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Abstract

ABSTRACT

Objective assessment of food authenticity has becomparamount importance today, with an
increasing demand for analytical methods able tovide proof of origin and prevent food
adulteration. In order to achieve this goal, thedgaan Union has reinforced control activities and
investigated new methods able to support food clerigation and geographical traceability.

Stable isotope ratio analysis of so-called bioeleisuch as hydrogen, carbon, oxygen, nitrogen
and sulfur has been used since the 1990s for fakenticity control of different premium
products. Application of isotopic composition issbd on evidence that the isotopic signature is
affected by various environmental factors, such pa®tosynthetic and nitrogen cycles, the
pedological characteristics of soils, agricultysedctices, botanical origin, geographical origim an
climatic or hydrological conditions.

In this study, isotope ratio mass spectrometry outhwere developed to characterise and
determine the authenticity of cereal crops, pastag, balsamic vinegar, oenological tannins and
extra-virgin olive oils.

In particular, isotopic variability measured alotige Italian pasta production chain allowed good
discrimination in relation to geographical provecans’H, §'%0 and §°C were shown to be
significantly correlated to geographical factorgy(éongitude), wherea®"N ands*'S were affected
by geology and fertilisation practices. Measurenaramino acids™N ands**C values improved
discrimination of conventional and organic wheanpared to stable isotope ratio analysis of bulk.
Variability in the3™N value was checked along the entire oenologicaincfor the first time. The
study included evaluation of the effect of the femation process using different types of yeast, th
addition of nitrogen adjuvants and ultrasound Igamsulating wine ageing. Despite nitrogen isotope
fractionation observed from soil to wine througk thant, thes*>N value of proline conserved the
nitrogen isotopic fingerprint of the growing soildacan therefore be used as an additional isotopic
marker to trace the geographical origin of wine.

The same analytical approach, when applied to cawialeannin samples, made it possible to
characterise them based on botanical origin. #fi& values were shown to be significantly more
negative in tannins from grapes, tea and acacidesmsdchegative in tannins from oak.

Furthermore, théH/*H and**C/*?C stable isotope ratios of acetic acid and 8@/*°0O of water
were investigated in “aceto balsamico di Modena”I@G¥BM) samples. No isotopic variation was
observed along the ABM production chain, providegperimental evidence that such analytical

parameters, used routinely for wine, can also led fr ABM in authenticity studies.




Abstract

Finally, the®H/*H, *C/**C and*®0/*®0 of extra-virgin olive oils were analysed in bsimples and
compounds, specifically in fatty acids. The resalisewed that in some cases bulk analysis was able
to discriminate between different countries on thesis of specific geo-climatic conditions.
Moreover, both thé*C/*“C andH/*H values of the main fatty acids allowed good disiration
between European and non-European extra-virgire ails.

To conclude, the methods developed for the specdiomodities considered can be proposed as
suitable tools for the detection of mislabellingdaior consumer protection, demonstrating that
isotopic analysis can effectively contribute towsaistinguishing the authenticity of commercial

food samples.

Keywords:IRMS, GC-C/Py-IRMS, food, origin, traceability, thenticity




Chapter 1

CHAPTER 1 INTRODUCTION

11 FOOD AUTHENTICITY

Adulteration of food and beverages is an increagtapal problem and new fraud cases are
frequently reported. Fraud and adulteration of &toft can be related to the geographical origin,
agricultural system used or processing methodhmlve cases in which products have been diluted
or in which chemical food components have been tgutexi by cheaper imitations (FPDI,
https://foodprotection.umn.edu/). Nowadays, objectassessment of food authenticity has become
of paramount importance, as consumers are incigigsiiemanding information and reassurance
regarding the origin and content of their food. cBability has thus become a cornerstone of the
guality policy system of the European Union (EW),itais an effective risk-management tool which
enables the food industry or the authorities tddriaw or recall products identified as dangerous.
According to EU law, “traceability” means the abjilito track any food, feed, food-producing
animal or substance that will be used for consupnptinrough all stages of production, processing
and distribution (EC Reg. 178/2002). In 1992 anldssquently in 2006 (EEC Reg. 2081/1992 and
EC Reg. 510/2006), the EU created the PDO (Pratebtesignations of Origin), PGI (Protected
Geographical Indication) and TSG (Traditional Spktyi Guaranteed) systems to provide a set of
common rules across countries to register and graieographical names used to identify food
products and traditional production processes.

In the majority of cases, the standard traceabsygtem adopting paper documentation can
guarantee the geographical origin of foods. Howetrex increasing complexity and length of the
food chain and recent food scares have underlinechéed for tools ensuring that foods are of a
high quality and safe to be eaten. Thus, the fowlistry urgently requires analytical methods to
provide proof of origin and prevent undeclared luiate or accidental admixture to food samples.
Isotopic analysis has been used in official costsihce the 1990s but in fact it has been applied
and reported in the literature since the 1970scfigr, 1973]. Application of isotopic composition is
based on evidence that the isotopic signatureféstafl by various environmental factors, such as

botanical origin and climatic or geographical caiwads.
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1.2 STABLE ISOTOPES
1.2.1 Definition of stable isotopes

Isotopes are atoms of the same element that coed@ial numbers of protons but different numbers
of neutrons in their nuclei, and hence differ iomatc mass. The main elemental constituents (H, C,
N, O, and S) of bio-organic material exist in natas 2 or more stable isotopéd,(*H; **C, **C;

N, ¥N; B0, Y0, *°0; s, 33, 335, and®?S). The most abundant isotope found in naturees th
lighter, as shown in Table 1, which reports theetam abundance. They are called stable because the
time of decay for this kind of isotope is very long the order of billions of years, in contrast to

radioactive isotopes which have a time of decahénorder of thousands of years.

Table 1. Mean natural abundance of some stablepsstof the light bio-elements

Stable Mean natural

e isotope  abundance (%)
Hydrogen H 99.95
L 0.m
Carbon e 98.89
™ in
Nitrogen ) 99.63
N 0.37
Oxygen Yy 99.76
g 0.04
o 0.20
Sulphur Xg 95.00
:-,';S 0.76
345 422
®e 0.02

The isotopic composition of organic compounds shiimguations around these mean values, and
variations can be measured precisely and accuyatedn if in the order of ppm, using dedicated
analytical techniques such as Isotope Ratio Masst8pnetry (IRMS). Stable isotope compositions

are normally expressed as delta valégs¢cording to equation 1:

_ Rs B Rstd
R

X (1)

std

10
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and are subsequently presented in units of partthousand (%o) or in the International System (SI)
unit urey (muUr, which is equivalent to %.) [Brandda@oplen, 2012]. Rand R are the molar
ratios of the heavy isotope relative to the ligititope in the sample and a standard respectivety. F
example, X can bé&’H, 5'°C, §™N, 5'°0 and§**S, and R values are the corresponding isotope
ratios:?H/*H, *C/A°C, 1*N/MN, 20/M°0 and®**Sf?S respectivelys(%o) values are normally reported
relative to the following internationally agreedarstlards (Rg): Vienna - Standard Mean Ocean
Water (V-SMOW) for3’H and$'®0, Vienna - Pee Dee Belemnite (V-PDB) 8FC, air for§™N,
Vienna-Canyon Diablo Troilite (V-CDT) fai*S [Brandet al, 2014].

A positive 6(%o) value indicates that the sample has relativetye of the heavy isotope than the
standard, while a negativi&%o) value indicates that the sample has relativebs of the heavy
isotope compared to the standard [Sulzman, 2007telCand Barwick, 2011]. The biological,
biochemical and climatic causes of these deltaevaldferences are addressed in the following

section.

1.2.2 Natural variation in stable isotope abundance

The isotopes of an element have the same chenrigaéries, but they nonetheless show different
abundance. The distribution of isotopes varies &tume, depending on the physical and
(bio)chemical reaction in which they are involveda—process known as isotope fractionation.
Indeed, mass differences can interfere with boghréite of reaction (kinetic effect) and the enecget
state of the system (thermodynamic effect), resglin enrichment or depletion of an isotope away
from its mean natural abundance [Galimov, 1985].

Kinetic isotope fractionation is a process thatesafes stable isotopes from each other by theis mas
during (bio)chemical processes. Due to their lowerght, lighter isotopes show greater mobility
and smaller bound strength and consequently loateradion energy. The thermodynamic effect is
due to the different free energy of isotopicalljfetient molecular species: heavier molecules have
lower free energy, so they have greater inertiaemctions, and in the physical states tend to
concentrate in the condensed phases. Isotopiddnation can also be due to situations with an
altered reaction equilibrium, such as an instardasehange in temperature, removal of a reactant
or reaction product. This kind of fractionation (@dn equilibrium, such as enzymatic reactions)
determines the enrichment of a particular isotgpecies, but without pre-established rules.

Consequently, factors affecting the variabilitytloé isotopic ratios were explored in more depth.

11
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CARBON

As discussed earlier, carbon has two naturally wiogy stable isotopes and the ratio of the heavier
isotope,*C, to the light isotope'’C, can be determined using IRMS. Figure 1 showscétbon
iIsotopic composition of some natural substances.

The original source of carbon in plants comes ftbenCQ in air. Plants absorb G@nd combine

it with water and light to make carbohydrates —pghecess known as photosynthesis. Formation of
C-C bounds is promoted if carbon atoms are ligatel more movable, so photosynthetic products
are enriched in°C and depleted if°C as compared to atmospheric £@"*Cco, around -8%o).
Furthermore, different photosynthetic pathways, (C; and CAM) are reflected in the different
carbon isotopic ratios of plants, because of thiéer@int isotopic discrimination capability of

carboxylase enzymes involved in fixation.

B isotope abundance (%)

1.06 1.07 1.08 1.09 1.10 1.11 1.12
I 1 1 4 1 L ]
carbonates ]
i
niatural gas Manme arginesms mianne HCO,y
coal, ol atmosph. GO, i
1
(5 plants Gy plants ;
CAM plants i
]
terrestral ammals H
i
i 1 1 i i L
-50 40 -30 -20 -10 0 +10

5°C%o versus PDB

Figure 1.°C isotope variation ranges of carbon pools [Ke2§01]

Calvin cycle

The Calvin cycle is the metabolic process usedfiking carbon dioxide, characteristic of plants
growing in cold-temperate areas (e.g. tomatoesatpes, beetroot, wheat, rice, oats, barley, rye,
soybean, grapes, oranges, apples). Plants théheiszalvin cycle are known as C3 plants, because
CO; is fixed in intermediate products with three atoafiscarbon. Calvin cycle reactions can be
divided into three main stages: carbon fixatiomution and regeneration of the starting molecule

(Figure 2).

12
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diffusion o
AS=0.The

3 molecules

?H20—® co,

-

CHOH

HOH N A5=29.0%
1 RuBisCO Coo-
EHZT{? /Y S\ #HOH
molecules
RUBP CH,0-®)
6 molecules
3-PGA
6 ATP
3ATP
5 molecules GA3P
(IIHO 6 NADPH
GHOH 6 NADP"+ H'
CH,0-P
6 molecules
1 molecule GA3P GA3P

M

1/2 molecule glucose (CgH;20¢)

Figure 2. Synthesis of carbohydrate in the Cal@s) €ycle

Atmospheric CQ diffuses into the leaf through the stomata andahss in the cytoplasm [Hatch
and Slack, 1966; Smith and Epstein, 1971]. Thep®ibbines with a five-carbon sugar, ribulose-
1,5-bisphosphate (RuBP), producing two moleculepladsphoglycerate (PGA, a C3 molecule),
which are subsequently phosphorylated by ATP anen tmeduced by NADPH to form
Glyceraldehyde 3-phosphate (GA3P, a C3 sugar) [diaizZeiger, 1998].

Five out of six GA3P molecules are used to synfigesiore RuBP via a series of complex reactions
driven by ATP. The sixth molecule of GA3P is usedsynthesise glucose (usually regarded as the
end product of photosynthesis) via combinationsraagrangements.

Although the initial reaction of COwith RuBP produces the overridinGC isotope effect
associated with these species, there are many faitters that contribute to the find°*C%. value

of plant material, such as temperature, fertil@atisalinity, CQ concentration, light intensity and
photorespiration [O'Leary, 1981]. The interplay af of these factors results &°C%. values
between -22%o and -34%o. for 80% to 90% of plantsgitify the G pathway [Krueger and Reesman,
1982].

13
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Hatch-Slack cycle

The Hatch-Slack cycle is the metabolic processfifong carbon dioxide used by plants able to
utilise CQ concentrations as low as 0.1 ppm (while the Catagchanism does not operate at
atmospheric concentrations of less than approxigate ppm). Plants which use the Hatch-Slack
cycle are known as C4 plants (e.g. maize, sugae,caorn, sorghum, millet and some types of
pasture grasses), because,(©fixed in intermediate products with four atowfscarbon. The

Hatch-Slack cycle is characterised by two sequlecdidoxylation reactions as shown in Figure 3.

0
NADPH

I
+H? NADP ' c—o0

I
\-‘_ j ‘l:Hz
AD=2 oo H_T_DH
c—o NADP™
I
o
Malate NADPH + H'
‘|:H i Calvin
co, |_c_Pn," c=o0 @z = cycle
I . |
diffusion . »ﬁ—o z N\ c—0"
AB=0.T%o o AMP  ATP I
+ + o
Phosphoenolpyruvate pp P, Pyruvate

Figure 3. The Hatch-Slack pathway of ghotosynthesis

When atmospheric CQOenters the leaf through the stomata, it is fixe &-carbon compound,
phosphoenolpyruvate (PEP), to form oxaloacetateAQ@ 4-carbon acid. This first stage proceeds
with much smaller fractionation as compared to@advin cycle,Ad ~ 2%o0 [O’Leary, 1981]. OAA

is then rapidly reduced by NADPH to form malate (MA& G, acid). This acid is transported deeper
into the G plant leaves and oxidised by NADR form pyruvate (a £compound) and COThe

Cs; compound is converted to PEP by the action of AWRereas the COfeeds into the Calvin
cycle, where it is used to synthesise glucose asvishin Figure 2. It is important to note that
although the gcarboxylase enzyme shows extensi@isotope fractionation, it isot expresseih

the Hatch-Slack photosynthetic pathway. This isabee the pre-fixation of Cby carboxylation

of PEP is an irreversible reaction. This resultselatively enriched*C%o. values for G plants,
between -10%o and -14%. [Winkler, 1984].

14
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Crassulacean Acid Metabolism

Crassulacean acid metabolism, also known as CAMogknthesis, is a carbon fixation pathway
evolving in some plants (e.g. pineapple, vaniligtg as an adaptation to arid conditions. In afpla
using CAM, the stomata in the leaves remain shuindguhe day to prevent water loss through
transpiration [Krueger and Reesman, 1982], but @emnght, using ¢metabolism to fix CQ
However, if the daytime temperature is relativedy] the stomata may open and the plant will
adopt direct @ metabolism of C@ The metabolism adopted by CAM plants is therefieed to
local climatic conditions and in extreme cases to@yredominantly €or C,. Consequently, the
5"C%o value of CAM plant material varies widely betwe80%. and -12%. [Winkler, 1984].

Secondary carbon metabolism

Many metabolic processes involving side reaction®ranching processes cause further isotope
fractionation. Generally, secondary metabolitesi tenbe relatively depleted IiC compared with
the primary source, due to kinetic isotope eff¢kiEs) [Schmidt and Kexel, 1999].

This is most notable in lipid fractions, which mdiffer from leaves by as much as 10%.. Thig
depletion is caused by an isotope effect associaidthe decarboxylation of pyruvic acid during
fatty acid chain construction and by a non-sta@ti°’C distribution in sugars precursors [DeNiro
and Epstein, 1977; Monson and Hayes, 1982].

Climatic effect

5"C is also influenced by climatic factors such asldwumidity and temperature, which influence
leaf stomata opening and hence the efficiency otgdynthesis [Ferriet al. 2003]. Dry conditions
cause a restriction of the stoma with limitatioraghospheric C®admission to the leaf, causing an

increase id-C.

15
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NITROGEN
Two nitrogen stable isotopes exist in nature, ngri&l and™N. The range of°N variation in the

terrestrial environment is shown in Figure 4.

3N isotope abundance (%)

0.360 0.365 0.370 0.375
T T - T T
atmosph_ N, coal, oil
oCEAN water
1
raimwater NO5 and NH,

1
: marine plants marine animals
1
1 s0i

denitrification 1

products (NO,) terrestrial plants
: terrecirial animals
1

| L L L | |

-20 10 ] +10 +20 +30

5" N%e versus AIR

Figure 4.°N isotope variation ranges of nitrogen pools [Keflp01]

The atmosphere is the principal nitrogen reserand through physical processes and the activity of
microorganisms it is transformed into inorganicnfigr (nitrates, ammonia) and organic forms
(amino acids, proteins) present and available iln Tbe natural cycle of nitrogen encompasses five
main mechanisms, shown in Table 2: nitrogen fixgtiatrogen assimilation\dissimilation, nitrogen
mineralisation, nitrification and denitrificatioier-Augenstein, 2010]. Depending on which of
these mechanisms occurs, &#1&N values of soils can vary considerably, genetadigveen -10 and
+15%o.

In the context of plant materials, enrichment gplegon of *°N is mainly influenced by the type of
fertiliser applied. Synthetic fertilisers, producé®m atmospheric nitrogen, shod’N values
between -4 and +4%., whereas manure and organitisiens are enriched if°N, with values
ranging between +0.6 and +36.7%. [Batereaal, 2007].

Plants display™N values that are linked to ammonia and nitratesoifs and are thus affected by
the same variability factors described above, Bsb dy the isotopic fractionation involved in
uptake and organic compound assimilation procg88esner and Schmidt, 2002]. Factors such as
proximity to the sea and water stress can indudetenent in*°N [Heaton, 1987]. Leguminous and
nitrogen-fixing plants are a separate case, as ¢hayfix nitrogen directly from the air, showing

8'°N values around 0% [Yoneyama, 1995].

16
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Table 2. Processes in the nitrogen cycle tha gae to isotopic fractionation

Process

Description of the process

Fractionation

Fixation

Assimilation

Dissimilation

Mineralisation

Nitrification

Volatilisation

Denitrification

Natural process, either biological or abiotic, by which nitrogen

(N) in the atmosphere is converted into ammonia:

through bacteria (e.g. through nitrogenise enzyme in

legumes);
through physical processes producing high
temperatures (e.g. lightening, fire);

through human activities (e.g. production of energy or

fertilisers).

Process of incorporation of nitrogenous compounds (NO,,

NHj;) by microorganisms or plants. At the beginning nitrogen
oxides are reduced to ammonia and subsequently integrated

within organic matter.

Metabolic reactions that use the assimilated nitrogen.
Transformation of organic nitrogen in soil into ammonia.

Biological oxidation of ammonia with oxygen into nitrite
followed by the oxidation of these nitrites into nitrates.

Volatilisation reaction of ammonia as a gas from soil to
atmosphere (very marked in alkaline soil).

Nitrate reduction that may ultimately produce molecular
nitrogen.

—3/+1%o (data concerning legumes)
(Fogel and Cifuentes, 1993)

Assimilation favors incorporation of *N

compared to *°N, with a mean
fractionation of -0.5%. which is negligible
in plants.

+1%o
-12/-29%o

+20%0

Enrichment in *°N.

OXYGEN

Oxygen exists in nature in three stable isotopiec&s: *°0, 1’0 and'®0. Of the two minor

isotopes, only®0O has been employed in isotopic studies and theralatariation range o520 is

shown in Figure 5.

o isotope abundance (%)

0.180 0.195

0.200 0.205 0.210

meteoric water

T T
sedimentary rocks PDB

ocean water atm. O, atm. CO,
SLAP fruit juice H,0  proteins
i carbohydrates
I lipids
A Rt B
B0 40 -20 0 +20 +40

5'°0% versus SMOW

Figure 5."0 isotope variation ranges of oxygen pools [Ke2§01]

The 5*°0 variability of meteoric water is based on hydgital cycles of evaporation from oceans,

atmospheric vapour transport, precipitation and ghlesequent return of freshwater to the ocean

(directly via precipitation and via runoff/icebamglting).

17
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The oxygen isotopic composition of oceanic watetlése to 0%, with values ranging between -1
and +0.7%o [Clark and Fritz, 1997]. During evaparatthere is enrichment of the lighter isotope in

vapour, calculated in a hypothetical situationguigbrium as:

5180 = -10.0%. for oceans at 20°C
5180 = -11.6%. for oceans at 10°C

which leads, according to these theoretical estongf to the following values for precipitation,

considering temperatures of 15°C and 5°C:

880 = 1.5%. for precipitation at 15°C
880 = 2.2%. for precipitation at 5°C

These values do not agree with the mean isotopigosition of world precipitations{®0 = -4%o),
proving that from an isotopical point of view evagiton and condensation are non-equilibrium
processes (mainly determined by low humidity let@hperature, wind and degree of salinity).

After evaporation, water vapour moves from subtrapzones toward the poles, where it condenses
in the form of precipitation due to cold temperagjrbecoming depleted in heavy isotopes, which

are concentrated in initial rainfall (Figure 6).

o

83
Temperature °C

&
S

80 %o

1 0.8 0.6 0.4 0.2 0
Residual vapour fraction, f

Figure 6. Isotopic fractionation of vapour massdtation to temperature [Clark and Fritz, 1997]

Thus, equatorial precipitations and vapour areeridh heavier isotopes than water at the poles,

with an intermediate situation according to latdu@onsequently, latitude is a discriminating facto
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in oxygen isotopic fractionation. However, in Figuf considerable deviations can be noted 6n

the east coast of South America or on the Atlabttean between Mexico and Scandinavia), due to
a "continental effect". This latter is related h® tvapour masses moving over continents, causing
precipitation along coasts which is isotopicallgher than that in continental areas (mean depletion
of -2.8%0/1000 km from the coast) (Forstel and Ho{zE984). Moreover, different altitudes inland
lead t0'®0 depletion of about -0.15%. to -0.5%er 100 metres elevation (Férstel and Hutzen,
1984), because at higher altitude there is lighéour. Finally, another deviation is due to seakon

trends; during summer there is enrichment®, especially inland.

\\

TN ]

o T N
hPea\ay
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e

Figure 7. Distribution of meadt®0 values for precipitation in 1992 and 1993 [Rokaes al, 1993]

Ground water has an isotopic composition relatedhto mean annual isotopic composition of
precipitation water, and it§'®0 depends only on geographical factors (altitudditude and
distance from the sea) but not on the season.

The isotopic composition of vegetal water in plaistselated to the water absorbed from the soil.
Furthermore, vegetal water in the leaf undergoe®sc fractionation during evapotranspiration
processes, which are affected by temperature dativee humidity and lead to an enrichment in
heavier isotopes.

Oxygen in vegetal compounds derives from vegetaémiaut also from atmospheric ¢@nd Q,
with 8'®%0 values that are constant around +40.3/+42.5% #88.5/+23.8%0 respectively.
Moreover, oxygen integration through metabolic pgses induces considerable additional isotopic
fractionation. For example, th#°0 of cellulose is correlated with tHé°0 of leaf water, with
enrichment of around 27%., caused by isotopic fometiion occurring during exchanges between
the carbonylic group and water [Schmadital, 2001; Barbour, 2007].
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HYDROGEN
The primary source of hydrogen in nature is foumdhe hydrosphere. Hydrogen has two stable
isotopes {H and?H) and examples of typic&H isotope ranges in various materials are shown in

Figure 8.

“H isotope abundance (ppm)
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Figure 8.2H isotope variation ranges of hydrogen pools [Ke2901]

The double mass of the heavier isotope resultgymficantly different physicochemical properties,
particularly as regards the rate of reaction. Theans that physical processes such as evaporation,
condensation and biological processes can leagndisantly different levels in relation to natdira

’H abundance levels [White, 1988], as shown in féidu The variation ifiH in the hydrosphere
follows an analogous pattern to t#6 variation discussed above [Craig 1961].

The mean annual isotope ratios for hydrogen andexyn precipitation from regions as different
as the Arctic, Antarctic, tropics and European &merican continents all fall on the meteoric

water line (MWL) [Dansgaard, 1964] described byfibleowing equation:
8°H%,=85"0+10 (2)
So, as for oxygen, meteoric water that has passeddgh the meteorological cycle of evaporation,

condensation and precipitation shows a systemaigrgphical isotope variation [Yurtsever and
Gat, 1981].
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Figure 9. Evaporation/condensation model with tgpaelta values for atmospheric water masses.
The first3-value refers t&"®0% and the second (in brackets) refer§t8%o [Yurtsever and Gat, 1981]

Evaporation of water from the oceans is a fractionaprocess that causes a progressive depletion
in heavy water (BH'°0, HH'®0) in the clouds as compared to the sea. Consdygugraund water
reflects the isotopic gradient from the coast tand areas [Dansgaard, 1964].

The hydrogen present in plant material originatemfthe water taken in by the roots [Ziegitial,
1976]. Water is transported through the xylem syst@nd the isotopic composition of water xylem
is the same as that of ground water, while the migtehen taken in by the leaves without any
change in isotopic composition.

Evapotranspiration of water through the leaf st@meatriches the remaining water with heavier
isotopomers. There are no apparent differenceseinliégree of enrichment @ in the leaf water of
plants utilising the Calvin (§), Hatch-Slack (¢) or Crassulacean acid metabolism (CAM)
photosynthetic pathways [Bricout, 1982]. Crops grawin regions with low humidity therefore
show relatively enriched’H%o values, due to a higher rate of evapotranspinafrom leaves
[Martin et al, 1986].

Others factors affecting the extent’f enrichment in plant products growing in similamperate
climates are the varietal origin and timing of nmation. Typically, leaf and fruit water enrichment
is around 20 to 40%o.

Generally, primary metabolites (e.g. carbohydrates)l to be relatively depleted iH, resulting in
3H%o values of -90 to -180%.. Secondary metabolitesilgk additional depletion due to KIEs.
The 3H%. value of protein does not differ significantlyofn carbohydrate [Winkler, 1984],
however other carbohydrate reduction products siscbthanol, cholesterol and lipids are relatively

depleted in deuterium.
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The depletion in lipids can be further divided intwo groups [Estep and Hoering, 1980]. The
5*H%o of triglycerides generated by two-carbon preotssn the fatty acid biosynthetic pathway is
approximately —30 to —60%., whereas nonsaponifidipals synthesisedvia the five-carbon

isoprenoid pathway are depleted by a further 808&ulting in—110 to —140%. depletion relative to

carbohydrate.

SULFUR

In nature there are several inorganic compounddagong sulfur, the most common being
elemental sulfur (3, sulphates (S§3) and hydrogen sulphide gas,8).

Sulfur exists in four stable isotop&dg, *3S,**s, and®®S), and the isotopic abundance in a chemical
substance depends on its source, mass fractioratbthe KIE effect during the formation process.
Of the three minor isotopes, onl§S has been employed in isotopic studies and theaiat*s

variation range is shown in Figure 10.
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Figure 103S isotope variation ranges of sulfur pools [Ke#901]

The average value of the sulfur isotope ratio orttEgeflects that of the solar system, which has
value of around 22.22%. [Thods al, 1961]. However, distribution of the different &ullisotopes

in global ecosystems is conditioned by biologicativéty, according to the kind of reducing
bacteria, electron donors and the enzymatic reactite [Detmergt al, 2001; Schidlowski, 1982].
Sulphates dissolving in seawater enter many ofg¢tiex processes occurring in the sea, leading to a

basically uniform&®'S value of around +21%. [Reext al, 1978]. Sea spray, deriving from
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dissolved oceanic sulphate, is one of the most rlapbsources of atmospheric sulfur and causes an
enrichment of**S values in coastal regions [Lat al. 2003, Hobson 2005, Zazad al. 2011].
Moreover, the sulfur cycle may also be influencgdabthropogenic input [Wynat al. 2014]. The
combustion of fossil fuels containing sulfur andmo industrial processes involving sulfur
compounds represent the main anthropogenic soofgasmary SQ in the atmosphere. TH&*S
values of anthropogenic emissions generally shomid® range, depending on the nature of the
source €.g.coal — from -35 to +30%o, petroleum natural gasoAif-20 to +30%o) [Nielsen, 1978].
The most common natural processes that can capsg @f sulfur into the atmosphere, with
typically depleteds>*S values, are volcanic activities and forest fi@amin et al. 2007]. Another
important source of atmospheric sulfur is biogesudfur. This latter is released from soils and
wetlands and characterised $$-depleted values [Wadleigh and Blake, 1999; Mastl, 2001].
Natural factors that influenc®*S values in terrestrial plants are the abundandeaty sulphides

in the soil, but also aerobic or anaerobic growaapditions [Rubenstein and Hobson, 2004],
underlying local bedrock, microbial processes activn soil, fertilisation procedures and
atmospheric deposition [Krouse and Mayer, 2000thsas the sea-spray effect over forage in
coastal areas [Attendorn & Bowen, 1997].

The S source in any animal tissue is the sulfurtained in plant materialThe §**S values of
animal samples basically reflect diet, but show edf® enrichment depending on the state of

nutrition, trophic level and individual tissue [Taand Schmidt, 2010].
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1.3 STABLE ISOTOPE RATIO ANALYSIS
1.3.1 Bulk analysis

For analysis of stable isotope ratios, the sample weighed into tin capsules to determit@*°C,
NN and **sP?S and silver capsules for quantification 80/°0 and?H/*H. The weighted
amount depended on the % m/m of the elements irsdingple. In each analytical sequence, a
working in-house standards calibrated against matgvnal reference materials were analysed after
every ten samples and used to calculate the isaotmpes of the samples. Sample analysis was
carried out in duplicate, then calculating the mealues.

Thed™C, 5*°N andd**S values were measured after combustion of the Isannging a DELTAplus
XP IRMS (ThermoFinnigan, Bremen, Germany) and WIRMS (Isoprime Ltd, UK). The
DELTAplus XP IRMS was equipped with a Flash EA 1¥l@mental analyser (ThermoFinnigan)
operating at 900°C in the presence ofddd CuO (Figure 11). The developed gases,(Cand
SO,) were then separated in a Porapak QS 80-100 m3est) GC column at 45°C and transferred

into the ion source of an IRMS with helium as eargas (130 mL/min).

% Autozampler . 502
He jﬁr 05 injection m} 5 :l:! %

Flazh

[
|
ace

Reference Gases

%ﬁ

He+Ny+C05 +50,

Isotope Ratio ME

Cxidation furnace
Reduction furn

— C g Y

o = _> =
GCcolumn \/ i{)pgnsplit

He dilution

¢

Figure 11. EA-IRMS schematic diagram and princigfleombustion\oxidation (ThermoFinnigan)

The visION IRMS was equipped with a Vario Isotopeb€ elemental analyser (Elementar
Analysensysteme GmbH, Germany) operating at 850%6a presence of£and WQ (Figure 12).
The developed gases (N, and SQ) were then separated with three molecular siemastand

transferred into the ion source of an IRMS withidmel as carrier gas (230 mL/min).
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Figure 12. EA-IRMS schematic diagram (Isoprime)

For measurement af°0 and®’H values, the sample was instead subjected to leigiperature
conversion (HTC), using a Delta Plus XP IRMS (TheFRimnigan, Bremen, Germany) equipped
with a Finnigad™ TC/EA pyrolyser (ThermoFinnigan) (Figure 13). Ttieveloped gases gHand
CO) were separated in a Molecular Sieve 5A (3 m)ddldmn at 100°C and then transferred into
the ion source of an IRMS with helium as carries (00 mL/min).

A high furnace temperature (1450°C), low instruraérHs]™ factor (<8, for correction of the
contribution of [H]" to the m/z 3 signal) and dry conditions duringlgsia were ensured, in order
to obtain reproducible results. Weighed samplessvgert in the carousel of the autosampler and
stored in adesiccator above phosphorus pentoxidgOgp for at least 24 h until analysis. The
carousel was then inserted into the autosampler eapdpped with a suitable cover. During

measurement, dryness was guaranteed by flushingjtdogen continuously over the samples.

] T>1400°C

ConFle Il

Reference
Gases

L

Figure 13. TC/EA-IRMS schematic diagram and prilecif high temperature conversion (ThermoFinnigan)
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Analysis of3'%0 in water was performed directly on the fresh samaccording to the UNI ENV
12141 method (1997). Analysis was carried out uginglRMS (VG Isogas, Middlewich, UK)
interfaced with a C@water equilibrator system (Isoprepl18, VG Isotédigdlewich, UK) allowing
equilibration of oxygen exchange between samplematd a reference GQrigure 14). The C®
gas obtained from the sample and the same refe@@gavere introduced alternately, via a dual-
inlet system, to an IRMS fo$'°0 measurement. In each analytical sequence of B¥les, 4
working in-house standards were analysed and usemhltulate the isotope ratio values of the

samples.

Cos Water Trap

Reference Gases

Isotope Ratio M3

Il Autosampler

Figure 14. CQequilibration - IRMS schematic diagram (adaptedrfiThermoFinnigan)

In IRMS, the gases (£IN,, CO,, and SQ) enters the ion source through a narrow capilldrgre it

is then ionised. The electrons needed for ionisati@ produced by a hot filament usually made of
rhenoim or thoriated tungsten [Scrimgeour and Rsdrin 2004]. The sample ions generated are
then accelerated by a series of electrode “lensefSre entering the mass analyser [Kelly, 2003].
In the mass analyser, the ions are deflected lhere permanent magnet or an electromagnet
[Kelly, 2003]. The radius of deflection dependstbe mass-to-charge-ratio, where ions with the
same ratio experience the same deflection and hiemsyare less deflected than light ions. This
deflection focuses the ions into several beamsfithaty enter the ion detector (Table 3).

In the ion detector, each of these beams is detessparately using a Faraday-cup [Kelly, 2003;
Scrimgeour and Robinson, 2004]. The voltage prodiwca the discharge of the ion in the cup is
then amplified and transformed into digital outpbifferent resistors in the ion detector can be
adjusted for different beam intensities, so thabahms can be detected in the same voltage range

[Scrimgeour and Robinson, 2004].
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Table 3. Masses measured using IRMS to determiiresisotope ratios

Isotope Molecular specie determined Mass
H H: 2
H TH2H 3
e 2C0; 44
e 2CO; 45
N TN 28
5N TANTEN 29
50 Ce0 28
50 C*0 30
121808 46
5 380, 64
Mg M50, 66

1.3.2 Compound-specific analysis

The role of EA and TC/EA is to quantitatively conviine target element present in a sample to the
appropriate gas for IRMS analysis, regardless efilmber of individual chemical species present.
Techniques broadly described as Compound-Spec#fatope Analysis (CSIA) comprise an
additional initial stage, in which the individuadrapounds present in a sample are separated on the
basis of time. Each compound eluting from the G@moa is then converted into simple gases

when traversing a capillary micro-reactor. Accogiyn all compound specific isotope ratios can be

analysed using IRMS. CSIA was carried out usingrac@ GC Ultra (GC IsoLink + ConFlo IV,

Thermo Scientific), interfaced with an IRMS (DELTA Thermo Scientific), through an open split
interface and with a single-quadrupole GC-MS (IS§gfMmo Scientific) to identify the compounds

(Figure 15).

Reference Gases

lsotope Hatio MS

(heidation 1100°C ."*‘:_ - N

- === X e
' ) Open Split 3

™~
o
e

i High Temperature Duadnpala M5
I Pyralysis 1450 °C
W\ >
GC Column

Figure 15. GC-C/Py-IRMS schematic diagram (Thermolgan)
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To determineg>'C and3™°N, the compounds were oxidised in a capillary mg\li/Cu/Pt) to CQ,

N2, and BO at 1100°C. The ¥ forming in the oxidation process was removed vaithonline,
maintenance-free water removal system. For anabfsi N, all CO, was retained in a liquid
nitrogen trap before transfer to the IRMS. For measent of3’H, each compound was passed
through a high temperature reactor, operating 803@, where it was subjected to high HTC, with

development of hydrogen gas.

1.3.3 Site-specific analysis

Special Nuclear Magnetic Resonance (NMR) systernsh sas Site-Specific Natural Isotope
Fractionation Nuclear Magnetic Resonance (SNIF-NM®&h be used to measure the relative
isotopic ratios of a given element (e’fl) for each molecular site. In tfel-NMR spectrum, the
signal intensities are directly proportional to thember of moles ofH nuclei in resonance.
Consequently, the site-specific isotope ratiGd/’H) can be determined through quantitative
measurement at each site and calculated by coropangith an internal standard (e.g.
tetramethylurea TMU) having a certified isotopiduea[Martin and Martin, 1990iH-NMR spectra
were recorded using a SNIF-NMR spectrometer, equaippith a probe tuned to the characteristic
resonance frequency GH for the corresponding field. The specifiel probes had a proton
decoupling channel and also a field-frequency Bsation channel tuned to the fluorine frequency
(lock).

The?H/*H ratios obtained using SNIF-NMR are expressedairispper million (ppm), it is possible

to report the values on tldescale using the following equation:

(HI'H),

8°H, %o :[T
("H/"H) smow

—l] (1000

where ¢H/*H); and €H/*H)swow are the hydrogen isotopic values expressed in ppm specific

intramolecular site (i) and standard V-SMOW (158p8n) respectively.
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1.4 STABLE ISOTOPES IN FOOD AUTHENTICATION

One of the most powerful techniques used in foathenticity studies is IRMS. IRMS has been
used for the authentication of a wide range of &boffis, and recently this technique has gained
wider acceptance in food control laboratories. 8raod adulteration of foodstuff can be related to
the geographical origin, agricultural system usegrocessing method, or involve cases in which
products have been diluted or in which chemicatifoomponents have been substituted by cheaper
imitations.

The isotopic fractionation processes described aloften cause unique isotopic signatures for food
products. These signatures are often sufficierttigng to verify the authenticity of a product. A
selection of the major fractionation processestardavailable associated information of relevance

to food authenticity testing is presented in Table

Table 4.Selected elements, corresponding delta notationfraationation processes relevant for authentitgtsting
[Kelly et al, 2005; Sulzman, 2007; Berglund and Wieser, 20tan&et al, 2014]

Element Delta notation Fractionation processes Information
Hydrogen &°H Evaporation, Geography,
condensation, water usage, fertilisation rate

precipitation,

transpiration

Carbon 53c CO; assimilation, Water use efficiency,
stomatal conductance fertilisation rate
Nitrogen 5°N N transformation processes, Fertiliser type and rate

atmospheric loss

Oxygen 50 Evaporation, Geography,
condensation, water usage, fertilisation rate
precipitation,
transpiration

Sulfur 5*s S transformation processes, Geography,
sea spray fertiliser type

The relevant literature is summarised in Table &jctv shows the various commodity groups

investigated, the parameters measured and thesponding references.
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Table 5. Summary of the relevant literature retatio the use of multi-isotopic analysis for foodtenticity testing
[Kelly et al, 2005; Gonzalveet al, 2009; Laurseet al, 2016]

Analytical Parameters

. Reference
technique measured

Food commodity Authemticy case

Meet Geographical origin IRMS H,C/ N, S Schmidt et al., 2005,
Camin et al., 2007,
Heaton et al., 2008,
Perini et al., 2009,
Bong et al., 2010,
Osorio et al., 2011
Agricultural origin IRMS C,N, S Bahar et al., 2008

Butter Geographical origin IRMS C,N,O,S Rossmann et al., 2000,
Balling and Rossmann, 2004

Cheese Geographical origin IRMS H,C,N,O, S Pillonel et al., 2004,
Manca et al., 2006,
Bontempo et al., 2012,
Camin et al., 2012,
Camin et al., 2015,
EU Reg. 584/2011

Milk Geographical origin IRMS, H,C,N, O, S Rossmann et al., 1998,
GC-Py-IRMS Crittenden et al., 2007,
Camin et al., 2008,
Molkentin and Giesemann, 2010,
Ehtesham et al., 2013a,
Ehtesham et al., 2013b,
Agricultural origin IRMS C,N Molkentin and Giesemann, 2010,
Chung et al., 2014

Wine and must Geographical origin IRMS H,C, O Breas et al., 1994,
Rossmann et al., 1999,
Ogrinc et al., 2001,
Cristoph et al., 2004,
Gremaud et al., 2004

Sugar/water addition IRMS, H,C, O EU Reg 555/2008
SNIF-NMR
Vegetable oil Geographical/botanical origin IRMS, H,C, O Kelly et al., 1997,
GC-C-IRMS Breas et al., 1998,
GC-Py-IRMS Angerosa et al., 1999,

Spangenberg and Ogrinc, 2001,
Aramendia et al., 2007, lacumin
et al., 2009, Bontempo et al.,
2009,

Camin et al., 2010a, Camin et al.,
2010b,

Guo et al., 2010,

Faberi et al., 2014,

Banerjee et al., 2015,

Jeon et al., 2015,

Portarena et al., 2015, Mihailova

etal., 2015,
Horacek et al., 2015
Adulteration IRMS H,C, O Woodbury et al., 1995, Angerosa
GC-C-IRMS et al., 1997, Spangenberg et al.,
1998,

Hrastar et al., 2009,
Seo et al., 2010,
Richter et al., 2010,
Kim et al., 2015

Vinegar Sugar/water addition, IRMS, H,C, O Thomas and Jamin, 2009,
synthetic acetic acid SNIF-NMR Camin et al., 2013
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Fruit and
vegetables

Honey

Cereal crops

Tomato passata

Fruit juice

Eggs

Seafood

Coffee and
caffeine

Vanillin

Tea

Geographical origin

Agricultural origin

Geographical origin

Sugar addition

Geographical origin

Agricultural origin
Water addition
Geographical origin

Sugar/water addition

Agricultural origin

Geographical origin

Geographical origin

Synthetic caffeine addition

Geographical origin

Synthetic vanillin addition

Geographical origin

IRMS

IRMS

IRMS

IRMS

IRMS

IRMS
IRMS
IRMS

IRMS,

SNIF-NMR

IRMS

IRMS

IRMS

GC-C-IRMS

GC-C-IRMS
GC-Py-IRMS
GC-C-IRMS
GC-Py-IRMS

IRMS

H,C,N,O,S

H,C,NO,S

H CN,S

C

C,N,O,S

H,C,N,O,S

Perez et al., 2006,
Meylahn et al., 2006,
Horita, 2008,
Longobardi et al., 2015, Mimmo
etal., 2015

Camin et al., 2011,
Sturm et al., 2011,
Bat et al., 2012,
Flores et al., 2013,
Laursen et al., 2013,
Mihailova et al., 2014

Kropf et al., 2010a, Kropf et al.,
2010b,

Schellenberg et al., 2010,
Bontempo et al., 2015

White et al., 1998

Goitom-Asfaha et al., 2011,
Kelly et al., 2002,

Brescia et al., 2002

Laursen et al., 2013

Bontempo et al., 2014a

Kornexl et al., 1996,

Martin et al., 1996

Rossmann et al., 1997, Simpkins
et al., 2000,

Rummel et al., 2010, Bontempo
et al., 2014b

Rogers et al., 2015

Carter et al., 2015,
Ortea and Gallardo 2015

Weckerle et al., 2002
Zhang et al., 2012
Hansen et al., 2014

Hener et al., 1998,
Greule et al. 2010

Pilgrim et al., 2010

31



Chapter 1

1.3 REFERENCES

Angerosa F., Camera L., Cumitini S., Gleixner Geniero F. Carbon stable isotopes andelil adulteration witl
pomace oilJ. Agric. Food Chenl997, 45, 3044.

Angerosa F., Breas O., Contento S., Guillou C.,i&enF., Sada E. Application of stable isotopeoratnalysis to th
characterization of the geographical origin of eloils.J. Agric. Food Cheml999 47, 1013.

Aramendia M.A., Marinas A., Marinas J.M., MorenMJ. Moalem M., Rallo L., Urbano F.J. Oxygd8 measureme
of Andalusian olive oils by continuous flow pyroissotope ratio mass spectromefRapid Commun. Mass Spectrom.
2007, 21, 487.

Attendorn HG, Bowen RRadioactive and Stable Isotope GeoloGhapman & Hall, New Yorki997.

Bahar B., Schmidt O., Moloney A.P., Scrimgeour G.Begley I.S., Monahan F.J. Seasonal variatiomén@, N and !
stable isotope composition in retail organic andvemtional Irish beef-ood Chem2008 106, 1299.

Balling H.P., Rossmann A. Countering fraud via dgat analysis — Case repdftiminalistik. 2004 58, 44.

Banerjee S., Kyser T.K., Vuletich A., Leduc E. Etrtal and stabkl isotopic study of sweeteners and edible
Constraints on food authenticatiah.Food Comp. AnaR015 42, 98.

Barbour M.M. Stable oxygen isotope composition lahptissue: a reviewsunct. Plant Biol2007, 34, 83.

Bat K.B., Vidrih R., Necemek., Vodopivec B.M., Mulic I., Kump P., Ogrinc N. @hacterization of Slovenian Appl
with Respect to Their Botanical and Geographicagi@rand Agricultural Production Practiceéood Technol Biotech.
2012 50, 107.

Bateman A.S., Kelly S.D., Woolfe M. Nitrogen isompomposition of organically and conventionallywgnocrops.J.
Agric. Food Chem2007, 55, 2664.

Berglund M., Wieser M.E. Isotopic compositions lé telements 2009 (IUPAC Technical Repadrtire Appl. Chem.
2011 8, 3397.

Bong Y.S., Shin WJ., Lee A.R., Kim Y.S., Kim K., Lee K.S. Traciniget geographical origin of beefs being circule
in Korean markets based on stable isotoRegpid Commun. Mass 2010 24, 155.

Bontempo L., Camin F., Larcher R., Nicolini G., BeM., Rossmann, A. Gast and year effect on H, O and C st
isotope ratios of Tyrrhenian and Adriatic Italidive oils. Rapid Commun. Mass 2009 23, 1043.

Bontempo L., Lombardi G., Paoletti R., Ziller L.a@in F. H, C, N and O stable isotope charactesistfalpire forage
milk and cheese. Int Dairy 2012 23, 99.

Bontempo L., Ceppa F.A., Perini M., Tonon A., Gagb G., Marianella R.M., Marega M., Trifiro A., Cam¥. Use o
delta O-18 authenticity thresholds to differentitimato passata from diluted tomato pabt@od Contro} 20144 35,
413.

Bontempo L., Caruso R., Fiorillo M., Gambino G.Bgrini M., Simoni M., Traulo P., Wehrens R., GagtiaG. Camir
F. Stable isotope ratios of H, C, N and O in Iltalidtrus juicesJ. Mass Spectron2014h 49, 785.

Bontempo, L., Camin, F., Ziller, L., Perini, M., &dilini, G., Larcher, R. Isotopic and elemental cosipon of selecte
types of Italian honeyMeasuremenf2015

Brand W.A., Coplen T.B. Stable isotope deltasy,tyet robust signatures in natutsot. Environ. Health Stu®012
48, 393

Brand W.A., Coplen T.B., Vogl J., Rosner M. Prote3k Assessment of international reference matefialisotope-
ratio analysis (IUPAC Technical Repoiure Appl. Chem2014 86, 425.

Breas O., Reniero F., SermriG., Martin G.J., Rossmann A. Isotope ratio mgssctrometry: Analysis of wines frc
different European countrieRapid Commun. Mass Sk294 8, 967.

Breas O., Guillou C., Reniero F., Sada E., Angefas@xygen-18 measurement by continuous flowolygis/isotope
ratio mass spectrometry of vegetable diapid Commun. Mass SP98 12, 188.

Brescia M.A., Di Martino G., Fares C., Di Fonzo Rlatani C., Ghelli S., Reniero F., SaccoGharacterization ¢
Italian durum wheat semolina by means of chemioalydical and spectroscopic determinatioBisreal Chem 2002
79, 238.

32



Chapter 1

Bricout, J. Control of the authenticity of orangécg by isotopic analysed. Assoc. Off. Anal. Cherh973 56, 739.
Bricout J. Isotope ratios in environmental studies.J. Mass Spec. lon Phyk082 45, 195.

Camin F., Bontempo L., Heinrich K., Horacek M., Ke8.D., Schlicht C., Thomas F., Monahan F., HoogfJ.,
Rossmann A. Multi-element (H, C, N, S) stable ipet@haracteristics of lamb meat from differentdp@an region:
Anal. Bioanal Chen2007,389, 309.

Camin F., Perini M., Colombari G., Bontempo L., $ai G. Influence of dietary composition on the carbonragéen,
oxygen and hydrogen stable isotope ratios of rRikpid Commun. Mass SP008 22, 1690.

Camin F., Larcher R., Perini M., Bontempo L., B&dtd., Gagliano G., Nicolini G., Versini G. Chatadsation o
authentic Italian extra-virgin olive oils by stabotope ratios of C, O and H and mineral compasitFood Chem.
20103 118, 901.

Camin F., Larcher R., Nicolini G., Bontempo L., Bddi D., Perini M., Schlicht C., Schellenberg A.hdmas F.
Heinrich K., Voerkelius S., Horacek M., Ueckermatn Froeschl H., Wimmer B., Heiss G., Baxter M. sRmann A.
Hoogewrffx J. Isotopic and Elemental Data for Tnacihe Origin of European Olive Qils. Agric. Food Chen010h
58, 570.

Camin F., Perini M., Bontempo L., Fabroni S., Faadj Magnani S., Baruzzi G., Bonoli M., Tabilio M,RMusmec
S., Rossmann A., Kelly S.D., Rapisarda P. Pakrsotopic and chemical markers for charactagsbrganic fruits
Food Chem2011, 125, 1072.

Camin F., Wehrens R., Bertoldi D., Bontempo L.J&filL., Perini M., Nicolini G., Nocetti M., Larchd®. H, C, N anc
S stable isotopes and mineral profiles to objebtigearantee the authenticity of grated hard cleds®l. Chim. Acta.
2012 711, 54.

Camin F., Bontempo L., Perini M., Tonon A., Breas Guillou C., MorendRojas J.M., Gagliano G. Control of wi
vinegar authenticity through delta O-18 analyBod Control.2013 29, 107.

Camin F., Bertoldi D., Santato A., Bontempo L., iRiek., Ziller L., Stroppa A., Larcher R. Validatioof methods fo
H, C, N and S stable isotopes and elemental agabfstheese: results of an international collalgattudy.Rapid
Commun. Mass S@015 29, 415.

Carter J., Barwick V. Good Practice Guide for IpmoRatio Mass Spectrometry: Forensic Isotope Ristass
Spectrometry (FIRMS) Networ2011

Carter J.F., Tinggi U., Yang X. Fry B. Stable iqmtoand tace metal compositions of Australian prawns asidegio
authenticity and wholesomeneB®od Chem2015 170, 241.

Chung I.M., Park I., Yoon J.Y., Yang Y.S., Kim S.Betermination of organic milk authenticity usingrison ant
nitrogen natural isotopeBood Chem2014 160, 214.

Clark I., Fritz P Environmental Isotopes in Hydrogeolodyewis Publishers, New Yori,997.
Craig H. Isotopic variations in natural wate8siencel1961,133 1702.

Cristoph N., Baratossy G., Kubanovic V., Kozina BRossman A., Schlict C., Voerkelius S. Possibilities ¢
limitations of wine authentication using stabletégge ratio analysis and traceability. Part 2: Wifreen Hungary
Croatia and other European countridgteilungen Klosterneuber@004 54, 155.

Crittenden R.G., Andrew A.S., LeFournour M., Young M.Middleton H., Stockmann R. Determining the geogia
origin of milk in Australasia using multi-elemertable isotope ratio analysisit. Dairy J.2007, 17, 421.

Dansgaard W. Stable isotopes in precipitaticgilus 1964 4, 436.
DeNiro M.J., Epstein S. Mechanism of carbon isotfspetionation associated with lipid syntheSsi 1977, 13, 261.

Detmers J., Brichert V., Habicht K.S., Kuever Jvdbsity of sulfur isotope fractionations by sultageucing
prokaryotesAppl. Environ. Microb2001, 67, 888.

Ehtesham E., Baisden W.T., Keller E.D., Hayman AVRn Hale R., Frew R.D. Correlation between prg&ijmn anc
geographical location of th&H values of the fatty acids in milk and bulk milkyeder. Geochim. Cosmochim. Acta.
20133 111, 105.

Ehtesham E., Hayman A.R., McComb K.A., Van HaleRew R.D. Correlation of geographical locationhnstable
isotope values of hydrogen and carbon of fattysafidm New Zealand milk and bulk milk powdér.Agr. Food Chem.
2013hQ 61, 8914.

33



Chapter 1

Estep M.F., Hoering T.C. Biogeochemistry of thebktahydrogen isotopesseochim. Cosmochim. Acta98Q 44,
1197.

Faberi A., Marianella R.M., Fuselli F., La Mantia.,ACiardello F., Montesano C., Mascini M., Sergic |
Compagnonec D. Fatty acid composition &M of bulk and individual fatty acids as marker émthenticating Italia
PDO/PGI extra virgin olive oils by means of isotopatio mass spectrometry.. Mass Spectron2014 49, 840.

Ferrio J.P., Voltas J., Araus J.L. Use of carbatojge compaosition in monitoring environmental chemylanagemer
of Environmental Quality2003 14, 82.

Flores P., Lopez A., Fenoll J., Hellin P., Kelly 8assification of organiand conventional sweet peppers and let
using a combination of isotopic and bio-markerdwiitultivariate analysisl. Food Comp. AnaR013 31, 217.

Fogel M.L., Cifuentes L.A. Organic geochemistryinpiples and applications: Isotope fractionatiorrimy primary
production. (Eds: M.H. Engel, S. A. Macko), PlenBress, New York] 993

Forstel H, Hutzen H. Variation des Verhaltnisses stabilen Sauerstofsotope im Grundwasser der Bundesrept
DeutschlandGwf-wasser/abwasset984 125 21.

Galimov E.M.The Biological Fractionation of Isotope&cademic Press Inc., Orlandtf85

Goitom-Asfaha D., Quétel C., Thomas F., HoracekWimmer B., Heiss G., Dekant C., Detédizelsberger P., Hoel
S., Rummel S., Brach-Papa C., Van-Bocxstaele Mijn)&., Baxter M., Heinrich K., Bertoldi D., Bontem., Camir
F., Larcher R., Perini M., Kelly S., Rossmann Ach&8lenberg A., Schlicht C., Froeschl H., Hoogetwarf Ueckerman
H. Combining isotopic signatures &8rf°Sr and light stable elements (C, N, O, S) with imeliemental profiling fo
the authentication of provenance of European ceaaplesd. Cereal Sci2011, 53, 170.

Gonzalvez A., Armenta S., de la Guardia M. Traereint composition and stahb#etope ratio for discrimination
foods with Protected Designation of Origiirend Anal. Chen2009 28, 1295.

Gremaud G., Quaile S., Piantini U., Pfammatterd®rvi C. Characterization of Swiss vineyards ussajopic data il
combination with trace elements and classical patars.Eur. Food Res. Technd004 219,97.

Greule M., Tumino L.D., Kronewald T., Hener U., 8skcher J., Mosandl| A., Keppler F. Improved rapithanticatior
of vanillin using delta C-13 and delta H-2 valugsr. Food Res. Technd@01Q 231, 933.

Guo B.L., Wei Y.M., Pan J.R., Li YStable C and N isotope ratio analysis for regiaedgraphical traceability
cattle in ChinaFood Chem201Q 118 915.

Hansen A.M., Fromberg A., Frandsen H.L. Authentiaihd traceability of vanilla flavors by analysisstable isotope
of carbon and hydroged. Agric. Food Chen014 62, 10326.

Hatch M.D., Slack C.R. Photosynthesis by sugardaages. A carboxylation reaction and the pathwaysudal
formation.Biochem. J1966 101, 103.

Heaton H.T.E. Thé®N/*N rafios of plants in South Africa and Namibia: relasbip to climate and coastal/sal
environmentsOecologia.1987, 74, 236.

Heaton K., Kelly S.D., Hoogewerff J., Woolfe M. \fging the geographical origin of beef: The applioa of multi-
element isotope and trace element anal{Fed Chem2008 107, 506.

Hener U., Brand W.A., Hilkert A.W., Juchelka D., Bandl A., Podebrad F. Simultaneous on-line analyst§0/*°0
and™*C/*’C ratios of organic compounds using GC-pyrolysiMBR Z. Lebensm. Unters. Forsch. 2098 206, 230.

Hobson K.A. Using stable isotopes to trace londatise dispersal in birds and other taRaers Distrib. 2005 11,
157.

Horacek M., Hansel-Hohl K., Burg K., Soja G., Okefnyanga W., Fluch S. Control of Origin of Sesa@ié from
Various Countries by Stable Isotope Analysis and\®sed Markers - A Pilot Studi?los One2015

Horita H. Determination of the geographic originagfricultural products by scientific analydimod. Food Ingr. J. Jpn.
2008 213,800.

Hrasta R., Petrisic M.G., Ogrinc N., Kosir 1.J. Fatty illcand Stable Carbon Isotope Characterization ohéliaa
sativa Oil: Implications for Authenticatiod. Agric. Food Chen2009 57, 579.

lacumin P., Bernini L., Boschetti T. Climatic factoinfluencingthe isotope composition of Italian olive oils ¢
geographic characterisatidRapid Commun. Mass 2009 23, 448.

34



Chapter 1

Jeon H., Lee S.C., Cho Y.J., Oh J.H., Kwon K., KBnil. A tripledsotope approach for discriminating the geogra
origin of Asian sesame oilEood Chem2015 167, 363.

Kelly S.D., Parker I., Sharman M., Dennis J., GdbdaAssessing the authenticity of single seedetable oils usin
fatty acid stable carbon isotope rati&¥C(*?C). Food Chem1997, 59, 181.

Kelly S. D. The development of continuous-flow o¢ ratio mass spectrometry methods and theircgijh to the
detection of food adulteration. PhD Thesis, Uniitgrsf East Anglia, Norwich, England, NR4 7T2D01.

Kelly S.D., Baxter M., Chapman S., Rhodes C., Dgnhj Bereton P. The application of isotopic and elenie
analysis to determine the geographical origin ehgpum long grain riceEur. Food Res. Technd@002 214,72.

Kelly S.D. Using stable isotope ratio mass specttoyn(IRMS) in food authentification dntraceability. In: Lees, M
Book: Food authenticity and traceability (Cambridgéoodhead Publishing Ltd 2003

Kelly S.D., Heaton K., Hoogewerff J. Tracing theogeaphical origin of food: The application of medfement an
multi-isotope analysislrends Food Sci. TecR005 16, 555.

Kim J., Jin G., Lee Y., Chun H.S., Ahn S., Kim B Bombined analysis of stable isotope ratid NMR, and fatty aci
to verify sesame oil authenticity. Agric. Food ChenR015 63, 8955.

Kornex! B.E., Rossmann ASchmidt H.L. Improving fruit juice origin assignntelny combined carbon and nitrog
isotope ratio determination in pul@. Lebensm. Unters. Forsch. 2996 202, 55.

Kropf U., Golob T., Necemer M., Kump P., Korosec, Bertoncelj J., Ogrinc N. Carboma Nitrogen Natural Stab
Isotopes in Slovene Honey: Adulteration and Botanand Geographical Aspectk. Agric. Food Chem20103 58,
12794.

Kropf U., Korosec M., Bertoncelj J., Ogrinc N., Necer M., Kump P., Golob T. Determination of the graphial
origin of Slovenian black locust, lime and chestmomey.Food Chem2010h 121, 839.

Krouse H.R., Mayer B. Sulfur and oxygen isotopestlitfate,Environmental Tracers in Subsurface Hydrolpgg. by
P. Cook and A.L. Herczeg, Kluwer Academic Publishé&orwell, MA,2000Q

Krueger H.W., Reesman R.H. Carbon isotope analpsie®d technologyMass Spec. Re¥982,1, 206.

Laursen K.H., Mihailova A., Kelly S.D., Epov V.NBérail S., Schjoerring J.K., Donard O.F.X., LarseérH.,
Pedentchouk N., Marca-Bell A.D., Halekoh U., Oleddn., Husted S. Is it really organic? - migtitopic analysis as
tool to discriminate between organic and convemti@ants Food Chem2013 141, 2812.

Laursen K.H., Bontempo L., Camin F., Rossmann Avates in Isofpic Analysis for Food Authenticity Testin
Woodhead Publishing Series in Food Science, Teolggoand Nutrition edited by Gerard Downey, Woodhe
Publishing,2016

Longobardi F., Casiello G., Cortese M., Perini lamin F., Catucci L., Agostiano A. @ismination of geographic:
origin of lentils (Lens culinaris Medik.) using ispe ratio mass spectrometry combined with chemaesefood
Chem.2015 188, 343.

Lott C.A., Meehan T.D., Heath J.A. Estimating tlaitudinal origins of migratory birds ugj hydrogen and sulfi
stable isotopes in feathers: influence of marirey fraseOecologia.2003 134, 505.

Manca G., Franco M.A., Versini G., Camin F., RossmA., Tola A. Correlation between multielementbétaisotope
ratio and geographical origin in Peretta cows' ralikesel. Dairy Sci.2006 89, 831.

Martin M.L., Martin G.J., Deuterium NMR in the Sydf Site-Specific Natural Isotope FractionatioMN(B-NMR), in:
P. Diehl, E. Fluck, H. Gunther, R. Kosfeld, J. $g€Eds.), NMR Deuterium and Shift Calculation, v@B. Springer-
Verlag, Berlin,199Q

Martin G.J., Zhang L., Naulet N., Martin M.Deuterium transfer in the bioconversion of gluctsethanol studied
specific labeling at the natural abundance leyeAm. Chem. So&986 108 5116.

Martin G.G., Hanote V., Lees M., Martin Y.L. Integtation of combined H-2 SNIF/NMR and 13 SIRA/MS analyse
of fruit juices to detect added sugarAoac Int.1996 79, 62.

Mast M.A., Turk J.T., Ingersoll G.P., Clow D.W., &er C.L. Use of stde sulfur isotopes to identify sources
sulphate in Rocky Mountain snowpackémos. Environ2001, 35, 3303.

Meier-Augenstein WStable Isotope ForensicgK: John Wiley & Sons Ltd201Q

35



Chapter 1

Meylahn K., Rucker A., Wolf E. Provenience analysfsasparagus using isotope relation mass spectrpnizeut
Lebensm-RundscB00§ 102, 523.

Mihailova A., Pedentchouk N., Kelly S.D. Stable tque analysis of plant-derived nitrateNovel method fo
discrimination between organically and conventingtown vegetabledzood Chem2014 154, 238.

Mihailova A., Abbado D., Kelly S.D. Pedentchouk e impact of environmental factors on moleculad atable
isotope compositions of n-alkanes in Mediterraneera virgin olive oilsFood Chem2015 173 114.

Mimmo T., Camin F., Bontempo L., Capici C., Tagliawh, Cesco S., Scampicchio M. Traceability of difint appls
varieties by multivariate analysis of isotope ratiass spectrometry dafRapid Commun. Mass S§015 29, 1984.

Molkentin J., Giesemann A. Follow-up of stable ¢gme analysis of organic versus conventional nflkal. Bioanal
Chem.2010,398, 1493.

Monson K.D., Hayes J.M. Biosynthetic control of thegural abundance of carbon 13 at specific postigithin fatty
acids in Saccharomyces cerevisiae. Isotopic fraation in lipid synthesis as evidence for peroxiabnegulation.J.
Biol. Chem1982,257, 5568.

Nielsen H.Handbook of Geochemistr{Eds: K.H. Wedepohl). Springer-Verlag, Berli978.

Ogrinc N., Kosir I.J., Kocjanc M., Kidr J. Determination of authenticy, regional origamd vintage of Slovenian win
using a combination of IRMS and SNIF-NMR analyse#\gric. Food Chen001, 49, 1432.

O'Leary M.H. Carbon isotope fractionation in plaftBytochemistry1981,20, 553.

Ortea |., Gallardo J.M. Investigation of productionethod, geographical origin and species authdititan
commercially relevant shrimps using stable isotogg&® and/or multielement analyses combined with chemomet
An exploratory analysiszood Chem2015 170, 145.

Osorio M.T., Moloney A.P., Schmidt O., Monahan FMultielement Isotope Analysis of Bovine Muscle
Determination of International Geographical OrigirMeat.J. Agric. Food Chen011, 59, 3285.

Perez A.L., Smith B.W., AndersdQ A. Stable isotope and trace element profilingibied with classification mode
to differentiate geographic growing origin for thruits: effects of subregion and variely. Agric. Food Chen006
54,4506.

Perini M., Camin F., Bontempo L., Rosann A., Piasentier E. Multielement (H, C, N, O, €able isotop
characteristics of lamb meat from different Italf@gions Rapid Commun. Mass S2009 23, 2573.

Pilgrim T.S., Watling R.J., Grice. K. Applicationf trace element and stable isotopgnsitures to determine t
provenance of tea (Camellia sinensis) samplesd Chem201Q 118 921.

Pillonel L., Bitikofer U., Rossmann A., Tabacchi Bosset J.O. Analytical methods for the detectibadulteratior
and mislabelling of Raclette Suisse and Fontina RB€eseMitteilung Lebensmittel Hy@004 95, 489.

Portarena S., Farinelli D., Lauteri M., Famiani Esti M., Brugnoli E. Stable isotope and fatty ac@mpositions ¢
monovarietal olive oils: Implications of ripeningage and climate effects as determinants in tralityadtudies.Food
Control. 2015 57, 129.

Rees C.E., Jenkins W.J., Monster J. The sulphtiopso composition of ocean water sulpha&ochim. Cosmochir
Ac. 1978 42, 377.

Richter E.K., Spangenberg J.E., Kreuzer Meibler F. Characterization of Rapeseed (Brassicas)apils by Bulk C
O, H, and Fatty Acid C Stable Isotope AnalysksAgric. FoodChem.201Q 58, 8048.

Rogers K.M., Van Ruth S., Ailewijn M., Philips ARogers P. Verification of Egg Farming Systemsnfr The
Netherlands and New Zealand Using Stable Isotapesgric. Food Chen015 63, 8372.

Rossmann A., Koziet J., Martin G.J., Dennis M.Jtebmination of the carboh3 content of sugars and pulp from fi
juices by isotope-ratio mass spectrometry (interafdrence method) - A European interlaboratory manson.Anal.
Chim. Actal1997, 340, 21.

Rossmann A., Kornexl B., Versini G., Pichimayer [Eamprecht G. Origin assignment of milk from alpiregions by
multielement stable isotope ratio analysis (SIRA9.Rivista di Scienza dell'Alimentaziod®98 27, 9.

Rossmann A., Reniero F., Moussa I., Schmidt H.letsihi G., Merle M.H Stable oxygen isotope content of wate
EU data-bank wines from ltaly, France and Germatgjtschrift fur Lebensmitteluntersuchung unéorschung A
1999 208,400.

36



Chapter 1

Rossmann A., Haberhauer G., Holzl S., Horn P., IRiaher F., Voerkelius S. The potential of multietrh stable
isotope analysis for regional origin assignmerthatter.Eur. Food Res. Technd@00Q 211, 32.

Rozanski K., Araguas L., Gonfiantini Rontinental Isotope Indicators of Climate: Isotojpiatterns in modern glob
precipitation, (Eds: P.K. Swart, K.L. Lohmann, J. McKenzie, S. iavAmerican Geophysical Union Monogra,
1993

Rubenstein D.R., Hobson K.A. From birds to buttesfl animal movement patterns and stable isotopresds Ecol.
Evol.2004 19, 256.

Rummel S., Holzl S., Horn P., Rossmann A., Schii€hThe combination of stable isotope abundandesraf H, C, N
and S with?’SrF°Sr for geographical origin assignment of orangegsiFood Chem201Q 118, 890.

Seo H.Y., Ha J., Shin D.B., Shim S.L., No K.M., KKiS., Lee K.B., Han S.B. Detection of corn oildadulterate:
sesame oil by chromatography and carbon isotopgsasial. Am. Oil Chem. So201(Q 87, 621.

Schellenberg A., Chmielus S., Schlicht C., CaminFerini M., Bontempo L., Heinrich K., Kelly S.DRossmann A
Thomas F., Jamin E., Horacek M. Multielement stabtgope ratios (H, C, N, S) of honey froriferent Europea
regions.Food Chem201Q 121, 770.

Schidlowski M. Stable isotopes(Eds: HL. Schmidt, H. Forstel, K. Heinzinger), Elsevierigtific Publishing
Company, Amsterdani,982

Schmidt H.L., Kexel H. Isotope discriminations upbiosynthes in natural systems: general causes and indil
factors of the different bioelementsotop. Environ. Health Stud999 35, 11.

Schmidt H.L., Werner R., Rossmann O pattern and biosynthesis of natural plant prosliRitytochemistry2001,
58, 9.

Schmidt O., Quilter J.M., Bahar B., Moloney A.Pcrighgeour C., Begley I.S., Monahan F.J. Inferrihg brigin anc
dietary history of beef from C, N and S stabledget ratio analysisz-ood Chem2005 91, 545.

Scrimgeour C.M., Robinson D. Stabletigoe analysis and applications. In Soil and Envitental Analysis: Moder
Instrumental Techniques. K. A. Smith, and M. S.98ez, ed. Marcel Dekker Inc., New York, NXQ04

Simpkins W.A., Patel G., Harrison M., Goldberg Dal3e carbon isotope ratimalysis of Australian orange juict
Food Chem200Q 70, 385.

Smith B.N., Epstein S. Two categories-#/*°C ratios for higher plant®l. Physiol 1971, 47, 380.

Spangenberg J.E., Macko S.A., Hunziker J. Chaiizetéyn of olive oil by carbon isotopenalysis of individual fatt
acids: implications for authenticatioh. Agric. Food Chenll998 46, 4179.

Spangenberg J.E., Ogrinc N. Authentication of valglet oils by bulk and molecular carbon isotope ys®d witt
emphasis on olive oil and pumpkin seed ailAgric. Food Chen001, 49, 1534.

Sturm M., Kacjan-Marsic N., Lojen S. CahN in lettuce tissues reveal the use of synthetiogen fertiliser in organi
production?]. Sci Food Agr2011 91, 262.

Sulzman E.W. Stable isotope chemistry and measunreraeprimer.Stable Isotopes in Ecology and Environme
ScienceSecond ed. Oxford: Blackwell PublishirR07.

Taiz L., Zeiger EPlant PhysiologysSinauer Associates Inc. Publishers, Sunderla8€g

Tanz N., Schmidt H.L§*'Svalue measurements in food origin assignments affdr ssotope fractionations in plar
and animalsJ. Agric. Food Chen201Q 58, 3139.

Thode H.G., Monster J., Durford H.B. Sulphur is@@gochemistryGeochim. Cosmochim. At961, 25, 150.

Thomas F., Jamin E. H-2 NMR and C-13-IRMS analysfescetic acid from vinegar, O-18-IRMS analysisa@te in
vinegar: International collaborative study repémal. Chim. Acta2009 649, 98.

Wadleigh M.A., Blake D.M. Tracing sources of atmiospc sulphur using epiphytic lichengnviron. Pollut.1999
106, 265.

Weckerle B., Richling E., Heinrich S., Schreier@®igin assessment of green coffee (Coffea Aratiganulti-elemen
stable isotope analysis of caffeiddal. Bioanal. Chen2002 374, 886.

Werner R.A., Schmidt H.L.The in vivo nitrogen isotope discrimination amongganic plant compound
Phytochemistr002 61, 465.

37



Chapter 1

White J.W.C.Stable isotopes in ecological reseandds: P.W. Rundel, J.R. Ehleringer, K.A. Nagy)riSger Verlac
Inc., New York,1988.

White J.W., Winters K., Martin P., Rossmann A. $atarbon isotope ratio analysis ofrey: Validation of internz
standard procedure for worldwide applicatidnAoac Int.1998 81, 610.

Winkler F.J. Giromatography and mass spectrometry in nutritioersme and food safetyEds: A. Frigerio, H. Milon)
Elsevier Science Publishers BV, Amsterdd984

Woodbury S.E., Evershed R.P., Rossell J.B., GnifRtE., Farnell P. Detection of vegetable oil aghaition using gas-
chromatography combustion isotope ratio mass-spaetiry.Anal. Chem1995 67, 2685.

Wynn P.M., Loader N.J., Fairchild]. Interrogating trees for isotopic archives tthaspheric sulphur deposition &
comparison to speleothem recorBaviron. Pollut.2014 187, 98.

Yoneyama T Stable isotopes in the biosphere: Nitrogen metaboland fractionation of nitrogen isotopes in plants
(Eds: E. Wada, T. Yoneyama, M. Minagawa, T. Andd).B-ry), Kyoto University Press, Kyot©995

Yurtsever Y., Gat J.RAtmospheric waterdAEA technical reports series 210 Stable Isotoperbpgy.IAEA. 1981
103.

Zazzo A., Monahan, F.JMoloney, A.P., Green, S., Schmidt, O. Sulphur ipe®in animal hair track distance to ¢
Rapid Commun. Mass Spectrd2il], 25, 2371.

Zhang L., Kujawinski D.M., Federherr E., Schmid€CT,.Jochmann M.A. Caffeine in Your Drink: NaturalSynthetic’
Anal. Chem2012 84, 2805.

Ziegler H., Osmind C.B., Stichler W., Trimborn Rydrogen isotope discrimination in higher plantgri@lations witt
photosynthetic pathway and environmd®lanta.1976 128 85.

38



Chapter 2

CHAPTER 2 AIMS OF THE THESIS

2.1 AIMS OF THE THESIS

The general aim of this thesis was to verify theliapbility of analysis of multi-element stable
isotope ratios to food authenticity. In particulanalytical approaches based on bulk isotope
analysis and compound-specific isotope analysievadaveloped for the traceability of different

agricultural products and derivatives.

In detail, the research focused on:

study of multi-element stable isotopes along th&tgaroduction chain, to evaluate if and how

the farming system and geographical origin affeetisotopic signature;

— development of an analytical approach to measwgesthtopic fingerprint of individual amino
acids of wheat samples in order to discriminatevbeh organically and conventionally grown

plants;

— investigation of the feasibility of usind°N as an additional isotopic marker able to link &vin

to the area of origin;

— evaluation of the efficacy of IRMS as a tool foading the botanical origin of oenological

tannins;

— characterisation of "aceto balsamico di Modenapliaption of stable isotope ratio analysis for

authentication of origin;

— geographical traceability of extra-virgin olive Rilby combining both stable isotope ratio

analysis and NMR profiling approaches;

— geographical traceability of European and non-Eeaopextra-virgin olive oils: creation of a

dataset with isotopic values measured in bulk sasha@hd fatty acids.
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CHAPTER 3 WHEAT AND DERIVATIVES

3.1 INTRODUCTION

Cereals (rice, wheat, corn and soybean) are thé impsrtant staple foodstuffs and play a vital role
as the main source of energy, protein and fat exfak almost all the world's population. Wheat is a
major food and important commodity in the grain kedywith global production currently standing
at around 730 million tonnes (2014 data providedrA®, http://faostat.fao.org/). The largest wheat
producer is China, accounting for 17% of world prctibn, while the major wheat-growing
countries in Western Europe are France, GermapyUthited Kingdom, Italy, Spain and Portugal,
in order of production.

Wheat is the most important arable crop in ltalyteamms of area cultivated and economic
significance, due to the production of pasta, wiscthe main constituent of the Mediterranean diet
(ISTAT, http://agri.istat.it). Italy is the princgb global producer of pasta, which represents about
7% of total agrofood exports, therefore having @ampry role in the Italian economy and
representing one of the main Italian products weidie.

Nowadays, consumers tend to prefer organicallyyed food, which is generally considered to be
healthier than conventional products. In Italy.eeds are some of the most widespread organic crops
(SINAB, http://sinab.it) and the market for orgapiasta has shown a growing trend in the last few
years (ISMEA, http://ismea.it). It is therefore aildhat there is an economic basis for developing
analytical methods able to verify if labelling c¢tes regarding the farming system and geographical
origin are correct.

In the last few years, stable isotope ratio analySIRA) has become a promising approach for
cereal grain traceability, with a growing number reSearch papers published on this subject,
suggesting that geographical discrimination of vthgains is possible, due to the impact of
microclimate, geology and pedology on isotopic cosifion [Longobardiet al, 2015; Liet al,
2016].

Wheat samples of different origin were successfdifferentiated using the natural abundance of
the isotopic ratios of C, N, O and H [Breseiaal, 2002; Luoet al, 2015; Wuet al, 2015; Liuet

al., 2015]. Moreover, satisfying results were alscaot®d by combining the stable isotope ratios of
the heavy mass element strontiuffS¢£°Sr) with light mass elements C, N, O and S [Goitom-
Asfahaet al, 2011; Podicet al, 2013].
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The use of SIRA for geographical authentication cefeals is more highly developed than
verification of farming systems (organic or convenal). Considering different agricultural
practices, some works have applied stable isotapalysis of H, C, N, O and S in order to

discriminate between organic and conventional wfeelimidtet al. 2005; Laursemt al. 2013].
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SECTION 3.3

Multi-isotopic signatures of organic and conventioal Italian pasta
along the production chain

Bontempo L., Camin F., Paolini MMicheloni C., Laursen K. H.

Mass Spectrometry (2016)
Vol. 51, No. 9, 675-683

Reprinted with permission from Multi-isotopic signees of organic and conventional Italian pastagline production
chain. Luana Bontempo, Federica Camin, Mauro Pia@iristina Micheloni, Kristian Holst LaurséMass Spectrometry
201651 (9), 675-683. Copyright © 2016 John Wiley & Sohtg.
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Statement of the autholMy personal contribution to this work mainly conoed the stable isotope

ratio analysis§H, §°C, §'°N, 5*°0 ands**S) of durum wheat, flour and pasta samples.
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Multi-isotopic signatures of organic and
conventional Italian pasta along the
production chain

L. Bontempo,®* F. Camin,® M. Paolini,>® C. Micheloni® and K. H. Laursen®

The variability of stable isotope ratios (52H, 3'*C, 5'°N, 5'20 and 53S) along the production chain of pasta (durum wheat, flour and
pasta) produced by using both conventional and organic farming systems in four Italian regions in 2 years was investigated. The
aim was to evaluate if and how the farming system and geographical origin affect stable isotope ratios determined along the pro-
duction chain. Irrespective of the processing technology, 65% of the samples were correctly classified according to the farming
system and 98% were correctly classified regarding the geographical region. When considering both farming system and geo-
graphical region simultaneously, 80% of the samples were correctly classified. The measured isotope parameters were thus pri-
marily affected by the geographical origin. In conclusion, it is expected that the use of these parameters will allow the
development of analytical control procedures that can be used to check the geographical origin of Italian organic and conven-

tional pasta and its raw materials. Copyright © 2016 John Wiley & Sons, Ltd.

Additional supporting information may be found in the online version of this article at the publisher’s web site.

Keywords: durum wheat; geographical origin; IRMS; organic food; stable isotopes

Introduction

The awareness of food quality and safety has steadily increased
amongst consumers during the past decades."’ Consumers and
European policy makers have an increased focus on the traceability
of food products (Regulation EC No. 178/2002). Under the EU law,
‘traceability’ means the ability to track any food, feed, food-
producing animal or substance that will be used for consumption,
through all stages of production, processing and distribution. This
includes both the geographical origin of a food product or its raw
materials, as well as the farming system or processing method
(e.g. organic vs conventional). The legal requirements regarding in-
dication of the geographical origin of a product by labelling de-
pend on the specific food considered but could be compulsory
(e.g. honey, milk, milk used as an ingredient in dairy products,
swine, sheep, goat and poultry meat) or optional (e.g. cereals).”
On the other hand, EU regulations regarding labelling of organic
products are very clear, and organic farmers, processors and traders
must comply with specific requirements if they want to use the EU
organic logo and label their products as organic (Council Regula-
tion EC No. 834/2007 and the following amendment Regulation
EC No. 967/2008). Although the EU regulation for organic farming
system and geographical origin of food sets a legal frame and some
general principles, clear operational principles, methods and re-
lated criteria are still missing in order to evaluate if the declarations
on food labels are true or not.

Pasta is one of the basic and major food products of the Mediter-
ranean diet. Italy is the principal global producer of pasta, and in
2014, Italy exported more than 2 million tons of it worldwide
(Istituto di Servizi per il Mercato Agricolo Alimentare data, April
2015, http://www.ismeaservizi.it/flex/cm/pages/ServeBLOB.php/L/
IT/IDPagina/5560). Pasta constitutes about 7% of the total agro-

food exports of Italy, thereby having a primary role in the Italian
economy and representing one of the principal ‘Made in Italy’ prod-
ucts worldwide. The Italian organic pasta sales were more than
25,000 tons in 2011 with a growing trend the past years.” Italian or-
ganic cereal products including pasta are potential candidates for
future frauds and adulterations as no routine analytical methods
are available for verifying if labelling claims regarding farming sys-
tem and geographical origin are correct. Numerous studies have
been conducted on pasta and its raw materials (more than 4302
when typing ‘pasta’ in the Scopus database, search on 8th July
2016), but these have mainly focused on its quality and/or the asso-
ciated health impacts when consuming itin its ‘original’ form, when
produced with specific cereal species and varieties or when diverse
‘supplements’ have been added.”” Some studies have focused on
verification of the geographical origin of wheat by using different
approaches: e.g. multi-elemental analysis and/or stable isotope
analysis of several light or heavy mass elements including H, C, N,

*
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0, § and 51, "H-NMR profiling!"® and near-infrared reflectance
spectroscopy” '3 Only a limited number of studies have focused
on discriminating organic and conventional wheat (both bread and
durum) and cereals in generaL"‘H”

In the past decade, the ability of stable isotope analysis to deter-
mine the agricultural and geographical origin of food has increas-
ingly been investigated. In particular, ratios of stable nitrogen
isotopes (5'°N) in the bulk tissue or in isolated chemical com-
pounds of the foodstuff (e.g. nitrate) have been investigated mainly
in fruits and vegetables to detect differences between organic and
conventional products.">'®?* This approach is based on the fact
that the nitrogen isotopic composition of synthetic fertilizers,
widely used in conventional farming systems, is generally causing
lower &'°N values compared with animal manures and composts
often used in organic systems.** However, different conclusions
have been reached in these studies as a consequence of highly dif-
ferent experimental conditions including variation caused by plant
species, food products, growth conditions, fertilizer types and appli-
cation rates and experimental designs. In addition, the use of §'°N
for organic authentication is challenged by the fact that N-fixing
plants (the Leguminosae family) have &'°N values overlapping with
the range of synthetic fertilizers and are frequently used as cover
crops or green manures in organic crop rotations. Several studies
have thus demonstrated that '°N as a single parameter does not
enable authenticity testing of organic plant products in all real-life
situations.”">'”! To eliminate this problem, oxygen isotope analysis
of nitrate has been utilized in a few studies."®*" This has generated
additional information regarding the fertilizer source and has en-
abled discrimination of plants grown with synthetic fertilizers and
legume-based green manures. In addition, gas chromatography
coupled to isotope ratio mass spectrometry (GC-c-IRMS) for the
analysis of 3'*N and 5'3C of amino acids was recently successfully
applied to Danish bread wheat and Italian durum wheat.””’ An-
other solution is to combine the isotopic ratio of N with those of
other bio-elements, such as H, C, O and S, as it has been performed
for some organic fruits."® This approach may deliver information
about both the agricultural and geographical origins and thus im-
prove the authenticity evaluations of a food product.

The use of stable isotope analysis for geographical authentication
of cereals is generally more developed than the verification of farm-
ing systems (e.g. organic/conventional). Asfaha et al'*! combined sta-
ble isotope ratios of the heavy mass element strontium (¥5r/%°Sr)
and the light mass elements C, N, O and S (5"°C, "N, §'®0 and
5%S) with the multi-elemental composition for provenance testing
of European cereal samples with satisfying results individualizing
15 out of 17 European sampling sites. Wu and colleagues® and
Luo et al” found differences in wheat samples from China,
Australia, USA and Canada, related to the values of §"C. Liu and
colleagues®® verified that 5°H, 5'°C and 3'°N determined in wheat
collected in different Chinese regions were significantly affected by
the region. Podio et al®”" were successfully able to differentiate
wheat from three Argentinian sites by using 8'°C and &'°N coupled
with 8751/%6Sr and the elemental composition. These differentiations
were suggested to be possible due to the impact of microclimate,
geology and pedology on the isotopic composition of wheat grains.

In the present study, we aim to discriminate the geographical and
agricultural origins of durum wheat by using stable isotope analysis
of the elements H, C, N, O and S. In addition, we go steps further to
investigate the stability of these multi-isotopic signatures along the
production chain of pasta by analysing the finished products and as-
sociated raw materials. Our previous studies have already docu-
mented that such consistency in the isotopic signatures are

present along the production chain of tomato passata®® and in
cheese®”, To our knowledge, similar studies have not been con-
ducted on pasta but Bostic and colleagues® found that baking
and fermentation do not affect 5'C and §'°N signatures of grain-
based foods. For the first time, the 8°H, 5'°C, 8'%0, '°N and &**S sig-
natures along the production chain of pasta (wheat-flour-pasta)
were investigated. The samples were produced either organically
or conventionally in Italy in different regions and years.

Materials and methods
Plant materials and sampling

Samples of durum wheat (Triticum turgidum ssp. durum) were col-
lected from commercial farms in 2012 and 2013 in four Italian
wheat-producing regions (Basilicata, Molise, Emilia-Romagna and
Tuscany) (Figure 1 and Table S1 in the Supporting Information).
Wheat was grown in each location in either a conventional system
(C, with mineral fertilizer) or an organic system (O, with organic fer-
tilizer, or without any fertilizer, or green manure - after 5 years of le-
gumes) in triplicate (from here onwards called 'repetitions’), which
summed up to a total of 90 durum wheat samples (four
locations x 2 years xtwo ~ systemsxtwo varieties x three repeti-
tions =96 samples; 6 samples were lost due to an earthquake in
Emilia-Romagna in 2012). Varieties (Khorasan, Senatore Cappelli,
Simeto, Taganrog, Levante, Etrusco, Creso, Iride, Appio and Duilio)
and systems varied between locations according to common agri-
cultural practice in each region. The organic systems were managed
in full compliance with the rules for organic farming (European Com-
munity Council Regulation EC 834/2007 and following amend-
ments) for at least 8 years prior to the sampling (Table S1). A batch
of the durum wheat samples (for initial bulk tissue stable isotope
analysis) was washed with double deionized water containing a
few drops of detergent (Tween 20, Sigma Aldrich, MO, USA) followed
by a wash in double-deionized water and a wash in Milli-Q water

WROMAGNA

-3

Figure 1. Sampling plan of wheat, flour and pasta (N=150) collected in
four Italian regions (Basilicata, Emilia Romagna, Molise and Tuscany) both
organically and conventionally produced.

wileyonlinelibrary.com/journal/jms
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(Millipore, Billerica, MA, USA) to remove surface contamination. Sam-
ples were subsequently freeze-dried 72h (ScanVac, CoolSafe,
Labogene, Lynge, DK) and ground to a fine powder by using a cen-
trifugal mill equipped with a titanium rotor (ZM200, Retsch GmbH,
Haan Germany). Another batch of the durum wheat samples was de-
livered to one local mill, where wheat grains from all the regions
were processed into flour in a stone mill at low temperature. Flour
samples (500 g) were packed and stored at room temperature until
analysis. The samples from the mill were processed into dry pasta
simply by adding water to flour prior to air-drying. Dry pasta was
packed in 500 g packages and stored at room temperature. For the
flour and pasta production, the three replicates within each year, lo-
cation, system and variety were combined which resulted in 30 flour
and 30 pasta samples in total. Pasta samples were freeze-dried and
ground into a fine powder prior to analysis as described earlier.

Stable isotope ratio analysis

Samples were weighed (~1.6 mg) and placed in tin capsules to mea-
sure §'°C, '°N and %S in one run by an IRMS (Vario Isotope Cube,
Elementar Analysensysteme GmbH, Germany coupled to an
Isoprime100, IRMS, Isoprime Ltd, UK). Around 0.5 mg of the sample
was weighed in silver capsules to measure 3'*0 and 6°H (Delta Plus
XP — ThermoFinnigan, Bremen, Germany, IRMS equipped with a
thermal conversion elemental analyzer pyrolysis unit). The isotope
ratios were expressed in 6 %o against Vienna-Pee Dee Belemnite
for 5'3C, Vienna Standard Mean Ocean Water for §'0 and &°H, air
for 3'°N and Vienna Canyon Diablo Troilite for 5**S according to
the following formula:

J= (Rsample_ Rstandard)/Rstandard

where Rsumple is the isotope ratio measured for the sample and
Rtandara is the isotope ratio of the international standard. Sample
analyses were carried out in duplicate. The isotopic values were cal-
culated against working in-house standards (casein and/or wheat
for 3'3C, §"°N and §%S; keratin for 5H and §'80), which were them-
selves calibrated against international reference materials: fuel oil
NBS-22 [International Atomic Energy Agency (IAEA), Vienna, Austria]
and sugar IAEA-CH-6 for "°C/"*C; L-glutamic acid US Geological Sur-
vey (USGS) 40 (IAEA), hair USGS 42 and USGS 43 for *C/'?C, *N/'*N
and **s/°’S and benzoic acid IAEA-601 for '°0/'°0. For §°C, 3'°N
and §*%S, the values were calculated against two working standards
through the creation of a linear equation. Stable sulfur isotopic com-
positions were expressed relative to Vienna Canyon Diablo Troilite
on a scale normalized such that the 5**S value of IAEA-S-1 silver sul-
fide is —0.3%o. The 8'*C values were reported relative to Vienna-Pee
Dee Belemnite on a scale normalized by assigning a value of
—46.6%o0 to LSVEC lithium carbonate (IAEA). A commercial wheat
and a casein sample were analysed as independent controls for
each batch of §'°C, 8'°N and 5>*S determinations. The control sam-
ples had to respect the control charts limits otherwise the whole list
was canceled and the analysis repeated. The 5°H and §'°0 values
were calculated against Caribou Hoof Standard (5°H=—197 + 2%
and §'%0=+3.8+0.1%0) and Kudu Horn Standard (5°H=—54
+1%o and §'%0=+20.3+0.2 %o) through the creation of a linear
equation. " We used these two keratinous standards because of
the absence of any international organic reference material with a
similar matrix of ours. A commercial keratin and a casein sample
were analysed as independent controls for each batch for 3°H and
3'%0 determinations. The control samples had to respect the con-
trol charts limits otherwise the whole list was canceled and the anal-
ysis repeated. Before the analysis, the weighed samples and

standards were left at laboratory air moisture for at least 96 h, then
placed in a desiccator with P,Os under vacuum for other 96 h. Sam-
ples were then loaded onto the autosampler tray, put on the carou-
sel, sealed with a cover and purged with argon. All results reported
for non-exchangeable H were normalized relative to the Vienna
Standard Mean Ocean Water-Standard Light Antarctic Precipitation
standard scale. The uncertainty of methods (calculated as 1 stan-
dard deviations when analysing the same sample at least ten times
in reproducibility conditions) was 0.1%eo for §'C, 0.2%e for §'°N,
0.3%o for 5'%0 and §3*S and 1%o for 52H. Every precaution recom-
mended to avoid instrumental drift problems and memory effects
was applied. For example, along the sequence, standards and qual-
ity control samples were inserted for every 10 sample, and the in-
strumental drift was corrected using these samples as suggested
by Carter and colleagues.*” To avoid the overlapping of the N2
peak with the subsequent CO peak during the determination of
5'%0, a GC column long 120cm has been used.

Statistical analysis

The data were analysed with the Statistica version 9 (StatSoft Inc.,
Tulsa, OK, USA) package. Analysis of variance (ANOVA) and honestly
significantly different Tukey’s test for unequal N analysis were ap-
plied to verify differences according to production year, matrix, re-
gion and farming system; the level of significance was accepted at
p <0.001. It was not possible to verify the influence of wheat variety
as varieties were not homogeneously distributed between regions
and farming systems. To verify differences between sample types
(grain, flour and pasta) within the production chains, a paired t-test
was used. A multivariate canonical discriminant analysis (CDA) was
applied to determine the differences between geographical
origin, farming system and farming system within the produc-
tion region. To validate the model, a segmented cross validation
was applied three times, with 10% of the analysed samples used
as unknowns to validate the model built on the basis of the
remaining samples.

Results and discussion

In Table 1, the mean values, the relative standard deviations and
the minimum and maximum values of 82H, §'C, 3'°N, 5'%0 and
%S of wheat, flour and pasta samples are displayed according to
the geographical origin and the farming system. No significant ef-
fects (p > 0.05) of growth season were observed for the two harvest
years, which may be explained by the comparable dry and warm
climates of Central-South Italy during the two growth seasons.
The durum wheat data of §'>C, 8'°N and &>%S covered a wider
range compared with e.g. the data reported by Schmidt et al. "'
in wheat produced in different regions of Germany. In particular,
8'3C values ranged between -27.4 and —22.6%o, thereby
representing more positive values compared with the German sam-
ples (—28.0 to —26.2%o). This is probably related to the significantly
warmer ltalian climate typical of the regions of central and southern
Italy that influence water availability, stomatal conductance and the
water use efficiency, thus affecting 6'°C of plants.”*! In addition,
8'3C values increased systematically when going from the northern
Emilia-Romagna region to the southern Basilicata region, indicating
a higher degree of stomatal closure and thereby a lower discrimina-
tion against '>C in the southern regions. In this study, the &'°N
values ranged from —0.4 to +10.6%o, whereas German samples
from the Schmidt study"® were from around 0 to 5%o. The higher

J. Mass Spectrom. 2016, 51, 675-683

Copyright © 2016 John Wiley & Sons, Ltd.

wileyonlinelibrary.com/journal/jms

£LL9

46



Chapter 3

L. Bontempo et al.

SPECTROMETRY

Journal of
MASS

"(U0INDBS SPOLIALW PUB SIDLAIDY 3Y) 33S) S|eLalew aduaIa)a) paziubodal Ajjleuoneusaul auyy sulebe 0o; @ ul payiodal a1e sanjep

¢~ gec— LI 96— 00€  £8C L0 (4574 €L 9l 6C 144 6'st— V¥iZ— 80 69— 95— S9— § 19— juebio
6¢— SE— €0 TE— '8 §'8C L'0 9'8¢ 69 1’44 2l €S Vee— ¥ie— 10 Tie— 65— 19— | 09—  |euonusauc)  eubewoy-el|l
€E— TV~ 68 gsl— L0 &S8C L0 g6l Ly gl vl £ S¥e— L4L— 'L LST— ss— 09— ¢ L9 juebio
lI'oz— g&'ez— 91 ¥'ZZ— 80t 687 60 L'6T L'E €0 Sl Ll 8'v¢— 86— G0 +PvsT— 85— €9— T 19— |BUORUSAUCY) Auedsny
8 L0— €V 8¢ ole 06c 80 6'6C Le ol €l £€¢ ¥se— 99— L0 09¢— 19— ¥ S L9— Juebio
99 gL L'z (44 L'6T  L'6T €0 ¥'6T 61 60 S0 vl €S7— B9Z— X0 E9¢— Sr— S9— 6 95—  |euonuaAuo) asliow
S0— 89— 6C [4 o 6ceE  CT0E <l 7LE £oL 144 143 'S 6€C— S¥¢— €0 0¥Z— 1S— 09— + 85— Juebio
6'€ gt— €€ 80 0LE 00€ 0 90¢ 19 0t oL 34 8¢C— [Lt7— V0 VveEe— €Eb— LS— 9 6F—  |BUORUSAUOD) ejedljiseg elsed
L0 TE— €t 6'l— €8¢ 8T L0 [4:14 s9 A2 At s 'Le— TLe— 10 T¢e— LS~ 01— (L [4° Jebio
0 Le= £L £l= 78T TLT S0 94T 1L S Sl 'S oLe— €47— TO0 TlZz— 05— 65— & 95—  |euonuasuo)  eubewoy-eljiwg
¢LLl— 8~ 0¢ co0c— S0 ¥'8C 60 £'6C 8t Sl €l LT S¥c— €9¢— 60 §S¢— T°&— €9 § 86— oiuebio
g6l— 8¢~ 6l £€e¢C— 908 88C 80 S6C 24 L0 6L 6L vYve— 95— S0 CTSC— Lb— 09— L £5—  [euonuAUCD) Auedsn)
L'8 I'0— 6€ 9% ¢0E  2'8C 80 ¥'6c 134 60 9L ST gpve— L9¢— L'l 9S¢— 09— 69— Vv S9— iuebio
€9 'L (4 L't 00E 98¢ 90 (4514 [44 80 vl £€¢ 08— €92— 90 6SC— 8y~ 89— 6 99— |euonuaAuc) Ssliow
[N 89— 8T - £le 96T 60 £0€ 90L 6'C 143 8's SEC— E€¥¢— €0 8E— 99— L5~ S 5 iuebio
Ly Le— Lg ¥l L0E g6l 90 L'0e g5 6¢C Sl 144 9¢c— 9¢T— S0 g€~ 98— 09— 0l 6F—  |eUORUSIAUC) ejedljiseg inoj4
+0— gZ— 80 gl— 06 94T S0 8t 89 20 0rd ot oLe— vie— 10 TiZ— S5— S9— € 09— ojuebio
0 §¢= ¢l o Bt L'ec  94LC S0 L'8¢ 0L 80 gL Ly OLe= €= L0 Tle= 55— 99— F 85—  [euonusauc)  eubewoy-el|iwg
6vl— TST— ¥Pv ¥'0Z— GSLE 04 9l L'6C 0'E 4] oL L ove— +97— 80 [ST— £5— 99— € 19— suebio
96l— 0S¢~ 0T 8¢C— 00e 64T 80 £'8C 9¢ Lo Lk Sl 8v¢c— 89— 0 ¥si— ¥S— 9 ¢ 85—  |euonusAuc) Auedsny
68 €0 Le 6% voE T9T Lt £'6T g€ S0 L €T I'sSe— 697— 80 L97— 6S— 6/— 9 89— Sluebio
68 80 8T s oLe 88 90 £'6C oy ¥0— 'L 9L §6C— 89— ¥0 ¢&9¢— Sh— €9— 9 ¥S— |eUORUSAUOY SsIoW
£€0— 86— 0€ §§— 978 §8C Sl 7ot 878 ¥z 0T 6 vee— OvZ— S0 6€7— Eh— 99— 8 56— Sjuebio
€S oL— ¥t Lt SleE  64C L't 96C Ss 8¢ kL LE 9¢¢— 8t~ 0 €E€— (Lg— 19— 8 87—  |euonRuUSAUO) ejedljiseg eaym
XN U dS  UBdpy  XB|y Uy A9 PIS  UBR  Xely U S Ues|  Xey U S UBR  XB U QS ueal
Sye? 0, ¢ N, © 2.8 H,¢ wshs uoibay Pnpoid

(Ajon0adsai ‘eysed
PUE N0} “1eBYM 10} ‘OE PUB OE ‘06 = ) SUOSES LIMOID OM) a3 sso1de eised pue INojy ‘sajdues 1eaym LWNINP JO (S3N[EA WNLWIXeW PUE WNLWIUIW ‘UONBIASP piepuels ‘uealu) sanjea ones adojos a|gels L 2jqeL

J. Mass Spectrom. 2016, 51, 675-683

2016 John Wiley & Sons, Ltd.

Copyright

wileyonlinelibrary.com/journal/jms

a7



Chapter 3

Multi-isotope ratios of organic and conventional durum wheat, flour and pasta

Journal of

S
SPECTROMETRY

3'°N values for the Italian samples could be an indication of a
greater application rate of animal manure.>* Regarding 535, Italian
wheat samples ranged from —25.2 to +8.9%o, whereas German
samples ranged from 43 to +6%o."'® As asserted by Schmidt and
colleagues, 3°**S is highly affected by the local geology and soil con-
ditions. The lowest values found within the Italian samples were

those of Tuscany in compliance with &**S values of other
foodstuffs.>>3% These extreme values are suggested to be caused
by the high amounts of volcanic sulfur present in this region.””!
The 5'3C and §'°N data found in Chinese, Canadian, American
and Argentinian samples by other authors®®?®2” were similar to
those found for samples in this study even if their ranges of values

Table 2. §°H,5'°C,5'"°N,5'%0 and 5°*S data (mean values) of wheat, flour and pasta collected aleng 16 pasta production chains in ltalyin 2012 and 2013
organically and conventionally produced (N = 80)
Production chain Region and system Matrix 5°H 5'3%C 8"°N 30 5%
1 Basilicata Organic Wheat -56 -23.7 4.7 29.0 -26
Flour -57 -238 38 308 -1.1
Pasta -57 -239 4.0 307 -0.5
2 Basilicata Conventional Wheat -42 237 54 286 -05
Flour -47 -236 5.7 303 -0.8
Pasta -43 =237 55 31.0 =15
3 Tuscany Organic Wheat -61 -24.6 1.2 27.2 -15.0
Flour <52 -245 15 299 -17.2
Pasta -55 -24.5 1.5 297 -17.5
4 Tuscany Conventional Wheat -58 -249 0.2 28.1 -226
Flour -62 -24.4 0.1 294 -220
Pasta -60 -24.8 03 308 -23.5
5 Molise Organic Wheat 74 -255 13 282 8.6
Flour -69 -24.9 14 302 8.1
Pasta -74 -254 14 297 76
6 Molise Organic Wheat -61 -25.2 1.3 294 2.1
Flour -66 -246 09 294 27
Pasta -61 -254 1.0 29.0 28
7 Molise Conventional Wheat -46 -25.7 13 302 27
Flour -48 -25.0 0.8 300 31
Pasta -45 -253 0.9 295 1.8
8 Molise Conventional Wheat <55 -26.4 14 296 29
Flour -53 -263 1.8 288 53
Pasta <53 -26.6 1.7 29.1 32
9 Basilicata Organic Wheat -65 -246 49 302 -3.8
Flour -56 -243 58 296 =3.2
Pasta -60 -24.5 5.2 302 -33
10 Basilicata Conventional Wheat -60 -234 28 29.7 49
Flour -52 =235 29 29.3 4.2
Pasta -57 -23.6 3.0 300 3.9
1 Tuscany Organic Wheat -63 -26.4 3.0 29.5 -25.1
Flour -61 -26.1 3.6 284 -23.8
Pasta -60 -26.1 3.1 288 -24.2
12 Molise Organic Wheat -71 -26.8 29 30.2 8.1
Flour -64 -264 33 297 75
Pasta -65 -26.6 3.1 31.0 79
13 Molise Organic Wheat 67 -26.8 37 292 06
Flour -60 -26.7 43 282 -0.1
Pasta -67 -26.6 3.7 297 -0.7
14 Molise Conventional Wheat -62 -263 22 301 6.1
Flour -68 -26.3 23 294 53
Pasta -65 -26.4 19 297 5.2
15 Emilia Romagna Organic Wheat 57 -27.2 46 282 -25
Flour -60 -27.2 44 282 =32
Pasta -62 -274 44 287 -34
16 Emilia Romagna Conventional Wheat -54 -27.2 46 279 -23
Flour -59 -27.2 4.5 275 -3.1
Pasta -61 -274 44 286 -33
Data are reported in § %o against the internationally recognized reference materials (see the Materials and methods section).
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Table 3. Mean values of wheat, flour and pasta samples considered together collected in Italy during 2012 and 2013 harvests (N = 150) grouped accord-
ing to the farming system across all regions (organic vs conventional) or the farming system of cultivation within the provenance regions (Basilicata, Emilia
Romagna, Molise and Tuscany)
Region System &H 5% 5PN 5'°0 5*s
All Conventional —58° -27.2° 49 28.1° -19°
Organic B ~27.0° 43 284° 3
Basilicata Conventional —49 -233° 40 299 20°
Organic —55 —239° 52 305 —5.0°
Emilia Romagna Conventional —58 —272 49 28.1 -19
Organic —61 =273 4.3 284 —-34
Molise Conventional —55° —26.2 74 295 47
Organic —67° ~260 23 294 5.0
Tuscany Conventional —58 —254 16 291 —226
Organic -59 —25.7 21 29.3 -194
Significantly different mean values, when found (Tukey's honestly significantly different test, p < 0.001), are indicated with different letters.

were narrower. The 3°H has only been determined in a few previ-
ous studies!’>*® and resulted in a range of values between —75
and —56%o and —110 and —81%o for Chinese and Danish wheat
samples, respectively. However, a direct comparison with these
data is not possible as procedures for data correction were differ-
ent. This situation is due to the lack of internationally recognized or-
ganic reference materials for wheat having exchangeable
hydrogen*®

Isotopic trends along the production chain

Sixteen samples were strictly followed along the production chain
from durum wheat samples to milled flour and finally pasta (Table 2).
The mean difference for §°H, 5'3C, '°N, '%0 and 53*S between
wheat, flour and pasta were lower than 1%o, 0.1%o, 0.1%o, 0.2%0
and 0.3%o, respectively, calculated as the average of the differences
between the three sample types within each specific chain. No dif-
ferences were found in the trend between the two farming systems
(organic/conventional). The differences between the three sample
types (wheat, flour and pasta) were not statistically significant dif-
ferent according to a paired t-test either (p > 0.05). It was thus doc-
umented that the pasta production processes did not affect any of
the five isotope parameters. These results were expected for 5'°C,
5"°N and 8*'S but were less predictable for §°H and 3'%0 because
of the addition of tap water during pasta production and the loss
of water during the drying of pasta. From these results, it is evident
that the drying of pasta by warm air (no more than 40 °C to avoid
the alteration of nutritional quality) for 24-72 h did not alter the iso-
topic content of oxygen and hydrogen nor the other ratios and the
addition of tap water of the same production area of the wheat.
As the growing season and the type of samples (wheat, flour or
pasta) did not result in statistically significant differences for any
of the isotope ratios, in the subsequent sections, wheat, flour and
pasta across the two growth years will be considered together.

Effects of the agricultural farming system

Considering all the regions together, ANOVA and Tukey tests
(Table 3) found statistically significant differences between conven-
tional and organic agricultural practices for 8°H (p < 0.001). The
5'3C, "N, 5'%0 and 5°*S values did not result in any statistically sig-
nificant differences (p > 0.001; Table 3). The results for 5'°C, §'°N
and 3**S were in agreement with what was found for wheat by
Schmidt et al. (2005)"® with no statistical differences between

organic and conventional products. The 3°H mean values found
for conventional products resulted in higher values compared with
organic ones (—58%o vs —61%o, respectively). This finding is in
compliance with the study of Laursen et al. (2013)"", in which sta-
tistically higher 52H values were found for conventional wheat and
barley compared with organic ones. It was suggested that these dif-
ferences were associated with a higher transpiration and evapora-
tive loss of 'H,O from conventionally grown cereals. Georgi and
colleagues (2005)*° hypothesized that differences in cultivation
practices such as plant density and growth rates can influence res-
piration, water uptake and evapotranspiration with an effect on
3'0 of leaf water. However, in this study, no statistical significant
differences between §'°0 of organic and conventional farming sys-
tems were found. The §°H and §'°0 seemed to behave differently,
which is probably because, as already reported, hydrogen and oxy-
gen were derived from different sources (hydrogen solely from the
source water, oxygen also from atmospheric CO, and O,), and in
generative plant tissues, they are subjected to different fraction-
ation processes during carbohydrate biosynthesis, the main con-
stituents of wheat grains."!

Considering the differences between agricultural practices
across durum wheat grains, flour and pasta within the regions,
the situation was slightly different. The 82H values resulted in differ-
ences between organic and conventional systems only in Molise
(p < 0.001) but not within Tuscany, Basilicata and Emilia Romagna
(Table 3). However, the tendency of higher °H values in conven-
tional plant products was confirmed within all the four regions.
The &"3C values resulted in highly statistically significant differences
between organic and conventional products only in the Basilicata

Table 4. Mean values of wheat, flour and pasta samples considered to-
gether, collected in Italy during 2012 and 2013 harvests (N=150)
grouped according to the provenance regions (Basilicata, Emilia Roma-
gna, Molise and Tuscany)

oH 8"C "N 6% s
Basilicata 52" 236" 46 302° —15°
Emilia Romagna ~ —59°  —27.2* 46 283 =27°
Molise —61° —261°  20°  205® 48"
Tuscany —58° 255" 18° 2025 —210°

Significantly different mean values (Tukey's honestly significantly
different test, p < 0.001) are indicated with different letters.
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region (p < 0.001). In particular, the §'°C values showed that or-
ganic products were 'C depleted compared with conventional
ones confirming results of previous studies."*?%*% The §**S values
resulted in highly statistically significant differences between or-
ganic and conventional products only in the Basilicata region
(p < 0.001). It is worth noting that all the Basilicata 5**S values of or-
ganic products were below 0%o, whereas the values of the conven-
tional products were above 0%e (—5.0%o0 vs +2.0%oc). The
explanation could be the type of fertilizers used as well as the inher-
ent isotopic signature of the soil. In conventional agricultural sys-
tems, synthetic fertilizers are allowed. The §°*S values of such
fertilizers typically range from —6.5 to +21.6%0 depending on the
origin of the raw material (e.g. pyrite around 1%o, sulfide deposits
in Japan or Australia with values near 7%o and marine evaporite de-
posits with values near 20%o)."“”’ In organic systems, only the use of
‘naturally derived products’ are allowed (e.g. CaSO,—chalk, MgSO.,
elemental sulfur and marine weed). These also have a wide range
of 5%S values sometimes overlapping with those of the synthetic
fertilizers. The §'°N and §'°0 values did not result in statistically sig-
nificant differences between farming systems within the regions.
The &'°N values were slightly higher in organic products in Basili-
cata, Tuscany and Molise but not in Emilia Romagna where farm-
yard manure was used in the conventional system and thus
reduced the differences between organic and conventional
concerning fertilization in this region. Consequently, 8'°N in this
study was not systematically affected by the agricultural practice,
caused by the large variation in fertilization strategies between
the different geographical regions and in particular the use of N,
fixing plants (the Leguminosae family) in organic agriculture with
3'°N values overlapping with the range of synthetic fertilizers (-
Table $1). This corresponds with findings in previous studies'"!

and highlights the challenges associated with using §'°N as a single
parameter for authenticity testing of organic plant products.

Geographical effect

When conducting ANOVA tests, all the five isotope ratio parameters
resulted in highly statistically significant effects of the geographical
origin. At Tukey test (Table 4), 5°H resulted in statistically higher
values in Basilicata (mean of —52%o) in comparison with the other
regions (mean values between —58 and —61%o). This was expected
as Basilicata is at the south of Italy at the lowest latitude with the
warmest climate. It is worth noting that Molise is also located at a
lower latitude than Tuscany and Emilia but does not have higher
5°H values. This deviation could be related to the fact that Molise
is along the Adriatic coast of Italy that in a previous study on olive
oils resulted in more “H depletion than the Tyrrhenian coast, due
to a different source and isotopic composition of rainfall as well
as the different climatic conditions on the two coasts.*"’ The 5'%0
values were significantly lower in Emilia Romagna (mean value of
28.3%o) compared with the other regions (p < 0.001), and Basilicata
had 3'%0 (30.2%0) higher values than Tuscany (p < 0.001) and Mo-
lise (p < 0.01) (for p < 0.001; Table 3). The 8'°0 thereby followed a
‘perfect’ latitudinal scale. The 8'C values were statistically different
between all the regions with increasing mean values from —27.2%o
in Emilia Romagna to —26.1%o in Molise, —25.5%o in Tuscany and
—23.6%o in Basilicata. This corresponds with the linkage of 5'*C to
different climatic characteristics (especially temperature) of each
geographical location that could influence, in particular, the degree
of stomatal closure at leaf level. The §'°N values were highly statis-
tically different (p < 0.001) between the group Basilicata and Emilia
Romagna compared with the group Molise and Tuscany. In

Table 5. Reclassification discriminant analysis of 8°H, 8'°C, 3'°N, 5'%0 and §*'S of wheat, flour and pasta from four Italian regions (Basilicata, Emilia Ro-
magna, Molise and Tuscany) both organically and conventionally produced
a

% correct classification CONV ORG
CONV 65 49 26
ORG 64 27 48
Total 65 76 74
b

% correct classification BAS ER MOL TUS
BAS 100 40 0 0 0
ER 97 0 29 0 1
MOL 98 0 1 39 0
TUS 98 0 1 0 39
Total 98 40 31 39 40
4

% correct classification BAS ORG BAS CONV TUS ORG TUS CONV MOL ORG MOL CONV ER ORG ER CONV
BAS ORG 95 19 1 0 0 0 0 0 0
BAS CONV 90 2 18 0 0 0 0 0 0
TUS ORG 75 0 0 15 4 0 0 o] 1
TUS CONV 85 0 0 3 17 0 0 0 0
MOL ORG 80 0 0 0 0 16 0 3 1
MOL CONV 85 0 0 0 0 3 17 o] 0
ER ORG 47 0 0 1 o] 0 0 7 7
ER CONV 73 0 0 0 0 0 0 4 11
Total 80 21 19 19 21 19 17 14 20
Results of classification matrix considering (a) only the farming system, (b) only the geographical origin and (c) both the geographical origin and the
farming system.
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Figure 2. Canonical discriminant analysis of §°H, 3'°C, §"°N, §'%0 and 8%%s
of wheat, flour and pasta (V= 150) collected in four Italian regions (Basilicata,
Emilia Romagna, Molise and Tuscany) both organically and conventionally
produced: scatterplot of the first two canonical variables.

particular, Basilicata and Emilia Romagna presented higher values
(mean 4.6%o) than the Molise-Tuscany group (around 2.0%o), pri-
marily as a consequence of a different fertilization practices (Table
S1). The 5%*S value was statistically different in Tuscany and in Mo-
lise compared with the other regions (p < 0.001). Molise showed
mean positive values (4.8%o), whereas Tuscany was characterized
by particularly low values (—21.0%o) as mentioned earlier. Emilia
Romagna and Basilicata were different from Tuscany and Molise
but not between each other (mean values of —2.7 and —1.5%).

Multivariate analysis

Canonical discriminant analysis was carried out to investigate the
possibility of discriminating between geographical origins and the
agricultural systems using all the five isotope parameters. The de-
veloped models were validated through a segmented cross valida-
tion, with 10% of the analysed samples used as unknowns to
validate the model built on the basis of the remaining samples.

Considering the farming system, the model led to overall 65% of
the samples being correctly classified (Table 5a). The first canonical
variable (Rad. 1) was mainly loaded by 5°H (—0.8), confirming that
in this study, this parameter and not &'°N was primarily affected
by the agricultural practice.

Regarding the geographical origin the CDA led to a model that
explained almost 100% of the total variability with the first three ca-
nonical variables. Overall, 98% of the samples were correctly classi-
fied (Table 5b) with a reclassification percentage of 100% in the
case of Basilicata. Rad. 1 was loaded negatively with 6°*S (—0.6)
and 3"°C (—05). Rad. 2 was mainly loaded positively with §'*C
(+0.7) and negatively with §*'S (—0.6), whereas Rad. 3 was mainly
negatively loaded by &'°N (—0.9).

When considering the geographical origin and the farming sys-
tem, together, CDA correctly reclassified 80% of the samples and
the first three canonical variables explained 97% of total variability
(Figure 2; Table 5¢). Rad. 1 was loaded negatively with 5*'S (—0.8),
and along it, the Tuscany region was separated from the other ori-
gins. Rad. 2 was mainly loaded positively with 3**S (+0.5) and nega-
tively with 5'*C (—0.8), whereas Rad. 3 was loaded negatively by §'°N
(—0.9). Along the second variable, it was possible to separate Basili-
cata from the other regions due to the higher values of 3'°C. To test
the predictive discrimination power and the stability of this model, a
segmented cross validation was used. In detail, three different sets of

16 samples (about 10% of the original data were selected: two or-
ganic and two conventional samples from each of the four locations
were removed from the data, and each time the model was calcu-
lated on the remaining 134 samples and was validated with all 150
samples (including the excluded samples). In all analyses, around
98% of the samples were correctly classified in the right geographical
region, 65% according to the right farming system and 80% in the
right combination of geographical origin and farming system.

In conclusion, in this study, the isotopic signature (5°H, 8'°C, §"°N,
5'%0 and %) of wheat samples collected in four Italian regions,
produced organically or conventionally, was investigated along all
steps of the production chain of pasta. It was shown that the produc-
tion processes along the pasta production chain did not significantly
affect any of the five isotope parameters nor did the production
year. The factors influencing the isotopic signatures of pasta and re-
lated raw products were primarily the geographical origin, which
significantly affected all the five considered parameters. In particular,
52H, 5'20 and 6'C showed a latitudinal gradient with higher values
in samples from the southern regions and lower values in those
from the northern ones. In contrast, 5'°N and §>%S were primarily af-
fected by geology and fertilization practices. Differences between
conventional and organic agricultural practices were primarily de-
tected for 8°H, which was suggested to be caused by a higher
transpiration of conventional plants compared with organic ones.

In this study, it was demonstrated that multi-isotopic analysis can
be used for determining the geographical origin of Italian organic
and conventional pasta and its raw materials. The isotope parame-
ters investigated in this study were less effective in discriminating
farming system (conventional vs organic). However, when focusing
on a single geographical region, several stable isotope parameters
proved to be useful for discriminating organic and conventional
samples, which is to be further explored in future studies, maybe
in combination with other analytical techniques and parameters
(e.g. multi-elemental or metabolomic fingerprinting'?).

Acknowledgements

The authors acknowledge the financial support provided by the
CORE Organic Il Funding Bodies, being partners of the FP7 ERANet
Project, CORE Organic Il (Coordination of European Transnational
Research in Organic Food and Farming Systems, Project No.
249667) via the AuthenticFood Project. The Danish Council for Inde-
pendent Research — Technology and Production Sciences did also
provide financial support via the COM-ISO project (DFF-1337-
00055). We acknowledge the people involved in sample produc-
tion, sampling and data collection: Fabia Montalbano, Paclo Di
Luzio, Riccardo Bocci and Vincenzo Ritunnano; Az Agr. Bioland,
Gravina di Puglia (BA); Az. Agr. Mazzarella Giuseppe, Gravina di Pu-
glia (BA); Az. Agr. Tuotolo Federico, Termoli (CB); Az. Agr. Ruggiero
llaria Beatrice, matrice (CB) and Az. Agr. Contarini Alessandro,
Codigoro (FE); Az. Agr. Bio Floriddia, Peccioli (Pl); Az. Agr. Podere
Carpineta, Sassofortino (GR); Az. Agr. Campana Fernando, Peccioli
(P1) and Az, Agr. Floriddia Rosario, Peccioli (Pl), FAVA spa, Cento (FE).

References

[1] A. Azzurra, S. lanuario, P. Paola. Consumers’ attitudes toward labelling
of ethical products: the case of organic and fair trade products.
J. Food Prod. Market. 2011, 17, 518.

[2] Report from the Commission to the European Parliament and the
Coundil regarding the mandatory indication of the country of origin
or place of provenance for unprocessed foods, single ingredient prod-
ucts and ingredients that represent more than 50% of a food, May

wileyonlinelibrary.com/journal/jms

Copyright © 2016 John Wiley & Sons, Ltd.

J. Mass Spectrom. 2016, 51, 675-683

51



Chapter 3

Multi-isotope ratios of organic and conventional durum wheat, flour and pasta

Journal of

S
SPECTROMETRY

[6]

71

(o]

]

n2]

3]

4]

5]

[16]

n7]

8]

ne]

[20]

[21]

2015, http://ec.europa.eu/transparency/regdoc/rep/1/2015/EN/1-
2015-204-EN-F1-1.PDF.

R. Pinton. Il comparto della pasta biologica.
L'agricoltura biologica in Italia, 2012 89-96.

M. C. Bustos, G. T. Pereza, A. E. Leon. Structure and quality of pasta
enriched with functional ingredients. RSC Adv. 2015, 5, 30780.

D. Goitom Asfaha, C. R. Quétel, F. Thomas, M. Horacek, B. Wimmer,
G. Heiss, C. Dekant, P. Deters-ltzelsberger, S. Hoelzl, S. Rummel,
C. Brach-Papa, M. Van Bocxstaele, E. Jamin, M. Baxter, K. Heinrich,
S. Kelly, D. Bertoldi, L. Bontempo, F. Camin, R. Larcher, M. Perini,
A. Rossmann, A. Schellenberg, C. Schlicht, H. Froeschl J Hoogewerff
H. Ueckermann. Combining isotopic signatures of n(®’sn/mE%sr) and
light stable elements (C, N, O, S) with multi-elemental profiling for
the authentication of provenance of European cereal samples.
J. Cereal Sci. 2011, 53, 170.

Y. Wu, D. Luo, H. Dong, J. Wanb, H. Luo, Y. Xian, X. Guo, F. Qin, W. Han,
L. Wanga, B. Wang. Geographical origin of cereal grains based on
element analyser-stable isotope ratio mass spectrometry (EA-SIRMS).
Food Chem. 2015, 174, 553.

D. Luo, H. Dong, H. Luo, Y. Xian, J. Wanb, X. Guo, Y. Wu. The application
of stable isotope ratio analysis to determine the geographical origin of
wheat. Food Chem. 2015, 174, 197.

H. Zhao, B. Guo, Y. Wei, B. Zhang, S. Sun, L. Zhang, J. Yan. Determining
the geographic origin of wheat using multielement analysis and
multivariate statistics. J. Agric. Food Chem. 2011, 59, 4397.

H.Zhao, B. Guo, Y. Wei, B. Zhang. Effects of wheat origin, genotype, and
their interaction on multielement fingerprints for geographical
traceability. J. Agric. Food Chem. 2012, 60, 10957.

R.Lamanna, L. Cattivelli, M. LMlgIIetta,A Troccoli. Geographical origin
of durum wheat studied by 'H-NMR profiling. Magn. Reson. Chem.
2011,49, 1.

H. Zhao, B. Guo, Y. Wei, B. Zhang. Near infrared reflectance
spectroscopy for determination of the geographical origin of wheat.
Food Chem. 2013, 138, 1902.

M. |. Gonzdlez-Martin, G. Wells Moncada, C. Gonzilez-Pérez,
N. Zapata San Martin, F. Lopez-Gonzédlez, |. Lobos Ortega,
J. M. Hernandez-Hierro. Chilean flour and wheat grain: tracing their or-
igin using near infrared spectroscopy and chemometrics. Food Chem.
2014, 745, 802.

H. Zhao, B. Guo, Y. Wei, B. Zhang. Effects of grown origin, genotype,
harvest year, and their interactions of wheat kernels on near infrared
spectral fingerprints for geographical traceability. Food Chem. 2014,
152, 316.

K. H. Laursen, J. K. Schjoerring, J. E. Olesen, M. Askegaard, U. Halekoh,
S. Husted. Multielemental fingerprinting as a tool for authentication
of organic wheat, barley, faba bean, and potato. J. Agric. Food Chem.
2011, 59, 4385.

K. H. Laursen, A. Mihailova, S. D. Kelly, V. N. Epov, S. Bérail,
J. K. Schjoerring, O. F. X. Donard, E. H. Larsen, N. Pedentchouk,
A. D. Marca-Bell, U. Halekoh, J. E. Olesen, S. Husted. Is it really
organic? - multi-isotopic analysis as a tool to discriminate between
organic and conventional plants. Food Chem. 2013, 141, 2812,

H. L. Schmidt, A. RoBmann, S. Voerkelius, W. H. Schnitzler, M. Georgi,
J. GraBmann, G. Zimmermann, R. Winkler. Isotope characteristics of
vegetables and wheat from conventional and organic production.
Isotopes Environ. Health Stud. 2005, 41, 223.

C.T. Indcio, M. C. Phillip, A. M. T. Magalhaes. Principles and limitations of
stable isotopes in differentiating organic and conventional foodstuffs:
1. Plant products. Crit. Rev. Food Sci. Nutr 2015, 55, 1206.

P. Rapisarda, F. Camin, S. Fabroni, M. Perini, B. Torrisi, F. Intrigliolo.
lnﬂuence of dlfferent orgamc fertilizers on quality parameters and the
delta( )N delta( )C delta( JH, delta( 4)S and delta( ]O values of
orange fruit (Citrus sinensis L. Osbeck). J. Agric. Food Chem. 2010, 58,
3502.

F. Camin, M. Perini, L. Bontempo, S. Fabroni, W. Faedi, S. Magnani,
G. Baruzzi, M. Bonoli, M. R. Tabilio, S. Musmeci, A. Rossmann,
S. D. Kelly, P. Rapisarda. Potential isotopic and chemical markers for
characterising organic fruits. Food Chem. 2011, 125, 1072.

K. H. Laursen, J. K. Schjoerring, S. D. Kelly, S. Husted. Authentication of
organically grown plants — advantages and limitations of atomic
spectroscopy for multi-element and stable isotope analysis. TrAC
Trends Anal. Chem. 2014, 59, 73.

A. Mihailova, N. Pedentchouk, S. D. Kelly. Stable isotope analysis of plant-
derived nitrate - novel method for discrimination between organically
and conventionally grown vegetables. Food Chem. 2014, 154, 238.

In Bioreport 2012.

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

311

[32

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

K. M. Rogers. Nitrogen isotopes as a screening tool to determine the
growing regimen of some organic and nonorganic supermarket
produce from New Zealand. J. Agric. Food Chem. 2008, 56, 4078.

S. Verenitch, A. Mazumder. Isotopic characterization as a screening tool
in authentication of organic produce commercially available in
Western North America. Isotopes Environ. Health Stud. 2015, 1.

A. Nakano, Y. Uehara. Effects of different kinds of fertilizer and
application methods on delta N-15 values of tomato. J. Japan Agric.
Res. Q. 2007, 47, 219.

M. Paolini, L Ziller, K H Laursen, S. Husted, F. Camin. Compound-
specific 8°N and 8"C analyses of amino acids for potential
discrimination between organically and conventionally grown wheat.
J. Agric. Food Chem. 2015, 63, 5841.

H. Liu, B. Guo, Y. Wei, S. Wei, Y. Ma, W. Zhang. Effects of region,
genotype, harvest year and their interactions on 3(*C, 5(")N and 8D
in wheat kernels. Food Chem. 2015, 171, 56.

N. S. Podio, M. V. Baroni, R. G. Badini, M. Inga, H. A. Ostera, M. Cagnoni,
E. A. Gautier, P. P. Garcia, J. Hoogewerff, D. A. Wunderlin. Elemental and
isotopic fingerprint of Argentinean wheat. Matching soil, water, and
crop composition to differentiate provenance. J. Agric. Food Chem.
2013, 67, 3763.

L. Bontempo, F. A. Ceppa, M. Perini, A. Tonon, G. Gagllano,
R M. Marianella, M. Marega, A. Trifirs, F. Camin. Use of 5'°0
authenticity thresholds to differentiate tomato passata from diluted
tomato paste. Food Control 2014, 35, 413.

L. Bontempo, G. Lombardi, R. Paoletti, L. Ziller, F. Camin. H, C, N and O
stable isotope characteristics of alpine forage, milk and cheese. int.
Dairy J. 2012, 23, 99.

J. N. Bostic, S. J. Palafox, M. E. Rottmueller, A. H. Jahren. Effect of baking
and fermentation on the stable carbon and nitrogen isotope ratios of
grain-based food. Rapid Commun. Mass Spectrom. 2015, 29, 937.

L. I. Wassenaar, K. A. Hobson. Comparative equilibration and online
technique for determination of non-exchangeable hydrogen of
keratins. Isot. Environ. Healt S. 2003, 39, 211.

J. Carter, V. Barwick, eds. 2011. “Good Practice Guide for Isotope Ratio
Mass Spectrometry.” FIRMS. (http//www.forensic-isotopes.org/gpg.html)
M. A. Adams, P. F. Grierson. Stable isotopes at natural abundance in
terrestrial plant ecology and ecophysiology: an update. Plant Biol.
2001, 3, 299.

W. J. Choi, H. M. Ro, S. M. Lee. Natural "°N abundances of inorganic
nitrogen in soil treated with fertilizer and compost under changing
soil moisture regimes. Soil Biol. Biochem 2003, 35, 1289.

F. Camin, L. Bontempo, K. Heinrich, M. Horacek, S. D. Kelly, C. Schlicht,
F. Thomas, F. J. Monahan, J. Hoogewerff, A. Rossmann. Multi-element
(H,CN,S) stable isotope characteristics of lamb meat from different
European regions. Anal. Bioanal. Chem. 2007, 389, 309.

M. Perini, F. Camin, L. Bontempo, A. Rossmann, E. Piasentier.
Multielement (H, C, N, O, S) stable isotope characteristics of lamb
meat from different Italian regions. Rapid Commun. Mass Spectrom.
20009, 23, 2573.

G. Faure. Alkalic igneous rocks on the continents. In Origin of Igneous
Rocks: The Isotopic Evidence300, 2013.

W. A. Brand, T. B. Coplen, J. Vogl, M. Rosner, T. Prohaska. Assessment of
international reference materials for isotope-ratio analysis (IUPAC
Technical Report). Pure Appl. Chem. 2014, 86, 425.

M. Georgi, S. Voerkelius, A. Rossmann, J. GraBmann, W. H. Schnitzler.
Multielement isotope ratios of vegetables from integrated and
organic production. Plant Soil 2005, 275, 93.

L. Vitoria, N. Otero, A. Soler, A. Canals. Fertilizer characterization:
isotopic data (N, S, O, C, and Sr). Environ. Sci. Technol. 2004, 38, 3254.
L. Bontempo, F. Camin, R. Larcher, G. Nicolini, M. Perini, A. Rossmann.
Coast and year effect on H, O and C stable isotope ratios of
Tyrrhenian and Adriatic Italian olive oils. Rapid Commun. Mass
Spectrom. 2009, 23, 1043.

D. Granato, M. de Magalhaes Carrapeiro, V. Fogliano, S. M. van Ruth.
Effects of geographical origin, varietal and farming system on the
chemical composition and functional properties of purple grape
juices: a review. Trends Food Sci, Tech. 2016, 52, 31.

Supporting information

Additional supporting information may be found in the online ver-
sion of this article at the publisher’s web site.

J. Mass Spectrom. 2016, 51, 675-683

Copyright © 2016 John Wiley & Sons, Ltd.

wileyonlinelibrary.com/journal/jms

52



Chapter 3

SECTION 3.4

Compound-specificd"N and 5"°C analyses of amino acids for potential
discrimination between organically and conventiondl grown wheat

Paolini M., Ziller L., Laursen K. H., Husted S., Camin F.

Journal of Agricultural and Food Chemistry (2015)
Vol. 63, No. 25, 5841-5850

Reprinted with permission from Compound-spedifitN andd™*C analyses of amino acids for potential discrimorat
between organically and conventionally grown whiuro Paolini, Luca Ziller, Kristian Holst Laurse®gren Husted,
and Federica Camidournal of Agricultural and Food ChemistA)1563(25), 5841-5850. Copyright © 2015

American Chemical Society.

53



Chapter 3

Statement of the authoky personal involvement in this research startéti the development of

experimental design to measure the carbon andgeitrasotopic values of amino acids extracted
from wheat: protein hydrolysis, derivatisation aadalysis by GC-C-IRMS. As regards method
development, | personally performed all the expenta and data analysis presented in the
manuscript. Moreover, | measured the carbon amdgah isotopic values of wheat in bulk samples.
As first author | was responsible for writing theamuscript and managing the comments and

improvements to the text by the other co-authors.

54



Chapter 3

J OURNA AL o F

AGRICULTURAL AND

FOOD CHEMISTRY

pubs.acs.org/JAFC

Compound-Specific §'°N and 6'3C Analyses of Amino Acids for
Potential Discrimination between Organically and Conventionally

Grown Wheat

Mauro Pao]ini,*’f’§ Luca Zﬂler,T Kristian Holst Laursen,# Seren Hustecl,iﬁl and Federica Camin’

TFood Quality and Nutrition Department, IASMA Research and Innovation Centre, Fondazione Edmund Mach, Via E. Mach 1,

38010 San Michele all’Adige, Trentino, Italy

§Department of Food Science, University of Udine, Via Sondrio 2A, 33100 Udine, Italy
#Plant and Soil Science Section, Department of Plant and Environmental Sciences, Faculty of Science, University of Copenhagen,

Thorvaldsensvej 40, 1871 Frederiksberg C, Denmark

© Supporting Information

ABSTRACT: We present a study deploying compound-specific nitrogen and carbon isotope analysis of amino acids to
discriminate between organically and conventionally grown plants. We focused on grain samples of common wheat and durum
wheat grown using synthetic nitrogen fertilizers, animal manures, or green manures from nitrogen-fixing legumes. The
measurement of amino acid 6N and 8"C values, after protein hydrolysis and derivatization, was carried out using gas
chromatography—combustion—isotope ratio mass spectrometry (GC-C-IRMS). Our results demonstrated that §"3C of glutamic
acid and glutamine in particular, but also the combination of §"*N and §"3C of 10 amino acids, can improve the discrimination
between conventional and organic wheat compared to stable isotope bulk tissue analysis. We concluded that compound-specific
stable isotope analysis of amino acids represents a novel analytical tool with the potential to support and improve the certification

and control procedures in the organic sector.

KEYWORDS: amino acids, authentication, compound-specific, GC-C-IRMS, stable isotopes, wheat

B INTRODUCTION

Adulteration of food products is an increasing global problem.
This is also the case for organic products as they are sold at
premium prices compared to their conventional counterparts.
Consequently, several studies have aimed to develop analytical
methods to verify if organic food has been produced according to
the organic legislation.

The application of stable isotope ratio analysis for authenticity
testing of organic products has been largely investigated and has
recently been reviewed.'™ It has been stated that the nitrogen
stable isotope ratio 'SN/!*N (expressed as 6'°N) is one of the
strongest markers for organic production. This is based on the
fact that synthetic nitrogen fertilizers, commonly used in
conventional agriculture, have SN values significantly lower
(from —6 to 6%o) than most manures and organic fertilizers
allowed in organic agriculture (from 1 to 37%0).* For most crops
the applied fertilizer represents the main source of nitrogen for
plant growth. Thus, the application of synthetic nitrogen
fertilizers in conventional plant production tends to reduce
&N values in plant tissue.* In contrast, organically grown plants,
if supplied with animal manure or compost, will have higher 5N
values.® The *N contents (8°N) of composted manures are
higher than those of synthetic fertilizer due to different N
transformation mechanisms (e.g, ammonia volatilization,
denitrification, nitrification) of the lighter N isotope ('“N)
than of N during the composting process prior to plant
uptake.*” This has led to the general conclusion that 5N
analysis constitutes a useful tool to discriminate between
organically and conventionally produced plants, especially if
© 2015 American Chemical Society

< ACS Publications
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combined with isotopic ratios of elements other than nitro-
gen and other analytical markers using chemometric ap-
proaches." "

The use of 5N for organic authentication is challenged by the
fact that N,-fixing plants (the Leguminosae family) are
frequently used as cover crops or green manures in organic
crop rotations. Leguminous green manures contribute carbon
(C) and nitrogen (N) inputs to the soil, thus improving soil
quality and fertility. Legumes can increase N availability to
subsequent crops and improve soil physical properties. They can
contain large quantities of N, most of which is released during the
first year after soil incorporation.'' Thus, the use of legumes
represents a common and valuable strategy for improving soil
fertility in organic agriculture. However, legumes have a nitrogen
isotopic composition similar to that of synthetic fertilizers.'
N,-fixing plants can obtain their N from the atmosphere, whereas
non-N,-fixing plants take up N from the soil. Because the 5"°N
value of air is defined as 0% by convention, N,-fixing plants tend
to have 6"°N values close to 0%0,"* which is overlapping with the
range of synthetic fertilizers. This represents one of the major
challenges of utilizing 6'°N for determining the fertilization
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history of organic plants. This has partly been addressed by
compound-specific isotope analysis of N and O of plant-derived
nitrate, which has proven promising for organic authentication of
vegetables.""> However, due to the inherently low nitrate
contents of most generative plant tissue, it remains unclear if
stable isotope analysis of nitrate from cereal grains is feasible.
Consequently, this calls for the development of novel analytical
methods for authenticity testing of organic crops.

The stable isotope ratio of carbon 1Bc/c (expressed as 81C)
has also been investigated as well for organic authentication. In
C3 plants, §°°C is affected by water availability and drought
stress, but also shows significant interactions with nutrient
availability and fertilization,'"""® which frequently can be
systematically different between organic and conventional
systems. Additionally, 6"3C values can be related to a different
contribution and isotopic ratio of CO, from soil respiration or
from other sources (e.g, a CO,-enriched atmosphere in the
greenhouse) to plant photosynthesis.'®™"* The soil management
practices used in organic systems and the use of green manure
may lead to higher microbial activity in organic soils compared to
conventionally grown.

Traditionally, stable isotope analysis has relied on measure-
ments of bulk plant tissue, but emerging methods aimed at
individual chemical compounds provide a means of obtaining a
more in-depth understanding.'” GC-C-IRMS has been utilized
for examining the effects of land use and fertilizer practices on
8'5N value of individual amino acids in soil.>® Previous studies™
also showed that the §'*N signatures of individual amino acids
(e.g, histidine and phenylalanine) can be used to discriminate
between different plant species in relation to the acquisition of
available N sources. Amino acids are indeed the dominant low
molecular weight nitrogen-bearing biomolecules in plants, and
the pattern of isotopic fractionation during synthesis of these
compounds records a range of information about the growth
environment, such as the form of plant-available nitrogen in
the soil.

New and more sensitive markers are needed to verify the
authenticity of organically grown plants, and this study is thus
timely and of practical relevance. We investigated the feasibility
of using compound-specific nitrogen and carbon isotope analysis
of plant-derived amino acids for differentiation between
organically and conventionally grown wheat. The study was
conducted on common wheat from Danish field trials and on
durum wheat from Italian on-farm studies.

B MATERIALS AND METHODS

Reagents and Reference Materials. L-Amino acid standards at
>98% purity (alanine, aspartic acid, glutamic acid, glycine, isoleucine,
norleucine, leucine, phenylalanine, proline, and valine) and analytical
grade cation-exchange resin (Amberlite IR120 hydrogen form) were
purchased from Sigma-Aldrich. All other solvents (dichloromethane,
isopropanol, acetone, and ethyl acetate) and reagents (triethylamine and
acetic anhydride) used were of analytical grade and purchased from
Sigma-Aldrich and VWR (Milan, Italy).

Plant Materials and Sampling. Eighteen samples of winter wheat
(Triticum aestivum L. cv. Tommi) were grown at three different Danish
geographical locations: Flakkebjerg (FL), Foulum (FO), and Jyndevad
(JY). The plants were grown in three systems (one conventional and
two organic) under controlled conditions in a long-term field trial
and were sampled in 2007 and 2008. The conventional system (CS) relied
on the use of pesticides and synthetic fertilizers, whereas the organic
systems (OSA and OSB) were managed in full compliance with the
guidelines for organic farming (European Community Council
Regulation EEC 2091/91 and EC 834/2007). The two organic systems
OSA and OSB differed with regard to nutrient input. In the OSA system
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pig manure was imported from conventional farms, whereas the OSB
system relied on nutrient input from green manures originating from
cover crops being mixtures of grasses and N,-fixing legumes. Fertilizer
application rates as well as the percentage content of C and N in wheat
samples are shown in Table 1. A map of the locations, soil characteristics,

Table 1. Danish Wheat: Sample Location, Agricultural
System, Production Year, Fertilizer Application Rate, and
Content of C and N in Wheat Samples in the Three Cropping
Systems in Two Years

fertilizer (nitrogen

location system® year source) (kg/ha)  C (%) N (%)
Flakkebjerg ~ Org (OSA) 2007 115 41.8 LS
Flakkebjerg Org (OSA) 2008 100 41.6 14
Foulum Org (OSA) 2007 105 22 15
Foulum Org (OSA) 2008 110 41.4 1.5
Jyndevad Org (OSA) 2007 105 42.0 LS
Jyndevad Org (OSA) 2008 65 40.9 1.3
Flakkebjerg ~ Org (OSB) 2007 0 423 L5
Flakkebjerg ~ Org (OSB) 2008 N 418 LS
Foulum Org (OSB) 2007 0 422 1.6
Foulum Org (OSB) 2008 0 414 14
Jyndevad Org (OSB) 2007 0 423 17
Jyndevad Org (OSB) 2008 0 412 15
Flakkebjerg ~ Conv (CS) 2007 165 42.5 2.3
Flakkebjerg ~ Conv (CS) 2008 170 417 2.1
Foulum Conv (CS) 2007 165 23 20
Foulum Conv (CS) 2008 165 41.8 2.0
Jyndevad Conv (CS) 2007 160 42.1 1.9
Jyndevad Conv (CS) 2008 155 412 L7

“CS, conventional; OSA, organic with animal manure; OSB, organic
with green manures.

further details regzud.ing field trials, climatic conditions, samgli.ng of
wheat grains and sample preparation are described elsewhere.”

In addition to the 18 samples from Denmark, 17 samples of durum
wheat (Triticum turgidum ssp. durum cv. Khorasan, Senatore Cappelli,
Simeto, or Levante) were collected from commercial farms in 2012 in
the main wheat-producing regions of Italy (Basilicata, n = 7; Molise,
n="7; and Emilia-Romagna, n = 3). Wheat was grown in each location in
either a conventional system (CS, with mineral fertilizer) or an organic
system (with organic fertilizer, OSA; or after S years of legumes, OSB; or
without any fertilizer). The organic systems were managed in full
compliance with the guidelines for organic farming (European
Community Council Regulation EC 834/2007) for at least
8 years prior to the sample production. The systems were all based on
stockless crop production but were managed differently depending on
soil characteristics, climate, and farm structure. In the conventional
system, pesticides and inorganic fertilizers were used according to usual
farming practice. Nutrient supply in the organic system was based on the
crop rotation built fertility and in some cases addition of commercial
pelleted organic fertilizers. No irrigation was used for any of the organic
and conventional fields. Information about location, cropping system,
variety, and fertilizers used as well as the percentage content of C and N
in wheat samples is reported in Table 2. All durum wheat samples were
harvested at maturity and consequently on different days in the different
regions (from mid-June until mid-July).

EA-IRMS Analysis. The 3'°N and §'3C values of pure non-
derivatized single amino acids and of bulk samples were measured using
an elemental analyzer (Flash EA 1112, Thermo Scientific, Bremen,
Germany), equipped with an autosampler (Finnigan AS 200, Thermo
Scientific) and interfaced through a ConFlo IV dilutor device (Thermo
Finnigan, Bremen, Germany) with a DELTA V isotope ratio mass
spectrometer (Thermo Scientific). The isotopic values were calculated
against L-glutamic acid USGS 40 (IAEA-International Atomic Energy
Agency, Vienna, Austria), fuel oil NBS-22 (IAEA), and sugar IAEA-CH-6

DOI: 10.1021/acs jafc.5b00662
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Table 2. Italian Durum Wheat: Sampling Location, Agricultural System, Variety, Fertilizer Application Rate and Type, and
Content of C and N in Durum Wheat Samples in the Italian Cropping Systems

location system” variety
Basilicata Org (OSA) Khorasan
Basilicata Org (OSA) Khorasan
Basilicata Org (OSA) Senatore Cappelli
Basilicata Org (OSA) Senatore Cappelli
Molise Org (OSA) Simeto
Molise Org (OSA) Simeto
Emilia-Romagna Org (OSB) Levante
Emilia-Romagna Org (0SB) Levante
Emilia-Romagna Org (OSB) Levante
Molise Org Senatore Cappelli
Molise Org Senatore Cappelli
Molise Conv (CS) Simeto (R)
Molise Conv (CS) Simeto (R)
Molise Conv (CS) Simeto (A)
Basilicata Conv (CS) Khorasan
Basilicata Conv (CS) Khorasan
Basilicata Conv (CS) Senatore Cappelli

“Conv, conventional; Org, organic.

fertilizer (nitrogen source) C (%) N (%)
32 kg N/ha (organic fertilizer) 423 1.8
32 kg N/ha (organic fertilizer) 428 1.9
32 kg N/ha (organic fertilizer) 432 23
32 kg N/ha (organic fertilizer) 43.1 23
36 kg N/ha (organic fertilizer) 433 1.8
36 kg N/ha (organic fertilizer) 430 2.1
S years of Lucerne (Medicago sativa) cultivation 426 23
§ years of Lucerne (Medicago sativa) cultivation 432 24
S years of Lucerne (Medicago sativa) cultivation 432 24
nothing 428 1.8
nothing 426 L7
75 kg N/ha (mineral fertilizer) 923 2.6
75 kg N/ha (mineral fertilizer) 432 2.5
120 kg N/ha (mineral fertilizer) 429 22
100 kg N/ha (mineral nitrate) 43.1 25
100 kg N/ha (mineral nitrate) 43.1 24
100 kg N/ha (mineral nitrate) 43.8 2.9

for *C/"C and against L-glutamic acid USGS 40 and potassium nitrate
IAEA-NO3 for "N/"N.

The content of N and C was measured using IRMS (ANCA-SL
elemental analyzer coupled to a 20-20 Tracermass mass spectrometer,
Sercon Ltd., Crewe, UK). Quality assurance was performed by duplicate
measurements of all samples as well as analysis of Certified Reference
Materials (NIST 1515, NIST 8436, and 141d acetanilide
CH;CONHCHj;, National Institute of Standards and Technology) as
previously described.*

Hydrolysis of Protein and Purification. Wheat samples were
defatted three times with petroleum ether/ethyl ether (2:1v/v, 30 mL)
homogenizing with an Ultraturrax device (model X-620, Staufen,
Germany; 11500 rpm for 3 min) and using a centrifuge (ALC PK 131R,
Thermo Electron Corp., Germany; 4100 rpm for 6 min) to separate the
ether from the residue. The defatted powdered samples were left open to
air-dry and then stored at room temperature until analysis.

Acid hydrolysis was conducted to obtain individual amino acids from
protein: 250 mg of lipid-extracted sample was digested with 2 mL of 6 M
HCl at 110 °C for 24 h in a PTFE-capped Pyrex vial. After cooling, the
hydrolyzed solution was filtered on glass wool, and the solution was
blown to dryness under N, and redissolved in 2 mL of 0.1 M HCL
Aknown quantity of norleucine (8 mg mL™" in 0.1 M HCI) was added as
internal standard, and the solution was stored at —20 °C.

Amino acids were purified through ion-exchange chromatography on
an Amberlite IR120 cation-exchange resin, previously saturated with
H* on all exchange sites. This was accomplished by soaking the resin
overnight in 3 M NaOH, followed by washing in distilled water and
soaking overnight in 6 M HCI, after washing with distilled water. The
H* saturated resin was pipetted into a glass pipet column fitted with a
quartz wool plug, and a fraction of the hydrolyzed sample (500 yL) was
added to the column. Salts were removed with distilled water and the
amino acids eluted with NH,OH (10 wt %) and then dried under N,
before derivatization. Under those conditions, the resin does not cause
any isotopic fractionation.”***

Derivatization. Amino acids were analyzed after N-acetylisopropyl
derivatization based on the method reported elsewhere.”® Samples were
first esterified in 1 mL of acidified isopropanol (1:4 acetyl chloride/
isopropanol) at 100 °C for 1 h. Esterifying reagents were evaporated
under a gentle stream of nitrogen at 40 °C, and dried esters were rinsed
with two sequential 250 uL aliquots of dichloromethane to remove
reagents in excess. Amino acid esters were acylated with 1 mL of acetic
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anhydride/triethylamine/acetone solution (1:2:5 v/v) at 60 °C for
10 min. The reagents were evaporated under a N, stream at room
temperature, and dried derivatives were dissolved in 1 mL of saturated
NaCl—water solution and 1 mL of ethyl acetate and mixed vigorously.
The organic phase containing the amino acids was collected and dried
under nitrogen at room temperature. Residual water was removed with
two sequential 250 uL aliquots of dichloromethane. Finally, samples
were dissolved in 200 uL of ethyl acetate and stored at —20 °C until
analysis.

GC-C-IRMS Analysis. The isotopic values of 10 amino acids, alanine
(Ala), aspartate (Asx), glutamate (Glx), glycine (Gly), isoleucine (Ile),
leucine (Leu), phenylalanine (Phe), proline (Pro), threonine (Thr), and
valine (Val), were determined by GC-C-IRMS (Figure 1).

Due to the acid hydrolysis, asparagine (Asn) and glutamine (Gln),
present in wheat, are converted into aspartic acid (Asp) and glutamic
acid (Glu), respectively. Therefore, the 5N and 6“C values
determined of Asx and Glx represent the nitrogen and carbon isotopic
value of both aspartate + asparagine and glutamate + glutamine,
respectively.”*

Individual amino acid isotopic analysis was carried out using a Trace
GC Ultra (GC IsoLink + ConFlo IV, Thermo Scientific) interfaced with
an IRMS (DELTA V, Thermo Scientific) through an open split interface
and with a single-quadrupole GC-MS (ISQ Thermo Scientific) to
identify the compounds. For "N analysis 0.8—1.0 uL of each sample
was injected in splitless mode by an autosampler (Triplus, Thermo
Scientific). A HP-INNOWAX capillary column (60 m X 0.32 mm i.d. X
0.25 pm film thickness; Agilent) with He as carrier gas (at a flow of
1.4 mL/min) was used. The injector temperature was set at 250 °C, and
the oven temperature of the GC started at 40 °C, at which it was held for
2 min before heating at 40 °C/min to 140 °C, at 2.5 °C/min to 180 °C,
at 6 °C/min to 220 °C, and finally at 40 °C/min to 250 °C and held for
15 min. For 6"*C analysis 1.0 4L of each sample was injected in split
mode and a stronger polar column was used to obtain higher and sharper
peaks (ZB-FFAP capillary column, 30 m X 0.25 mm i.d. X 0.25 gm film
thickness; Phenomenex). The oven temperature of the GC started at
40 °C, at which it was held for 1 min before heating at 15 °C/min to
120 °C, at 3 °C/min to 190 °C, and finally at 5 °C/min to 250 °C and
held for 7 min.

The eluted compound was combusted into N,, CO,, and H,O in a
combustion furnace reactor operated at 1030 °C and composed of
a nonporous alumina tube (320 mm length) containing three wires
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Figure 1. GC-C-IRMS chromatogram of N-acetyl-isopropyl derivatives of amino acids in a wheat sample (nitrogen isotopic ratio (a) and carbon isotopic
ratio (b)). Peaks: 1, Ala; 2, Val; 3, Ile; 4, Leu; S, Gly; 6, Nleu (internal standard); 7, Pro; 8, Thr; 9, Asx; 10, Glx; 11, Phe. The four first and last peaks of

each panel are reference gas signals.

(Ni/Cu/Pt, 0.125 mm diameter, 240 mm identical length) braided and
centered end-to-end within the tube. Water vapor was removed by a
water-removing trap, consisting of a Nafion membrane. During §""N
analysis a liquid nitrogen trap was added after the combustion oxidation
reactor to remove CO, from the oxidized and reduced analyte.

To monitor instrumental performance a mixture of L-amino acid
standards was derivatized and the 5'*N and §"*C values were measured
by GC-C-IRMS before each analytical run. Moreover, the isotopic value
of the internal standard norleucine added to each sample was checked.
Norleucine was chosen as internal standard because it is not naturally
present in wheat. The §'°N and §"*C values of pure norleucine (+14.0
and —27.6%o, respectively) and of the pure L-amino acids (see below)
were determined by EA-IRMS. The analytical run was accepted when
the differences between GC-C-IRMS and EA-IRMS values were, at
most, + 1.0 and +1.5%o, respectively, for 5'°N and 5"*C.

Data Analysis and Corrections. All of the 6'°N and 5°C values are
reported relative to reference N, and CO, of known nitrogen and carbon
isotopic composition, respectively, introduced directly into the ion
source at the beginning and end of each run (Figure 1). All samples were
measured in triplicate, and the isotope ratios were expressed in 6%o
versus atmospheric nitrogen for &SN and V-PDB (Vienna — Pee Dee
Belemnite) for 5">C according to eq 1

5= [(Rs - Rstd)]
Ra (1)

where R, is the isotope ratio measured for the sample and R, is the
isotope ratio of the internationally accepted standard.

Measured §'3C values for derivatized amino acids are the product of
both the carbon native to the molecule and the contribution from the
reagents used for derivatization. The §'°C values of the mixture of
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standard amino acids measured by EA-IRMS and their respective
N-acetylisopropyl esters obtained with GC-C-IRMS are presented in the
Supporting Information (SI 1). Therefore, an empirical correction®® was
applied to determine the effective carbon isotope value. Correction
factors were calculated by determining the 6'°C values of the
underivatized amino acid standards (EA-IRMS) and the derivatized
amino acid standards (GC-C-IRMS):

ne8*Cyy = n8°°C, + ny8C (2)
n is the number of moles of carbon, and the subscripts ¢, d, and cd
represent the compounds of interest, the derivative group, and the
derivatized compound, respectively.

When calculating the uncertainty of 5*C measurement (see below),
we considered measurement errors as well as the total analytical error,
which arises from the different derivatization steps:

ng + ny

2 2 + 2
n, n n,
ol = Of[*’] + Gfa[*] + 631(7‘ "]
e e n (3)

n is the number of moles of carbon, and the subscripts ¢, cd, d, s, and sd,
represent the underivatized compound, the derivatized compound, the
derivatizing reagent, the underivatized standard, and the derivatized
standard, respectively.

Accuracy and Precision of GC-C-IRMS. To test the accuracy of the
determination of amino acid isotopic values, we compared the 5N and
5'3C values of the mixture of standard amino acids measured by GC-C-
IRMS with the isotopic values of pure nonderivatized single amino acids
obtained with EA-IRMS. The §"°N and §'3C values determined by EA-
IRMS were the mean of two measurements, whereas the 5'°N and 5"°C

values determined by GC-C-IRMS were the average of three runs. Both
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5N and 5"*C values obtained from EA-IRMS were linearly correlated
with those from GC-C-IRMS after derivatization, as shown in the
Supporting Information (SI 2 and SI 3), and the difference between the
values measured by EA-IRMS and by GC-C-IRMS after empirical
correction was not higher than +0.5 and +1.6%0 for 5N and 5”(‘,,
respectively (SI 1).

To evaluate the precision, 10 replicates of the reference amino acid
mixture were derivatized, and each of them was analyzed by GC-C-
IRMS in triplicate. The precision (1) of GC-C-IRMS determinations
was on average +0.4%o for §'°N and +0.8%o for 5"°C.

To evaluate the uncertainty of measurements for all of the processes, a
wheat sample was hydrolyzed and derivatized 10 times, and each of the
samples was analyzed by GC-C-IRMS. The standard deviation obtained
(16) was on average +0.3%c for 6"°N and +1.0%o for 5'*C (Supporting
Information (SI 4).

Statistical Analysis. The data were statistically evaluated using
Statistica v 9 (StatSoft Italia srl, Padua, Italy).

B RESULTS AND DISCUSSION

Wheat Amino Acid 6'°N and §'3C Values. The §'°N and
S'3C values of the amino acids Ala, Val, Ile, Leu, Gly, Pro, Thr,
Asx, Glx, and Phe from the 18 Danish and from the 17 Italian
wheat grain samples are shown in the Supporting Information
(SI 5 and SI 6), whereas the mean and standard deviation (SD)
values across agricultural systems are reported in Tables 3 and 4.

From the §'°N values it is evident that the '*N content
between different amino acids can vary significantly due to
isotopic fractionation occurring during N metabolism within the
plant. Ammonium (NH,") from soil is assimilated directly into
plant amino acid metabolism via the enzyme glutamine
synthetase, whereas nitrate (NO;”) undergoes sequential
reduction to nitrite and then subsequently to ammonia via the
nitrate and nitrite reductase enzymes.”” The first amino acid
produced by ammonia assimilation is glutamine, which therefore
plays a central role in the amino acid metabolism. Glutamate and
then other amino acids are produced by the transfer of the amide
of glutamine to keto acids and by transamination.”® It follows
that in our case the 5"°N of glutamic acid derived from acid
hydrolysates of glutamic acid and glutamine (Glx) represents the
main source of imported nitrogen being a product of the net flux
of N entering and leaving the Gln and Glu pools.

Figure 2a shows mean values of differences between the §'°N
values of Ala, Val, Ileu, Leu, Gly, Pro, Thr, Asx, and Phe and that
of Glx across all 35 wheat samples. This allows comparison of
the "N value of single amino acids normalizing the possible
variation caused by the external nitrogen source (e.g,, fertilizer
practices, soil composition, location). The §'°N relative trend
among amino acids is in agreement with the results reported
in other studies.”” As compared to the 8N value of Glx
(Figure 2a), the 8'°N values of Phe (+4.4 + 1.4%0) and Pro
(+1.0 + 0.8%0) are higher. The relative '*N enrichment of Phe
and Pro compared to the other amino acids in cereal grains is in
agreement with the scientific literature on the subject, concluding
that there is an isotopic fractionation associated with this
enzymatic reaction.”” Phenylalanine ammonia-lyase catalyzes the
deamination of Phe, and the kinetic isotope effect associated with
this reaction leaves the residual Phe enriched in '*N, whereas
the "N enrichment of Pro is caused by a kinetic isotope effect
associated with the enzymes (proline dehydrogenase and
Al'-pyrrolidine-S-carboxylate dehydrogenase) involved in its
catabolism.***

The 5N values of Ala (=3.1 + 1.5%0), Val (—1.4 + 1.4%0),
Tleu (—4.1 + 1.8%0), Leu (—5.7 + 1.3%¢), Gly (—5.0 + 1.8%¢),
Thr (9.8 + 2.5%0), and Asx (—2.9 + 1.6%¢) are lower than the
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Table 3. Amino Acid '°N and §'3C Values of Danish Wheat Samples®

wheat amino acid 6"*N and 6"*C values (%o)

Phe

Glx

Pro

Gly

Leu

Te

Val

Ala

system

—26.5

8.6b
0.7
9.4b
1.7

5.9 =28.1 —6.4b —14.6 0.8b =252 5.3b —26.1b
L1
14.5a

0.7
6.1b

mean —24.9b 2.7b -30.8 0.1b =269 —1.2b —34.0 -1.2b —14.7
09 09
2.1

SD

Ccs

1.4
—26.4

0.3
—24.6a

1.0
—24.1

1.2 0.8 19 14 0.8 1.8 0.5
—33.7 —1.5b —134 —26.8 —5.4b —12.5

—1.0b

0.9
—26.1

0.7
—=30.3

0.7
—23.7a

1.0
1.7b

5.3b
23

1.1b
18

0.3b
127
5.la
1.4

3.3b
1.6
84a

1.3

mean
SD

OSB

1.6
~27.2

0.6
—24.0a

0.9
—244

1.1
-12.8

13
—0.2a
27

0.7
=273

1.0
—134

25

0.5
—338

1.7
3.6a

0.7
=26.1

09
=302

0.5
—24.1b

13
6.2a
1.7

9.3a
0.9

6.0a
1.0

10.4a
0.8

3.2a
1.3

mean
SD

1.7

0.8

1.4 3.1 2.0 1.0

1.6

“Values are the means of three analytical replicates. CS, conventional; OSB, organic with green manures; OSA, organic with animal manure; SD, standard deviation. Significantly different mean values

0.7
(HSD Tukey’s, p < 0.05) of wheat samples from the three systems across locations are indicated with letters “a” and “b”.

LS

1.6

14

1.0
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Table 4. Amino Acid §'*N and §'3C Values of Italian Wheat Durum Samples®

wheat amino acid §"°N and 6"C values (%0)

Phe

Glx

Asx

Thr

Pro

Gly

Leu

Tle

Val

Ala

system
CS

—26.2a

8.4
22

—27.0b

—24.3 4.1

24
23

—26.2a —4.5 —13.1ab

52

—15.8ab

0.8
2.2

—34.9a

—1.4

-27.0

0.4
26
14
42
29

—22.5a 3. -30.9

12
19
12
39

4.1

mean
SD

12
—33.4b

0.9
—22.8a

23
39
22
6.2
26
6.6
3.0

3.0
—25.8

1.9
—17.0b

1.8
34

13
—29.4b

22
52

2.1
3.1

—21.1b

1.0
—37.1b

2.8 1.5 13 22
—=32.7 —28.7 =17

1.9
—27.0b

9.8

2.9

1.1
2.1

36
29
49

mean
SD

0SB

3.5
—27.1ab

2.8

0.6
—23.8a

0.8
—24.5

34
44

25
—11.5a

53

0.8
—25.3a

25
—15.0a

2.7
1.0
34
1.6
0.9

02

—26.6

0.3
—3L5

0.1
—22.8a

10.5

-3.2
4.0
—4.7

7.6
3.0
7.2

25

2.0
36
34

4.1

—34.5a

mean
SD

OSA

29
—32.5ab

29

15
—25.6

33

20
—13.1ab

1.0
—26.9ab

35
—17.3ab

0.6
—35.5ab

34
19
39

1.2
-31.9

33

1.9
—23.9ab

29
30
25

10.5

—24.4a

32

—285

4.6

2.6
“Values are the means of three analytical replicates. CS, conventional; OSB, organic with green manure; OSA, organic with animal manure; nothing, organic without fertilizer treatment; SD, standard

deviation. Significantly different mean values (HSD Tukey's, p < 0.05) between groups are indicated with letters “a” and “b”".

mean
SD

nothing

7.9

1.3

0.8

2.5

37

0.6

42

0.2

1.1

1.0

0.2

0.4

0.1
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6"*N gy value. These amino acids are principally produced during
transamination of precursors, amino acids (e.g., glutamic acid),
and keto acids. Previous studies®" have reported that enzymatic
reactions of transamination involved in plant metabolism
induced a kinetic isotope effect leading to the lower §"°N values
in NH, of product amino acid and that the extent of isotopic
fractionation may vary depending on the reaction rates.

The mean §*C value of plant material is fixed by that of the
primary carbon source (CO,) and by the kinetic isotope effect of
the CO,-binding reaction (RuBP-carboxylase and PEP-carbox-
ylase, respectively). The pattern of aliphatic amino acids and
aromatic amino acids derived from glucose and shikimic acid,
respectively, reflects the resulting C distribution of these
precursors, and it is supplemented by the introduction of
additional C atoms depleted by the kinetic isotope effect on the
PEP—carboxylase reaction.*” Figure 2b shows mean values of
differences between the §°C values of Ala, Val, Ileu, Leu, Gly,
Pro, Thr, Asx, and Phe and that of Glx across all 35 wheat samples
from all three agricultural systems and locations. 5"*C values of
Gly (+9.6 + 3.3%¢) and Thr (+11.6 + 2.7%¢) were higher than
the 6"°Cgy, value, whereas the §'*C values of Val (—6.1 +2.2%0),
Ieu (—2.0 + 2.1%¢), Leu (—9.6 + 2.1%0), Pro (=2.1 + 2.2%0),
and Phe (—2.7 & 4.0%0) were lower. The measured 5*C values
of Ala and Asx were very similar to that of Glx (within +2.5 and
+2.4%o, respectively) in all of the wheat samples.

8"°N and 6'°C Amino Acid Values for Organic
Authentication. In Tables 3 and 4 the mean and standard
deviation of the data grouped according to agricultural system
across locations in Denmark and Italy, respectively, as well as the
results of the honestly significantly difference (HSD) for unequal
N Tukey's test are reported.

Grouping the Danish samples according to the agricultural
systems, Tukey’s test results (Table 3) showed that convention-
ally grown wheat had significantly lower 6'°N values than the
organic wheat OSA, whereas it was not distinguishable from the
organic wheat fertilized with green manure (OSB). This
corresponds with results from bulk tissue analysis in previous
studies." This finding clearly highlights the limitation of §'°*N as a
marker of organic production when plant fertilization is based on
N,-fixing green manures. On the other hand, the §"*C value of
Glx was significantly (p < 0.05) lower in the conventional wheat
compared to both organic systems (OSA and OSB). §'°*N values
of plant amino acids are clearly affected by the nitrogen source,
which in this case results in similar 5'°N values for CS and OSB
samples. In contrast, 8C is more linked to the different
characteristics of the field under conventional and organic
regimens in terms of water availability, drought stress, and
nutrient availability, which influence the s,photos;.rnthetic activity
and stomatal conductance of leaves.'*™'® Here we found lower
5"3C values in the conventional wheat, which is expected to be
due to a higher stomatal conductance in these plants due to the
higher nitrogen content (as reported in Tables 1 and 2). Indeed,
previous studies™ showed that the maximum CO, assimilation
rates and maximum stomatal conductance, when measured
under higher N availability conditions, as typically observed in
conventional crops, did lead to a higher discrimination of
RuBisCo against '*CO,. In contrast, N deficiency, as in the case
of organic crops, can induce stomatal closure, which is caused by
a lower ratio of the N-regulated plant hormones cytokinin and
abscisic acid. This leads to a reduced discrimination against
13CO, and thereby higher 5"3C values. Lower 5*C values were
also observed in proteins extracted from conventional apples,**

DOI: 10.1021/acs jafc.5b00662
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Figure 2. Differences between the §'°N (a) and 5"C (b) values of Ala, Val, Ileu, Leu, Gly, Pro, Thr, Asx, and Phe and the §'°N and §'*C of Glx for all of
the Danish and Italian wheat samples. Bars represent mean values + SD (n = 35).
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Figure 3. 5N plotted against 5"C in bulk tissue samples of Danish and Italian wheat samples. Circles are CS (conventional), squares are OSA (organic
with animal manure), triangles are OSB (organic with green manure), and stars are nothing (organic without fertilizer treatment). Solid and open
symbols indicate Danish and Italian samples, respectively. Please note that the dashed line is only for illustrative purposes and does not represent
statistical analysis.

but not in conventional onions and cabbages'® or in soil of Applying Tukey’s test on 5'°N amino acid values of the Italian
conventional grasslam:l.35 durum wheat samples grouped according to the agricultural
5847 DOI: 10.1021/acs jafc 5500662
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indicate Danish and Italian samples, respectively. Please note that the dashed line is only for illustrative purposes and does not represent statistical

analysis.

regi.men, no signj_ﬁcant d_i_fferences bEtWeEIl t]le four gr()ups were
observed (Table 4). Conventionally cultivated durum wheat was
not distinguishable from either the organic wheat OSA (fertilized
with organic fertilizer) or OSB (fertilized with green manure) or
organic wheat grown without fertilization. The main reason for
this finding is that we considered samples produced in different
Italian regions (Emilia Romagna, Basilicata, Molise) potentially
characterized by different 5N values of the soil.

As observed for Danish wheat and also for Italian durum, the
S1C values of some amino acids were significantly different
between agricultural regimens. In particular the §°C of Glx was
significantly lower (p < 0.0S) in the conventional samples
compared to organic systems (OSA, OSB, nothing) as for Danish
samples.

On the basis of Tukey’s test results we decided to consider all
Danish and Italian samples together focusing on 5'*N and 5"*C
values of Glx for discriminating between the agricultural systems.
Moreover, we considered §'°N and §">C values of bulk tissue
wheat grain samples, taking the data from the literature for
Denmark' and measuring the samples from Italy to conduct a
direct comparison with the compound-specific data. Figure 3
shows the distribution of 6'°N and §'*C values of Danish and
Italian bulk tissue samples, whereas Figure 4 shows the same
distribution for "N and §"C values of Glx. The bulk tissue
analysis allowed separation of wheat samples grown with the use
of animal manure (OSA) from samples grown using syn-
thetic fertilizers (CS), but it was impossible to distinguish the

5848

agricultural system based on legumes as green manures (OSB)
from the conventional one, as discussed above.

However, the §'°N and 5"*C values of Glx (Figure 4) improved
the discrimination between the conventional and organic
agricultural systems. In particular, the 5"°C value of Glx was
able to distinguish organic samples from those grown in the
conventional agricultural system—even when including the
variations caused by wheat species, variety, harvest period,
geographical location, etc.

Previous studies™ have shown that multivariate statistical
analysis can be a tool to improve the discrimination between
different foods (e.g, organic and conventional). Linear dis-
criminant analysis (LDA) is probably the most frequently used
supervised pattern recognition method, which is based on
maximization of the ratio of between-class variance and
minimization of the ratio of within-class variance. LDA was
performed using the data set composed by all wheat samples
(3S organic and conventional samples) and 20 variables (6'°N
and 6"°C amino acid values) to establish if it is possible to
enhance the separation between agricultural regimens. After
application of LDA, three discriminant functions were calculated,
and Figure $ shows the score plot of the wheat samples using as
axes the first two functions that explain 91.2% of total variance.

The three categories of wheat (OSA, OSB, and CS) were well
separated across the principal component Rad 1. The latter
correlates negatively with §'°N Pro (—2.849) and §“C Val
(—2.158) and positively with 6N Phe (3.436) and 5N Glx
(2.622). Rad 2 improves the separation between OSA and the

DOI: 10.1021/acs jafc.5b00662
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Figure 5. LDA scores plot of nitrogen and carbon isotope analysis of amino acids for organic and conventional wheat samples.

“nothing” group and correlates negatively with 6N Leu
(~1.339), 6N ILeu (—1.036), and 6"N Glx (—1.018), whereas
it correlates positively with §'°N Ala (1.314). §"*C Glx did not
correlate significantly with Rad 1 and Rad 2 because it is capable
of separating organic from conventional samples but not the
three types of organic agricultural systems.

We can conclude that compound-specific 8N and §C
analysis of plant-derived amino acids represents a promising tool
for verification of the fertilization history of crops. §°C of
glutamic acid and glutamine, in particular, but also the
combination of "N and 6"*C of the 10 amino acids Ala, Val,
Ile, Leu, Gly, Pro, Thr, Asx, Glx, and Phe did improve the separation
between organic and conventional wheat, even when organic wheat
production was based on fertilization and crop rotation using
N,-fixing plants. It is recommended that the novel method is tested
on a larger set of samples and across different plant species and
locations to further evaluate the applicability of compound-specific
stable isotope analysis of amino acids for organic authentication.
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CHAPTER 4 WINE, ADJUVANTS AND RELATED PRODUCTS
4.1 INTRODUCTION

Wine is the most famous and appreciated alcohodicetage worldwide, obtained from the
fermentation of fresh grapes or grape must. Appnaxely 38 billion bottles of wine are produced
around the world each year, with a wholesale vafugS$98 billion.

The International Organization of Vine and Wine\{Phas estimated that Italy’s wine production
reached 48.8 million hectoliters in 2016, makiraj\itthe world leader in terms of wine production,
followed by France, Spain and the USA. With morantl2400 different styles, Italy offers the
largest and most diverse array of wines in the avoimcluding at least 300 DOC (Controlled
Designation of Origin) and DOCG (Controlled and Gudeed Designation of Origin) wines. The
value of these premium drinks is determined almmstlusively by the brand/origin and the
age/vintage.

In the last few years, total wine production haspged by about 6%, while world consumption is
rising. This shortage inevitably leads unscrupuleesdors to fill the gap in the market with bogus
products.

SIRA of wine has been applied since 1991, becontingy official method for identifying the
authenticity of wine in terms of watering down, augddition and mislabelling (OIV methods MA-
AS311-05, MA-AS312-07 and MA-AS2-12, EU Reg. 55%)@0 The addition of exogenous sugar
and water in wine can be detected by analysingsitepic ratios of hydrogerfH/*H) and carbon
(**c/*?C) in ethanol and oxygert®0/*°0) in water. Additions and counterfeiting are degecby
comparing the results against an official databaekup by the EU for all wine-producing countries
within its territory. So far, the isotopic ratio Nfin wine has not yet been investigated as wethas
isotopic ratios of tannin.

“Aceto balsamico di Modena IGP” is another Italemium product which has obtained the IGP
(Protected Geographic Indication) recognition, ened throughout the world due to its specific
characteristics. This unique balsamic vinegar aag be produced and matured in the province of
Modena and its production method is specified imopaan regulations (EU Reg. 583/2009). Its
success, particularly at international level, hastgbuted to the emergence and diffusion of fraud,
represented by products that imitate or simplyneighe title “balsamic”, harming producers and

increasing consumer confusion.
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Very recently, isotopic methods have been offigialecognised by OIV and the European
Committee for Standardization (CEN) as a meanseoifying the authenticity of wine vinegar
(CEN methods EN 16466-1, EN 16466-2, EN 16466-3 @fid 510/2013).°C/*°C and?H/*H
values in acetic acid and th#/*°0 value in water have provided a powerful tooldetecting the
addition of exogenous acetic acid and tap waterine vinegar. Moreover, a recent study [Camtin

al., 2013] showed that legal limits set on the basithe wine isotope databank can be used as a

reference foB*%0 analysis to detect the authenticity of wine vireg
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Statement of the authoMy personal contribution to this work mainly conoed the setting up of
instrumental conditions, analysis and validationtloid method to measure the nitrogen isotopic
value in grape juice and wine. Moreover, | perfontked nitrogen isotopic analysis of soil and

branches samples.
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In the development of a geographical traceability model, it is necessary to understand if the value of the
monitored indicators in a food is correlated to its origin or if it is also influenced by ‘external factors’ such
as those coming from its production. In this study, a deeper investigation of the trend of direct geograph-
ical traceability indicators along the winemaking process of two traditional oenological products was
carried out. Different processes were monitored, sampling each step of their production (grape juice,

intermediate products and wine). The results related to the determinations of §'%0, (D/H), (D/H)y,
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5'3C, 3'°N and #7Sr/®Sr have been reported. Furthermore, correspondence with the isotopic values com-
ing from the respective soil and vine-branch samples have been investigated as well, showing the optimal
traceability power of the monitored geographical tracers.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The geographical origin or production area of food is acquiring
more and more importance for consumers that associate food qual-
ity with a well defined or recognizable origin. As a consequence,
the production of a food in a particular region or using traditional
methods is considered as an added value for the product itself.

Moreover, with the introduction of the product designations,
namely Protected Designation of Origin (PDO), Protected Geo-
graphical Indication (PGI) and Traditional Speciality Guaranteed
(TSG), the different labelling systems and the EC 178/2002 Regula-
tion (Regulation EC 178/2002, 2002) the EU has set out the basis for
a new control method by defining the terms of traceability and
production chain traceability. Unfortunately, many of the actual
traceability systems are generally not referred to objective criteria
but mostly based on certifications supported by papery declara-
tions. Thus, in a context of globalized market and international
food trade, with high risk of imitation, counterfeiting and adulter-
ation, the objective possibility to trace the provenance of food on
the basis of objective analytical criteria could be certainly a valu-
able support for the traditional papery declarations. Therefore,

* Corresponding author.
E-mail address: andrea.marchetti@unimore.it (A. Marchetti).

http://dx.doi.org/10.1016/j.foodchem.2016.04.108
0308-8146/© 2016 Elsevier Ltd. All rights reserved.

the definition of criteria for geographical traceability of food, with
a particular attention to those awarded with quality marks, such as
the PDO, represents a real and challenging task. Generally speak-
ing, from an analytical point of view, there are two approaches that
can be adopted in this context: the former is based on a discrimi-
nating approach which uses direct and indirect indicators with the
aims to differentiate ‘homologous’ food products but of different
geographical origin (Bontempo et al., 2011; Trincherini, Baffi,
Barbero, Pizzoglio, & Spalla, 2014); while the latter consists on a
more systematic approach, mainly addressed to objectively link
the food product to its area of origin and afterwards to discriminate
it from the others on the basis of its provenance. The first approach
relies on the use of the properties related to the food while the sec-
ond one considers those related to its territory. In the latter case, it
is unavoidable the analysis of matrices such as soils, water and
plants (Durante et al., 2013; Marchionni et al., 2013). Starting from
these evidences, it is possible to assume that the “territory” con-
tribute to shape the fingerprint of the different products. Therefore,
an a priori systematic study of the performance of the investigated
indicators within the steps that characterise the ‘production cycle'
of a food, soil-water-plant-fruit-raw materials-finished food, repre-
sents the holistic approach to develop a model for the geographical
origin of food. Only in this case, it is possible to establish a unique
link between the final product and its territory of origin.
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This study represents an improvement of the knowledge of the
trend of several geographical traceability indicators along the
whole winemaking process of two traditional oenological products
from soil to grape till the final wine. In particular, the data herein
reported are part of a long term research project (http://www.
progettoager.it) focused on the development of geographical
traceability models of oenological products, Lambrusco PDO and
Trentodoc, by means of primary indicators such as elements con-
centration and isotope ratios of radiogenic and light elements
and secondary ones such as NMR spectra polyphenols fingerprint
(Papotti et al., 2013) and the aromatic profile respectively. The pro-
ject is characterised by an innovative analytical methodology due
to the use of a systematic approach (Bertacchini et al., 2013;
Totaro et al., 2013) which required a deep knowledge of the whole
matrices that characterised the investigated systems, namely soils,
branches, grape juices, intermediate products and wines.

As far as wine chain is concerned, winemaking process could
encompass several steps, which may introduce changes in the ele-
ment pattern, due to both natural and anthropogenic/extraneous
sources. Several studies have been carried out on the variation of
some element concentrations during the cellar practices (Cheng
& Liang, 2012). In particular, storage tanks, pipes and other wine
cellar equipment (brass and stainless steel based tools) increase
the content of Cd, Cr and Pb (Kristl, Veber, & Slekovec, 2002) or
Fe, Al and Cr (Kment et al., 2005). Variations in the element content
occur also as a consequence of the fermentation process (Castifieira
Gomez, Brandt, Jakubowski, & Andersson, 2004). As a consequence,
an accurate study to verify whether the strontium and the light
isotope ratio are also influenced is necessary in order to finally
achieve trustworthy results on the basis of this indicator.

As regard ®7Sr/*%Sr, if no sources of “external” strontium are
added (i.e. the use of additives to stabilise the process and eventu-
ally to clarify the final product), an increase or decrease in the
strontium concentration does not directly affect the isotope ratio.
In any case, it is worth to investigate whether and which strontium
contaminations occur during the vinification. Generally, an
increase of strontium is found in the first steps of the winemaking
process, probably released by seeds and skins, whilst a slight
decrease during the ageing period is a consequence of strontium
precipitation with colloidal particles (Almeida & Vasconcelos,
2004). Therefore, these two phenomena are natural, not being
due to external sources, and should not affect the 7Sr/*éSr isotope
ratio. On the contrary, the addition of bentonites, used for wine
clarification, or calcium carbonate, to deacidify, could be the main
extraneous sources of strontium (Horn, Schaaf, Holbach, Hiilzl, &
Eschnauer, 1993).

In literature, it has been demonstrated that the winemaking
process generally does not affect the strontium isotope ratio val-
ues. Nevertheless, the rationale of these results relies on the fact
that neither additives were used nor relevant difference (around
the fourth figure) were present in ®7Sr/*®Sr value. In fact, the few
attempts to investigate the influence of the winemaking process
on the strontium isotope ratio (Almeida & Vasconcelos, 2001;
Marchionni et al., 2016 and references herein reported) reveal no
differences in the values measured in the different phases. How-
ever, for the former investigation a quadrupole-based ICP-MS
was used for the evaluation of the strontium isotope ratio, while
in the latter, an internal correction method has been used
(Durante et al., 2013 and references herein reported). Indeed, start-
ing from the recent observation that mass discrimination may also
occur for heavy elements isotopic systems (Johnson, Beard, &
Albaréde, 2004) and that these experimental evidences are
attained thanking the high sensitivity of the MC-ICP-MS instru-
ments, a detailed study on this topic should be performed.

With regard to isotope ratios of light elements, the variability
factors including the oenological ones, of 5'%0 of water and the

D/H and §'C of ethanol have been studied since the 1990th in
wine, being thenceforth the official analyses for identifying the
authenticity of wine in terms of watering down, sugar addition
and mislabelling (OIV methods MA-AS311-05, MA-AS312-07 and
MA-AS2-12, EU reg 555/2000). Their source are the water, oxygen
and the carbon dioxide adsorbed by the plant and their variability
is mainly influenced by the geographic and climatic characteristics
of the production area (Camin et al., 2015). §'3C of ethanol origi-
nates from that of sugar, (D/H), from D/H of the nonexchangeable
sites of glucose, whereas (D/H),, from the water medium (Martin,
Zhang, Naulet, & Martin, 1986). If the yield of fermentation is more
than 70%, type of yeast, temperature of fermentation, concentra-
tion of sugar, variation in the reaction rates induced by the med-
ium, stopping of fermentation and type of nutrients have not a
significant effect on 3'3C and (D/H), of ethanol, whereas (D/H)y
may exhibit significant variations (Fauhl & Wittkowski, 2000;
Perini et al., 2014). The must concentration through reverse osmo-
sis was found not effecting the isotopic values of water and etha-
nol, whereas the concentration through high-vacuum
evaporation modifies the '®0 of water and the D/H of ethanol
(Guyon, Douet, Colas, Salagoity, & Median, 2006). Very recently it
has been studied the effect of addition of Arabic gum as wine addi-
tive on the H, O, C and N isotope ratios of colloids. They found that
only the 8'%0 of colloid is shifted, whereas the isotope ratios of
ethanol and water are not affected (Sprenger, Meylahn, Zaar,
Dietrich, & Will, 2015). Moreover it was shown that wine
dealcoholisation has an impact on the §'%0 of water and on §'°C
of ethanol but not on D/H (Ferrarini, Ciman, Camin, Bandini, &
Gostoli, 2016).

The "N/'N ratio has been measured in several foods to trace
geographical origin and agricultural systems (Kelly, Heaton, &
Hoogewerff, 2005), but not in wine so far. Nitrogen of wine derives
not only from soil through plants and grapes, but can derive also
from exogenous sources. For example, many winemakers add
nitrogen rich substances to the fermenting wine to ensure that
the yeast has sufficient nourishment to carry out the conversion
of the sugars.

In this study, the results related to the determinations of some
of the investigated direct indicators, namely §'0 in water, (D/H),
(D/H)y;, 8'*C in ethanol and §'C and §'°N in lyophilised sample and
875r/36Sr in different oenological production chains have been
reported. One of the main aims of this study has been to test the
real performance of the studied tracer indicators in the develop-
ment of geographical traceability model, starting from a deeper
analysis of their trend within the production cycle of Lambrusco
PDO and Trentodoc.

Different wine-making processes of several producers of Lambr-
usco PDO and Trentodoc wines were monitored. Samples for each
step of the process (grape juice, intermediate products, wine) were
tracked. Furthermore, for some of the investigated producers, it has
been also possible to assess a correspondence with the isotopic val-
ues coming from the respective soil and vine-branch samples as
well.

2. Materials and methods
2.1. Reagents and materials

All the sample preparation procedures were carried out under
horizontal laminar flow hood, in order to prevent the occurrence
of any ambient contamination. Solutions were prepared by using
high-purity deionized water TYPE1 (physical and chemical param-
eters for TYPE1 water comply with ASTM TYPE 1 and 1SO3696
GRADE 1 purity specifications) obtained from a Milli-Q system
(Millipore, Bedford MD) with a resistivity better than 18 MQ cm.
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Ultrapure HNO; 65% w/w was obtained from analytical grade nitric
acid (Carlo Erba, Milan, Italy) after sub-boiling distillation per-
formed with a sub-boiler SAVILLEX DST 1000 (Savillex Corp. USA)
apparatus. All the solutions were gravimetrically prepared and all
the samples were accurately weighted by using a Mettler AE200
analytical balance (Mettler Toledo AG, Greifensee, Switzerland)
with +0.0001 g sensitivity. All PFA devices (bottles, tubes, vessels,
etc.) were cleaned with solutions of heated HNO3; 10 M, deionized
water and finally rinsed with ultrapure Milli-Q water before use.

NIST SRM 987 SrCOs, certified for its Sr isotope composition
with a %/Sr/%Sr certified value of 0.71034+0.00026 and a
“generally accepted” one of 0.71026 + 0.00002 (Stein et al., 1997
and references herein reported) (the uncertainty is expressed as
twice the standard deviation, 2 s), has been used for bracketing
procedure as well as for the evaluation of the accuracy and preci-
sion of the obtained values.

The standard solution of SrCOs, for bracketing sequences, was
gravimetrically prepared using the NIST SRM 987. All working
solutions were stored in PFA vessels (Nalgene).

The Eichrom Sr resin SR-B100-S (50-100 pm) was used for
Sr/Rb matrix separation according to previous studies (Durante
et al., 2013 and references herein reported). In particular, 10 g of
resin were conditioned in a 100 mL PFA bottle with approximately
50 mL of HNO3 1% w/w. After overnight soaking, the supernatant
was removed and the bottle was refilled with fresh HNO3; 1%
w/w until the final content of the solution was at least 100 mL.
The suspension ready for the use was stored at room temperature.
Before each analysis, the bottle was shaken with an automatic end-
over-end agitator (Rotator SB3, Stuart) for at least 30 min. Finally,
2mL and 1mL of the resin, for soils and vine branches/juices,
respectively, were loaded in homemade SPE columns, namely
polypropylene (Alltech, Milan, Italy) SPE extract clean TM reser-
voirs equipped with 20 pm polyethene frits (Alltech, Milan, Italy),
by using a positive displacement micropipette (Gilson M1000)
equipped with polyethylene piston and tips. The used resin was
not recycled. Final Sr fraction solutions were collected in PFA tubes
and analysed in few days.

NH4NO3 1 M, Suprapur® (Merck, Milan, Italy), was used for the
Sr bio-available fraction extraction in soil.

IV-ICP-MS-71A standards solution (Inorganic Ventures, New
Jersey, USA) was used for the determination of the Sr and Rb con-
centrations in the analysed samples.

Reagent and materials for light isotopes are indicated in the
relevant OIV methods (MA-AS311-05, MA-AS312-07 and
MA-AS2-12).

2.2. Sampling and samples pre-treatment

Lambrusco wine is one of the main typical products of the Mod-
ena district and it is classified as a red sparkling product obtained
by the fermentation of grapes of Lambrusco varietals (Lambrusco di
Sorbara, Lambrusco Salamino, Lambrusco Grasparossa and Lambrusco
di Modena) coming from well-defined areas of the whole district of
Modena. According to their rule of production, the cultivation of
grapes is fixed in three distinct and well-defined areas of the dis-
trict of Modena. During the winemaking process, different modifi-
cations can occur, namely the addition of organic additives to
stabilise the winemaking procedure as well as of selected yeast
to support fermentation or bentonite (clay mineral) to eventually
clarify the final product.

Trentodoc is one of the main typical products of Trento district,
which obtained the designation of controlled origin in 1993. In par-
ticular, the designation Trento is reserved to the white and rosé
sparkling wines obtained only by grape coming from Trento dis-
trict by using the method of second fermentation in the bottle
according to the conditions and requirements reported in the

C. Durante et al./Food Chemistry 210 (2016) 648-659

respective rule of production. The following different grape
varietals can be used: Chardonnay and/or Pinot Bianco and/or Pinot
Noir and/or Meunier. Finally, the product able to the commercial-
ization has to be aged from a minimum of 15 months up to
10 years for obtaining the Reserve denomination.

2.2.1. Lambrusco winemaking sampling

In order to obtain a representative sample set, collaboration
with two local Lambrusco wine producers (PB and MO) and with
two wineries (Winery 1 and Winery 2) has been established. Four
Lambrusco winemaking processes coming from wineries/producers
were monitored in the period September 2011-April 2012. For
each of the investigated process, a representative sampling of (i)
grape juices, obtained from two different Lambrusco grape vari-
eties, namely Sorbara and Grasparossa grapes, (ii) intermediate
products of each winemaking production step and (iii) final com-
mercial Lambrusco wines were obtained. As regards the winemak-
ing processes, an aliquot of sample was systematically collected
after each variation in the product chain, i.e. filtration, use of addi-
tives, mixing of the content of different tanks, etc. The additives,
used in the Lambrusco productions to make the wine sparkling,
namely rectified concentrated must (MCR), red concentrate, etc.,
were also sampled, when available. All the collected samples were
stored at 0 °C until analysis. Given the peculiarities of each wine
production, detailed information about the investigated winemak-
ing processes as well as the collected samples have been reported
in Table 1.

Briefly, in the case of PB producer, the starting must is obtained
from Lambrusco Sorbara grapes and is initially stored in two silos of
300 hL capacity. After the mechanical harvesting, the grape crush-
ing is directly performed on field. Grapes are put into a destem-
ming machine, conveying must and grape skins in the collecting
tank. A small amount of SO, is added to delay fermentation pro-
cesses. In the winery, the must is stored into two silos, added with
enzymes and tannins, for oenological use, to facilitate skins separa-
tion and clarification, and finally roughly filtered (samples PBla
and PB1b). The content of the two silos is then mixed in a fermen-
tation tank, 500 hL capacity, and added with yeasts. After one
week, the fermentation process stops owing to the complete trans-
formation of the sugar substrate (sample PB2ab). The fermented
sample is added with SO, and transferred in an autoclave (sample
PB3ab). Different products, i.e. MCR or red concentrate, may be
added to produce the sparkling wine. Finally the wine is bottled
(sample PB4ab).

The wine production of MO producer starts from Lambrusco
Grasparossa grapes. The collected grapes are brought to the winery
and threated by a mechanical crusher/destemmer. The grape must
is stored with its skins (sample MO1). Later, skins are removed and
yeasts are added to start the fermentation. After about one month,
the fermentation process ends (sample MO2) and clarifying sub-
stances are added to the wine, i.e. bentonites, polyvinylpolypyrroli-
done (pvpp) and gelatin (sample MO3). The wine ages for a period
and then is bottled (sample MO4).

As regard Winery 1, the wine is made from Lambrusco Gras-
parossa grapes. After the harvest, the grapes are crushed and the
must is transferred in a 1500 hL wine tank (sample CR1). The must
is filtered with the aid of perlites (sample CR2), and then the fer-
mentation starts by using selected yeasts (sample CR3). At the
end of the fermentation process, must is centrifuged and added
with rectified concentrated must. The product is stabilized at low
temperature (sample CR4), subjected to tangential filtration
(sample CR5) and finally bottled (sample CR6).

Finally, in Winery 2, the raw materials come from two starting
silos filled with Lambrusco Sorbara grape must (samples CM1a and
CM1b), mixed together at different steps of the production proce-
dure. The grapes are crushed in the winery and stored in silos, with
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Collected samples for the Lambrusco and TrentoDOC winemaking chains.
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Lambrusco

TrentoDOC

PB and MO producers

Winery 1 (CR) and 2 (CM)

A (AN), B (FP and FC), C (MS), D (MR), E (SC/SG/SP), F (PI) producers

PBla  Grape juice coming CR1 Grape juice CM1a 1st tank of Lambrusco AN1  Grape juice PI1 Grape juice SC1  Drained must
from the 1st tank coming from the Sorbara grape juice, (Chardonnay) (Chardonnay) (Chardonnay)
after filtration 1st tank after added with SO,

filtration

PB1b  Grape juice coming CR2 Grape juice after CM1b  2nd tank of Lambrusco AN2  Must with P12 Must with SC2  Clarified
from the 2nd tank perlite filtration Sorbara grape juice, addition of addition of must
after filtration added with SO, SO, SO,

PB2ab Mixing of products CR3  Grape juice CM2ab  Mixing of CM1a and AN3  Filtered must  PI3 Filtered must  SC3  Wine before
PBla and PB1b at the waiting for the CM1b samples, after ageing
end of the fermentation flotation process and
fermentation process process to start starting fermentation

PB3ab Fermented sample CR4 Fermented juice CM3ab Fermented juice AN4  Wine before Pl4 Wine before
after SO, addition after low ageing ageing

temperature
stabilization

PB4ab  Lambrusco Sorbara CR5  Product after CM4ab  Fermented juice after
wine tangential centrifugation

filtration
CR6  Lambrusco CM5ab  Sample after low FP1  Drained must MS1 Grape juice SG1  Drained and
Grasparossa temperature (Pinot Nero) (Chardonnay) pressed must
wine stabilization, with (Chardonnay)
addition of PAG_CM1

MO1 Grape juice CM6ab  Lambrusco Sorbara wine FP2  Pressed must MS2 Clarified SG2  Clarified

must must

MO2 Fermented grape FP3  Wine before MS3 Wine before  SG3 Wine before
juice ageing ageing ageing

MO3 Fermented juice
added with
bentonites, PVPP,
gelatin

MO4  Lambrusco FC1  Grape juice MR1  Must after SP1  Drained and
Grasparossa wine (Chardonnay) settling pressed must

(Pinot Nero) (Pinot Nero)
FC2  Pressed must MR2 Must with SP2  Clarified
yeasts must
FC3  Wine before  MR3 Wine before ~ SP3  Wine before
ageing ageing ageing

" PAG_CM1: concentrated must obtained from Sorbara grapes.

addition of SO, pectolytic enzymes, gelatins and N5 to facilitate the
separation of skins and other waste material from the must. Then,
the must is transferred in a fermentation tank (sample CM2ab) for
about a week till the end of the alcoholic fermentation process
(sample CM3ab). The fermented liquid is centrifuged to remove
yeasts and particulates (sample CM4ab). The product is stabilised
at low temperature till the next stage of the wine production
(sample CM5ab). The final product is obtained by a passage in
autoclave and the addition of concentrated must (sample CM6ab).

2.2.2. Trentodoc winemaking sampling

As regards the Trentodoc wine, thanks to the collaboration with
the Istituto Trentodoc, it was possible to monitor nine winemaking
chains (AN, FC, FP, MS, MR, SC, SG, SP,PI) of six producers (A, B, C, D,
E and F) characterised by a long chain production (soil-vineyard-j
uice-intermediate product). For each one of the investigated pro-
cesses, a representative sampling of grape juices, obtained from
two different grape varieties, namely Chardonnay and Pinot grapes
and intermediate products of each winemaking production step
was sampled. No final commercial wine was available for these
productions since the bottled wine have to be aged for at least fif-
teen months before being sold. For these winemaking chains,
detailed information on each sample and the used grape varieties
are reported in Table 1. Also for the Trentodoc, the winemaking pro-
cesses were monitored in the period from September 2011 to April
2012 and an aliquot of sample was systematically collected after

every variation occurred during the process. All the collected sam-
ples were stored at 0 °C until analysis.

2.2.3. Soils and branches sampling

Since two of the Lambrusco farms, PB and MO, and all the
Trentodoc ones are also wine producers, it has been possible to
investigate the relationships between the winemaking production
and the soil of the vineyards. Soils and branches were collected as
well. The sampling procedures for Lambrusco have been carefully
detailed in a previous work (Durante et al., 2013). Moreover, to
better elucidate the strategy adopted for 87Sr/%5Sr determination,
a flow diagram of the analytical protocol has been reported in
Scheme 1. The number of the investigated vineyard for each
producer and of soil holes has been reported in Table S1 as Supple-
mentary Material.

As regards Lambrusco wines, strontium isotopic ratios values
determined in samples coming from winemaking procedure were
compared with the ones of the respective soils and vine-branches
obtained in previous studies (Durante et al., 2013). For Trentodoc,
all the measurements have been performed in this study.

From each farm, vine branches were collected from the grapevi-
nes roughly grown in proximity of the sampled holes in soil. Fur-
thermore, in the case of the Lambrusco area, vine branches were
picked up during two different periods of the years (spring and
summer) in order to investigate the influence of the weather con-
ditions and/or of the vineyard treatments on the monitored
indicators.
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Scheme 1. Overall sampling and analytical protocol strategy adopted for #'Sr/*®Sr determination in TRENTODOC (T) and Lambrusco (L) winemaking chain.

2.2.4. Samples pre-treatments gain the best instrumental conditions in terms of accuracy and pre-
Soils samples were pre-processed as detailed in a previous cision of the measurements. In particular, an atomic absorption
study (Durante et al., 2013). spectrometer, AAS, (Varian, Spectra AA 220FS) was used equipped
The digestion of vine branches, grape juices and concentrated with an introduction/dilution system, SIPS 10, provided by the same
musts was performed by means of an Ultrawave microwave auto- company. All the instrumental parameters and experimental condi-
clave instrument supplied by Milestone. The autoclave apparatus tions are reported in a previous manuscript (Durante et al., 2013).
consists of a single reaction chamber where samples are placed After that, an a priori Sr/Rb SPE separation procedure is per-
simultaneously for microwave digestion under high temperature formed to remove the isobaric interference given by the presence
and pressure conditions. Sample mineralization was carried out of 87Rb on the 37Sr determination. This interference is usually min-
on batch consisting of five samples and on a total sample aliquot imized through a matrix simplification procedure, which generally
ranging from 10 to 12 g of organic matter. Samples were accurately involves a SPE (Solid Phase Extraction) separation whose speci-

weighted into quartz vessels (20 mL) and then added with 4 mL ficity and selectivity for strontium are nitric acid concentration
concentrated HNO; (65% w/w). This mixture was left to react for dependent.

at least 30 min before the microwave digestion starts. Finally, an The setting parameters of the separation procedures were opti-
appropriate control sample (as next explained) was repeated sev- mized by means of Design of Experiment (DoE) approach (Durante
eral times, to monitor the procedure performances. At the end of et al., 2013).
the digestion process, all samples were transferred in PFA bottles All the procedure were carried out in order to obtain a final Sr
and diluted with 65% HNOs3 to obtain a solution with a final concentrations close to 200 g kg '; furthermore, at the end of
HNO5 concentration close to 8 mol L. the separation procedure, a proper aliquot of 65% HNO; was
The microwave instrumental parameters are reported in Tables added to all the water eluted fractions to obtain 4% HNO; final
S2a and S2b as Supplementary Material. solutions.
Wine samples were pre-treated according to a suitable proce- Strontium isotope ratio measurements were accomplished

dure optimized in a previous study (Durante et al., 2014). The with an MC-ICP-MS spectrometer (Neptune, ThermoFinnigan, Bre-
obtained solution, after correcting the HNO; concentration to men, Germany). The instrument consists of a double focusing,
8 mol L', was ready for the Sr/Rb separation procedure. multicollector mass spectrometer with a forward Nier-Johnson

For '>N/"N analysis, vine branches were dried at 100 £2 °C in geometry. The spectrometer is equipped with nine Faraday collec-
an oven for 24 h and crushed using a electric grinder, whereas from tors, eight movable and a central fixed one. Data acquisition, per-

grape juice and wines the samples were dealcoholized (for wine) formed in low resolution mode, was simultaneous for all the
and dehydrated using freeze-drying devices in order to remove measured ion masses, m/z: 82 (L4), 83 (L3), 84 (L2), 85 (L1) 86
as much water and/or ethanol as possible. (C), 87 (H1), 88 (H2). The instrumental parameters are reported

For the D/H and 'C/'C analysis of ethanol, the alcohol was in previous study (Durante et al., 2013). For each session of mea-
obtained by distillation using Cadiot columns avoiding isotope surements, a gain calibration was performed for the multicollector

fractionation (OIV MA-aS-311-05, MA-aS-312-06). system. lon-lens setting was daily tuned to obtain the better com-
promise among the maximum sensitivity, instrumental stability
2.3. 375r/%8sr analytical determination and optimal flat-top peak shape. Owing to the low Sr concentra-

tion in some of the Trentodoc winemaking samples (<100 pg kg ',
For each sample, the strontium concentration was determined as after the Rb/Sr separation procedure) the measurements
well, in order to dilute the solution to an optimal St concentration to of #7Sr/*6Sr have been performed with the aid of a desolvating
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apparatus (APEX-IR, manufactured by Elemental Scientific Inc.) in
order to enhance the instrumental sensitivity.

The method for the analytical determination of 7Sr/®’Sr, such
as sequence characteristics, calculation procedure and mathemat-
ical corrections, is described in previous works (Durante et al.,
2013, 2014).

2.4. Light isotope determination

The "N/'N of soil, vine-branches and grape juices samples
were measured using an elemental analyser (Flash EA 1112,
Thermo Scientific, Bremen, Germany), equipped with an autosam-
pler (Finningan AS 200, Thermo Scientific) and interfaced through a
ConFlo IV dilutor device (Thermo Finningan, Bremen, Germany)
with a DELTA V isotope ratio mass spectrometer Thermo Scientific.
The isotopic values were calculated against potassium nitrate
IAEA-NO3 (IAEA-International Atomic Energy Agency, Vienna, Aus-
tria) and r-glutamic acid USGS 40.

The D/H and '3C/'?C of the alcohol were determined following
the official methods established by the International Organization
of Vine (OlV MA-aS-311-05, MA-aS-312-06) and using SNIF-NMR
(Site-specific Natural Isotope Fractionation-Nuclear Magnetic Res-
onance) (FT-NMR AVANCE IIl 400, Bruker BioSpin GmbH, Karl-
sruhe, Germany) and IRMS (Isotope Ratio Mass Spectrometry)
(SIRA II-VG ISOGAS, FISIONS, Rodano, Milano, Italy) interfaced with
an Elemental Analyser (Flash 1112, Carlo Erba, Milano, Italy). The
D/H values were measured site-specifically in the methyl and
methylene positions of ethanol [(D/H), and (D/H);] and are
expressed in ppm.

180/'60 ratio analysis of wine and must water was performed
using a SIRA II, (VG Fisons, Middlewich, United Kingdom) con-
nected to a water/CO, equilibration system Isoprep 1, (VG Fisons,
Middlewich, United Kingdom). The procedure is described in the
0IV-MA-AS2-12 method (2009).

The 3C/2C, ®N/™N and '80/'®0 values are denoted in delta in
relation to the international V-PDB (Vienna-Pee Dee Belemnite),
AIR and V-SMOW (Vienna-Standard Mean Ocean Water) standards
according to the following general equation (Brand, Coplen, Vogl, &
Prohaska, 2014):

('RSA — RREF)

O = ——RRer

where i is the mass number of the heavier isotope of element E (for
example, '*C).

RSA is the respective isotope number ratio of a sample (such as
for C: number of '>C atoms/number of '2C atoms or as '*C/'?C
approximation).

RREF is that of internationally recognised reference materials
(see above).

The delta values are multiplied by 1000 and are expressed in
units “per mil" (%o).

The analytical uncertainty (estimated by combining within-
laboratory reproducibility standard deviation with estimates of
method and laboratory bias using proficiency test data,
Magnusson, Naykk, Hovind, & Krysell, 2012) of the measurements
was 0.3%q, 0.6%, 0.8 ppm and 1.2 ppm for 8'°C, §'%0, (D/H), and
(D/H).

3. Result and discussion
3.1. Uncertainty of the analytical methodologies
In this study a total of 206 samples were processed and mea-

sured: 68 and 34 soil and branch samples coming from Trento dis-
trict; 29 and 23 oenological samples coming from Trentodoc and

Lambrusco winemaking processes in addition to 52 control samples
for the evaluation of the ®7Sr/®°Sr precision of the analytical
procedures.

For #7Sr/*7Sr analysis the reproducibility of the whole analytical
procedure has been already shown in previous works (Durante
et al, 2013, 2014). Accuracy and reproducibility of the instrumen-
tal measurements were evaluated by using the data obtained by
NIST SRM 987 coming from bracketing measurements (n: 300)
obtaining a %Sr/*®Sr value of 0.71027 + 0.00002 and the uncer-
tainty (u) is expressed as twice the standard deviations (2 s).

Furthermore, three different control samples for soils, branches
and wines were analysed several times (n: 19, 14 and 19,
respectively), according to the entire analytical procedure, namely,
pre-treatment of samples, Rb/Sr separation procedure and experi-
mental measurements. An uncertainty (u) of 0.00002 was obtained
for all the cases and applied to the several obtained values, since all
samples were generally once prepared and measured. Finally, the
absence of influence given to the Rb/Sr separation procedure and
to the process blanks was shown in a previous work (Durante
et al,, 2013, 2014).

Repeatability and reproducibility are reported in the relevant
01V methods for 5'®0 of water, (D/H);, (D/H); and §'C of ethanol.
For the innovative parameter 5'°N, we developed a method for the
analysis of wine and checked accuracy and uncertainty. A
pre-treatment of wine to remove as much as possible water and
ethanol from samples must be performed. The dehydration and
dealcoholization was obtained using two different methods
(freeze-drying and evaporation under vacuum) to test the impact
of the process on 8'°N of wine. We considered 10 samples and each
of them was analysed 10 times for method in order to determine
the repeatability. The results of '°N are reported in Table 53 as
Supplementary Material.

Both methods show a good repeatability and the comparison of
the mean 8'°N values reveals a good agreement between the two
techniques and confirms their reliability.

The analytical uncertainty of 3'°N for all the considered matri-
ces, estimated by combining within-laboratory reproducibility
standard deviation with estimates of method and laboratory bias
using proficiency test data, (Magnusson et al., 2012) is 0.3%e.

3.2, %781/%%Sr in Lambrusco winemaking and its temporal variability

875 /58St jsotope ratio was determined on grape juices, interme-
diate products and commercial wines for all the investigated wine-
making processes. A measurement uncertainty equal to +0.00002,
expressed as twice the standard deviation of the respective control
sample, was associated to each value. The data, obtained for the
four producers, are reported in graphical form in Fig. 1.

From this graph, some general consideration can be pointed out.
Firstly, the 87Sr/2°Sr values range between 0.70867 + 0.71006 and
the values related to Lambrusco Grasparossa variety (MO, and Win-
ery1 producers) are, on average, higher than those of the Lambrusco
Sorbara (PB and Winery 2 producers). Indeed, the cultivation area
of Lambrusco Grasparossa grapes is located in the southern part of
the Modena district, which comprises hill and in-plain territories
and presents an higher strontium isotope ratio owing its geological
features (Durante et al., 2013); whilst Sorbara variety is mainly cul-
tivated in in-plain regions with more homogeneity characteristics
owing the influence of the alluvial sediments of the Po river basin.
Generally, a rather constant %7Sr/*°Sr value is found, but some
exceptions and peculiarities in the winemaking chains may require
a more detailed discussion.

Indeed, as regards the PB winemaking process, the data interpre-
tation is quite simple; the production comprises two starting silos
(each of 300hL) of grape juices (PBla and PB1b samples,
respectively), which present different strontium isotope ratios
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Fig. 1. Strontium isotopic ratio (*’Sr/**Sr) obtained for the different matrices coming from the four investigated Lambrusco winemaking producers from Modena district.

values, since grapes come from various fields (vineyards). In the
second step, these samples were mixed, obtaining a value, which
is perfectly in the range of the two starting juices according to the
mixing rule (Hosono et al., 2007). The following samples, from this
intermediate to the final commercial wine, present similar (differ-
ences are below the measurement uncertainty) 87Sr/36Sr values.

Different consideration can be stressed out for the strontium
isotope ratio values obtained for MO winemaking procedure. In
this case, the standard deviation of the four collected samples is
slightly higher with respect the data uncertainty. On one hand,
the 375r/50Sr values measured for the samples coming from the first
two steps, MO1 and MO2, present no significant differences. On
the other side, a decrease in the 87Sr/®°Sr ratio is found for the
fermented must, MO3 sample, whilst, the value obtained for the
commercial wine, MO4, is perfectly in agreement with the one
obtained from the previous step.

Now, a meaningful variation of the isotope ratio value along the
chain process, as the case of MO3 sample, is always difficult to jus-
tify since many factors could take place, such as fractionation phe-
nomena and/or contamination process. However, the former are
quite difficult to occur and many studies have already demon-
strated that the isotopic signature is transferred along the process.
On the other side, the latter, the contamination, must follow the
mixing rule and, in this case, it is difficult to suppose a strontium
release capable of modifying the isotopic ratio of a huge wine mass.
Furthermore, taking as face value the measured data, these anoma-
lies could probably due to a not perfect sampling procedure or to a
mismatch in the producer declarations.

As far as the results obtained for Winery 1 are concerned, it is
worth to note that it is characterised by a significant production
of wine, around 1500 hL for batch, with respect the previous ones.
Notwithstanding, the strontium isotope ratio value is perfectly
transferred from grape juice to the intermediate products and then
to the final product, demonstrating that the use of perlite (CR2) or
the tangential filtration of the last step (CR5) do not affect the
value observed in the commercial wine (CR6).

Finally, as regard the production of commercial wines of Winery
2 (around 1000 hL), the two starting grape juices (CM1a and CM1b)
present quite similar isotopic ratio values. During the winemaking
procedure, no significant variability in the strontium isotope ratio
is found (s: 0.00003). The addition of filtered must of Sorbara
grapes (PAG_CMT1) does not introduce changes. As a matter of fact,
the grapes used to obtain PAG_CM1 probably come from approxi-
mately the same area of those used for the produced wine.

Now, considering geographical traceability issue, in a previous
work, the results relating the 37Sr/®¢Sr values obtained for soils
and branches coming from PB and MO vineyards have been deeply
discussed and it emerged that when the geological composition of
soil is complex (as in MO cases), the bio-available fraction
extracted with NH4;NOz could be not capable to perfectly repro-
duce the plant uptake and therefore the isotopic signature of the
food.

Hence, the experimental evidences confirmed that plants are
optimal tools to trace the territory of provenance. Therefore, in this
study, the branch values have been compared with the data
obtained for the matrices coming from the winemaking procedure
for PB and MO producers. The trend of the measured data is
depicted in Figs. S1a and S1b, (both the figures are reported as Sup-
plementary Material).

From Fig. S1a, it emerges that for the wine production, PB pro-
ducer has used juices coming from both its fields; in particular,
there is a good agreement between the used raw materials, PB1a
and PB1b, and the strontium isotopic range characteristic of the
V1 and V2 vineyards, respectively.

Considering the strontium isotope range of variability of MO
vineyard, Fig. S1b, data obtained for the grape juice used in the
winemaking chain of Lambrusco Grasparossa are in perfect agree-
ment with the values of the strontium isotope ratio of the vineyard
of origin, i.e. falls within the respective range of variability.

Finally, Fig. S2 (reported as Supplementary Material), shows the
875r/%65r values obtained for branches coming from two sampling
periods (spring and summer 2012) have been shown. As it can be
pointed out, there is not any temporary dependence of the moni-
tored indicator, since the same values (differences are generally
not statistically significant) are obtained for most of all the inves-
tigated samples. However, peculiar situation occurs for the
branches of point 2 and 5 of the producer MO, which present dif-
ferences among the values obtained for the two sampling period.
Probably, these discrepancies are caused by small differences in
the repositioning procedure introduced by the GPS system used
for the geo-location of the samples.

3.3. 85r/%%sr in Trentodoc winemaking

8751 (36Sr ratio was determined on the grape juices and interme-
diate products of the investigated Trentodoc winemaking chains as
well. As for Lambrusco case, a measurement uncertainty of
+0.00002 has been associated to each value. The obtained data
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for the nine investigated batches were graphically reported in
Fig. 2.

From these results, it is evident a great variability of the values
obtained for the different winemaking chains, which range from
0.70727 to 0.71175. In particular, the investigated indicator differ-
entiates the winemaking in three different group namely, MR
winemaking with the lowest values, PI, SG, SC, MS, FP and AN with
medium ones and FC and SP with high values.

Looking at the ®7Sr/*%sr trend within each winemaking chain, it
is possible to notice two opposite situations. In the former, the pro-
duction process does not seem to influence the 37Sr/%%Sr value, i.e.
in the case of the three batches (PI, SG and MR), which present
standard deviations below the measurement uncertainty, while
for the latter, the internal variation of the isotope ratio, on the
fourth decimal figure, is grater than the measurement uncertainty.
Usually, it can be observed an isotopic decreasing trend from the
grape-juices to the final products (the situation is the opposite
for MS producer, where the grape juice presents an isotopic value
lower with respect to its grape juice). This trend could be due to
different modifications that can occur during the winemaking
process, namely the addition of external additives, as bentonite
(clay mineral), to eventually clarify the final product and capable
to contaminate the original value of 37Sr of grapes. Unfortunately,
information about the winemaking procedure is not available.

Furthermore, as in the case of Modena district, the *’Sr/*Sr iso-
tope ratio has been determined on other matrices coming from the
investigated area namely soils and branches. Results have been
reported in Fig. 3.

Generally speaking, there is a presence of a reasonable hetero-
geneity within the soil samples of the same farm (intra-site
variability), and along the vertical profile of each sampled hole.
In particular, it is possible to note an increase in the isotope ratio
from depth up (10-30 cm) to down (30-60 cm). This trend is quite
peculiar and probably due to a stratification of soils that result to
be constituted by fragments of different origins. The same trend,
at a firstly glance, can be also highlighted considering the *’Sr/®6sr
obtained for the branches sampled in the proximity of the different
soil holes. In particular, the trend of the data point out a good
match between the matrices belonging to the same chain/sampling
site for most of all the producers. In fact, in several cases, the
8751 /3551 values of branches perfectly overlap with the ones of
the respective soils. However, it is worth to note that there are
some minor correspondences between the obtained values for
the sites coming from producers PI and MR. In particular, these

0.7120 4
A sp1
A sp2

A sp3

0.7115

BISr/%Sr

0.7110 1

0.7105 1
sC1 sc2

[e)e)
sc3 O

0.7100 1

0.7095 1

0.7090

0.7085 1

0.7080

0.7075 1

X
MS 1

655

differences could be due to several factors, such as (i) the per-
formed sampling (branches were sampled from different plants
grown as close as possible to the site of respective soils sample),
(ii) the extracted element composition, which does not perfectly
mimic the bio-available fraction (plant uptake) and (iii) the prac-
tices of fertilisation/irrigation used by the producers, which, as it
has been shown (Hosono et al., 2007), could affect at least 25% of
the final 8°Sr/®7Sr value. However, in all the cases (with the only
exception of AN producer), the strontium isotope values obtained
for all the investigated grape juices (used in the several winemak-
ing procedure) perfectly lie within the range of variability found for
the respective soils and branches.

3.4. Light elements isotope ratios in Lambrusco and Trentodoc
winemaking: from soil to wine

Among stable isotope ratios of light elements, the only one in
grapes and wine deriving from soil through vines is that of nitro-
gen. The other elements derive from soil water (H and 0), from
air molecular oxygen (0) or from atmospheric CO; (C and O).

15N/'N isotope ratio was determined in soil (different depths
and seasons), vine-branches and wine-making intermediates for
all the investigated oenological chains.

In soil 5'°N didn't statistically change according to the depth
(p < 0.01, paired t test) however in few cases 3'°N presented lower
values in the higher soil layer than in the corresponding lower
layer. In the literature it was found that 3'°N values increase
according to soil depth (Billy, Billen, Sebilo, Birgand, &
Tournebize, 2010; Yang, Siegwolf, & Kérner, 2015). The less varia-
tion detected in this study could be related to the fact that was per-
formed in an agricultural environment with fertilization and
ploughing practices that could interfere with the settle of ‘real’ lay-
ers as occurs e.g. in forests, as well as to the depth size considered
for the layers. The increasing §'°N values according to the soil
depth have been previously explained as mainly due to the
increasing action of denitrification that cause a '>N enrichment
of the residual nitrate (Billy et al., 2010). A robust correlation
was found between 8'°N determined in the upper layer of soil
and in the lower layer (p <0.001, R*>=0.54) (Fig. S3 reported as
Supplementary Material). A good correlation between the
15N/'N ratios measured in spring and summer was also found in
soils (Fig. S4a) as well as in branches (Fig. S4b) (both figures are
reported as Supplementary Material). A mean difference of 0.2%.
between the soils collected in the two seasons and of 0.4%c
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Fig. 2. Strontium isotopic ratio (*’Sr/*Sr) obtained for the different matrices coming from the nine investigated Trentodoc winemaking producers form Trento district.
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Fig. 3. Strontium isotopic ratio (*7Sr/®°Sr) obtained for the different matrices, namely soils, vine branches and grape juices, belonging to vineyards of the investigated

Trentodoc producers.

between branches was detected and both soils and branches
resulted not statistically different between the two seasons accord-
ing to a paired t test (p < 0.01). It could be concluded that the dif-
ferent weather conditions occurring within spring and summer
don't affect the nitrogen signature of vineyard soils and, as a
consequence, also of vine branches. In Fig. 4, 3'°N values of soil
(merging different depths and seasons), vine-branches and grape
juices for all the chains are shown for the samples coming from
the Modena and Trento districts, respectively (the intermediates
are discussed afterwards). As previously reported for other plant
species grew in different environments (Yang et al., 2015), §'°N
values of branches resulted more negative than that of the corre-
sponding soil. In general plant material is depleted in >N com-
pared to bulk soils, as the bulk 8'°N of plant depends not only on
that of the inorganic primary nitrogen sources, but also on isotope
fractionation during their uptake or assimilation (Werner &
Schmidt, 2002). In the specific, plants can discriminate against
5N during nitrogen acquisition, either directly or indirectly via
associations with mycorrhizal fungi (Evans, Bloom, Sukrapanna,
& Ehleringer 1996; Hobbie, Jumpponen, & Trappe, 2005;
Michelsen, Schmidt, Jonasson, Quarmby, & Sleep 1996).

The results obtained by analysing grape juices demonstrate that
the 3'°N values of must were always depleted compared to the
growth soil and slightly enriched compared to the branches. These
results were recently observed also in another study (Verdenal
et al., 2015) that reported higher §'°N values in musts respect to
other parts of Vitis Vinifera plant (roots, trunk and cane, leaves
and shoots), even if not statistically significant. This behaviour
could be maybe related to the role of predominant sink of the
bunches (Verdenal et al., 2015). Up to now and to our knowledge,
no studies investigated how &'°N varies along the entire ‘chain’ soil
— plant - grape juice. Data showed in both the districts that the
highest '°N values of soil are memorised by the corresponding
grape juice that showed in turn the highest values. This is the con-
firmation that the majority of the total organic nitrogen in vine
material is ‘recovered’ by the soil nitrogen from root absorption
or plant reserves as previously hypothesized by Verdenal et al.
(2015) for grapes and that the nitrogen isotopic signature is inher-
ited from the soil by the plant material. Lower values were found in
MO soil and particularly in the corresponding branches and were
memorised in grape juice. This behaviour can be justified by the
fact that MO comprises also hill territory. Indeed, starting from
1980, some studies, (e.g. Amundson et al., 2003; Liu & Wang,
2010; Mariotti, Pierre, Vedy, Bruckert, & Guillemot, 1980)

examined the variation of 5'°N along an elevation gradient in dif-
ferent plants and soils and found that both the values declined
with increasing elevation. Hilton, Galy, West, Hovius, and Roberts
(2013), hypothesized that these negative correlations can be
explained by an increase in nitrogen loss on steeper slopes, with
particulate nitrogen removal. The found results mean that &'°N
in grape memorise the variability of soil and can be used as further
marker for geographical traceability of wine.

The variation of stable isotope ratio of O in water, of H and C in
ethanol and of N in the freeze dried sample from must to wine is
showed in Table 54, Supplementary Material.

As observed for 87Sr/®°Sr for Lambrusco chains, PB2ab has iso-
topic values which correspond to a mixture of PBla and PB1b.
MO chain is the less homogeneous, whereas CR and CM the most
homogeneous. Of the Trentodoc chains, the less homogeneous are
MS, AN and SP, as observed also with 37Sr/%6Sr, and this is probably
due to mixture of grape juices of the chain with other batches for
the following intermediates. Considering the most conservative
chains, we do not observe in general significant variations in the
isotopic values, with mean difference between the final and the
starting values of —0.5%¢, 0.0 ppm, —0.2%c, 0.1%¢, —0.4%c for §'%0
of water, (D/H); and '3C of ethanol, "N and &'3C of bulk sample.
This means that wine making processes such as filtration, addition
of clarifying agents or of must of the same origin do not change the
isotopic ratios of must. Indeed 5'®0 of wine water memorizes that
of must, if dilution or concentration does not take place, whereas
5'3C and (D/H); do not change during regular fermentation from
sugar to ethanol (Fauhl & Wittkowski, 2000).

On the other hand, (D/H); which is linked to the fermentation
conditions (Perini et al., 2014), has the highest variation (mean dif-
ference —2.4 ppm) and considering the values of the different
winemaking intermediates, also the innovative parameter &'°N.
This is due to the fact that 3'°N of wine is influenced also by the
addition of N-based additives, such as the fermentation activators
used to ensure that the yeast has sufficient nourishment to carry
out the conversion of the sugars in ethanol. In depth studies on
the influence of different N-based additives on the 5'°N are needed
to confirm these assumption.

4. Conclusion

The use of 37Sr/%6Sr isotope ratio as geographical tracer of food
origin is related to the constancy of its value in the transfer from
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Fig. 4. 5'°N in soil, branches and grape juices for Modena (up) and Trento (down) districts.

the soil to the plant and then into the final product. The absence of
fractionation phenomena implies that all the transformations and
biological processes, which occur along the winemaking chain
should have not effects on the 875r/56Sr values. However, the cellar
practices in some cases comprise the use/addition of different
additives, such as clarification or deacidification agents as well as
concentrated musts, which could modify the strontium concentra-
tion. Thus, the 87Sr/%6Sr ratio found in the final product may be
influenced by these winemaking processes.

Several winemaking processes for the two case studies, namely
Lambrusco PDO and Trentodoc have been deeply investigated.

For most of the investigated winemaking chains, the strontium
isotope values obtained for all the samples are in excellent
agreement, showing no changes during the production and thus

the possibility to directly relate the final product to its raw mate-
rials and geographical area.

On the other hand, some productions could present variations
in the value of the isotope ratio of the final product (i.e. for MO pro-
ducer). These variabilities highlight the need to perform tailored
investigation in order to identify the peculiarities of each process.

All things considered, the 37Sr/%6Sr isotope ratio is certainly a
powerful geographical traceability marker, owing to its peculiari-
ties which allow discriminating samples with different origins
and characteristics. However, the great variability of the indicator
in soils characterised by a complex geology could be also consid-
ered as a drawback, since it contributes to data dispersion, leading
to a more difficult distinction and interpretation of samples com-
ing from different geographical areas. In this case, it again emerged
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that the use of the plant as sampling device is it utmost of impor-
tance for several aspects as reported also in previous works. Fur-
thermore, by considering the strontium isotope branches values
that show also a time independence it will be possible to overcome
the problems associated with soil sampling as well as those related
to the evaluation of the element bio-available fraction.

As regards the ratios of the lighter elements, for the first time,
the variation of '>N/'*N isotope ratio was checked along the entire
production chain from soil to vine-branches and wine-making
intermediates. The results obtained demonstrated that 5'°N values
of must were always depleted compared to the growth soil and
slightly enriched compared to the branches. Although this isotopic
fractionation occurring along the production chain 8'°N of must
demonstrated to memorise the isotopic variability of the prove-
nance soil, and can be therefore proposed as further isotopic mar-
ker for the geographical characterisation of grape products. In
depth studies on the influence of different N-based additives on
the 6'°N of wine are needed to understand if also the §'°N of wine
memorise the isotopic variability of the soil.

Finally, the already officially recognised isotopic ratios of H, C of
ethanol and O of water do not vary significantly from grape to wine
during wine making process, except for (D/H); which is the param-
eter more linked to the fermentation conditions.
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mentation process, the use of different types of yeast and white and red vinification, the addition of nitrogen adjuvants and ul-
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in proline, for the first time.

Despite isotopic fractionation from soil to wine, the 5'*N values of leaves, grapes, wine and particularly must and wine proline
conserved the variability of 4'°N in the growing soil. Fermentation and ultrasound treatment did not affect the 5'°N values of
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4"°N of bulk wine, depending on the amount and the difference between the 4'°N of must and that of the adjuvant. The 5'°N
of wine proline was not influenced by adjuvant addition and is therefore the best marker for tracing the geographical origin of
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Introduction

Stable isotope ratio analysis of so-called bioelements (H, C, N, O and
S) has been applied since the 1990s for food authenticity control
and to assign geographical origin."’ One of the most well-known
fields of application is analysis of the 2H/'H, 1*C/'*C and '®0/'°0 ra-
tios of wine ethanol and wine water to check for adulteration (e.g.
addition of cane and beet sugar and watering down) and to verify
the origin declared on the label,”* whereas the "°N/'*N stable iso-
tope ratio (expressed as 6'°N) has not been extensively investigated
in wine to date, to our knowledge.

Nitrogen stable isotope ratio analysis has been shown to be a use-
ful tool for characterizing the geographical origin of food products
in combination with other isotopic parameters' and is commonly
used to verify the management system applied in agriculture.**!

It could also be a useful marker for tracing the origin of wine, be-
cause in contrast with H, O and C, nitrogen arrives directly in the
vine from the soil, and therefore the factors affecting its isotopic
variability are different from those of other elements.®

Grapes contain various nitrogenous compounds such as ammo-
nium, amino acids, peptides and proteins. The nitrogen content of
the grape varies with variety, climate, soil, fertilization and other cul-
tural practices and increases during the maturation period.”!
Nitrogen-containing compounds are used in biosynthesis, ammo-
nium and amino acids being the preferred sources of nitrogen.
Nitrogen influences biomass fermentation, the rate of fermentation
and production of various by-products, which in turn affects the
sensory attributes of wine.*

The isotopic ratio of nitrogen in grape juice is influenced by the
nitrogen isotopic value of the grapevine, which is related to that
of its N sources in soil, and is an average of the 5" °N values of all po-
tential N sources, weighted according to their availability."”!

During the fermentation of grape juice, the yeast metabolism
could cause some isotopic effects, specifically the addition of
nitrogen-rich substances, added to ensure that the yeast has suffi-
cient nourishment to carry out conversion of fermentable sugars,
could modify the 6'°N of wine. Another possible source of interfer-
ence is the nitrogen compounds released by yeast autolysis during
wine processing, for example, in the case of sparkling wines ageing,
due to the presence of hydrolytic enzymes''"'? or in the case of
wines processed by using traditional practices ‘sur lies’ through
contact between the wine and lees during ageing.!*'* These com-
pounds can be also released by yeast autolysis during wine
storage ' Other studies!® have shown that the application of
ultrasound in winemaking entails a concrete enrichment of wine
in different fractions (e.g. glycoproteins and polysaccharides) as a
result of the cavitation effect on yeast cells in order to accelerate
the process of ageing on the lees.

Traditionally, stable isotope analysis has relied on measurement
of bulk products or specific components after proper extraction,
but emerging methods aimed at direct analysis of individual chem-
ical compounds provide a means of obtaining a more in-depth
understanding."” Recently, gas chromatography combustion iso-
tope ratio mass spectrometry (GC-c-IRMS) has been used to
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Research and Innovation Centre, Fondazione Edmund Mach, Via E. Mach 1,
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examine the effects of fertilization practices on the §'°N and §'°C
values of individual amino acids in wheat and durum wheat to dis-
criminate between organically and conventionally grown plants.”
Amino acids in grapes and wines have various origins, and their na-
ture and concentration influence the growth of yeast during fer-
mentation, the fermentation rate and the production of aromatic
compounds.'® Of the amino acid pool, proline (Pro) is among the
most abundant in grapes and wine (30-85% of total amino acid
content), and its utilization pathway requires the presence of oxy-
gen. In anaerobic fermentation conditions, Pro is not used by yeast
as a nitrogen source and is therefore maintained in wine. Pro is con-
sidered as a potentially interesting parameter for distinguishing
wines according to grape variety and specific growth conditions
(temperature, sun exposure time, amount of rainfall and grape ma-
turity) and is thus related to identification of the origin, possible
adulteration and quality of wines."”

In this study, we investigated the feasibility of using nitrogen iso-
topic ratio as an analytical indicator able to link wine to its area of
origin. '°N was measured along the wine production chain (soil-
leaves—grapes-wine) of different vineyards located in the province
of Trento in north-eastern ltaly, in order to examine its variability
within the different matrices. We also evaluated the influence of
the fermentation process by using different types of yeast and both
white and red vinification (experiment 1).

Moreover, we investigated the effect of adding nitrogen-rich
substances and of ultrasound lysis on yeast cell structures, with
liberation of the nitrogen fraction (experiment 2).

The "N of grapes and wine was measured not only in bulk
samples but also in Pro for the first time.

Experimental
Reagents and reference materials

L-amino acid standard at >98% purity (Pro) and analytical grade
cation-exchange resin (Amberlite® IR120 hydrogen form) were pur-
chased from Sigma Aldrich (Milan, Italy). All other solvents (ethanol,
dichloromethane, isopropanol, acetone and ethyl acetate) and re-
agents (triethylamine and acetic anhydride) used were of analytical
grade and purchased from Sigma Aldrich (Milan, Italy) and VWR
(Milan, Italy). Inorganic nitrogen adjuvant (IA) and organic nitrogen
adjuvant (OA) were purchased from Collis (Veneto Wine Group,
Italy).

Experiment 1: 5"*N from soil to wine
Samples

Soils, leaves and grape berries (Vitis vinifera L. cv. Chardonnay) were
collected from seven different vineyards located in Trentino, in
north-eastern Italy (labelled from A to G; Table 51).

In each vineyard, two soil samples were collected: top soil (TS, 5-
30 cm) and sub-sail (SS, 30-60 cm). Grape and leaf samples were col-
lected from grapevines grown in proximity to the soil sampling sites.
Specifically, in each vineyard, 40 leaves were collected from 40 differ-
ent vines, picking the fourth leaf after the second bunch, and 100
undamaged and sound berries were picked from 20 bunches on
different vines at random, cutting the pedicel just above the base.

Microvinification

Grape samples were collected in sufficient amounts for
microvinification. Each of the seven musts was separately

inoculated with ten different selected dry yeasts (Table S2)
according to the manufacturer's specifications and processed as
for white wines. Moreover, each must was also inoculated with
AW1503 dry yeast according to the manufacturer’s specifications,
applying the protocol for red wine2” Overall, 77 wines were
produced.

Experiment 2: impact of N adjuvants on 5'°N
Samples

Crushed samples of three different grapevine varieties (Pinot blanc,
Chardonnay and Pinot gris) collected in Trentino, with a different
yeast assimilable nitrogen (YAN) content (very low, low and me-
dium concentration respectively), were considered. YAN comprises
ammonia and alpha-amino acids and is, apart from sugar, by far the
most important nutritional requirement in wine fermentation. To
determine the YAN value, the free alpha-amino groups of the
primary amino acids were measured, and this value was then
added to the ammonia (NH,") concentration value by using a FTIR
interferometer (WineScan'" SO,, Foss, Denmark). The chemical
composition of the three grape musts is summarized in Table 1.

As the N adjuvant, we collected 32 commercial samples available
on the market (Table S3). 12 were inorganic matrices (ammonium,
1A), 18 were organic (combining amino acids and ammeonium nitro-
gen, OA), and 2 were mixtures (organic/inorganic). To carry out the
experiment, we chose an IA and an OA with a different YAN and
4"°N value.

The IA had an ammonium concentration of 291.6 g/Kg (YAN con-
tent of 227 gN/Kg) and a 6'°N value of 1.3 %o.

The concentration of nitrogen compounds in the OA was as fol-
lows (expressed as g/Kg):ammonium 1.8, alanine 54.1, aminobutyric
acid 15.6, arginine 20.8, asparagine 18.6, aspartic acid 26.8, citrulline
0.8, ethanolamine 0.2, glutamic acid 85.2, glutamine 5.0, glycine
13.1, histidine 5.9, isoleucine 23.1, leucine 35.0, lysine 21.6, ornithine
8.1, phenylalanine 25.8, proline 856, serine 21.9, threonine 19.3,
tryptophan + methionine 13.3, tyrosine 16.4 and valine 36.6 (YAN
content of 53 gN/Kg). The OA had a 6"°N value of —2.3%e.

The chemical composition was obtained through ionic chroma-
tography measurement.”"

Microvinification

The three must samples were inoculated with the commercial
EC1118 dry yeast (Saccharomyces cerevisiae), following the sup-
plier's suggestions as regard the quantity (30 g/hl) and rehydration
protocol. The grape must was fermented with four different proto-
cols, without (A) and with inorganic (B) and organic (C1 and C2)
nitrogen supplementation, according to the fermentation plan
shown in Fig. 1. IA was added respecting the legal limit (100 g/hl)
reported in European Commission Regulation no. 606/2009,
whereas OA was added at two different concentrations: 50 g/hl
(C1; max amount recommended by the producer) and 428 g/hl
(C2; to reach the same YAN as in fermentation trial B). All the

Table 1. YAN of the three grape musts used in the fermentation plan

Variety YAN (mg/l) N a-amino (mg/l) N NH," (mg/l)
PB 42 42 0
CH 82 79 3
PN 133 118 15
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Figure 1. Fermentation plan.

microvinification trials were carried out in duplicate, obtaining 24
wines (11 for each trial).

Ultrasound treatment

At the end of fermentation, an aliquot of the 24 wines was treated
with ultrasound and centrifuged. Sonication was carried out by
using an ultrasonic processor (Branson Digital Sonifier®, Branson,
USA) with a titanium sonotrode probe (12.7 mm). 100 ml of wine
with a yeast suspension was placed in an ice-water bath, and the ul-
trasound probe was immersed in the sample to a depth of 5cm.
Disruption included six cycles, consisting of a 5min sonication
and a 2min break at the amplitude level of 70% (20 kHz frequency
and 400 W working power).?!

The efficiency of the method in releasing intercellular yeast
compound was evaluated by reading the absorbance value of the
supernatant solution at wavelengths 4=260 and 280 nm. The ab-
sorbance peaks at these wavelengths corresponded to absorption
by nucleic acid and proteins respectively, these being the main in-
tracellular constituents of S. cerevisiae.*!

EA-IRMS analysis
Sample pre-treatment

The ¢"°N value of the bulk samples was measured in all the samples
of soil, leaves, grapes and wine in experiments 1 and 2. The soil was
air-dried (at room temperature) and sieved <2mm, while the
leaves were washed with 0.2% citric acid to remove possible resi-
dues from the surface (e.g. pesticides, dust and soil), rinsed with wa-
ter, dried at 35°C and ground. The grape samples were processed
within 3 h of picking. The berries were washed with a 1% (v/v)
HNO; solution, rinsed with Milli-Q water, blotted with clean paper,
frozen (—20°C) and homogenized by using an Ultraturrax T25
(dispersion tool: @ 15 mm; IKA-WERKE, Staufen, Germany).

Pre-treatment of grape and wines was performed to remove as
much water or/and ethanol as possible from the samples: 5 ml of
sample was dehydrated or/and dealcoholized by using the freeze-
drying method.*#

EA-IRMS analysis of 5"°N

The "N value of the bulk samples was measured by using an
elemental analyser (Flash EA 1112, Thermo Scientific, Bremen,
Germany), equipped with an autosampler (Finningan AS 200,
Thermo Scientific) and interfaced through a ConFlo IV dilutor

device (Thermo Finningan, Bremen, Germany) with a DELTA V
Thermo Scientific isotope ratio mass spectrometer.

GC-c-IRMS analysis
Isolation and derivatization of proline

The ¢'°N value of Pro was measured in all the grape samples from
the seven oenological chains investigated and in four wine samples
(three white and one red) from each oenological chain in experi-
ment 1. Moreover, it was measured in the wine samples in experi-
ment 2 before ultrasound treatment.

Three grams of freeze-dried grape samples was extracted with
60 ml of water-ethanol solution (25% ethanol in water) as solvent,
by means of ultrasound at 70 °C.?*! The solution was blown to dry-
ness under Ny and redissolved in 2ml of 0.1 M HCl. The wine sam-
ples were adjusted to pH 2.3 through the addition of 0.01 M HCl.

A known quantity of norleucine (NLeu; 8mgml~" in 0.1 M HCl)
was added as internal standard to all the samples (must extract solu-
tion and acidified wine), and the amino acids were isolated through
ion-exchange chromatography on an Amberlite IR120 cation-
exchange resin, previously saturated with H" at all exchange sites.
This was accomplished by soaking the resin overnight in 3M NaOH,
washing in distilled water, soaking overnight in 6 M HCl and washing
with distilled water. The H'-saturated resin was pipetted into a glass
pipette column fitted with a quartz wool plug, and a fraction of the
sample (5ml) was added to the column. The resin was washed with
water, and the amino acids were eluted with NH,OH (10 wt%) and
then dried under N, before derivatization. Working in these condi-
tions, the resin does not cause any isotopic fractionation, %7

Amino acids analysed after N-acetylisopropyl derivatization,
based on the method reported elsewhere.”® The samples were first
esterified in 1 ml of acidified isopropanol (1:4 acetyl chloride:
isopropanol) at 100 °C for 1 h. Esterifying reagents were evaporated
under a gentle stream of nitrogen at 40°C, and dried esters were
rinsed with two sequential 250 pl aliquots of dichloromethane to re-
move excess reagents. Amino acid esters were acylated with 1 ml of
acetic anhydride-triethylamine-acetone solution (1:2:5v/v) at
60 °C for 10 min. The reagents were evaporated under a N, stream
at room temperature, and dried derivatives were dissolved in 1 ml
of saturated NaCl-water solution and 1ml of ethyl acetate and
mixed vigorously. The organic phase containing the amino acids
was collected and dried under nitrogen at room temperature.
Residual water was removed with two sequential 250 pl aliquots
of dichloromethane. Finally, the samples were dissolved in 200 pl
of ethyl acetate and stored at —20°C until analysis.

GC-c-IRMS analysis of Pro

The ¢'°N value of Pro was determined by using a Trace GC Ultra (GC
IsoLink+ ConFlo IV, Thermo Scientific) interfaced with an IRMS
(DELTA V, Thermo Scientific) through an open split interface and with
a single quadrupole GC-MS (ISQ Thermo Scientific) to identify the
compounds. A 0.5 ul of each sample was injected in splitless mode
using an auto-sampler (Triplus, Thermo Scientific) and a HP-
INNOWAX capillary column was used (60 x 0.32 mm ID x 0.25 pm film
thickness; Agilent) with He as carrier gas (at a flow of 1.4 ml/min). The
injector temperature was set at 250 °C, and the oven temperature of
the GC started at 40 °C, where it was held for 2 min before heating at
40°C/min to 140°C, 2.5 °C/min to 180 °C, 6 °C/min to 220 °C and finally
at 40 °C/min to 250 °C, where it was held for 15 min.

The eluted compound was combusted into N5, CO; and H,O in a
combustion furnace reactor operated at 1030 °C and made up of a
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non-porous alumina tube (320 mm length) containing three wires
(Ni/Cu/Pt, 0.125mm diameter and 240 mm identical length)
braided and centred end-to-end within the tube. Water vapour
was removed with a water-removing trap, consisting of a Nafion®
membrane. During '°N analysis, a liquid nitrogen trap was added
after the combustion oxidation reactor to remove CO, from the ox-
idized and reduced analyte.

In order to monitor instrumental performance, the Pro standard
was derivatized and the ¢'°N value (+1.1%c) was measured by
using GC-c-IRMS before and after each analytical run. Moreover,
the isotopic value of the internal standard NLeu added to each sam-
ple was checked. NLeu was chosen as internal standard because it
is not naturally present in wine. The 6'°N value of pure NLeu
(+14.0%0) was determined by using EA-IRMS, and we found a mean
difference of 0.2%o between the GC-c-IRMS and EA-IRMS ¢"°N. The
analytical run was accepted when the 4'°N value of NLeu was
between 13.5 and 14.5%o.

Data expression

All the 8'°N values are reported relative to reference N,, of known
isotopic composition, introduced directly into the ion source at
the beginning and end of each EA and GC run. All the samples were
measured in triplicate, and the isotope ratio was expressed in %o
versus atmospheric nitrogen according to Eqgn (1).

5 Rs — Rstd}
0= |——— (1)
|: Rstd

where R, is the isotope ratio measured for the sample and R4 is the
isotope ratio of the internationally accepted standard (AIR).

The §'°N values determined with EA-IRMS were calculated against
the working in-house standard (commercial protein), calibrated
against international references materials: L-glutamic acid USGS 40
(International Atomic Energy Agency, Vienna, Austria) and potassium
nitrate IAEA-NO3. The 4'°N value of Pro in wine was calculated
against the Pro standard, analysed before and after each sample.
The instrumental data were corrected on the basis of the difference
existing between the §"°N values of the Pro amino acid standard in
GC-c-IRMS (mean of six results, three before and three after the sam-
ples) and in EA-IRMS, which was in any case always lower than 0.5%o.

Accuracy and precision

The analytical uncertainty of the 6'°N of bulk analysis for all the ma-
trices, expressed as 2*SR (within-laboratory reproducibility stan-
dard deviation), was 0.4%o,%¥ whereas the reproducibility limit
expressed as 2*rad 2 * SR was 0.6%o.

For the most innovative analysis of Pro by using GC-c-IRMS, we
checked both accuracy and precision. To test the accuracy, we com-
pared the 6'°N value of the derivatized standard measured by
using GC-c-IRMS with the isotopic values of pure non-derivatized
amino acid obtained with EA-IRMS. The 6'°N value determined by
using EA-IRMS was the mean of the two measurements, whereas
the 6'°N value determined with GC-c-IRMS was the average of
three runs. The difference between the §'°N value measured with
EA-IRMS and GC-c-IRMS after derivatization was no higher than
+0.5%eo.

To evaluate precision, ten replicates of the reference amino acid
were derivatized, and each of them was analysed by using GC-c-
IRMS in triplicate. The precision (15) of GC-c-IRMS determination
was on average +0.2%o.

To evaluate the uncertainty of measurements for all the pro-
cesses, a wine sample was treated and derivatized ten times, and
each of the samples was analysed by using GC-c-IRMS. The stan-
dard deviation obtained (15) was on average +0.3%o.

Statistical analysis

The data were analysed with the Statistica version 9 (StatSoft Inc.,
Tulsa, OK, USA) package. To verify differences between matrices
within the production chains as well as between treatments, a
paired t-test was used. Statistically significant correlations were
checked by using the Pearson correlation test.

Results and discussion
Experiment 1: 5'°N from soil to wine

Table 2 shows the 6'°N values of soil (different depths), leaves,
grapes and microvinified wine for the seven oenological chains in-
vestigated (A-G) and by using ten different types of yeast, following
white or red vinification.

The difference between the §'*N measured in the upper layer of
soil (TS) and in the lower layer (SS) was no more than 0.3%o at each
site, and therefore much lower than the reproducibility limit of the
analysis (0.6%o). Moreover, a strong correlation was found between
the 5'°N determined in TS and SS (p < 0.001, R?=0.99). This means
that the 5'°N data did not change according to depth at each sam-
pling site.

An increase in soil 6'°N with depth has been observed in
forest,*=? grasslands,**>* tundra®" and pastures®=73# due
to the increasing action of denitrification, which causes '°N enrich-
ment of the residual nitrate, as reported in the scientific literature. In
these environments with no antropogenic ‘intervention’, the

Table 2. §'*N value (%o) of soil, vine leaves, grape berries and wines produced using different yeast strains
Soils Leaves  Grapes White wine Red wine
Site S SS FR95 FAP FR-WP VP5 EM2 FR-SN6 CKS102 DV10 v AW1503 AW1503
A 4.1 4.1 13 2.1 1.9 1.6 2.1 1.8 1.5 1.6 1.5 19 15 20 2.1
B 43 44 0.5 14 15 1.5 1.6 1.5 1.7 16 14 1.6 1.7 13 16
C 75 74 23 37 28 27 32 31 29 27 26 32 27 31 32
D 62 6.5 1.7 26 30 27 2.7 25 25 24 26 24 24 28 26
E 44 45 0.5 19 15 1:5: 16 15 14 16 16 16 1.5 14 1.7
F 4.4 43 0.1 1.1 0.5 03 0.6 03 04 0.5 03 0.5 0.6 0.6 0.7
G 55 55 1.1 2.1 1.2 15 13 14 1.1 1.5 14 1.3 14 12 16
TS, top soil; SS, sub-soil.
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increase in &' °N through the sail profile with depth can arrive at dif-
ferences of 20%o within a 30 cm change in depth. On the other
hand, a previous study on vineyards™® reported much more lim-
ited differences and with a trend that was not always clear. So it
seems that in agricultural environments, human activities (e.g.
harrowing, fertilization, pesticide application, etc) can make the
4"°N trend through the soil profile less linear and well-defined, as
observed here.

As shown in Table 2, the 6'°N of leaves was on average 4.1%o
lower than that of the corresponding soil (calculated as the mean
of TS and S9), and the difference was highly significant (p < 0.001
paired t-test). Plant "N reflects the ¢'°N of external N sources
and its subsequent fractionation in soil during and after N uptake
by the plant. Known N fractionation in the soil relates to that occur-
ring during ammonia volatilization, nitrification, denitrification and
leaching. Plant-associated fractionation that may distort the ¢'°N
signal of the source is linked to that occurring during assimilation,
transformation, translocation and loss!*®! The relation between
plant 8"°N and the N source can be further complicated because
the available N sources vary in amount and '>N composition.*"]
Globally, plant ¢'°N values are more negative than soils,** and
the difference (15‘5Np,a,,,—15‘5N5m.) increases with decreasing mean
annual temperature and secondarily increasing mean annual pre-
cipitation, suggesting a systematic change in the source of plant-
available nitrogen (organic/NH,™ vs NO; ™) with climate**!

The 6'*N values of grapes were significantly (p < 0.001) lower (on
average —3.1%o) than those of the growing soil (Table 2) and
higher (+1.1%o) than those of leaves, according to the paired t-test.
These results were recently observed in another study,** which re-
ported higher 4'°N values in must as compared with other parts of
the plant (roots, trunk and cane, leaves and shoots), even if not sta-
tistically significant. This behaviour could perhaps be related to the
role of the predominant sink for the bunches."*!

To evaluate the effect of yeast type and the wine-making proto-
col (red or white), we compared the difference between values with
the reproducibility limit of the analysis (0.6%o). We found that fer-
mentation carried out with ten different Saccharomyces yeast
strains did not change the final 4'°N value of wine (the largest de-
viation was 0.6%o) and that the different wine-making protocols ap-
plied (white or red wine) did not have an impact either. The
absence of any effect of the yeast type and wine-making protocol
was also confirmed by applying the paired t-test (p < 0.001).

As yeast and vinification protocol had no influence, we com-
puted the mean value of the 11 wine samples for each chain and
compared this value with that of the grapes. '°N was on average
lower (—0.4%o) in wine, but not significantly (p < 0.001).

The 6"°N values of Pro measured in grapes and wine samples
(three white and one red) from the seven different oenological
chains are reported in Table 3.

Fermentation carried out with different yeast strains did not
change the final 6'°N value of Pro (the largest deviation was
0.2%o), and the different wine-making protocols applied (white or
red wine) did not have any significant impact on values. By calculat-
ing the mean value for wine for each chain and comparing these
values with those of grape, the 4'°N value of Pro in wine was on av-
erage 0.1%o lower, with a maximum difference of 0.2%o. On apply-
ing the paired t-test, the difference was not significant (p < 0.001).
The 6'°N value of Pro in wine therefore always reflected the value
in grapes, as expected, because this amino acid is not used by
yeasts as a nutrient and hence it is not metabolized during the fer-
mentation process, avoiding modification of its isotopic signature.
Moreover, the 4'°N values of Pro in grapes and wine were very

Table 3. "N value (%) of Pro in grapes and wines obtained with dif-
ferent yeast strains
Grapes White wine Red wine
Site FR95 EM2 AW1503 AW1503
A 3.6 3.6 35 34 35
B 4.1 39 4.0 4.0 4.2
C 7.1 6.8 7.0 69 7.1
D 6.3 6.2 6.4 6.2 6.1
E 43 4.2 4.4 4.3 4.7
F 4.1 4.1 39 4.0 37
G 5.5 53 52 54 53

close to the 5'°N values of the soil of origin, with an average devia-
tion of —0.3%o. Statistical treatment of the data (paired t-test,
p < 0.001) indicated that there was no significant difference be-
tween the 5'°N values of Pro in grapes and wine and those of the
growing soil.

Considering the correlations between soil (mean of TS and 55),
grapes, wine (mean value of the 11 wines), grape Pro and wine
Pro (mean value of the four wines; Table 4), we found that the
4N values were significantly correlated within the different matri-
ces. The most significant correlations were those between the 6'°N
of leaves and grapes and between the 5'°N of grapes and wine Pro
and growing soil.

We can therefore conclude that despite nitrogen isotope frac-
tionation from the soil to the wine, the 6'°N values of leaves, grapes,
wine and in particular of Pro in must and wine conserve the variabil-
ity of 8"°N in the growing scil and can therefore be used as addi-
tional isotopic markers to trace the geographical origin of wine.

Experiment 2: impact of N adjuvants on §'°N

Grape must often contains an inadequate concentration of assimi-
lable nitrogen,'*”! and supplementation with nitrogen is useful to
prevent problems in fermentation and to optimize yeast perfor-
mance. The most common source of nitrogen for YAN supplemen-
tation is 1A, but OA can be a very good source of nutrients for
fermenting yeast because it contains a high concentration of or-
ganic nitrogen (amino acids), vitamins and minerals.“¢ To evaluate
the effect of addition on the 6'°N value, three grape must samples
with a different YAN content (very low, low and medium concentra-
tion) were fermented with and without an exogenous nitrogen
source by using both IA and OA (Fig. 1).

Table 4. Matrix of correlation between the 4'°N values of soil (mean of
TS and SS), grapes, wine (mean value of the 11 wines), grape Pro and
wine Pro (mean value of the four wines)

Soil Leaves Grapes Wine Grape Pro
Leaves ®
Grapes E i
Wine * P ™
Grape Pro e ¥ 8
Wine Pro — - * * E -
*p < 0.05.
*p < 0.01.
***p < 0.001.
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A survey of the 6'°N of nitrogen-rich fermentation adjuvants
available on the market showed a 6'°N range between —2.3%o
and +1.7%eo (Table S3).

To carry out the experiment, we chose the OA with the lowest
J"°N value (—2.3%0) and the IA with the highest (+1.3%o) in order
to cover the full range of "N values. As the two adjuvants have a
different YAN, they were employed in different amounts, as detailed
in the section on Materials and Methods. After fermentation, in order
to release the nitrogen compounds incorporated within the yeast
cells, the wine samples were subjected to ultrasound sonication.

The 6'°N was measured in bulk grape must, with and without IA
and OA, in the corresponding bulk wine samples before and after
ultrasound treatment and in the Pro of wine samples before ultra-
sound treatment. The values are shown in Table 5.

Considering the §'°N variation along the rows, we can see the ef-
fect of fermentation and ultrasound treatment on the nitrogen iso-
topic signature. The ¢'°N values of bulk wine, also in presence of IA
or OA, were on average slightly higher (+0.3%o) than those of bulk
must, but the difference was not significant (p < 0.001). After ultra-
sound treatment, the §'°N value of wine become even closer (on
average —0.1%o) to that of the grape must of origin. During fermen-
tation, yeast transports NH; and amino acids from the grape must
to the yeast cell, where they are metabolized. On the basis of the
results obtained, we can surmise that transport and metabolization
can lead to slight discrimination against '*N and therefore a higher
final 6"°N value in wine. Ultrasound treatment, which simulates
wine ageing, entails the release of nitrogen fractions, incorporated
within yeast, as a result of the cavitation effect on yeast cells.

Considering the 6'°N variation along the columns in Table 5, we
can see the adjuvant’s effect on the nitrogen isotopic signature.

Taking into account first of all the values of bulk must and wine,
we can see that the addition of IA slightly decreases (on average
—0.1%o) the values of both grape must and wine before and after
ultrasound treatment, but the decrease is not significant
(p <0.01). Indeed, the 6'°N value of IA was 1.3%o, therefore not
far from the original values for the three must samples. On the
other hand, the presence of OA significantly influences (p < 0.01)
the 4'°N values of grape juice and wine, because OA has a 6'°N
value of —2.3%o. The decrease was on average 1%o with the addi-
tion of the amount suggested by the producer (0.5g/l) and was

Table 5. 4"°N of bulk grape must with and without 1A and OA, bulk
wine samples before and after ultrasound treatment (US) and "N of
proline in wine before US

5"°N (%o)

Variety Fermentation YAN  Grape Wine Wine Proin
conditions (mg/l)  must after US  wine

PB No adjuvant 42 33 35 32 1.5
1g/lA 72 3.1 34 30 1.5
0549/l OA 58 22 29 20 14
439/ 0A 75 -06 —04 -08 1.0
CH No adjuvant 82 26 28 25 7.7
1g/l1A 118 25 27 24 76
0.5g/1 OA 95 1.7 2.0 15 76
43g/10A 120 -12 04 -13 7.1
PG No adjuvant 133 4.8 5.1 48 10.1
1g/1A 165 4.6 4.9 4.5 10.2
0.59/1 0A 152 39 4.3 38 10.1
439/l OA 170 1.1 1.3 12 9.6

around 3.5%o when the addition was large scale (4.3 g/l). The ob-
served deviation can be considered the largest achievable devia-
tion, because the use of other adjuvants with a higher ¢'°N
(Table $3) would have less impact on the N isotope ratio of wine.

Taking into account the §'°N of Pro, we can see first of all that the
value is much higher than those of bulk wine and must, as observed
in the chains in experiment 1. Moreover, it is evident that addition
of both IA (1 g/l) and OA (0.5g/l) did not have any impact on the
4"°N of Pro. The addition of OA in massive quantities (4.3 g/I) signif-
icantly influenced (p < 0.01) the 4"°N value of Pro, but the decrease
was 0.5%o, therefore much less significant than that observed in
bulk wine. OA contained 0.86% (w/w) of Pro with a 6'°N value of
—3.0%o.

We can therefore conclude that neither fermentation, as ob-
served in experiment 1, nor ultrasound treatment, simulating wine
ageing, affect the 8'°N values of grape must, which are therefore
conserved in wine. The addition of IA, with the conditions used
here, did not influence 6'°N, whereas the addition of OAs was able
to substantially change the 6'°N of bulk wine, with decreases of up
to 4.5%o. This variation depends on the amount added and on the
4"°N value of both must and OA, because the larger the difference
between the 4'°N of must and that of the adjuvant, the larger the
&"°N difference. The 4'°N of wine Pro did not change substantially,
even in the presence of massive amounts of OA.

The 6'°N of wine Pro is therefore the best candidate for tracing
the geographical origin of wine.
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Botanical traceability of commercial tannins
using the mineral profile and stable isotopes’

Daniela Bertoldi,* Alessandro Santato, Mauro Paolini, Alice Barbero,
Federica Camin, Giorgio Nicolini and Roberto Larcher

Commercial tannins are natural polyphenolic compounds extracted from different plant tissues such as gall, the wood of different
species and fruit. In the food industry they are mainly used as flavourings and food ingredients, whereas in winemaking they are
classified as clarification agents for wine protein stabilisation, although colour stabilisation, metal removal, unpleasant thiol re-
moval and rheological correction are also well-known and desired effects.

Due to their particular technical properties and very different costs, the possibility of correct identification of the real botanical
origin of tannins can be considered a primary target in oenology research and in fulfilling the technical and economic require-
ments of the wine industry. For some categories of tannins encouraging results have already been achieved by considering sugar
or polyphenolic composition. For the first time this work verifies the possibility of determining the botanical origin of tannins on
the basis of the mineral element profile and analysis of the >C/'*C isotopic ratio.

One hundred two commercial tannins originating from 10 different botanical sources (grapes, oak, 2gall chestnut, fruit trees,
quebracho, tea, acacia, officinal plants and tara) were analysed to determine 57 elements and the '>C/'*C isotopic ratio, using in-
ductively coupled plasma mass spectrometry and isotope-ratio mass spectrometry, respectively.

Forward stepwise discriminant analysis provided good discrimination between the 8 most abundant groups, with 100% correct
re-classification. The model was then validated five times on subsets of 10% of the overall samples, randomly extracted, achieving
satisfactory results. With a similar approach it was also possible to distinguish toasted and untoasted oak tannins as well as tan-
nins from grape skin and grape seeds. Copyright © 2014 John Wiley & Sons, Ltd.

Keywords: commercial tannins; mineral elements; '*C/'’C; botanical origin; traceability
|

Introduction Sometimes these polyphenolic compounds can also have signif-
icant effects on wine rheological perception, colour and flavour and
Tannins are polyphenolic compounds of botanical origin, with a  act as antioxidant and antimicrobial agents.*~! In the mouth, tan-
molecular weight ranging from 500 to 20 000, able to bind and  nins form complexes with the proline-rich salivary proteins and mu-
precipitate proteins." These products can basically be classified  copolysaccharides, causing precipitation and/or aggregation of the
into two groups: hydrolysable tannins (such as gallo- and  proteins with the loss of their lubricating properties, and inducing
ellagitannins), mainly extracted from gall, tara, myrabolan, oak  the typical feeling of dryness, bitterness and astringency.®”’ Due
and chestnut, and condensed tannins (or proanthocyanidins)  to their much smaller degree of polymerisation, catechins from
present in the skin and seeds of grapes, tea, quebracho and  grape seeds (and stems) are sensed as bitter and more astringent
mimosa.”? Known since ancient times, oak wood and other  than those extracted from grape skins.
plant extracts were traditionally used for tanning animal hides In light of the high number of possible plant sources, the huge
in leather production. Nowadays they are still widely used in  differences in chemical characteristics, the specific oenological
many industrial fields, from the leather industry to the floatation  properties'® and last but not least, the considerable differences in
process in mining activities. Nevertheless their use as an  the commercial value of products, the ability to correctly recognise
adjuvant in food production is probably the most crucial and com-  the origin of tannins must be considered to be a key tool in effec-
plex in technical and health terms. The European Union recognises  tively fulfilling the technical and economic requirements of the
tannins as flavourings and food ingredients (EC No 1334/2008, EU  wine industry. Tannins of different origin can show characteristic
Regulation No. 872/12), while the International Organisation of Vine  spectra and chromatographic fingerprints, as highlighted using
and Wine (OIV) restricts their use to clarification agents for protein  UV-vis spectroscopy, Fourier-transform mid-infrared spectroscopy,
stabilisation in must and wine. According to OIV (COEI-1-TANINS:
2009), oenological tannins can be produced by extraction from
different botanical sources: nutgalls (of Quercus and tara), wood rich
in tannin, such as chestnut (Castanea sativa), oak (Quercus sp.) or * Correspondence to: Daniela Bertoldi, IASMA Fondazione Edmund Mach, via E.
exotic wood (e.g. quebracho: Schinopsis balansae) or from grape Mach, 1, 38010 San Michele all’Adige, Italy. E-mail: daniela.bertoldi@fmach.it
seeds and skin (Vitis vinifera). Other plants and plant tissues, .
although not expressly mentioned, have similar characteristics: for This article is pan‘l of the Jqumal of MHS.S Spectrometry special issue entitled “3rd
o MS Food Day” edited by Gianluca Giorgi.
example the bark, stems or leaves of plants such as gambier
(Uncaria gambir), mimosa (Acacia sp.), tara (Caesalpina spinosa) IASMA Fondazione Edmund Mach, via E. Mach, 1, 38010, San Michele all’Adige,
and myrobolan fruit (Terminalia chebula). Italy

_______________________________________________________________________________________________________|]
J. Mass Spectrom. 2014, 49, 792-801 Copyright © 2014 John Wiley & Sons, Ltd.
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- nuclear magnetic resonance, size-exclusion chromatography and
023 R58RSESIARem % liquid chromatography—tandem mass spectrometry (MS/MS).!
S Emesaes st n g e The ultraviolet absorption spectrum, phenolic content (e.g. flavanol,
proanthocyanidines, digallic acid, scopoletine, eugenol, 2-
mMomin2 8RN _ - phenylethanol, vanillin and syringaldehyde) and the polyalcohol
f [@eaEshadanen A2 @ and monosaccharide profile (e.g. quercitol, pinitol, myo-inositol,
K Y arabitol, muco-inositol, chiro-inositol, bornesitol) were investigated
separately to characterise the botanical origin of cenological
g cmzuen$ERA8E Lo ® tannins.®~'? In a similar way, cyclic polyalcohol composition was
g g|¥"~c~--ccocecocpn~gan shown to be useful in identifying the botanical origin of wood
= ¥ ¥ and chips used in the wine-ageing process.""*!
o S e A o 11 Recently, a new approach based on the combined use of simple
L In8B&88582 2 _ ,,_R sugars and free phenols was shown to correctly reclassify more
n MeeseeogeegE T than 90% of tannins of 10 different botanical origins."'*
In this work we investigated the ability of the mineral
roama®S 28 - profile and stable isotope ratio of C to trace the origin of
e lR¥2zx3Is2 2SS22285 102 oenological tannins of various botanical origins. These
= v VvV VYV techniques have indeed already been used to distinguish
the botanical origin of several products (i.e. industrial ethanol,
e B A 0 - (e brandy, resins and amber, apple, tartaric acid, honey,
5 |Ranacd23223839a¢% amaranth seed and coffee)."> % The final aim of the study
= NV was to build a statistical model for verifying the declared
botanical origin of commercial tannins. To the best of our
_ouaoxd E § 5 B0 mo w knowledge the mineral profile and isotopic ratios of C
, |- --~SccSscSccggaT have never previously been used to trace the botanical origin
~ . of tannins.
] leeaeeBiB8i0mne .y ]
égdocdooddddomgéi Experimental
e 4
8 Materials
nwmoounm
. < ATRRYHA28 8% 2 One hundred two commercial oenological tannins of confirmed
R |°°CeceeceeeeegElT botanical origin (OIV method)"* were collected from Italian com-
mercial distributors and wineries: 43 were from grapes (19 from
- = o - skin, 16 from seeds and 8 generically classified as grape tannins),
c|AHAS2S82RA3cAS%eAR 21 oak (12 from toasted wood and 9 from untoasted wood), 10 gall,
= Vv v v v v v 7 fruit trees, 5 chestnut, 5 quebracho, 5 tea, 4 acacia, 1 tara and 1
from an officinal plant. The samples were stored in the original
_ne288s g S nom packaging in a dry place until analysis.
é grhANoOogt—MoSOmnaon g As regards elemental analysis, concentrated nitric acid,
& provided by Carlo Erba (Milan, Italy; ultrapure 67-69%), and
ultrapure Milli-Q® water (18.2 MQ, Millipore, Bedford, MA, USA)
L [m82883 5 o § L2R e were used for standard solutions and sample preparation.
i GECNRE T D NS rm_ Q/ ¥ Copper, Mg, Na, Sr (all 1g/1) standard solutions and inductively
coupled plasma (ICP) multi-element standard solution VI were
'@ &5 R B purchased from Merck (Darmstadt, Germany); Al, Ca, Fe, K, P
A 2t 8R2 § E Z § 38 S el (all 10g/) and Cs and Rb (1 g/l) standard solutions were from
E E ey - CPI International (Santa Rosa, CA); Hg standard-2A solution
g (10mg/l) and multi-element calibration standard-1 and -3
PR s § = o - solutions were from Agilent Technologies (Santa Clara, USA)
s ITgugIgEIEe® 5 a9 while Sc, Rh and Tb (1 g/l, used as internal standards) standard
o v solutions and the ICP-MS calibration standard 4 solution were
from Aristar BDH (Poole, UK).
w90 o g 5 . E ﬁ e B The reference material—'Peach Leaves’' (SRM 1547)—was from
= é o oo =l c oo = c .o =g = e hS NIST, National Institute of Standards & Technology (Gaithersburg,
'§ MD, USA).
-% S B For isotopic analysis, samples were weighed into tin capsules
& L T82888388383a0 A (Santis analytical AG, Teufen, Switzerland). To compute the
= D |90 co0cococogdoc oo mn O ; s .
. S-values (see below), we used a working in-house protein
E standard, calibrated against the following international
ﬁ SEZBR2oELEPFERED reference materials; NBS-22 fuel oil (IAEA-International
Atomic Energy Agency, Vienna, Austria), IAEA-CH-6 sugar
wileyonlinelibrary.com/journal/jms Copyright © 2014 John Wiley & Sons, Ltd. J. Mass Spectrom. 2014, 49, 792-801
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- (IAEA) and USGS 40 L-glutamic acid (IAEA), with 5'>C values in
ILARESEBBAITE 8~ E turn calibrated against the internationally recognised standard
é DA é/ Vienna-Pee Dee Belemnite (V-PDB).
Elemental analysis
m m o
W wm o~ O N n g — ~
£ TN N2ESE 93 g A W For acid digestion of samples, an aliquot of about 300 mg of tan-
~ -V nin was weighed into a polytetrafluoroethylene tube (UltraWAVE
"-[T Milestone, Shelton, CT, USA) and 4 ml| of HNO3 was added. One
% noqu E g § % % cwm O blank sa.mple for.each'batch of digestion was prepared by
£lg|m"N2S3c3cSNrREAA substituting tannin  with ultrapure water. Samples were
£ v mineralised using a microwave oven (UltraWAVE, Milestone),
E controlled by a three-step temperature programme. The temper-
= P T - I O - I _ ature was first linearly increased from room temperature to
£ @0333223252 2 § 2 ™ 120°C in 11 min, then to 230°C in 9min and subsequently main-
< v v tained for 5 min. After thermal treatment the homogeneous solu-
tion was transferred into a 50-ml polypropylene vial and diluted
N o= oo to a final volume of 26 ml with Milli-Q® water.
nmMoQo—mo o~ g 1 g .
e |8283%sd9cssca a ; al 5 The elemental profile (Li, Be, B, Na, Mg, Al, P, K, Ca, Ti, V, Cr,
= v v Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Rb, Sr, Y, Mo, Pd, Ag,
Cd, In, Sn, Sb, Te, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Er, Tm,
& o o o B e B & Yb, Re, Ir, Pt, Au, Hg, Tl, Pb, Bi, Th and U) was quantified with
B |lenadod-rnNonNcS~gagw an inductively coupled plasma mass spectrometer (ICP-MS;
= ~ Agilent 7500ce Agilent Technologies, Tokyo, Japan) equipped
with an Octopole Reaction System for removal of the principal
a@gsc-onIe 3 o © polyatomic interferences. Helium was used as the collision gas
= m N Q vy — N S m ~ A i
Elesns~do-S-ggon for analysis of Na, Mg, V, Cr, Fe, Ni, Cu, Zn and Eu, whereas H,
= & was used to determine Ca, Ga and Se.
oy An on-line internal standard solution of S¢, Rh and Tb, all 1 mg/l,
z ngosnfafalRa 9 was used during analysis.
5 |lg W¥EmMmOS~S~SSg gwd Accuracy was verified by analysing the certified material SRM
% - 1547 in each analytical batch. Considering both certified (N=22)
S - " ° and determined but not certified (N=11) elements, recovery was
- 3823 R58A53 o ! higher than 75%, except for V (73%) and Yb (not certified, 65%),
i FE W meee o 89 m e n and was considered acceptable for the purposes of this research.
The detection limit (DL) of each element was calculated as 3 times
S P the standard deviation of the signal of the blank sample, analysed
IIRISE2Z2 M N 10 times (Table 1).
£ MmN NS~ OSSQ © ©— <
= TR
Carbon stable isotope analysis
o
< REEBRERIRI o o Aliquots of 0.5 mg of the sample, weighed into tin capsules, were
g O FT ON —F O mMAN — O O 0O — . . 13~ ,12, : 2 :
= - Wy~ S subjected to analysis of '“C/'“C using an isotope ratio mass spec-
trometer (DELTA V, Thermo Scientific, Germany) following total
et o S o " combustion in an elemental analyser (EA Flash 1112, Thermo
c |mexox9<ENihhSa = Scientific). The analysis was carried out twice, obtaining a mean
D (MmN O =0 = = =0 N O W1 <13
R o R value. The values are expressed as &' “C%o = [(Rsample — Rstandard) /
o Rstandara 1% 1000, where R is '>C/'°C, against the international
Al o~ 2058w . standard V-PDB.
E E IR TR e T E % 2 The uncertainty (20) of measurements was <0.3%o.
E %
5
s S¥ 50 A R Statistical analysis
55mMB5R80082 nun R
E|cco-ccocsocspumagm For the purpose of statistical data processing, all content measured
= = v ¥ as under the DL was fixed at a nominal value of half the DL. The nor-
§ mality of the distribution of data for each mineral element was
;E PRI N § E § L. .L.8 checked using the Kolmogor.ov—Smirnov tfest(p<0.05), and, when
S g|°°ceecees5sppnn* necessary, data were normalised by applying Box-Cox transforma-
“ tion. Elements not showing a Gaussian distribution even after
o transformation (Ti, V, Ge, Ag, In, Te, Cs, Pd and Hg), as well as those
ﬁ EZZBREnELEPERED highly correlated with others (Y, La, Ce, Pr, Nd, Gd, Dy, Ho Er, Tm, Yb
and Al; all correlated with Sm as checked by applying Pearson's test,
wileyonlinelibrary.com/journal/jms Copyright © 2014 John Wiley & Sons, Ltd. J. Mass Spectrom. 2014, 49, 792-801
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- & . ik p < 0.001), or those present only in a small number of samples (Ir,

il 2 RBSMBREARB - _ 3 Pt, Au, Th and Bi; quantifiable in less than 20% of samples) were

% fhTeErToene s gom not considered in the traceability modelling. In order to assess effi-

ke ciency, in terms of the ability to discriminate the botanical origin
of tannins, canonical standard and forward stepwise discriminant

= analysis were performed, considering 31 parameters (3'C, Li, Be,

34 |ygSSyR8888 B, Na, Mg, P, K, Ca, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, As, Se, Rb, Sr, Mo,

S g GDOODODDDC’%:\D/%%\D/ Cd, Sn, Sb, Ba, Sm, Re, T, Pb and U).

5 = Tukey's honestly significant difference test (p < 0.05) for an un-
equal number of samples was applied to check for significant differ-
ences in the content of tannins of different botanical origin. All

o minmo 2o R g statistical analysis was carried out using Statistica 9123
T =9 ™M Y QRN M o
v N —monNoCuomna o9
= o~ ~ 8 — M
Results and discussion
55888550828 g R
Elifriv<sodcdSdzong Tables 1, 2 and 3 show the statistical distribution of the 54 elements
i e analysed and the &'3C values of the 102 tannins, grouped according
to the 10 different botanical origins. Only Li, B, Al, K, Co, Sb, Ba, Eu, Dy

Es o o o and Re were quantifiable in all thg samples, Ti, Hg a.nd Ge in about

1 c8292383558x o 75% of samples, Pd, Cs, In and V in around 60%,Te in 45% and Th,

B |E Yo Imo-a -0 0g 0w Ir, Bi and Au in less than 20% of samples, whereas Pt (DL=0.5 pug/

E = kg) was always not detectable. In particular, Bi was quantifiable in

= trace amounts only in some grape and gall tannins (DL=8 pg/kg),

+ 3 3 while Au (DL=1.8 pg/kg) and Ir (DL=0.1 pg/kg) were only quantifi-
c |emBLE3RNRAIERR o R able in some grape and oak tannins.
gIRY-~Te-~e-cee=zgn Considering only the 8 botanical groups with at least 4 samples,
the Li, Na, Mg, P, K, Mn, Ni, Cu, As, Se, Rb, Sr, Mo and U content
was statistically lowest in tannins from gall. These tannins were also
o e it characterised by a low Be, B, Cr, Co, Cd, S, Ba and Tl content.
W EeRCRSERZRI vy L5 The Be, Mn, Co, Ga, Cd, Ba and Pb content was statistically
E oM~ NOoO~—~ccSp ¥ ®Q — . N X ) )
= v TV highest in tannins from chestnut. This group also showed a high
content of Na, Mg, Ca, Ni, Sr and rare earth elements. Tannins from
grapes were the richest in P, Fe, Cu, Se, Mo, Sb, Re and U, whereas
& B B w8 tannins from oak showed the highest B and Tl content and the lowest
rlaadmagsd2nddsgn2 content of Fe, Ga and rare earths.
= |° seooms ow o m @iy T Statistically, the highest Li content was observed in tannins from
quebracho, also characterised by a high Na, Mg, Cr and Sr content
and a low Co content. Tannins from tea showed the statistically lowest
WS Ee MR ST § P Cfaand Pbcorfcent.Theyalss) hadalowB,_Cd,Sband Ba contentand a
£ lnNBcNRCSSCdr g high Cr and Ni content. Statistically, the highest content was observed
RO - ® TV in the acacia samples, which also had a high content of Mg, K, Ca, Sr
and rare earths.
The overall mean content was of the same order of

& . .. 9y - magnitude as the data reported by Nicolini et al. (2004)?% ex-

: c amada=sa3angs E 22a cept for Sr (mean=10.5mg/kg) and Cu (4.6 mg/kg) content,

T TV which was higher in this work in comparison with the values re-

& ported in the literature (2 mg/kg and 1.8 mg/kg, respectively), and
for Ga (6.54 ng/kg), Pd (0.50 pg/kg), Cd (8.90 pg/kg) Sn (64 ng/kg)

= - and Te (0.49 pg/kg) content, which was decidedly lower (being
£ 238838833333 g 8 ad 1203 png/kg, 318 ng/kg, 48 ng/kg, 2226 pg/kg and 13 pg/kg, respec-
N v v tively in the literature).

The International Oenological Codex (COEI-1-TANINS: 2009) es-
— tablishes the maximum concentration for certain toxic elements
§ o nogok 8 E E .~ .2 in tannins: As must be under 3 mg/kg, Fe under 50 mg/kg, Pb under
= £ |s Boccdocccdc@acca@amaoc 5mg/kg and Hg under 1 mg/kg. The As, Pb and Hg content was al-
S v ¥ L ways well below these limits, while in 31 samples (about 30% of sam-
o ples: 19 samples from grapes, all 5 samples from chestnut, 2 each

m < .
o from fruit trees, quebracho and acacia and 1 sample from gall) the
@ S2EESRAR2uELEPFEED limit set for Fe was exceeded, with a maximum content of

409 mg/kg in a grape tannin.

wileyonlinelibrary.com/journal/jms Copyright © 2014 John Wiley & Sons, Ltd. J. Mass Spectrom. 2014, 49, 792-801
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The 5'3C values were significantly more negative in tannins from
grapes, tea and acacia and less negative in tannins from oak (Fig. 1).
The 8'°C of plants is mainly affected by the photosynthetic cycle of
the plant (discrimination between C3 and C4 pIants).m] Trees and
shrubs show generally similar &'°C values, whereas herbages have
significantly lower values.”® When plants belong to the same pho-
tosynthetic cycle, as in this case, several environmental and physio-
logical factors, such as relative humidity, temperature, amount of
precipitation, drought stress and water use efficiency (WUE), plant
age and maturation, have an impact on the §'C of vegetal com-
pounds, as they influence stomatal conductance and the intercellu-
lar and ambient CO, concentration.”°3? On this basis, the
differences observed here can be attributed to the different geo-
graphical origins of the plants, linked to different climatic condi-
tions or a different physiology, namely a different WUE.

Forward stepwise discriminant analysis was performed to eval-
uate the possibility of distinguishing the 8 most numerous bo-
tanical groups on the basis of the 31 compositional parameters
selected. Stepwise analysis excluded 4 parameters: Sr, Sn, Sb
and Pb. The most discriminant parameters were 3'3C, Mn and
Ba. The combination of the first 3 canonical variables accounted
for 86% of the variability observed, assuring a good ability to
discriminate the origin of tannins (Fig. 2). The least homoge-
neous and identifiable group was made up of tannins from fruit

s

e =
e M
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Figure 1. Box plot of 3"C values in the 8 principal groups of tannins.

trees, probably because of the inhomogeneity of this broad
commercial category, which included different plant species,
such as cherry, citrus and other trees not easily botanically iden-
tifiable from the labels. The substantial variation observed within
groups could also be due to the different geographical origin of
samples belonging to the same botanical category. Despite this,
all the tannins were correctly classified in accordance with their
botanical origin (Table 4).

To verify the ability and effectiveness of this model in
predicting discrimination, canonical standard discriminant analy-
sis was carried out with the 27 parameters selected using the
previous statistical processing, with a random subset made up
of 90% of the complete dataset in order to build the predictive
model, while the remaining 10% of samples was used as a vali-
dation subset. This procedure was repeated 5 times with
different randomly selected subsets, representative of the differ-
ent botanical groups. Each validation subset always included 4
tannins from grapes, 2 from oak, 1 from gall and rotating
samples from the other minor groups, for a total of 10 samples.
The first and second subsets included 1 chestnut, 1 quebracho
and 1 fruit tree; the third subset included 1 chestnut, 1 tea
and 1 fruit tree; the forth 1 quebracho and 1 tea (this subset
having 5 tannins from grapes); the fifth 1 chestnut, 1 quebracho
and 1 tea.

In 4 out of 5 models, all the samples were correctly classified.
Only one model provided 98% correct classification, with 2 wrong
assignments: 1 oak (commercially classified as ‘Ellagic acid from
oak’) was grouped as gall, whereas one tea was classified as grape.

Considering all the 11 groups of tannins (toasted oak, untoasted
oak, grape, grape skin, grape seeds, gall, fruit trees, chestnut, que-
bracho, tea and acacia) the model provided 91% correct classifica-
tion. In detail, misassignment was observed only within the same
botanical groups. Four out of 8 grape samples were assigned to
grape seed (N=3) and grape skin (N=1) tannins; 3 out of 16 grape
seed tannins were classified as grape skin (N=2) and grape (N=1)
tannins; 1 of the 9 untoasted oak samples was classified as a toasted
oak tannin whereas 1 of the 12 toasted oak samples was grouped
with untoasted oak tannins.

The attempt to classify the tara (V= 1) and officinal plant (N=1)
tannin samples using the aforementioned model, built without
considering these different botanical groups due to the insufficient
number of samples, gave interesting results: the tara sample
(Root1=—1.47; Root2= —3.47; Root3 =—2.52 considering Fig. 2)
was classified as acacia, whereas the officinal plant tannin (Root1 =
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Figure 2. Scatter plot of the first three canonical variables in stepwise discriminant analysis based on the elemental and isotopic composition of 100 tannins

of 8 botanical origins.
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Table 4. Classification matrix of 100 tannins in 8 botanical groups
% Grape Chestnut Gall Quebracho Oak Tea Fruit tree Acacia
Grape 100 43 0 0 0 0 0 0 0
Chestnut 100 0 5 0 0 0 0 0 0
Gall 100 0 0 10 0 0 0 0 0
Quebracho 100 0 0 0 5 0 0 0 0
Oak 100 0 0 0 0 21 0 0 0
Tea 100 0 0 0 0 0 5 0 0
Fruit tree 100 0 0 0 0 0 0 7 0
Acacia 100 0 0 0 0 0 0 0 4
Total 100 43 5 10 5 21 5 7 4

4.13; Root2 = —3.66; Root3 = —4.10 considering Fig. 2) was classi-
fied as gall. Nevertheless, graphically, these 2 samples were placed
in distinct areas, slightly aside from or at the limit of the group of
formal assignation, giving a further ‘visual’ tool for classifying un-
known commercial samples classified in this ways as questionable.

In order to achieve better differentiation between toasted and
untoasted oak wood tannins (N=21), forward stepwise discriminant
analysis was performed. The new model produced selected Cd, Co,
Cr, Cu, Fe, Ni, Mn and Sm as the most predictive parameters, and
was capable of effectively distinguishing the 2 categories, correctly
grouping all but one of the samples (Fig. 3). Interestingly, toasted
oak tannins were characterised by a higher Mn and Cd content,
the latter being a toxic metal, probably deriving from the wood prep-
aration procedure in the ignition process. On the other hand, the Co,
Cr, Cu, Fe, Ni and Sm content in toasted samples was lower.

4,
3l o oak . .
+ toasted oak . . .
2 o L
- 14
[
O 04
[=]
o -1 D &
24 ° a
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o
-4 T T - r
0 5 10 15 20
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Figure 3. Discrimination between tannins originating from oak (N=9) and
toasted oak (N =12) on the basis of Cd, Co, Cr, Cu, Fe, Ni, Mn and Sm content.
Scatter plot of ROOT 1 variable (forward stepwise discriminant analysis).
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Figure 4. Discrimination between tannins originating from grape skin
(N=19) and grape seeds (N=16). Scatter plot of ROOT 1 variable (forward
stepwise discriminant analysis).

A similar statistical process was used to try to distinguish tannins
from different grape tissues (skin, N=19 and seeds, N=16). This
model was shown to be perfectly capable of discriminating
between these 2 groups of grape tannins (Fig. 4), with 100% correct
reclassification.

The parameters with higher standardised coefficient for the
created variable were Re (4.9), As (2.6), Cu (2.1), P (—3.0), Se (—2.9)
and Na (—2.4). The Cr, Fe, Na, Ni, Sb, Sn, Re and U content was sta-
tistically higher in tannins from grape skin whereas tannins from
grape seeds were characterised by a high content of K, P and Se.

Conclusions

This work presents the composition of macro-, micro- and trace el-
ements, in addition to the '*C/'*C ratio values for different types of
commercial tannins, about which little information is available in
the literature. Moreover, it also shows the effectiveness and reliabil-
ity of the joint use of the mineral element profile and '3C isotopic
ratio in assessing the botanical origin of commercial tannins, widely
used in the food industry and winemaking as adjuvants.

This approach, achieving 100% correct classification of 100 tan-
nins belonging to 8 different botanical groups, provided effective
differentiation of tannins of different origin and could be a different
or complementary tool to the approaches based on sugar or poly-
phenolic composition suggested by OIV.
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SECTION 4.6

Stable isotope ratio analysis for verifying the autenticity
of balsamic and wine vinegar

Perini M., Paolini M, Simoni M., Bontempo L., Vrhovsek U., Sacco M.,
Thomas F., Jamin E., Hermann A., Camin F.

Journal of Agricultural and Food Chemistry (2014)
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of acetic acid extracted from balsamic and winegard using GC-C-IRMS.
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ABSTRACT: In this paper, we investigate whether the analysis of stable isotope ratios D/H and BC/C in ethanol and acetic
acid and of '*0/'°O in water can be applied to the ingredients of “aceto balsamico di Modena IGP” (ABM) to evaluate their
authenticity. We found that impurities in the extraction solution do not affect the "*C/**C of acetic acid and the D/H values of
acetic acid are not affected under a composite NMR experiment. The standard deviation of repeatability and standard deviation
of reproducibility are comparable in wine vinegar and ABM and generally lower than those quoted in the official methods. This
means that the validation parameters quoted in the official methods can also be applied to the ingredients of ABM. In addition,
we found no changes in the isotopic values from wine to vinegar and to ABM, and from the original must to the ABM must,
providing experimental evidence that reference data from wine databanks can also be used to evaluate the authenticity of vinegar

and ABM.

KEYWORDS: D/H, 6°C, 5'°0, isotope ratio mass spectrometry, SNIF-NMR, vinegar authenticity

H INTRODUCTION

Wine vinegar is defined by EC Regulations 479/2008 (Annex
IV, sections 1 and 17) as a product obtained from the acetous
fermentation of wine, which is in turn defined as a product
obtained exclusively from the alcoholic fermentation of fresh
grapes, whether crushed or not, or from grape must. According
to this definition, wine vinegar cannot contain acetic acids
obtained from either petroleum derivatives or pyrolysis of wood
(synthetic acetic acid) or from the fermentation of nongrape
sugars (e.g, from beet or cane). Moreover, wine and wine
vinegar cannot be produced from dried grapes diluted with
water; therefore, the so-called “raisin vinegar”, commonly
produced in some Mediterranean countries by fermenting dried
grapes and rehydrating with tap water, cannot be considered
wine vinegar.

This also applies to “aceto balsamico di Modena IGP”
(ABM), a PGI (Protected Geographical Indication) vinegar
now renowned throughout the world, obtained from cooked
and/or concentrated grape must (at least 20% of the volume),
with the addition of at least 10% of wine vinegar and a
maximum 2% of caramel for color stability (EU Reg. 583/
2009). The geographical origin of ABM ingredients is not
specified.

In the case of must and wine, since 1991 the addition of
water and exogenous sugars has been detected by analyzing the
isotopic ratios of hydrogen (D/H) and carbon (**C/™C) in
ethanol and of oxygen (**0/'0) in water. OIV (International
Organization of Vine and Wine) methods are currently
adopted: OIV-MA-AS311-05 for site-specific analysis of the
D/H ratio using *H-site-specific natural isotope fractionation
© 2014 American Chemical Society

< ACS Publications
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NMR (*H-SNIE-NMR), OIV-MA-AS312-06 for analysis of the
3C/"C ratio (expressed as 6"°C %) using isotope ratio mass
spectrometry (IRMS), OIV-MA-AS2-12 for analysis of the
180/'°0 ratio (expressed as 5"%0 %o) using IRMS. Addition is
detected by comparing the results against an appropriate
databank, such as the official databank set up in 1991 (EU
Regulations 2347 and 2348/91) by the European Union for all
wine-producing countries within its territory. According to
current regulations (EU Regulation $55/2008), a number of
samples representing the wine production of each member
state are officially collected every year and analyzed using the
above-mentioned OIV methods. The isotope data bank makes
available reference data on a yearly basis, thus allowing legal
limits to be defined on the basis of isotopic data for each
country, each subarea (e.g, region), and each protected
denomination (PDO-IGP), as well as general limits® when
origin and year of production are not declared.

Very recently, isotopic methods have been recognized by the
European Committee for Standardization (CEN) and in part
by OIV as a means of detecting the presence of exogenous
acetic acid and tap water in wine vinegar. The methods are EN
16466-1 for D/H in the methyl site of acetic acid using *H-
SNIF-NMR, EN 16466-2 and OIV 510/2013 for analysis of
BC/12C in acetic acid using IRMS, and EN 16466-3 and OIV
511/2013 for analysis of 850/°0 in water using IRMS.
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Moreover, a recent paper' showed that the legal limits set on
the basis of the wine isotope databank can be used as reference
for 5'%0 analysis to detect the authenticity of wine vinegar.

As yet, no studies have investigated application of these
techniques to the ingredients of ABM (wine vinegar and must)
or the possibility of using the wine databank as reference for
vinegar and ABM for the isotopic ratios D/H and 5"C.

In this work, we aim to fill these gaps by investigating
whether official isotopic methods recognized by OIV and CEN
for must and wine vinegar can be used to analyze ABM. To do
this, we verified and quantified the presence of impurities in
solutions extracted from wine vinegar and ABM, determined
the validation parameters of the methods applied to the
ingredients of AMB, and compared them with those quoted in
the CEN and OIV standards. We also evaluated the variation of
D/H and “C/'C between wine ethanol and acetic acid in wine
vinegar and ABM in order to determine whether the wine
isotope databank can also be used as reference for D/H and
S8C of acetic acid in order to monitor the authenticity of
vinegar and ABM.

B MATERIALS AND METHODS

Samples. To assess variation in isotopic parameters along the
production chain (Table 1), 13 production chains were considered

Table 1. Summary of the Production Chain Samples®

chain  wine vinegar cooked must concentrated must ~ ABM
1 X x x (100%) X
2 X X X (52%) X (48%) X
3 x x X (20%) X (80%) X
4 X X X (20%) X (80%) X
s X X X (50%) % (50%) X
6 x x X (50%) X (50%) X
7 X X X (50%) X (50%) X
8 X X X (100%) X
9 x X % (100%) X
10 X X (54%) X (46%) X
11 X X (50%) X (50%) X
12 x X (50%) % (50%) X
13 X X (100%) 5¢

“Crosses indicate samples from each chain. The first nine chains were
started from wine, the other four from vinegar. Cooked grape must or
concentrated must or a mixture of the two in different percentages (in
parentheses) were used to produce the ABM.

(Table 1). Nine of them consisted of wine, the corresponding wine
vinegar, grape must (100% concentrated must or 100% cooked must
or mixtures of the two types), and the corresponding ABM. The other
four were obtained directly from vinegar rather than starting from
wine. Cane sugar acetic acid was added to two of these vinegar samples
(chains 11 and 12).

To evaluate the effects of adulteration with exogenous sugars, one
sample of wine was divided into seven parts to which were added
increasing percentages of alcohol from cane sugar (from 0% to 42%)
before being fermented into vinegar. Two of these vinegars (with 10%
and 42% cane alcohol added) were used to make ABMs. In addition,
two samples of ABM were adulterated with different percentages of
synthetic vinegar (20% and 40%).

In the production of ABM, a maximum 2% of caramel can be added
for color stability, tangential filtering is usual, and the product may be
concentrated to increase its density. To evaluate the effects of these
processes, one sample nfvinegar was divided into three parts: one was
used to produce ABM without filtration, another underwent tangential
filtration but no caramel was added, while the third underwent

8198

filtration and addition of caramel (1.79%). Another sample of vinegar
was divided into three parts, and ABM was produced without
concentration from one subsample, and at two different degrees of
concentration (45°Brix and $7°Brix) from the other subsamples.

Pilot Production of Vinegar and ABM. Wines were transformed
into vinegars using a couple of fully automated pilot fermenters (each
with a capacity of 8 L) and a continuous fermentation process (at least
10 days per sample) identical to the industrial process with respect to
time, temperature, and concentration of alcohol and acetic acid (40 h
to entirely transform the alcohol into acetic acid, 34-36 °C, 10.0—
10.4% of alcohol in wine, transformation efficiency 95—97%).
Oxidation of ethanol was performed by means of Acetobacter spp.
bacteria.

The ABM was produced according to EU Reg. 583/2009.

When evaluating the effects of adulteration with exogenous sugars,
in order to correctly measure the percentages of the different raw
materials in each fermentation process, lithium (30 ppm) was added to
the wine as a marker; the concentration of each new raw material was
calculated on the basis of the lithium concentration in the product
(measured using atomic absorption spectmmetry).

Tangential filtration was carried out by passing the vinegar through
a polysulphone membrane with a porosity of 0.6 gm; the maximum
temperature throughout the process was below 37 °C.

ABM concentration was carried out in batches using pilot vacuum
equipment normally used for jam production. The samples were
collected at different times during a single concentration process.

Methods of Isotopic Analysis. Ethanol was distilled from wine
samples following the official OIV method (MA-AS-311-05). Acetic
acid was extracted from the vinegars and ABMs according to OIV
method 510/2013. Briefly, acetic acid was extracted with diethyl ether
or tert-butyl methyl ether by liquid—liquid extraction for at least S h,
and the solvent was then eliminated by distillation using a column that
prevents isotopic fractionation of acetic acid. The samples of must and
of ABM residue after acetic acid extraction underwent alcoholic
fermentation. Before fermentation, the ABM residue was heated to 40°
for at least 6 h to remove residual ether. Each sample was inoculated
with a fresh culture of Saccharomyces cerevisiae (strain ATCC 9763)
without added water. Fermentation was carried out in glass bottles
with a bubbler valve in the cap; each bottle contained 0.7 L of sample,
and the temperature was adjusted to 25 °C. At the end of
fermentation, the ethanol was extracted by distillation, according to
the procedure described in the OIV MA-AS-311-05 method. The Brix
degree of must was measured following the OIV-MA-AS2—02 R2009
method.

SNIF-NMR Analysis. The D/H of ethanol from wine and must
fermentation (cooked and concentrated as well as the ABM residue
after acetic acid extraction) and of acetic acid from vinegar and ABM
was determined by SNIE-NMR (FT-NMR AVANCE III 400, Bruker
BioSpin GmbH, Karlsruhe, Germany). An NMR spectrometer fitted
with a selective 10 mm “deuterium” probe tuned to a frequency Vo
characteristic of channel Bo (e.g, Bo = 9.4 T, vo = 61.4 MHz) with a
decoupling channel (B2) and a field-frequency stabilization channel
(lock) at the fluorine frequency. The second channel B2 was also used
in the '"H NMR experiment for acetic acid analysis. The resolution
measured on the *H-SNIF-NMR spectrum, transformed without
exponential multiplication (i.e, LB = 0) and expressed by the width at
the half-height of the methyl signal of acetic acid and the methyl signal
of TMU (see below for definition) was less than 0.5 Hz. Sensitivity
(signal-to-noise ratio) measured when the FID was exponentially
weighted by a factor equal to 2 Hz line B broadening (LB), was greater
than or equal to 150 for the methyl signal of acetic acid containing less
than 25% of water.

Site-specific D/H values were measured in the methyl and
methylene sites of ethanol ((D/H), or (D/H)¢ys and (D/H);;) and
in the methyl site of acetic acid ((D/H)cy;) and expressed in parts per
million (ppm). The method described in OIV MA-AS-311-05 was
used for wine and must, while for vinegar, we followed the method
described in EN 16466-1 with certain modifications that took into
account the fact that impurities can be extracted at the organic phase
together with acetic acid (see the Results and Discussion section).

dx.doi.org/10.1021/f5013538 | 1. Agric. Food Chem. 2014, 62, 81978203
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3.25 gr of the extract containing acetic acid after filtration was
placed in a 10 mm NMR tube together with 1.1 g of the internal
standard tetramethylurea (TMU, certified reference material, STA-
003m, EC-JRC, Geel, Belgium), as described in EN 16466-1, and a
sufficient quantity of lock substance (for example: 50 uL of
hexafluorobenzene or 150 uL of a homogenized mixture of
hexafluorobenzene (C4Fy)/trifluoroacetic acid (TFA) 90/10 v/v).
This sample was then measured in the NMR tube by 'H NMR and
?H-SNIF-NMR by means of a composite NMR experiment.**

Typical conditions for obtaining *H-SNIF-NMR spectra are as
follows: constant probe temperature (e.g, 303 K); rotation of the
sample (e.g, 15—20 Hz); acquisition time of at least 5.5 s for 1200 Hz
spectral width (ie, about 20 X 107% at 46.1 MHz); 90° pulse;
quadrature detection, fix the offset O1 between the OD and CH,D
reference signals for acetic acid; and determination of the value of the
decoupling offset O2 from the '"H NMR spectrum measured by the
decoupling coil on the same tube. Good decoupling is obtained when
02 is located in the middle of the frequency interval lying between the
CH; and TMU groups. Use of broad band decoupling sequence
WALTZ-16.

Typical conditions for obtaining 'H NMR spectra are as follows:
constant probe temperature (e.g, 303 K); rotation of the sample (e.g,,
15—20 Hz); acquisition time of at least 4.1 s for 8000 Hz spectral
width (i.e., about 20 X 10—6 at 400 MHz); 30° pulse or less; D1 = 7s
at least; parabolic detection, fix the offset O1 between the OH and
CH; reference signals for acetic acid; and no decoupling.

For each spectrum, a number of accumulations sufficient to obtain
the signal-to-noise ratio given above were carried out.

Appropriate software based on a complex least-squares curve fitting
algorithm should be used to determine the signal area (first-order
phasing and baseline correction are sensitive parameters for the proper
evaluation of signal areas and have to be correctly adjusted). When
larger errors in phasing and baseline distortions can safely be excluded
(e.g, by applying suitable spectrometer routines for phasing and
baseline correction) software based on the real part of the complex
NMR data can be used instead.

For each "H NMR spectrum, we calculated the ratio Sty/S,cetic aciar
where § is the 'H NMR signal area, integrated by data processing
software after Fourier transform of the free induction decay, with an
appropriate line-broadening factor of 0.5 Hz.

For each ’H-SNIF-NMR spectrum, we calculated the ratio
S scetic acia/ S'tuu, where 8 is the H NMR signal area, integrated by
data processing software after Fourier transform of the free induction
decay, with a line-broadening factor of 2 Hz.

The ratio (D/H)cy; is calculated as follows:

(D/H)CH3 = S’aceli‘:a\:\dfs"l'MU x S’I‘MU/Sacetis:Acld X (D/H)TMU

where (D/H)pyy is the certified deuterium content in parts per
million of the TMU provided by the supplier of the reference product.

Appropriate software enabled these three successive calculations to
be made.

The standard deviation of repeatability (sr) of (D/H)cy; quoted in
the methods (OIV AS311-05, EN 16466-1) is 0.3 for wine and must
and 0.6 ppm for vinegar, whereas the standard deviation of
reproducibility (sR) is 0.4 for wine and must and 0.6 ppm for vinegar.

IRMS Analysis. The *C/™C of ethanol and acetic acid was
measured using IRMS (SIRA TI-VG ISOGAS, FISIONS, Rodano,
Milano, Italy, or DELTA V, Thermo Scientific, Germany) interfaced
with an elemental analyzer (Flash 1112, Carlo Erba, Milano, Italy, or
EA Flash 1112, Thermo Scientific), according to the procedures
described in OIV-MA-AS312-06, OIV 510/2013 and EN 16466-2.

To evaluate the impact of the impurities present in the extraction
solution of acetic acid, we measured the *C/"C in pure acetic acid
using gas chromatography combustion (GC-C; Trace GC Ultra,
Thermo Scientific) interfaced with an IRMS (DELTA V, Thermo
Scientific) through an open split interface. A ZB-FFAP capillary
column (30 m X 0.25 mm i.d. X 0.25 gm film thickness; Phenomenex)
with He as carrier gas (at a flow rate of 2.7 mL/min) was used. A
volume of 1.5 uL of a solution of acetic acid/diethyl ether (1:5) was
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injected in split mode by an autosampler (Triplus, Thermo Scientific).
The injector temperature was set at 250 °C, and the oven temperature
of the GC set at an initial 50 °C where it was held for 2.5 min before
heating at 70 °C/min to 150 °C and held for 20 min. The eluted
compound was combusted into CO, and H,O in a combustion
furnace reactor at 1000 °C and composed of a ceramic tube (320 mm
in length) containing an NiO tube in combination with NiO and CuO
wires (0.125 mm diameter, 240 mm identical length) braided and
centered end-to-end within the tube. Water vapor was removed with a
water-removing trap consisting of a Nafion membrane.

The '"0/'°O analyses of wine, must, vinegar, and ABM were
performed using an isotope ratio mass spectrometer (SIRA 1I, VG
Fisons, Middlewich, UK, or Isoprime, Cheadle, UK) connected to a
water/CO, equilibration system (Isoprep 18, VG Fisons or Isoprime
Multiflow) according to the procedures described in the OIV-MA-
AS2-12, OIV 511/2013, and EN 16466-3 methods for wine, must, and
vinegar.

The ®C/"™C and '"O/'O values are expressed on the & %o scale
against international standards V-PDB (Vienna-Pee Dee Belemnite,
IAEA, Vienna) and V-SMOW (Vienna-Standard Mean Ocean Water)
normalized to the VSMOW-SLAP (Standard Light Antarctic
Precipitation) scale, respectively, according to the equation: §%¢ =
((Rogmple = Rutandard)/ (Rigandard))- 1000 where R is the ratio of the heavy
to light stable isotope in the sample (Rsamplt) and the international
reference material (Ryqua)-

The sr of §'°0 quoted in the OIV and EN methods is 0.1 %o for
wine, must, and vinegar, while the sr of 5C is 0.1 %o for wine and
must and 0.2 % for vinegar. The sR of 8"%0 is 0.2 %o for wine, must,
and vinegar, while the sR of §"3C is 0.2 %s for wine and must and 0.3
Yoo for vinegar.

GC-MS/MS Analysis. The solutions after vinegar and ABM vinegar
extraction were filtrated with a 0.22 pm filter and then diluted S times
with 80% acetic acid (LC/MS grade), and for analysis of acetic acid,
2000 times with water (Milli-Q).

GC analysis was performed using a Trace GC Ultra gas
chromatograph coupled with a TSQ Quantum tandem mass
spectrometer upgraded to the XLS configuration. A DuraBrite IRIS
ion source with prefilter was installed to improve performance of the
spectrometer. The system was fitted with a Triplus autosampler
(Thermo Electron Corporation, Waltham, MA, USA). The injection
volume was 1 gL, postinjection dwell time was 4 s, and tray
temperature was 5 °C. GC separation was performed on a 30 m VE-
‘WAXms capillary column with an internal diameter of 0.25 mm and a
film thickness of 0.25 um (Varian, Inc., Palo Alto, CA, USA). The
temperature program was as follows: 40 °C hold for 2 min after
injection, 10 °C/min up to 50 °C, 1.4 °C/min up to 60 °C, hold for 2
min, 1.6 °C/min up to 70 °C, hold for 1 min, 2.2 °C/min up to 100
°C, hold for 0.5 min, 3.1 °C/min up to 140 °C, 4.4 °C/min up to 200
°C, 12 °C/min up to 250 °C, hold for 6 min. Injection parameters
were as follows: split injection, split ratio 150 (split flow 120 mL/min),
inlet temperature 250 °C, carrier gas was helium 5.5, programmed
flow: 0.8 mL/min hold for 62.50 min, 0.8 mL/min up to 1.2 mL/min
in 0.5 min, hold for 7 min. The mass spectrometer was operated in
electron impact (EI) ionization mode at 70 eV. The temperature of the
transfer line was 220 °C. Mass spectrometer parameters were EI
ionization mode at 70 eV. Full scan acquisition from m/z 40 to m/z
400 using the third quadripole with a scan time of 0.200 s. Source
temperature was 250 °C, and filament emission current was S50 pA.
The mass spectrometer was tuned and calibrated using FC-43
(perfluorotributylamine (PFTBA)). Data acquisition and analyses
were performed using Xcalibur Workstation software supplied by the
manufacturer. Quantification was performed using Trace finder EFS
3.0 software (Thermo Scientific).

Statistical Analysis. The data were analyzed using Statistica v.9
software (StatSoft Italia srl, Padua, Italy). A paired t-test was carried
out on the data set to identify differences between samples within the
production chains.

ANOVA, honestly significant difference (HSD) Tukey, Kruskall—
Wallis, and U-Mann—Whitney tests were carried out on the data set to
identify differences between the various groups.
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Table 2. Mean % of Volatile Compounds in the Extraction Solutions of Vinegar and ABM

vinegar (n = 10) ABM (n = 11)
compd confirmed by* mean std dev min max media std dev min max
ethyl ether STD MS 0459 0.543 0.010 1.560 0.274 0.353 0.024 0.921
methyl acetate RI MS 0.006 0.007 0.000 0.024 0.006 0.005 0.002 0.015
ethyl acetate STD MS 0.843 0.756 0.087 2.677 1.631 1.829 0.072 5.867
2,3-butanedione STD MS 0.043 0.048 0.001 0.163 0.045 0.050 0.002 0.147
isobutyl acetate STD MS 0.024 0.032 0.003 0.100 0.033 0.038 0.003 0.127
acetoin STD MS 0.550 0.570 0.018 1.752 0.588 0.469 0.048 1.358
ethyl lactate STD MS 0.023 0.038 0.000 0.120 0.037 0.043 0.000 0.120
ethanol, 2,2"-oxybis-, diacetate RI MS 0226 0.194 0.009 0.644 0.243 0223 0.018 0.714
acetic acid STD MS 96.072 3292 88.053 98.571 94.207 4.136 87.096 97.901
1,2-propanediol, diacetate RI MS 0.013 0.007 0.000 0.021 0.033 0.018 0.016 0.075
propanoic acid STD MS 0.128 0.093 0.056 0.308 0.137 0.068 0.047 0.244
butanoic acid, 3-hydroxy-, ethyl ester RI MS 0.340 0276 0.024 0.944 0439 0.296 0.114 0.848
1-methoxy-2-propyl acetate RI MS 0.140 0.127 0.009 0.406 0.229 0.138 0.098 0452
butanoic acid STD MS 0.008 0.023 0.000 0.075 0.006 0.019 0.000 0.062
1,3-propanediol, diacetate RI MS 0.179 0.245 0.010 0.735 0.252 0.434 0.028 1424
isovaleric acid STD MS 0.005 0.006 0.000 0.017 0.006 0.007 0.000 0.017
diethyl succinate RI MS 0.019 0.026 0.000 0.083 0.027 0.029 0.000 0,073
benzyl acetate STD MS 0.008 0.008 0.000 0.023 0.009 0.011 0.000 0.037
phenethyl acetate STD MS 0.123 0.109 0.002 0.296 0.157 0.135 0.015 0.364
phenethyl alcohol STD MS 0.009 0011 0.000 0.036 0.012 0.016 0.000 0.057
butylated hydroxytoluene STD MS 0.025 0.032 0.000 0.080 0.060 0.046 0.011 0.142
glycerol 1,2-diacetate™ MS 0.026 0.017 0.000 0.048 0.047 0.034 0.013 0.113
S-acetoxymethyl-2-furaldehyde RI MS 0.001 0.001 0.000 0.003 0.323 0.257 0.035 0.742
1,2,3-propanetriol, I-acetate™ MS 0.074 0.051 0.001 0.161 0.134 0.080 0.062 0273
triacetin® MS 0.016 0.010 0.000 0.027 0.036 0.022 0.017 0.074
1,1-ethanediol, diacetate™ MS 0.022 0.032 0.000 0,095 0.032 0.031 0.000 0.104
levulinic acid RI MS 0.000 0.000 0.000 0.000 0.095 0.061 0.000 0.220
ethyl hydrogen succinate RI MS 0.122 0.149 0.000 0458 0.186 0203 0.011 0.649
5-hydroxymethylfurfural STD MS 0.000 0.000 0.000 0.000 0.087 0.061 0.028 0217
N-acetyltyramine® MS 0.015 0.015 0.000 0.048 0.022 0.019 0.000 0.053
2,3-butanedioldiacetate RI MS 0.150 0.133 0.011 0477 0.194 0.161 0.063 0.490
2,3-butanediol STD MS 0.079 0.119 0.003 0404 0.134 0.195 0.017 0.707
isoamyl acetate STD MS 0.187 0.247 0.004 0.740 0.200 0232 0.029 0.649

“STD: standard; MS: mass spectra; RI: retention index; * tentative identification.

B RESULTS AND DISCUSSION

Impurities in the Extraction Solution from Wine
Vinegar and ABM. First of all, we checked for the presence
of impurities in the solution extracted by diethyl ether along
with acetic acid from wine vinegar and ABM and whether they
affect the isotopic data of acetic acid. We analyzed 11 samples
of ABM and 10 of wine vinegar and used GC-MS/MS for
quantification (Table 2).

The percentage of impurities was found to be on average 6%
in the extraction solution of ABM and 4% in that of wine
vinegar. The main impurities (higher than 1%) are the
extraction solvent, ethyl acetate, acetoin (= 3-hydroxybuta-
none) and butanoic acid. Comparison of the ABM and vinegar
solutions showed S-acetoxymethyl-2-furaldehyde (= S-formyl-
furfuryl acetate), levulinic acid, and $-(hydroxymethyl)furfural
(= S-hydroxymethyl-2-furaldehyde), mostly originating from
the heating of the grape must and caramel, to be significantly
higher in ABM (p < 0.001, Tukey, Kruskall-Wallis and U-
Mann—Whitney tests).

In the case of D/H analysis, the presence of impurities was
overcome by carrying out a composite NMR experiment on
acetic acid, as described in the Materials and Methods section.
As for 6°C, we compared the values obtained for the extracted
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purified solution using EA-IRMS with those for pure acetic acid
analyzed by GC/c-IRMS. We did not find any significant
differences (p < 0.001) in the 18 vinegar and 21 ABM samples,
the mean difference being 0.06 %¢ and the maximum difference
0.3 %o.

‘We can conclude that, even if impurities are extracted along
with acetic acid from wine vinegar and ABM, the isotopic data
of acetic acid are not affected when the methods here described
are adopted.

Validation of the Isotopic Methods for ABM. There
exist official validated isotopic methods for acetic acid and water
in wine vinegar and for ethanol in grape must. To ascertain
whether the same methods can also be used for analyzing the
ingredients of AMB, we assessed the repeatability and
reproducibility of SNIF-NMR and IRMS analyses of acetic
acid, ethanol, and water in ABM and compared these values
with those obtained in vinegar and must and with those
reported in the corresponding official methods.

To assess repeatability, we analyzed the same vinegar and
ABM samples 10 times. The repeatability values (sr < 0.4 ppm)
for (D/H)cy; are comparable for vinegar and ABM and are
lower than the repeatability mean value of the EN 16466-1
method (st = 0.6 ppm). The sr for §"°C and 'O for both
vinegar and ABM (<02 %o) are consistent with those for
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Table 3. Standard Deviations of Repeatability and Reproducibility (sr, sR) and of Repeatability and Reproducibility Limits (r,
R): Comparison of the Values Found in This Study with Those Using OIV and EN Methods

(D/H)cys (ppm) 53C/%o 80/ %0
st r(28xsr) sR R(28XsR) st r(28xsr) sR  R(28XsR) st r(28xst) sR  R(28XsR)
wine-must (ethanol, OIV) 03 0.8 0.4 11 0.1 03 02 0.6 0.1 0.3 02 0.6
vinegar (acetic acid, OIV, EN) 0.6 1.7 0.6 1.7 0.2 0.6 0.3 0.8 0.1 0.3 02 0.6
vinegar (acetic acid, this study) 0.4 L1 05 14 0.1 03 <0.4% 0.1 03 <04°
ABM (acetic acid, this study) 0.2 0.6 04 1.1 0.2 0.6 <047 0.1 0.3 <0.5¢
ABM (ethanol, this study) 0.5 1.4 <0.8 0.2 0.6 <0.3¢
“Maximum difference between laboratories found in this study.
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Figure 1. Variations in ethanol/acetic acid (D/H); and &C values between wine, wine vinegar, and ABM.

vinegar reported in the OIV and EN methods (<0.2 %¢). The
st for (D/H)cy; (0.5 ppm) and 5'3C (0.2 %¢) of alcohol from
must contained in the ABM (residue after acetic acid
extraction) are also comparable to those of the OIV-MA-
AS311-05 (average sr = 0.3 ppm) and OIV-MA-AS312-06
(average sr = 0.2 %o) methods, although they were slightly
higher for (D/H)cps.

To determine method reproducibility, 10 samples of vinegar
(cane sugar acetic acid was added to some of the samples) and
5 of ABM were analyzed in 3 different laboratories, which used
as solvent, diethyl ether or tert-butyl methyl ether and as lock
substance, C¢Hg or TFA. Table 3 reports a summary of the sr
and sR values of the OIV and EN methods compared with
those found in this study. Also shown is the repeatability limit
(r), that is, the value less than or equal to which the absolute
difference between two results obtained under repeatability
conditions may be expected to be with a probability of 95%
(calculated as 2.8 X sr)*, and the reproducibility limit (R), that
is, the value less than or equal to which the absolute difference
between two results obtained under reproducibi]ity conditions
may be expected to be with a probability of 95% (2.8 X sR)°.
The reproducibility values for (D/H)cy; for vinegar and ABM
are comparable to each other and to the values of the EN
16466-1 method. The sR values of authentic and adulterated
samples are not different. The same was found with §°°C of
acetic acid and 50 of water and with (D/H)cy; and 8C of
ethanol from ABM must fermentation, which were measured
only in two laboratories, the differences being always lower than
the reproducibility limits for all the isotopic parameters (Table
3).
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We conclude that the isotopic methods for analyzing (D/
H)cuy 6°C, and §%0 in grape must and vinegar can also be
applied to the ingredients of ABM. The same validation data
apply, except for the repeatability values of ethanol (D/H)cys,
which are here slightly higher.

Variations between (D/H)¢; and §'3C Values in Wine
and Must and Those in the Ingredients of ABM. Figure 1
reports the (D/H)cys; and §°C values of ethanol obtained
from wine (solid black diamonds connected by black lines),
acetic acid extracted from vinegar (open squares connected by
dashed lines), and balsamic vinegar (solid gray triangles
connected by dotted lines) for the 13 chains, reported along
the y axis. The mean difference for (D/H)cy; between wine
and both vinegar and ABM was +0.3 ppm with a range of —0.7
to 1.1 ppm and therefore below the repeatability limits of the
official methods reported in Table 3. The difference was not
significant according to a paired t-test (p < 0.001), in line with
previous findings.® The wine samples had different (D/H);
values, ranging from 102.1 to 106.3 ppm, and covered a large
part of the typical variability of a grape product.”

The 6"C of ethanol obtained from wine also appears not to
differ from that of acetic acid after extraction from both vinegar
and ABM (Figure 1), in line with previous findings.® The mean
differences between wine and vinegar and wine and ABM are
0.4 %0 and 0.3 %o, respectively, with a range of —0.8 to 0.2 %o,
averagely lower than the official repeatability limits shown in
Table 3. Moreover, the differences were not significant
according to a paired t-test (p < 0.001). The §°C values of
chains 11 and 12 for both products are very high (on average
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Figure 2. Variations in ethanol (D/H); and §'*C between the mixtures of concentrated and cooked must (calculated values) and the corresponding

mixture in the ABM.

Table 4. Effects of Filtration, Concentration, and Addition of Caramel on the Isotopic Values of Acetic Acid and Ethanol of

ABM
acetic acid fraction must fraction
density acidity (g/100 mL) (D/H)cys (ppm) 8'*C/%0 vs V-PDB (D/H), (ppm) 6C/%e vs V-PDB
concentrated grape must 1029 —259
cooked grape must 103.2 —26.2
expected value of mix 103.0 =26.0
white wine vinegar 104.9 —26.1
ABM (not filtered) 1045 261 102.6 -25.9
ABM (tangentially filtered) 104.3 —26.0 102.8 —26.0
ABM (with 1.79% caramel) 104.1 —26.0 102.7 —259;
white wine vinegar 1111 105.2 —26.2
ABM (not concentrated) 1.169 46 6.31 105.1 —26.1
ABM (45°Brix) 1.206 38 6.31 105.3 —26.1
ABM (57°Brix) 1.278 19 571 105.6 —26.1

—19.5 %o) due to the addition of cane sugar acetic acid to the
vinegar.

ABM is made with a mix of concentrated and cooked grape
must. In this work, we produced ABM with different
percentages of these two ingredients (Table 1). We analyzed
the raw must and calculated the values of ethanol (D/H); and
8"3C for each mix containing different quantities of
concentrated and cooked must (see Table 1). Figure 2 shows
a comparison between these values and the values for the
ethanol obtained from fermentation of the residual solution of
the corresponding ABM after acetic acid extraction. The mean
differences were 0.3 ppm for (D/H), and 0.1 %o for 5"C,
ranging from —0.3 to 1 ppm and from —04 to +0.4 %,
respectively. In both cases, the mean values are below the
official limits of repeatability (Table 3).

Effects of technological processing stages, such as addition of
caramel, tangential filtration, and concentration, were found to
be nonsignificant for isotopic ratios of both acetic acid and
must ethanol (Table 4): indeed, the maximum difference
between values from the same experiment was always below the
corresponding repeatability limit (Table 3). As for caramel, we
have found by experiment that it does not ferment in the
conditions adopted here, which is why its presence does not
affect the isotopic values of ethanol. Anyway its low presence
(maximum addition allowed 2%) should not influence the data.
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The absence of any effect of concentration is not consistent
with what is found in the literature,® where it has been shown
that concentration under vacuum evaporation, as in this case,
can change significantly the §'°0 of must water, the (D/H),; of
must ethanol and also, but to a lesser extent, (D/H),.

We conclude that there are no changes in isotopic values (D/
H); and 6"C from wine to vinegar and to ABM and from the
original must to ABM must, independently of concentration,
filtration, and addition of caramel. This supports the suggestion
that the methods recognized for vinegar and must using a
composite NMR experiment for D/H can also be adopted for
analysis of the ingredients in ABM. Moreover, it provides
experimental evidence that the reference data of wine databanks
can also be used to evaluate the authenticity of vinegar and
ABM.

Detection of Adulteration of Vinegar and ABM.
Previous studies have shown that C and H stable isotope
ratios have a marked capacity to identify synthetic vinegars and
distinguish C3 and C4 derived products, allowing the
adulteration of vinegars with raw fermentation materials
cheaper than those declared on the label to be detected.” "'
Here, we investigated the ability of isotopic analysis to detect
the fraudulent addition of increasing percentages of cane sugar
ethanol to wine from which vinegar is derived and of synthetic
vinegar to ABM. The general reference of wine, as reported by
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Dordevic et al. (98.8 to 106 ppm for (D/H)cy3 and —29.3 %o
to —24.3 %0),” can be adopted for products such as vinegar and
ABM, where origin and year of production are generally not
known.

Table 5 shows that the addition of more than 20% of cane
sugar ethanol to the source wine can be detected because the

Table S. Isotopic Values of Nonauthentic Vinegar and ABM

% grape % cane (D/H) i 8C/%e
vinegar 1 90% 10% 106.7 =253
vinegar 2 86% 14% 107.3 —-24.1
vinegar 3 80% 20% 107.0 -242
vinegar 4 67% 33% 108.5 —=22.6
vinegar 5 60% 40% 109.3 —2L8
vinegar 6 58% 42% 109.1 =212
ABM from vinegar 1 90% 10% 106.9 —25.1
ABM from vinegar 6 58% 42% 108.3 -213

% grape % synthetic (D/H) s 85C/ %0
ABM 1 60% 40% 1124 —-27.8
ABM 2 80% 20% 110.7 -27.3

isotopic parameters fall outside of the limits, taking into
account the measurement uncertainty. In addition, the presence
of 20% of synthetic acetic acid (and potentially less, since the
synthetic sources cover a very wide range)7 can be detected. In
all cases, the actual detection limit depends on the isotopic
values of the starting materials (wine vinegar and added
substitutes).'* Moreover, detection of adulteration is more
efficient if the exact origin of the grapes is known, because the
limits are more narrow.
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CHAPTER 5 OLIVE OIL

5.1 INTRODUCTION

Extra-virgin olive oil (EVOO) represents a key puotlin the EU market, with Europe being the
main exporter and consumer worldwide, as around 68%e world's olive trees are concentrated
in the Mediterranean basin (Greece, Spain, Portligdf and France). It enjoys global recognition,
thanks to its nutritional value and beneficial eféeon health, but has suffered a dramatic loss of
consumer confidence due to increasing numbersaofifcases. Indeed, when a product acquires a
reputation extending beyond national borders it foadh itself in competition with products which
pass themselves off as the genuine article andttegkeame name.

To protect both ethical producers and consumersyean law requires that the origin of certain
premium products such as EVOO must be declarecherabel. This is why the EU created the
PDO and PGI systems to protect and promote fooduymed to certain specifications (EU Reg.
1151/2012); EVOO has the most restrictive regutetitEU Reg. 1335/2013).

In the last two decades, different works have hméaished on the isotopic composition of olive oll
(00). The first studies showed that tH€/°C ratio measured in bulk OO was able to detect
adulteration with cheaper oils [Angerosa al, 1997; Spangenberg al, 1998]. Subsequently,
researchers have found that SIRA can also be apieharacterise the geographical origin of OO,
showing that thé>C/*°C and'®0/*°0 ratios change according to latitude, altitudstatice from the
sea and environmental conditions [Bredsal, 1998; Angerosat al, 1999; Aramendiaet al,
2007]. Moreover, a number of other studies haveided on different combinations &tH, 5*°C

and 30 measurements in bulk oil to characterise EVOOn[Bmpoet al, 2009; Camiret al,
2010a; Camiret al, 2010b; lacumiret al, 2009; Portarenat al, 2014; Chiocchinet al, 2016].
Finally, the isotope composition was measured nbt im bulk samples but also in sub-components
in order to obtain additional information for thetlaentication of OO. Combined with multivariate
statistics, the carbon isotopic composition of widlial fatty acids (FAs) and bulk OO provided

superior discrimination between samples of diffegegographical origin [Fabeet al, 2014].
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The use of IRMS,'H NMR and chemical analysis to characterise Italiarand
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Isotope Ratio Mass Spectrometry (IRMS), 'H Nuclear Magnetic Resonance ('H NMR), conventional chem-
ical analysis and chemometric elaboration were used to assess quality and to define and confirm the geo-
graphical origin of 177 Italian PDO (Protected Denomination of Origin) olive oils and 86 samples
imported from Tunisia.

Italian olive oils were richer in squalene and unsaturated fatty acids, whereas Tunisian olive oils
showed higher 60, 4H, linoleic acid, saturated fatty acids p-sitosterol, sn-1 and 3 diglyceride values.

gim’oﬂrﬁs Furthermore, all the Tunisian samples imported were of poor quality, with a K33, and/or acidity values
Geographical origin above the limits established for extra virgin olive oils.
Quality By combining isotopic composition with "H NMR data using a multivariate statistical approach, a sta-

Metabolite profiling tistical model able to discriminate olive oil from Italy and those imported from Tunisia was obtained,

Stable isotope ratios of C, H and O

with an optimal differentiation ability arriving at around 98%.

®© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Extra virgin olive oil is a fundamental component of the
Mediterranean diet and different international regulations have
been introduced to define the authenticity and quality of oil,
namely EC Reg. 182/2009, followed by Implementing Regulation
(EU) 29/2012 and subsequently Commission Implementing Regu-
lation (EU) 1335/2013. Extra virgin olive oil commands a high
retail value (2-4 times that of other oils) because of its sensorial
qualities and purported health benefits. Indeed, this product is very
rich in mono-unsaturated fatty acids (Salas, Harwood, & Martinez-
Force, 2013) and polyphenols, resulting in a health claim regarding
“olive oil polyphenols” approved by the European Commission (EC
Regulation 432/2012). These factors and the increasing demand for
olive oil have encouraged many Mediterranean countries to invest
in olive oil production. Consequently, throughout Europe, there is
an enormous range of olive oils of different geographical origin
and quality. The importance of the geographical origin for food-
stuffs has been recognised by the European Union for some time:

* Corresponding author.
E-mail address: federica.camin@fmach.it (F. Camin).

http://dx.doi.org/10.1016/j.foodchem.2015.08.132
0308-8146/© 2015 Elsevier Ltd. All rights reserved.

starting from 1992 when the PDO and PGI systems were created
to promote and protect foodstuffs of particular quality (Regulation
2081/92/EEC, followed by Regulation 510/2006/EEC, subsequently
amended by Regulation 1151/2012/EU), and, in 2009, when label-
ling of origin became compulsory for extra virgin and virgin olive
oil (EC Regulation 182/2009, followed by EU Reg. 29/2012 and
1335/2013). Specifically, Article 4 of the EU Reg. 29/2012 states
that ‘Extra virgin olive oil and virgin olive oil shall bear a designa-
tion of origin on the labelling’ and confirms that in contrast with
other categories of edible olive oil, the characteristics of a virgin
olive oil are strictly related to the geographical origin of the olives,
in addition to the specific techniques used during production.
However, official olive oil quality control methods are based on
the maximum or minimum limits for certain chemical compo-
nents, e.g. fatty acids, sterols, alcohols or stigmastadiene (Regula-
tion 2568/91/EEC and amendments, in particular EU Reg.
299/2013), and are unable to verify the real geographical origin
of olive oil. There is, therefore, the potential for mislabelling olive
oil, without the possibility of detection. This situation can influence
consumers' perceptions of the benefits of consuming olive oil, and
the current image of uncontrolled provenance in the olive oil mar-
ket poses a considerable risk to the opportunity for economic
growth in many Mediterranean countries. This is a pressing topic,
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particularly for Italy, which has 43 PDO and PGI extra virgin olive
oils and is the second largest producer in the world (around
500,000 tonnes expected in 2012/13, EC Final report — October
2012), after Spain, and is also the largest consumer of extra virgin
olive oils globally (International Olive Oil Council, http://www.in-
ternationaloliveoil.org). The recent scandals involving Italian olive
oils, such as the one revealed in the ‘New York Times’, with the
striking headline “Extra Virgin suicide: the adulteration of Italian
olive oil” (Jan. 26th 2014), underline the need for analytical meth-
ods and statistical tools capable of effectively verifying claims of
origin and/or quality. This need is felt particularly by the European
Union, which during recent years has launched many calls to find
methods capable of checking the traceability and authentication of
food products, in particular olive oil (e.g. FP6 TRACE project, FP7
Food Integrity project, Horizon 2020 call of March 2014 on olive
oil) within its funding programmes.

The many methods suggested as solutions for this issue/matter
over time have included stable Isotope Ratio Mass Spectrometry
(IRMS) and Nuclear Magnetic Resonance (NMR) spectroscopy.

The first studies on the stable isotope ratios of olive oils focused
on adulteration of olive oil with cheaper oils, using '*C/'*C mea-
sured in bulk olive oil or some sub-components (Angerosa,
Camera, Cumitini, Gleixner, & Reniero, 1997; Spangenberg,
Macko, & Hunziker, 1998; Spangenberg & Ogrinc, 2001). Subse-
quently, stable isotope ratio analysis ('*C/'C, either with or with-
out analysis of '*0/'°0 and *H/'H), also proved to be a good tool for
characterising geographical origin (Angerosa et al, 1999;
Aramendia et al., 2007; Baum, Lu, Muccio, Jackson, & Harrington,
2010; Bréas, Guillou, Reniero, Sada, & Angerosa, 1998; Camin,
Larcher, Perini et al., 2010; Royer, Gerard, Naulet, Lees, & Martin,
1999), as isotope ratios change according to latitude, suggesting
distance from the sea and environmental conditions during the
growing of plants (water stress, atmospheric moisture and temper-
ature) as co-factors of variability. As regards the characterisation of
Italian extra virgin olive oils specifically, the results of works car-
ried out on 6'3C and §'80 (Chiavaro et al., 2011; lacumin, Bernini,
& Boschetti, 2009) also combined with §?H (Bontempo et al.,
2009; Camin, Larcher, Nicolini et al., 2010) proved that it is possi-
ble to distinguish samples collected in different Italian macro areas
with different climatic and geographical characteristics.

NMR spectroscopy is a powerful technique, able to make a con-
tribution to food analysis (Mannina, Sobolev, & Viel, 2012). The
advantage of 'H NMR spectroscopy is its ability to provide a com-
plete view of foodstuff metabolites, providing qualitative and
quantitative information on major and minor compounds. In par-
ticular, the NMR approach together with a suitable statistical anal-
ysis (Mannina & Sobolev, 2011) has provided results in terms of the
geographical origin (D'Imperio et al., 2007; Mannina, Fontanazza,
Patumi, Ansanelli, & Segre, 2001), variety (Mannina, Patumi,
Proietti, & Segre, 2001; Mannina et al., 2003) and adulteration of
olive oil (Garcia-Gonzalez, Mannina, D'Imperio, Segre, & Aparicio,
2004; Mannina et al., 2009).

In recent years a further approach has combined the two tech-
niques (NMR and IRMS) and has been successfully applied to the
characterisation of Andalusian (Aramendia et al, 2010) and
Mediterranean olive oils (Alonso-Salces et al., 2010).

In this study, we considered 177 Italian extra virgin olive oils
and 86 olive oils produced in Tunisia and imported to Italy. Tunisia
is the country from which the largest amount of European olive oil
is imported. A multi-methodological approach, based on the chem-
ical analysis provided for by European law (EC Reg. 182/2009 and
amendments), on the stable isotope ratio of H, C and O and the 'H
NMR profile, was adopted. The aim of the work was to define the
quality of olive oils imported to Italy from Tunisia, and to create
a multivariate statistical model based on isotopic ratios and the
H NMR profile, capable of distinguishing Italian olive oils from

those imported from Tunisia and potentially exported and misla-
belled as Italian olive oils.

The novelty of the study lies in the fact that for the first time we
assessed the quality of olive oil imported at customs from Tunisia
to Italy and combined two powerful techniques (IRMS and 'H
NMR) with a robust multivariate statistical approach to discrimi-
nate Italian from Tunisian olive oils. The final aim of the work
was to develop tools to protect Italian olive oil from mislabelling.

2. Materials and methods
2.1. Sampling

Tunisian olive oils (N = 86) were officially collected by the Ital-
ian State Forestry Department at customs points between April and
November 2012. 54 samples were declared to be extra virgin olive
oils and 32 lampante olive oils. Certified Italian extra virgin olive
oils (N =177) were officially collected by the Ministry of Agricul-
tural, Food and Forestry Policy during the 2011-2012 harvest year.
The Italian samples were made up of about three samples for each
Italian PDO currently recognised according to EC Reg. 510/2006,
divided between the regions as follows: 12 Abruzzo, 18 Calabria,
12 Campania, 11 Lazio, 9 Liguria, 3 Lombardy, 3 Marche, 3 Molise,
17 Apulia, 6 Sardinia, 18 Sicily, 12 Tuscany, 9 Trentino, 15 Umbria
and 12 Veneto.

2.2. Chemical analysis

The acidity values, UV spectrophotometric indices (K32, Ka70,
AK) and fatty acid composition of Tunisian samples were deter-
mined following the analytical methods described, respectively
in Annex II, Annex IX and Annex X of Regulation EEC 2568/1991,
as amended by EC 1989/2003 and EU 299/2013 Regulations.

Fatty acid composition analysis was carried out using a Thermo
Trace GC/FID chromatograph equipped with a fused silica capillary
column RTX-2330 (10% cyano-propyl-phenyl, 90% bis cyanopropyl
poly siloxane, L = 60 m, i.d. = 0.25 mm, f.t. = 0.25 pm) Restek (Belle-
fonte, Pennsylvania, USA). Helium was used as a carrier gas with a
constant flow rate of 0.7 mL min . The amount of sample injected
was 1 uL with a split ratio of 1:99; injector temperature was
250°C. The oven temperature programme was 10 min at 165 °C,
raised by 1°C/min to 175 °C, then raised by 5°C/min to 220 °C
and finally held at 220 °C for 10 min; the total time was 39 min.
The identification of individual FAMEs was performed by compar-
ison of retention times with those of a standard FAME mixture
(Supelco, Bellefonte, PA).

Quantification was carried out using the internal normalisation
method; results were expressed as a percentage of total fatty acids,
assuming complete elution of the components.

2.3. Stable isotope ratio analysis

Analysis of '>C/'?C, '®0/'°0 and ?H/'H in bulk Italian and Tuni-
sian olive oils was performed using an isotope ratio mass spec-
trometer (Finnigan DELTA XP, Thermo Scientific, Bremen,
Germany) coupled with an elemental analyser (Flash EATM1112,
Thermo Scientific) for '*C/'C measurement and with a pyrolyser
(Finnigan TMTC/EA, high temperature conversion elemental analy-
ser, Thermo Scientific) for H/'H and '®0/'°0 measurement. The
analytical procedure is reported in Camin, Larcher, Perini et al.
(2010) and Camin, Larcher, Nicolini et al. (2010).

The isotopic values were expressed in 6%e, as described below.
They were calculated against a working in-house standard (com-
mercial olive oil) for 5'3C and 5'%0. The commercial olive oil was
calibrated against the international reference materials: fuel oil
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NBS-22 (IAEA-International Atomic Energy Agency, Vienna, Aus-
tria) and IAEA-CH-6 Sucrose for '*>C/'2C, and benzoic acid-601 for
'80/'%0. For §°H, as recently suggested (Brand, Coplen, Vogl,
Rosner, & Prohaska, 2014), beside the olive oil standard (calibrated
against NBS-22), we used a second standard with different §H val-
ues (magnesium stearate of the FIRMS FT scheme, 6°H value:
—228%q).

The isotopic values of the aforementioned international refer-
ence materials and, therefore, also of the samples were expressed
in 8%. vs. VPDB (Vienna Pee Dee Belemnite) for §'*C and VSMOW
(normalised in relation to the Vienna Standard Mean Ocean Water
- Standard Light Antarctic Precipitation VSMOW-SLAP standard
scale) for 6'%0 and #°H, according to Coplen (2011) and Brand
et al. (2014).

2.4. NMR analysis

Olive oil samples (20 pL) were dissolved in DMSO (20 pL) and
CDCl;3 (700 pL) directly inside the 5 mm NMR tube. NMR experi-
ments were recorded on a Bruker AVANCE 600 spectrometer oper-
ating at the proton frequency of 600.13 MHz (By=14.1T) and
equipped with a Bruker multinuclear Z gradient 5 mm probe head.
The '"H NMR spectra were acquired at 300 K using the following
experimental conditions: number of scans 1024; mn/2 pulse 8 ps;
time domain (TD) 64 K data points; relaxation delay plus acquisi-
tion time 3.5s; spectral width 18.5 ppm. '"H NMR spectra were
obtained by Fourier Transformation (FT) of FID (Free Induction
Decay), applying exponential multiplication with a line-
broadening factor of 0.3 Hz and a zero filling (size = 128 K) proce-
dure. The resulting 'H NMR spectra were phased manually. Chem-
ical shifts were reported as compared to residual CHCl; signal, set
at 7.26 ppm. The baseline was corrected using the Cubic Spline
Baseline Correction routine in the Bruker Topspin software. The
intensity of the 17 selected signals was measured using the
semi-automatic peak picking routine of Bruker TOPSPIN software
and normalised as compared to resonance at 2.251 ppm, due to
a-methylenic protons of all acyl chains, set to 1000.

2.5. Statistical analysis

The data were analysed in the R statistical environment (R Core
Team, 2014). The data for the two analytical methods (IRMS and
NMR) were analysed by applying Random Forest discriminant
analysis, which is a form of non-parametric multivariate analysis
combining the most significant variables and creating models max-
imising the difference between groups. This kind of data analysis
allows rigorous validation of the models using computer - inten-
sive methods such as bootstrapping and simulation, making it pos-
sible to test the model’s ability to correctly reclassify the samples
in their own group. The higher the percentage of correct classifica-
tions, the more the model is valid, robust and, therefore, usable.

3. Results and discussion
3.1. Chemical characterisation of Tunisian olive oils imported to Italy

In Table 1, the mean values of acidity (expressed as the percent-
age of oleic acid), absorbance at 232 nm and 270 nm wavelengths
(K332, K270) and Delta-K, as well as the fatty acid composition of
Tunisian olive oils, are reported and grouped by declared type.

On the basis of free acidity, the olive oils are classified as extra
virgin (<08 g/100g), virgin (<2g/100g) and lampante
(=2 g/100 g) olive oil (EU Reg. 299/2013, Annex I). According to
free acidity, it was confirmed that the 54 Tunisian samples
declared to be extra virgin olive oils could be effectively classified

Chemical composition of 86 Tunisian olive oils collected in 2012, grouped by type (extra virgin olive oils and lampante oils).

Table 1

Delta-K

Ka70
54

Oleic % Linoleic % Linolenic % Eicosenoic % Lignoceric % K332

Stearic %
54
24

Heptadecanoic %

54

Palmitoleic %

54
1.7

Palmitic %

Acidity (% oleic ac.)

-0.001
0.079

54
0011
0.025
32

0.246
0.189
0.100
0.947

54 54

0.07 4.13
0.03 112
0.00 2.58

54

022
0.03
0.18

54

0.57
0.04
0.50

54
137
1.7
89

54
66.2
25
61.4

22
3.0

0.2
32
26

0.0
0.0
0.0

03
09

54
14.4
1.2
115

54

0.30
0.13
0.05

N

Mean
Std Dev
Min

EVOO

8.74

0.10
32

0.30

0.65
32

16.2

32

73.0

0.1

63 16.7 22
32

0.

Max
N

0.009
0.003

32
0.282

32
5.98

0.07
0.02
0.05
0.10

32
0.21

0.68
0.04
0.60

0.

16.8
32

32
60.0
49

32
0.0

32
22

16.8

32

2.68
0.44
2.14
343

Mean

Lampante

0.035

1.73
3.30
8.30

0.01
0.18
024

02

0.0

04
13
25

Std Dev

Min

—0.001
0.013

0.200
0.355

95

56.7

2.4
3.0

0.0

133

71

18.9

711

0.1

183

Max
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Fig. 1. PCA performed on fatty acid data.

as such, and the other 32 samples were confirmed to be lampante
olive oils.

Olive oil, similarly to all vegetable oils, consists of a main
saponifiable fraction (triglycerides, around 99%, Salas et al., 2013)
and a lesser unsaponifiable fraction (minor components). Fatty
acid composition and fatty chain distribution on the glycerol moi-
ety may show some variability. The characteristic range of variabil-
ity in fatty acid composition in olive oils is established by EC Reg.
2568/91 and EU Reg. 299/2013, as well as by the International
Olive Council. In general, a prevalence of monounsaturated oleic
acid, a modest amount of palmitic and stearic (saturated) acids
and a fair amount of linoleic and o-linolenic acids (polyunsatu-
rated) are observed in olive oil. The Tunisian oils analysed had a
fatty acid composition compatible with that of an olive oil. To bet-
ter visualise the sample fatty acid composition, PCA (Principal
Component Analysis) was carried out (Fig. 1a and b). For PCA, data
on myristic acid, heptadecenoic, arachic and behenic acids were
not taken into account, because of the absence of variability
between the samples. The first two components explained 71.1%
of total dataset variability (Fig. 1a). Large positive loadings on PC
1 were seen for linoleic, palmitoleic and palmitic acid; the largest
negative loading on PC 1 was seen for oleic acid (Fig. 1b). The most
important variables in PC 2 were linolenic and stearic acids (both
with negative loadings) (Fig. 1b). In general, lampante oils have a
fatty acid composition that differentiates them from extra virgin
oil. Another possible explanation of the variability is the different
chemical composition of the main olive cultivar used for produc-
tion. In Tunisia, olive tree cultivation takes place in all regions, cov-
ering a wide range of climatic conditions and there are two main
cultivars present (Chemlali and Chétoui) (Issaoui et al., 2010).
The Chemlali variety represents about 80% of national olive oil pro-
duction and is grown mainly in central and southern Tunisia,
where water resources are limited. The second variety, Chetoui,
is widespread in the north of the country, both in mountain areas
and on the plains. According to the literature, these two varieties
have differences in chemical composition. In particular, with
regard to the fatty acid composition, the olive oils of the Chetoui
variety have a higher oleic acid content as compared to the olive

oils of the Chemlali variety, which is characterised by a relatively
low level of oleic acid (53-60%) and high levels of palmitic and
linoleic acids (Dabbou et al., 2009; Zarrouk et al., 2009). Further-
more, olive oils made with the Chetoui variety show higher values
of chlorophylls and polyphenols (Issaoui et al., 2007), and a lower
content of trans 2-hexenal as compared to oils made with the
Chemlali variety.

Spectrophotometer analysis reveals whether a product has
undergone refining processes or oxidation and ageing phenomena.
In particular, compounds are formed during the refining process
(discoloration), such as conjugated dienes and trienes that are
not primarily present in extra virgin olive oils and that absorb at
specific wavelengths (232 nm and 270 nm). An increase in Ka3z
shows primary oxidation with the formation of peroxides, while
an increase in Ka7¢ indicates secondary oxidation with the forma-
tion of aldehydes and ketones. The limits for extra virgin olive oil
are 2.5 for Ki3z, 0.22 for Ky70 and 0.01 for Delta-K (EU Reg.
299/2013, Annex I), while no limits have been established for lam-
pante oils. Considering only extra virgin olive oils, all the Tunisian
samples had K33, values above the 2.5 limit (up to 8.7), whereas
ten had K¢ values above the 0.22 limit (up to 0.95). Finally, 9
out of 54 oils had Delta-K values above the limit of 0.01 (up to
0.08). This suggests that these products are in fact probably lam-
pante oils, the refining process, and particularly the bleaching step
leading to a decrease in free fatty acids and thus acidity, but also to
a simultaneous increase in the K70 parameter (Antonopoulos,
Valet, Spiratos, & Siragakis, 2006).

3.2. Isotopic composition of Italian and Tunisian olive oils

In Table 2, the mean, standard deviation, minimum and maxi-
mum values of §°H, 4'%0 and §'C of olive oils are summarised
for Italian and Tunisian extra virgin olive oils and for Tunisian lam-
pante oils. The Italian olive oils were categorized as from the North
(Trentino, Veneto, Lombardia, Emilia Romagna), Centre (Liguria,
Tuscany, Umbria, Abruzzo, Lazio), South 1 (Campania, Apulia)
and South 2 (Calabria, Sicily, Sardinia) macro-areas, considering
climatic conditions and the proximity to the sea rather than simply
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Table 2

Stable isotope ratios ('3C/'?C, 2H/"H, '®0/'°0) of Italian olive oils (subdivided into the North, Centre, South 1 and South 2 macro-areas) and Tunisian
olive oils, the latter grouped by declared type (extra virgin olive oils and lampante oils) collected in the 2011-2012 harvest years. The superscript
letters indicate the results of Unequal N Tukey HSD test for Italian and Tunisian olive oils (p < 0.001).

Mean Std Dev Min Max
North Italy 0%H/%0 -157 5 —~169 146
513C/%e -30.0° 09 -31.7 283

5'30/%0 22.9° 13 208 26.1
Central Italy 5 H/%e ~148° 5 ~159 —~134
513C % ~29.2° 07 -31.2 -27.9

51%0/%0 245" 09 224 26.3
South Italy 1 52H/%e —148° 5 -158 -139
8'3C/%e -29,6° 07 -309 -28.1

5'80/%. 246" 08 232 269
South Italy 2 6*H/%o ~145% 4 ~152 136
513C/%e -29.2° 0.8 -30.8 —27.7

5'%0(%0 26.2¢ 1.1 24.1 283
Tunisia declared EVOO 5°H|%o —143< 2 —148 —138
513C /%o -29.9° 0.5 —305 —289

5'%0%: 25.9¢ 06 246 27.2
Tunisia declared lampante olive oils 5°H/%e —140¢ 2 —145 —~136
513C/%e —29.0° 01 —-29.2 -28.9

530/ 26.5° 0.6 25.0 27.9

Table 3
Pearson coefficient of the correlations between the isotopic values and chemical parameters of Tunisian and Italian olive oils resulting highly statistically significant (p < 0.001).
5°H 3¢ 5'%0 Kazo Acidity (% oleic ac.) Stearic % Oleic % Linoleic % Linolenic %
5°H 1.00 ns. 0.69 ns. 0.58 n.s. —0.59 0.62 n.s.
s3c ns. 1.00 ns. 0.59 0.67 0.59 ns. ns. 072
4'%0 0.69 ns. 1.00 ns. n.s. n.s. n.s. ns. n.s.

latitude, according to a previous publication (Camin, Larcher, Perini
et al, 2010). As regards Italian olive oils, substantial agreement
between the §'*C values and literature data was found, whereas
the 6'®0 and ¢°H values found in this study covered a wider range
of values, generally extending to higher levels as compared to the
literature (Angerosa et al., 1999; Bontempo et al., 2009; Camin
et al., 2010; lacumin et al., 2009). However, it should be born in
mind that the samples referred to in the literature and those for
this work were collected in different years, and the influence of
year has been demonstrated to be statistically significant (Camin,
Larcher, Perini et al., 2010). As regards Tunisian olive oils, until
now, no studies have previously reported on stable isotope ratios.
Basically, by dividing Tunisian samples into the two declared extra
virgin and lampante groups, the latter samples showed higher val-
ues for all three stable isotope ratios, in particular 6’H and 6'%0
(Table 2). Isotopic data for the six groups (Italian extra virgin oils
grouped in macro-areas, Tunisian extra virgin and Tunisian lam-
pante olive oils) were subjected to Unequal N Tukey HSD (Honestly
Significantly Different) and Kruskal Wallis tests to identify statisti-
cal differences between the groups (Table 2). The results were the
same for both tests and showed that 5'3C is not very effective in
distinguishing between different geographical origins and that
there is a large overlap between samples from Tunisia and Italy.
On the other hand, both §'80 and 5°H values made it possible to
differentiate (p<0.001) Italian extra virgin olive oils from the
North, Centre and South 1 areas from Tunisian olive oils. None of
the stable isotope ratios was able to fully differentiate Tunisian
samples from oils collected in the Italian South 2 area. The similar-
ity of the 6'0 and ¢*H values in the latter Italian and Tunisian olive
oils can be attributed to similar climatic conditions during the pre-
harvest period.

The ability of §'0 and §°H to distinguish olive oils produced in
Tunisia and Apulia (South 1 area) is particularly interesting

because this latter area is the main production region for the
export of Italian extra virgin olive oil (De Gennaro, Roselli, &
Medicamento, 2008).

The correlations between stable isotope ratios (for all Italian
and Tunisian samples) and between stable isotope ratios and
chemical parameters (only for Tunisian oils) were checked. In
Table 3, the r values are highlighted for relationships that were
shown to be highly statistically significant (p < 0.001) and with a
r value greater than 0.5. The data on myristic acid, heptadecenoic,
arachic and behenic acids were not taken into account, because of
the absence of variability between samples. 6°H and 5'%0 were
shown to be correlated. Except for correlation with #2H, 5'%0 did
not have other significant correlations and would, therefore, seem
to be completely independent of the type of oil (lampante, virgin or
extra virgin). On the other hand, both ¢'3C and 6°H were signifi-
cantly correlated with acidity and the content of some acids. In
particular, 5°H correlated negatively with oleic acid and positively
with linoleic acid, perhaps in relation to the different varieties of
olives used to produce the oil. Indeed, the Chemlali cultivar, char-
acterised by low levels of oleic acid and a high content of linoleic
and palmitic acid, is mainly cultivated in areas where water
resources are limited and is, thus, associated with higher 5°H val-
ues, due to a higher level of evapotranspiration in leaves due to
water stress (Schmidt, Werner, & Eisenreich, 2003; Schmidt,
Werner, & Rossmann, 2001). Similarly, the correlation of 5'C with
acidity and with the content of stearic and linolenic acids, could be
explained on the basis of the fact that the 4'>C values in plant are
influenced by the availability of water, which control stomatal
aperture and the internal CO, concentration in the leaf (O'Leary,
1995). The relationship between these acids and 4'0, which
would be expected, was not significant, perhaps because while
the hydrogen of plant lipids originates solely from the water, oxy-
gen also derives from atmospheric CO, and O,.
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Fig. 2. PCA performed on the intensity of selected NMR variables.

3.3. 'H NMR metabolite profiling of Italian and Tunisian olive oils

In order to evaluate the contribution of NMR to the geographi-
cal characterisation of olive oils, Italian and Tunisian samples were
analysed using "H NMR analysis, following the protocol previously
reported (D'Imperio et al., 2007; Mannina et al., 2012). The nor-
malised intensities of 17 selected resonances sensitive to geo-
graphical origin (D'Imperio et al, 2007) were subjected to
suitable statistical analysis. They are HEX = hexanal, T2H = Trans-
2-hexenal, T4, T3, T2, T1 = terpene 4, terpene 3, terpene 2, terpene
1, 1,3 DIGL=sn 1,3 diglycerides, 1,2 DIGL=sn 1,2 diglycerides,
DInnc = diallylic protons of linolenic fatty chains, Dlneic = diallylic
protons of linoleic fatty chains, SQUA = squalene, INS = methylenic
protons of insatured fatty chains, SAT = methylenic protons of pal-
mitic and stearic fatty chains, WAX = wax, LNNC = methyl of linole-
nic fatty chains, LNEIC = methyl of linoleic fatty chains, SITO =
sitosterol.

The PCA scoreplot (Fig. 2a) showed good separation between
Italian and Tunisian olive oils in the first PC, explaining 44% of total
variance. From the loading plot (Fig. 2b), the most important vari-
ables for this separation were T4, SQUA and INS, with large nega-
tive loadings on PC 1, and a group of highly correlated variables
containing T3, T2, 1,3 DIGL, DIneic, WX, LNEIC and SITO, with large
positive loadings on PC 1. Tunisian olive oils were separated into
two groups, specifically the group on the left side including all
extra virgin and only four Tunisian lampante olive oils, whereas
the right side of the map shows only Tunisian lampante samples.
The mean values of NMR variable intensities are shown in the sup-
plementary materials.

Italian samples had high values for squalene and a terpene,
indicated as “terpene 4", whereas Tunisian samples had a high
value for p-sitosterol, saturated fatty acids, linoleic acid, sn-1,3
diglycerides, aldehyde compounds and two terpene compounds
indicated as “terpene 2" and “terpene 3", as shown by the corre-
sponding loadings. The low number of saturated fatty chains in
Italian olive oils is an important “quality marker”, making these
olive oils most suitable for specific dietary regimens. Saturated
fatty acids have the disadvantage of increasing the synthesis of
cholesterol and promoting cardiovascular problems.

These results are in agreement with the literature, which
reports that olive oils from Tunisia have a higher content of linoleic
acid and a lower content of unsaturated fatty acids as compared to
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Fig. 3. Graphic representation of multivariate random forest analysis for stable
isotope and 'H NMR data for Italian and Tunisian extra virgin olive oils and Tunisian
lampante oils.

Italian olive oils in general and Sicilian olive oils in particular
(Baccouri et al., 2007). As previously reported (Section 3.1), the
separation of the Tunisian olive oils into two groups could be jus-
tified by the different chemical composition of the olive oils due to
the cultivar (Chemlali and Chetoui).

3.4. Multivariate analysis of "H NMR and isotopic data
We combined the 3 stable isotope ratios and 17 'H NMR reso-

nances by applying Random Forest discriminant analysis. This is
a form of non-parametric multivariate analysis that creates and
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validates models by maximising the difference between groups
(Breiman, 2001), as shown in previous works (Camin et al., 2012;
Carvalho et al., 2013; Svetnik et al., 2003). Considering the three
groups (authentic Italian extra virgin olive oils, Tunisian declared
extra virgin olive oils, Tunisian lampante oils), a clear-cut separa-
tion between Italian and Tunisian samples was obtained (Fig. 3),
with correct classification of 98.5% within the 3 groups and 100%
distinction between Italian oils and Tunisian lampante oils in
cross-validation tests.

4. Conclusion

Tunisian olive oils imported to Italy would seem overall to be of
poor quality and even when declared to be extra virgin olive oils
their characteristics often do not meet the standards established
by law for this category. In particular, all of them showed K3,
absorbance values above the limit allowed for extra virgin olive
oil (Section 2.5).

Tunisian olive oils had 6'®0 and 5?H values significantly higher
than Italian samples from the North, Centre and South 1 groups,
but as these isotopic ratios are related to climatic conditions, there
was an overlap with the extra virgin olive oils of South 2 areas
(Sicily, Sardinia and Calabria), which have a similar climate to
Tunisia during the olive ripening period.

TH NMR analysis allowed us to distinguish Italian samples from
Tunisian ones. Tunisian olive oils were themselves separated into
two groups. This last differentiation may be attributed to the pre-
dominant type of cultivar (Chemlali or Chétoui).

By combining isotopic composition with 'H NMR data using a
multivariate statistical approach, a statistical model able to dis-
criminate olive oil from Italy and oil imported from Tunisia was
obtained, with an optimal differentiation ability arriving at 98.5%.
The parameters included in the model are not linked to the quality
of olive oil and, therefore, the model can also be used when the
quality of olive oils is not comparable. In the near future, the model
needs to be tested with extra virgin olive oils directly sampled at
Tunisian cultivation sites and with olive oils of different origin (e.

g. Spain).
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SECTION 5.4

Discrimination between European and non-European ole oils
using stable isotope ratio analysis
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INTRODUCTION

European law requires that the origin of some puemproducts such as EVOO be declared on the
label. Official OO quality control methods are bédse quantitative analysis of specific chemical
compounds, e.g. fatty acids, sterols, alcohols or stigmastadiem#=d Reg. 2568/91 and
amendments), but it is impossible to verify thel rgaographical origin of EVOO using these
parameters. This situation highlights the incregsiemand for analytical methods and statistical
tools capable of effectively verifying claims ofgin.

Currently, SIRA offers one of the most promisingpagaches for establishing the authenticity of
premium products. This is because SIRA relies erfdlot that the content of stable isotopes of bio-
elements (H, C, N, O, S) determined by IRMS refldotal agricultural practices and geo-climatic
characteristics [Laursest al, 2016].

This study investigated the ability of IRMS to thsjuish European from non-European EVOO. The
study was conducted on approximately 100 EVOO sasgbllected worldwide in the main
producing countries’H/*H, **C/**C and*®0/*°0 ratios were analysed in bulk oil, and furthermore
both *C/*2C and®H/*H ratios were determined on the four main FAs (Bim oleic, palmitic and
stearic acids), fofH/*H for the first time.

MATERIALS AND METHODS

Reagents and reference materials

Fatty acid methyl ester (FAME) standards>88% purity (methyl linoleate, methyl oleate, methyl
palmitate and methyl stearate), and heneicosaf8.%% purity) were purchased from Sigma-
Aldrich (Milan, Italy). All other solvents and reagts (hexane, methanol and sodium hydroxide)
used were of analytical grade and purchased fragm&iAldrich (Milan, Italy) and Carlo Erba
(Milan, Italy).

Sampling

In this study a total of 101 authentic EVOOs madth wlifferent cultivars were examined. The
olive oil samples were collected worldwide in thajar olive oil-producing regions of Argentina
(1), Australia (9), France (6), Greece (8), Ita®8), Morocco (1), Peru (1), Portugal (12), Spain
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(13), Tunisia (12), Turkey (4), Uruguay (2) and th8A (4). The oil samples were collected in 30

ml dark glass bottles and kept at 4°C until analysi

Isotopic analysis of bulk OO

Analytical method

Aliguots of 0.2 - 0.3 mg of olive oil were weigh@do tin capsules to determirigC/*°C and silver
capsules for quantification dfO/°0 and®H/*H. The analysis of bulk samples was performed in
duplicate using an IRMS (vislON, IRMS, Isoprime LidK) coupled with an elemental analyser
(Vario Isotope Cube, Elementar Analysensysteme GnB#imany) for*C/*°C measurement.

For °H/*H and*®0/*°0 measurement, an IRMS (Finnigan DELTA XP, Therre@&ific, Bremen,
Germany) was used, coupled with a pyrolyser (Famig'TC/EA, high temperature conversion
elemental analyzer, Thermo Scientific) equippechvaih autosampler (Finnigan AS 200, Thermo
Scientific) and interfaced with the IRMS througldi&utor (Conflo Ill, Thermo Scientific), dosing

the sample and reference gases.

Data analysis

The isotopic values were calculated against workmbouse standards (extra virgin olive oils),
which were themselves calibrated against internaticeference materials: fuel oil NBS-22 (IAEA-
International Atomic Energy Agency, Vienna, Austrand IAEA-CH-6 Sucrose fo’C/**C, and
benzoic acid-601 fot?0/*°0. For&°H, besides the olive oil standards (calibrated resjaNBS-22
and IAEA-CH-7 Polyethylene by building a linearagbnship), a second standard with a different
3H value (magnesium stearate of the FIRMS FT scheét¢,value: -228%.) was used. The
isotopic values were expressed®o vs. V-PDB (Vienna Pee Dee Belemnite) f3fC and V-
SMOW (normalised in relation to the Vienna Stand8dan Ocean Water — Standard Light
Antarctic Precipitation V-SMOW-SLAP standard scdt®)3'°0 andd?H.

The results showed that bulk-isotope analysis vies @ discriminate between different countries
on the basis of specific geo-climatic conditiong(ffe 1), but not specifically between European
and non-European olive oils, as is evident in Feg2ir Australian samples in particular had lower
5"*C values, except for one sample, whereas Urugu®y@nth American and Peruvian samples had

lower 8H and&'®0 values.
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Figurel. Box-plots for extra virgin olive dit°C, §*°0 andd’H values measured in bulk samples

Principal component analysis (PCA) was appliecest for differences between European and non-

European olive oils, using ti&°C, §'0 andd°H values measured as variables (Figure 2). The firs

component was mainly negatively loaded®30 and3°H values, whereas the second component

was positively loaded by*C. The score plot showed that the two groups cabaasesolved on the

basis of bulk isotope analysis.
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Loading Plot (89.1% of total variance) Score Plot (89.1% of total variance)
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Figure 2. PCA of thé"Cyui, §*%0uu andd®Hyui values of extra virgin olive oils

Isotopic analysis of FAs

Sample preparation

For the preparation of the FAMEs via transestatfan of triglycerides, 0.1g of OO sample was
weighed into a 10 ml vial with 4 mL of hexane, thkmL of 2 M methanolic sodium hydroxide
solution was added and the vial shaken for 1 minoatn temperature (annex XA of EC Reg.
702/2007). The mixture was allowed to stratify Litite upper layer became clear and 1 mL of the
hexane solution was filtered and then injected theoGC-C-IRMS.

Analytical method

Individual FA isotopic analysis was carried outriplicate out using Trace GC Ultra (GC IsoLink +
ConFlo IV, Thermo Scientific), interfaced with aRMS (DELTA V, Thermo Scientific), through
an open split interface and with a single-quadregaC-MS (ISQ Thermo Scientific) to identify the
compounds. Fod*C analysis, 1.QuL of each sample was injected in split mode (1A an
auto-sampler (Triplus, Thermo Scientific). A BPX-@&pillary column (60 m x 0.32 mm i.d. x 0.25
um film thickness; SGE) with He as carrier gas (dtow of 1 mL/min) was used. The injector
temperature was set at 250 °C, and the oven tetoperaf the GC was initially set at 50 °C, where
it was held for 4 min before increasing by 30 °Girto 170 °C, 2 °C/min to 200 °C and finally 1
°C/min to 210 °C.
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Carbon isotopic analysis of individual FAs using-GGRMS

For determination of3"°C, the eluted compounds were combusted into, @d HO in a
combustion furnace reactor, operated at 1030 °Ccantposed of a nonporous alumina tube (320
mm length) containing three wires (Ni/Cu/Pt, 0.12& diameter, 240 mm identical length) braided
and centred end-to-end within the tube. Water vapeas removed with a water-removing trap,
consisting of a Nafion membrane.

To monitor instrumental performance, an internahdard was added to each sample and'is
value checked. Heneicosane was chosen as inteéamalasd because it is not naturally present in
olive oil. The carbon isotopic value of pure hensane (-28.8 %0) was determined with EA-IRMS,
and the differences between GC-C-IRMS and EA-IRMbies were at most +0.2%o.

The carbon isotopic values of four FAs were deteedi(Figure 3): palmitic acid (C16:0), stearic
acid (C18:0), oleic acid (C18:1) and linoleic afll8:2).

1500 | %4 4

51000

? 2

£ | :

5 s00 5
UL

0
500 1000 1500 2000

Time [s]

Figure 3. GC-C-IRMS chromatogram of methyl estaivd¢ives of FAs in an OO sample.
Peaks: 1, heneicosane (internal standard); 2, inedlhyitate; 3, methyl stearate; 4, methyl oleate;
5, methyl linoleate. The three first and last peatksach panel are reference gas signals.

To calculate thed*C values of individual FAs, a mixture of FAME redace standards was
analysed before and after every three samples t¢ouat for 3°C drift within the run. The
instrumental data for each sample were correctetti@ibasis of the difference existing between the

5"*C value of the pure compound in GC/C-IRMS and ih&A-IRMS.

Accuracy and precision of GC-C-IRMS.
To test the accuracy of the FAME isotopic valuetedrined, the5**C values of the mixture of

standard FAMEs measured using GC-C-IRMS were coedparith the isotopic values of pure
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single FAMEs obtained with EA-IRMS. Th&*C values determined using EA-IRMS were the
means of two measurements, whereas &€ values determined with GC-C-IRMS were the
average of three rung'*C values obtained from EA-IRMS were linearly coatet with those from
GC-C-IRMS, as shown in the Figure 4, and the diffiee between the values measured using EA-
IRMS and GC-C-IRMS was not more than +0.2%o.

To evaluate precision, a reference FAME mixture waalysed 10 times with GC-C-IRMS. The
precision (&) of GC-C-IRMS determination was on average +0.Z% evaluate the uncertainty of
measurements for all the processes, a OO sampldramsesterified 10 times, and each of the

samples was analysed using GC-C-IRMS. The standiewdhtion obtained @) was on average

+0.3%o.

-23 1

y = 1,0281x + 0,8892
R?=0,9977

-25 A

""" Methyl stearate
-27 ~

-29 -
Methyl oleate

317 Methyl linoleate

5°C GC-C-TRMS (%w)

33 4 Methyl palmitate

36 4 : : : : : .
a5 33 At 29 27 25 23

5°C EA-TRMS (%)

Figure 4. Isotopic measurements from GC-C-IRMS Jrpi8tted against measurements from EA-IRMS (no2) f
carbon. Error bars represent the standard devi@tite) of repeated measurements.

Data analysis and corrections
The 8*°C value measured for the FAME is the product ofdAgon native to the molecule and the

contribution of the reagent (methanol) used fongesterification. An empirical correction was

therefore applied to determine the effective carnisotope value:

(G, +2)8°Cepe =3 Ces +8Ce 1)
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where §*Crave, 8°Cra and 8™Cye are the carbon isotopic values of the FAME, FA amethyl
group of methanol (Me) respectively, @ the number of C atoms in the FA and &% of Me
was calculated using EA-IRMS.

In Figure 5 thed**C values determined for the four main fatty acidks shown, listed according to
their biosynthetic order and grouped according heirt origin. As is evident in Figure 1, the
European and non-European samples showed a diffeesidl, according to the specific fatty acids
considered. In particular, it should be noted thatd">C values of palmitic and stearic acids are

similar for the two groups, whereas léC values of oleic and linoleic acids are different.

-27

28 28,3

28,8

-29 -20.3

-30
-30,6

. 30,5 \ i3 ‘ 30,5

613CFA

-32

non-European Eurcpean

-33

C16:0 C18:0 C18:1 C18:2

Figure 5. Trends fo5"°C values determined for the four main fatty acligsed according
to their biosynthesis and grouped according to ge@o and non-European origin

Analysis of variance and Tukey’s test for an unégquenber of samples were carried out on the
data to verify differences between European andEwmopean samples. TRE’C of methyl oleate
and linoleate were highly statistically differentthe two groups of samples (p<0.001). Specifically
European samples generally showed higher valuesniia-European ones.

PCA was applied to display the samples in an unsigszl pattern recognition map (score plot),

using the>**C values of fatty acids as variables (Figure 6).
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Loading Plot (79.6% of total variance) Score Plot (79.6% of total variance)
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Figure 6. PCA 06"C values of FAs in extra-virgin olive oils

The PCA showed that th&3C values of fatty acids make it possible to disamte between

European and non-European olive oils, with the pttae of some samples. Specifically, the first
factor explained 58.1% of the total variability tife system and the second 21.5%. The first
component was mainly positively loaded by % determined in stearic, oleic and linoleic acids,

whereas the second component was positively loagélded™C of palmitic acid.

Hydrogen isotopic analysis of individual FAs witlC&Py-IRMS

For measurement @fH, each eluted compound was passed through a bigperature reactor,
operating at 1400°C, where it was subjected to keghperature pyrolysis with development of H
gas.Before measuring thaH/*H ratio, the [H3] factor was verified to be lower than 8. To monitor
instrumental performance, heneicosane was addeddo sample as the internal standard and its
5’H value checked. The hydrogen isotopic value oéfeneicosane (-190%0) was determined with
TC/EA-IRMS, and the differences between GC-Py-IRM TC/EA-IRMS values were at most *
2.0%o.

The hydrogen isotopic values of four FAs were deteed (Figure 7): palmitic acid (C16:0), stearic
acid (C18:0), oleic acid (C18:1) and linoleic afil8:2).

The 3°H values of FAs were calculated against two intéonal reference materials by building a
linear relationship: Icosanoic Acid Methyl EsterS@S70 &H value: —183.9%0) and USGS Bt

value: —4.9%o).
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Figure 7. GC-Py-IRMS chromatogram of methyl esemivéitives of FAs in an OO sample.
Peaks: 1, heneicosane (internal standard); 2, inedlhyitate; 3, methyl stearate; 4, methyl oleate;
5, methyl linoleate. The three first and last peatksach panel are reference gas signals.

Accuracy and precision of GC-Py-IRMS

To test the accuracy of the FAME isotopic valuetedrined, the3’H values of the mixture of
standard FAMEs measured using GC-Py-IRMS were cosdpwith the isotopic values of pure
single FAMEs obtained with TC/EA-IRMS. THéH values determined using TC/EA-IRMS were
the means of two measurements, whereasiHevalues determined with GC-Py-IRMS were the
average of three rund’H values obtained from TC/EA-IRMS were linearly edated with those
from GC-Py-IRMS, as shown in Figure 8, and theeddhce between the values measured using
TC/EA-IRMS and GC-Py-IRMS was not more than +1.9%o.

To evaluate precision, a reference FAME mixture aaalysed 10 times using GC-Py-IRMS. The
precision (&) of GC-Py-IRMS determination was on average +1.0%oevaluate the uncertainty of
measurements for all the processes, a OO samplerasesterified 10 times, and each of the
samples was analysed with GC-Py-IRMS. The standakdation obtained ) was on average

+2.3%o.
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Figure 8. Isotopic measurements from GC-Py-IRMS3jrotted against measurements from EA/TC-IRM2jrfer
hydrogen. Error bars represent the standard dewiftilc) of repeated measurements.

Data analysis and corrections
The d’H values measured for FAMEs are the product ohifizogen native to the molecule and the
contribution of the reagent (methanol) used fongesterification. An empirical correction was

therefore applied to determine the effective hydrogotope value:
(Hn +3)82HFAME = HnSZHFA + %ZHME (2)

where §’Heave, 8°Hea and 8°Hye are the hydrogen isotopic values of the FAME, FA anethyl
group of methanol (Me) respectively, i the number of H atoms in the FA and 8 value of
Me was measured using SNIF-NMR.

Figure 9 shows th&’H values determined for the four main fatty aciésted according to their
biosynthetic order and grouped according to thegim. As is evident in Figure 1, the European and
non-European samples showed a similar trend acaptdi the specific fatty acids considered. In
particular, non-European samples had higfidrmean values for FAs than European ones.
Analysis of variance and Tukey’s test for an unégquenber of samples were carried out on the
data to verify differences between European andEumopean samples. TiéH of methyl oleate

was statistically different in the two groups ofrgdes (p<0.001).
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Figure 9. Trends fob’H values determined for the four main fatty acldsed according
to their biosynthesis and grouped according to femo and non-European origin

PCA was applied using tRe*C andd°H values of the four fatty acids as variables (Fégl0). The

first two factors of PCA explained 64.7% of variant the 8 original variables. The first

component (36.2% of variance) was mainly positidelgded by théd’H determined in four FAs

whereas the second component (28.5% of variance)pasitively loaded by th&3C of four FAs.

The score plot showed that tdH values of the FAs decreased dispersion in the dvowps,

however discrimination between European and nomgan olive oils did not improve

significantly.

Loading Plot (64.7% of total variance)

Score Plot (64.7% of total variance)
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ANALYTICAL METHOD VALIDATION

To assess the reliability of the method, 10 extrghv olive oil samples of undisclosed geographical
origin were analysed. The results of random foegstlysis for origin assignment using teC,

580 andd’H of bulk samples and tRE&3C andd’H of fatty acids are shown in Table 1. The model
applied had a mcc of 0.6 in 7-fold cross validateomd the number of blind samples correctly

assigned was 9 out of 10.

Table 1. Results of random forest analysis

Sample Predicted origin Real origin

TKW Extra UE Tunisia OK
BC2 UE Argentina NO
1QV Extra UE Turkey OK
Sv1 Extra UE Australia OK
DEF UE Portugal OK
LPT UE Italy OK
RP5 UE Italy OK
X8T Extra UE Uruguay OK
A3Z UE Spain OK
ZYR UE Spain OK
CONCLUSION

This work demonstrates that classification of Eewp and non-European EVOO is possible and
applicable using IRMS. The results show that ggugal discrimination of OO relies on the fact
that isotopic composition is influenced by the glioratic characteristics of the area of origin.
Moreover, the study highlighted the power of CStAcomparison to bulk analysis. The isotopic
fingerprint of specific sub-components adds furttetailed information on local conditions (e.g.
micro-climate, soil and water availability) and dherefore improve geographical discrimination.

A multivariate statistical approach based on tlmtosic composition of the four FAs allowed to
discriminate between European and non-Europeanl®@ddition, by combining all the isotopic
parameters measured, it was possible to obtaiecoassignment of blind samples of undisclosed
geographical origin.

This evidence makes it possible to conclude thatomunction with other analytical techniques,

isotope analysis may provide a useful tool foritrg¢he geographical origin of EVOO.
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APPENDIX

Table 2. Summary a@"°C, 5'%0 andd°H values determined on bulk olive oils and fattidac
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CHAPTER 6 CONCLUSIONS

In this thesis, the use of stable isotope ratiomaskers for food authenticity and traceability was
extensively studied and verified. IRMS methods Hase bulk analysis and compound-specific
analysis were developed to characterise premiurduyste and derivatives, such as cereal crops,
pasta, wine, balsamic vinegar, oenological tanairg extra-virgin olive oil.

Specifically, the isotopic composition of wheat gra$ta was analysed with the aim of evaluating if
and how the geographical origin and farming syst#fect stable isotope ratios. Firstly, the
variability of the H, C, N, O and S stable isotaptos of bulk samples along the pasta production
chain (durum wheat, flour and pasta) produced usiath conventional and organic farming
systems in four Italian regions was investigatede Btatistical model allowed particularly good
differentiation of products on the basis of geobregl origin (Emilia-Romagna, Tuscany, Molise
and Basilicata). Subsequently, the method developedeasure the C and N isotopic compaosition
of amino acids significantly improved discriminatidetween organic and conventional wheat
compared to bulk analysis. With a view to the fatut may be expected that these results will lead
to the development of an analytical control procedthecking on the geographical provenance of
organic and conventional pasta and its raw maserial

The variation in the®®N/**N isotope ratio for the purposes of traceabilityswaso checked for
Italian wines along the oenological chain, for tingt time to date. Despite the isotopic fractiooat
observed from soil to wine, tHe°N values of vine-branches, leaves, grapes and refiected the
variability of 8N characteristic of the provenance area. Moreawer,study showed that proline
conserves the nitrogen isotopic fingerprint of grewing soil, independently of the fermentation
process, type of yeast used, addition of nitrogjovants and wine ageing process. Consequently,
the 8'°N of proline can be suggested as an additionabsotmarker for the geographical
characterisation of wine.

Furthermore,3°C was shown to be a tool that can be used to dissh and characterise
commercial tannins according to their botanicalgioti This approach provided effective
differentiation of tannins of different origin amduld be used as a complementary method for the
approaches based on sugar or polyphenolic compostiggested by OIV.

The same analytical approach was applied to theedignts of “aceto balsamico di Modena IGP”
(ABM) to evaluate its authenticity. No isotopic iaron from wine to vinegar and ABM, and from

the original must to ABM must was observed, pravidexperimental evidence that the analytical
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procedure routinely used to verify the complian€evime with European Regulations can also be
used to evaluate the authenticity of ABM.

Finally, the isotopic composition of European andn4{kturopean extra-virgin olive oil was
investigated. A dataset with the H, C and O isaoalues measured in bulk samples and the fatty
acids of authentic extra-virgin olive oils colledtan 13 different countries worldwide was created,
allowing the distinction of two macro areas (Eurapgersusnon-European). This study showed
that the variables contributing most to discrimiotof the two groups were the isotopic values of
the H and C of fatty acids. Indeed, a multivariatatistical approach based on the isotopic
composition of fatty acids offered good discriminatbetween European and non-European olive
oil. Consequently, isotope analysis of fatty acids particular could be used to verify the
authenticity of extra-virgin olive oil samples, lbaging an additional tool for ensuring compliance
with European law. An improvement in differentigi&uropean and non-European olive oils was
also found by combining isotopic and NMR profilingethods.

The stable isotope ratio approach applied througtios thesis proved to be highly reliable and in
general it was confirmed that the isotopic compamsitof premium products reflects the
geographical, climatic or geological compositiontloé site of provenance and the farming system
used. Moreover, this thesis highlights that develept of new compound-specific isotope analysis
methods is crucial to generate more specific infdrom, allowing more reliable food authentication

and improved protection of consumers and honestyoers.
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