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ABSTRACT 
 

______________________________________________________________________ 

Traceability and authenticity perform an important role in keeping the food and beverage 

industries honest for the protection of the general consumer and for the decent producer. 

The process to investigate the authenticity and traceability of food and beverages is 

through analytical techniques and methods. One such technique is the gas 

chromatography-combustion-isotope ratio mass spectrometry (GC-C-IRMS) and 

compound specific isotopic analysis (CSIA) to analyse different compounds in a variety 

of matrices, as the name suggests, for isotope ratios of C and N. 

 

The purpose of this thesis was the implementation GC-C-IRMS to develop methods to 

detect adulterations in distillates using δ13C for vanillin; to trace dietary effects on 

intramuscular fat in sheep using δ13C of fatty acid methyl esters; and to differentiate 

between different farming systems (organic vs. conventional) with δ13C and δ15N of 

amino acids from tomatoes.  

 

The first study was the development of a method for a single compound, vanillin, for 

δ13C. The determination of whether a distillate has been adulterated, by the addition of 

synthetic vanillin, to enhance the overall quality of the beverage could be detected. 

Vanillin ranges were determined and compared with those in literature for synthetic, 

natural and ex-lignin vanillin. Distillate samples, rum, whisky etc, were analysed for their 

δ13C vanillin value, which were compared against the determined vanillin ranges. The 

vanillin in 32 distillates were in the δ13C range for ex-lignin, there was one spirit, 

however, which was found to have synthetic vanillin. 
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The second study was of greater analytical complexity than the first study as 4 fatty acids 

(FA) δ13C values were analysed in polar (PL) and neutral (NL) lipids of the intramuscular 

fat of lambs. The lambs (24) were fed 4 different diets supplemented with oil and Cistus 

ladanifer L. (a tanniferous shrub). The research question was to understand whether the 

increase in intramuscular fat for lambs fed a diet supplemented with both oil and C. 

ladanifer, could be explained mostly by the incorporation of diet preformed FA or by 

increased de novo FA synthesis. It was shown that, with respect to 16:0, the increase of 

intramuscular FA was due to continual de novo FA synthesis for lambs fed a diet 

supplemented with oil and C. ladanifer. The results also showed that diets supplemented 

with oil prevented de novo FA synthesis from occurring; therefore, the inclusion of C. 

ladanifer to the diet repressed the oil effect. 

The last study, of even greater analytical complexity, focussed on the analysis of 9 amino 

acids δ15N and δ13C values for the differentiation between tomatoes grown organically 

and conventionally. Amino acids are involved in many metabolic pathways in the plant; 

therefore, tracing the N uptake from the fertilizer to the plant and subsequent fruit could 

be possible. Glx functioned as an internal standard to remove the effects of external 

factors. The analysis of the amino acids Ala, Val, Ileu, Leu, Gly, Pro, Thr, Glx and Phe 

for δ15N and δ13C with particular focus on Glx for δ13C, provided separation between 

tomatoes grown organically and tomatoes grown conventionally. 
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AIMS & OBJECTIVES 
 

______________________________________________________________________ 

The overall aim of this study was to develop analytical methods for the authentication 

and characterisation of food and beverage matrices by measuring isotopic ratios of C and 

N using gas chromatography-combustion-isotope ratio mass spectrometry (GC-C-

IRMS). Having extensively reviewed the literature, it was apparent that there were several 

more areas of the application of GC-C-IRMS that could be explored with regards to food 

and beverage authentication. In order to advance knowledge in this field of study, these 

applications needed to include analytical challenges due to matrix effects, 

chromatographic effects (particularly baseline separation of analytes); and sample 

preparation and derivatisation, which in GC-C-IRMS can introduce fractionation. Thus, 

three objectives were chosen covering these different aspects of methodological 

development and application:  

1.  To develop a δ13C GC-C-IRMS method to enable differentiation of natural and 

synthetic vanillin in a variety of distillates for detection of beverage adulteration. 

2.  To determine, using δ13C, if fatty acids (FA) in the intramuscular fat of lambs fed 

with four different dietary regimes were produced due to a higher de novo 

synthesis or due to a higher accumulation of dietary fat. 

3.  To differentiate tomato fruits grown under conventional and organic farming 

regimes by analysis of the δ15N composition of amino acids within the fruits.  

 

  



 

5 
 

 

INTRODUCTION 
 

______________________________________________________________________ 

The authenticity, traceability and nutritional quality of food and beverages is becoming 

increasingly important around the world. There are many reasons for this for example 

food related illnesses and diseases have become more widespread and the use of 

genetically modified organisms (GMO) in foods are more prevalent. Also, consumers are 

increasingly aware of the food chain process and desire food grown organically rather 

than conventionally. Likewise the interest in high quality and authentic products as 

defined as PDO, PGI and TSG (protected denomination of origin, protected geographical 

origin and traditional specialty guaranteed, respectively) is strengthening. Finally as our 

understanding of the links between diet and health improves, consumers are increasingly 

interested in foods and beverages with the potential to lead to better health outcomes. An 

example of this is the research that shows that different lipids in the diet can have 

profound effects on susceptibility to certain diseases, such as heart disease, leading to 

dietary advice and consumer demands for certain types of lipids.  

 

Food and beverages of high quality are more costly to produce, and these costs are then 

passed on to the consumer. Producers of foods and beverages of inferior quality, produced 

at a lower cost, could therefore be tempted to adulterate by the addition on flavour/aroma 

compounds to their produce to simulate high quality produce that demand higher market 

prices. This type of activity is fraudulent and is termed as adulteration. There are 

numerous other ways in which food and beverages can be adulterated, such as 

misrepresentation and/or mislabelling, substitution with an inferior product and extending 

a product via the supplementation of non-permissible additives with subsequent non-

disclosure of such additives. Adulterations of products could pose serious health risks to 

consumers and loss of trust in the product for the consumer. To protect the consumer and 
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the producer, the European Union has set strict controls (EU Directive 79/112/EEC & 

Directive 2000/13/EC) to address the problem of adulteration of foods and beverages. 

 

Traceability of food and beverages facilitates the production process of the foodstuffs to 

be followed from beginning (farm) to end (retailer). This process ensures confidence in 

the product for the consumer. Moreover, if a foodstuff was contaminated, being able to 

trace the production process for that foodstuff would allow the determination of the source 

of the contamination. Indeed the provision of the European Regulation EC, 178/2002 

aims to eliminate all inequitable and counterfeit products for the benefit and the protection 

of both the consumer and producer. 

 

However, while EU directives and regulations provide a legislative framework, 

implementation requires the availability of analytical methodologies capable of detecting 

fraudulent activity. Moreover, with increased consumer demand for healthy products (as 

mentioned above), analytical methods that are also capable of providing more information 

on the nutritional quality of food, are needed. This thesis will examine the possibilities 

that gas chromatography-combustion-isotope ratio mass spectrometry (GC-C-IRMS) 

offers in terms of determining food authenticity and nutritional quality. This will be 

achieved via three well-defined studies as outlined below. It should be noted that the 

versatility of GC-C-IRMS is demonstrated through studies of increasing analytical 

complexity as well as covering both authenticity and nutritional quality aspects, of 

importance to consumers. The studies, in increasing order of complexity, are: 

• the determination of isotope ratios for a single element (carbon), for a single 

compound (vanillin), to determine if adulteration of spirits can be detected; 
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• the determination of isotope ratios for a single element (carbon), for a class of 

related compounds (fatty acid methyl esters), to determine if diet can influence 

the nutritional quality of lamb; 

• the determination of isotope ratios for multiple elements (esp. carbon and 

nitrogen), for chemically varied compounds (amino acids), to determine if 

organically grown tomatoes can be distinguished from those grown by 

conventional methods. 

 

Analysis of spirits 

Of major concern for the beverage industry is the addition of flavour/aroma compounds 

to the beverage as it presents a loss of income for authentic producers. Additions of 

characteristic flavours and aromas to specific beverages can be especially difficult to 

detect and requires state of the art analytical instrumentation such as mass spectrometry 

based isotopic ratio instrumentation. Of late, GC-C-IRMS for δ13C has been used to 

analyse for compounds characteristic to certain beverages, such as citrus liqueurs for 

monoterpene adulteration (Schipilliti, Bonaccorsi, Cotroneo, Dugo, & Mondello, 2013). 

GC-C-IRMS enables the analysis of single compounds (compound specific isotope 

analysis; CSIA) in a matrix whereas IRMS analyses the whole sample. The benefit of 

GC-C-IRMS is that compounds can be analysed separately for their isotopic ratios within 

a matrix and therefore if a compound was added to a matrix it would have a different 

isotope ratio to that of the matrix due to their different mechanisms of formation. Usually, 

with adulteration of a product to influence aroma/flavour, synthetic versions of the 

characteristic compound would be added as they are cheaper than the compound when 

produced naturally. This analysis becomes more difficult with the complexity of the 

compound. For example vanillin can be produced naturally, synthetically and can also be 

produced biosynthetically from naturally produced compounds like ferulic acid and 
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curcumin (from turmeric), or derived from lignin from wood (Greule et al., 2010; Ruff, 

Hör, Weckerle, König, & Schreier, 2002). The various production pathways impacts the 

isotopic ratios which can then be exploited for the detection of adulteration.  

 

As distillates are generally stored and aged in oak barrels, compounds such as vanillin are 

leached into the beverage. One objective of this study was to develop an analytical method 

implementing GC-C-IRMS to establish if it is possible to determine the source of vanillin 

in a distillate (wooden barrel it is stored in, or by synthetic vanillin addition) by measuring 

its δ13C value. 

 

Analysis of intramuscular fat in lambs 

From a nutritional quality perspective, saturated fatty acids (SFA), conjugated linoleic 

acid (CLA) and long chain-polyunsaturated fatty acids (LC-PUFA) and their subsequent 

impact on human health, are gaining increased attention. The development of 

cardiovascular diseases in humans is related to the intake of SFA, however intake of CLA 

isomers and LC-PUFA can be beneficial for human health resulting in reduced risk of 

cancer, diabetes and atherosclerosis (Jerónimo et al., 2010; Jerónimo, Alves, Prates, 

Santos-Silva, & Bessa, 2009; Vasta et al., 2009). 

Both SFA, CLA and LC-PUFA are found in ruminant meats (Alves & Bessa, 2009; 

Nagao & Yanagita, 2005; Vasta et al., 2009). Manipulation of meat composition such that 

it contains increased concentrations of CLA and LC-PUFA, such as eicosapentaenoic and 

docosahexaenoic acids which are known to have anti-inflammatory, antithrombotic, and 

anti-atherogenic effects, and reduced concentrations of SFA, would be beneficial for the 

meat eating society (Givens, 2005; Jerónimo et al., 2009).  
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The concentration of CLA in meat is dependent on the diet of the animal and due to the 

ruminal biohydrogenation of the essential fatty acids linoleic acid and linolenic acid, 

which are solely derived from the diet, to form stearic acid from which other fatty acids 

are derived (Bessa et al., 2007; Sackmann et al., 2003; Vasta et al., 2009). Stearic, oleic 

and palmitic acid can also be formed by de novo synthesis. Increasing the amount of these 

essential fatty acids in the diet could increase the formation of these fatty acids in the 

muscle and fat of the ruminant (Jerónimo et al., 2010; Raes K, De Smet S, Balcaen A, 

Claeys E, & D., 2003). De novo synthesis by the animal is depressed when there is an 

abundance of fatty acids derived from the diet (Chilliard, 1993). Traceability of the 

ruminant meat to its food source should be possible, as the composition of fatty acids in 

ruminant meat can be derived from the diet. Implementing GC-C-IRMS for analysis δ13C 

values of fatty acids in the intramuscular fat of lambs compared to dietary fatty acids for 

has increasing complexity compared to single compound analysis as for distillates 

especially since there are metabolic processes occurring in the rumen, such as unsaturated 

fatty acid hydrogenation and isomerisation and de novo synthesis of fatty acids (Alves & 

Bessa, 2009).   

 

Analysis of tomatoes 

As people become more aware of what they are eating through their own research, they 

have become more interested in how their food is produced and how healthy it is for them, 

for example, conventionally grown products versus organically grown products. Organic 

products are deemed healthier, friendlier for the environment and safer as they are not 

plied with insecticides or synthetic fertilizers like conventional products (Laursen, 

Schjoerring, Kelly, & Husted, 2014). Organic products, due to their production costs, 

command high prices from the consumer, whereas conventional products are much 

cheaper to produce. Adulterations such as mislabelling a conventionally grown product 



 

10 
 

as organic for increased profits are constantly occurring (Huck, Pezzei, & Huck-Pezzei, 

2016) and are difficult to detect. How is it possible to differentiate between a tomato 

grown organically and a tomato grown conventionally, when physically the two look the 

same? It is known that synthetic fertilisers are different from organic fertilisers due to 

their mode of formation with respect to their δ15N values. Synthetic fertilisers have δ15N 

values between ‒6‰ and +6‰ and organic fertilisers (e.g. animal manures) have δ15N 

values between +1‰ and +37‰ (Bateman & Kelly, 2007). As plants uptake nitrogen 

from the soil these values could be reflected in the plant and subsequently in the fruit of 

the plant (tomato). Indeed analysis of bulk (whole sample) tomatoes for δ15N by can 

differentiate between plants grown organically and plants grown conventionally (Nakano, 

Uehara, & Yamauchi, 2003). However, the uptake of nitrogen by plants is more 

complicated than just a simple uptake of nitrogen from fertilizers, as there are other 

factors that affect nitrogen uptake, and the resultant δ15N value. Factors such as 

temperature, soil type, moisture content, type of chemical fertilizer applied, differences 

in agricultural practices, variations in deposits of atmospheric nitrogen all play a role 

(Bateman, Kelly, & Woolfe, 2007; Choi, Ro, & Lee, 2003). It has also been shown that 

nitrogen can affect the δ13C values of a plant due to high rates of fertiliser and can also 

be influenced by other environmental factors (Högberg, Johannisson, & Hällgren, 1993; 

Senbayram, Dixon, Goulding, & Bol, 2008).  

Nitrogen uptake is facilitated by the conversion of nitrate and ammonia into amino acids. 

Amino acids in plants are involved in many metabolic pathways such as secondary 

metabolism, plant defense, and cell component and protein synthesis (Molero, Aranjuelo, 

Teixidor, Araus, & Nogués, 2011). Their measurement could be used to track the 

metabolic pathway of nitrogen in plants. Environmental parameters that could affect 

nitrogen uptake might also impact on amino acid composition and hence their isotopic 

ratio. Acknowledging all these factors, another objective of this study was to determine 
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if the analysis of amino acids in the tomatoes by GC-C-IRMS for δ15N and δ13C could 

differentiate between conventionally and organically grown tomatoes. 
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INTRODUCTORY COMMENTS 
 

______________________________________________________________________ 

This chapter provides an overview of what isotopes are, the history of the analysis of 

isotopes by GC-C-IRMS, the measurement of isotopes in foodstuffs and beverages and 

why GC-C-IRMS is a powerful tool for determining authenticity and/or traceability of 

edible products. The literature review was undertaken to identify what was previously 

done with GC-C-IRMS for the analysis of food and beverages to help define the scope of 

my research. Following the manuscript is a brief summary of articles published since the 

review was submitted for publication (2 Jun 2014)
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LITERATURE REVIEW UPDATE  
 

______________________________________________________________________ 

Since submission of van Leeuwen and others (2014), various articles implementing GC-

C-IRMS for analysis of food and beverages have been published. Topics include the 

analysis of essential oils, edible oils and fats, beverages, vinegars and grains (Table 1) 

These topics match those presented in van Leeuwen and others (2014), and show that 

GC-C-IRMS continues to be an active area or research. In terms of this thesis, however, 

it is important to ensure that no other studies have been conducted that detract from the 

novelty of the work that I have undertaken. As will be demonstrated, below, there have 

been some studies that are aligned with my work, but none that impact on my contribution 

of new knowledge to the field. 

Articles of particular interest in relation to my research (see Chapter 1, Aims & 

Objectives) are δ13C analysis of vanillin in foodstuffs for authenticity (Schipilliti and 

others 2017); bulk analysis (δ13C, δ2H, δ15N) of milk powder and compound specific 

(δ13C, δ2H) analysis of fatty acids in feed and farm water and their impact on dairy milk 

composition for traceability (Ehtesham and others 2015); and the analysis of amino acid 

δ15N values for grains, wheat and legumes and δ13C for wheat for differentiation of 

conventional and organic farming systems (Styring and others 2014; Paolini and others 

2015). 

 

Starting with the work of Schipilliti and others (2017), this study reported on identifying 

vanillin in baked products and used solid phase microextraction (SPME) to extract 

headspace vanillin, prior to GC-C-IRMS. In my work, SPME was not feasible due to the 

high concentration of ethanol in the distillates interfering with analyte absorption on the 



 

41 
 

fibre. Thus, a liquid-liquid extraction method needed to be developed and validated for 

use with distillates. Moreover, my work is the first report for the δ13C analysis of authentic 

vanillin in distillates. This allowed differentiation of vanillin derived from the wood of 

the storage barrel and adulterations by the addition of synthetic vanillin in distillates.  

 

The research by Ehtesham and others (2015) confirmed that the isotopic ratios of farm 

water and grass fed to cows are reflected in the animal (deNiro and Epstein 1978) through 

analysis of its milk, which could enable the milk to be traced back to its geographic 

source. The research that I undertook also confirmed that the diet is reflected in the 

animal, but my study went a step further to determine the effect certain feed types had on 

the production of fatty acids in the animal. This knowledge facilitates greater insight on 

how to influence the animal’s diet for the production of ‘healthier’ quality meat for human 

consumption.  

The amino acid analysis for wheat and grains (Styring and others 2014; Paolini and others 

2015) to differentiate between organic and conventional farming systems implemented 

the measurement of δ15N values (Styring and others 2014; Paolini and others 2015) and 

δ13C values (Paolini and others 2015) to trace the amino acid uptake in the plant. The 

focus of my research was on tomato fruits grown under the organic and conventional 

farming regimes, but with comprehensive analysis of δ13C, δ15N, δ2H, δ18O and δ34S for 

the whole tomato and δ13C and δ15N for single amino acids to enable differentiation 

between the two systems. 

 

Note: Table 1 and references in the text are in the style of the journal: Comprehensive 
Reviews in Food Science and Food Safety. 
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INTRODUCTORY COMMENTS 

 

______________________________________________________________________ 

Vanillin is an important flavour and aroma compound in distillates such as whiskey and 

brandy and it is a quality marker for the beverage. To improve the quality of sub-standard 

beverages and therefore sell them at a higher price, adulterations via the addition of 

synthetic compounds, such as vanillin, ensues. This chapter focuses on the isotopic δ13C 

analysis of vanillin by GC-C-IRMS for the authentication of distillates. 
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Abstract 

Rationale: Typical storage in oak barrels release in distillates different degradation 

products such as vanillin, which plays an important role in their flavour and aroma. The 

addition of vanillin, as well as other aroma compounds, of different origin is prohibited 

by European laws.  

As vanillin from different sources have different δ13C values, δ13C could be used to 

determine whether the vanillin is authentic (lignin-derived), or if it has been added from 

another source (e.g. synthetic). 

Methods: The δ13C values for vanillin derived from different sources including natural, 

synthetic, and tannins, were measured by gas chromatography-combustion-isotope ratio 

mass spectrometry, after diethyl ether addition and/or ethanol dilution. A method for 

analysing vanillin in distillates after dichloromethane extraction was developed. Tests 

were undertaken to prove the reliability, reproducibility and accuracy of the method with 

standards and samples. Distillate samples were run to measure the δ13C values of vanillin 

and to compare them to values for other sources of vanillin. 

Results: δ13C values were determined for: natural vanillin extracts (-21.0‰ to -19.3‰, 

16 samples); vanillin ex-lignin (-28.2‰, 1 sample); and synthetic vanillin (-32.6‰ to -

29.3‰, 7 samples). Seventeen tannin samples were found to have δ13C values of -29.5‰ 

to -26.7‰, which were significantly different (p<0.05) from the natural and synthetic 

vanillins. The vanillin measured in distillates (-28.9‰ to -25.7‰) were in the tannin 

range, however one spirit (-32.5‰) was found to have synthetic vanillin.  

Conclusions: The results show that synthetic vanillin added to a distillate was able to be 

differentiated from that of vanillin derived from oak barrels by δ13C values. The GC-C-

IRMS method could be a useful tool in the determination of adulteration of distillates. 

 

 



 

49 
 

Keywords  

Vanillin; authentication; compound-specific; GC-C-IRMS; distillate 

1. INTRODUCTION 

Distilled and fermented beverages, “distillates”, such as whisky, brandy, rum and grappa 

are commonly aged in oak barrels [1, 2]. Generally, the storage of distillates in oak barrels 

can impart a more complex palette of flavour and aroma to the beverage [1, 3] compared to 

those that are unoaked. Adulteration of distillates with synthetic or bio-synthetic aroma 

compounds is prohibited by the European Commission (EC) Regulation No. 110/2008, 

which states that rum, whisky, grain spirit, wine spirit, grape marc spirit and fruit marc 

spirit cannot be sweetened or flavoured, though plain caramel can be added for colour 

enhancement and any additions to the spirits need to be declared. As such, adulteration is 

fraudulent and constitutes a major economic problem, as manufacturers seek to improve 

the quality and monetary value of their product through the unauthorised addition of key 

aroma compounds to their beverages.  

 

An important step in the production of distillates is storage in oak barrels, commonly 

derived from American or French oak [4, 5]. The oaking process imparts important aroma 

and flavours to the distillate depending on: species and origin of the wood; seasoning of 

the oak for barrel making; toasting of the oak and at different levels (light, medium and 

heavy); the length of time the distillate is in contact with the wood; and the barrel storage 

environment [1]; but the factor that influences the overall sensory aspect of the distillate 

from the wood is heat [6]. As the lignin, cellulose, hemicellulose and other extractives in 

the wood of the barrel break down, due to the toasting process, degradation products such 

as volatile phenols [7], furan aldehydes [8] and vanillin [7, 9] are released into the distillate 

[3, 7]. In the first few months of maturation these compounds are released into the distillate 

quite readily as they are extremely soluble in combined liquids of alcohol and water [1]. 
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Further into the maturation process of the distillates, lignin is slowly degraded by a 

process known as ethanolysis (reaction of lignin with the distillate ethanol to produce an 

ethanol-lignin soluble compound which is then oxidised) releasing more compounds into 

the distillate [1, 10-12]. Furan aldehydes, such as furfural, 5-methyl furfural and 5-HMF, 

which derive from the degradation of hemicelluloses and celluloses [5] , have been shown 

to increase as the length of maturation time increases [8], imparting caramel, toasty and 

honey flavours [5, 13] , and may also create the sensation of “hotness” to the beverage [13, 

14]. 

 

It is well known that vanillin (4-hydroxy-3-methoxybenzaldehyde) plays an important 

role in the flavour and aroma of distillates [1, 15-17] such as brandy [18], rum [19] and whiskey, 

[1] and it defines the overall quality of the beverage [18]. Vanillin is reported to have a 

“vanilla” and “sweet” aroma [19, 20] with an aroma threshold in 40% ethanol of 22 µg/L 

[19]. According to Maga, [21] vanillin has a taste threshold of 100 µg/L in 40% ethanol 

which means that a minute quantity of vanillin is required to fraudulently alter the flavour 

of a distillate.  The cost of natural vanillin from Vanilla spp. is estimated to be USD 

1500/kg compared to the much cheaper synthetic vanillin that costs between USD 10 – 

20/kg (http://www.evolva.com/vanillin/#sthash.ztwstm6p.dpuf). Because of this 

significant price difference, adulteration of natural vanillin with biosynthetic and 

synthetic vanillin has been reported in several types of foodstuffs [22-25].  

 

Fortunately, vanillin derived from different sources such as natural, synthetic, 

biosynthetic and extracted from lignin may be discriminated on the basis of the stable 

isotope ratio of carbon, namely 13C/12C expressed in δ13C. Natural vanillin derived from 

the tropical orchid, Vanilla (mainly the species V. planifolia, V. tahitensis and V. 

pompon), is produced via the CAM photosynthetic pathway and has a δ13C ratio between 

http://www.evolva.com/vanillin/#sthash.ztwstm6p.dpuf
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-22‰ to -14‰ [23, 26-38], whereas biosynthetic (ex-ferulic acid and turmeric) and synthetic 

(lignin and guaiacol precursors) vanillin have significantly lower δ13C values (-38‰ to -

29‰ and -30‰ to -27‰, respectively) [23]. 

 

Analysis of compound specific stable isotope ratios by gas chromatography-combustion-

isotope ratio mass spectrometry (GC-C-IRMS) offers a highly sensitive and selective 

approach for the detection of adulteration, however very little work on the adulteration of 

distillates has been conducted. Mostly the analysis of distillates by GC-C-IRMS has 

focused on the analysis of ethanol and the higher alcohols by GC/MS and IRMS, [39-41] 

however there is one report using GC-C-IRMS on volatile components of citrus 

liqueurs[42]. In the current study, a method for measuring δ13C of vanillin found in 

distillates has been developed. In order to determine the source of vanillin in the 

distillates, a range of sources of vanillin were also subjected to GC-C-IRMS and their 

δ13C values are reported. 

 

2. EXPERIMENTAL 

2.1 Standards and reagents 

The reagents: diethyl ether, dichloromethane, and potassium metabisulfite were 

purchased from Sigma Aldrich, Milan, Italy. A synthetic vanillin (99% purity), termed 

“vanillin standard” (Table 1) was used for method development purposes and was 

purchased from Sigma Aldrich, Milan, Italy. Ethanol was purchased from Fluka, Milan, 

Italy. Sodium sulfate was bought from Carlo Erba, Milan, Italy. Hydrogen chloride and 

sodium chloride were purchased from Merck, Milan, Italy. 
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2.2 Samples 

Commercial edible samples containing vanillin (including 4 powders of natural extract 

and sugar, 1 natural extract and sugar syrup, 1 essence aroma for sweets, 1 powder aroma 

for sweets) were bought from local stores in Italy and France (Table 1). Three synthetic 

reagents of vanillin were purchased from Carlo Erba (99%), one from Fluka (Milan, Italy) 

and two from Sigma Aldrich (99%) and all were purchased in Milan (Italy). Sixteen 

commercial industrial food vanillin (ethanol/water) extracts were acquired in Italy. 

Seventeen commercial tannin samples were bought in Italy. Borregaard EuroVanillin 

Supreme ex. Lignin (termed “vanillin ex-lignin”), 99.6% purity, was supplied by 

Eigenmann & Veronelli, Italy. Distillate samples comprising 20 Scotch Malt Whisky, 3 

Cognac, 4 Bourbon, and 3 Rum were provided by The Scotch Whisky Research Institute 

(Edinburgh, UK). Two distillate samples, a Grappa and a Brandy, were purchased locally 

in Italy. For method development purposes (see below), a young Grappa (no detectable 

vanillin), was purchased locally. 

 

2.3 Sample preparation 

The vanillin standard, other synthetic vanillins, and the vanillin ex-lignin were made up 

as 1 mg/mL solutions in ethanol. For repeatability measures, a 10 ppm vanillin solution 

was made in model distillate (water and ethanol) as follows: ethanol (60 mL) was spiked 

with 100 µL of 1 mg/mL vanillin standard and made to 100 mL with deionised water. For 

the limit of adulteration test, volumes of vanillin standard and vanillin ex-lignin (Table 

2) were added to 25 mL of the young grappa. 

 

2.3.1 Edible commercial powders and extracts 

Commercial samples (powder: 1 g; extract/essence: 2 mL) were prepared in ethanol (2.5 

mL; 1 mL). Samples were then vortexed, and (deionised) water (powder: 2.5 mL; extract: 
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3 mL) was added and the samples were vortexed again to obtain a homogenous solution. 

Diethyl ether (5 mL) was then added, the samples were mixed, and layers were allowed 

to separate. The diethyl ether layer was removed and concentrated to dryness under N2 at 

room temperature. The concentrates were dissolved in ethanol (1 mL) and vortexed, then 

diluted 8-fold with a series of 3 two-fold dilutions with ethanol. The samples were 

transferred to a GC/MS vial for analysis.  

 

2.3.2 Natural vanillin extracts  

Diethyl ether (3 mL) was added to the vanillin extract (3 mL) and the sample was shaken 

for approx. 2 min before the layers were allowed to separate. The diethyl ether layer was 

removed and concentrated to dryness under N2 at room temperature. The concentrate was 

dissolved in ethanol (1 mL) and then vortexed. The sample was diluted 8-fold as above 

and then injected into the GC-C-IRMS.  

 

2.3.3 Tannin samples 

Ethanol (0.9 mL) was added to the tannin sample (100 mg) and vortexed to help dissolve 

the sample. Deionised water (2.1 mL) was then added to completely dissolve the sample 

and the solution was again vortexed. Diethyl ether (3 mL) was added, the sample shaken 

by hand and the layers were allowed to separate. The diethyl ether layer was removed and 

retained. The water layer was re-extracted with diethyl ether (1 mL) and the ether extracts 

were combined and then concentrated to dryness under N2 at 30 °C. The sample was 

dissolved in ethanol (0.3 mL) and vortexed, transferred to an insert in a GC/MS vial prior 

to analysis.  
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2.3.4 Distillate samples 

The distillate (30 mL) was adjusted to pH 1 with aqueous HCl (1M). The ethanol was 

then removed via rotary evaporation at 50 psi and 30 °C using a Heidolph rotary 

evaporator and filtered using a 45 µm Cellulose Acetate filter (Minisart NML, 

hydrophilic, non-sterile, Sartorius, Germany). The sample was then extracted with 

dichloromethane (3 x 3 mL), dried under sodium sulfate, concentrated to dryness under 

N2 at 30 °C and dissolved in 0.2 mL of dichloromethane. The sample was then transferred 

to an insert in a GC/MS vial prior to analysis. 

For those distillates where 5-HMF co-eluted with vanillin, 50 mg potassium metabisulfite 

was added to 25 mL distillate. The mixture was shaken to dissolve the distillate, then 

extracted as above, and the extract was analysed by GC-C-IRMS.  

 

 

2.4 Instrumental methods 

2.4.1 Elemental analysis (EA) of the vanillin standard, vanillin ex-lignin and 5-

hydroxymethylfurfural (5-HMF) 

The δ13C values of the vanillin standard, vanillin ex-lignin and 5-HMF were measured 

implementing an elemental analyzer (Flash EA 1112, Thermo Scientific, Bremen, 

Germany), furnished with an autosampler (Finnigan AS 200, Thermo Scientific) and 

interfaced to a DELTA V isotope ratio mass spectrometer (Thermo Scientific) through a 

ConFlo IV dilutor (Thermo Finnigan, Bremen, Germany) (see Fig. S1, Supporting 

information). The temperature of the combustion reactor was 910 °C and for the reduction 

reactor the temperature was 680 °C, the post reactor GC-column temperature was 45 °C. 

The He carrier gas had a flow rate of 120 mL/min, the reference gas flow rate was 150 

mL/min and the oxygen flow rate was 250 mL/min. The cycle (run time) was 320 s, with 

a sampling delay of 15 s and an oxygen injection end of 5 s. For EA-IRMS measurements, 
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tin capsules (SÄNTIS analytical AG, Teufen, Switzerland) were used. Samples and 

standards (2 different casein standards, one used as the working standard and the other as 

a control within the sequence) were weighed (0.8 mg) in replicate. A blank sample was 

run first in the sequence and then the working standard (x2), the samples in replicate, the 

control (x2) and at the end of the sequence, the working standard (x2). Daily calibration 

checks were undertaken using the calibrated working casein standard (MRI 64) and 

controlled with the other casein standard (MRI 63).The isotopic values were calculated 

against two in-house standards and calibrated against the international reference 

materials: L-glutamic acid USGS 40 (IAEA-International Atomic Energy Agency, 

Vienna, Austria), mineral oil NBS-22 (IAEA) and sugar IAEA-CH-6 (IAEA). The values 

were expressed in δ‰ against the international standard (Vienna Pee Dee Belemnite (V-

PDB) for δ13C). The uncertainty of measurements (2σ) was ±0.3‰.    

 

2.4.2 GC-C-IRMS analysis of samples for δ13C of vanillin 

δ13C and retention time for the vanillin standard was determined by GC-C-IRMS and 

identified by GC/MS with selected ions (m/z: 152, 151, 81, 109, 123) and compared with 

the NIST library (NIST Standard Reference Database 1A NIST/EPA/NIH Mass Spectral 

Library (NIST 08) and NIST Mass Spectral Search Program (Version 2.0f)).  

A Trace GC Ultra (GC Isolink + ConFlo IV, Thermo Scientific, Bremen, Germany) 

furnished with an autosampler (Triplus, Thermo Scientific) and a ZB-FFAP column (30 

m x 0.25 mm i.d. x 0.25 µm film thickness, Phenomenex, Milan, Italy) installed. The GC 

was interfaced to an IRMS (DELTA V, Thermo Scientific, Bremen, Germany) and a 

single quadrupole MS (ISQ Thermo Scientific, Bremen, Germany) by an open split 

device. 
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The commercial vanillin samples, synthetic samples, vanillin extract and some distillate 

samples were analysed with the following method (‘short’ method); the initial oven 

temperature was 65 °C and was held for 1 min and then increased to the final oven 

temperature of 250 °C at a rate of 20 °C/min and held at this temperature for 16 min. The 

method of analysis for the tannin samples was as for the commercial vanillin samples 

except that the final hold time was 26 min. The amount of sample and standard injected 

in splitless mode was 0.4 µL with a splitless time of 2 min. Helium was used as the carrier 

gas and the flow rate was 1.4 mL/min. For the distillate samples (‘long’ method) the initial 

oven temperature was 50 °C and held for 10 min, it was then increased at a rate of 3 

°C/min to 90 °C and held for 2 min, and increased again to 250 °C at a rate of 6 °C/min 

and then held at this temperature for 20 min. The flow rate of He was 1.2 mL/min. The 

sample was injected in splitless mode with a splitless time of 2 min and the volume 

injected was 0.6 µL (for the standard the volume injected was 0.4 µL). The injector 

temperature for all samples was 260 °C and the transfer line temperature was 200 °C. 

Electron impact (EI) was the mode of ionization at 70 eV.  

 

Compounds eluting from the GC column were split 90:10, IRMS:MS, respectively. 

Before the eluent flows via an open split to the IRMS it is first combusted to CO2 and 

H2O in a combustion reactor which consists of an alumina tube (320 mm length) 

comprising three braided wires of nickel oxide, copper oxide and platinum (0.125 mm 

diameter, 240 mm length) centered within the tube. A Nafion® membrane inside a water 

trap removed water vapor from the eluent/sample. The combustion reactor was operated 

at a temperature of 1030 °C. 

 

The performance of the instrument was monitored using the vanillin standard δ13C value, 

which was measured by GC-C-IRMS before, within, and at the end of each run. Three 
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direct injections of CO2 were similarly undertaken at the beginning and end of each 

sample run. Each sample was measured in triplicate and the isotopic ratio was expressed 

in δ‰ relative to V-PDB (Vienna – Pee Dee Belemnite) for δ13C according to the notation 

developed by Brand and Coplen [43]. A correction was applied to the instrumental data to 

account for the δ13C value difference between the measurement of the vanillin standard 

by EA-IRMS and that of GC-C-IRMS. 

 

The accuracy of the GC-C-IRMS δ13C values for the vanillin standards, 5-HMF and the 

vanillin ex-lignin was established by plotting the δ13C values against the δ13C values 

determined by EA-IRMS. The δ13C values obtained by EA-IRMS were the mean of at 

least two measurements. The δ13C values obtained by GC-C-IRMS were the mean of at 

least three measurements. The δ13C values were shown to be linearly correlated thus 

demonstrating the integrity of the method (see Fig. S2).  

 

The repeatability (1σ) of the ‘short’ and ‘long’ method for GC-C-IRMS analysis was 

evidenced by analyzing 10 times (average of three measurements each) a vanillin 

standard, a vanillin extract, a grappa spiked with vanillin ex-lignin and the model 

distillate. For the ‘short’ method it was ±0.1‰ for the vanillin standard, ±0.2‰ for the 

vanillin extract and ±0.3‰ for the model distillate. For the ‘long’ method it was ±0.5‰ 

for δ13C of the vanillin standard, ±0.4‰ for grappa and ±0.1‰ for model distillate. For a 

distillate (Scotch Malt Whisky) sample the standard deviation of two replicates (average 

of three measurements each)   for the GC-C-IRMS analytical runs was ±0.4‰ for δ13C. 

 

Reliable measurements of the isotope ratios were achieved when the amplitude of the m/z 

ion 44 was greater than 350 mV. This occurred for vanillin concentrations ≥ ~63 µg/mL 
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as shown in Table S1 and Figure S3 (Supporting Information). At this concentration, the 

standard deviation of the δ13C of vanillin was ≤ 0.30, which was deemed acceptable to 

give reliable isotope ratios.  

 

Statistical analysis 

Basic statistics of the samples, such as mean, standard deviation and linear correlation 

were done in excel. The results were statistically analysed by one-way ANOVA, Tukey’s 

Honest Significant Difference (HSD) test, and a boxplot combined with a scatterplot 

using the R program (R Core Team (2016). R: A language and environment for statistical 

computing. R Foundation for Statistical Computing, Vienna, Austria. (URL 

https://www.R-project.org/). 

 

3. RESULTS AND DISCUSSION 

3.1 Sample selection 

This work required measuring δ13C values in various sources of vanillin in order to 

establish typical ranges. As this study was interested in oaked distillates, 17 tannin 

samples and one ex-lignin sample were selected to provide sufficient δ13C values to cover 

the range expected from this source. In addition, seven synthetic vanillin samples were 

tested to provide an indication of δ13C values expected if adulteration of the distillates 

occurred. In terms of the distillates, 32 samples were chosen covering a variety of starting 

plant products – barley/wheat (Scotch malt whisky); grapes (cognac, grappa, brandy), 

corn (bourbon) and sugar cane (rum).  

 

The report is divided into three sections. First, typical δ13C ranges were measured in 

sources of vanillin as described above. This was followed by development of a GC-C-

IRMS method capable of determining δ13C values in distillates. As will be discussed 

https://www.r-project.org/
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below, the complexity of the aroma profile arising from some distillates meant that there 

was co-elution of other volatile compounds with vanillin. Attempts to resolve this issue 

are covered below. The third section reports the δ13C values found in the distillates, with 

evidence presented that one distillate was adulterated with synthetic vanillin. 

 

3.2 GC-C-IRMS of vanillin from tannins, from vanilla and synthetic vanillin 

Vanillin in distillates derives from wood lignin and therefore measuring the δ13C values 

of this type of vanillin was required. As well as wood lignin, vanillin can be derived from 

the use of tannin coadjuvants, which is permitted in distillate production. Thus the δ13C 

of vanillin ex-lignin and of authentic vanillin from 17 samples of commercial tannins 

were determined. The δ13C values range between -29.5‰ and -26.7‰ and mainly agree 

with those found in the literature: from -28.2‰ to -26.8‰ [23, 26, 30, 32, 33, 37, 44, 45]. The δ13C 

values also partially overlap with those of synthetic vanillin (ex-guaiacol): from -36.2‰ 

to -27.4‰ [23, 26-28, 30, 33-35, 37] and biosynthetic (ex-turmeric): from -29.3‰ to -28.7‰ [23] 

(Fig.1). 

 

For comparison, samples of natural vanilla extracts, commercial food powder and food 

extracts and synthetic vanillin were analysed. The natural vanillin extracts (-21.0‰ to -

19.3‰) had values of δ13C within the range found in the literature for natural vanillin (-

21.8‰ to -14.6‰) [23, 26-38]. They also have a higher δ13C than for the tannin and the 

vanillin ex-lignin (mentioned above) which is expected, as their formation follows 

different photosynthetic pathways (CAM vs C3). The synthetic vanillin/commercial 

reagents of vanillin (-32.6‰ to -29.3‰) showed that their δ13C values were within the 

range for synthetic vanillin in the literature (mentioned above) and are lower than δ13C 

values for natural vanillin, but slightly overlap the lower end of the tannin δ13C range. 
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A one-way ANOVA comparing the means of the differently sourced vanillin confirmed 

that the δ13C ratios for synthetic vanillin, tannin extracted vanillin and natural vanillin 

were significantly different (p<0.05). Furthermore, Tukey’s HSD test showed that the 

synthetic vanillin, tannin extracted vanillin and natural vanillin were different from each 

other, whereas the tannin extracted vanillin and the vanillin ex-lignin were not different, 

which was expected. 

 

The analysis of commercial food vanillin, as a powder or an extract, to be added to baked 

goods such as cakes and biscuits, resulted in 5 of the products (-22.5‰ to -18.9‰) with 

their δ13C value in the range of natural vanillin and 2 of the products (-31.7‰ & -31.4‰) 

in the range of synthetic vanillin. Indeed these 2 products had labels with the words 

‘aroma for sweets’ and they therefore weren’t labelled as ‘natural’, providing further 

confirmation of the validity of the method. 

 

3.3 Development of the method for analysis of δ13C of vanillin in distillates 

As mentioned above, distillates are aged in oak barrels, sometimes up to 20 years or 

longer, and there is the possibility that the process of aging changes the isotopic ratios of 

compounds over time through fractionation. This would mean that δ13C values could not 

be used to identify sources of vanillin. Therefore an experiment was undertaken to 

confirm that the δ13C values of vanillin do not change during the extraction and aging 

process of the distillate. The vanillin isotope ratio for a grappa stored in a new oak barrel 

was compared to that of the same grappa stored in a seven year old oak barrel. As 

expected, the concentration of vanillin was much higher in the grappa from the old oak 

barrel than for the new barrel, because vanillin is leached from the barrel over time. 

However, the δ13C values did not change: that of vanillin for the new oak barrel was -
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28.0‰ (0.37 SD) whereas that of vanillin for the old barrel was -27.6‰ (0.51 SD), 

indicating that there was no fractionation. 

 

Another factor to consider in the method was the point at which the addition of synthetic 

vanillin to a distillate was noticeable. To determine this we spiked a sample of young 

grappa (containing no vanillin) with vanillin ex-lignin, and synthetic vanillin was added 

in increments and δ13C values measured. Based on the results (Table 2), it is clear that an 

addition of more than 120 µL of synthetic vanillin in 25 mL of young grappa (i.e. 60% of 

the total vanillin present in the distillate is synthetic vanillin and 40% is ex-lignin 

standard), gives a δ13C value outside the tannin range (-29.5‰ to -26.8‰). This provides 

the lower limit at which adulteration can be detected by isotope ratios – below 60% 

adulteration, the δ13C value would fall in the expected range for vanillin derived from the 

barrel. Although this may seem quite high, it would be difficult to achieve in practice, 

since it would require a very precise measurement of the concentration of vanillin 

occurring in the original distillate. 

 

It also was of interest to determine at what point adulteration by natural vanillin could be 

detected. Although this is unlikely to occur due to the high cost of natural vanillin, 

nevertheless, such an exercise presents an opportunity to further understand the system. 

In this case isotope ratios were simulated via calculation and the δ13C values are presented 

in Table 3. As can be seen, addition of only 20% natural vanillin gives a δ13C value 

outside the tannin range.   

 

Having established some basic parameters for measuring δ13C values, further method 

development was achieved by optimising the gas chromatographic separation of flavour 

and aroma compounds. As mentioned above, the interactions between the wood barrel 
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and the distillate ensure a highly complex matrix, which is challenging to analyse 

chromatographically. Indeed co-elution was a major issue and in this instance the co-

elution of vanillin with other compounds, particularly 5-HMF was observed (see below).  

 

Separation of the analytes was achieved using two different temperature programs. A 

‘short’ method (26 mins) was implemented successfully for some distillates, but for other 

more complex distillates many of the compounds in the matrix co-eluted and therefore, a 

longer run (60 mins) was developed. Even with the longer method there were still issues 

with vanillin co-elution, primarily with 5-HMF, and particularly when the concentration 

of 5-HMF was overloaded, which can occur with rum. To try to remove/reduce the 

amount of 5-HMF in the sample we trialled the use of potassium metabisulfite additions 

to distillates.  

A reduction in the amount of 5-HMF was observed, but also in the amount of vanillin.  

Potassium metabisulfite will react with the aldehyde groups of both 5-HMF and vanillin 

to form sulfonic acids, which are expected to be less volatile than the original aldehyde 

and therefore not detected by GC/MS and IRMS. However in adding metabisulfite, it was 

hoped to reduce the peak due to 5-HMF enough so that the vanillin peak was separated 

from the 5-HMF tail, but unfortunately this did not occur. Isotopic fractionation of 

vanillin did not occur with the removal of 5-HMF with potassium metabisulfite. 

The influence of the co-eluting 5-HMF on the δ13C value of vanillin was observed in a 

whisky sample where an isotopic ratio of -23.6‰, was recorded. This is much higher than 

δ13C values for vanillin derived from tannins (Fig. 1). 

 

Depending on its origin (barrel, addition of caramel), 5-HMF may have a different δ13C 

value to vanillin and therefore could affect the δ13C ratio of vanillin if the peaks co-elute. 

A synthetic standard of 5-HMF gave a δ13C value of -23.7‰ by EA-IRMS. 5-HMF from 
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the whisky sample had a δ13C value of -7.4‰ by GC-C-IRMS, and is clearly not of 

synthetic origin. A high δ13C value such as this suggests the 5-HMF is derived from cane 

sugar, since sugar cane implements the C4 photosynthetic pathway giving δ13C values 

between -16 and -10‰ [46] for sugar. Caramel is a permitted additive to whisky and 

contains 5-HMF, therefore it appears that this whisky had caramel derived from cane 

sugar added to it. Nonetheless, the δ13C value for 5-HMF in this sample is quite high for 

a C4 plant. According to a study undertaken by González-Pérez [47] 5-HMF has on average 

a 3‰ higher δ13C value than the sugar it was derived from; therefore, the value of -7.4‰ 

is possible given the value of the sugarcane is around -10‰. 

 

The results from this analysis of 5-HMF have implications for the accurate measurement 

of δ13C values for vanillin in distillates. That is, co-elution of 5-HMF with vanillin will 

alter the δ13C value of vanillin. In the example described above, the high δ13C value for 

5-HMF will raise the apparent δ13C value for vanillin, making it appear that the distillate 

may have been adulterated with natural vanillin (which also raises the δ13C value, see 

above).  

 

Apart from 5-HMF, there was another compound that was detected by GC/MS as co-

eluting with vanillin. Implementing the NIST library, this compound was tentatively 

assigned as 4-ethoxy-3-anisaldehyde (4-ethoxy-3-methoxybenzaldehyde; m/z: 151, 152, 

180, 109, 123, 181, 153); structurally similar to vanillin (an ethoxy instead of a hydroxy 

group). As the compounds both derive from the same process and barrel, their δ13C values 

were deemed to be the ‘same’ and therefore for our purposes we analysed the peaks as 

one.  
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δ13C of vanillin of commercial distillates 

A survey of 32 spirits (Scotch Malt Whisky, Cognac, Bourbon, Rum, Grappa, Brandy) 

on the market showed that the majority of spirits contained lignin derived vanillin (Table 

4). The δ13C values of vanillin for these distillates ranged from -28.9‰ to -25.7‰, which 

mostly lie within the values determined for vanillin derived from tannins, and therefore 

come from the barrel (Fig. 2). One spirit was found to have a comparatively high 

concentration of vanillin (the peak dominated the chromatogram, almost to the point of 

being overloaded, though it was still within the linearity range) and the vanillin was 

determined to be synthetic based on its δ13C value (-32.5‰, SD: 0.05). Another spirit, 

brandy, was found to have ethyl vanillin (determined by comparing ions with the NIST 

library), which is a synthetic compound, as it cannot be made in nature: thus, this spirit 

was not measured (for ethyl vanillin or vanillin) as it co-eluted with the vanillin peak in 

the sample. There were also some distillates for which the vanillin peak eluted in the tail 

of the 5-HMF peak or the concentration of vanillin was too low to be measured accurately 

by GC-C-IRMS and therefore mentioned in the table as not detected (nd).  

 

CONCLUSIONS 

In this study, δ13C values for 48 samples of vanillin were determined by GC-C-IRMS. 

Isotope ratio ranges found for vanillin ex-lignin, synthetic and natural vanillin were 

consistent with those reported in the literature. The method was able to distinguish 

between natural and synthetic vanillin in commercial flavouring ingredients. 

 

In applying the GC-C-IRMS method to distillates, first the δ13C range for tannin-derived 

vanillin was established and found to be consistent with the literature. Issues to do with 

barrel aging and the limit at which adulteration could be detected were also investigated. 

Of the 32 distillate samples analysed, one was clearly shown to have had synthetic vanillin 
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added. Co-elution of 5-HMF was problematic, particularly in rum samples. Further work 

could investigate the possibility of multidimensional GC coupled to C-IRMS to assist in 

separating the two compounds. 
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Table 1: Sample Information 

Sample type Description 
No. of 

samples 
Synthetic vanillin Sigma Aldrich 1* 

  Sigma Aldrich 2 
  Fluka 1 
  Carlo Erba 3 

Natural vanillin ethanol/water extract 16 
Commercial vanillin powder – natural extract 4 

  liquid – natural extract  1 
  powder –  aroma for sweets 1 
  essence – aroma for sweets 1 

Tannin powder – extracted from wood 17 

  
Borregaard EuroVanillin 

Supreme ex. Lignin 1 
Distillates Scotch Malt Whisky 20 

  Cognac 3 
  Bourbon 4 
  Rum 3 
  Grappa 1 
  Brandy 1 
 *used as the standard for method development  
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Table 2: Addition of synthetic vanillin to a young grappa spiked with vanillin ex-lignin  
 

Vol. of synthetic Vol. of  δ13C 
Std 
Dev 

vanillin added 
(µL) 

vanillin ex-lignin 
spiked (µL) (‰) (n=3) 

200 0 -32.3 0.4 
160 40 -30.7 0.5 
120 80 -29.7 0.3 
80 120 -28.9 0.4 
40 160 -28.1 0.3 
0 200 -27.9 0.5 
0 0 no vanillin NA 
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Table 3. Simulation of addition of natural vanillin to a distillate spiked with vanillin ex-

lignin 

   Vol. of   
Vanillin added 

(µL) 
% of natural 

vanillin 
vanillin ex-lignin 

spiked (µL) 
Simulated  
δ13C (‰)* 

200 100 0 -20** 
160 80 40 -21.6 
120 60 80 -23.1 
80 40 120 -24.7 
40 20 160 -26.2 
0 0 200 -27.8 
0 0 0 no vanillin 

* calculated e.g.: 20% of natural vanillin + 80% of lignin vanillin 
** generalised value for natural vanillin  
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Table 4. δ13C values of vanillin in distillates 

Type of Spirit Average δ13C 
(‰) 

Std Dev. 
(n≥3) 

Scotch Malt Whisky -27.6 1.1 
Scotch Malt Whisky -26.7 0.3 
Scotch Malt Whisky nda na 
Scotch Malt Whisky -26.7 0.6 
Scotch Malt Whisky -27.2 0.4 
Scotch Malt Whisky -28.9 1.0 
Scotch Malt Whisky -27.7 0.2 
Scotch Malt Whisky -27.9 0.2 
Scotch Malt Whisky -28.2 0.9 
Scotch Malt Whisky -27.2 0.3 
Scotch Malt Whisky -26.2 0.3 
Scotch Malt Whisky -27.9 0.2 
Scotch Malt Whisky -26.6 1.0 
Scotch Malt Whisky -26.0 0.5 
Scotch Malt Whisky -27.9 0.2 
Scotch Malt Whisky -26.2 0.4 
Scotch Malt Whisky -26.6 0.3 
Scotch Malt Whisky -26.4 0.3 
Scotch Malt Whisky -26.4 0.6 
Scotch Malt Whisky -28.1 0.3 

Cognac -26.0 0.1 
Cognac -27.5 0.4 
Cognac -25.7 0.2 
Bourbon -27.4 0.4 
Bourbon -27.6 0.2 
Bourbon -27.8 0.2 
Bourbon -28.2 0.3 

Rum -32.5 0.1 
Rum ndb na 
Rum ndb na 

Grappa -27.3 0.5 
Brandy ethyl vanillin na 

a concentration of vanillin too low for δ13C value to be determined accurately 
b δ13C value for vanillin could not be determined due to co-elution with 5-HMF 
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Figure 1. Boxplot of synthetic, natural and tannin vanillin combined with a scatterplot of 

the commercial vanillin and vanillin ex-lignin 
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Figure 2. Boxplot of synthetic, natural and tannin vanillin combined with a scatterplot of 

the commercial vanillin, vanillin ex-lignin and distillate samples 
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Supporting information for Differentiation of wood derived vanillin from synthetic 

vanillin in distillates implementing GC-C-IRMS for δ13C, by van Leeuwen et al. 

 

Table S1. Calibration curve results for the vanillin standard by GC-C-IRMS 

Mean 
Amplitude 
of ion: m/z 

44 (mV) 

Concentration of 
vanillin standard 

(mg/mL) 

Std 
Dev 

(n=3) 
Corrected 

δ13C ratio (‰) 
53 0.0078 1.16 -28.116 
84 0.016 0.90 -29.128 
200 0.03 0.55 -28.798 
359 0.0625 0.30 -28.699 
766 0.125 0.25 -28.934 
1950 0.25 0.22 -29.551 
3994 0.5 0.17 -29.490 
8155 1.0 0.05 -29.287 
11009 1.5 0.04 -29.153 
14478 2.0 0.05 -29.119 
17001 2.5 0.06 -29.176 
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Figure S1. EA-IRMS chromatogram of a vanillin standard for carbon. The red trace refers 

to carbon isotope 44, the green trace refers to carbon isotope 45 and the blue trace refers 

to carbon isotope 46. 
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Figure S2. δ13C values of vanillin (ex-lignin, & synthetic) and 5-HMF implementing 

 GC-C-IRMS (n≥3) versus EA-IRMS (n≥2). 
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Figure S3. Carbon GC-C-IRMS chromatogram of a distillate sample with vanillin as the 

target compound. The red trace refers to carbon isotope 44, the green trace refers to 

carbon isotope 45 and the blue trace refers to carbon isotope 46. 
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CHAPTER FOUR 
 

______________________________________________________________________ 
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INTRODUCTORY COMMENTS 

 

______________________________________________________________________ 

Ruminant meat nutritional value is currently a hot topic in food science. In particular, 

researchers have studied ways to enhance animal feed with polyunsaturated fatty acids 

(PUFA) so as to reduce the level of saturated fatty acids in the resultant meat.  

In a study by Jeronimo (2010) lambs were fed a diet supplemented with oil and a tannin 

source with the observation of an increase in the intramuscular fat. Given that neither of 

these dietary regimes, tannin or oil supplementation, should influence the fatty acids (FA) 

accumulation in muscles, it is not clear how this takes place. Understanding whether this 

phenomena occurs via de novo synthesis of FA or from dietary preformed FA is of 

paramount importance to further studies on intramuscular fat deposition and to optimise 

meat nutritional quality. 

Carbon isotopic ratios (δ13C) can be used to distinguish between FA from the diet and 

those resulting from the de novo synthesis. This chapter presents a GC-C-IRMS method 

to measure the δ13C of the main FA present in neutral (NL) and polar (PL) intramuscular 

lipids of meat samples from lambs fed with 4 different dietary regimes namely a control 

diet, a diet supplemented with oil, a diet supplemented with Cistus ladanifer and a diet 

supplemented with Cistus ladanifer and oil. This research was of increased complexity 

to that of the work of vanillin (single compound analysis) as it focused on the analysis of 

multiple analytes belonging to one class of structurally related compounds, i.e. FA.  
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ABSTRACT 

In this study we measured the δ13C of the main fatty acids (FA) present in neutral and 

polar intramuscular lipids of meat samples from 24 lambs, fed with 4 different diets 

supplemented with oil and the tanniferous shrub Cistus ladanifer L. The objective was to 

understand if the increase in intramuscular fat observed in the lambs fed simultaneously 

C. ladanifer and oil was explained mostly by incorporation of diet derived FA or by 

increased de novo FA synthesis. De novo FA synthesis was evaluated by the 13C 

enrichment (‰) of 16:0 in tissues compared to bulk diet or compared to dietary 16:0. The 

oil reduced the 13C enrichment of 16:0 in lipid, but had no effect when the diet included 

C. ladanifer (P value < 0.01). Thus the inclusion of C. ladanifer in the diets blocked the 

inhibitory effects of lipid supplementation on the de novo FA synthesis. 
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INTRODUCTION 

Currently there is a lot of research aiming to improve the nutritional value of ruminant 

meats by supplementing the diets with lipid sources rich in polyunsaturated fatty acids 

(PUFA) in order to reduce the hypercholesterolemic saturated fatty acids (SFA) and 

increase the conjugated linoleic acid (CLA) isomers 1-3. Moreover, condensed tannins 

have been proposed as modulators of PUFA biohydrogenation in the rumen, reducing the 

completeness of those pathways and thus increasing the availability of health beneficial 

biohydrogenation intermediates like 18:1 trans-11 and 18:2 cis-9,trans-114. In a previous 

study 5 the effect of two dietary condensed tannin sources (Cistus ladanifer L. and grape 

seed extract) and oil (sunflower and linseed oil blend) supplementation on lamb meat 

fatty acid (FA) composition was explored. The authors found that diet supplemented by 

oil and C. ladanifer increased significantly the deposition of intramuscular FA compared 

to the other diets. Intramuscular fat deposition is one of the major determinants of meat 

quality affecting positively its tenderness, flavor and juiciness. As neither the lipid 

supplementation of diets nor the inclusion of tanniferous dietary sources are expected to 

increase intramuscular FA deposition per se the reason why simultaneous inclusion of oil 

and C. ladanifer in the diets of lambs increased the intramuscular FA deposition remains 

unclear and deserves to be further investigated. 

Oleic (18:1 cis-9), palmitic (16:0), stearic (18:0) and less abundantly linoleic (18:2n-6) 

acids comprise the overwhelming majority (~70 to 85% of total FA) of FA present in 

lamb tissues. Linoleic acid is an essential FA and thus must be supplied exogenously 

through dietary sources, but the 18:1 cis-9, 18:0 and 16:0 present in tissue lipids might 

derive either from de novo synthesis or from preformed FA derived from diet. Dietary 

lipid supplementation of ruminants increases the metabolic availability of preformed FA 

derived from diet but strongly depresses the de novo FA synthesis pathways in tissues 6, 

and thus does not usually promote fat deposition in muscles. Tanniferous shrubs, like C. 
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ladanifer, have low nutritive value and thus do not tend to increase the availability of 

metabolizable energy necessary to favor de novo FA synthesis in tissues. Nevertheless, 

as condensed tannins form complexes with dietary protein, they might reduce the 

protein/energy ratio of nutrients absorbed from the digestive tract and induce 

intramuscular fat deposition as well described in other species 7. Information on which 

proportion of FA present in animals muscles derive from de novo synthesis or from 

dietary derived preformed FA would help to define targets for further investigation on 

intramuscular fat deposition.  

When animals assimilate FA from the diet, their stable isotope ratios of carbon (expressed 

as δ13C values) are generally identical to those of dietary FA 8-9. However, FA resulting 

from de novo synthesis present lower δ13C values than those derived from the diet and 

from whole tissue components due to depletion of the 13C isotope mediated mostly by the 

pyruvate dehydrogenase enzyme 10. Thus, the analysis of δ13C of FA present in animal 

tissues using gas chromatography-combustion-isotope ratio mass spectrometry (GC-C-

IRMS) has potential to discriminate the metabolic origin of FA present in animal tissues 

and provide new insight on the study of intramuscular fat deposition in ruminants. 

In the current investigation, we implemented a GC-C-IRMS method to measure the δ13C 

of the main FA present in neutral (NL) and polar intramuscular lipids (PL) of meat 

samples from lambs. Lambs were fed with 4 different feed treatments (control diet: C0, 

diet supplemented with oil: C6, diet with Cistus ladanifer: CL0 and diet supplemented 

with both oil and Cistus ladanifer: CL6) as described in Jerónimo, et al. 5. NL, comprised 

mostly of  triacylglycerols, are the main lipids accumulated in muscle when intramuscular 

fat increases, while PL or phospholipids are structural components of cell membranes and 

concentrations remain fairly constant independent of total lipid deposition on muscle 1. 

The main objective was to apply GC-C-IRMS to understand whether the increase in NL 
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of intramuscular FA observed in lambs fed oil and C. ladanifer was explained mostly by 

incorporation of diet derived preformed FA or by increased de novo FA synthesis. 

 

MATERIALS & METHODS 

Animal treatments and sample preparation.  

The lipid samples were derived from a lamb production experiment described in detail by 

Jerónimo, et al. 5. Briefly, 24 Merino Branco ram lambs were allocated to one of 4 diets: 

C0) a basal diet containing 900 g/kg of dry matter (DM) of dehydrated lucerne and 100 

g/kg of DM of wheat bran; CL0) the basal diet with incorporation of 250 g/kg of C. 

ladanifer; C6) the basal diet supplemented with 60 g/kg of DM of an oil blend; CL6) the 

basal diet and 250 g/kg of DM of C. ladanifer and oil blend 60 g/kg of DM. The oil blend 

consisted of sunflower and linseed oils (1:2, v/v) and C. ladanifer was composed of leaves 

and soft stems of the plant. The lambs were fed every day for 6 weeks and then 

slaughtered. Longissimus dorsi muscle samples were collected on the third day after 

slaughter, freeze-dried and stored vacuum packed at -80 °C until required for lipid 

analysis. Intramuscular lipids were extracted with dichloromethane and methanol (2:1 

v/v) and separated in NL and PL, using a solid-phase extraction with silica gel cartridges 

(LiChrolut® Si, 40-63 µm, 500 mg/mL, Standard, Merck KGaA, Darmstadt, Germany) 

as previously described by Jerónimo, et al. 11. Transesterification of the NL and PL 

portions were undertaken in a two-step process which involved sodium methoxide in 

methanol and then hydrochloric acid in methanol as described by Raes, et al. 12. 

Materials. 

Methyl pentadecanoate (me-15:0; 99.5 %, Fluka), methyl palmitate (me-16:0; 99.0 %, 

Sigma), methyl heptadecanoate (me-17:0; 99.5 %, Fluka), methyl stearate (me-18:0; 99.5 

%, Fluka), methyl oleate (me-18:1 cis-9; 99.0 %, Fluka), methyl linolenate (me-18:3n-3; 
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99.0 %, Sigma), methyl linoleate (me-18:2n-6; 99.0 %, Sigma) and methyl cis-11-

octadecenoate (me-18:1 cis-11; ≥ 99.0 %, Fluka) reference standards were purchased 

from Sigma Aldrich (Milan, Italy) and stored at 4 °C or at – 18 °C. 

The international reference materials used for calibrating the working in-house standards 

for elemental analysis (EA) were L-glutamic acid USGS 40 (IAEA-International Atomic 

Energy Agency, Vienna, Austria), fuel oil NBS-22 (IAEA) and sugar IAEA-CH-6.  For 

GC-C-IRMS analysis carbon dioxide (CO2) with 99.998% purity was used (Rivoira, 

Italy). 

The reagents used for the preparation of FAME were n-hexane (GC-grade, Merck, 

Portugal), toluene (anhydrous, 99.8%, Sigma Aldrich, Spain), sodium methoxide in 

methanol (sodium methoxide solution, ACS reagent, 0.5 M CH3ONa in methanol (0.5 N) 

Sigma Aldrich, Spain), hydrochloric acid (ACS reagent 37% HCl, Sigma Aldrich, Spain), 

dichloromethane (GC-grade, Merck, Portugal) and methanol (GC-grade, Merck, 

Portugal). For analysis the solvent used was n-hexane (ACS – For analysis, Carlo Erba, 

Milan, Italy). 

For elemental analysis-isotope ratio mass spectrometry (EA-IRMS) measurements 

executed in tin capsules (SÄNTIS analytical AG, Teufen, Switzerland).  

 

 

Stable Isotope Ratio Analysis (SIRA) 

1. EA-IRMS 

Separately and in duplicate, the fatty acid methyl ester (FAME) reference standards (0.4 

mg) were weighed (Satorious Pro II Micro Balance) in tin capsules and then transferred 

to an autosampler (Finnigan AS 200 Thermo Scientific, Bremen Germany) to be 
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introduced to the Elemental Analyser (EA Flash 1112 Thermo Scientific, Bremen, 

Germany), connected to a ConFlo III dilutor (Thermo Scientific, Bremen, Germany) and 

interfaced with an Isotope Ratio Mass Spectrometer (IRMS Delta Plus XP Thermo 

Scientific, Bremen, Germany) to determine their δ13C (Supporting Information (SI 1)). 

The temperature of the combustion reactor was 910 °C and for the reduction reactor the 

temperature was 680 °C, the post reactor GC-column temperature was 45 °C. The He 

carrier gas had a flow rate of 120 mL/min, the reference gas flow rate was 150 mL/min 

and the oxygen flow rate was 250 mL/min. The cycle (run time) was 320 s, with a 

sampling delay of 15 s and an oxygen injection end of 5 s. Samples and standards (2 

different casein standards, one used as the working standard and the other as a control 

within the sequence) were weighed (0.8 mg) in replicate. A blank sample was run first in 

the sequence and then the working standard (x2), the samples in replicate, the control (x2) 

and at the end of the sequence, the working standard (x2). Daily calibration checks were 

undertaken using the calibrated working casein standard (MRI 64) and controlled with 

the other casein standard (MRI 63). 

The isotopic composition was denoted in delta 13 in relation to Vienna Pee Dee Belemnite 

(VPDB), according to the following general equation 14 : 

 

𝛿𝛿𝑖𝑖 𝐸𝐸 =  
�𝑖𝑖𝑅𝑅𝑆𝑆𝑆𝑆 − 𝑖𝑖𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅�

𝑖𝑖𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
  

 

where i is the mass number of the heavier isotope of element E (13C); 

RSA is the respective isotope number ratio of a sample (number of 13C atoms/number of 

12C atoms or as an approximation 13C/12C); 

RREF is the relevant internationally recognized reference material such as VPDB for CO2. 
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The delta values are multiplied by 1000 and are expressed in units “per mil” (‰). 

 

2. GC-C-IRMS 

The FAME reference standards were also analyzed separately to determine retention time 

with a 6890A gas chromatograph (Agilent Technologies, Wilmington, DE, USA) 

furnished with an autosampler (GC-PAL, GC Analytics AG, Zwingen, Switzerland) and 

with a BPX-70 capillary column (60 m × 0.32 mm i.d. × 0.25 µm film thickness, SGE, 

Rome, Italy) installed. The injector temperature was 250 °C throughout the run with the 

injector mode set on splitless. The initial oven temperature was 50 °C and maintained for 

4 min, then ramped to 170 °C at a rate of 30 °C/min, then increased to 200 °C at a rate of 

2 °C/min, then ramped again to 220 °C at a rate of 1 °C/min, then increased to 250 °C at 

a rate of 5 °C/min and maintained for 8 min. The carrier gas was He (Rivoira, purity: 

99.999 %) with a constant flow of 1 mL/min. The same conditions were also adopted for 

the FAME samples. After separation in the GC the sample then flowed through an 

oxidation reactor which consisted of three braided wires of 0.125 mm diameter inside an 

32 cm alumina tube (1 × nickel oxide, 1 × copper oxide, 1 × platinum), kept at 940 °C 

and housed in the GC whereby it was quantitatively combusted to CO2 and H2O (removed 

via a Nafion® membrane).  The GC-C was coupled via an open split interface to an 

isotope ratio mass spectrometer (IRMS Delta V, Bremen, Germany).  

A FAME reference standards mix was prepared (SI 2), in which the compounds’ 

concentrations were made to match the relative concentration for those corresponding 

compounds found, in general, in the samples (pentadecanoic acid (15:0): 12.6 µg/mL; 

16:0: 51.1 µg/mL; heptadecanoic acid (17:0): 15.3 µg/mL; 18:0: 77.16 µg/mL; 18:1 cis-

9: 140.9 µg/mL; cis-11-octadecenoic acid (18:1 cis-11): 18.79 µg/mL; 18:2n-6: 52.6 

µg/mL and α-linolenic acid (18:3n-3): 28.5 µg/mL). This was done to try to get a more 
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accurate δ13C value for each compound. Calibration curves were completed, 

implementing the peak heights (in mV, amplitude 44 for C), for the FAMEs measured to 

determine which δ13C values should be accepted. 

The FAME samples were diluted with n-hexane (approximately 2 mg/mL) before 

injection and were measured at least 3 times by GC-C-IRMS. To calculate their δ13C 

values, the mixture of FAME reference standards was analyzed before and after each 

FAME sample. The samples were run in separate batches, with each run batch including 

8 injections of a standard mix and two samples injected three times each. The specifics 

of each injection batch were as follows: standard mix (×3), sample 1 (×3), standard mix 

(×2), sample 2 (×3) and, finally the standard mix (×3). Each batch followed this procedure 

to account for δ13C drift within the run. The instrumental data for each sample were 

corrected on the basis of the difference existing between the δ13C value of the pure 

compound in GC-C-IRMS (mean of the first three mix results and mean of the last three 

mix results) and that in EA-IRMS.  

The FAMEs analyzed in the samples were 16:0, 18:0, 18:1 in NL and PL and finally 

18:2n-6 (in PL only) (SI 3 and SI 4). The FAME which had peaks too small to be analyzed 

were 15:0, 17:0, and 18:3n-3. The 18:1 cis-11 and 18:1 cis-9 co-eluted and so these 

FAMEs were analyzed as one peak and will be denoted as 18:1. To normalize the data 

the EA value (-29.8 ‰) for 18:1 cis-9 was used as this peak was much stronger than the 

18:1 cis-11 peak which had an EA value slightly lower (-30.2 ‰).  

The repeatability for the FAME mix run 10 times consecutively was determined for 16:0 

(mean ± standard deviation (SD): -29.5 ‰ ± 0.6 ‰) 18:0 (mean ± SD: -23.2 ‰, ± 0.3 

‰), 18:1 (mean ± SD: -29.9 ‰, ± 0.4 ‰) and 18:2n-6 (mean ± SD: -30.6 ‰, ± 1.5 ‰) 

(SI 5).   
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The overall repeatability over time for FAME in the control mixes for the entire batch of 

samples is for 16:0 (mean ± SD: -29.8 ‰, ± 1.0 ‰), 18:0 (mean ± SD: -23.2 ‰, ± 0.6 

‰), 18:1 (mean ± SD: -29.7 ‰, ±0.3 ‰) and 18:2n-6 (mean ± SD: -29.8 ‰, ± 1.0 ‰) 

(SI 6). These values were linearly correlated against the EA values for the same FAME 

(SI 7).  

A sample (feed group CL0; NL; 16:0 (mean ± SD: -28.2 ‰, ± 0.8 ‰); 18:0 (mean ± SD: 

-28.4 ‰, ± 0.8 ‰); 18:1 (mean ± SD: -28.4 ‰, ± 0.7 ‰)) was run 9 times over time to 

check repeatability over a period of time (SI 8). The data have not been corrected for the 

added C introduced by the FA conversion to FAME as the difference in values is small 

(≤ 0.8 ‰, (SI 9)).  

Statistical analysis  

Data were analyzed using the MIXED procedure of SAS according to a model that 

considered the 2×2×2 factorial arrangement of factor where the oil (0 vs. 6 g/kg DM) and 

C. ladanifer (0 vs. 250 g/kg) in the diet and lipid fractions (PL vs. NL) were the main 

effects. The animals were the experimental units and muscle lipid fractions were included 

in the model considering the covariance of both fractions collected within the same animal 

using the unstructured (UN) covariance option with the repeated statement of Proc 

MIXED. Least square means and standard error of means (SEM) are presented in Table 

2. When significant interaction effects were detected in the model, the least square means 

were compared using the Tukey-Kramer method for correcting for multiple comparisons. 

Significance was accepted for P < 0.05.   
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RESULTS 

The FA content (g/kg DM) and the δ13C values (‰) of the diets are presented in Table 1 

5. The diets that included the sunflower and linseed oil blend present higher content of all 

FA reported, but reflecting on the composition of oils the increase was particularly larger 

for 18:2n-6 and 18:3n-3. Diets containing C. ladanifer presented more FA content (+11 

g/kg) than diets without C. ladanifer. 

The δ13C value of whole (bulk) diet C0 (-31.3 ‰) was lower than that of the other diets 

which ranged from -29.0 to -28.8 ‰. The same trend of lower δ13C values in C0 than in 

the other diets is observed for the δ13C values of 16:0, 18:0 and 18:1 but not for 18:2n-6 

and 18:3n-3. Within each diet, δ13C values of 16:0 and 18:0 were always lower than the 

respective bulk diet, but this pattern is less clear for the 18:1, 18:2n-6 and 18:3n-3. 

Inclusion of oil in the diets had no consistent effects on δ13C values of individual FA and 

of whole diet and the same was observed for the inclusion of C. ladanifer.   

The FA content and profile present in NL and PL fractions of meat from lambs fed the 

experimental diets are presented in Table 2 5. The total FA from PL ranged from 15 to 20 

mg/g of meat DM whereas the total FA from NL ranged from 60 to 86 mg/g of meat DM. 

Only the C6 diet presented a slightly, but significant, lower amount of FA from PL than 

the other diets. The major FA in PL was the 18:1 cis-9 (~23% FA) in lambs fed diet not 

supplemented with oil and 18:2n-6 (~22% FA) in lambs fed oil supplemented diets. The 

CL6 produced the highest content of FA from NL, and significant interaction (P = 0.005) 

between oil and C. ladanifer was observed. The 18:1 cis-9 was always the major FA 

present in NL although its proportion decreased (P < 0.05) with oil supplementation, 

which increases the proportion of 18:2n-6. For all FA, the effect of oil supplementation 

and lipid fraction were highly significant (P < 0.001) but also the interaction between oil 

supplementation and lipid fraction was highly significant (P < 0.01). In fact, the response 
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to oil supplementation observed for 18:0, 18:1 and 18:2n-6 in the PL was much larger 

than that observed in NL, whereas for 16:0 the effect of oil supplementation was larger 

for NL than in PL. The inclusion of C. ladanifer in the diet had no effects on FA 

proportion except for 16:0 in NL, where the inclusion of C. ladanifer increased the 16:0 

from 22.9 to 24.5% FA.   

The δ13C values of FA present in NL and PL fractions are also presented in Table 2 and 

in Figures 1 to 3. It was not possible to determine the δ13C values for 18:2n-6 present in 

NL, due to its lower concentration in this fraction. The δ13C values for 16:0 and 18:1 in 

PL were lower (P < 0.01) than those in NL (Figure 1). The differences (mean difference 

± SE) of δ13C values between NL and PL averaged -0.96 ‰ ± 0.269 (P = 0.003) and -

0.59 ‰ ± 0.163 (P = 0.001), respectively for 16:0 and 18:1. The same general pattern was 

observed for 18:0, as it also presented lower δ13C values in PL than NL. However, the 

differences of 18:0 δ13C values between lipid fractions were larger when diets included 

oil than when no oil was added (Figure 2A, interaction lipid fraction×oil, P = 0.03) or 

when diets did not include C. ladanifer, than when C. ladanifer was included (Figure 2B, 

interaction lipid fraction × C. ladanifer, P = 0.02). The differences of δ13C values for 18:0 

in NL and PL averaged -0.52 ‰ ± 0.219 (P = 0.028) and -1.23 ‰ ± 0.219 (P < 0.001) for 

no oil and 6 % oil diets respectively, and averaged -1.27 ‰ ± 0.219 (P < 0.001) and -0.48 

‰ ± 0.219 (P = 0.042) for diets without and with C. ladanifer respectively. Inclusion of 

oil in the diets had no effect on the δ13C value of 18:1 but decreased the δ13C values of 

16:0 (-0.55 ‰ ± 0.259, P = 0.048) and 18:2n-6 (-1.33 ‰ ± 0.375, P = 0.002) in muscle 

lipids, irrespective of the lipid fraction (Figure 3A). The effect of dietary oil 

supplementation on δ13C value of 18:0 were dependent of the lipid fraction (Figure 2A), 

decreasing more in PL (-1.09 ‰ ± 0.309, P = 0.002) than in NL (-0.38 ‰ ± 0.309, P 

=0.057). 
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Inclusion of C. ladanifer in the diets had no effect on the δ13C value of 18:2n-6 but 

increased the δ13C values of 16:0 (+1.85 ‰ ± 0.259, P < 0.001) and 18:1 (+1.23 ‰ ± 

0.274, P = 0.002) in muscle lipids, irrespective of the lipid fraction (Figure 3B). The effect 

of C. ladanifer in the diets on δ13C value of 18:0 were dependent of the lipid fraction 

(Figure 2B) as although it increased the δ13C value of 18:0 in both lipid fractions, that 

increase was significantly larger (P < 0.02) in PL (+1.94 ‰ ± 0.309, P < 0.001) than in 

NL (+1.15 ‰ ± 0.189, P < 0.001). No interactions between oil and C. ladanifer inclusion 

were observed for δ13C values of the FA present in muscle lipids. 

Diet C0 was more depleted in 13C than the other diets (Table 1) and this introduced a 

variation source that was not accounted for in the previous data analysis. Computing the 

13C enrichment (‰) of 16:0 present for NL and PL as the difference of δ13C values of 

16:0 in each lipid fraction minus the δ13C value of bulk diets (Figure 4, left panels) 

allowed us to detect a significant interaction (P = 0.0002) between oil and C. ladanifer. 

In fact, oil supplementation clearly reduced the 13C enrichment of 16:0 present in NL and 

PL when no C. ladanifer was included in the diet but had no effect when the diet included 

C. ladanifer. The same response was observed when the 13C enrichment (‰) of 16:0 

present for NL and PL was computed as the difference of δ13C values of 16:0 in each lipid 

fraction minus the δ13C value of dietary 16:0 (Figure 4, right panels). The interaction 

between oil and C. ladanifer is also highly significant (P = 0.003) and follows the same 

pattern as described above.  

  

DISCUSSION 

In animal science, GC-C-IRMS has been mainly used to differentiate animals on the basis 

of their diet with the purpose of food authentication 15 and only very few reports were 

focused on ruminant lipid metabolism 16-18. Intramuscular fat deposition is one of the 
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major determinants of meat quality affecting its sensorial traits as well its FA profile 19. 

Dietary manipulations to improve FA composition of meat usually involved lipid 

supplementation 1. Lipid supplementation increases the metabolic availability of 

exogenous (diet derived) FA and usually depresses the de novo synthesis of FA in tissues 

6 and thus the balance in terms of intramuscular fat deposition tends to be neutral 20. The 

development of analytical tools to evaluate the metabolic origin of FA deposited in 

muscle can be very useful to evaluate the nutritional strategies to simultaneously increase 

intramuscular fat deposition and improve its FA profile. We used samples from a lamb 

feeding experiment where lipid supplementation either had a neutral or positive effect on 

intramuscular fat deposition, depending on the inclusion of a tanniferous shrub in the diet. 

Our aim was to evaluate the potential of δ13C FA analysis to discriminate the metabolic 

origin of the FA deposited in neutral and polar fractions of muscle lipids. 

The 16:0 is the FA with better potential to allow the discrimination between its metabolic 

origins (diet vs. de novo synthesis) as already recognized by Richter, et al. 16. In fact, the 

16:0 is not a major dietary FA, particularly of the oil-supplemented diets. Moreover, the 

16:0 is the major product of FA synthase and thus most of 16:0 deposited in muscle NL 

should be derived from de novo synthesis. δ13C of dietary 16:0 ranged from -34.8 to -31.6 

‰, whereas the δ13C of NL 16:0 ranged from -29.3 to -27.5 ‰, which indicates a 13C 

enrichment relative to dietary 16:0 and to whole diet (Figure 4). Consistently, in diets 

without C. ladanifer, as lipid supplementation increases, the availability of exogenous FA 

increases and depletion of 13C of muscle FA occurs. This enrichment of de novo 

synthesized FA apparently contradicts the well-established concept that de novo FA 

synthesis presents lower δ13C values than those derived from the diet due to depletion of 

the 13C isotope mediated mostly by pyruvate dehydrogenase enzyme 10. Ruminant 

digestive physiology and metabolism is quite complex, as it involves an extensive 

microbial anaerobic metabolism in the rumen and extensive use of rumen derived acetate 
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for lipid de novo FA synthesis in the animal. The δ13C volatile FA produced in the rumen 

is similar to the fermented biomass when C3 plant material is used and contrasts with 

strong depletion observed in the methane production 21. It follows that the rumen-derived 

acetate used for de novo FA synthesis were not as depleted as could be predicted from the 

simple pyruvate dehydrogenase depletion described by DeNiro and Epstein 10. A 13C 

enrichment of 16:0 associated to de novo FA synthesis was also reported by Richter et 

al.17 in milk fat and by Richter, et al. 16 in the adipose tissue, in which 16:0 presented  

δ13C values similar to the bulk diet and more than 4 ‰ relative to dietary 16:0.  

The oil supplementation also decreased the δ13C of 18:0 but not of 18:1. Interpretation of 

δ13C changes of both 18:0 and 18:1 is complicated by the fact that besides de novo 

synthesis, they can be derived from the diet either directly or indirectly through rumen 

biohydrogenation of dietary 18:1 cis-9, 18:2n-6 or 18:3n-3, which differ from each other 

in δ13C values. Moreover, the 18:1 peak analyzed by GC-C-IRMS might include minor 

18:1 isomers.  

The main objective of this work was to apply GC-C-IRMS to understand whether the 

increase in NL of intramuscular FA observed in lambs fed oil and C. ladanifer was 

explained mostly by incorporation of diet derived preformed FA or by increased de novo 

FA synthesis. Data presented in Figure 4 showing the 13C enrichment of 16:0 in muscle 

lipids of CL6 lambs compared to C6 clearly indicates that animals fed diets containing 

both C. ladanifer and oil increased the intramuscular fat content by a sustained de novo 

FA synthesis. This clearly contrasts with the animals fed diets without C. ladanifer where, 

as expected, oil supplementation clearly inhibits the de novo FA synthesis (Fig. 4). The 

reasons for such an effect are puzzling considering the low nutritive value of C. ladanifer 

22. The possibility that dietary tannins sources might somehow modulate lipogenic gene 

expression has been reported 23-25. Our data clearly indicate that the inclusion of C. 
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ladanifer in the diets was able to block the inhibitory effects of lipid supplementation on 

de novo FA synthesis. The elucidation of the exact mechanism of action would be of great 

importance to the development of more effective nutritional strategies to increase 

intramuscular fat in beef and lamb. 

In general, FA present in PL presented lower δ13C values than those in NL. The δ13C 

differences between NL and PL were for 16:0 (-0.96 ‰ ±0.269), 18:0 (-0.87 ‰ ±0.151) 

18:1 (-0.59 ‰ ±0.163). This might indicate that PL incorporate exogenous FA in a larger 

extent than NL. Indeed NL are mostly accumulated in adipocytes and PL are on 

membranes of all cells, including those that do not have as a main vocation to synthesize 

FA (i.e. myocites). Moreover, muscle PL might have a higher C turnover than NL as 

demonstrated by Harrison, et al. 26. Thus, larger utilization of exogenous FA and larger 

FA turnover on muscle PL than in NL, might explain that FA in PL respond more clearly 

to the diets. 

 

ABBREVIATIONS USED 

FA – fatty acid(s) 

NL – neutral intramuscular lipids 

PL – polar intramuscular lipids or phosphholipids 

Cistus ladanifer – C. landanifer 

PUFA – polyunsaturated fatty acids 

SFA – saturated fatty acids 

CLA – conjugated linoleic acid  

18:1 cis-9 – oleic acid 
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16:0 – palmitic acid 

18:0 – stearic acid 

18:2n-6 – linoleic acid 

δ13C values – stable isotope ratios of carbon  

GC-C-IRMS – gas chromatography-combustion-isotope ratio mass spectrometry  

C0 – control diet 

C6 – diet supplemented with oil 

CL0 – diet with Cistus ladanifer  

CL6 – diet supplemented with both oil and Cistus ladanifer  

DM – dry matter 

me-15:0 – Methyl pentadecanoate 

me-16:0 – methyl palmitate  

me-17:0 – methyl heptadecanoate  

me-18:0 – methyl stearate  

me-18:1 cis-9 – methyl oleate  

me-18:3n-3 – methyl linolenate  

me-18:2n-6 – methyl linoleate  

me-18:1 cis-11 – methyl cis-11-octadecenoate  

EA – elemental analysis 

EA-IRMS – elemental analyser-isotope ratio mass spectrometer 



 

97 
 

FAME – fatty acid methyl ester(s) 

VPDB – Vienna Pee Dee Belemnite 

‰ – “per mil” 

15:0 – pentadecanoic acid 

17:0 – heptadecanoic acid 

18:1 cis-11 – cis-11-octadecenoic acid 

18:3n-3 – α-linolenic acid 

SD – standard deviation 

SI – supporting information 

C – carbon 

UN – unstructured covariance 

Proc MIXED – MIXED procedure 

SEM – Standard error of the means 
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Table 1 – Fatty acid content (g/kg dry matter) and δ13C values (‰) of the experimental 

diets 5. 

  Diets1  
 C0 C6 CL0 CL6 
Fatty acid content     

16:0 2.27 5.15 3.20 6.04 
18:0 0.23 1.85 0.51 2.20 
18:1 2.27 12.6 4.29 14.6 
18:2n-6 4.20 20.5 8.98 25.7 
18:3n-3 1.56 19.7 2.07 23.1 
Total FA 14.2 66.0 24.4 78.4 

δ13C     
16:0 -34.8 -32.8 -31.6 -32.4 
18:0 -35.8 -32.7 -30.9 -32.8 
18:1 -31.7 -30.0 -28.8 -29.8 
18:2n-6 -29.3 -29.6 -28.9 -28.4 
18:3n-3 -30.9 -30.7 -31.3 -29.1 
Whole diet -31.3 -29.8 -29.0 -29.3 

1 Diets: C0 – 0% oil and 0% C. ladanifer; C6 – 6% of oil and 0% C. ladanifer; CL0 – 0% oil and 25% C. 
ladanifer; CL6 – 6% of oil and 25% C. ladanifer 
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Table 2 – Effect of inclusion of oil (0 and 6%) and of C. ladanifer (0 and 25%) on 
content (mg/g muscle dry matter) 5 and δ13C (‰) of fatty acids present in the neutral 
(NL) and polar (PL) lipid fraction of lamb meat.  

Diets1   C0    C6    CL0    CL6   
Lipid fractions PL NL PL NL PL NL PL NL SEM 

Content, mg/g 
DM 

         

16:0 o×cl×f    2.5c  16.6ab   1.6d 12.1b 2.6cd     16.3ab     
2.0cd 

19.0a 1.20 

18:0 o×cl, f   2.0 11.6  1.7 10.2   1.9   9.6    2.2 13.2 1.08 
18:1 cis-9 

o×cl×f 
  4.7c  23.2ab   1.9d 18.1b    

4.3cd 
20.0ab     

2.5cd 
25.3a 1.58 

18:2n-6 o,cl,f.   2.9   1.7   3.4   2.6   3.0   1.7   4.3 3.0 0.25 
Total FA o×cl×f 19.5c 66.0b 14.8d 59.6b 19.0cd 60.4b 19.7cd 85.9a 4.95 

Profile, % FA          
16:0  o×f, cl×f 12.9 25.2 11.0 20.6 13.4 27.0 10.1 22.0 0.57 
18:0  o×f 10.1 17.6 11.7 16.6   9.9 15.9 11.1 15.2 0.67 
18:1 cis-9 o×f 24.1 35.2 12.4 30.5 22.4 33.1 12.6 29.6 0.96 
18:2n-6 o×f 14.8  2.4  23.1 4.2 15.8  2.9 21.8  3.5 0.38 

δ13C (‰)          
16:0 o,cl,f. -29.95 -29.33 -31.10 -29.82 -28.53 -27.58 -28.83 -27.83 0.377 
18:0 o×f, cl×f  -29.52 -28.58 -30.70 -29.10 -27.67 -27.57 -28.67 -27.82 0.249 
18:1cl,f. -30.13 -29.25 -29.33 -29.68 -28.50 -27.83 -29.17 -28.40 0.317 
18:2n-6 o -30.90 - -31.93 - -30.80 - -32.43 - 0.382 

1 Diets: C0 – 0% oil and 0% C. ladanifer; C6 – 6% of oil and 0% C. ladanifer; CL0 – 0% oil and 25% C. 
ladanifer; CL6 – 6% of oil and 25% C. ladanifer 

a,b,c,d Within a row, least squares means that do not have a common superscript letter differ, P < 0.05. 
o Significant effect (P < 0.05) of oil inclusion in the diet 
c Significant effect (P < 0.05) of C. ladanifer inclusion in the diet 
f Significant effect (P < 0.05) of lipid fraction 
o×cl  Signficant interaction (P < 0.05) between oil and C. ladanifer effects 
o×f  Signficant interaction (P < 0.05) between oil and lipid fraction effects 
c×f  Signficant interaction (P < 0.05) between C. ladanifer and lipid fraction effects 
o×cl ×f Signficant interaction (P < 0.05) among oil, C. ladanifer and lipid fraction effects 

 

 

  



 

103 
 

Figure 1 – δ13C (‰) of 16:0 and 18:1 present on muscle neutral (NL) and polar lipids 
(PL) of lambs. 
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Figure 2 – Effects of dietary oil supplementation (A) and of inclusion of C. ladanifer (B) 
on δ13C (‰) of 18:0 present on neutral (NL) or polar lipids (PL) of lamb meat. In each 
panel, columns that do not share subscript letters differ, P < 0.05. 
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Figure 3 – Effect of inclusion of oil (A) and of C. Ladanifer (B) on the diet on the δ13C 
(‰) of 16:0, 18:1 and 18:2n-6 present on muscle lipids of lambs. 
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Figure 4 – Effect of inclusion of oil and of C. ladanifer on the diet on the 13C enrichment 
(‰) of 16:0 present on NL (upper level) and PL (lower level) computed as the difference 
of δ13C values of 16:0 in each lipid fraction minus δ13C value of bulk diet (Diet) or δ13C 
value of dietary 16:0 (D16:0). P value < 0.01 for the interaction between oil and C. 
ladanifer.  
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Supplementary Information (SI) 

SI 1. EA-IRMS chromatogram of a fatty acid methyl ester (FAME) standard for carbon. 

The red trace refers to carbon isotope 44, the green trace refers to carbon isotope 45 and 

the blue trace refers to carbon isotope 46. 
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SI 2. GC-C-IRMS chromatogram of the fatty acid methyl ester (FAME) standard mix 

for carbon. The red trace refers to carbon isotope 44, the green trace refers to carbon 

isotope 45 and the blue trace refers to carbon isotope 46. 
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SI 3. GC-C-IRMS chromatogram of a sample for carbon. FAME in muscle neutral 

lipids (NL) for feed group C. The red trace refers to carbon isotope 44, the green trace 

refers to carbon isotope 45 and the blue trace refers to carbon isotope 46. 
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SI 4. GC-C-IRMS chromatogram of a sample for carbon. FAME in muscle polar lipids 

(PL) for feed group C. The red trace refers to carbon isotope 44, the green trace refers to 

carbon isotope 45 and the blue trace refers to carbon isotope 46. 
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SI 5. FAME δ13C values of the standard. Values are the mean ± standard deviations (SD) 

over all the runs. 

FAME δ13C (‰) 
  value SD EA value 

C16:0 -29.8 1.0 -30.4 
C18:0 -23.2 0.6 -23.4 
C18:1 -29.7 0.3 -29.8 

C18:2n-6 -29.8 1.0 -30.6 
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SI 6. FAME δ13C values of the standard. Values are the mean ± standard deviations (SD) 

of 10 repeated measurements. 

FAME δ13C (‰) 
  value SD EA value 

C16:0 -29.5 0.6 -30.4 
C18:0 -23.2 0.3 -23.4 
C18:1 -29.9 0.4 -29.8 

C18:2n-6 -30.6 1.5 -30.6 
 

 

 

 

 

 

 

 

 



 

113 
 

SI 7. Linear correlation of isotopic measurements of FAMEs for GC-C-IRMS plotted 

against EA-IRMS measurements for carbon. Error bars represent the standard deviation 

(±SD) of repeated measurements. 
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SI 8. FAME δ13C values of a sample. Values are the mean ± standard deviations (SD) of 

9 repeated measurements. 

  δ13C (‰) 
FAME value SD 
C16:0 -28.2 0.8 
C18:0 -28.4 0.8 
C18:1 -28.4 0.7 
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INTRODUCTORY COMMENTS 

 

______________________________________________________________________ 

Nowadays there is increasing international pressure to develop sustainable horticultural 

practices. Organic management is often depicted as a viable sustainable approach, and 

products produced under these protocols commonly attract premium prices. The appeal, 

then for tomatoes grown conventionally to be mislabelled as organic, is high. 

To protect the producer and the consumer from this type of fraud, distinguishing tomatoes 

grown under different farming regimes is imperative. Evidence from the literature has 

suggested that bulk analysis using N isotopic ratios could be used to assist in the 

differentiation of organic and conventional growing regimes but the analysis could not 

unequivocally distinguish between the systems (Bateman, Kelly, & Woolfe, 2007). The 

combined bulk analysis of isotopic values for multiple elements (C, N, O, H and S) could 

possibly achieve this since the isotopic values in plants are dependent upon a variety of 

factors, such as the fertilizer used, soil moisture, nitrogen in the atmosphere, drought, soil 

types, photosynthetic pathway, temperature and light intensity (Masclaux-Daubresse et 

al., 2010; Styring, Fraser, Bogaard, & Evershed, 2014).  

Amino acids are vital for plants growth, protection, etc (Molero, Aranjuelo, Teixidor, 

Araus, & Nogués, 2011). Investigating the metabolic paths of plant amino acids could 

prove to be a useful tool to differentiate between the two farming systems.  

In this chapter, bulk analysis of C, N, S, H and O isotopic ratios of tomatoes grown under 

different farming systems was undertaken to distinguish between the farming regimes As 

well as bulk analysis, compound analysis of chemically varied compounds, i.e. amino 

acids, in tomatoes for two elements, N and C, was achieved to differentiate between the 

systems on a molecular level. 
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Note: This chapter is in two parts. Part 1 presents a manuscript based on the study using 

a method developed and data collected by another researcher. Part 2 describes attempts 

by the candidate to develop a suitable method for free amino acid isotope ratio analysis. 
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Abstract  

In this study the analysis of the stable isotope ratios of H, C, N, O and S of bulk tomatoes 

and of C and N in the amino acids Ala, Val, Ileu, Leu, Gly, Pro, Thr, Glx and Phe were 

considered for distinguishing organic from conventional tomatoes. 

21 samples of tomatoes grown in two Italian regions (Emilia Romagna and Basilicata), 

over two years (2012 & 2013) on controlled commercial organic and conventional farms 

were collected. Bulk analysis was performed using IRMS interfaced with an Elemental 

Analyser and a Pyroliser, whereas GC-C-IRMS was implemented to measure isotopic 

ratios in amino acids after separation and derivatisation. 

Of the bulk isotope ratios, δ15N was confirmed to be the most significant parameter. In 

some cases, the other isotopic ratios were influenced by the farming system, but year and 

regions also had a strong impact. 

By combining δ13C and δ15N of the different amino acids separation between organic and 

conventional tomatoes was achieved, regardless of the considered years and regions. 

 

 

Keywords  

Amino acids; authentication; compound-specific; GC-C-IRMS; tomatoes 

 

Chemical compounds http://www.ncbi.nlm.nih.gov/pccompound. 

Chemical compounds studied in this article: L-Alanine (PubChem CID:5950); Glycine 

(PubChem CID:750); L-Valine (PubChem CID:6287); L-Isoleucine (PubChem 

CID:6306); L-Leucine (PubChem CID:6106); L-Proline (PubChem CID:145742); L-

Aspartic acid (PubChem CID:5960); L-Glutamic acid (PubChem CID:33032); L-

Glutamine (PubChem CID:5961); L-Asparagine (PubChem CID:6267); L-Phenylalanine 

(PubChem CID:6140); L-Threonine (PubChem CID:6288) 

cid:5950
cid:6140
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1. Introduction 

Tomatoes are a significant agricultural product and are produced under conventional or 

organic farming systems. Organically grown tomatoes demand high market prices due to 

the cost of production whereas conventional tomatoes retail at much lower prices. 

Because of this significant price difference producers may be tempted to sell their 

conventionally grown tomatoes as organic. Mislabelling like this is rife and detection of 

such fraudulent activity is challenging.  

 

The choice of fertilizer and other farming conditions are critical in growing tomatoes and 

will differ depending on whether the tomatoes are grown organically or conventionally, 

as in organic farming system synthetic fertilizers are not permitted and the use of organic 

fertilizer is compulsory (European Community Council Regulation, EC No 834/2007 and 

Commission Regulation, EC No 889/2008 (www.ec.europa.eu) and National Organic 

Program (NOP) in the USA (www.ams.usda.gov)). These conditions will impact 

significantly on the nitrogen content of the soil and plant including δ15N, the ratio of 

15N/14N (Masclaux-Daubresse et al., 2010; Styring, Fraser, Bogaard, & Evershed, 2014a). 

Indeed synthetic fertilizers have δ15N values (from -6 to +6‰) lower than those of organic 

fertilizers, ranging between +0.6 and +36.7‰ (manure between +10 and +25‰) 

(Bateman & Kelly, 2007) and therefore plants grown conventionally have lower δ15N 

values than those grown organically (Laursen, Schjoerring, Kelly, & Husted, 2014; 

Nakano, Uehara, & Yamauchi, 2003).  

The roots of non N2-fixing plants uptake N generally in the form of ammonium (NH4
+) 

or nitrate (NO3ˉ) from the soil and can have a different δ15N value depending on the type 

of fertilizer used, whether synthetic or organic (Bateman & Kelly, 2007). Conversely, N2-

fixing plants acquire N from the atmosphere and hence have a δ15N value around 0‰ 

(Bateman, Kelly, & Jickells, 2005). Assimilation of NO3ˉ and NH4
+ in plants occurs 

http://www.ec.europa.eu/
http://www.ams.usda.gov/
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differently; the root takes up NH4
+ immediately whereas NO3ˉ can be taken up by the root 

and shoots of a plant (Evans, Bloom, Sukrapanna, & Ehleringer, 1996). NO3ˉ is then 

reduced to NH3, which is converted by glutamine synthetase to glutamine, whereas NH4
+ 

is directly integrated into glutamine such that, in the absence of isotopic fractionation, the 

δ15N will be the same as for ammonium (Styring et al., 2014a). As NO3ˉ assimilation and 

relocation transpires through several processes, fractionation consequently occurs. 

Glutamate synthase forms glutamate from glutamine. Glutamate is the source of N for all 

amino acids, which could have different δ15N values than for glutamate due to 

fractionation occurring during the metabolic processes within the plant (Styring et al., 

2014a; Werner & Schmidt, 2002). 

Several papers in the literature have showed that analysis of stable isotope ratios of N, 

sometimes in combination with those of C, O, H and S, bulk (whole plant) and compound-

specific has the potential to differentiate vegetable and fruits grown under different 

farming systems (Longobardi, Casiello, Centonze, Catucci, & Agostiano, 2017; Paolini, 

Ziller, Laursen, Husted, & Camin, 2015; Styring, Fraser, Bogaard, & Evershed, 2014b). 

Most analytical methods implemented to determine if a product is organic or derived 

conventionally are based on bulk isotopic analysis of the product, i.e. whole plant. 

Research has shown however, that compound specific analysis is more powerful (van 

Leeuwen, Prenzler, Ryan, & Camin, 2014). Amino acids in plants are involved in protein 

synthesis, plant defense, cell component synthesis, secondary metabolism and osmotic 

movements (Molero, Aranjuelo, Teixidor, Araus, & Nogués, 2011) and are therefore ideal 

to analyse for isotopic changes within the plant. Analysis of amino acids, for δ15N and 

δ13C, can be undertaken implementing gas chromatography-combustion-isotope ratio 

mass spectrometry (GC-C-IRMS).  
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In this study, the analysis of the isotopic ratios of H, C, N, O and S of bulk tomatoes was 

combined with those of C and N for amino acids to distinguish between organic and 

conventional growing regimes for tomatoes. 

 

2. Materials and methods 

2.1 Standards and reagents 

The standards L-Alanine (≥ 98%); Glycine (≥ 99%); L-Valine (≥ 98%); L-Isoleucine (≥ 

98%); L-Leucine (≥ 98%); L-nor Leucine (≥ 98%); L-Proline (≥ 99%); L-Aspartic acid 

(≥ 98%); L-Glutamic acid (≥ 99%); L-Glutamine (≥ 99%); L-Asparagine (≥ 98%); L-

Phenylalanine (≥ 98%); L-Threonine (≥ 98%) and the analytical grade Amberlite® IR120 

cation-exchange resin (hydrogen form) were purchased from Sigma-Aldrich (Milan, 

Italy). Triethylamine (≥ 99.5%) and acetic anhydride (≥ 99%) reagents were purchased 

from Sigma-Aldrich (Milan, Italy). Analytical grade acetone, isopropanol, diethyl ether, 

dichloromethane and ethyl acetate were purchased from VWR (Milan, Italy) and Sigma-

Aldrich (Milan, Italy). Petroleum ether 40-60% was purchased from VWR Chemicals 

(Milan, Italy). 

 

2.2 Growth conditions and sampling of tomato samples 

Twenty-one samples of tomatoes (Solanum lycopersicum, 2 varieties, round (1) and long 

(2), for each region and each farming system) were grown at two different geographical 

locations, about 600 km apart, in Italy, Emilia Romagna (ER) and Basilicata (BAS), on 

controlled commercial farms and were collected over two years (2012 & 2013). There 

were 3 replicates for each plot. The tomatoes were grown under two different systems: 

organic (Org) and conventional (Conv). The organic fields were prepared and crops 

grown according to the European Community Council Regulation (EC 834/2007) for 

growing organic crops (at least for 10 years). Nutrients for the organic crops derived from 
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the previous crops grown in those fields, addition of organic fertilizers (commercial, 

pelleted) for some crops and also from cover crops. The conventional fields implemented 

inorganic fertilizers and pesticides as per normal practice for conventional crops (Table 

1). Irrigation was implemented on both the organic and conventional fields. The tomatoes 

were harvested from mid-August through to early September and at the maturity stage 

which, for the different regions, was on different days. Due to weather conditions in 2012 

the fruit available was limited compared to the fruit available in 2013, also due to the 

extreme drought in 2012 a plot in Emilia Romagna was lost.  
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Table 1. Tomato sample information: variety, geographic location, farming system and 

fertilizer application. Org (organic), Conv (conventional), BAS (Basilicata), ER (Emilia-

Romana). 

 

 

2.3 Tomato sample preparation  

Tomatoes were weighed, washed with milliQ water and frozen at -20 °C. The whole 

tomatoes were then freeze-dried in an open plastic bag for approximately 48 hrs. The 

tomatoes were homogenized and then milled using a retch centrifugal mill (ZM 200) with 

titanium instrumentation. The tomato powder was then stored at room temperature. 

Variety Year Geographic location Farming system Fertilizer application

1 2012 BAS Org
Guanito, 400kg/ha (NP org. 

fertilizer with 6%N, 15%P2O5, 
2%MgO, 10% Ca)

2 2012 BAS Org
Guanito, 400kg/ha (NP org. 

fertilizer with 6%N, 15%P2O5, 
2%MgO, 10% Ca)

1 2013 BAS Org
Guanito, 400kg/ha (NP org. 

fertilizer with 6%N, 15%P2O5, 
2%MgO, 10% Ca)

2 2013 BAS Org
Guanito, 400kg/ha (NP org. 

fertilizer with 6%N, 15%P2O5, 
2%MgO, 10% Ca)

1 2012 ER Org farmyard manure
2 2012 ER Org dehydrated chicken manure
1 2013 ER Org farmyard manure
2 2013 ER Org dehydrated chicken manure

1 2012 BAS Conv
synthetic fertilizer: 3%P 

22%K, Auxines sprayed on 
leaves

2 2012 BAS Conv
synthetic fertilizer: 3%P 

22%K, Auxines sprayed on 
leaves

1 2013 BAS Conv
synthetic fertilizer: 3%P 

22%K, Auxines sprayed on 
leaves

2 2013 BAS Conv
synthetic fertilizer: 3%P 

22%K, Auxines sprayed on 
leaves

1 2012 ER Conv mineral N by fertigation
2 2012 ER Conv mineral N by fertigation
1 2013 ER Conv mineral N by fertigation
2 2013 ER Conv mineral N by fertigation
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2.4 EA analysis of standards and tomato samples 

An elemental analyser (Flash EA 1112, Thermo Scientific, Bremen, Germany) furnished 

with an autosampler (Finnigan AS 200, Thermo Scientific) and coupled to a DELTA V 

isotope ratio mass spectrometer (Thermo Scientific) through a ConFlo dilutor (Thermo 

Finnigan, Bremen, Germany) was implemented to determine the δ15N and δ13C values for 

the single amino acid standards including the internal standard before derivatisation and 

for the bulk tomato samples (SI Figure 1). The temperature of the combustion reactor was 

910 °C and for the reduction reactor the temperature was 680 °C, the post reactor GC-

column temperature was 45 °C. The He carrier gas had a flow rate of 120 mL/min, the 

reference gas flow rate was 150 mL/min and the oxygen flow rate was 250 mL/min. The 

cycle (run time) was 320 s, with a sampling delay of 15 s and an oxygen injection end of 

5 s. Each amino acid was weighed (0.8 mg) in tin capsules (SÄNTIS analytical AG, 

Teufen, Switzerland), in duplicate. A blank sample was run first in the sequence and then 

the working standard (x2), the samples in replicate, the control (x2) and at the end of the 

sequence, the working standard (x2). Daily calibration checks were undertaken using the 

calibrated working casein standard (MRI 64) and controlled with the other casein standard 

(MRI 63). The isotopic ratios were calculated against two in-house standards and 

calibrated against the international reference materials: L-glutamic acid USGS 40 (IAEA-

International Atomic Energy Agency, Vienna, Austria), mineral oil NBS-22 (IAEA) and 

sugar IAEA-CH-6 (IAEA). The values were expressed in δ‰ against the international 

standard (Vienna Pee Dee Belemnite (V-PDB) for δ13C). The uncertainty of 

measurements (2σ) was ±0.3‰. 

Tomato samples were measured in bulk for isotopes C, N, S, H and O. The bulk tomato 

sample (0.5 mg), in tin capsules, was combusted in an elemental analyser (VARIO CUBE, 

Elementar Analysensysteme GmbH, Germany) coupled to an isotope ratio mass 
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spectrometer (IRMS, Isoprime, Isoprime Ltd., UK) to measure the 13C/12C (δ13C), 15N/14N 

(δ15N) and 34S/32S (δ34S) isotopic ratios in one run. The oxidation reactor operated at 1180 

°C, the reduction reactor was 630 °C and the Helium carrier flow was 220 mL/min. A 

pyrolyser (Finnigan TC/EA, high temperature conversion elemental analyser, Thermo 

Scientific) coupled to an IRMS (Finnigan DELTA XP, Thermo Scientific) was 

implemented to measure the 2H/1H (δ2H) and 18O/16O (δ18O) isotopic ratios in one run for 

the bulk tomato sample (0.2 mg) in silver capsules. The pyrolyser reactor operated at a 

temperature of 1450 °C, the helium carrier flow was 100 ml/min and the GC column (1.2 

m, ¼ inch OD, 5.4 mm ID with a molecular sieve of 5 Å and 80/100 mesh) was at 110 

°C. Samples were measured in duplicate. The isotope ratios were expressed in δ ‰ 

against Vienna Standard Mean Ocean Water for δ18O and δ2H, Vienna-Pee Dee 

Belemnite for δ13C, air for δ15N and Vienna Canyon Diablo Troilite for δ34S according to 

the following equation: 

δ = (Rsample– Rstandard) / Rstandard        (1) 

where Rsample is the isotope ratio measured for the sample and Rstandard is the international 

standard isotope ratio. The isotopic values for δ13C, δ15N and δ34S were calculated against 

working in-house standards which were themselves calibrated against international 

reference materials: potassium nitrate IAEA-NO3 (IAEA-International Atomic Energy 

Agency, Vienna, Austria) for δ15N L-glutamic acid USGS 40 (U.S. Geological Survey, 

Reston, VA, USA) for 13C/12Cand 15N/14N fuel oil NBS-22, IAEA-CH-6 for 13C/12C, 

barium sulphates IAEASO-5, NBS 127 (IAEA) and USGS 42 and USGS 43 for δ34S. 

Through the development of a linear equation the values were calculated against two 

working standards. The isotopic values for δ2H and δ18O were calculated against KHS 

(Kudu Horn Standard, δ2H =-54±1‰ and δ18O =+20.3 ±0.3‰) and CBS (Caribou Hoof 

Standard δ2H =-197±2‰ and δ18O =+3.8±0.3‰) through the development of a linear 
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equation and implementing the comparative equilibration procedure (Carter, Barwick, & 

(Eds), 2011). These keratinous standards were exploited because of the absence of any 

international organic reference material with a matric similar to our tomato samples. For 

the δ13C, δ15N, δ34S, δ18O and δ2H the uncertainty of measurement (2σ) was 0.1‰, 0.2‰, 

0.3‰, 0.3‰ and 1‰, respectively. Isotopic data for the bulk tomato samples is in the 

supplementary information (SI Table 1). 

 

2.5 Extraction, hydrolysis, purification and derivatisation of amino acids 

Petroleum ether/diethyl ether (2:1, v/v, 30 mL) was added to defat powdered tomato 

samples (5 g) which were then homogenized (Ultraturrax, model X-620, Staufen, 

Germany; 3 min at 11500 rpm) and centrifuged (ALC PK 131IR, Thermo Electron 

Corporation, Germany; 6 min at 4100 rpm). The residues (defatted powdered tomato 

samples) were then left to dry and were stored at room temperature until required. 

The defatted powdered tomato samples (250 mg) in Pyrex vials with a PTFE-cap were 

hydrolysed for 24 h at 110 °C with 6 M HCl (2 mL) to obtain individual amino acids. The 

hydrolysed solution was cooled, filtered through glass wool, dried under N2 and then 

redissolved in 0.1 M HCl (2 mL). An internal standard, norleucine (8 mg/mL in 0.1 M 

HCl), was added and the sample was stored at -18 °C.  

To purify the amino acids the samples were run through a cation-exchange resin 

(Amberlite® IR120) with all exchange sites previously saturated with H+. To saturate the 

exchange sites the resin was soaked in 3 M NaOH overnight, washed in distilled water 

and then soaked again overnight in 6 M HCl followed by washing in distilled water. The 

glass pipette was prepared with a quartz wool plug and then the resin (saturated H+) was 

filled above the quartz wool to approximately 3 cm before loading the hydrolysed sample 

(0.5 mL). Salts were washed out with distilled water. The amino acids were eluted with 

NH4OH (10 wt%) and subsequently dried under N2. The utilisation of resin (with the 
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above-mentioned conditions) for sample purification does not incur isotopic fractionation 

(Styring et al., 2014a; Takano, Kashiyama, Ogawa, Chikaraishi, & Ohkouchi, 2010). 

The samples were then derivatised using an N-acetylisopropyl method described by Corr 

(Corr, Berstan, & Evershed, 2007). Esterification of the samples was undertaken by the 

addition of the sample to acidified isopropanol (1 mL; 1:4 acetyl chloride/isopropanol) 

for 1 hr at 100 °C. The remaining isopropanol was removed under a gentle stream of N2 

at 40 °C and then, to wash and remove excess water and isopropanol from the sample, 

dichloromethane (0.25 mL x 2) was added, followed by evaporation under N2 at 40 °C. 

A solution of acetic anhydride/triethylamine/acetone (1:2:5 v/v/v, 1 mL, 10 mins at 60 

°C) was added to acetylate the amino acid esters which were subsequently dried under a 

stream of N2 at room temperature. The derivatised amino acids were then dissolved in 

ethyl acetate (1 mL). Saturated NaCl solution (1 mL) was added and the mixture was 

vortexed and allowed to separate into phases. The organic layer containing the amino 

acids was removed and dried under N2 at room temperature. Any remaining water or 

reagent was removed with the addition of dichloromethane (0.25 mL x 2) which was 

subsequently evaporated under a steady stream of N2. Finally, the amino acid samples 

were dissolved in ethyl acetate (0.2 mL) and stored at -18 °C prior to analysis. 

 

2.6 GC-C-IRMS analysis of amino acids for δ13C and δ15N 

GC-C-IRMS analysis determined the isotopic ratios and retention times for derivatised 

individual amino acids, alanine (Ala), glutamate (Glx), glycine (Gly), isoleucine (Ileu), 

leucine (Leu), phenylalanine (Phe), proline (Pro), threonine (Thr), and valine (Val). The 

amino acid glutamine was converted to glutamic acid, due to acid hydrolysis. 

Accordingly, the isotopic values of δ13C and δ15N for Glx reflect the isotopic values for 

carbon and nitrogen for both glutamate + glutamine, correspondingly (SI Table 2 and SI 

Table 3, SI Figure 2 and SI Figure 3) (Styring, 2012, Paolini 2015). 
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The amino acid reference standards were analysed separately to determine retention time 

with a Trace GC Ultra (GC Isolink + ConFlo IV, Thermo Scientific) furnished with an 

autosampler (Triplus, Thermo Scientific) and for δ15N analysis a HP-INNOWAX column 

(60 m x 0.32 mm i.d. x 0.25 µm film thickness, Agilent) was installed. The injector 

temperature was 250 °C throughout the run with the injector mode set on splitless, and 

the amount of sample injected was 0.8–1.0 µL. The initial oven temperature was 40 °C 

and maintained for 2 min, then ramped to 140 °C at a rate of 40 °C/min, then increased 

to 180 °C at a rate of 2.5 °C/min, then ramped again to 220 °C at a rate of 6 °C/min, then 

increased to 250 °C at a rate of 40 °C/min and maintained for 15 min. The carrier gas was 

He (Rivoira, purity: 99.999 %) with a constant flow of 1.4 mL/min. For analysis of δ13C 

a more polar column was installed (ZB-FFAP; 30 m x 0.25 mm i.d. x 0.25 µm film 

thickness, Phenomenex) and the injector was set on split mode (1:30), with an injection 

volume of 1.0 µL. The initial oven temperature was 40 °C and maintained for 1 min, then 

ramped to 120 °C at a rate of 15 °C/min, then increased to 190 °C at a rate of 3 °C/min, 

then ramped again to 250 °C at a rate of 5 °C/min and maintained for 7 min. The same 

conditions were used for the tomato samples. After separation in the GC the sample then 

flowed through an oxidation reactor which consisted of three braided wires of 0.125 mm 

diameter, centred inside a 320 mm alumina tube (1 x nickel oxide, 1 x copper oxide, 1 x 

platinum), kept at 1030 °C and housed in the GC whereby it was quantitatively combusted 

to N2, CO2 and H2O (removed via a Nafion® membrane). The GC-C was coupled via an 

open split interface to an isotope ratio mass spectrometer (IRMS Delta V). The CO2 was 

removed from the analyte for the analysis of δ15N isotopic ratio via a liquid nitrogen trap 

situated after the oxidation combustion reactor. 

Instrumental performance was monitored using a standard mixture of derivatised L-amino 

acids with the addition of an internal standard, L-norleucine (Nleu), and their isotopic 

values for δ13C and δ15N, were measured during each analytical run. Because of its 
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absence in tomatoes, Nleu was chosen as the internal standard for the samples and 

standard mix and its isotopic value was measured in each sample run. The L-amino acid 

EA-IRMS isotopic values determined for Nleu were -27.6‰ for δ13C and 14.0‰ for δ15N. 

The internal standard, Nleu, was used for quality control of the method, it was added to 

every amino acid sample and underwent the same processes as the sample, such as 

hydrolysis and derivatisation. The δ15N and δ13C values obtained for the amino acid mix 

(which underwent the same rigorous process as the samples) from the GC-C-IRMS were 

the same as that obtained by EA-IRMS which also shows the validity of the method. 

Repetition of the same sample by analysis also confirmed the quality of the process. 

When the difference between the values determined by EA-IRMS and GC-C-IRMS for 

δ13C and δ15N were no more than 1.5‰ and 1.0‰, respectively, the analytical run was 

accepted. 

 

Data Analysis and Corrections 

The reference gases, CO2 and N2, of known carbon and nitrogen isotopic composition, 

respectively, were directly introduced at the beginning and end of each run and the δ13C 

and δ15N values reported are initially relative to these gases. Samples were measured in 

triplicate. The isotopic ratios were expressed in δ ‰ against Vienna-Pee Dee Belemnite 

for δ13C and air for δ15N according to equation (1) mentioned above. The derivatised 

amino acid δ13C values are a composite of the initial starting amino acid carbon and of 

the reagents implemented in the derivatisation reaction. Due to the addition of these extra 

carbons, an empirical correction was applied to determine the δ13C value of the amino 

acid (Docherty 2001): 

ncdδ13Ccd = ncδ13Cc + ndδ13Cd        (2) 
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where n is the number of moles of carbon, and the subscripts c, d, and cd represent the 

compounds of interest, the derivative group, and the derivatised compound, respectively.  

Measurement errors as well as the total analytical error, which arises from the different 

derivatisation steps, were considered when calculating the δ13C measurement of 

uncertainty: 

σc2 = σs2 �
𝑛𝑛s
𝑛𝑛c
�
2

+  σsd2 �𝑛𝑛s+ 𝑛𝑛d
𝑛𝑛c

�
2

+  σcd2 �𝑛𝑛c+ 𝑛𝑛d
𝑛𝑛c

�
2
     (3) 

where n is the number of moles of carbon, and the subscripts c, s, d, cd and sd represent 

the underivatised compound, the underivatised standard, the derivatising agent, the 

derivatised compound and the derivatised standard, respectively. 

  

Accuracy and Precision of GC-C-IRMS 

EA-IRMS isotopic values of δ13C and δ15N for the single non-derivatised amino acids 

were the average of two measurements, however for GC-C-IRMS the determined δ13C 

and δ15N isotopic values for the derivatised amino acids were the mean of 3 runs. A 

comparison between the isotopic values for δ13C and δ15N of single non-derivatised 

amino acids by EA-IRMS and their respective derivatised forms in a standard mix by GC-

C-IRMS was used to test the accuracy of the determined isotopic values for the amino 

acids measured (SI Table 4). The isotopic values for the amino acids determined by EA-

IRMS and by GC-C-IRMS were linearly correlated against each other, separately, for 

δ13C and δ15N. The difference after the empirical calculation for δ13C and δ15N was not 

more than ±1.6‰ and ±0.5‰, respectively, for the measured values by EA-IRMS and 

compared with GC-C-IRMS (SI Figure 4 & SI Figure 5). Precision was evaluated by 

derivatising 6 replicates of the amino acid standard mixture, and analysing each one in 

triplicate by GC-C-IRMS and a standard deviation (1σ) of ±0.8‰ for δ13C and ±0.4‰ 

for δ15N was obtained.  
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2.7 Statistical analysis 

The data were statistically analysed utilising the R program (R Core Team, 2017) and 

with the factoextra (Kassambara & Mundt, 2017) and ggplot2 (Wickham, 2009) 

packages.  

 

3. Results and discussion 

3.1 BULK tomato samples 

The tomato samples were analysed in bulk for C, N, S O and H stable isotope ratios. In 

Table 2, the means of the δ2Hbulk, δ18Obulk, δ13Cbulk, δ15Nbulk and δ34Sbulk values for the 

different farming systems, regions and years as well as the results of a one-way analysis 

of variance (ANOVA) without interaction effects are reported. The δ15Nbulk values of the 

tomatoes ranged between 4.0‰ to 14.6‰ for the organic systems and 1.6‰ to 8.2‰ for 

the synthetic systems (SI Table 1) and these values depict the nature of the fertilization 

system or farming system implemented. This is further reflected by the means of each 

system as shown in Table 2, with the mean of the δ15Nbulk values for the organic system 

significantly higher (p < 0.05) than the mean of the δ15Nbulk values for the conventional 

system. Synthetic fertilizers have isotopic δ15N values between -6‰ and +6‰ whereas 

organic fertilizers have an isotopic δ15N range between +0.6‰ to 36.7‰ (Bateman & 

Kelly, 2007). Besides farming system, there was a significant difference also for year and 

region for δ15Nbulk (p<0.05).  

The δ13Cbulk values of the tomatoes (-29.9‰ to -26.0‰, SI Table 1) were representative 

of C3 plants (-24‰ to -34‰) (Krueger & Reesman, 1982). The δ13C value of a plant 

(whole plant i.e. bulk) is influenced mainly by the plant’s photosynthetic pathway; 

however, fertilizers, soil types and CO2 pools, nitrogen and water availability can also 

affect the plant δ13C values (Longobardi et al., 2017). Moreover these values relate to the 
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uptake from CO2 from the atmosphere and also to factors which have an impact on 

stomatal aperture and photosynthesis such as temperature, salinity and light intensity 

(O'Leary, 1981). The photosynthetic rate of the plant increases with N supply and thereby 

influences the efficiency of water use (Klaus et al., 2013). The use of different farming 

systems, organic and conventional, could lead to different δ13C values as under 

conventional conditions the availability of N is high and leads to lower δ13C values 

whereas lower N availability leads to higher δ13C values, which could help differentiate 

between the systems (Paolini et al., 2015). According to Table 2 the δ13Cbulk means for 

the organic system and conventional system are different (p < 0.1) suggesting that the 

farming system does affect the δ13Cbulk value. Results in Table 2 also show that the year 

influenced the δ13Cbulk value (p < 0.1), but there was no difference between the regions. 

The δ13Cbulk value for the organic system is higher than for the conventional system and 

this is due to lower N availability and therefore a decrease in the rate of photosynthesis 

which in turn has a higher discrimination of the enzyme RuBisCo (ribulose-1,5-

bisphosphate carboxylase/oxygenase) against 13CO2 (Högberg, Johannisson, & Hällgren, 

1993; Rapisarda et al., 2010). Photosynthetic rates are reduced when stomatal 

conductance is reduced due to decreased CO2 assimilation under drought conditions 

(Reddy, Chaitanya, & Vivekanandan, 2004). 

The δ2Hbulk values of the tomatoes (-74.4‰ to -23.0‰, SI Table 1) and the δ18Obulk values 

(29.2‰ to 23.9‰, SI Table 1) are influenced by a number of factors such as temperature, 

precipitation and humidity, geographic zone, longitude, latitude, and altitude. There was 

no significant difference between means for both the conventional system and organic 

system for δ2Hbulk and δ18Obulk, which means that the farming system (organic and 

conventional) does not influence the isotopic values (Table 2). There were however 

significant differences (p < 0.05) for the year and region for δ2Hbulk and δ18Obulk values 

suggesting that the environment/water was different for both regions and years (Table 2). 
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There was a drought for the ER region in 2012, which would affect plant growth rates 

and plant density, which influences evapotranspiration, and this in turn affects the δ18Obulk 

and δ2Hbulk values of the plant (Barbour, Walcroft, & Farquhar, 2002; Camin, Perini, 

Colombari, Bontempo, & Versini, 2008).  

The δ34Sbulk values of the tomatoes were between -6.6‰ and +2.1‰ (SI Table 1). 

According to Table 2 conventional and organic farming conditions cannot be 

differentiated based on 34S. The year also did not have an effect on the δ34Sbulk values; 

however, there was a significant difference between the BAS and ER regions for δ34Sbulk 

values, which are due to closeness to the sea and also to soil conditions (Schmidt, Robins, 

& Werner, 2015). 

 
 
 
Table 2. Isotopic mean values for tomato bulk samples. 

 

Significantly different mean values (one-way ANOVA, p<0.05) between groups are 
indicated with “a” and “b”. Significantly different mean values (one-way ANOVA, 
p<0.1) between groups are indicated with “c” and “d”. Org, organic, Conv, conventional, 
SD, standard deviation, corr (corrected). 
 

system δ2H δ18O δ13C δ15N δ34Scorr

Org mean -48.8 27.3 -27.5c 9.3a -1.7
SD 12.0 1.3 0.7 3.4 3.0

Conv mean -52.8 26.5 -28.0d 4.5b -1.7
SD 15.6 2.1 1.2 2.1 2.3

region
BAS mean -44.8a 28.2a -27.8 5.5a -3.0a

SD 16.0 1.0 0.6 2.3 1.5

ER mean -56.9b 25.6b -27.7 8.2b -0.4b
SD 9.0 1.3 1.2 4.3 2.9

year
2012 mean -43.1a 27.4a -27.5c 6.1a -1.5

SD 9.2 1.8 0.8 3.0 3.0

2013 mean -58.6b 26.5b -28.0d 7.7b -1.9
SD 15.9 1.5 1.1 4.1 2.3

tomato bulk values (‰)
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The bulk tomato samples were also analysed by ANOVA for interaction effects between 

the groupings. There was significant interaction effects between system and region for 

δ2Hbulk (p<0.05), δ18Obulk (p<0.001), δ13Cbulk (p<0.05), δ15Nbulk (p < 0.001), between 

system and year for δ2Hbulk (p<0.001), δ18Obulk (p<0.01), δ13Cbulk (p<0.01) and δ34Sbulk 

(p<0.001) and between region and year for δ13Cbulk (p<0.001) and δ18Obulk (p<0.05).  

 

Principal component analysis (PCA) was implemented for the bulk data for δ2H, δ18O, 

δ13C, δ15N and δ34S. The majority of the data variability is explained with the first three 

PCs with 36% variance for the first PC, 35% variance for the second PC and 17% variance 

for the third PC. To visualise which variables were influencing the first two PCs a biplot 

was used (see Figure 1). The first PC has two major contributors, δ2H and δ18O, which 

appear to be highly correlated whereas δ13C, δ34S and δ15N mainly contribute to the 

second PC.  
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Figure 1. A biplot of PC1 and PC2 for bulk δ2H, δ18O, δ13C, δ15N and δ34S values. The 

numbers on the biplot refer to the sample numbers. The label d2H refers to δ2H, d18O 

refers to δ18O, d13C refers to δ13C, d15N refers to δ15N and d34S refers to δ34S. 

 

Analysing the PCA by farming system, it can be seen (Figure 2) that when plotting the 

first two PCs there is no clear separation between the groups. There are some organic and 

conventional samples associated with higher levels of δ2H and δ18O, some organic and 

conventional samples associated with higher levels of δ13C, δ34S and δ15N and there are 

some organic and conventional samples that appear to be associated with lower levels of 

all measured isotopes (δ2H, δ18O, δ13C, δ34S and δ15N). 
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Figure 2. PCA plot for  bulk δ2H, δ18O, δ13C, δ34S and δ15N for farming system. The 

numbers on the PCA plot refer to the sample numbers. 

 

 

Having analysed isotope ratios for bulk samples of organic and conventional tomatoes, a 

clear distinction between farming system (independent of region) was not established. 

Therefore, it was necessary to investigate isotope ratios of individual amino acids to gain 

a better understanding of the influence of farming system. 

 

3.2 GC-C-IRMS 

Amino acids, Ala, Val, Ileu, Leu, Gly, Pro, Thr, Glx and Phe, in tomato samples were 

analysed for δ13C and δ15N. In Table 3, the means of the δ13Caa and δ15Naa values for the 

different farming systems, regions and years as well as the results of a one-way analysis 

of variance (ANOVA) without interaction effects are reported. There were strong 

significant differences (p<0.05) between the organic and conventional farming systems 

for all amino acids for δ15N. For δ13C there was only a significant difference (p<0.01) 

between systems for Glx. For amino acids Ala, Val, Ileu, Leu, Gly, Pro and Phe there 
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were significant differences (p<0.05) between the regions BAS and ER. For δ13C there 

was only a significant difference (p<0.01) between regions for Val and Leu. There are no 

significant effects for δ15N or δ13C for all amino acids between the different years, 2012 

and 2013. 

 

Table 3. Amino acid δ15Naa and δ13Caa values of tomato samples and ANOVA analysis 
 

 
 
Significantly different mean values (one-way ANOVA, p<0.05) between groups are 
indicated with “a” and “b”. Significantly different mean values (one-way ANOVA, 
p<0.1) between groups are indicated with “c” and “d”. Org, organic, Conv, conventional, 
SD, standard deviation. 
 

As mentioned earlier, glutamine and glutamic acid δ15N value is central to all the δ15N 

amino acid values as the amino acids are derived from these amino acids, therefore the 

δ15N amino acid values were normalised against the δ15N Glx values to cancel out the 

differences due to peripheral sources of nitrogen such as locality and fertilizer 

applications (see Figure 4)(Paolini et al., 2015; Styring et al., 2014a). 

 

 

system Pro Thr Glx
N C N C N C N C N C N C N C N C N C

Org mean 6.9a -27.3 8.5a -33.8 5.6a -25.5 2.9a -36.5 8.3a -38.9 15.6a -25.8 6.3a -22.7 10.1a -26.9a 12.9a -29.2
SD 3.3 0.8 3.5 0.8 3.0 1.2 3.3 0.9 3.7 1.7 3.4 2.2 3.3 2.0 2.6 0.6 2.8 0.7

Conv mean 1.9b -27.8 2.8b -34.0 -0.2b -25.6 -2.5b -36.9 3.7b -38.8 10.9b -26.2 1.0b -23.7 4.4b -28.4b 7.8b -29.4
SD 2.5 1.2 2.1 0.7 2.0 1.3 2.3 0.9 3.5 2.3 2.4 2.5 2.0 2.6 2.2 0.5 1.6 0.9

region
BAS mean 2.8a -27.7 4.2a -34.2c 1.1a -25.8 -1.3a -37.1c 4.4a -38.4 11.9c -26.0 2.7 -23.6 6.1c -27.8 9.1a -29.8

SD 3.3 0.8 2.1 0.7 2.3 0.6 2.1 0.5 3.6 1.2 2.4 1.8 1.8 1.7 3.1 0.9 2.6 0.6

ER mean 5.9b -27.4 7.1b -33.6d 4.3b -25.3 1.7b -36.3d 7.6b -39.3 14.7d -26.0 4.6 -22.7 8.4d -27.6 11.5b -28.8
SD 3.8 1.2 5.1 0.6 4.5 1.6 4.9 1.1 4.3 2.5 4.5 2.8 5.0 2.8 4.2 1.0 3.9 0.6

year
2012 mean 3.4 -27.3 5.7 -33.6 2.9 -25.2 0.3 -36.6 4.7 -38.2 12.4 -25.1 3.5 -22.4 6.6 -27.5 10.5 -29.1

SD 3.5 0.9 3.6 0.6 3.7 1.1 3.6 0.8 3.9 1.4 3.3 2.0 3.3 1.7 3.5 0.9 3.5 0.8

2013 mean 5.3 -27.8 5.6 -34.2 2.5 -25.9 0.1 -36.8 7.2 -39.6 14.2 -26.9 3.9 -23.9 8.0 -27.9 10.1 -29.5
SD 4.1 1.1 4.7 0.7 4.3 1.2 4.5 1.1 4.4 2.3 4.2 2.3 4.4 2.6 4.1 0.9 3.6 0.7

Phe
Tomato Amino Acid δ15N and δ13C values (‰)

Ala Val Ileu Leu Gly
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Figure 4. Tomato amino acid δ15N values normalised to Glx for organic and conventional 

farming systems. Dots represent mean values, error bars represent ± standard deviation 

(n=16). 

 

 

The normalised δ15N values for both farming systems of Pro (6.0‰ ± 3.8‰) and Phe 

(3.0‰ ± 3.4‰) are higher when compared to the δ15N values for Glx. Phe is enriched in 

δ15N compared to Glx due to a kinetic isotope effect in the synthesis of phenylpropanoids 

(for structural and protection purposes in plants) where it is deaminated as an intermediate 

(Styring et al., 2014a; Werner & Schmidt, 2002). Pro is also enriched in δ15N compared 

to Glx and this is due to a kinetic isotope effect associated with its catabolism via 

enzymatic reactions (Hermes, Weiss, & Cleland, 1985; Styring et al., 2014a). The δ15N 

values for Ala (-2.9‰ ± 3.8‰), Val (-1.6‰ ± 4.1‰) Ileu (-4.6‰ ± 3.9‰), Leu (-7.1‰ 

± 3.9‰) Gly (-1.3‰ ± 4.2‰) and Thr (-3.6‰ ± 3.8‰) are lower when compared to the 

δ15N values for Glx. Val, Ileu and Leu are branch-chain amino acids (BCAA) and are 

precursors to synthesising proteins (Werner & Schmidt, 2002). Val is synthesised directly 

from pyruvate which is derived from photosynthesis (Bryan, 1980) and Leu is synthesised 
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from the Val metabolic pathway via a succession of reactions branching off from it 

(Kochevenko & Fernie, 2011; Pátek, 2007) and these successive reactions could be the 

cause for the greater discrimination for δ15N in Leu than for Val (Bol, Ostle, & Petzke, 

2002; Hofmann, Jung, Segschneider, Gehre, & Schüürmann, 1995). Ileu is synthesized 

from Thr, which is deaminated, and during this metabolic process, there is a slight 

depletion in δ15N for Ileu compared to Thr. Gly is involved in the photorespiratory 

nitrogen cycle and is derived from the Glu, Ala or Asp amino group (Styring et al., 2014a; 

Werner & Schmidt, 2002). Gly δ15N is enriched compared with Ala and is slightly 

depleted to Glx. Ala is also slightly depleted compared to Glx.  

In addition, for δ13C, to remove the external factors that could be affecting the isotopic 

value such as the atmosphere and the fertilizer regime, the amino acid δ13C values were 

normalised to Glx δ13C value (see Figure 5).  

 

Figure 5. Tomato amino acid δ13C corrected value means normalised to Glx for organic 

and conventional farming systems and ER and BAS regions. Dots represent mean values, 

error bars represent ± standard deviation (n=16). 
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The δ13C values for both farming systems and regions of Pro (1.7‰ ± 2.3‰), Ileu (2.1‰ 

± 1.2‰) and Thr (4.5‰ ± 2.3‰) are higher when compared to the δ13C values for Glx. 

The δ13C values for Ala (0.1‰ ± 1.0‰) are the same as for Glx and the δ13C values for 

Val (-6.2‰ ± 0.7‰), Leu (-9.0‰ ± 0.9‰), Gly (-11.2‰ ± 2.0‰) and Phe (-1.6‰ ± 

0.8‰) are lower when compared to the δ13C values for Glx. 

The fixation of CO2 in plants by the enzyme RuBisCO has a kinetic isotope effect. 

RuBisCO generates glucose and aids in the photorespiration of the plant, these affect the 

amino acids involved in these systems, such as glycine in photorespiration (Paolini et al., 

2015; Styring et al., 2014a; Werner & Schmidt, 2002). As previously mentioned, Val is 

derived from photosynthesis as is Leu, by subsequent branching reactions from the Val 

metabolic pathway, Gly is derived from photosynthesis and this can explain the lower 

δ13C values for these 3 amino acids: Val (-34.2‰ to -33.6‰), Leu (-37.1‰ to -36.3‰) 

and Gly (-39.6‰ to -38.2‰) are very low (Table 3).  

As can be seen in Figure 6 there is separation between the farming systems, organic and 

conventional, of the amino acids when the δ13CGlx values are plotted against δ15NGlx 

values.  
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Figure 6. Tomato δ15NGlx samples plotted against δ13CGlx samples. Org (organic), Conv 

(conventional), dashed line is for visual purposes and does not represent statistical 

analysis. 

 

 

The amino acids were also analysed by ANOVA for interaction effects between the 

groupings. For δ15N there was significant interaction effects between system and region 

for δ15N for the amino acids Val (p<0.01), Ileu (p<0.05), Leu (p<0.05), Pro (p< 0.1), Thr 

(p<0.01) and Phe (p<0.001) and between region and year for δ15N for the amino acids 

Ala (p<0.01) and Leu (p<0.05). For δ13C, there was significant interaction effects between 

system and year for δ13C for the amino acid Thr (p<0.05). There was also a significant 

interaction effects between region and year for δ13C for the amino acid Ala (p<0.05). 

 

Principal component analysis (PCA) was implemented for the single amino acids for δ13C 

and δ15N values. The majority of the data variability is explained with the first three PCs 

with 51% variance for the first PC, 25% variance for the second PC and 9% variance for 

the third PC. To visualise which variables were influencing the first two PCs a biplot was 
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implemented (Figure 7). The first PC has a number of amino acid contributors: Leu, Ileu, 

Val, Ala, Phe, Glx, Thr, Pro, and Gly for δ15N with a few which are highly correlated. 

Another contributor to the first PC is Glx for δ13C. The amino acids which contribute to 

PC 2 are Pro, Gly, Thr, Ileu, Leu, Val and Ala for δ13C, with Phe and Ala showing a good 

degree of degree of correlation, Thr and Ileu highly correlated.  

 

Figure 7. A biplot of PC1 and PC2 for amino acid δ13C and δ15N values. The numbers on 

the biplot refer to the sample numbers. The label d13C refers to δ13C and d15N refers to 

δ15N. 

 

 

 

Analysing the PCA for farming system for amino acid δ15N and δ13C, it can be seen 

(Figure 8) that when plotting the first two PCs there is much better separation between 

the organic and conventional systems than for the bulk tomato samples. Half of the 

organic samples are associated with Leu, Ileu, Val, Ala, Phe, Glx, Thr, Pro, and Gly for 

higher δ15N values. A few of the organic and conventional samples are associated with 
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PCA - Biplot 

D
im

2 
(2

5.
3%

) 



 

146 
 

Pro, Gly Thr, Ileu, Leu, Val and Ala for δ13C values whereas the majority of conventional 

samples appear to be associated with lower levels of all measured amino acids for δ15N 

and δ13C. 

 

Figure 8. PCA plot for δ13C and δ15N of the amino acids for farming system. The numbers 

on the PCA plot refer to the sample numbers. 

 

 

4. Conclusions 

By analysing multi-element stable isotope ratios in bulk samples and in amino acids of 

Italian organic and conventional tomatoes, it was confirmed that the most significant 

parameter for characterising organic production is δ15N; however, year and region also 

have an impact. 

By implementing the analysis of δ15N and δ13C of amino acids Ala, Val, Ileu, Leu, Gly, 

Pro, Thr, Glx and Phe, a better separation between the 2 farming systems was achieved, 

regardless of the considered year and region. This confirms that compound specific 

isotopic analysis is a more powerful technique compared to the bulk analysis. 
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Future research should encompass a larger number of samples from different regions to 

confirm and test the reliability of the method.  
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Supporting Information 

SI Table 1. Bulk δ2H, δ18O, δ13C, δ15N and δ34Scorr values of tomato samples. BAS 

(Basilicata), ER (Emilia-Romagna), org (organic), conv (conventional), corr (corrected).  

 

system region year variety replicate δ2H δ18O δ13Χ δ15Ν δ34Scorr

org BAS 2012 1 1 -43.1 29.9 -28.3 6.5 -4.8
org BAS 2012 1 2 -48.0 28.2 -28.2 8.1 -5.4
org BAS 2012 1 3 -48.6 28.3 -28.6 6.1 -4.4
org BAS 2012 2 1 -35.6 28.7 -28.1 5.6 -2.0
org BAS 2012 2 2 -37.6 28.4 -28.1 5.9 -2.5
org BAS 2012 2 3 -41.7 27.7 -28.9 6.0 -2.8
org ER 2012 1 1 -48.1 27.4 -26.7 10.8 1.6
org ER 2012 1 2 -41.3 28.0 -26.1 10.7 2.0
org ER 2012 1 3 -51.0 27.7 -26.8 11.6 1.5
org ER 2012 2 1 -50.8 24.7 -27.7 10.1 -6.6
org ER 2012 2 2 -56.4 25.2 -27.8 8.6 -6.3
org ER 2012 2 3 -53.7 24.9 -27.8 9.5 -6.5
org BAS 2013 1 1 -34.1 27.4 -27.4 6.9 -2.7
org BAS 2013 1 2 -28.7 26.9 -26.8 6.4 -1.9
org BAS 2013 1 3 -29.2 27.0 -26.9 5.0 -1.4
org BAS 2013 2 1 -22.9 29.2 -26.0 4.0 0.8
org BAS 2013 2 2 -34.8 27.7 -28.1 9.7 -4.4
org BAS 2013 2 3 -38.8 27.7 -27.5 7.3 -3.6
org ER 2013 1 1 -60.5 27.4 -27.7 14.0 1.1
org ER 2013 1 2 -74.4 25.7 -27.5 14.6 1.1
org ER 2013 1 3 -60.1 27.3 -27.6 13.9 1.3
org ER 2013 2 1 -68.1 26.4 -27.4 14.0 1.4
org ER 2013 2 2 -67.5 26.1 -27.5 13.2 1.5
org ER 2013 2 3 -56.0 27.6 -27.4 13.6 1.6

conv BAS 2012 1 1 -32.5 29.8 -27.9 2.8 -1.7
conv BAS 2012 1 2 -32.4 29.8 -27.9 2.2 -1.9
conv BAS 2012 1 3 -35.5 29.6 -27.7 2.7 -1.5
conv BAS 2012 2 1 -26.5 28.6 -28.2 1.6 -2.4
conv BAS 2012 2 2 -27.4 29.0 -28.1 1.6 -2.4
conv BAS 2012 2 3 -27.7 29.0 -28.3 1.9 -1.8
conv ER 2012 1 1 -55.0 25.4 -26.5 5.9 2.0
conv ER 2012 1 2 -52.7 25.4 -26.5 5.9 2.1
conv ER 2012 1 3 -47.7 25.4 -26.8 5.7 2.1
conv ER 2012 2 1 -49.6 25.4 -26.7 5.7 1.6
conv ER 2012 2 2 -41.7 25.4 -26.4 5.5 1.7
conv ER 2012 2 3 -47.2 25.1 -26.7 5.2 1.8
conv BAS 2013 1 1 -67.7 27.4 -28.1 8.0 -3.6
conv BAS 2013 1 2 -70.9 27.4 -27.4 7.1 -4.7
conv BAS 2013 1 3 -71.7 26.9 -27.4 7.3 -4.4
conv BAS 2013 2 1 -64.8 26.7 -27.5 8.2 -4.2
conv BAS 2013 2 2 -66.7 26.6 -27.9 6.6 -4.6
conv BAS 2013 2 3 -66.0 28.7 -28.2 5.4 -4.6
conv ER 2013 1 1 -68.6 24.1 -29.6 3.4 -2.3
conv ER 2013 1 2 -61.6 23.9 -29.6 3.5 -2.5
conv ER 2013 1 3 -65.8 24.4 -29.8 3.1 -2.1
conv ER 2013 2 1 -70.1 24.3 -29.8 2.8 -2.6
conv ER 2013 2 2 -56.7 24.2 -29.9 3.1 -2.2
conv ER 2013 2 3 -58.5 24.1 -29.5 3.0 -1.9

Tomato bulk values (‰)Variables
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SI Table 2. Amino acid δ13C corrected values for tomato samples. Values are the mean 

of three analytical replicates. Org (organic), Conv (conventional), BAS (Basilicata), ER 

(Emilia-Romagna). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

system region year variety Ala Val Ileu Leu Gly Nleu Pro Thr Glx Phe
Org BAS 2012 1 -27.9 -34.1 -26.4 -36.7 -40.3 -27.9 -28.2 -25.8 -26.2 -29.4
Org BAS 2012 2 -27.3 -33.5 -26.2 -37.1 -37.6 -27.0 -24.0 -23.0 -27.0 -29.4
Org ER 2012 1 -26.8 -32.7 -23.9 -35.8 -36.9 -27.5 -23.1 -20.4 -26.3 -28.7
Org ER 2012 2 -27.5 -33.6 -25.9 -36.3 -40.2 -28.1 -28.1 -23.5 -27.2 -28.5
Org BAS 2013 1 -27.9 -33.4 -26.1 -36.4 -39.6 -27.2 -25.4 -22.0 -27.6 -29.0
Org BAS 2013 2 -26.0 -35.0 -24.7 -36.8 -38.3 -27.6 -27.3 -23.9 -27.0 -30.6
Org ER 2013 1 -28.3 -34.7 -26.8 -38.0 -41.4 -27.5 -27.4 -23.0 -27.8 -29.6
Org ER 2013 2 -26.6 -33.4 -23.9 -34.8 -37.0 -26.8 -23.0 -19.6 -26.4 -28.3

Conv BAS 2012 1 -28.2 -34.0 -25.4 -37.1 -37.3 -27.2 -24.0 -21.9 -28.5 -29.5
Conv BAS 2012 2 -28.4 -34.6 -25.5 -37.9 -36.7 -27.1 -24.5 -22.2 -28.5 -30.7
Conv ER 2012 1 -26.1 -33.3 -23.7 -36.4 -38.1 -27.1 -25.1 -21.4 -27.9 -28.0
Conv ER 2012 2 -26.1 -33.2 -24.3 -35.6 -38.1 -27.4 -23.8 -20.8 -28.0 -28.6
Conv BAS 2013 1 -27.3 -33.7 -26.5 -37.2 -39.4 -27.7 -26.6 -23.3 -28.7 -29.5
Conv BAS 2013 2 -28.2 -35.3 -25.5 -37.4 -38.1 -27.5 -28.1 -26.5 -28.5 -30.4
Conv ER 2013 2 -28.7 -33.7 -26.1 -35.7 -38.8 -26.8 -26.3 -25.4 -27.8 -29.6
Conv ER 2013 1 -29.2 -34.0 -27.9 -37.7 -44.2 -27.4 -31.2 -27.7 -29.3 -29.1

Variables Tomato amino acid δ13C values (‰)
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SI Table 3. Amino acid δ15N values for tomato samples. Values are the mean of three 

analytical replicates. Org (organic), Conv (conventional), BAS (Basilicata), ER (Emilia-

Romagna). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

system region year variety Ala Val Ileu Leu Gly Nleu Pro Thr Glx Phe
Org BAS 2012 1 4.7 5.6 3.8 0.8 2.5 13.3 12.4 0.9 8.5 13.1
Org BAS 2012 2 1.6 3.8 1.6 -2.1 5.6 13.4 10.5 3.7 7.3 9.6
Org ER 2012 1 6.7 11.0 8.1 4.2 7.4 13.5 17.6 9.7 9.4 13.9
Org ER 2012 2 8.0 10.9 7.7 6.2 8.8 13.8 16.5 6.9 11.6 15.8
Org BAS 2013 1 3.9 4.4 1.9 -0.2 6.1 12.9 14.5 4.3 7.0 8.0
Org BAS 2013 2 8.6 8.5 4.2 2.1 9.8 14.2 15.1 5.7 10.2 12.4
Org ER 2013 1 9.9 11.6 7.7 4.6 12.7 14.0 16.4 9.7 13.5 14.7
Org ER 2013 2 11.4 12.3 9.4 7.7 13.3 13.3 21.9 9.6 13.6 15.6

Conv BAS 2012 1 -0.6 2.4 -1.2 -3.5 -0.8 14.0 9.1 1.7 0.8 8.1
Conv BAS 2012 2 -2.1 1.5 -2.0 -4.0 -0.2 12.9 8.8 0.5 2.8 5.1
Conv ER 2012 1 4.9 3.6 2.7 0.7 5.5 14.0 13.1 3.6 6.6 8.8
Conv ER 2012 2 4.3 6.6 2.4 0.3 9.1 13.3 10.8 0.7 5.8 9.7
Conv BAS 2013 1 3.5 3.4 -1.3 -2.1 6.9 12.6 13.9 3.0 7.4 9.2
Conv BAS 2013 2 2.9 3.7 1.4 -1.2 4.9 12.8 10.8 1.7 5.1 7.5
Conv ER 2013 2 0.8 0.0 -1.7 -5.1 2.4 13.3 7.4 -2.8 3.5 6.0
Conv ER 2013 1 1.2 0.8 -1.7 -5.0 1.6 12.1 13.6 -0.4 3.3 7.6

Variables Tomato amino acid δ15N values (‰)
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SI Table 4. Amino acid δ13C values of the standard mixture amino acids, their 

respective N-acetylisopropyl esters (in brackets standard deviations of 3 repeated 

measurements) and after empirical correction. 

 

 

  

  

underivatized 
amino acid

amino acid                                  
N -acetylisopropyl esters

corrected 
amino acid

Ala -19.7 -26.0 (0.2) -19.4
Val -11.9 -21.5 (0.1) -11.5
Ileu -13.5 -23.1 (0.1) -13.6
Leu -13.5 -21.7 (0.0) -13.3
Gly -41.6 -28.5 (0.1) -42.8

Nleu -27.6 -29.4 (0.2) -27.1
Pro -11.2 -21.2 (0.1) -11.1
Thr -10.5 -24.6 (0.3) -11.0
Glx -13.7 -22.5 (0.1) -14.0
Phe -11.1 -19.4 (0.1) -10.6

Amino acids
δ13C (‰)
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SI Figure 1. EA-IRMS chromatogram of an amino acid for nitrogen (peak 1) and 

carbon (peak 2). For the nitrogen peak the red trace refers to isotope 28, the green trace 

refers to isotope 29 and the blue trace refers to isotope 30. For the carbon peak the red 

trace refers to isotope 44, the green trace refers to isotope 45 and the blue trace refers to 

isotope 46. 
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SI Figure 2. GC-C-IRMS chromatogram of N-acetyl-isopropyl derivatives of amino 

acids in a tomato sample for carbon. Peaks: 1, Ala; 2, Val; 3, Ile; 4, Leu; 5, Gly; 6, Nleu 

(internal standard); 7, Pro; 8, Thr; 9, Asx; 10, Glx; 11, Phe. The first and last four peaks 

are reference gas signals. The ratio of the isotopes is represented by the top 

chromatogram, the green trace refers to the ratio of isotope 46 to isotope 44 and the red 

trace refers to the ratio of isotope 45 to isotope 44. The intensity of the isotopes are 

reflected in the bottom chromatogram where the red trace refers to carbon isotope 44, the 

green trace refers to carbon isotope 45 and the blue trace refers to carbon isotope 46. 
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SI Figure 3. GC-C-IRMS chromatogram of N-acetyl-isopropyl derivatives of amino 

acids in a tomato sample for nitrogen. Peaks: 1, Ala; 2, Val; 3, Ile; 4, Leu; 5, Gly; 6, Nleu 

(internal standard); 7, Pro; 8, Thr; 9, Asx; 10, Glx; 11, Phe. The first and last four peaks 

are reference gas signals. The ratio of the isotopes is represented by the top 

chromatogram, the red trace refers to the ratio of isotope 29 to isotope 28. The intensity 

of the isotopes are reflected in the bottom chromatogram where the red trace refers to 

nitrogen isotope 28 and the green trace refers to nitrogen isotope 29.  
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SI Figure 4. Isotopic δ13C measurements from GC-C-IRMS (n=3) plotted against  

EA-IRMS (n=2) measurements for carbon. Error bars represent the standard deviation 

(±1σ) of repeated measurements. The dashed line is the y=x line. The red line is the 

regression line. 
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SI Figure 5. Isotopic δ15N measurements from GC-C-IRMS (n=3) plotted against  

EA-IRMS (n=2) measurements for nitrogen. Error bars represent the standard deviation 

(±1σ) of repeated measurements. The dashed line is the y=x line. The red line is the 

regression line. 
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Experimental Report 

Tomato fruit extraction of free amino acids 

______________________________________________________________________ 

1.      Introduction 

In the preceding research paper, the implementation of GC-C-IRMS to differentiate 

tomatoes grown organically from tomatoes grown conventionally was investigated and 

the results reported. The extraction and derivatisation methods for amino acids in 

tomatoes was developed by another researcher and I collected, analysed and discussed 

the isotope ratio data. The method reported in a refereed publication is usually the final 

developed method implemented in the particular study. However, for a thesis a substantial 

amount of time and knowledge goes into method development, which is a significant part 

of research training for a PhD candidate that cannot be encapsulated in a manuscript 

prepared for peer-reviewed publication. Important methodologies relevant to my study 

which emphasise my proficiency in problem solving and critical thinking in relation to 

analytical chemistry are therefore conveyed in this experimental report.  

The following method development was not continued due to time constraints and 

prevailing problems with pyridine and the inability to remove it from the sample prior to 

analysis. The effect of the pyridine on the oxidation column in the GC-C-IRMS was 

paramount. The drawbacks to the method developed in the previous research paper was 

that the derivatisation and extraction methods were time-consuming which creates the 

inability to analyse samples in a short timeframe. The method I was developing would 

overcome this as the ethyl chloroformate reaction is very quick and would be appropriate 

to use for high throughput sample analysis. 
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Amino acids are non-volatile compounds, hence derivatisation is required for analysis by 

GC-C-IRMS (Corr, Berstan, & Evershed, 2007). Methods for the extraction, 

derivatisation and analysis of amino acids were explored to establish optimum conditions. 

 

2.      Experimental Methods and Discussion 

Throughout this research, when required, various GC conditions were explored to adjust 

for peak optimisation and separation such that over 100 GC methods were trialled via 

changes in GC columns, GC oven temperature, temperature programs and flow rates. For 

the purposes of this experimental report only the GC methods relevant to the 

communicated results are described. In this report amino acids not included in the 

previous research paper were analysed and therefore their EA-IRMS values were 

required, and an extensive list of these values for δ15N and δ13C can be found in the 

Supplementary Information (SI) Table 1. 

 

2.1      Tomato sample preparation 

Tomato fruits (oblong) used for method development purposes were purchased locally. 

The tomato fruits were weighed, washed, dried and separated into four glass beakers and 

put in the freezer (-20 °C) for 24 hr before being transferred to the freeze-dryer (72 hr). 

The samples were removed from the freeze-drier and reweighed. There was a problem 

with some of the tomatoes not being completely frozen, these were separated from the 

properly frozen tomatoes. The frozen tomatoes (6 tomatoes) were weighed separately and 

then 3 were pulverised with a mortar and pestle under liquid N2. The remaining three 

were cut in half and those halves separated and combined so three halves of the tomatoes 

were combined and then were powdered with a mortar and pestle under liquid N2 while 

the other 3 halves were separated into pulp, seeds and skins, weighed and then powdered 

under liquid N2 with a mortar and pestle. The powdered samples (whole tomatoes, half 
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tomatoes, pulp, seed and skin) were put in the freezer (-20 °C) overnight and then to 

remove any excess moisture were transferred to the freeze-drier (72 hr). The tomato 

samples were then reweighed and then stored in the fridge (4 °C) (see SI. Figure 1). 

2.2      Preparation of amino acids 

 

2.2.1      Free amino acids in tomato fruit 

For δ15N analysis by GC-C-IRMS the amount of sample is important. It is easier to 

measure δ13C as there are more C atoms in a compound but for amino acids there may be 

only one N atom or sometimes 2 N atoms and this affects the peaks heights to be 

measured. Therefore, it is necessary to determine which free amino acids can be feasibly 

measured. The free amino acid concentrations found in ripe tomato fruit are glutamine 

(Gln; 5490 nmol/g), glutamic acid (Glu; 2769 nmol/g), γ-aminobutyric acid (GABA; 

2060 nmol/g), aspartate (Asp; 1159 nmol/g), asparagine (Asn; 998 nmol/g), serine (Ser; 

773 nmol/g), phenylalanine (Phe; 676 nmol/g), isoleucine (Ileu; 451 nmol/g), alanine 

(Ala; 209 nmol/g), leucine (Leu; 161 nmol/g), valine (Val; 145 nmol/g), proline (Pro; 129 

nmol/g) and glycine (Gly; 97 nmol/g) (Boggio, Palatnik, Heldt, & Valle, 2000).  

 

2.2.2      Derivatisation Experimentation 

 

2.2.2.1      Derivatisation by ethyl chloroformate (method 1) 

Derivatisation by ethyl chloroformate (ECF) was based on the method of Husek (Hušek, 

1991). Standard solutions (2.5 M in 0.1 M HCl) were made for the single amino acids 

Gly and Ala and citric acid (2.5 M in 0.1 M HCl) was used as an internal standard (iSTD). 

To a 5 mL test tube, 15 µL of standard solution was added (i.e. Gly; Ala; citric acid; Gly 

+ citric acid; Ala + citric acid and octadecane) to which 45 µL of deionised water was 

added, to make the total volume 60 µL. The solution was then vortexed. To the sample 
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ethanol-pyridine solution (EtOH:pyr; 40 µL; 4:1, v/v) was added and then vortexed, then 

5 µL ethylchloroformate (ECF) was added, vortexed (CO2 released). Then chloroform 

(1% ECF, v/v; 100 µL) solution was added and the sample vortexed. The layers were 

allowed to separate and the chloroform layer was removed and analysed by GC-MS. The 

amino acids were derivatised as evidenced by their molecular ions in the GC-MS trace 

and by identification match in the NIST database. N(O,S)-ethoxycarbonyl (EOC) Gly 

ethyl ester eluted at 9.712 min, and N(O,S)-EOC D-Ala ethyl ester eluted at 9.043 min, 

N(O,S)-EOC L-Ala ethyl ester at 9.313 min and N(O,S)-EOC citric acid ethyl ester at 

21.730 min. Octadecane was used as a non-derivatised iSTD and it eluted at 21.197 min. 

The preferred method to derivatise the free amino acids found in tomato fruits was from 

Husek (Hušek, 1991)(method 1) as it was quick, easy and effective. Two other methods, 

trifluoroacetylation and acetylmethylation (Corr et al., 2007) were attempted, but were 

found to be ineffective and time consuming. Method 1 was further refined as detailed 

below.  

 

2.2.2.2      Refining the derivatisation method using amino acid standards 

A 5 mg/mL in 0.1 M HCl solution for each amino acid (Gly (×2), Ala, Phe, Ileu, Pro, 

GABA, and Val) was made. Each amino acid was then derivatised using derivatisation 

method 1 and analysed via GC-MS, to check for retention time, detector response (peak 

height and shape) and completeness of derivatisation. All amino acid derivatives gave 

acceptable detector responses. However when analysed by GC-C-IRMS for δ15N, 

unacceptable detector responses were observed (e.g. apparent overloading, low response, 

peak broadening etc.). To improve the chromatography in the GC-C-IRMS system, the 

oven temperatures, ramp rates, hold times and flow rates were changed and tested with a 

derivatised amino acid mix.  
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The chromatograms in the GC-C-IRMS showed evidence of an impurity that affected the 

baseline, and peaks for the amino acids derivatives. The m/z value for this impurity was 

79, corresponding to the molecular ion of pyridine. In addition, a pyridine peak (compared 

with NIST database) eluted in the spectrum before the solvent delay was adjusted 

appropriately. Over time, it also affected the combustion column of the GC-C-IRMS. 

Many steps were taken to attempt to remove the pyridine from the sample before analysis 

without removing or affecting the amino acids. Initially, to remove pyridine, saturated 

(sat.) CuSO4 was added to the sample with the result that pyridine was removed but so 

too were the amino acids. Different washes for the chloroform layer (final step of the 

derivatisation) were also tested, such as washing the chloroform layer with 0.025 M HCL, 

10% CuSO4, 0.025 M HCl + 10% CuSO4, 0.5 M NaHCO3, sat. CuSO4 + 0.0125 M HCl, 

0.0125 M HCl (pH 1.9), sat. NaHCO3 & sat. NaCl, 0.00625 M HCl (pH 2.2), 0.003125 

M HCl (pH 2.5), 0.0015625 M HCl (pH 2.8), 0.00078125 M HCl (pH 3.1) and 0.0005 M 

HCl (pH 3.42). The result was that washing the chloroform layer with 0.0005 M HCl (pH 

3.4) removed the pyridine and the amino acid peaks were not affected. The other 

concentrations of HCl were too acidic, which affected the peaks. 

The final derivatisation method that was accepted was the Husek (Hušek, 1991) method 

with some refinement (method 2): Water (45 µL) was added to a standard mix or sample 

(15 µL), vortexed, then 40 µL ethanol:pyridine solution (EtOH:pyr; 4:1) was added, 

vortexed , then 5 µL ethyl chloroformate (ECF) was added, vortexed (CO2 released) then 

finally 100 µL chloroform (1% ECF) was added and vortexed. The chloroform layer was 

removed, washed with HCl solution (pH 3.4; 3 × 30 µL), vortexed, and then transferred 

to a GC-MS insert and vial for analysis. 

The possibility that the wash step might cause fractionation of carbon was checked and 

found to not occur, except for Glu, for which the average δ13C of the washes was 1.7 (‰) 

± 0.7 (‰) lower than when the sample was not washed. The results (Table 1) also 
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confirmed the repeatability of the method, except for Glu which has fractionation 

probably because when it is derivatised it is not only converted to its respective ethyl 

ester, but it also forms pyro-glutamic acid (Hušek, 1991).  

Table 1. Amino acid mix, before and after wash (5 replicates) with HCl (pH 3.4) for δ13C.  

 

 

The derivatised amino acids were each run separately to determine their retention time 

and their respective ions prior to the preparation and analysis of the combined standard 

mixture.  

2.2.2.3      Optimisation of derivatisation agents on free amino acids  

A mix of compounds and single amino acids were derivatised using various derivatisation 

methods summarised in (Table 2) this was done to optimise the derivatisation conditions.  

 

 

 

 

 

 

 

Mix before wash
sample rep 1 rep 2 rep 3 rep 4 rep 5 ave SD

amino acid δ13C (‰) δ13C (‰) δ13C (‰) δ13C (‰) δ13C (‰) δ13C (‰) δ13C (‰) δ13C (‰)
Ala -29.7 -30.1 -29.7 -29.8 -29.6 -29.9 -29.8 0.2
Gly -37.4 -38.0 -37.8 -37.6 -37.3 -37.4 -37.6 0.3
Val -24.8 -24.9 -24.7 -24.8 -24.6 -25.0 -24.8 0.2
Pro -24.4 -24.6 -25.0 -24.3 -24.8 -26.2 -25.0 0.7
Ileu -25.0 -25.3 -25.3 -25.1 -25.2 -25.6 -25.3 0.2
Leu -24.2 -24.1 -24.3 -24.0 -24.1 -24.5 -24.2 0.2
Asp -30.3 -30.4 -30.8 -31.4 -30.7 -31.5 -31.0 0.5
Phe -21.8 -21.7 -22.0 -21.8 -22.5 -22.3 -22.1 0.3
Glu -25.6 -27.0 -26.2 -27.7 -27.9 -27.5 -27.3 0.7

after wash with HCl solution pH 3.4
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Table 2. Different reagent volumes for derivatisation of a standard mix 

Sample/reagent Vol. added 

(µL) 

Vol. added 

(µL) 

Vol. added 

(µL) 

Vol. added 

(µL) * 

Vol. added 

(µL) 

Mix 1a 60 60 60 60 60 

water 240 360 480 600 720 

EtOH:pyr (4:1) 220 340 460 580 700 

ECF 30 45 60 75 90 

chloroform 100 100 100 100 100 

Na2SO4 ~ 0.1 mg ~ 0.1 mg ~ 0.1 mg ~ 0.1 mg ~ 0.1 mg 

 

Single amino acids were derivatised as per * in Table 2. Table 3 shows the 

chromatographic and isotopic results for δ15N for the single amino acids and for the mix 

with ECF (90 µL). 

 

Table 3. Results for derivatisation selected for similar abundance heights in GC-MS with 

an INNOWAX column installed, a comparison between the mix and the single amino 

acids 

Amino 

acid 

Mix: 

90 µL ECF 

Single: 

75 µL ECF 
EA 

δ15 N 

value 

(‰) 

GC-MS 

Peak height 

(Abundance) 

GC-C-

IRMS 

peak 

height 

(mV) 

GC-C-

IRMS 

δ15 N 

value 

(‰) 

GC-MS 

Peak height 

(Abundance) 

GC-C-

IRMS 

peak 

height 

(mV) 

GC-C-

IRMS 

δ15 N 

value 

(‰) 

Ala 2.31E9 212 -8.0 2.26E9 266 -8.3 -7.4 

Val 4.14E9 352 -1.2 4.70E9 387 0.7 0.5 

Ileu 3.81E9 230 -4.0 4.86E9 424 -2.9 -2.4 
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Leu 3.53E9 237 -0.2 4.42E9 358 1.5 1.6 

Nleu 3.07E9 189 12.0 4.22E9 380 13.8 14.5 

Asp 3.09E9 139 -3.9 4.27E9 339 -4.0 -4.2 

Met 2.49E9 968 -2.7 4.29E9 187 -0.3 -1.1 

Asn 1.11E9 85 -0.1 8.09E8 56 -1.2 1.3 

Glu 9.66E8 11 -19.8 
3.36E8  

(2 peaks ^) 
- - -2.3 

Phe 3.81E9 177 1.9 4.72E9 255 2.6 2.6 

^ the other peak is pyro-glutamic acid 

 

As can be seen in Table 3 the δ15N values are very close to that of EA for most of the 

compounds measured which is a very promising result. When those same amino acids are 

combined in a mix the δ15N GC values when compared to the EA δ15N values, are not as 

close and this is due to the peak heights of the compounds in the mix being smaller than 

for the single compounds. The peak heights are smaller for the compounds in the mix as 

there is more matrix for the instrument to scan than for a single compound, it is less 

sensitive. 

Other experiments were performed to check the derivatision method and these were to 

keep the volume of EtOH:pyr (4:1, 700 µL), water (720 µL), chloroform (100 µL) and 

standard mix (60 µL) constant while changing the ECF volume (105 µL, 120 µL, 135 µL, 

150 µL, 165 µL, 180 µL and 240 µL), and to keep the ECF (90 µL) and chloroform (200 

µL) volumes the same while changing the EtOH:pyr (4:1; 820 µL, 940 µL, 1060 µL, 1180 

µL and 1300 µL) and water (840 µL, 960 µL, 1080 µL, 1200 µL and 1320 µL) volume. 

The results showed that addition of 105 µL of ECF to the derivatisation reaction was 

better than all the other volumes tested in this reaction but it needs to be compared with 

the addition of 90 µL of ECF (see Table 2). The chromatographic peak shapes and heights 

were terrible when the ECF volume remained the same and the EtOH:pyr (4:1) addition 
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changed so it is not worthwhile. The best result achieved for analysis of amino acids for 

δ15N was for single amino acids (see Table 3) was with the HP-INNOWAX GC column 

(60 m) and when 75 µL of ECF was added to the derivatisation reaction. When all these 

reactions are compared the best result was when ECF (90 µL) and EtOH:pyr (4:1; 700 

µL) was added to the derivatisation reaction for the mix. 

 

The δ15N value is very similar or even the same, as that for the EA, for the single 

compounds, which is required as it shows there is no fractionation with the method. 

However, the δ15N values for those same compounds in the mix show slight fractionation 

and this is due to the peak heights not being high enough for an accurate measurement. 

To improve the response of the sample peaks the volume of sample injected in the GC-

C-IRMS was increased from 1 µL to 2 µL which resulted in less separation between the 

amino acids in the mix. Therefore, the analytical method is good, method development is 

required to increase the peak height of the amino acids in the mixes to avoid fractionation. 

 

2.2.3       Extraction and Concentration Experimentation 

 

2.2.3.1      Optimisation of tomato extraction conditions 

Various solvents were compared (0.1 M HCl, 0.1 M NaOH, water and HCl (pH 3.4)) to 

determine which solution is best for the extraction of free amino acids from dried tomato 

samples. The samples were prepared in duplicate and one half implemented the wash 

stage after derivatisation (method 2) and the other half did not (method 1). The result of 

this experiment determined that the samples extracted with 0.1 M NaOH and derivatised 

with method 2 (wash) had peaks of good symmetry and with good height (9000 mV, ion 

46) but some peaks were missing. The extractions with all solvents were then derivatised 

with method 1 (no wash). The derivatisations without the wash had peaks of good 
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symmetry and therefore the extraction solvent 0.1 M HCl was chosen for extraction as it 

was the same solution for the amino acid standards. 

 

The tomato extraction experiment was a 3 × 3 × 3 design. The tomato powder was 

weighed at 100 mg (×3), 250 mg (×3) and 500 mg (×3), in centrifuge tubes, with an 

extraction solution (0.1 M HCl) volume of 3 mL, 6 mL or 9 mL. The extraction time was 

20 mins, 1 hr or 2 hrs, and each sample was extracted 3 times, so in total there were 81 

samples (see SI. Figure 2). The samples were then derivatised following method 1, and 

then analysed by GC-MS. The areas under the peak for each amino acid was measured 

for all 81 samples.  

 

The results from the 3x3x3 factorial design experiment were analysed using R statistics 

(R Core Team, 2017). The results of this analysis show that:  

1) longer extraction time leads to less amino acids, except in the case for Leu and Val 

where the effect is not significant;  

2) higher amounts sample lead to the recovery of greater amounts of amino acids, always 

significant;  

3) higher extraction volumes lead to lesser amounts of the amino acids, always 

significant;  

4) the 2nd and 3rd extractions are useful for 7 of the amino acids measured but are 

insignificant for 4.  

Therefore, considering these results, the optimised extraction method for amino acids in 

tomatoes was to have a short extraction time (20 min), greater amount of sample (500 

mg) and less extraction volume (3 mL).  
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For clean up purposes, the tomato extracts (from the above experiment) in 0.1 M HCl 

were put through a column of resin (Amberlite® IR 120 hydrogen form, Fluka, Milan, 

Italy) which was prepared by pipetting a slurry of water and resin into a glass pipette 

plugged with glass wool to the height of approximately 1 cm. The resin was then washed 

with 5 loads of methanol (MeOH; 100 µL) and then with water (5 × 100 µL). The sample 

extract (1 mL) was added to the pipette. The extract was then washed with MeOH (80%, 

3 × 100 µL), then eluted with NH4OH (30%):MeOH (1:1; 5 × 25 µL) (method 3). The 

eluent was evaporated to dryness, under a steady stream of N2, and a residue remained. 

These samples were then derivatised as per the derivatisation method for residues ie 

addition of water (60 µL), mixed, then EtOH:pyr (4:1, 40 µL), vortexed, ECF (5 µL), 

vortex 30 s, stand for 10 min, then 100 µL (1% ECF) chloroform was added (method 4) 

and an aliquot take for analysis by GC-C-IRMS. 

 

2.2.3.2      Clean up and derivatisation of tomato extraction 

The measurement of free amino acids by GC-C-IRMS for δ15N requires a lot of sample, 

so to try to concentrate the sample to increase the peak heights in the chromatograms, 

different extraction solvents were used, the solvents in the wash step of the derivatisation 

method were changed and then the samples were purified and concentrated through a 

resin step. 

In a centrifuge tube tomato powder (0.2 g × 5; 0.0 g, ×1 - blank) was weighed, then a 

different solvent (5 mL) was added to each tube (1 – 0.1 M HCl, 2 – 0.1 M NaOH, 3 – 

H2O, 4 – 50% EtOH, 5 – 80% EtOH, 6 – H2O). Each tube was spiked with iSTD Nleu 

(10 µL, ~10 mg/mL), capped, hand shaken and then centrifuged for 5 min at 3400 rpm. 

The pH of the supernatant after centrifugation was ≤1, ≥11, 6, 6, 6, 6 for samples 1, 2, 3, 

4, 5 and 6, respectively. The samples (1, 2, 3, 4, 5 & 6; 15 µL) were then derivatised as 

per method 1. Another derivatisation was completed as per method 1 but with a change 
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in the water step, so instead of water a different solvent was added, so there were 6 

samples with an additional 4 solvents to try, resulting in 24 samples. To samples (15 µL 

sample 1, 2, 3, 4, 5 & 6) 45 µL of solvent was added including aq. HCl (pH 4), 0.1 M 

HCl, 0.1 M NaOH, and 1M NaOH. All samples were then derivatised as per method 1. 

Next, 12 resin filled pipettes were prepared using a glass wool plug with resin (1 cm in 

height from the plug; Amberlite IR120 H+ strongly acidic). Each pipette was washed with 

deionised water until the pH was not too acidic (~ pH 6 -7). From each sample (1, 2, 3, 4, 

5 & 6) 2 mL of supernatant was removed to be put separately through the resin. The resin 

was washed with 2 (pipette full) loads of H2O, then washed with EtOH (80%, 1 mL). The 

sample (2 mL; 1, 2, 3, 4 ,5 & 6) was loaded gradually, then washed with EtOH (80%; 3 

× double the height of the resin) and then with water (2 × double the height of the resin). 

The sample was eluted with 30% ammonia solution (2 mL, 2 × 1mL) into a clean tube 

before being concentrated (from between 0.5 and 1 mL) under a steady stream of N2 

(method 5). The samples were derivatised as per method 1. To the remaining supernatant 

extract for all samples (1, 2, 3, 4, 5 & 6), sodium tungstate (10%, 1 mL; Sodium tungstate 

dihydrate, greater than or equal to 99.0% (AT), 500 g, Fluka, Milan, Italy) was added to 

remove proteins, the solution was shaken and then centrifuged for 5 min at 3400 rpm. 

The samples were then put through the resin-filled pipettes with the above-mentioned 

method without the concentration step. The samples (1 to 5) when loaded to the pipette 

became gelatinous and stuck, the ethanol-based samples were a cloudy yellow precipitate; 

these eventually flowed through with the washes. Sample 6 was fine as it was a blank and 

contained no tomato sample. The elution with 30% ammonia was good. The samples were 

then derivatised as per method 1. The samples were run on the GC-MS and GC-C-IRMS, 

on a HP-1 column. 

The results of this experiment were: 
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- There were good heights in the GC-C-IRMS for samples extracted with 50% 

EtOH and 0.1M NaOH  

- Good separation of peaks in the GC-MS but the peak shape was not good for 

tomato samples extracted with water and with the solvent being 0.1M NaOH 

- Good separation and symmetry of important peaks in GC-MS and GC-C-IRMS 

for tomato samples extracted with 0.1 M HCl and purified with resin 

- With tomato samples extracted with 0.1 M HCl and purified with resin, ethyl 

citrate was removed but it was not removed for the tomato samples extracted with 

water and with the solvent being 0.1 M NaOH as evidenced by a large co-eluting 

chromatographic peak. 

Overall, it was determined that the tomato extracts should be purified and 

concentrated with resin after being extracted with 0.1 M HCl, as there was good 

separation and symmetry of amino acid peaks and the ethyl citrate peak was removed. 

 

2.3      Instrumental method development 

 

2.3.1       GC-MS conditions 

Initially, a chiral column was used for analysis such to separate the D and L amino acid 

isomers.  The GC column was installed in the GC-MS (Trace GC Ultra; GC Isolink + 

ConFlo IV, Thermo Scientific) furnished with an autosampler (Triplus, Thermo 

Scientific) was a CP-Chirasil-L-Val (25 m × 0.25 mm × 0.12 µm, Agilent Technologies, 

Netherlands) with deactivated FSOT column (1.45 m × 0.25 mm I.D., Alltech Associates, 

Italy) attached as a guard column. The injector temperature was 190 °C. The initial oven 

temperature was 50 °C and maintained for 3 min, then ramped to 105 °C at a rate of 30 

°C/min, then increased to 126 °C at a rate of 1 °C/min and then increased to 190 °C at a 
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rate of 2 °C/min and held for 10 min. The carrier gas was He (Rivoira, purity: 99.999%) 

with a constant flow of 2 mL/min. This column allowed for the separation between D- 

and L-amino acids but later in the study was not required as D-amino acids are not found 

in tomato fruits as they are not naturally occurring however the synthetic fertilizers used 

in the conventionally grown tomatoes could contain both D and L amino acid isomers. 

The column was designed specifically to analyse amino acids, therefore for analysis of 

δ15N for derivatised amino acids by GC-C-IRMS should be more sensitive than for other 

columns and could provide good peak heights as required for N analysis.  

The GC conditions that provided the best results for δ15N with respect to peak separation 

and peak heights throughout this experimental phase was a HP-INNOWAX (60 m × 0.320 

mm × 0.25 µm, Agilent Technologies) column used in conjunction with the following 

GC method. The initial oven temperature was 80 °C and maintained for 2 min, then 

ramped to 140 °C at a rate of 45 °C/min and maintained for 2 min, then increased to 250 

°C at a rate of 5 °C/min and then increased to 320 °C at a rate of 45 °C/min and held for 

5 min. The injector temperature was 250 °C. The carrier gas was He (Rivoira, purity: 

99.999%) with a constant flow of 2.4 mL/min. 

Standard mixes were prepared in 0.1 M HCl and tomato samples were extracted in 0.1 M 

HCl. 

 

2.3.2      Repeatability checks 

The repeatability of the GC method was checked by running 3 derivatised samples of Phe 

and 3 samples of the iSTD norvaline (Nval) (Table 5). As can be seen in Table 5 the 

repeatability of the method is good and the method is good for the iSTD, which shows 

that the δ15N value is similar to the EA value, however there was fractionation later in the 

run as can be seen for Phe which has a difference of ~ 4‰ between δ15N values for GC-
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C-IRMS and EA-IRMS. More work therefore needs to be done on the GC method to 

reduce the fractionation towards the end of the run. 

 

Table 5. Repeatability check for GC method 

Amino 

acid 
Replicate 

Retention 

time 

GC-MS 

(min) 

Retention 

time 

GC-C-IRMS 

(s) 

GC-MS  

Peak height 

(abundance) 

GC-C-IRMS 

Ampl 28 

(mV) 

GC-C-IRMS 

15N/14N 

(‰) 

EA-IRMS 

15N/14N 

(‰) 

Phe 1 31.53 1934.30 1.13E9 310 7.027 2.6 

 2 31.51 1932.83 9.73E8 273 6.005  

 3 31.52 1934.09 1.05E9 336 6.882  

Nval 

(iSTD) 
1 16.88 1044.58 7.38E8 292 15.960 15.4 

 2 16.82 1041.03 6.09E8 240 16.115  

 3 16.88 1044.16 6.88E8 301 16.260  

 

2.3.3      Tomato sample comparison with tomato samples from CORE Organic II. 

Powdered tomato samples (1 & 2) used in the previous sections (Sections 2.2.3.1, 2.2.3.2 

and 2.2.3.3) for method development purposes were purchased commercially in Italy. 

However, powdered tomato samples (3 & 4) from the CORE Organic II project where 

tomato plants were grown under conventional and organic fertilizers were the subject 

samples for this research. It was therefore necessary to compare the extraction of tomato 

samples 1 and 2 to that from the CORE Organic II project (samples 3 and 4). 

 

The tomato powder (0.2 g × samples 1, 2, 3 & 4) was weighed into a centrifuge tubes, 0.1 

M HCl (2 mL, pH 4) was added, samples vortexed for 1 min, then centrifuged for 10 min 

at 4100 rpm. The supernatant was decanted in a clean tube. Samples 1 and 3 went through 

sample clean-up by elution and extraction from resin using method 5 but with NH3 (10%, 
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10 × 100 µL) instead of 30% ammonia solution as the elution step. The pipette was 

prepared as previously mentioned (Section 2.2.3.3) but also with glass wool on top of the 

resin bed. The residue was then derivatised as per method 4 but with the volumes up 

scaled due to larger amounts of sample. Samples 2 & 4 were not cleaned up through the 

resin, they were directly derivatised (method 2) also with volumes up scaled due to greater 

sample amounts. The chromatograms for samples 1 & 3 yielded sharp symmetrical peaks 

that were well resolved; both samples had the same peaks though the peak height varied 

a little. With respect to baseline noise, chromatograms for samples 1 & 3 were superior 

to the chromatograms of samples 2 & 4. 

These results showed that for derivatised amino acids in the tomato samples, purification 

with the resin provided enhanced chromatography than without purification. To provide 

improved chromatography for the analysis of free amino acids for δ15N in tomatoes, 

purification of the sample would therefore be required. 

 

2.4       Preparation of total amino acids 

Based on the collective results presented in Section 2.2.3, analysis of free amino acids in 

tomatoes could not be optimised sufficiently to ensure the appropriate peak heights 

required for the analysis of δ15N by GC-C-IRMS. As such, it was necessary to analyse 

for total amino acids rather than for free amino acids. This then required hydrolysis, 

purification and derivatisation of the sample. 
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2.4.1   Hydrolysis, purification and derivatisation of tomato samples for total 

amino acids 

Tomato samples (0.25 g × 4) were weighed into a 3 mL reaction tube and iSTD (100 µL; 

8 mg/mL Nleu) was added. HCl (6M, 2 mL) was added (reddish colour), the reaction vial 

was capped, vortexed and heated at ~ 105 °C for 24 hr. The tomato samples went black, 

and they were then filtered through a glass-wool plugged glass pipette. The filtered 

sample was a red/brown colour. The samples were then evaporated under a steady stream 

of N2 and at 70 °C, which took 2 hr. The residue was redissolved in HCl (0.1 M, 1 mL). 

For purification, the sample residues were then put through resin (Amberlite® cation 

exchange, 2.5 cm in height) filled pipettes, with a glass wool plug at the bottom of the 

resin and a glass wool layer on the top of the bed of the resin (to prevent disturbance of 

the resin). The resin beds were wet with water (1 mL), then the samples were put through 

(5 × 100 µL), and washed with water (4 × 1 mL). Samples were then eluted with 10% 

NH3 (2 × 1 mL) into a clean glass tube and evaporated to dryness under N2 at 70 °C. For 

derivatisation, the samples were redissolved in 0.1 M HCl (60 µL). Water was (720 µL) 

added and the mixture was vortexed, then EtOH:pyr (4:1; 700 µL) was added and the 

mixture was again vortexed. ECF (90 µL) was added, the mixture was vortexed and rested 

for 5 min. Chloroform (100 µL) was then added, the mixture was vortexed and the 

emulsion was left to stand until the layers were separated. The chloroform layer was then 

removed into a clean vial, dried under Na2SO4 and put in a GC-MS insert before analysis.  

There were no peaks for these samples when it was run on the GC-MS and GC-C-IRMS, 

which means that something went wrong with the hydrolysis, purification or 

derivatisation step. Most likely it was the latter with too much pyridine remaining in the 

sample after derivatisation.  

The derivatisation and purification of the total amino acids mentioned in the previous 

research paper was therefore implemented for the analysis of tomatoes grown under two 
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different farming regimes, since although it was time-consuming, it did not have problems 

with analysis. 

 

3.      Conclusion 

The extraction of free amino acids in tomato fruits and subsequent derivatisation and 

analysis proved to be quite difficult. The derivatisation method (method 4) was derived 

from Husek (Hušek, 1991) and it was very effective for derivatising the amino acids; it 

was also simple and quick. However, there was a problem with the derivatisation method 

and this was that pyridine was present in the sample and was subsequently analysed. To 

address this problem the chloroform layer was washed with HCl (0.0005 M, pH 3.4) 

which removed the pyridine and the amino acid peaks were not affected which is 

important as it means that this step does not incur fractionation. Method 2 was the 

derivatisation method that was finally accepted (see SI. Figure 3). The best result achieved 

for analysis of amino acids for δ15N was for single amino acids (see Table 2) was with 

the HP-INNOWAX GC column (60 m) and when 75 µL of ECF was added to the 

derivatisation reaction. For the mix, the best result was when 90 µL of ECF was added to 

the derivatisation reaction. 

To extract free amino acids from powdered tomatoes it was established that higher 

starting amounts of the sample would yield higher amounts of amino acids whereas 

greater extraction volume leads to lower amounts of amino acids extracted due to dilution 

effects. It was also established that the longer the extraction times, the concentration of 

amino acids extracted were lower, except for leucine and valine, and that for a number of 

amino acids a second or third extraction was also beneficial for recovery. 

Clean up of the tomato sample through the Amberlite® resin removed a peak, ethyl 

citrate, which was affecting the analysis of the tomato sample. The elution through the 

resin also cleaned up the sample producing a chromatogram with sharp symmetrical peaks 
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of appropriate height. With the derivatisation step for the tomato samples the wash step 

(to remove pyridine) was excluded as it appeared to remove all of the amino acid peaks. 

 

There were many problems with the oxidation column of the instrument and this was 

probably due to the pyridine not being totally removed from the sample prior to analysis. 

The oxidation column deteriorated more and more towards the end of all my 

experimentation as the volumes of pyridine were increased quite substantially, especially 

from the beginning when the derivatisation method was first used. Therefore, to 

implement or to continue work on this method, the pyridine needs to be completely 

removed before analysing samples on the GC-C-IRMS.  
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5.      Supplementary Information 

SI. Table 1. Isotopic ratios of δ15N and δ13C for amino acids and internal standards by 

EA-IRMS 

δ15N/14N δ13C/12C
(‰) (‰)

L-Alanine -7.4 -19.7
D-Alanine -0.7 -33.4
L-Arginine -2.2 -13.4
L-Asparagine 1.3 -23.4
L-Aspartic acid -4.2 -22.2
L-Cysteine -5.5 -30.1
L-Cystine 8.5 -15.2
L-Glutamic acid -5.2 -13.7
D-Glutamic acid -2.3 -13.7
L-Glutamine -2.0 -11.7
Glycine 2.0 -41.6
L-Histidine -8.6 -9.9
L-Isoleucine -2.4 -13.5
L-Leucine 1.6 -13.5
D-Leucine -2.1 -19.0
L-Lysine 1.1 -25.8
L-Methionine -1.1 -31.9
D-Methionine -0.4 -29.7
L-Phenylalanine 2.6 -11.1
D-Phenylalanine 3.6 -11.9
L-Proline 1.1 -11.2
L-Serine -1.0 -6.9
D-Serine 1.9 -32.2
L-Threonine 0.6 -10.5
D-Threonine 7.1 -29.8
L-Tryptophan -3.5 -10.4
L-Tyrosine 3.0 -25.8
L-Valine 0.5 -11.9
D-Valine 6.2 -25.4
γ-Aminobutyric acid -5.1 -30.9
nonadecane na -26.8
L-Norleucine 14.5 -27.6
L-Norvaline 15.4 -28.6
trans -hydroxy-L-proline -8.7 -12.3

Compound
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SI. Figure 1. Flow Chart of tomato sample preparation 
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SI. Figure 2. Flow Chart of tomato extraction for free amino acids 
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SI. Figure 3. Flow Chart of the derivatisation of free amino acids in a tomato sample 
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CONCLUSIONS 
 

______________________________________________________________________ 

The overall research objective for this project was to implement GC-C-IRMS for 

compound specific analysis, for δ13C and δ15N, for the authenticity and traceability of 

foods and beverages. The importance of being able to trace and authenticate foods and 

beverages is paramount to the respective industries to protect the consumer and the 

producer. Adulterations and frauds occur through practices such as the addition of non-

declared additives to increase product mass, mislabelling and misrepresentation, and the 

addition of flavours/aromas to enhance a product at a lower cost. Tracing a food or 

beverage means to be able to follow its production from beginning to the end thereby 

allowing the consumer to have faith in the product. 

Three systems were investigated of increasing analytical complexity, by which the 

advantages and disadvantages of the GC-C-IRMS methodology could be evaluated. In 

the first study, a single isotope ratio (δ13C), from a single compound (vanillin) was studied 

to investigate adulteration of distillates. The second study involved measuring δ13C of 

fatty acid methyl esters in intramuscular fat from lambs, to understand more about fatty 

acid metabolism from an animal nutrition viewpoint. This system was more complex due 

to the fact that isotope ratios of multiple fatty acids were measured, and there was a 

derivatisation step to convert fatty acids to the methyl esters. The final study involved 

more compounds with different chemistries (amino acids) and more isotope ratios (C, N, 

H, O and S for bulk samples, and δ13C and δ15N for individual amino acids). In this 

system, the extraction and derivatisation steps proved particularly challenging, and 

multiple methods were trialled before one that was compatible with GC-C-IRMS was 

found. 
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Vanillin is a marker for quality in distillates hence to adulterate lesser quality distillates 

by the addition of vanillin would prove tempting. An analytical method was developed to 

determine the authenticity of distillates, with vanillin as the target compound for analysis.  

The isotopic δ13C values vanillin for the 48 samples derived from different sources 

including synthetic, ex-lignin and natural, were consistent with those reported in the 

literature. Synthetic vanillin in commercial flavourings were able to be distinguished from 

natural vanillin with the developed method. A δ13C range for tannin-derived vanillin was 

determined and was consistent with the δ13C values found in the literature. Measurement 

of a distillate aged in a barrel showed that there was no fractionation of vanillin over time, 

which is important to be able to measure the authenticity of a distillate (if there was 

fractionation, determination of authenticity of vanillin in a distillate would not be 

feasible). To apply the method for analysis of distillates the level of determination of 

adulteration by the addition of synthetic vanillin was investigated and it was determined 

that adulteration could be detected when the total amount of vanillin present in the 

distillate comprised of more than 60% of synthetic vanillin. For a producer looking to 

adulterate their product without detection by this method they would therefore need to 

know the initial concentration of vanillin in their distillate. The analysis of vanillin for 

δ13C was undertaken for 32 distillates, including whisky, cognac, bourbon, rum, grappa 

and brandy. A rum sample was shown to be adulterated with its δ13C value found to be 

within the δ13C range for synthetic vanillin. Problems with some of the distillates, such 

as in rums, were with co-elution of 5-HMF with vanillin. Also, the analysis is only 

appropriate for discerning synthetic vanillin addition, therefore the addition of bio-

synthetic vanillin to the distillate would not be detected as the method cannot distinguish 

between bio-synthetic vanillin and the vanillin derived from wood.  

Future work in the area could entail the implementation of a multidimensional GC 

coupled to a C-IRMS (Tobias, Zhang, Auchus, & Brenna, 2011) to aid in separation of 
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the compounds, 5-HMF from vanillin. The method could be implemented to analyse for 

other quality markers for distillates such as cis-whisky lactone, syringaldehyde and 

furfural (Alcarde, Souza, & Bortoletto, 2014; Franitza, Granvogl, & Schieberle, 2016). 

Another recommendation for future work could be to conduct further ageing studies of 

distillates in barrels and monitor the effect time has on δ13C values for vanillin. Other 

future work could look at the analysis of δ13C of vanillin and related compounds for the 

authenticity of wine stored in barrels or on oak. As wine is different to distillates, the 

method would need to be adjusted. The reduction in ethanol content would certainly need 

to be taken into account. Head-space solid-phase microextraction (HS-SPME) could be a 

viable alternative to be investigated: as SPME fibres are negatively impacted by high 

ethanol concentrations sample dilution would be required. Given that HS-SPME relies on 

the intrinsic volatility of the different aroma compounds, isotopic fractionation could 

occur during sampling as reported by Schipilliti, et al. (Schipilliti, Bonaccorsi, & 

Mondello, 2017). 

The tracking of an animal feed to the animal is called traceability as defined by the 

European Union Regulation(EC) Nr 178/2002 as “the ability to trace and follow a food, 

feed, food producing animal, or substance intended to be, or expected to be incorporated 

into a food or feed, through all stages of production, processing and distribution.” It is 

usually applied to prevent unfair trading of fake products as well as to determine 

contamination source and to track the origin of the ingredients.  

From a nutritional aspect, to be able to trace the metabolic pathway, from the animal to 

its diet, in order to understand how to improve meat quality is of great importance. 

Therefore a method was to developed to measure the δ13C of the main FA present in 

neutral (NL) and polar (PL) intramuscular lipids of meat samples from lambs fed with 4 

different dietary regimes namely a control diet, a diet supplemented with oil, a diet 

supplemented with Cistus ladanifer and a diet supplemented with Cistus ladanifer and 
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oil. The research objective was then to determine whether the increase in NL of 

intramuscular FA for lambs fed a diet supplemented with both oil and C. ladanifer could 

be explained mostly by the incorporation of diet preformed FA or by increased de novo 

FA synthesis (question derived from previous research, (Jerónimo et al., 2010)). 

A conclusion of this research was that PL δ13C values of FA were lower than those in NL, 

which could indicate that the incorporation of exogenous FA is greater for PL than for 

NL and this was likely to be due to their functions in the cells of animals with PL having 

a higher turnover than NL for carbon (Harrison et al., 2010). PL are cell membrane 

components and NL are generally found in adipocytes. The results also showed that, with 

respect to 16:0, the increase of intramuscular FA was due to continual de novo FA 

synthesis for lambs fed a diet supplemented with oil and C. ladanifer. The results also 

showed that for lambs fed diets supplemented with oil, de novo FA synthesis was 

inhibited. Therefore, the oil effect was repressed with the inclusion of C. ladanifer to the 

diet.  

Future work would be to determine the mechanism of the C. ladanifer effect for de novo 

FA synthesis to enable implementation of more efficient nutritional approaches to 

increase the intramuscular fat in lamb meat.  

 

Tracing the metabolic pathway, with isotopic ratios, from soil to fruit or vegetable could 

also be important for the authentication of organic food from conventional produce. Bulk 

isotopic ratio analysis for C, N, H, O and S was undertaken to differentiate between 

tomatoes grown organically or conventionally, as these isotopes can be affected from a 

number of factors such as the surrounding environment, soil and fertilizer conditions and 

photosynthetic rates. The result was that there was overlap with the conventional and 

organic tomato isotopic values, so the separation between systems was not established. 

Therefore, compound specific isotope ratio analysis was conducted for total amino acids 
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found in tomatoes and measured for δ15N and δ13C values. As amino acids are involved 

in many metabolic pathways in the plant, tracing the N uptake from the fertilizer to the 

plant and subsequent fruit would be possible. The results of the analysis showed that there 

is greater separation between the systems when plotting the first 2 PCs from the PCA 

analysis undertaken. When the external factors were removed, by using Glx to normalise 

the amino acid δ15N and δ13C values and when these values are then plotted against each 

other, then there is separation between the organic and conventional farming systems. 

Therefore, the analysis of the amino acids Ala, Val, Ileu, Leu, Gly, Pro, Thr, Glx and Phe 

for δ15N and δ13C with particular focus on Glx for δ13C, provides separation between 

tomatoes grown organically and tomatoes grown conventionally. Future work in this area 

to enable this method to be used for authenticity purposes would be to test its validity on 

a greater set of samples and covering more locations and not only for tomatoes but for 

other organic produce. 

For the method development work for the report on free amino acids it was determined 

that to extract the most amino acids from tomatoes, a larger amount of sample, less 

volume of extractant solvent and a short extraction time with repeated extractions, was 

required. The wash to remove pyridine worked well on small concentrations of sample 

mixes but when the volumes became larger due to larger sample mass the pyridine was 

difficult to remove; also, it seemed to remove the amino acid peaks in the tomato samples. 

The clean-up of the tomato sample was effective for purification of the sample and it also 

removed the ethyl citrate peak which was required. The analysis of the single amino acids 

for δ15N proved that the GC-C-IRMS method was free of fractionation. The method 

derived from the Husek derivatisation method (Hušek, 1991) warrants further study as it 

is an inexpensive and quick method compared to method implemented for this study, 

which would be beneficial for high volumes of samples. 
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Overall, the application of GC-C-IRMS to diverse matrices of differing complexities was 

found to be a promising tool for the purposes of addressing adulterations and traceability 

of foods and beverages. 
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