well as 

methionine (Figure 15).[132,133] 

 

Figure 15: L-Serine as an important building block for several biomolecules. 

L-Serine is important for the plant’s response to abiotic stresses like flooding, salinity and low 

temperatures.[134] Deficiencies in L-serine can result in a higher embryo abortion rate in 

Arabidopsis (Arabidopsis thaliana), due to the lack of phosphatidylserine. This can lead to a 

decrease in embryogenesis, post-embryonic root development, and photorespiration because 

of a reduced folate metabolism.[135] To maintain homeostasis, serine-levels in plants need to 

be strictly regulated.[133] 

In plants are three pathways to L-serine occurring in different cell organelles. While the 

phosphorylated pathway is located in the plastids, the glycerate pathway occurs in the cytosol 

and the glycolate pathway in the mitochondrion. As displayed in Scheme 17 the glycerate 

pathway starts with a dephosphorylation of 3-phosphoglycerate (3-PGA) to glycerate, which is 



 

30 

 

oxidized to hydroxypyruvate. In the last step hydroxypyruvate forms serine. During the 

phosphorylated pathway 3-PGA is first oxidized to 3-phosphohydroxypyruvate which is 

converted to 3-phosphoserine (PS). Finally, PS is dephosphorylated into serine. While the 

functional importance of the glycerate pathway is still unknown, the phosphorylated pathway 

turned out to be essential for the development of plant’s embryos, male gametophytes as well 

as roots. In contrast, the glycolate pathway is the most important L-serine-source in 

photosynthetic cells where it is associated with the photorespiration pathway.[136] 

 

Scheme 17: Different biosynthetic pathways to serine in plants.[133] 

Photorespiration is often considered as a wasteful and inefficient process, as it lowers the 

efficiency of photosynthesis. The main objective of the photorespiratory cycle might be the 

detoxification of 2-phosphoglycolate (2-PG), which is formed due to the fixation of O2 catalyzed 

by the ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO). However, during this 

detoxification the multi-compartmental cycle interacts with different metabolic processes like 

nitrogen assimilation and C1-metabolism.[136–138] 
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Photorespiration starts in the chloroplasts. The O2-fixation catalyzed by RuBisCO leads to the 

formation of 3-phosphoglycerate (3-PGA) and 2-PG. While 3-PGA re-enters the Calvin Benson 

cycle, toxic 2-PG needs to be detoxified. In the chloroplast 2-PG forms glycolate, which is 

transported into the peroxisome where it is irreversible oxidized to glyoxylate. Following this, 

glyoxylate is transaminated to glycine, which is transported into the mitochondrion, where two 

molecules of glycine yield serine. The latter reaction interacts with the plant’s nitrogen 

assimilation and C1-metabolism. Catalyzed by the multienzyme glycine decarboxylase 

complex (GDC) one molecule of glycine is transaminated and decarboxylated to react with one 

molecule of tetrahydrofolate (H4Folate) forming methylene-tetrahydrofolate (CH2-H4Folate). By 

combining CH2-H4Folate and a second molecule of glycine, serine is obtained. Subsequently, 

serine is transported into the peroxisomes where it is converted to hydroxypyruvate, which in 

turn is reduced to glycerate. Glycerate is transported back into the chloroplast and forms 

3-PGA, which enters the Calvin Benson cycle.[133,136,139]  
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L-Serine is the Direct Precursor for the Pyrazine Ring Construction in the 

Biosynthesis of 3-Isobutyl-2-methoxypyrazine in Bell Pepper Fruits 

(Capsicum annuum L.) 

 

The research summarized in this chapter has been published as 

Zamolo, F.; Wüst, M., Chem. Eur. J. 2023, e202203674. 

https://doi.org/10.1002/chem.202203674. 

A reprint of this publication is given in Chapter 8 Appendix F of this thesis. 

 

 

 

 

 

 

Author’s contributions: My contributions to this research include the implementation of the 

feeding experiments including the collection, analysis and evaluation of data as well as 

summarizing the results and preparing the manuscript. The supervisor of my doctoral thesis 

Prof. M. Wüst provided guidance, gave important suggestions and writing assistance. 

 

 

 

 

 

 

 

 

 

Reprinted with permission from Chem. Eur. J. 2023, 29, e202203674. 

Copyright 2023 Wiley.  



 

33 

 

2. Summary 

Prior feeding experiments proved that glyoxylate and glycine serve as C1-building blocks in the 

biosynthesis of IBMP. In plants, glycine and glyoxylate are biochemically linked via 

photorespiration. During photorespiration, glyoxylate is aminated to glycine. One molecule of 

glycine undergoes a deamination and decarboxylation generating a C1-intermediate, which 

interacts with tetrahydrofolate (H4Folate) forming 5,10-methylene-tetrahydro-

folate (CH2-H4Folate). CH2-H4Folate in turn reacts with another glycine molecule forming 

L-serine.[138,140,141] This metabolic interface of the photorespiratory cycle and the C1-metabolism 

via glycine, formed from glyoxylate, gave evidence to L-serine being the direct precursor to the 

pyrazine ring construction of MPs. 

Therefore, the main subject of this paper is to decipher the role of L-serine in the biosynthesis 

of IBMP in bell pepper pericarp (Capsicum annuum L.). For this purpose, in vivo feeding 

experiments were performed with 13C- and 15N-labeled L-serine and unripe, green bell pepper 

pericarp. After a 48 h-incubation, samples were analyzed using HS-SPME-GC×GC-ToF-MS. 

However, the inverse isotope effect was too weak for a separation of genuine IBMP and 

13C-/15N-labeled IBMP by GC×GC. Moreover, the levels of endogenous IBMP were too high to 

detect an 13C-/15N-incorporation by isotopic enrichments. That is why mixed labeling studies 

(co-feeding experiments) were performed by feeding a putative 13C-/15N-labeled precursor and 

a known IBMP-precursor (L-leucine-d10) simultaneously. 

Co-feeding studies with L-[2-13C]-serine proved for the first time that L-serine is incorporated 

into IBMP. Based on HS-SPME-GC×GC-ToF-MS-analysis it could be shown that L-serine is a 

precursor in the biosynthesis of the pyrazine ring motif of IBMP. As it was still unclear whether 

L-serine serves as a C1- or C2-building block, further co-feeding experiments were conducted 

using L-[2,3-13C2]-serine. Isotope mass shifts clearly proved that the two 13C-labeled carbon 

atoms were incorporated into IBMP. Thus, it could be shown that L-serine (74) contributes at 

least a C2-unit to the pyrazine heterocycle of IBMP (75) (Scheme 18). The incorporations of 

the carbon atoms at the positions C-2 and C-3 imply that the carbon atom at position C-1 is 

lost during the biosynthesis of IBMP. Thus, a decarboxylation of L-serine is conceivable. 

 

Scheme 18: Incorporation of L-[2,3-13C2]-serine (74) generating 13C-labeled IBMP (75). Based on 

in vivo feeding experiments using green, unripe bell pepper pericarp (Capsicum annuum L.). 
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To investigate whether L-serine serves as a nitrogen donor, further co-feeing studies were 

performed using L-[13C3,15N]-serine. Isotope mass shifts revealed that up to four stable isotopes 

were incorporated into IBMP. An isotope mass shift by 4 m/z signified an incorporation of four 

stable isotopes, which indicates that both nitrogen atoms of IBMP are L-serine derived. 

Considering that the pericarp tissue is still metabolically active during the experiments, the 

following incorporations of stable isotopes were hypothesized: 

I. Incorporation of one stable isotope: Incorporation of 15NH3 into IBMP. 

Deamination of L-[13C3,15N]-serine. 

II. Incorporation of two stable isotopes: Incorporation of L-[13C2,15N]-serine into IBMP. 

Reversible conversion of L-serine into glycine: 

L-[13C3,15N]-serine → [13C2,15N]-glycine → L-[13C2,15N]-serine. 

III. Incorporation of three stable isotopes: Incorporation of L-[13C3,15N]-serine into IBMP. 

IV. Incorporation of four stable isotopes: Incorporation of L-[13C3,15N]-serine and 15NH3 into 

IBMP. 

These feeding experiments strengthened the hypothesis of a metabolic link between IBMP-

biosynthesis and photorespiration. During photorespiration, NH3 is released by glycine and 

reincorporated into glutamine, which in turn aminates α-ketoglutarate to glutamate. Glutamate 

is transported into the peroxisome and aminates glyoxylate to glycine.[141] Previous feeding 

studies revealed that glutamine serves as a nitrogen source. Hence NH3 released by L-serine 

might be re-incorporated into IBMP (Scheme 19). 

 

Scheme 19: Metabolic fate of stable isotopes during feeding experiments with L-[13C3,15N]-serine. 
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Based on the feeding studies different biosynthetic pathways to IBMP are proposed 

(Scheme 20): 

I. L-Serine is decarboxylated to ethanolamine (76), which reacts with α-KIC and NH3 

forming IBHP. In plants, the decarboxylation of L-serine is known to be catalyzed by a 

serine decarboxylase (SDC).[142] 

II. L-Serine and α-KIC form a condensation product (77), which is transaminated. 

A cyclization and oxidative decarboxylation leads to the formation of IBHP. A similar 

oxidative decarboxylation occurs in plants during the conversion of arogenate into 

tyrosine.[143] 

III. L-Serine is aminated to 2,3-diaminopropionic acid (DAP, 78). A condensation of DAP 

and α-KIC results in IBHP. The non-proteinogenic amino acid DAP is a short-lived 

intermediate of the neurotoxin ß-N-oxalyl-α,ß-diaminopropionic acid (ODAP) found in 

grass pea (Lathyrus sativus L.).[144] 

IV. L-Serine is oxidized to α-formyl-glycine (79), which reacts with α-KIC and NH3. 

Cyclization and decarboxylation lead to the formation of IBHP. α-Formyl-glycine is used 

for the chemical synthesis of cyclic endiamino peptides.[145] 

 

Scheme 20: Proposed pathways of serine incorporation into IBMP in plants. Putative 

intermediates are ethanolamine (76), a condensation product of L-serine and α-KIC (77), 

2,3-diaminopropionic acid (DAP, 78) and α-formyl-glycine (79). 
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In sum, stable isotope tracer experiments clearly proved that L-serine is decarboxylated during 

the biosynthesis of IBMP. Moreover, this work’s results confirmed that both nitrogen atoms of 

the pyrazine ring originate from L-serine, which in turn supports the hypothesis of a metabolic 

interface between IBMP-biosynthesis and photorespiration.  
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Chapter 4  

1. General Introduction 

MPs belong to the class of alkaloids. Alkaloids are naturally occurring compounds containing 

at least one nitrogen atom, usually within a heterocyclic ring. Due to their great structural 

diversity, alkaloids are one of the most manifold group of secondary metabolites.[146] Alkaloids 

possess different bioactivities like antimicrobial, anti-inflammatory and cytotoxic activities.[147] 

Plant derived alkaloids are often used in medicine as they have pharmacological properties. 

The probably best-known medical alkaloid is morphine (80) biosynthesized by the opium 

poppy Papaver somniferum L. (Papaveraceae) and used as a narcotic analgesic 

(Figure 16).[146]  

 

Figure 16: Chemical structures of plant alkaloids. Morphine (80), caffeine (81), nicotine (82), 

senecionine (83). 

Alkaloids predominantly accumulate in a particular organ or tissue of plants. Morphine (80) for 

example accumulates in the cytoplasm (latex) of cells designated as laticifers, while another 

well-known alkaloid namely caffeine (81) accumulates in the seeds of Coffea fruits.[148] 

However, their site of storage is not always their site of origin. A transport of alkaloids and their 

intermediates through the plant via the vascular system of xylem and phloem is possible. 

A root-to-shoot transport of solutes occurs usually unidirectional via the xylem into the 

leaves.[149] In contrast, the transport of solutes via the phloem is bidirectional from source 

organs like leaves to sink organs such as fruits or seeds.[150] 

Nicotine (82) for example is exclusively biosynthesized in the roots of tobacco plants (Nicotiana 

tabacum) but accumulates in the leaves.[151] In addition, senecionine (83) and its N-oxide are 

biosynthesized in Senecio vulgaris L. (Asteraceae) roots and translocated through the shoot 

to finally accumulate in the inflorescences.[152] 

Physiochemical properties such as the acid dissociation constant (Ka) are crucial parameters 

for the transportability of a compound via the phloem. Another key factor is its octanol-water 

partition coefficient (pKOW) i.e. its membrane permeability. Furthermore, plant length, phloem 
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pH-values and velocities as well as the sieve-tube membrane properties play an important role 

in the phloem transportability.[153] Alkaloids usually move through biomembranes, as they are 

rather lipophilic. Differences in their phloem mobility might mainly occur due to their stability at 

the phloem’s pH-value.[149] 

Over the years several methods like spontaneous exudation through simple incision, exudation 

facilitated via ethylenediaminetetraacetic acid (EDTA) or aphid stylectomy have been 

developed for phloem collection. Spontaneous exudation has a limited application, as it is only 

suitable for plants that exudate spontaneously. If that is not the case, the EDTA-facilitated 

exudation is used. For this purpose, tips of the petioles for instance are incubated in a solution 

containing EDTA. EDTA serves as a chelating agent, which prevents undesired phloem 

sealing.[154] After incubation, samples are rinsed with water to remove remaining EDTA.[155] For 

exudate collection, petiole tips are incubated in water. Humidity must be sufficiently high to 

avoid loss of exudate by transpiration.[156] Unfortunately, the use of EDTA can lead to cell 

damages and thus false-positive results.[156] That is why control experiments need to be carried 

out. Samples obtained via the insect stylectomy method, which requires phloem-feeding 

insects like aphids are less contaminated. For phloem collecting, the aphid’s stylet, which is 

inserted into the sieve tube while the aphid is feeding is cut off. Stylectomy is a less invasive, 

but more time-consuming and work-intensive phloem collecting technique.[157] 

A long-distance transport of MPs within the grapevine has been discussed controversially. 

Experiments with stable isotope labeled tracers indicated that IBMP is translocated from the 

leaves into the grapes.[158] In contrast, grafting studies showed that there is no IBMP-transport 

through the shoot into the fruit.[159] As IBMP-levels increased in the bunch stem (rachis) when 

they were grown on IBMP-rich rootstocks, a transport through the shoot into the rachis has 

been suggested instead.[160] 

The occurrence, storage and biosynthetical sites of MPs in grapevines have been widely 

studied. IPMP for instance seems to accumulate in the roots, while IBMP accumulates in the 

grape’s exocarp.[72,75,159,161] In contrast, little is known about the distribution and accumulation 

as well as the biosynthetic sites of MPs within the bell pepper plant.  
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Sites of Biosynthesis, Distribution and Phloem Transport of 3-Isobutyl-

2-methoxypyrazine in Capsicum annuum (Bell Pepper) Plants 

 

The research summarized in this chapter has been published as 

Zamolo, F.; Heinrichs, J. P.; Wüst, M, Phytochemistry 2023, 205, 113488.  

https://doi.org/10.1016/j.phytochem.2022.113488. 

A reprint of this publication is given in Chapter 8 Appendix G of this thesis. 

 

 

 

 

 

Author’s contributions: My contributions to this research consist of the development and 

implementation of the feeding experiments and the collection of phloem exudates as well as 

data analysis and interpretation and manuscript writing. J. P. Heinrichs a MSc student, whom 

I supervised, helped with the validation of the HS-SPME-GC-ToF-MS-method as well as the 

quantification of IBMP within the plant. The supervisor of my doctoral thesis Prof. M. Wüst 

provided guidance, gave important suggestions and writing assistance. 

 

 

 

 

 

 

 

 

Reprinted with permission from Phytochemistry 2023, 205, 113488. 

Copyright 2023 Elsevier. 



 

40 

 

2. Summary 

The main issue of this study is the quantification of IBMP within the whole Capsicum annuum L. 

plant. Other key topics are in vivo feeding experiments with stable isotope labeled precursors 

to identify the sites of IBMP-biosynthesis as well as the EDTA-facilitated phloem exudate 

collection to investigate a possible long-distance transport of IBMP via the phloem system. 

For IBMP-quantitation a HS-SPME-GC-ToF-MS-method was developed. IBMP was quantified 

on a fresh weight (FW) basis using a stable isotope dilution assay (SIDA). IBMP-d9 was used 

as a stable isotope labeled, internal standard. The developed method was validated 

concerning its linearity, its accuracy based on recovery experiments, its precision expressed 

as RSD (relative standard deviation) as well as its limit of detection (LOD) and limit of 

quantification (LOQ). In sum, a good linearity (r2 = 0.997 for IBMP 0.1–150 ng/g), appropriate 

recoveries (97%–102% for IBMP 10–96 ng/g), satisfactory intra-day precision (RSD = 2.57%) 

and inter-day precision (RSD = 3.98%) as well as LOD (0.16 ng/g) and LOQ (0.28 ng/g) were 

achieved. 

IBMP-levels were examined in all plant parts. Results are shown in Table 1. IBMP is distributed 

within the whole bell pepper plant including roots (7.27 ± 1.18 ng/g FW), stem 

(4.28 ± 0.56 ng/g FW), leaves (21.29 ± 1.23 ng/g FW), and flowers (31.92 ± 3.16 ng/g FW). 

Unripe, green fruits and ripe, yellow fruits were examined separately. It could be shown that 

unripe bell pepper fruits (92.70 ± 4.00 ng/g FW) possess higher IBMP-contents than ripe fruits 

(45.97 ± 2.24 ng/g FW). 

Table 1: IBMP-contents in different organs and tissues of bell pepper plants (Capsicum 

annuum L.). Data are means ± standard deviations (n = 5–11) expressed as ng/g fresh weight 

(FW). 

      

Roots Stems Leaves Flowers Fruit (ripe) Fruit (unripe) 

7.27 ± 1.18 4.28 ± 0.56 21.29 ± 1.23 31.92 ± 3.16 45.97 ± 2.24 92.70 ± 4.00 

 

As IBMP seems to be predominantly stored in the fruits, the major site of IBMP-accumulation 

within the fruit was examined. The highest IBMP-values were found in the pericarp tissues. 

Unripe, green bell pepper pericarp contains 78.51 ± 6,65 ng/g (FW) IBMP, while yellow, ripe 

bell pepper contains less (65.70 ± 3.44 ng/g FW IBMP). Additionally, IBMP was detected in 

the fruit’s placenta (unripe: 20.61 ± 1,14 ng/g; ripe: 18.87 ± 2.29 g/g FW), pedicel 
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(unripe: 21.00 ± 3,72 ng/g; ripe: 19.07 ± 1.92 ng/g FW) as well as in the seeds 

(unripe: 36.80 ± 3,16 ng/g; ripe: 7.23 ± 0.14 ng/g FW) (Figure 17). This work’s results show 

that IBMP-levels decrease in all fruit tissues during bell pepper ripening and that IBMP is mainly 

stored in the pericarp tissue of unripe fruits. 

  

Figure 17: IBMP-content in various parts of unripe, green bell pepper fruits and ripe, yellow bell 

pepper fruits (Capsicum annuum L.). Data are means ± standard deviations (n = 5–8) expressed 

as ng/g fresh weight (FW). 

Subsequently, the biosynthetic sites of IBMP within the bell pepper plant were examined. 

For this purpose, in vivo feeding experiments were performed using different plant organs and 

fruit tissues. Samples were incubated for 48 h with deuterium labeled L-leucine (L-leucine-d10) 

and analyzed by HS-SPME-GC×GC-ToF-MS. Interestingly, feeding experiments revealed that 

apart from roots and unripe fruit tissues, all plant parts biosynthesize IBMP de novo. 

A translocation of IBMP through the plant was examined, as IBMP was detected in the roots 

and ripe fruits, even though these tissues turned out to not biosynthesize IBMP de novo. 

To investigate a possible translocation of IBMP trough the bell pepper plant, phloem sap of 

excised leaves was collected using the EDTA-facilitated exudation technique. The obtained 

phloem exudates were then analyzed using HS-SPME-GC-ToF-MS. Unfortunately, 

IBMP-levels in phloem exudates were not significantly higher than in water control samples. 

Thus, a transport of IBMP via the phloem was considered as unlikely. 

In sum, IBMP turned out to be present in the whole bell pepper plant. IBMP-concentrations in 

reproductive plant parts (flowers and fruits) exceed those of the vegetative organs 

(roots, stems, leaves). The highest IBMP-concentrations were detected in the pericarp tissue 

of unripe bell pepper fruits. In general, it could be shown that IBMP-levels of unripe fruit tissues 

exceeded those in ripe fruit tissues. Additionally, in vivo feeding experiments with deuterium 

labeled L-leucine revealed that all aerial plant parts apart from ripe fruits can biosynthesize 

IBMP de novo. As IBMP-containing roots showed no incorporation of labeled L-leucine into 

IBMP, a long-distance transport of IBMP through the plant was considered possible. 

However, no IBMP could be observed in the petiole phloem sap.  
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Chapter 5 Summary and Outlook 

MPs are extremely potent odorants associated with a green and earthy aroma. MPs are 

responsible for the distinctive flavor and aroma properties of numerous fruits and vegetables. 

The most prominent MPs are IPMP, the most abundant MP in peas (Pisum sativum), sBMP 

mainly present in beetroot (Beta vulgaris) and IBMP predominantly biosynthesized in bell 

pepper fruits (Capsicum annuum L.).[48] While the occurrence of MPs has been widely studied, 

little is known about their biosynthesis. The identification of four genes encoding Vitis vinifera 

O-methyltransferases (VvOMT1-VvOMT4) gave important insights into the final step of 

MP-biosynthesis.[73–75] However, earlier biosynthetic steps and precursors remained unknown. 

Since 1970 different pathways and precursors have been proposed and controversially 

discussed in the literature.[51,66,71,72] So far, none of them could be confirmed. 

This thesis aimed to identify MP-precursors by in vivo stable isotope feeding experiments 

(Chapter 2 and Chapter 3). Feeding studies were conducted focusing on the biosynthesis of 

IBMP in Capsicum annuum plants. For this purpose, pericarp tissue of bell pepper fruits was 

incubated for 48 h with an aqueous solution of a stable isotope labeled compound. After 

incubation and homogenization, samples were analyzed using HS-SPME-GC×GC-ToF-MS. In 

GC, an incorporation of deuterium atoms is detectable by a decrease in the retention time of 

the heavier (deuterated) isotopologue (inverse isotope effect). This is due to a shorter carbon-

hydrogen bond, which reduces the molar volume and boiling point of the deuterated 

compound.[108] Deuterated and unlabeled compounds can therefore be separated by GC. 

Moreover, GC-MS-hyphenation allows the calculation of the number of incorporated deuterium 

atoms by the mass shifts of the molecular ion peak (M+●). Based on mass spectral 

fragmentation positional labeling information can be obtained.[120] 

Feeding experiments using unripe, green pericarp tissue revealed an incorporation of the 

branched-chain amino acid (BCAA) L-leucine into IBMP. As expected by the inverse isotope 

effect in GC a new peak eluting just before endogenous IBMP appeared in samples incubated 

with L-leucine-d10. Based on mass spectral data the incorporation of nine deuterium atoms 

(IBMP-d9) could be confirmed. Subsequently, the relevance of branched-chain keto acids 

(BCKAs) in the biosynthesis of IBMP was examined by feeding deuterated 

α-ketoisocaproic acid (α-KIC-d7) to unripe, green pericarp tissue. An incorporation of α-KIC 

into IBMP could be confirmed. In fact, feeding experiments with 

L-leucine-13C6,15N,2,3,3,4,5,5,5,5′,5′,5′-d10 (L-leucine-13C6,15N, d10) revealed that the 15N-label 

is mainly lost during IBMP-biosynthesis. Thus, feeding studies proved that BCKAs participate 

in the biosynthesis of MPs. 
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So far, L-leucine and α-KIC were identified as precursors to IBMP. However, to form a pyrazine 

motif, another nitrogen source and C2-unit are required. Therefore, further investigations were 

performed using 13C- and 15N-labeled compounds. Unfortunately, the inverse isotope effect 

becomes weaker for 13C-/15N-atoms, as the decrease in molar volume, and boiling point is 

lower for a 13C/15N-incorporation than for a deuterium-incorporation.[108] As this results in 

coeluting isotopologues, 13C-/15N-incorporations are detected by isotopic enrichments in 

distinct isotopic mass peaks instead. Higher levels of the genuine compound, however, can 

mask these isotopic enrichments, making the detection of 13C-/15N-incorporation hard or even 

impossible. To avoid undesired coelutions, mixed labeling studies were performed (co-feeding 

experiments). For this purpose, a known deuterated precursor and the potential 

13C/15N-labeled compound were fed simultaneously. A 13C-/15N-incorporation should result in 

a deuterated and 13C/15N-labeled reaction product that can be separated from the unlabeled 

compound by GC. GC-separation in turn enables the mass spectral detection of isotopic 

enrichments that occur due to 13C/15N-incorporations.  

Subsequently, co-feeding studies were conducted using L-leucine-d10 as a known precursor. 

While an incorporation of L-aspartic acid and L-glutamic acid into IBMP could not be detected, 

the involvement of L-glutamine as a nitrogen donor to IBMP was proven. Further co-feeding 

experiments revealed that glycine and glyoxylic acid serve as C1-building blocks in the 

IBMP-biosynthesis. It has been hypothesized that glycine and glyoxylic acid are first 

metabolized forming a C1-intermediate, which is then incorporated into the pyrazine 

heterocycle of IBMP. Hence, the aim of the following study was to elucidate the underlying 

metabolic pathway of the metabolization of glycine and glyoxylic acid to a C1-intermediate 

(Chapter 3). 

L-Serine, as the final product of the metabolic interface of glycine and the C1-metabolism, was 

considered as a putative precursor for IBMP. To examine its relevance in the biosynthesis of 

IBMP, co-feeding experiments were conducted using L-leucine-d10 and stable isotope labeled 

L-serine. Indeed, in vivo feeding experiments showed that a C2-unit of L-serine is incorporated 

into IBMP. The fragmentation and isotope labeling pattern of the labeled product confirmed a 

decarboxylation of L-serine during its incorporation into IBMP. In addition, it could be shown 

that both nitrogen atoms of the pyrazine ring are L-serine derived. 

In sum, stable isotope tracer experiments gave an important insight into the biosynthesis of 

IBMP in plants. Feeding experiments turned out to be an efficient technique for tracking 

precursors of IBMP. It could be shown for the first time that L-leucine and α-KIC are important 

IBMP-precursors that glutamine serves as a nitrogen donor and that L-serine acts as a 

C2-building block and nitrogen source in the IBMP-biosynthesis. Based on these findings, 

different biosynthetic pathways for the formation of IBMP were proposed. The identification of 
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precursors increases the knowledge of MP-biosynthesis significantly. Knowing the precursors 

of IBMP helps to elucidate its biosynthetic pathway. 

So far, feeding experiments were focused only on the edible pericarp tissue of bell pepper 

fruits. The main objective of the following study (Chapter 4) was therefore, to examine the 

distribution, translocation, and biosynthetic sites of IBMP in plants. First, a SIDA-HS-SPME-

GC-ToF-MS-method was developed for the IBMP-quantification. The analytical performance 

of this method was validated concerning its linearity, accuracy, precision, limit of detection 

(LOD) and limit of quantification (LOQ). Then, the distribution of IBMP was analyzed by 

quantifying the value of IBMP in all plant parts. It could be shown that IBMP is distributed within 

the whole shoot system including all aerial parts like leaves, the stem, flowers, and fruits as 

well as in the root system. The highest IBMP-levels were detected in the reproductive organs. 

In contrast, roots contained the highest IPMP-levels. The results showed that IBMP is 

predominantly accumulated in the fruits. A distinction between ripe and unripe fruits proved 

that IBMP-levels decrease during fruit ripening. The unripe pericarp tissue turned out to be the 

main site of IBMP-accumulation as a result of the analysis of different fruit tissues.  

It has been assumed that the IBMP-distribution within the plant might be caused by either a 

long-distance transport of IBMP through the plant or multiple sites of de novo biosynthesis. To 

examine different plant organs concerning their activity to biosynthesize IBMP, in vivo feeding 

experiments were conducted with L-leucine-d10. Apart from roots and ripe fruit tissues including 

seeds, placenta, pericarp and pedicel, all plant compartments showed an incorporation of 

L-leucine-d10 into IBMP. Subsequently, a long-distance transport of IBMP via the phloem was 

analyzed. Therefore, petiole phloem exudates of bell pepper plant leaves were collected using 

the EDTA-facilitated exudation technique. However, no IBMP was detected in the phloem 

exudates of bell pepper plant leaves. It has been hypothesized that MPs themselves may not 

be phloem-mobile, and need to be chemically modified first by for example a glycoconjugation. 

A glycoconjugate of MP would be soluble in the phloem. In fact, glycosylated IBHP has already 

been considered to be a degradation product of IBMP.[84] 

IBMP-storage in bell pepper plants is comparable to IBMP-accumulation in grapevines. In both 

cases, IBMP is distributed throughout the plant and fruits turned out to be the main IBMP-

accumulation site.[75,159,161] The reasons for IBMP-accumulation in the vegetative plant parts 

are so far unknown. Knowing the sites of IBMP-accumulation in plants may help to figure out 

its biological function. Different biological functions of IBMP have been discussed in the 

literature. Volatile organic compounds are often released by plants to interact with other 

organisms.[162] Hence, it has been suggested that IBMP serves as a semiochemical. IPMP has 

been shown to attract the knot nematode Meloidogyne incognita.[163] In contrast, IBMP und 

sBMP were found to be biosynthesized for chemical defense in aposematic insects like the 
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wood tiger moths (Arctia plantaginis).[13] It has been suggested that IBMP may act as warning 

signal to defend the unripe fruits from being eaten.[75] An antimicrobial activity of IBMP against 

yeast and bacteria was tested, but not could not be confirmed (1 ppb–1 ppm).[164] 

Moreover, knowing the site of MP-accumulation and biosynthesis may help to understand MP-

regulation in plants. Several factors and metabolic processes are responsible for the regulation 

of MP-levels in plants. As elevated MP-concentrations in grapes can cause an unpleasant, 

earthy, green bell pepper-like aroma in wine, knowledge about horticultural treatments and 

environmental factors to reduce MPs in grapes is gaining in importance.[165] It is known that 

IBMP-levels in grapes are influenced by viticultural and environmental factors such as climate 

and soil type.[56] Additionally, it has been shown that temperature and sunlight exposure reduce 

IBMP-levels.[55,57] Deciphering the biosynthetic pathway and metabolic regulation of MPs, may 

allow to identify, which processes are responsible for decreasing MP-contents in response to 

abiotic and biotic stresses. 

Besides, this work’s results indicated that there might be a biosynthetic link between 

photorespiration and the biosynthesis of MPs. A metabolic link may explain why less IBMP is 

detectable in ripe fruits. It might be that the inactivation of IBMP-biosynthesis in ripe fruits 

occurs due to the lack of photorespiratory-derived L-serine. Photorespiration starts in the 

chloroplasts, which undergo an irreversible transition into chromoplasts during bell pepper fruit 

ripening. The photorespiratory pathway of chloroplasts is thus dismantled in ripe fruits. 

A decrease during bell pepper ripening has also been observed in activity of peroxisomal, 

photorespiratory enzymes.[166] However, it is still unknown whether only photorespiratory-

derived L-serine is incorporated into IBMP since two non-photorespiratory (glycerate and 

phosphorylated pathway) pathways of serine biosynthesis coexist. The involvement of these 

biosynthetic pathways of serine in the biosynthesis of MPs cannot be ruled out currently. So 

far, little is known about IBMP-degradation. Due to a correlation between decreasing 

IBMP-levels and increasing IBHP-levels in ripe fruits, it has been hypothesized that IBMP 

degrades to IBHP.[84] However, the down-regulation of VvOMT-expressions observed in ripe 

grapes might as well be responsible for an IBHP-accumulation.[77] A metabolic interface 

between photorespiration and MP-biosynthesis might help to understand the pathway of the 

biological breakdown of IBMP. 

Additional work is needed, to examine whether photorespiration is the only L-serine-source in 

the IBMP-biosynthesis. Moreover, for pathway delineation important intermediates and 

enzymes, which participate in the biosynthesis of MPs need to be identified.  
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Chapter 7 Abbreviations 

[M]
+•

 molecular ion 

13C heavy carbon/carbon isotope 

15N heavy nitrogen/nitrogen isotope 

1D first dimension  

2D second dimension  

3-HMG-CoA 3-hydroxy-3-methylglutaryl-CoA  

3-PGA 3-phosphoglycerate  

AMPA 2-amino-4-methylpentanamide 

BCAA branched-chain amino acid 

BCKA branched-chain keto acid 

BCV branched-chain volatile 

c0 initial concentration of the analyte in the matrix 

C1 one carbon atom 

C-1 carbon at position 1 

CAR carboxen 

CH2-H4Folate methylene-tetrahydrofolate  

d deuterium/hydrogen isotope 

DAP 2,3-diaminopropionic acid  

DB/CAR/PDMS divinylbenzol/carboxen/polydimethylsiloxan 

df film thickness 

DI-SPME direct immersion solid-phase microextraction 
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DMAPP dimethylallyl-diphosphate  

DVB divinylbenzene 

DXP 1-desoxy-D-xylulose-5-phosphat  

EDTA ethylenediaminetetraacetic acid 

EI electron impact ionization 

EIC extracted ion chromatogram 

et al. et alii 

FID flame ionization detection  

FW fresh weight 

GC gas chromatography  

GC×GC comprehensive two-dimensional gas chromatography 

GDC glycine decarboxylase complex  

H4Folate tetrahydrofolate 

HP 3-alkyl-2-hydroxypyrazine 

HPLC high performance liquid chromatography 

HS  headspace 

HS-SPME headspace solid-phase microextraction 

I.D. inner diameter  

IBMP 3-isobutyl-2-methoxypyrazine 

IBMP-d9  nine-fold deuterated IBMP 

IPMP 3-isopropyl-2-methoxypyrazine 

IPP isopentenyl-diphosphate  
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IUPAC International Union of Pure and Applied Chemistry 

Ka acid dissociation constant  

Kfs distribution coefficient of analyte between coating and sample 

Khs distribution coefficient of analyte between headspace and sample 

LBT ladybug taint 

LC liquid chromatography  

LLE liquid-liquid extraction  

L-leucine-d10 tenfold deuterated L-leucine 

LOD limit of detection 

LOQ limit of quantification 

m/z mass-to-charge ratio 

MDGC multidimensional gas chromatography  

MEP 2-C-methyl-D-erythritol-4-phosphate 

MPs 3-Alkyl-2-methoxypyrazine 

MS mass spectrometry 

neq mass analyte adsorbed by the fiber coating 

NbOMT Nicotiana benthamiana O-methyltransferase 

NIST National Institute of Standards and Technology 

NMR nuclear magnetic resonance  

NPD nitrogen phosphorus detection  

OAV odor activity value 

ODAP ß-N-oxalyl-α,ß-diamino propionic acid  
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OMT O-methyltransferase 

OR olfactory receptor 

OR5K1 pyrazine-selective olfactory receptor 

OT odor detection threshold 

PA polyacrylate 

PDMS polydimethylsiloxane 

Pi phosphate 

pKOW octanol-water partition coefficient  

PM modulation period  

ppb parts per billion 

ppt parts per trillion  

PS 3-phosphoserine  

PTD potato-taste defect 

RE relative error 

RuBisCO ribulose 1,5-bisphosphate carboxylase/oxygenase  

SAM S-adenosyl-L-methionine 

sBMP 3-sec-butyl-2-methoxypyrazine 

SBSE stir bar sorptive extraction  

SDE simultaneous distillation-extraction 

SDC serine decarboxylase 

SIDA   stable isotope dilution assay 

SPE solid-phase extraction  
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SPME solid-phase microextraction 

TIC total ion chromatogram 

ToF-MS time-of-flight–mass spectrometer 

Vf volume of the fiber coating 

Vh volume of the headspace 

Vs volume of the sample 

VvOMT Vitis vinifera O-methyltransferase 

α-KIC α-ketoisocaproic acid  
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ABSTRACT: The biosynthesis of 3-isobutyl-2-methoxypyrazine (IBMP) in bell pepper fruits (Capsicum annuum L.) was
investigated by in vivo feeding experiments with stable isotope-labeled precursors. Volatiles were extracted using headspace solid-
phase microextraction (HS-SPME) and analyzed by comprehensive two-dimensional gas chromatography (GC×GC) coupled to a
time-of-flight mass spectrometer (ToF-MS). Feeding experiments revealed incorporation of L-leucine and α-ketoisocaproic acid (α-
KIC) as well as glycine and glyoxylic acid into IBMP. Furthermore, it has been shown that de novo biosynthesis of IBMP occurs in
pericarp tissues of unripe bell pepper fruits, whereas pericarp tissues of ripe bell pepper fruits showed no capability of IBMP
biosynthesis.
KEYWORDS: 3-alkyl-2-methoxypyrazine (MP), Capsicum annuum, headspace solid-phase microextraction (HS-SPME),
comprehensive two-dimensional gas chromatography (GC×GC), time-of-flight mass spectrometry (ToF-MS)

■ INTRODUCTION
3-Alkyl-2-methoxypyrazines (MPs) are aroma-active volatiles.
MPs occur in many raw vegetables and several grape
varieties.1−6 The most studied MP derivatives are 3-isobutyl-
2-methoxypyrazine (IBMP), 3-sec-butyl-2-methoxypyrazine
(sBMP), and 3-isopropyl-2-methoxypyrazine (IPMP). Usually,
all three derivatives are present, with one being predominant.3

In capsicum fruits, the most abundant MP is IBMP.6 In fact, it
is one of the most important volatile compounds of unripe,
green pepper fruits, in which it was first identified in 1969.7

IBMP concentration decreases during bell pepper ripening.
Thus, levels are lower in ripe fruits than in unripe fruits.8

Although MPs have often been discussed in the literature,
their biosynthesis in plants is still unknown. So far, only the
final enzymatically catalyzed step has been confirmed. It
involves the O-methylation of 3-alkyl-2-hydroxypyrazines
(HPs), catalyzed by Vitis vinifera-O-methyltransferases
(VvOMTs).9−11 In contrast, little is known about precursors
and metabolic intermediates. Different biosynthetic pathways
have been proposed, but none of them has been clearly
confirmed. First, condensation of an α-amino acid amide of
leucine, isoleucine, or valine with glyoxal has been suggested.1

However, both amino acids forming α-amino acid amides and
free glyoxal have never been detected in plants. That is why
either glyoxylic acid or a nitrogen derivative of glyoxylate has
been considered instead.2,3 Later, condensation of leucine,
isoleucine, or valine and a second amino acid has been
supposed, according to the bacterial MP biosynthesis.12

All suggested pathways have incorporation of leucine,
isoleucine, or valine in common. This is due to their structural
similarity to the branched side chain. Leucine, isoleucine, and
valine are called branched-chain amino acids (BCAAs). They
play an important role in the biosynthesis of several branched-

chain volatiles, which in turn are relevant aroma-active
compounds in fruits.13−15 BCAAs were thought to be direct
precursors for branched-chain volatiles, until in vivo feeding
studies revealed branched-chain keto acids (BCKAs) as even
more efficient precursors.16,17 Whereas the influence of BCKAs
on MP biosynthesis has only been observed in bacteria so far,18

feeding experiments with grape cell cultures and intact grapes
indicated the relevance of BCAA in MP biosynthesis.19,20

However, neither in vitro nor in vivo experiments demonstrated
incorporation of stable isotope-labeled precursors into MPs.
To investigate the plant MP biosynthesis, in vivo feeding

experiments were conducted with bell pepper fruits (Capsicum
annuum L. cv. Allrounder). Furthermore, feeding experiments
were performed to compare the relevance of amino acids and
their respective keto acids in MP-biosynthesis.

■ MATERIALS AND METHODS
Plant Material. Feeding experiments were performed with green

(unripe) and yellow (ripe) bell pepper fruits (Capsicum annuum L. cv.
Allrounder) (Rijk Zwaan, De Lier, the Netherlands) obtained from
the Institute of Crop Science and Resource Conservation (INRES),
Chair of Horticultural Sciences of the University of Bonn, Germany.
Fruits were harvested and incubated the same day.

Chemicals. 3-Isobutyl-2-methoxypyrazine (IBMP) (97%), gly-
cine-1-13C,15N (99 atom% 13C, 98 atom% 15N), L-leucine
-13C6,

15N,2,3,3,4,5,5,5,5′,5′,5′-d10 (L-leucine -13C6,
15N,d10) (99 atom
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Figure 1. Extracted-ion chromatograms (EIC), electron ionization (EI) mass spectra, and structures of fragment ions of genuine IBMP (EIC m/z
124) (A) and after feeding L-leucine-d10 (EIC m/z 124, 127) (B), α-KIC-d7 (EIC m/z 124, 125) (C) after co-feeding L-leucine-d10 and α-KIC-d7
(EIC m/z 124, 125, 127) (D) and after feeding L-leucine-13C6,

15N, d10 (EIC m/z 124, 130, 131) (E) to pericarp tissue of unripe bell peppers
(Capsicum annuum L. cv. Allrounder).
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% 13C, 98 atom% 15N, 98 atom% D, 95% (CP)), L-aspartic acid-15N
(98 atom% 15N), L-glutamic acid-15N (98 atom% 15N), and L-
glutamine-15N2 (98 atom% 15N) were purchased from Sigma Aldrich
(St Louis, Missouri). L-Leucine -2,3,3,4,5,5,5,5′,5′,5′-d10 (L-leucine
-d10) (99%) was purchased from C/D/N isotopes (Pointe-Claire,
Quebec, Canada). Glyoxylic acid-13C2, monohydrate (95.7%) was
obtained from Toronto Research Chemical Inc. (Toronto, Canada).
α-Ketoisocaproic acid-d7 (α-KIC-d7) (99.7%) was purchased as a
sodium salt from Cambridge Isotope Laboratories (Andover,
Massachusetts). 3-Isobutyl-d9-2-methoxypyrazine (IBMP-d9)
(≥95%) was obtained from AromaLab (Martinsried, Germany).
Sodium chloride was purchased from Merck GmbH (Darmstadt,
Germany). Methanol (>99.99%) was obtained from Honeywell
(Muskegon, Michigan). Water (HPLC, LC-MS grade) was obtained
from VWR International S.A.S. (Fontenay-sous-Bois, Ile-de-France,
France).
HS-SPME. Headspace solid-phase microextraction (HS-SPME)

was carried out using a divinylbenzene/carboxen/polydimethylsilox-
ane fiber (DVB/CAR/PDMS, 50/30 μm, 2 cm) (Supelco, Bellefonte,
Pennsylvania). Samples were incubated at 50 °C for 10 min with
agitation (500 rpm; 30 s on time; 10 s off time) followed by sample
extraction at 50 °C for 30 min. After incubation and extraction, the
analytes were desorbed in the injection port at 250 °C for 10 min.
GC×GC-TOF-MS. Chromatographic separation was carried out on

an Agilent 7890B gas chromatograph (Agilent Technologies, Palo
Alto, California) equipped with an OPTIMA 5 MS (30 m, 0,25 mm
i.d. × 0,1 μm df) primary column, a MEGA WAX FAST (2 m, 0.1
mm i.d. × 0.1 μm df) secondary column, and a liquid nitrogen
cryogenic modulator (Consumable-Free ZX2 thermal modulator).
Helium was used as the carrier gas at a constant flow of 1 mL/min.
The temperature program started at 35 °C for 5 min, was increased at
3 °C/min to 160 °C, then ramped at 20 °C/min to 220 °C, and kept
at 220 °C for 5 min. The modulation period was set to 4 s with hot jet
duration of 350 ms and with a shift of +20 °C regarding the
temperature program of the GC oven. Detection was performed on a
time-of-flight mass spectrometer (Markes International Ltd., Llan-
trisant, RCT, UK) operating in the electron-ionization (EI) mode
with an ionizing voltage set at −70 eV. The transfer line was set to
250 °C. The ion source temperature was 250 °C. Data analysis was
performed using the software ChromSpace (Markes International
Ltd., Llantrisant, RCT, UK). The software was used to remove
unwanted background noise and for spectrum deconvolution.
Analytes were identified by comparing the retention times and mass
spectra with standard substances and using the NIST Mass Spectral
Library (National Institute of Standards and Technology, Gaithers-
burg, Maryland). IBMP and IBMP-d9 were identified by comparing
retention times and mass spectra with standard substances.
Feeding Experiments. Feeding experiments were carried out

using bell pepper fruits (Capsicum annuum L. cv. Allrounder).
Samples were treated directly after harvesting. Feeding experiments
focused on the edible part of the fruit to study the biosynthesis of
IBMP. That is why the calyx, pedicle as well as seeds, and placenta
were removed before feeding experiments were carried out. The
pericarp was cut into pieces (2 cm2) and soaked in 1% NaOCl
(sodium-hypochlorite) to avoid microbial contamination. Afterward,
samples were rinsed with water to remove the remaining NaOCl.
Samples were incubated on a sterile Petri dish with 200 μL of an
aqueous solution containing a stable isotope-labeled precursor
(1 mg/mL), whereas control samples were incubated with water.
Co-feeding experiments were performed with a solution containing
equal concentrations of both stable isotope-labeled precursors
(1 mg/mL). After a 48 h incubation at room temperature, the
samples were frozen using liquid nitrogen and crushed with a mortar.
The homogenized sample (1 g) was weighed into a 10 mL headspace
vial. To enhance SPME-efficiency, due to the salting-out effect, 2 mL
of NaCl solution (20%, w/v) was added. Each experiment was
repeated at least three times.

■ RESULTS AND DISCUSSION

Feeding Experiments. In vivo feeding experiments with
stable isotope-labeled precursors were performed to investigate
the biosynthesis of MPs, focusing on the biosynthesis of IBMP
in the bell pepper pericarp (Capsicum annuum L. cv.
Allrounder). Therefore, samples were incubated with stable
isotope-labeled precursors before volatiles were extracted by
HS-SPME and analyzed by GC×GC-ToF-MS. Genuine IBMP
was identified by comparing retention times and mass spectra
with standard substances. As shown in Figure 1A, the EI mass
spectrum of IBMP contains a molecular ion peak (M+·) at m/z
166 and intense mass peaks at m/z 124, m/z 151, and m/z 94.
According to the literature, a mass peak at m/z 151 results
from a methyl loss of the isobutyl chain, whereas m/z 124
results from a McLafferty rearrangement and the loss of
propene (C3H6) (Figure 1A).21 The subsequent loss of
formaldehyde (CH2O) leads to m/z 94 (see Figure S1).22

High-resolution mass spectra (see Table S1) and mass spectra
of the labeled reference compound 3-isobutyl-d9-2-methox-
ypyrazine (IBMP-d9) (see below) confirmed the assignments
of the mass fragments and the postulated fragmentation
reactions.
For feeding experiments, the pericarp tissues of green, unripe

and yellow, ripe bell pepper fruits were incubated with an
aqueous solution of deuterated L-leucine (L-leucine-d10). As
displayed in Figure 1B, feeding experiments using the unripe
bell pepper pericarp revealed incorporation of L-leucine-d10
into IBMP. As expected by the inverse isotope effect in GC,23 a
new peak, eluting a few seconds before genuine IBMP,
appeared in samples incubated with L-leucine-d10. Based on its
mass spectrum, the number of incorporated deuterium atoms
was determined. As shown in Figure 1B, M+· is shifted by nine
mass units (u) to m/z 175, which indicates incorporation of
nine deuterium atoms (IBMP-d9). Thus, apart from one
deuterium at the α-C atom of L-leucine-d10, which is lost
during biosynthesis, all deuterium atoms of L-leucine-d10 are
incorporated into IBMP. This is confirmed by mass shifts of
m/z 124 to m/z 127, m/z 94 to m/z 97, and m/z 151 to m/z
157 (Figure 1B).
Similar findings were expected when feeding L-leucine-d10 to

the ripe bell pepper pericarp. Interestingly, no incorporation of
L-leucine-d10 into IBMP could be observed in pericarp tissue of
ripe bell pepper fruits. As a reduced expression of the
important enzymes VvOMTs has been observed during
grape ripening,20 down-regulated enzymes might also explain
why no incorporation of L-leucine-d10 into IBMP was
detectable in the ripe bell pepper pericarp. Based on this
observation, the following experiments were carried out with
the unripe fruit.
As BCKAs might have an influence on MP biosynthesis as

well, their relevance in plant MP biosynthesis was examined by
additional feeding experiments using deuterated α-ketoisocap-
roic acid (α-KIC-d7), the BCKA of L-leucine. As shown in
Figure 1C, feeding experiments revealed incorporation of α-
KIC-d7 into IBMP in the unripe bell pepper pericarp. The
degree of deuterium incorporation was deduced from the M+·

peaks. A shift up to seven mass units indicates incorporation of
α-KIC-d7 without a loss of a deuterium. In addition, fragment
ions at m/z 125 and m/z 155 confirm incorporation of α-KIC-
d7 leading to the formation of IBMP-d7 (Figure 1C).
To compare the efficiency of BCAAs and BCKAs in MP

biosynthesis, further co-feeding experiments were performed.
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First, pericarp tissue was incubated with a solution containing
equal concentrations of L-leucine-d10 and α-KIC-d7. As the
inverse isotope effect increases with the degree of deutera-
tion,23 not only IBMP and its deuterated analogues but also
differentially labeled IBMP-d7 and IBMP-d9 could be partially
separated by GC×GC-ToF-MS. By comparing the peak areas
of biosynthesized IBMP-d7 and IBMP-d9, higher incorporation
rates were detected for L-leucine-d10 (Figure 1D). This
indicates that BCAAs might be more important precursors of
MPs. However, higher BCAA incorporation rates might also
occur due to differences between BCAAs and BCKAs
regarding their cellular uptake, metabolism, and distribution.
To address these possible differences in intracellular behavior,
additional feeding experiments were carried out with L-
leucine-13C6,

15N,2,3,3,4,5,5,5,5′,5′,5′-d10 (L-leucine-13C6,
15N,

d10). Due to 15N-labelling, a preceding biosynthetic deami-
nation should be detectable using mass spectrometry data.
Without preceding deamination, M+· would be shifted up by
16 u (m/z 166 → m/z 182), while a McLafferty rearrangement
and elimination of isotope-labeled propene (13C3D6) would
result in a mass peak at m/z 131. Subsequent loss of deuterated
formaldehyde (CD2O) would lead to m/z 101. The fragment
ion peak at m/z 151 would result in m/z 163. In contrast, a
preceding deamination would shift M+· up by 15 u (m/z 166
→ m/z 181) and further m/z ratios would be shifted up to m/z
162, m/z 130, and m/z 100. As shown in Figure 1E, feeding L-
leucine-13C6,

15N, d10 to pericarp tissue of unripe bell peppers
showed incorporation of both aminated and deaminated
precursors. Nevertheless, m/z-ratios related to a preceding
deamination show higher intensities than those related to the
incorporation of the aminated precursor. Thus, incorporation
of BCKAs appears to be preferred (Figure 2A). The results of
these co-feeding experiments clearly demonstrate that BCKAs
are involved in MP biosynthesis because a large portion of the
15N-labels is lost during biosynthesis.
Additionally, it is still unknown which compound provides

the second C2 unit to generate the IBMP heterocycle. As
glycine and glyoxylic acid are often discussed in the literature,
feeding experiments were performed using glycine-1-13C,15N
and glyoxylic acid-13C2. Since the inverse isotope effect is more
effective for deuterium than for isotope-labeled carbon,24 no
new peaks appear upon incorporation of 15N and 13C atoms
and the peaks of the isotopomers are overlapping. Instead, 15N

and 13C incorporation should lead to larger intensities in
distinct isotopic mass peaks in the mass spectrum of IBMP
(isotope mass shift). Previously performed feeding experiments
with L-leucine-1-13C,15N demonstrated that the incorporation
rates are too low to show an isotopic mass shift (data not
shown). To still reveal 15N and 13C incorporation, co-feeding
experiments were conducted. To this end, samples were fed
with solutions of L-leucine-d10 and either glyoxylic acid-13C2 or
glycine-1-13C,15N, whereas control samples were fed with L-
leucine-d10 only. In co-fed samples, the biosynthesis of three
IBMP-isotopologues is possible. Besides the incorporation of
only one precursor, also 13C/15N-labeled IBMP-d9 as mixed
reaction products of L-leucine-d10 and either glyoxylic acid-

13C2
or glycine-1-13C,15N was expected (Figure 2B). Due to the
incorporated deuterium atoms, the inverse isotope effect
should occur for the mixed reaction products, leading to a
clear separation from the unlabeled genuine IBMP and to a co-
elution of IBMP-d9 and

13C/15N-labeled IBMP-d9. This should
allow the sensitive detection of isotopic enrichments due to
13C and 15N incorporation, which would be otherwise masked
by the huge amount of unlabeled genuine IBMP. However, the
abundances of M+·, [M+· + 1], and [M+· + 2] were too low to
compare. Instead, m/z 127 was chosen due to its high
abundance, as well as m/z 157, as it includes most of the
incorporable isotopes. Incorporation of one labeled atom
would result in higher intensities of m/z 128 (m/z 127 + 1)
and m/z 158 (m/z 157 + 1), whereas abundances of m/z 129
(m/z 127 + 2) and m/z 159 (m/z 157 + 2) would increase, if
two labeled atoms are incorporated. The intensities of m/z 128
and m/z 129 were examined in relation to the intensity of m/z
127, while the intensities of m/z 158 and m/z 159 were
examined in relation to the intensity of m/z 157 (Figure 4).
As shown in Figure 3B, intensities increased significantly in

examined m/z ratios after feeding samples with L-leucine-d10
and glycine-1-13C,15N. The intensity of m/z 128 is 9% of the
m/z 127 intensity in control samples because of the natural
stable isotope abundance. This ratio increases significantly up
to 32% in samples treated with L-leucine-d10 and glycine-
1-13C,15N (Figure 4). Similarly, the abundance of m/z 158 is
significantly higher (39%) in L-leucine-d10 and glycine-
1-13C,15N-fed samples than it is in control samples (20%)
(Figure 4). The abundance of m/z 129 is 2% in samples fed
with L-leucine-d10, while it is significantly higher (6%) in

Figure 2. Possible structures of biosynthetic intermediates and products after incorporation of stable isotope-labeled L-leucine -d10 (A), L-leucine-
d10 + glyoxylic acid-13C2 (B), and L-leucine-d10 + glutamine-15N2 (C) into IBMP.
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samples fed with L-leucine-d10 and glycine-1-13C,15N. Signifi-
cant increases (3% → 10%) can also be observed in m/z 159
(Figure 4). In summary, samples fed with L-leucine-d10 and
glycine-1-13C,15N show significant intensity increases by a
factor of 3.6 in m/z 128 (9% → 32%) and 2.3 in m/z 158
(20% → 45%) as well as by factors of 3.0 in m/z 129 (2% →
6%) and 3.3 in m/z 159 (3% → 10%) (Figure 4). While the
enrichments in m/z 129 and m/z 159 indicate incorporation of
both 13C and 15N, enrichments in m/z 128 and m/z 158
indicate incorporation of only one labeled atom. On the one
hand, only the 15N atom could be incorporated, so glycine
would serve as a nitrogen (N) source in IBMP biosynthesis.
On the other hand, a preceding deamination of glycine and
thus the loss of the 15N atom would be possible. Deamination
of glycine would lead to glyoxylic acid. In this case, higher
incorporation rates were expected for glyoxylic acid.
In fact, co-feeding experiments with L-leucine-d10 and

glyoxylic acid-13C2 show significant intensity increases in
examined m/z ratios (Figure 3C). In short, abundances
increase by a factor of 3.8 in m/z 128 (9% → 34%) and 1.9 in
m/z 158 (20% → 39%) as well as by 5.5 in m/z 129 (2% →
11%) and 4.7 in m/z 159 (3%→ 14%) when feeding L-leucine-
d10 and glyoxylic acid-

13C2 to the pericarp of unripe bell pepper
fruits (Figure 4). An increase in m/z 128 and m/z 158
abundances demonstrates that the C2 unit of glyoxylic
acid-13C2 is not incorporated into IBMP and that glyoxylic
acid is not a direct precursor to IBMP. Considering that the
fruit tissue is still metabolically active, other metabolic
processes must have taken place during incubation. Thus, it
is conceivable and in line with the labeling pattern that
glyoxylic is first metabolized forming a C1 intermediate, which
is then incorporated into IBMP. Nevertheless, intensity
increases in relevant mass fragments as indicated by the
detected m/z ratios clearly demonstrate incorporation of a C1
unit from labeled glycine and glyoxylic acid into IBMP, but at

the present stage, it is not yet possible to identify this C1
precursor in MP biosynthesis.
The incorporation of at least one keto acid (α-KIC or

glyoxylic acid) implies the involvement of another precursor as
a the N source. Co-feeding experiments were conducted, with
L-leucine-d10 and either L-aspartic acid-15N or L-glutamic
acid-15N or L-glutamine-15N2, known as N-donors in plant
metabolism (Figure 2C). Results for samples treated with L-
leucine-d10 and either L-aspartic acid-15N or L-glutamic
acid-15N show significant intensity increases in m/z 128 (9%
→ 14%) and m/z 129 (2% → 3%) but not in m/z 158 and
m/z 159 abundances (Figure 4). In contrast, significant
differences were observed for L-glutamine-15N2 by a factor of
1.8 in m/z 128 (9% → 16%), 1.5 in m/z 158 (20% → 29%) as
well as m/z 129 (2% → 3%), and 1.7 in m/z 159 (3% → 5%)
abundances (Figure 4). Thus, L-aspartic acid and L-glutamic
acid seem to be less associated with the biosynthesis of MPs,
whereas an involvement of L-glutamine as a N donor in MP
biosynthesis appears to be of importance.
In conclusion, in vivo feeding experiments offered insights

into the biosynthesis of MPs. A correlation between
biosynthetic activity of MPs and the stage of maturity of bell
pepper fruits has been observed. Whereas a de novo
biosynthesis of IBMP was detectable in the unripe bell pepper
pericarp, no incorporation of stable isotope-labeled precursors

Figure 3. Electron ionization (EI) mass spectra of biosynthetic
products after feeding L-leucine-d10 (A), L-leucine-d10 + glycine-
1-13C,15N (B), and L-leucine-d10 + glyoxylic acid-13C2 (C) to pericarp
tissue of unripe bell peppers (Capsicum annuum L. cv. Allrounder).

Figure 4. Ratio between the fragment ions of IBMP-d9 (m/z 127,
157) and 13C/15N-labeled IBMP-d9 (m/z 128, 158) and
13C2/

13C,15N-labeled IBMP-d9 (m/z 129, 159) after feeding L-
leucine-d10, L-leucine-d10 + glycine-1-13C,15N, L-leucine-d10 + glyoxylic
acid-13C2, L-leucine-d10 + L-aspartic acid-15N, L-leucine-d10 + L-
glutamic acid-15N, and L-leucine-d10 + L-glutamine-15N2 to unripe
bell pepper pericarp (Capsicum annuum L. cv. Allrounder). Error bars
indicate standard deviation. Statistical significance based on the t test
(*p ≤ 0,05; **p ≤ 0,01; ns: not significant).
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into IBMP was detected in the ripe bell pepper pericarp. A
correlation between the decreasing IBMP content and a
reduced expression of VvOMT during ripening seems to be
possible. Furthermore, feeding experiments with the unripe
bell pepper pericarp revealed for the first time incorporation of
L-leucine and glycine as well as their respective keto acids, α-
KIC and glyoxylic acid, into IBMP. The relevance of amino
acids and their respective keto acids in MP biosynthesis was
verified by comparing incorporation rates of labeled precursors.
The feeding experiments with glycine and glyoxylic acid, co-
feeding experiments with L-leucine and α-KIC, and feeding
experiments with 15N-labeled L-leucine gave insights into the
biosynthesis of these potent odorants with clear hints for the
involvement of C1 units as “building blocks” of the pyrazine
heterocycle.
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ypyrazines; HPs, 3-alkyl-2-hydroxypyrazines; IBMP, 3-isobu-
tyl-2-methoxypyrazine; IBMP-d, 3-isobutyl-d9-2-methoxypyra-
zine; IBMP-d7, 3-isobutyl-d7-2-methoxypyrazine; sBMP, 3-sec-
butyl-2-methoxypyrazine; IPMP, 3-isopropyl-2-methoxypyra-
zine; VvOMTs, Vitis vinifera-O-methyltransferases; BCAA,
branched-chain amino acid; BCKA, branched-chain keto
acid; α-KIC, α-ketoisocaproic acid
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Figure S-1 Fragmentation mechanism leading to the mass peak at m/z 94.
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Table S-1 Nominal masses, exact masses, and chemical formula of characteristic fragment 
ions of 3-isobutyl-2-methoxypyrazine (IBMP) (reference compound) detected by EI-MS 
using a MAT 95 XL high resolution mass spectrometer (Thermo Finnigan, Bremen, 
Germany)

Nominal mass
(m/z)

Measured mass
(m/z) Formula

166 - [C9H14N2O]+●

151 151.0869 [C8H11N2O]+

124 124.0632 [C6H8N2O9]+●

94 94.0525 [C5H6N2]+●

Appendix 



l-Serine is the Direct Precursor for the Pyrazine Ring
Construction in the Biosynthesis of 3-Isobutyl-2-
Methoxypyrazine in Bell Pepper Fruits (Capsicum
annuum L.)
Francesca Zamolo[a] and Matthias Wüst*[a]

Abstract: 3-Isobutyl-2-methoxypyrazine (IBMP) is an ex-
tremely potent odorant and responsible for the specific
aroma of many fruits and vegetables. Especially bell pepper
contains high levels of IBMP, which is the character impact
compound of its typical aroma. However, since the discovery
of methoxypyrazines in plants in the 1960s the biosynthesis
of their pyrazine ring motif remained so far unknown.

Therefore, the biosynthetic pathway to IBMP was investigated
by feeding experiments with stable-isotope labeled precur-
sors. For the first time it could be shown that l-serine plays a
key role in the pyrazine ring construction of 3-alkyl-2-meth-
oxypyrazines (MPs). Based on HS-SPME-GCxGC-TOF-MS analy-
sis, it is shown that the biosynthetic pathway to IBMP is
closely linked to photorespiratory derived l-serine.

Introduction

Pyrazines are six-membered heterocycles possessing two nitro-
gen atoms in the 1,4-positions. Pyrazine and its derivatives are
ubiquitous in nature, biosynthesized by microorganisms, insects
and plants, serving as odor signals or repellents against
pathogens, pests and herbivores.[1–3] As many pesticides,
pharmaceuticals and flavorings are pyrazine-based, they are
also synthesized chemically in industry.[4–6] The pyrazine ring
can be synthesized using various routes mainly by direct ring
closure such as the two-step synthesis starting with a
condensation of a 1,2-diketone with a 1,2-diamine (Scheme 1A)
or the spontaneous intramolecular α-aminoketone-cyclization
(Scheme 1B).[4,5,7,8]

Pyrazines contribute to different aromas; their aroma
properties depend on their substitution pattern. Alkyl-substi-
tuted pyrazines have a roasted, nutty, or earthy flavour.[10] They
occur in thermally processed foods for example peanuts or
coffee synthesized in non-enzymatic processes as typical
Maillard reaction products, but also in fermented food as
products biosynthesized enzymatically by microorganisms.[11] In
contrast, alkoxy-pyrazines such as 3-alkyl-2-methoxypyrazines
(MPs) are associated with a green and earthy flavor.[3] MPs are

chemically synthesized by a methylation of the respective 2-
hydroxypyrazine (see Scheme 1A) with diazomethane, as dis-
played in Scheme 2 or methyl iodide.[12–14]

The most studied MPs are 3-isobutyl-2-methoxypyrazine
(IBMP, 1), 3-sec-butyl-2-methoxypyrazine (sBMP, 2) and 3-
isopropyl-2-methoxypyrazine (IPMP, 3) (Scheme 3).[1,15] They are
found in many raw vegetables[15,16] as well as in several grape
varieties and their corresponding wines.[17]

As higher MP-levels in wines are undesired and associated
with immaturity[18] the interest of unravelling the biosynthetic
pathway of MPs in plants has increased. The mechanism of MP-
formation has long been questioned and controversially
discussed in the literature. First, a condensation of an α-amino[a] F. Zamolo, Prof. Dr. M. Wüst
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Friedrich-Hirzebruch-Allee 7, 53115 Bonn (Germany)
E-mail: matthias.wuest@uni-bonn.de

Supporting information for this article is available on the WWW under
https://doi.org/10.1002/chem.202203674

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution Non-Commercial NoDerivs License, which permits use
and distribution in any medium, provided the original work is properly cited,
the use is non-commercial and no modifications or adaptations are made.

Scheme 1. Synthesis of (A) 2-hydroxypyrazines by a condensation of a 1,2-
diketone with a 1,2-diamine by Jones[7] and (B) pyrazines by a self-cyclization
of two α-aminoketones by Gutknecht.[9]

Scheme 2. Synthesis of 3-alkyl-2-methoxypyrazines (MPs) according to Seifert
et al.[12]
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acid amide of a branched chain amino acid and glyoxal has
been proposed.[13,19] However, neither α-amino acid amides nor
free glyoxal have been detected in plants.[3,20] Alternatively, a
biosynthetic pathway as described in microorganism has been
suggested including the formation of a cyclic dipeptide from
valine (4) and glycine (5) followed by the elimination of water
and an enzymatic O-methylation (Scheme 4).[21]

Recent research provided new insight into the biosynthesis
of MPs. First, S-adenosylmethionine (SAM)-dependent O-meth-
yltransferases (Vitis vinifera O-methyltransferases, VvOMTs) cata-
lyzing the O-methylation have been identified.[22] Then, feeding
studies proved an incorporation of l-leucine (6) and α-
ketoisocaproic acid (α-KIC, 7) into 1 and revealed glycine (5)
and glyoxylic acid (8) as C1-building blocks and l-glutamine (9)
as N-donor in the biosynthesis of 1.[23]

However, the direct precursor providing the C2-unit for the
pyrazine ring construction remained unknown. To investigate
the origin of the C2-unit in the biosynthesis of 1 feeding
experiments using 13C-compounds were conducted and ana-
lyzed. Therefore, volatiles were extracted using headspace
solid-phase microextraction (HS-SPME), analyzed by compre-
hensive two-dimensional gas chromatography (GCxGC) and
detected using time-of-flight mass spectrometry (TOF-MS).
Since low rates of 13C-incorporations were masked by the huge
amount of unlabeled genuine IBMP and thus difficult to detect
by HS-SPME-GCxGC-TOF-MS, we took advantage of the inverse
isotope effect of deuterium labeled compounds in GC and the
concomitant shift in retention time in 13C/2H-mixed labeling
experiments to detect the incorporation of 13C-labeled precur-
sor, even at trace levels.

Results and Discussion

Prior investigations clearly demonstrated that glycine (5) and
glyoxylic acid (8) do not serve as direct precursors to 3-isobutyl-
2-methoxypyrazine (IBMP, 1). Instead, they are deemed to act as
C1-building blocks, suggesting that they are first metabolized
before they are incorporated into 1.[23] However, the underlying
metabolic pathway remained unknown in this previously
performed labeling study. We have therefore reanalyzed these
previous results taking into account that in plants 5 and 8 are
biochemically linked. During photorespiration two molecules of
8 are aminated to two molecules of 5, of which one undergoes
a deamination and decarboxylation catalyzed by the glycine
decarboxylase complex (GDC), which is composed of four
enzymes, one catalyzes the decarboxylation of 5 to meth-
ylamine, another interacts with tetrahydrofolate (H4Folate)
catalyzing the reaction of methylamine with H4Folate resulting
in 5,10-methylenetetrahydrofolate (CH2-H4Folate).[24,25] Subse-
quently H4Folate is recycled and l-serine (10) is formed by
combining CH2-H4Folate and a second molecule of 5 catalyzed
by the serine-hydroxymethyltransferase (SHMT).[26–28]

The metabolic interface of C1-metabolism and photorespir-
atory cycle via 8 and 5 points to a potential biosynthetic link
between photorespiration and the biosynthesis of 1. As
displayed in Scheme 5, [13C2]-8 can be metabolized to [3-13C]-10,
as well as [13C3]-10 and [1,2-13C2]-10, depending on the position
of incorporated 13C-atoms and the number of incorporated
[13C2]-8 (one- or twofold). The decarboxylation and incorpora-
tion of 13C-labeled 10 into 1 would lead to two 13C-labeled 1
explaining the incorporation of a C1-unit into 1 rather than a C2-
unit when feeding [13C2]-8,[23] which would indicate that 10

serves as a direct precursor to 1.
To investigate the relevance of 10 in the biosynthesis of 1,

feeding experiments were conducted in this study using stable-
isotope labeled 10. Usually, stable-isotope labeled analytes can
be identified as new peaks eluting before their unlabeled
analogue, as the inverse isotope effect leads to a shortened
retention time of the stable-isotope labeled analyte.[29] This
leads to pure mass spectra of the labeled and unlabeled
compounds. The degree of stable-isotope incorporation can
thus be deduced based on the mass spectral data. However,
the inverse isotope effect is less effective for stable-isotopes like
15N and 13C than for deuterium atoms.[29] Unlabeled and 15N- or
13C-labeled compounds are therefore generally co-eluting and
only detectable by intensity increases in distinct isotopic mass
peaks (isotope mass shift). Nonetheless, a large amount of the
unlabeled isotopologue masks these intensity increases, making

Scheme 3. Structures of the most studied 3-alkyl-2-methoxypyrazines MPs:
3-isobutyl-2-methoxypyrazine (IBMP, 1), 3-sec-butyl-2-methoxypyrazine
(sBMP, 2) and 3-isopropyl-2-methoxypyrazine (IPMP, 3).

Scheme 4. Proposed biosynthetic pathway to 3 in Pseudomonas perolens according to Cheng et al.[21]
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low incorporation rates of 15N- or 13C-labeled precursors difficult
to detect. To prevent this, we have performed mixed labeling
studies that avoid undesired co-elutions, as it leads to the
separation of the isotope labeled from the genuine, unlabeled
analyte. For this purpose, the formation of a deuterated and
15N,13C-labeled reaction product is forced by co-feeding experi-
ments with a known deuterated precursor and a putative
15N,13C-labeled precursor. The incorporation of deuterium atoms
leads to the inverse isotope effect, allowing to separate labeled
and unlabeled isotopologues by GC, which in turn enables the
mass spectral detection of isotopic enrichments, occurring due
to 15N- or 13C-incorporations.

In following co-feeding experiments l-[2H10]-leucine ([2H10]-
6) was used as the known deuterated precursor, as prior
biosynthetic investigations clearly demonstrated that 6 serves
as a precursor to 1.[23] Feeding [2H10]-6 to bell pepper pericarp
leads to the deuteration of the whole isobutyl-moiety and thus
to the incorporation of nine deuterium atoms ([2H9]-1).[23] A
chromatographic separation of 1 and [2H9]-1 as well as the
detection of shifts of distinctive fragment ions to higher masses
are detectable by HS-SPME-GCxGC-TOF-MS (Figure 1). The
electron impact (EI) mass spectra of 1 and [2H9]-1 are displayed
in Figure 2.[23]

The mass spectral fragmentation pattern of [2H9]-1 shows a
molecular ion peak (M*+) at m/z 175 and intense mass peaks at

m/z 127, m/z 157, and m/z 97. According to Scheme 6 the mass
peak at m/z 157 [C8H5D6N2O]+ is formed by a loss of a
deuterated methyl radical of the isobutyl chain, whereas m/
z 127 [C6H5D3N2O]*+ results from a McLafferty rearrangement
and the loss of deuterated propene (C3D6). The fragment ion m/
z 97 [C5H3D3N2]

*+ is formed by a neutral loss of formaldehyde
(CH2O) via a four-membered transition state, similar to the
formaldehyde loss during the fragmentation of
arylaklyethers.[23,30]

Feeding experiments with l-[2-13C]-serine

First, co-feeding experiments with [2H10]-6 and [2-13C]-10 were
carried out. An incorporation of labeled precursors into 1 would
lead to the formation of the following differentially labeled
methoxypyrazines: [2H9]-1 (incorporation of [2H10]-6, Sche-
me 7A), 13C-labeled [2H9]-1 ([2H9,

13C]-1) (incorporation of [2H10]-6
and [2-13C]-10, Scheme 7B) and [13C]-1 (incorporation of [2-13C]-
10, Scheme 7C).

The co-feeding prevented a co-elution of unlabeled genuine
and 13C/2H-isotope labeled 1. Instead, the desired co-elution of
[2H9]-1 and [2H9,

13C]-1 was achieved. Based on the mass spectra,
an incorporation of [2-13C]-10 into 1 could be confirmed. The
incorporation of [2-13C]-10 leads to mass shifts to higher mass
ranges and results in increases of the mass peaks m/z 176, 158,
128 and 98 (Figure 3A).

To examine whether the intensities increase significantly,
abundances of highly diagnostic fragment ions of control
samples ([2H10]-6) were compared to those in co-fed samples
([2H10]-6+ [2-13C]-10). For this purpose, the fragment ion con-
taining most of the incorporable isotopes (m/z 157) and the
most abundant base peak ion (m/z 127) were chosen, as the
M*+ (m/z 175) abundance was too low, even when using soft
ionization (� 15 eV). Since the abundances vary depending on
the incorporation rate, relative intensities were considered
instead. For this purpose, the highly diagnostic mass peaks
implying only the incorporation of [2H10]-6 (m/z 127, 157) were
set equal to 100% and the respective intensities of the mass

Scheme 5. Possible incorporation of [13C2]-glyoxylic acid into 1 during photorespiration. GDC, glycine decarboxylase complex; SHMT, serine hydroxymeth-
yltransferase; H4Folate, tetrahydrofolate.

Figure 1. Extracted-ion chromatograms (EIC) of (A) genuine 1 (EIC m/z 124)
and (B) 1 and [2H9]-1 after feeding l-[2H10]-leucine to pericarp tissue of unripe
bell peppers (Capsicum annuum L. cv. Allrounder).
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peaks including additional incorporations of one stable-isotope
(m/z 128, 158) and two stable-isotopes (m/z 129, 159) were set
in relation to these (Figure 4).

In control samples the intensity of the m/z 128 (127+1) is
8% of the base peak m/z 127 intensity, due to the natural
stable-isotope abundance. In contrast, in samples fed with
[2H10]-6 and [2-13C]-10 it increases up to 40%. Similarly, m/z 158
(157+1) increases up to 44% in samples fed with [2H10]-6 and
[2-13C]-10. Consequently, intensities increase significantly by a
factor of 4.9 for m/z 128 in samples fed with [2H10]-6 and [2-13C]-
10 compared to abundances of m/z 128 in control samples and
by a factor of 3.2 for m/z 158. Therefore, these feeding
experiments clearly demonstrate that 10 is incorporated into 1.

Nevertheless, significant intensity increases can also be
detected in m/z 129 (127+2) by a factor of 4.7 (2% to 7%) as
well as in m/z 159 (157+2) by a factor of 4.6 (3% to 15%).
These intensity increases can be rationalized by the catabolism
of 10 occurring in the metabolically active fruit tissue during
feeding experiments. As it is known, serine (10) and glycine (5)
are interconvertible.[31] Absorbed 10 is catabolized to [2-13C]-5,

which in turn is metabolized to 13CH2-H4Folate. As shown in
Scheme 8, the catabolism of [2-13C]-10 to [2-13C]-5 and 13CH2-
H4Folate and their re-incorporation into 10 leads to [2,3-13C2]-10.
An incorporation of [2,3-13C2]-10 into 1 results in intensity
increases in m/z 129 and m/z 159, providing that the C-2 and C-
3 of 10 are incorporated into 1.

In summary, feeding experiments revealed that 10 is
incorporated into 1. However, the exact position of 13C-

Figure 2. EI mass spectra and structures of fragment ions of (A) genuine 1
and (B) [2H9]-1 after feeding l-[2H10]-leucine to pericarp tissue of unripe bell
peppers (Capsicum annuum L. cv. Allrounder).

Figure 3. Mass spectra of (A) [2H9,
13C]-1 after feeding l-[2H10]-leucine+ l-

[2-13C]-serine, (B) [2H9,
13C2]-1 after feeding l-[2H10]-leucine+ l-[2,3-13C2]-serine

and (C) [2H9,
13C3,

15N]-1 after feeding l-[13C3,
15N]-serine. The exact position of

the 15N-label in the pyrazine ring (15N-1 or 15N-4; here 15N-4 is shown) cannot
be determined at the present stage.
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incorporation into 1 remained unknown. To determine the
position of 13C-incorporation the fragmentation patterns of the
pyrazine ring was examined by direct-injection ESI/MSn analyses
using a stock solution of 1 (data not shown), but the

abundances of the fragment ions C4H4N
+ (m/z 66), C3H4N

+ (m/
z 54) and C3H3N

*+ (m/z 53) indicating the degradation of the
pyrazine ring (Scheme 9), were too low (see Supporting
Information Table S1. for high-resolution EI mass spectra (HR-EI-
MS)).

Feeding experiments with l-[2,3-13C2]-serine

Moreover, it is still unclear whether serine (10) provides a C1- or
a C2-unit to 1. To examine if 10 serves as a C2-donor in the
biosynthesis of 1, further co-feeding experiments were con-
ducted using l-[2H10]-leucine ([2H10]-6) and [2,3-13C2]-10. As
displayed in Figure 3 B, feeding experiments strongly suggested
that C-2 and C-3 of 10 are incorporated into 1. Mass spectral
data show significant increases in fragment ion peaks m/z 129
(127+2) (2% to 19%) and m/z 159 (157+2) (3% to 20%)
(Figure 4).

However, increases are also detectable in m/z 128 (8% to
25%) and m/z 158 (14% to 25%), which can be rationalized by
the catabolism of [2,3-13C2]-10 during incubation experiments.
As mentioned above, [2,3-13C2]-10 is degraded to [2-13C]-glycine

Scheme 6. Labeling pattern and fragmentation of [2H9]-1 after feeding l-[2H10]-leucine to unripe bell pepper pericarp (Capsicum annuum L. cv. Allrounder).[23]

Scheme 7. Labeling pattern of IBMP after the incorporation of (A) l-[2H10]-
leucine, (B) l-[2H10]-leucine and l-[2-13C]-serine and (C) l-[2-13C]-serine. The
exact position of the 13C-label in the pyrazine ring (13C-5 or 13C-6; here 13C-5
is shown) cannot be determined at the present stage (see also Scheme 5).

Scheme 8. The catabolism of l-[2-13C]-serine to [2-13C]-glycine and 13CH2-H4Folate and their re-incorporation into l-serine leading to l-[2,3-13C2]-serine. GDC,
glycine decarboxylase complex; SHMT, serine hydroxymethyltransferase, H4Folate, tetrahydrofolate.
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([2-13C]-5) and 13CH2-H4Folate, which in turn is metabolized to
[3-13C]-10 and [2-13C]-10, whose incorporation into 1 results in
intensity increases of m/z 128 (127+1) and m/z 158 (157+1).
Thus, intensity increases in m/z 128 and m/z 158 are explainable
by an incorporation of [3-13C]-10 and [2-13C]-10. Increases are
relatively large as both ([3-13C]-10 and [2-13C]-10) lead to
intensity increases in the same m/z-ratios.

In conclusion, intensity increases by 2 amu clearly demon-
strate that C-2 and C-3 of 10 are incorporated into 1, indicating
that 10 is involved in the pyrazine ring formation of 1. In fact,
these findings confirm that 10 contributes the C2-unit of the
pyrazine ring. Moreover, feeding experiments revealed that 10

is decarboxylated before or during the biosynthesis of 1.

Feeding experiments with l-[13C3,
15N]-serine

To examine whether 10 serves also as N-source to 1, further
incubation experiments were conducted out using [13C3,

15N]-10
and [2H10]-6. Due to 15N-labeling, a preceding biosynthetic
deamination of [13C3,

15N]-10 should be detectable, as it would
result in a shift of the molecular ion from m/z 175 to m/z 177.
Moreover, a base peak shift from m/z 127 to m/z 129 due to a
McLafferty rearrangement and elimination of isotope labeled
propene (13C3D6). The fragment ion peak at m/z 97 would result
in m/z 99, whereas the fragment ion peak at m/z 157 would
result in m/z 159. In contrast, an incorporation of the 15N-label
would give rise to m/z 160 and m/z 130.

As displayed in Figure 3 C, intensities in m/z-ratios related to
a preceding deamination (m/z 177, 159, 129, 99) as well as

Figure 4. Ratio between the fragment ions of [2H9]-IBMP (m/z 127, 157) and 13C/15N-labeled [2H9]-IBMP (m/z 128, 158) and 13C2/
13C,15N-labeled [2H9]-IBMP (m/z

129, 159) after feeding l-[2H10]-leucine, l-[2H10]-leucine+ l-[2-13C]-serine-2-13C, l-[2H10]-leucine+ l-[2,3-13C2]-serine-2,3-13C2, l-[2H10]-leucine+ l-[13C3,
15N]-serine to

unripe bell pepper pericarp (Capsicum annuum L. cv. Allrounder). Error bars indicate standard deviation. Statistical significance based on the t test (**: p�0,01;
ns: not significant).

Scheme 9. Proposed fragmentation mechanism of IBMP.
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those related to the incorporation of the 15N-label (m/z 178,
160, 130, 100) increase. The abundances of relevant m/z-values
in co-fed samples ([2H10]-6+ [13C3,

15N]-10) were compared to
those in control samples ([2H10]-6). Significant increases
(p<0.01) can be observed in m/z 130 by a factor of 16.6 (1% to
17%) and 9.8 in m/z 160 (2% to 17%) as well as by 6.9 in m/z
129 (2% to 11%) and 2.4 in m/z 159 (3% to 8%) (Figure 4).
Results clearly demonstrate that the 15N-label is mainly incorpo-
rated into 1, as the highest increases were found in m/z 130
and m/z 160 corresponding to an incorporation of three stable
isotopes.

Interestingly, significant intensity increases (p<0.01) are
detectable in m/z 131 (127+4) (0% to 3%) and m/z 161
(157+4) (0% to 3%). These can be explained by the supposed
metabolic link between the biosynthesis of 1 and photo-
respiration. During the photorespiratory cycle NH3 is re-
assimilated. As shown in Scheme 10, there are two re-
assimilations of NH3 during photorespiration. One occurs in the
peroxisome while 10 is deaminated to hydroxypyruvate, here
released NH3 is incorporated into glyoxylic acid (8) leading to
glycine (5). Another re-assimilation of NH3 initiates in the
mitochondrion during the oxidative decarboxylation and deam-
ination of 5 to CH2-H4Folate. In the chloroplast, released NH3 is
reincorporated into glutamine, which in turn aminates α-
ketoglutarate to glutamate. Glutamate is then transported into
the peroxisome and aminates 5 to 8.[24]

Intensity increases in m/z 131 and m/z 161 might therefore
appear due to the incorporation of [13C3,

15N]-10 and 15NH3

released during NH3 re-assimilation. These results are consistent

with prior feeding experiments proving the importance of l-
glutamine (9) in the biosynthesis of 1.[23] As displayed in
Scheme 10, 15N-labeled 9 aminates α-ketoglutarate to gluta-
mate. Glutamate in turn serves as a N-donor to 5, which can be
metabolized to 10. Intensity increases in m/z 128 (127+1) (8%
to 21%) and m/z 158 (157+1) (14% to 18%) abundances can
be explained by both the incorporation of only one re-
assimilated 15N-atom into 1 and the interconversion of 10 and 5.

In summary, the 15N-labeling studies clearly show that 10 is
mainly not deaminated during its incorporation into 1 and
indirectly support that both N-atoms of 1 are 10-derived.
Moreover, feeding experiments gave evidence for an interface
between the biosynthesis of MPs and the photorespiratory
cycle via 10 and the assimilation of NH3.

The biosynthetic pathway to 1

13C- and 15N-labeling studies revealed that the direct precursors
to 1 in plants differ from those of the bacterial
biosynthesis.[2,21,32] Prior feeding experiments revealed that
during the biosynthesis of 1, l-leucine (6) is mainly deaminated
to its keto acid (7),[23] whereas present studies show, that l-
serine (10) plays a major role as a C2-building block and N-donor
in the biosynthesis of 1. Moreover, feeding 15N-labled 10 lead to
an one- and twofold incorporation of the 15N-label.

As outlined in Scheme 11, different biosynthetic pathways
can be assumed based on the findings of the feeding experi-
ments. On the one hand, it might be that free 10 is

Scheme 10. Putative interdependency of photorespiration and l-leucine catabolism with IBMP-biosynthesis. The localization of IBMP-storage and -biosynthesis
within the cells is still unknown. Dashed lines represent intracellular transport. H4Folate, tetrahydrofolate; OMT, O-methyltransferase; SAM,
S-adenosylmethionine; SAH, S-adenosylhomocysteine.
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decarboxylated prior to its incorporation into 1 (Scheme 11A).
In plants, a decarboxylation of 10 is known to be catalyzed by a
type II pyridoxal 5’-phosphate (PLP)-dependent decarboxylase
called serine decarboxylase (SDC).[33] Decarboxylation of free 10

occurs in the cytosol and results in ethanolamine (11), a known
intermediate for phosphatidylethanolamine and -choline as well
as several volatiles.[34] Ethanolamine is either first aminated to
ethylenediamine (12), which forms an α-ketoamide with α-
ketoisocaproic acid (7) before it is again aminated to compound
13 (I) or vice versa (II). An intramolecular cyclization affords the
pyrazine ring in both cases. On the other hand, it is possible
that first 14 is formed as a condensation product of 10 and 7
(Scheme 11B I). After a transamination reaction and cyclization
to 15 a decarboxylation may follow, similar to the oxidative
decarboxylation of arogenate into tyrosine.[35] As displayed in
Scheme 11B II a prior conversion of 10 into 2,3-diaminopro-
pionic acid (DAP, 16) seems to be possible as well. DAP is a
non-proteinogenic amino acid known as a short-lived inter-

mediate for the neurotoxin ß-N-oxalyl-α,ß-diamino propionic
acid (ODAP).[36] A condensation of 7 and 16 followed by a ring
closure and a decarboxylation of 15 would also result in 1. As
displayed in Scheme 11C another possible pathway to 1
initiates with the oxidation of 10 to α-formyl-glycine (17),
according to the chemical synthesis of cyclic endiamino
peptides by Pappo et al.[37] A condensation of 17 and 7 followed
by an oxidation would result in the corresponding 2-(1H)-
pyrazinone (18). Subsequent decarboxylation and O-meth-
ylation lead to 1.

Metabolic link between photorespiration and the
biosynthesis of 1

In addition, feeding experiments indicated that photorespira-
tion and the biosynthesis of 1 are biosynthetically linked. So far,
it is unknown whether 1 is biosynthesized from photorespir-

Scheme 11. Proposed mechanisms of IBMP formation in bell pepper plants starting with (A) a decarboxylation of l-serine, (B I) a condensation of l-serine and
α-KIC, (B II) an amination of l-serine or (C) an oxidation of l-serine. α-KIC, α-ketoisocaproic acid; OMT, O-methyltransferase; SAM, S-adenosylmethionine; SAH,
S-adenosylhomocysteine.
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atory 10 exclusively. However, prior studies showing that no de
novo biosynthesis of 1 can be observed in ripe bell pepper
fruits[23] and that the photorespiratory enzymes are inactivated
due to the degradation of the chloroplast during ripening[38]

indicate that the biosynthesis of 1 and photorespiration are
biosynthetically connected.

Photorespiration is the major biosynthetic pathway for 10 in
photosynthetic cells. The photorespiratory cycle is a competitive
reaction to photosynthesis. It starts with ribulose-1,5-bisphos-
phate carboxylase/oxygenase (Rubisco), a key enzyme in photo-
synthesis. Rubisco has also an oxygenase activity as it fixes
oxygen from the atmosphere. The oxygenic side-product of
Rubisco, 2-phosphoglycolate (2-PG) is a toxic intermediate that
inhibits several chloroplastic enzymes in plants. 2-PG is
detoxified during the photorespiratory pathway, as it is
metabolized back to the photosynthetic intermediate 3-phos-
phoglyceric acid (3-PGA).[24,26–28]

It is noteworthy that in plants two non-photorespiratory
pathways of serine biosynthesis, called the glycerate and the
phosphorylated pathway, coexist. The glycerate pathway
(Scheme 12A) starts in the cytosol with a dephosphorylation of
3-phosphoglycerate (19), which is produced during the cyto-
solic glycolysis. Resulting glycerate (20) is then oxidized to
hydroxypyruvate (21), which in turn leads to the formation of
10 catalyzed by an aminotransferase. In contrast, the phos-
phorylated pathway proceeds in plastids. First, 19 formed
during the calvin cycle is oxidized by a phosphoglycerate
dehydrogenase (PGDH) enzyme yielding 3-phosphohydroxypyr-
uvate (22), which is then, catalyzed by an aminotransferase,
converted to 3-phosphoserine (23), which in turn is dephos-
phorylated to 10 (Scheme 12B).[39] However, prior investigations
clearly demonstrated that glycine (5) and glyoxylic acid (8) are
incorporated into 3-isobutyl-2-methoxypyrazine (IBMP, 1) giving
evidence that the photorespiratory pathway is the dominant
source of serine in the biosynthesis of methoxypyrazines.[23]

Conclusion

In conclusion, feeding experiments with 13C- and 15N-labeled
precursors confirm that IBMP (1) is biosynthesized from the
amino acids l-serine (10) and l-leucine (6).

Based on the feeding experiments possible biosynthetic
pathways to 1 were outlined. Results clearly demonstrated that
10 serves as a C2-unit building block. Moreover, it is established
that 10 is degraded by a decarboxylation during its incorpo-
ration into 1. However, it is unsolved if this happens before or
after ring closure. Further insight into the biosynthesis of 1 was
possible by feeding experiments with 15N-labeled 10, as findings
confirmed that both nitrogen atoms originate from 10. Accord-
ing to the observed labeling pattern of 1, it has been assumed
that 15N-labeled 10 is partially degraded and released 15NH3 is
incorporated into 1. These findings strengthened the hypoth-
esis of a metabolic link between the photorespiratory cycle and
the biosynthesis of 1. To elucidate the mechanism of the
pyrazine ring formation in detail, further intermediates (see
Scheme 11) and enzymes involved in the biosynthetic pathway
of 1 need to be identified.
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1. Experimental Procedures

1.1. Plant material:

The experiments were performed with bell pepper (Capsicum annuum L. cv ’Allrounder’) (Rijk Zwaan, De Lier, 

Netherlands) obtained from the Institute of Crop Science and Resource Conservation (INRES), Chair of Horticultural 

Sciences of the University of Bonn, Germany. Fruits were harvested and incubated the same day. 

1.2. Chemicals: 

3-Isobutyl-2-methoxypyrazine (IBMP) (97%), L-[2,3-13C2]-serine (99 atom% 13C, 97.8%) and L-[2-13C]-serine

(95.6 atom% 13C, 99.50%) were purchased from Sigma Aldrich (St Louis, Missouri). L-[13C3,15N]-serine (99 atom% 13C,

98%) was obtained from Biotrend (Cologne, Germany). L-[2H10]-leucine (99%) was purchased from C/D/N isotopes

(Pointe-Claire, Quebec, Canada). 3-Isobutyl-[2H9]-2-methoxypyrazine ([2H9]-IBMP) (≥95%) was obtained from AromaLab

(Martinsried, Germany). Sodium chloride was purchased from Merck GmbH (Darmstadt, Germany). Methanol (>99.99%)

was obtained from Honeywell (Muskegon, Michigan). Water (HPLC, LC-MS grade) was obtained from VWR International

(Fontenay-sous-Bois, Ile-de-France, France).

1.3. Sample preparation: 

For feeding experiments pericarp tissue of freshly harvested, unripe bell pepper fruits (Capsicum annuum L. cv. 

‘Allrounder’) was cut into pieces (~2 cm2). Samples were soaked in a sodium-hypochlorite-solution (NaOCl), to avoid 

microbial contamination and rinsed with water before they were separately placed on a sterile petri dish. Then 100 µL of 

an aqueous solution containing L-[2H10]-leucine (0.1%) and 100 µL of the respective stable-isotope labeled L-serine (0.1%) 

were added. After an incubation time of 48 hours at room temperature, the samples were frozen using liquid nitrogen and 

crushed with a mortar. The homogenized sample (1 g) was weighed into a 10 mL headspace-vial and 2 mL of an 20% 

(w/v) aqueous NaCl-solution were added. Control samples were incubated with 100 µL L-[2H10]-leucine (0.1%). Each 

experiment was repeated at least three times. HS-SPME sampling was performed using a 

divinylbenzene/polydimethylsiloxane-coated (DVB/CAR/PDMS, 50/30 μm, 2 cm) solid phase microextraction (SPME) fiber 

(Supelco, Bellefonte, Pennsylvania). Samples were incubated at 50°C for 10 min with agitation (500 rpm; 30 s on time; 

10 s off time) followed by sample extraction at 50°C for 30 min. After incubation and extraction, the analytes were desorbed 

into the injector at 250°C for 10 min. 

1.4. GC×GC-TOF-MS analysis: 

Chromatographic separations were performed by using an Agilent 7890B gas chromatograph (Agilent Technologies, Palo 

Alto, California) equipped with a OPTIMA 5 MS (30 m, 0.25 mm i.d. x 0.1 µm df) primary column, a MEGA WAX FAST 

(2 m, 0.1 mm i.d. x 0.1 µm df) secondary column and a liquid nitrogen cryogenic modulator (Consumable-Free ZX2 thermal 

modulator). Helium was used as the carrier gas at a constant flow of 1 mL/min. The modulation period (PM) was set to 4 s 

with hot jet duration of 350 ms and with a shift of + 20°C regarding to the temperature program of the GC oven. The 

separation was performed using the following temperature program: 35°C (5 min), 3°C/min to 160°C, 20°C/min to 220°C 

(5 min). Detection was performed on a time-of-flight mass spectrometer (ToF-MS) (Markes International Ltd, Llantrisant, 

RCT, UK). Analytes were ionized by operating in electron impact ionization mode (EI) at - 70 eV. The transfer line and ion 

source temperatures were set to 250°C. Data analysis was performed using the software ChromSpace (Markes 

International Ltd, Llantrisant, RCT, UK). The software was used to remove unwanted background noise and for spectrum 

deconvolution. Analytes were identified by comparing the retention times and mass spectra with standard substances and 

using the NIST Mass Spectral Library (National Institute of Standards and Technology, Gaithersburg, Maryland). 1 and 

[2H9]-1 were identified by comparing GC retention times and mass spectra to standard substances. 

Appendix 



2. Tables

Table S1. Nominal masses, exact masses, and chemical formula of characteristic fragment ions of 3-isobutyl-2-methoxypyrazine (IBMP) (reference 

compound) detected by high-resolution EI mass spectra (HR-EI-MS). 

Nominal mass 

[m/z] 

Calculated mass 

[m/z] 

Measured mass 

[m/z] 

Chemical formula 

166 166.11006 166.1090 C9H14N2O•+ 

124 124.06311 124.0627 C6H8N2O•+ 

94 94.05255 94.0519 C5H6N2
•+ 

81 81.04472 81.0440 C4H5N2
+ 

66 66.03383 66.0347 C4H4N+ 

54 54.03383 54.0339 C3H4N+ 

53 53.02600 53.0272 C3H3N•+ 
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A B S T R A C T

The distribution and translocation as well as the biosynthetic sites of 3-isobutyl-2-methoxypyrazine (IBMP) in 
bell pepper plants (Capsicum annuum) were examined. For IBMP-quantification, a stable-isotope dilution assay 
(SIDA) was developed, using headspace solid-phase microextraction (HS-SPME) combined with gas chroma-
tography and time-of-flight mass spectrometry (ToF-MS). While IBMP was the most abundant MP in all aerial 
plant parts, IPMP was dominating in root tissues. The highest IBMP-levels were found in unripe bell pepper fruits. 
Moreover, feeding experiments with [2H10]-L-leucine revealed that IBMP is biosynthesized in all plant parts, 
while in roots and ripe bell pepper fruit tissues no incorporation of the labelled precursor was detectable. A 
potential phloem translocation of IBMP could not be detected.   

1. Introduction

3-Alkyl-2-methoxypyrazines (MPs) are aroma-active compounds
occurring in many raw vegetables (Legrum et al., 2015; Murray and 
Whitfield, 1975; Mutarutwa et al., 2018). The most common MPs are 
3-isobutyl-2-methoxypyrazine (IBMP), 3-sec-butyl-2-methoxypyrazine
(sBMP) and 3-isopropyl-2-methoxypyrazine (IPMP). IBMP was identified
in 1969 in green bell pepper (Capsicum annuum var. grossum, Sendt)
(Buttery et al., 1969) followed by the identification of sBMP in galbanum
oil (Ferula galbaniflua) (Bramwell et al., 1969) and IPMP in green peas
(Pisum sativum) (Murray et al., 1970).

Furthermore, MPs are found in grapes (Vitis vinifera) and therefore 
contribute to the aroma of several wine varieties. While their aroma is 
desirable at low levels, higher levels are undesired and associated with 
immaturity (Roujou de Boubée et al., 2000). To lower MP-levels in 
wines, it is recommended to reduce the use of material other than grapes 
(MOG) such as leaves, petioles and rachises (Pickering et al., 2021). That 
is because MPs are distributed within the whole grapevine. While IPMP 
is accumulated in the roots, IBMP is the most abundant MP in all aerial 
parts of grapevines (Dunlevy et al., 2010; Roujou de Boubée, 2003). 
Moreover, it is well established that IBMP is detectable in all grape tis-
sues. The highest IBMP-levels were detected in the grapes, especially in 
the exocarp, decreasing after fruit ripening (Dunlevy et al., 2010; 
Hashizume and Samuta, 1997; Lei et al., 2019; Roujou de Boubée, 

2003). However, the distribution of IBMP in the leaves is ambiguous. 
While neither IBMP nor IPMP were detected in the leaves of Cabernet 
Sauvignon grapevines (Dunlevy et al., 2010), other studies showed that 
IBMP is detectable in the leaves of Cabernet Sauvignon and Chardonnay 
vines (Hashizume and Samuta, 1997; Roujou de Boubée, 2003). 

Although the distribution of MPs in grapevine has been widely 
studied, their biosynthesis in different organs and tissues and their 
translocation are still unknown. On the one hand, stable-isotope feeding 
experiments showed a translocation of IBMP from the leaves to other 
plant parts (Roujou de Boubée, 2003). On the other hand, grafting 
studies indicated that IBMP is only biosynthesized in the fruit, as no 
transport through the shoot into the fruit has been detected (Koch et al., 
2010). A translocation via the phloem has been hypothesized, but not 
yet been demonstrated. 

Moreover, the biosynthetic pathway of MPs has not yet been fully 
revealed. In 1970 Murray et al. suggested that MPs are biosynthesized by 
a condensation of an α-amino amide of leucine, isoleucine or valine with 
glyoxal. As both α-amino amides and free glyoxal have never been 
detected in plants, either glyoxylic acid or a nitrogen-derivative of 
glyoxylate have been considered instead (Murray and Whitfield, 1975; 
Nursten and Sheen, 1974). However, feeding experiments with 
stable-isotope labelled precursors and bell pepper fruits demonstrated 
an incorporation of L-leucine and α-ketoisocaproate (α-KIC) into IBMP 
and that glycine and glyoxylic acid serve as “C1 building blocks” 
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(Zamolo and Wüst, 2022). In addition Vitis vinifera O-methyltransferases 
(VvOMTs), catalyzing the O-methylation of 3-alkyl-2-hydroxypyrazines 
(HPs) to MPs, had been identified (Dunlevy et al., 2010, 2013a; Guil-
laumie et al., 2013). 

In bell pepper fruits higher IBMP-levels are detectable than in grapes 

(Ryona et al., 2010). However, little is known about the distribution of 
MP in bell pepper plants. To examine the presence of IBMP within the 
bell pepper plant, a method was developed including a stable-isotope 
dilution assay (SIDA), headspace solid phase microextraction 
(HS-SPME) and gas chromatography coupled to time-of-flight mass 

Fig. 1. Total ion chromatogram (TIC) (A) and extracted ion chromatogram (EIC) (B) of ripe bell pepper pericarp (Capsicum annuum cv. Allrounder) analyzed by HS- 
SPME–GC-ToF-MS. 
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spectrometry (GC-ToF-MS). Moreover, IBMP-translocation as well as its 
biosynthetically sites were examined by feeding experiments with 
stable-isotope labelled L-leucine and EDTA-facilitated phloem exudate 
collection. 

2. Results and discussion

2.1. Distribution

For IBMP-quantification, a method including HS-SPME-GC-ToF-MS 
combined with a SIDA was developed. [2H9]-IBMP was used as an in-
ternal standard, to overcome variations in analyte recovery, due to 
matrix effects and sample preparation. As shown in Fig. 1, [2H9]-IBMP 
elutes earlier than IBMP, due to the inverse isotope effect, resulting in a 
complete separation of the two isotopologues. IBMP and [2H9]-IBMP in 
feedings experiments with deuterium-labelled L-leucine were identified 
by comparing the retention times and mass spectra with standard sub-
stances. Mass spectra of the standards of IBMP and [2H9]-IBMP are 
displayed in Fig. 2. 

Prior to sample analysis the analytical performance of the method 
was validated by following parameters: linearity, accuracy, precision, 
limit of detection (LOD) and limit of quantification (LOQ). The method 
showed a good linearity (r2 = 0.997) for the examined concentration 
range (0.1–150 ng/g). Satisfactory recoveries of spiked IBMP (10–96 
ng/g) averaged between 97% and 102%. The intra-day and inter-day 
precision, expressed as relative standard deviation (RSD), were 2.57% 
and 3.98%, respectively. The LOD and LOQ were 0.16 ng/g and 0.28 ng/ 
g, respectively. Showing a good sensitivity, accuracy, precision, and 
linearity, the developed method was applied to the quantification of 
IBMP in bell pepper plant (Capsicum annuum cv. Allrounder). 

For quantification, calibration curves were determined using tomato 
pericarp as an IBMP-free matrix-matched sample. The matrix-matched 
samples were spiked with varying amounts of IBMP and a constant 
amount of [2H9]-IBMP. Chromatograms were acquired in full-scan 
mode and then analyzed by extracting the most abundant mass 
traces (m/z 124, 127). Linear regression was performed plotting the 

concentration ratios (IBMP/[2H9]-IBMP) versus the area ratios 
(IBMP/[2H9]-IBMP). Obtained calibration curves were also used for 
semi-quantifying IPMP. 

MPs could be detected in all organs and tissues of bell pepper plants. 
Within the shoot system, including fruits, flowers, stem, and leaves, 
IBMP is the most abundant MP. In contrast, IPMP turns out to be the 
dominating MP in roots. As shown in Table 1, the vegetative parts such 
as roots (7.27 ± 1.18 ng/g FW), leaves (21.29 ± 1.23 ng/g FW) and 
stems (4.28 ± 0.56 ng/g FW) contain low IBMP-levels, while the 
reproductive parts implying flowers (31.92 ± 3.16 ng/g FW), ripe bell 
pepper fruits (45.97 ± 2.24 ng/g FW) and unripe bell pepper fruits 
(92.70 ± 4.00 ng/g FW) possess higher IBMP-contents. 

In conclusion, fruits contain the highest IBMP-content in all stages of 
ripeness, whereas roots contain the highest IPMP-levels (79.33 ± 18.18 
ng/g FW). The reasons for higher IBMP-accumulation in the reproduc-
tive plant parts are so far unclear. On the one hand, it has been hy-
pothesized that IBMP serves as a natural plant defence (Dunlevy et al., 
2010). However, microbiological tests demonstrated that IBMP shows 
no antimicrobial activity on yeast and bacteria at the concentration 

Fig. 2. EI-MS spectra and fragmentation pattern of IBMP (A) and EI-MS spectra and fragmentation pattern of [2H9]-IBMP (B).  

Table 1 
IBMP-contents in different organs and tissues of bell pepper plants (Capsicum 
annuum cv. Allrounder). Data are means ± standard deviations (n = 5–11) 
expressed as ng/g FW (fresh weight).   

Fruit 
(ripe) 

Fruit 
(unripe) 

Stem Root Leaf Flower 

Whole 45.97 ±
2.24 

92.70 ±
4.00 

4.28 ±
0.56 

7.27 ±
1.18 

21.29 ±
1.23 

31.92 ±
3.16 

Pedicel 19.07 ±
1.92 

21.00 ±
3.72     

Pericarp 65.70 ±
3.44 

78.51 ±
6.65     

Placenta 18.87 ±
2.29 

20.61 ±
1.14     

Seed 7.23 ±
0.14 

36.80 ±
3.16      
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range of 0.01–1 ppm (Kögel et al., 2012). On the other hand, IBMP might 
act as a mediator in plant communication. As known, plants can release 
volatile organic compounds, which allows them to interact with other 
organisms (Negre-Zakharov et al., 2009). Previous studies have shown, 
that MPs function as a semiochemical in several aposematic insect 
species (Moore et al., 1990; Rothschild et al., 1984; Schmidtberg et al., 
2019) as well as for nematodes (Kihika et al., 2017). 

Subsequently, different fruit tissues of unripe and ripe fruits were 
analyzed concerning the distribution of IBMP within the fruit. For this 
purpose, the fruits were divided into pericarp, placenta, seeds, and 
pedicel. As shown in Fig. 3A and B, all analyzed fruit tissues contain 
IBMP. A decrease in IBMP-content is detectable in pericarp tissues after 
ripening (see Fig. 3C for the definition of the ripening stages). In both 
ripe and unripe fruits highest IBMP-values are found in the pericarp. 
While unripe bell pepper pericarp contains 78.51 ± 6,65 ng/g (FW) 
IBMP, significantly less (two-sample Student’s t-test, p < 0.05) is 
detectable in pericarp tissues of ripe bell pepper fruits (65.70 ± 3.44 ng/ 
g FW). Decreases in IBMP-levels after ripening are not significant in both 
placenta (20.61 ± 1,14 ng/g to 18.87 ± 2.29 g/g FW) and pedicel 
(21.00 ± 3,72 ng/g to 19.07 ± 1.92 ng/g FW). Noticeable are the 

significant IBMP-decreases in the seeds (36.80 ± 3,16 ng/g to 7.23 ±
0.14 ng/g FW). These differences may occur due to biological variation 
within the bell pepper fruits, as well as a change in the relative contri-
bution of tissues during maturation. Studies showed that the proportions 
of fruit tissues change during ripening. For example, it has been shown 
that the placental tissue and the seeds increase in weight (Thanopoulos 
et al., 2013) and that the pericarp increases in thickness (Tadesse et al., 
2002). Based on our data, we cannot evaluate whether dilution due to 
fruit ripening and changes in tissue proportions is responsible for the 
decreasing IBMP-levels. 

In grapes, the highest IBMP contents could be detected in the flesh 
and skin, whereas less was found in the seeds (Dunlevy et al., 2013b). 
IBMP-levels decreased after ripening in all grape tissues (Dunlevy et al., 
2010, 2013b; Roujou de Boubée et al., 2002). To examine whether a 
dilution due to berry enlargement is responsible for this, the IBMP 
content was determined on a per berry basis (Gregan and Jordan, 2016). 
However less IBMP has been detected in ripe fruits even on a per berry 
basis (Gregan and Jordan, 2016; Harris et al., 2012; Ryona et al., 2008). 
A decrease was also detected in Vitis vinifera O-methyltransferase 
(VvOMT) expression (Dunlevy et al., 2010, 2013b). It has been shown 

Fig. 3. IBMP-content (means ± standard deviations (n = 5–8) expressed as ng/g FW (fresh weight)) in the various parts of unripe (A) and ripe (B) bell pepper fruits 
(Capsicum annuum cv. Allrounder). Ripening stages of bell pepper fruits: unripe (fully green), breaking point (green and yellow) and ripe (fully yellow) (C). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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that MP-levels are related with the expression of VvOMT, which are 
catalyzing the O-methylation of 3-alkyl-2-hydroxypyrazines (HPs) 
(Hashizume et al., 2001). First, a correlation between increasing levels 
of 3-isobutyl-2-hydroxypyrazine (IBHP) and decreasing IBMP-levels had 
been observed leading to the hypothesis that IBMP is demethylated to 
IBHP during bell pepper ripening (Ryona et al., 2010). However, further 
investigations showed that IBHP-levels are not stable, but decrease 
during grape ripening (Harris et al., 2012). It has been suggested, that 
the decrease in VvOMT expression leads to an accumulation of IBHP, 
which is no longer methylated to IBMP, but further metabolized (Harris 
et al., 2012). 

In summary, it has been shown that IBMP can be detected in all parts 
of the bell pepper plant. IBMP-distribution in bell pepper plants slightly 
differs from that found in grapevines. Similar to grapevine, root tissues 
contain the highest MP-content within the whole plant. However, in 
grapevine the highest IBMP-content are detectable in the roots (Dunlevy 
et al., 2010), while IPMP is the most abundant MP in roots of bell pepper 
plants. The highest IBMP-levels are found in bell pepper fruits, which in 
turn possess the highest IBMP-content in the pericarp. In contrast, in 
grapevines IBMP accumulates in the stem of grape bunches and in the 
berry exocarp (Dunlevy et al., 2010; Roujou de Boubée, 2003; Roujou de 
Boubée et al., 2002). 

2.2. Sites of biosynthesis 

As it has been shown, IBMP accumulates in all parts of bell pepper 
plant. This might be due to either an IBMP-translocation through the 
plant or de novo IBMP-biosynthesis occurring in various plant organs and 

tissues. 
So far, feeding experiments revealed that IBMP is de novo bio-

synthesized in pericarp tissue of unripe bell pepper fruits. An incorpo-
ration of L-leucine into IBMP, leading to [2H9]-IBMP has been 
demonstrated (Zamolo and Wüst, 2022). To examine the biosynthetic 
activity of different fruit tissues, in vivo feeding experiments were con-
ducted using deuterium-labelled L-leucine ([2H10]-L-leucine; see 
Fig. 4A). Fruits were dissected into pericarp, placenta, pedicel, and 
seeds. Samples are analyzed by HS-SPME-GCxGC-ToF-MS, as it enables a 
chromatographic separation of unlabelled and deuterium-labelled 
compounds and the detection of isotopic enrichments (mass shifts) 
due to deuterium-labelling. A mass spectrum of [2H9]-IBMP that was 
biosynthesized from labelled [2H10]-L-leucine is displayed in Fig. 4B. 

As shown in Fig. 5, all examined tissues of unripe pepper fruits 
incorporate [2H10]-L-leucine into IBMP, whereas fruits tissues of ripe 
fruits showed no incorporation of [2H10]-L-leucine into IBMP neither in 
the placenta nor in the pedicel nor in the seeds. As it is known (see 
above), the IBMP-content in ripe fruits is lower than in unripe fruits. A 
possible degradation by demethylation of IBMP to IBHP has been hy-
pothesized. However, a correlation between decreasing IBMP and 
increasing IBHP was only detectable in grapes, not in bell peppers. That 
is why a coexistence of further degradation pathways and products has 
been supposed (Ryona et al., 2010). Since IBMP-biosynthesis in the fruit 
tissue of the ripe fruit seems to have ceased, it might be possible that a 
down-regulation of enzyme activity leads to a decline in the 
IBMP-content as well. 

Because IBMP is distributed throughout the whole bell pepper plant, 
it is conceivable that IBMP-biosynthesis also occurs in other plant 

Fig. 4. Structure (A) and electron ionization (EI) mass spectra (B) of the biosynthetic product ([2H9]-IBMP) after incorporation of stable-isotope labelled [2H10]- 
L-leucine.

F. Zamolo et al.

Appendix 



Phytochemistry 205 (2023) 113488

6

tissues. Therefore, in vivo feeding experiments were carried out using 
flower, leaf, stem, and root tissues of bell pepper plants. Abscised plant 
parts were incubated with deuterium-labelled L-leucine. First, the 
biosynthetic activity of the aerial plant parts was examined. Detached 
flowers, leaves, and stems were dipped into the incubation solution, to 
take up [2H10]-L-leucine via the transpiration stream. Samples were 
incubated at room temperature for 48 h. As the feeding solution was 
completely absorbed within 24 h, vials were refilled with water for the 
next 24 h of incubation. As shown in Fig. 6, an incorporation of [2H10]-L- 
leucine into IBMP could be confirmed for flowers, leaves, and stems. 
Thus, all aerial parts of bell pepper plants apart from ripe fruit tissues are 
capable of biosynthesizing IBMP. Interestingly, applying [2H10]-L- 
leucine to detached root tissues did not result in a detectable IBMP- 
biosynthesis. An incorporation of L-leucine into IBMP occurred neither 
in the tissue of the primary root nor in the root hairs. As mentioned 
before, roots contain more IPMP than IBMP. Low enzyme expression of 
relevant enzymes in the root may explain why no de novo biosynthesis of 
IBMP had been observed in the roots. In grapevine, roots showed the 
highest IBMP-contents, but only a low expression of VvOMT1, which 
mainly catalyses the O-methylation of IBHP to IBMP. In contrast, a 
higher expression of VvOMT2, which shows a higher activity to 3-isopro-
pyl-2-hydroxypyrazine (IPHP), had been observed (Dunlevy et al., 2010; 
Vallarino et al., 2011). That is why further feeding experiments were 
conducted using [2H8]-L-valine, as a potential precursor to IPMP. 

However, no incorporation of [2H8]-L-valine could be proven, neither in 
primary roots nor in root hairs. 

In summary, IBMP-biosynthesis occurs predominantly in the aerial, 
green parts of the plant. While leaves, flowers, stem, and unripe fruits 
showed an incorporation of L-leucine into IBMP, no de novo IBMP- 
biosynthesis was detectable in ripe fruit and root tissues. This might 
be due to down-regulated enzymes or low enzyme expressions. In 
addition, de novo biosynthesis of IBMP in the flowers of bell pepper 
plants indicate that IBMP-biosynthesis appears already during flower-
ing, continues during fruit development as well as fruit enlargement, 
and stops when fruit ripening starts. 

2.3. Phloem transport 

Since roots contain high IPMP-levels, but do not show the ability to 
biosynthesize it, it seems possible that IPMP-translocation is responsible 
for its distribution through the plant. In fact, a translocation of MP has 
already been discussed in the literature. First it has been hypothesized 
that IBMP-levels in the grapes would be a combination of IBMP bio-
synthesized in the fruit itself and IBMP transported from the leaves, as 
labelling experiments indicated that IBMP is first accumulated in the 
leaves and then supplied to the grapes during ripening (Roujou de 
Boubée, 2003). However, experiments were carried out with a physio-
logically inappropriated IBMP concentration, which makes the results 

Fig. 5. Extracted-ion chromatograms (EIC; m/z 124, 127) obtained by HS-SPME–GCxGC-ToF-MS-analysis after feeding [2H10]-L-leucine to several fruit tissues of 
unripe bell peppers (Capsicum annuum cv. Allrounder). 
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obtained rather difficult to interpret. Moreover, grafting studies sug-
gested that IBMP is not transported through the shoot (Koch et al., 
2010). 

In plants, leaves, fruits, stem, and roots are interconnected by a long- 
distance transport through their vascular system of xylem and phloem. 
The transport via the phloem is bidirectional, from source to sink. Leaves 
are the major source tissues and responsible for the transport of 
photosynthetic metabolites to sink tissues like fruits, stem, or roots. 
Besides primary metabolites, specialised metabolites like hormones, 
terpene and alkaloids are transported via the phloem (Buchanan, 2015; 
Nogia and Pati, 2021; Turgeon and Wolf, 2009; White, 2012). 

As the presence of MP in the phloem has not yet been demonstrated, 
phloem sap of excised leaves of bell pepper plants (Capsicum annuum) 
was collected and analyzed by HS-SPME-GC-ToF-MS. While IPMP was 
not detectable, low levels of IBMP were detectable in petiole phloem 
exudates. However, IBMP-levels were not significantly higher than in 
water-treated control samples (p > 0.05). This might be due to cellular 
contamination of the phloem sap as cell damages occur during cutting 
the petiole (Buchanan, 2015). 

As in the phloem exudate IBMP-levels were low and IPMP was not 
detectable (LOD ~ 0.16 ppb), a translocation of MP via the phloem 
seems unlikely. On the one hand, it might be that MPs are not trans-
ported via the phloem. On the other hand, it is possible that MPs first 
need to be chemically modified e.g. by conjugation. It has been 

hypothesized that IBHP (as a degradation product of IBMP) is also 
present as a glycoconjugate (Ryona et al., 2010). Glycosylated MP would 
likely be soluble in the phloem. 

3. Conclusions

An accurate, reproducible, and sensitive method combining
HS-SPME and GC-ToF-MS was developed, to examine the distribution of 
IBMP in different bell pepper plant tissues. While analyzing different 
plant parts it has been shown that MP are present in the whole bell 
pepper plant, including roots, stem, leaves, flowers, and fruits. IPMP is 
mainly accumulated in the root tissue, whereas IBMP turned out to 
be the most abundant MP in all aerial parts of bell pepper plants. 
IBMP-concentrations in fruits and flowers exceed those of the vegetative 
organs such as roots, stems, and leaves. Thus, IBMP accumulates 
predominantly in the reproductive parts of bell pepper plants. Pericarp 
tissue of unripe bell pepper fruits turned out to be the major site of IBMP 
accumulation. In addition, the sites of IBMP-biosynthesis was examined 
by in vivo feeding studies. Feeding experiments with deuterium labelled 
L-leucine revealed that all aerial plant parts were able to biosynthesize
IBMP, except tissues of ripe bell pepper fruits. Moreover, neither an
incorporation of [2H10]-L-leucine into IBMP nor an incorporation of
[2H8]-L-valine into IPMP was detectable in the root tissues. That is why a
translocation of IBMP through the plant via the phloem was considered.

Fig. 6. Extracted-ion chromatograms (EIC; m/z 124, 127) obtained by HS-SPME–GCxGC-ToF-MS-analysis after feeding [2H10]-L-leucine to several organs of bell 
pepper plants (Capsicum annuum cv. Allrounder). 
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However, HS-SPME-GC-ToF-MS-analysis of phloem exudates confirmed 
that a translocation of IBMP is not observed. 

4. Experimental

4.1. Plant material

The experiments were performed with bell pepper (Solanaceae, 
Capsicum annuum L. cv ‘Allrounder’) (Rijk Zwaan, De Lier, Netherlands) 
obtained from the Institute of Crop Science and Resource Conservation 
(INRES), Chair of Horticultural Sciences of the University of Bonn, 
Germany. For MP-quantification fruits, leaves, stems and roots were cut 
from intact plants. Fruits were further dissected into pericarp, placenta, 
pedicel, and seeds. Samples were pooled by tissue, before they were 
homogenized and analyzed. For feeding experiments fruits were har-
vested and incubated the same day. 

4.2. Chemicals 

3-Isobutyl-2-methoxypyrazine (IBMP) (97%) were purchased from
Sigma Aldrich (St Louis, Missouri). 3-Isobutyl-[2H9]-2-methoxypyrazine 
([2H9]-IBMP) (≥95%) was obtained from AromaLab (Martinsried, Ger-
many). L-Leucine-2,3,3,4,5,5,5,5′,5′,5′-d10 ([2H10]-L-leucine) (99%) was 
purchased from C/D/N Isotopes (Pointe-Claire, Quebec, Canada). L- 
Valine-2,3,4,4,4,5,5,5-d8 ([2H8]-L-valine) was from Biotrend (Cologne, 
Germany). Sodium chloride was purchased from Merck GmbH (Darm-
stadt, Germany). Methanol (>99.99%) was obtained from Honeywell 
(Muskegon, Michigan). Phosphate buffer solution (pH 7) and water 
(HPLC, LC-MS grade) were purchased from VWR International (Darm-
stadt, Germany). 

4.3. Concentration of [2H9]-IBMP 

The concentration of [2H9]-IBMP in stock solutions was determined 
by GC-FID analysis. The FID response factors were calculated using 
sBMP as the internal standard. Therefore, defined amounts of IBMP and 
sBMP were analyzed by GC-FID yielding an FID response factor. Then 
mixtures containing a defined volume of [2H9]-IBMP and a defined 
amount of sBMP were analyzed by GC-FID. By means of the response 
factors of IBMP, the concentration of [2H9]-IBMP was determined 
(Greger and Schieberle, 2007). 

4.4. Validation 

Linearity was verified by spiking IBMP-free tomato pericarp ho-
mogenate as a matrix-matched sample with IBMP (0.1–150 ng/g) and 
[2H9]-IBMP (60 ng/g). Then the concentration-ratios of IBMP to [2H9]- 
IBMP were plotted against their respective area-ratios and the correla-
tion coefficient (r2) was calculated. Recovery experiments were con-
ducted to determine the method accuracy. Therefore, homogenized 
tomato pericarp was spiked with IBMP (10–96 ng/g) and 82.5 ng/g 
[2H9]-IBMP. Method recovery was calculated by comparing the IBMP- 
contents calculated from the calibration curve to those added to the 
matrix. Intra-day precision was verified by analyzing six replicates of 80 
ng/g IBMP within one day. To determine the inter-day precision, only 
one replicate of 80 ng/g IBMP was tested daily within six days. Both 
intra-day and inter-day precision were determined as the relative stan-
dard deviation (RSD). The limit of detection (LOD) and limit of quan-
titation (LOQ) were estimated by calibration curves in the range of the 
expected LOD and LOQ. Therefore, tomato pericarp was spiked with ten 
levels of IBMP (0.1–1 ng/g). Unspiked tomato pericarp were analyzed as 
control samples. Samples were analyzed in triplicate under repeatability 
conditions. 

4.5. Quantification 

IBMP was quantified using SIDA. Therefore, a five-point calibration 
was constructed by spiking 1 g tomato pericarp (matrix-matched sam-
ple) with defined amounts of IBMP and [2H9]-IBMP. While the IBMP- 
concentration varied, [2H9]-IBMP-concentration of was set constant 
for each calibration level (82,5 ng/g). After an equilibration time of 1 h, 
2 mL of a 20% (w/v) NaCl-solution were added and sealed vials were 
transposed into the HS-system. Each sample was repeated triple. After 
data acquisition, the chromatograms were extracted with m/z 124 
(IBMP) and m/z 127 ([2H9]-IBMP). To determine calibration curves, the 
peak area ratio (IBMP/[2H9]-IBMP) was plotted against the ratio of their 
respective concentrations (IBMP/[2H9]-IBMP). Calibration curves were 
used for IBMP-quantification and semi-quantifying IPMP. 

For quantification 1 g of homogenized plant material was weighed 
into a 10 mL-HS-vial to which 82.5 ng/g of [2H9]-IBMP were added. To 
allow an equilibration, vials were stored for 1 h at room temperature. 
Prior to HS-SPME-GC-ToF-MS-analysis an aqueous solution containing 
20% (w/v) NaCl was added. 

Headspace solid phase microextraction (HS-SPME) was carried out 
using a divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/ 
PDMS, 50/30 μm, 2 cm) fiber (Supelco, Bellefonte, Pennsylvania). 
Samples were incubated at 70 ◦C for 5 min with agitation (450 rpm; 30 s 
on time; 10 s off time) followed by sample extraction at 70 ◦C for 10 min. 
After incubation and extraction, the analytes were desorbed into the 
injector at 250 ◦C for 10 min. 

GC–MS analysis was carried out using a Agilent 7890B gas chro-
matograph (Agilent Technologies, Palo Alto, California) equipped with a 
OPTIMA 5 MS (30 m, 0.25 mm i.d. x 0.1 μm df) capillary column, 
coupled to a time-of-flight mass spectrometer (Markes International Ltd, 
Llantrisant, RCT, UK) operating in the electron impact ionization mode 
(EI) with an ionizing voltage set at - 70 eV. The transfer line was set to 
250 ◦C. The ion source temperature was 250 ◦C. A constant flow of 1.0 
mL/min helium was used as carrier gas. The temperature program 
initially set to 50 ◦C for 3 min, was increased to 80 ◦C at a rate of 10 ◦C/ 
min, followed by a rate of 3 ◦C/min up to 125 ◦C, then raised to 260 ◦C 
for 5 min at a rate of 20 ◦C/min. The injector temperature was kept at 
250 ◦C. Mass spectra were collected in full scan (m/z 35–250). IBMP and 
[2H9]-IBMP were identified based on comparison of their retention time 
and mass spectra to standard substances. Since the signal of the mo-
lecular ion (M⋅+) of IBMP and [2H9]-IBMP were low, signals of the most 
intense mass traces were used for quantification. The most abundant 
mass traces of IBMP (m/z 124) and [2H9]-IBMP (m/z 127) were 
extracted. All samples were analyzed in triplicate. 

4.6. Phloem exudate 

Phloem exudate from cut petioles was obtained using the EDTA- 
facilitated exudation method (King and Zeevaart, 1974). For this pur-
pose, leaves of bell pepper plants (Capsicum annuum cv ‘Allrounder’) (∼
1.5 g) were collected. The petioles of excised leaves were recut under 
water, before they were transferred to 10 mL HS-vials containing a 20 
mM EDTA in 5 mM phosphate buffer (pH 7) solution. EDTA was used as 
a chelating agent to avoid phloem sealing (King and Zeevaart, 1974). 
First, samples were kept in a closed and humidified chamber at room 
temperature in complete darkness for 2 h. Then they were rinsed with 
water to remove remaining EDTA (Guelette et al., 2012) before they 
were placed in 2 mL water for exudate collection in complete darkness 
for 6 h at room temperature. The required humidity to prevent the loss of 
exudate due to transpiration was achieved by wet paper towels, which 
were placed into the chamber (Tetyuk et al., 2013). Samples were 
immediately analyzed by HS-SPME-GC-ToF-MS. The use of EDTA can 
lead to false-positive results due to cell damages (Tetyuk et al., 2013). 
That is why control experiments were carried out by incubating samples 
in water only. 
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4.7. Feeding experiments 

Feeding experiments were carried out using bell pepper (Capsicum 
annuum L. cv. ‘Allrounder’). Samples were treated directly after har-
vesting (Zamolo and Wüst, 2022).  

I. Fruit tissues: Pericarp, calyx and placenta were cut into pieces (∼
4 g each). Then 200 μL of a solution of [2H10]-L-leucine (1 mg/
mL) was added.

II. Flowers: Pedicel were cut off and flowers were put onto a sterile
petri dish containing 200 μL of a solution of [2H10]-L-leucine (1
mg/mL).

III. Leaves and stems: Fresh cut petioles and stems were put into the
GC vial containing 500 μL water and 200 μL of a solution of
[2H10]-L-leucine (1 mg/mL). GC-vials were wrapped with Paraf-
ilm. Since the feeding solution was absorbed within 24 h via the
transpiration stream, the same volume of water was added until
the end of the experiment.

IV. Roots: The primary root of a fully developed plant was cut into
slices and incubated with 200 μL of a solution of [2H10]-L-leucine
(1 mg/mL). In addition, root hairs were collected and incubated
with 200 μL of a solution of [2H10]-L-leucine (1 mg/mL).

After incubation at room temperature for 48 h, the samples were 
frozen using liquid nitrogen and crushed with a mortar. The homoge-
nized sample (1 g) was weighed into a 10 mL headspace-vial and 2 mL of 
an 20% (w/v) aqueous NaCl-solution were added. Control samples were 
incubated with water. Each experiment was repeated at least three 
times. 

Solid phase microextraction (SPME) was carried out using a DVB/ 
CAR/PDMS-fiber (divinylbenzene/carboxen/polydimethylsiloxane, 
50/30 μm, 2 cm) (Supelco, Bellefonte, Pennsylvania). Samples were 
incubated at 50 ◦C for 10 min with agitation (500 rpm; 30 s on time; 10 s 
off time) followed by sample extraction at 50 ◦C for 30 min. After in-
cubation and extraction, the analytes were desorbed into the injector at 
250 ◦C for 10 min. 

Chromatographic separation was carried out on an Agilent 7890B 
gas chromatograph (Agilent Technologies, Palo Alto, California) equipped 
with a OPTIMA 5 MS (30 m, 0.25 mm i.d. x 0.1 μm df) primary column, a 
MEGA WAX FAST (2 m, 0.1 mm i.d. x 0.1 μm df) secondary column and a 
liquid nitrogen cryogenic modulator (Consumable-Free ZX2 thermal 
modulator). Helium was used as the carrier gas at a constant flow of 1 
mL/min. The temperature program started at 35 ◦C for 5 min, was 
increased at 3 ◦C/min to 160 ◦C, then ramped at 20 ◦C/min to 220 ◦C 
and maintained at 220 ◦C for 5 min. The modulation period (PM) was set 
to 4 s with hot jet duration of 350 ms and with a shift of +20 ◦C 
regarding to the temperature program of the GC oven. Detection was 
performed on a time-of-flight mass spectrometer (ToF-MS) (Markes In-
ternational Ltd, Llantrisant, RCT, UK) operating in the electron impact 
ionization (EI) mode with an ionizing voltage set at - 70 eV. The transfer 
line was set to 250 ◦C. The ion source temperature was 250 ◦C. Data 
analysis was performed using the software ChromSpace (Markes Inter-
national Ltd, Llantrisant, RCT, UK). The software was used to remove 
unwanted background noise and for spectrum deconvolution. Analytes 
were identified by comparing the retention times and mass spectra with 
standard substances and using the NIST Mass Spectral Library (National 
Institute of Standards and Technology, Gaithersburg, Maryland). IBMP and 
[2H9]-IBMP were identified using standard substances. For this purpose, 
both GC retention times and mass spectra were compared. 
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