UNIVERSITA DEGLI STUDI DI UDINE

Dottorato di Ricerca in Scienze e Biotecnologie akggr
Ciclo XXV°
Coordinatore: prof. Mauro Spanghero

TESI DI DOTTORATO DI RICERCA

Stable isotope ratio analysis for the traceabilityof raw and
cured meat

DOTTORANDO
dott. Matteo Perini

SUPERVISORE
prof. Edi Piasentier

ANNO ACCADEMICO 2012/2013



ACKNOWLEDGEMENTS

| wish to express my sincere gratitude to my adyisdi Piasentier (Professor, University of
Udine, Italy), for his support, guidance and feeclothroughout my doctoral studies.

This work was performed at the Stable Isotope aracébaility Platformof E. Mach
Foundation (San Michele all’Adige, Trento). | woluikk to thank all the people working at
the laboratory, especially Federica CamiRegaserchelE. Mach Foundation, Italy) for his
suggestions, critical discussions and for providmg with the facilities and resources that
made this research possible.

| thank theAutonomougrovince of Trerd for the financial support through tf{&ondo per
la valorizzazione e la professionalizzazione devani”.

Finally, | would like to express my deepest grakiuo my wife, Nicoletta, for accompanying
and supporting me, and to my daughter Marta.



TABLE OF CONTENTS

TABLE OF CONTENTS

INDEX OF TABLES Vv
INDEX OF FIGURES Vi
ABSTRACT IX
LIST OF PUBLICATIONS XI
LIST OF ABBREVIATIONS XIl
CHAPTER I: INTRODUCTION 1
1.1 FOOD AUTHENTICITY 1

1.1.1 Meat Traceability 1

1.2 USING THE STABLE ISOTOPE RATIOS OF BIO-ELEMENTSO TRACE 1

ANIMAL PRODUCTS

1.2.1  Stable isotopes
1.2.2 Measurement of stable isotope ratios with &M
1.2.3  Animal tissues for SIRA analysis

1.2.4 Fractionation and half-lives
1.3 CARBON

1.3.1 Diet effect
1.3.1.1 The Calvin Cycle
1.3.1.2 The Hatch-Slack-Cycle
1.3.1.3 CAM-plants

1.3.2  Climatic effect

1.3.3 Isotopic fractionation

a b~ B DN DN

© ©O© 00 N 01 O,



1.4 HYDROGEN AND OXYGEN 10

1.4.1 Meteoric water effect 10
1.4.2 Diet effect 12
1.4.3 Isotopic fractionation 13
1.5 NITROGEN 14
1.5.1 Source of variability 14
1.5.2 Isotopic variability factors in plants 15
1.5.3 Information obtained from N SIRA 16
1.5.4 Isotopic fractionation 16
1.6 SULPHUR 16
1.6.1  Source of variability 16
1.6.2 Information obtained from S SIRA 17
1.6.3 Isotopic fractionation 17

1.7 USING SIRA TO TRACE ANIMAL PRODUCTS: EXAMPLE APLICATIONS 18

1.8 REFERENCES 22

CHAPTER II: OBJECTIVES 31

CHAPTER IlI: TISSUE TURNOVER IN OVINE MUSCLES AND L IPIDS AS

RECORDED BY MULTIPLE (H, C, O, S) STABLE ISOTOPE RA TIOS 32
Abstract 32
3.1. Introduction 32
3.2. Materials and Methods 33

3.2.1 Animals and feed 33

3.2.2 Feed and water samples 35



3.2.3  Preparation of muscle and lipid samples 35
3.2.4  Stable isotope analysis 36
3.2.5  Statistical analysis and modelling of musaid lipid turnover 38
3.3. Results and discussion 39
3.3.1 Feed and water samples 39
3.3.2  Yield of lipids and lipid fractions 39
3.3.3  Stable isotope ratios in muscle 40
3.3.4  Stable isotope ratios in lipids and lipicctrans 43
3.4. Conclusions 46
References 47
CHAPTER IV: EFFECT OF ORIGIN, BREEDING AND PROCESSI NG
CONDITIONS ON THE ISOTOPE RATIOS OF BIOELEMENTS IN DRY-CURED
HAM 50
Abstract 50
4.1. Introduction 50
4.2. Materials and Methods 52
4.2.1 Experimental design 52
4.2.2 Ham samples and tissue fractions 52
4.2.3 Measurements by IRMS 53
4.2.4  Statistical analysis 53
4.3. Results and discussion 54
4.3.1  Stable isotope ratios variability 54
4.3.1.1 Carbon 55
4.3.1.2 Hydrogen isotopes 57
4.3.1.3 Oxygen isotopes 58
4.3.1.4 Nitrogen isotopes 59
4.3.1.5 Sulphur isotopes 61



4.3.2  Multivariate analysis of the stable isotogigordata set of ham

4 .4. Conclusions

References

62
65
66

CHAPTER V: ISOTOPE RATIOS OF BIOELEMENTS FOR INFERR ING BEEF

ORIGIN AND ZEBU FEEDING REGIME IN CAMEROON 71
Abstract 71
5.1. Introduction 71
5.2. Materials and Methods 72
5.2.1  Animals, carcass characteristics and sangtliection 72
5.2.2 Cattle origin 73
5.2.3  Sample preparation and analysis 74
5.2.4  Statistical analysis 75
5.3. Results and discussion 76
5.4. Conclusions 83
References 84
CHAPTER VI: FINAL CONCLUSIONS 87




Index of tables

INDEX OF TABLES

CHAPTER I: INTRODUCTION
Table 1. Mean natural abundance of some stable isotopksetative international
reference standards

Table 2. Processes in the nitrogen cycle leading to isotfyactionation 15

CHAPTER IlI: TISSUE TURNOVER IN OVINE MUSCLES AND L IPIDS AS
RECORDED BY MULTIPLE (H, C, O, S) STABLE ISOTOPE RA TIOS

Table 1. Metabolisable energy, téH, §'°C, §*°0 ands**S of all feedstuffs (dried)
and the5’H and§*®0 of drinking water at both research stations (reeaBD)

CHAPTER IV: EFFECT OF ORIGIN, BREEDING AND PROCESSI NG
CONDITIONS ON THE ISOTOPE RATIOS OF BIOELEMENTS IN DRY-CURED
HAM

Table 1.Main characteristics of the examined ham types 52
Table 2.Descriptive statistics of the stable isotope rasiod ham type effect on their 54
variability

Table 3.Pearson correlation between stable isotope ratios 56

CHAPTER V: ISOTOPE RATIOS OF BIOELEMENTS FOR INFERR ING BEEF
ORIGIN AND ZEBU FEEDING REGIME IN CAMEROON

Table 1.Origin of the cattle 74
Table 2. Stable isotope ratios (observed mean and stanéardtibn) 77
Table 3. Results of the best reclassification of beef samflem zebu of different

origin on the basis of the linear discriminant fiioies calculated from the stable80

isotope data



Index of tables

Table 4. Relationship of Longissimus lumborum fat contérat@l lipids, TL, % dry
matter) and fatty acid profile (%TL) with subcutane fat colour and isotope 81

composition of Longissimus lumborum fat fraction.

Vi



Index of figures

INDEX OF FIGURES

CHAPTER I: INTRODUCTION

Figure 1. Synthesis of carbohydrate by the Calvin)(Gycle 6
Figure 2. The Hatch-Slack pathway for,@hotosynthesis 7
Figure 3. Distribution of the meaf*®O values of 1992 and 1993 precipitation 11
Figure 4. Isotopic fractionation of vapour mass in relatiortémperature 12
Figure 5. **S isotope variation, ranges of sulphur pools 17

CHAPTER IlI: TISSUE TURNOVER IN OVINE MUSCLES AND L IPIDS AS
RECORDED BY MULTIPLE (H, C, O, S) STABLE ISOTOPE RA TIOS

Figure 1. The stable isotope ratios of (a) carbon, (b) sulpfc) hydrogen and (d)

oxygen LD for lambs raised on a low (LEA) and h{gtEA) energy allowance for up 40
to 231 days

Figure 2. Carbon stable isotope composition determined ifouarlipid types and
fractions (a) SAT, (b) IML, (c) NL and (d) PL frotambs raised on a low (LEA) and 43
high (HEA) energy allowance for up to 231 days

Figure 3. The changes in (&2H values and (0180 values in intra-muscular lipid

for lambs raised on a low (LEA) and high (HEA) emeallowance for up to 231 days 45

CHAPTER IV: EFFECT OF ORIGIN, BREEDING AND PROCESSI NG
CONDITIONS ON THE ISOTOPE RATIOS OF BIOELEMENTS IN DRY-CURED
HAM

Figure 1. Principal component analysis of stable isotop@sah dry-cured hams. Bi-
plot of sample scores, grouped by ham types, adps ratio loadings with the first

two principal components (PC); in brackets, thepetage of total variance explained63
by each PC

Vi



Index of figures

Figure 2. Principal component analysis of stable isotop@sat dry-cured hams. Bi-
plot of sample scores, grouped by ham types, andps ratio loadings with the last 64

two PCs; in brackets, the percentage of total magaexplained by each PC

CHAPTER V: ISOTOPE RATIOS OF BIOELEMENTS FOR INFERR ING BEEF
ORIGIN AND ZEBU FEEDING REGIME IN CAMEROON

Figure 1. The three-level scale used for visual assessniengutaneous fat colour

72
Figure 2. Map of Cameroon showing the five Agro-Ecologicahes and the ten
administrative regions 73
Figure 3. Distribution of beef samples from zebu carcasg#s different subcutaneous
fat colour, in relation to stable hydrogen and oartsotope ratios ihongissimus 82

lumborumfat fraction.

VIiI



Abstract

ABSTRACT

The effect of different factors on the stable ipatoratio (SIR) variability of the most
important bioelements®f/*H, *C/*°C, ™N/**N, *0/*°0, **SF?S), measured using IRMS
(Isotopic Ratio Mass Spectrometry), was evaluatedifferent types of tissues, including pig
and ovine muscles, muscle lipids and lipid fraction

To evaluate the effect of tissue turnover on thigeint isotope ratios, in a diet-switch
experiment, 28 lambs were switched to an isotolyichstinct diet and raised on two different
energy allowances (high energy allowance (HEA) wvaittarget weight gain of 150 g/day or
low energy allowancé_EA) with a target weight gain of 50 g/day).

Determination of multiple stable isotope ratiééH, §*°C, 5'%0 and$*'S) in ovine muscle
indicated diet-muscle fractionations prior to thet-éwitch to be -44.0%o +1.9%0 and 0%o. for
H. C and S respectively. The muscle sampled froimals on the HEA recorded high&l’C
values than muscle from animals on the LEA (p 03). The5'®0 values in ovine muscle
were largely influenced by the water ingested whilest of the H used to build ovine muscle
tissuedepend orthe feed rather than the drinking water. The dmseration between intra
muscular lipid and diet was estimated to be -172173%. and -11.5%. for H, C and O
respectively. The C half-lives of muscle were deieed to be 75.7 and 91.6 days for animals
receiving the high and low EA respectivelyd it is comparable with S half-lives measured in
ovine LD. However, the estimated half-lives of dipiwere too long to be used for tracking
short term dietary changes in lambs and probakly ial other meat animals.

In a second experiment the stable isotope ratiosiaglements in defatted dry matter and
marbling and subcutaneous fat fractions were asdegs86 ham samples belonging to six
different types, with the aim of ascertaining tfie@ of origin and the production system on
11 isotopic ratios. The ham types were obtainethfpigs reared in three regions, examining
one different production factor in every locatia@t,two levels of expression: pig genotype
(local breed vs. industrial hybrid) in Friuli (Itg] pig feeding regime (Bellota vs. Campo) in
Extremadura (Spain) and ham seasoning time (micend) in Emilia (Italy). The isotopic
composition of meteoric water and the dietary alamed of C4 plants made it possible to

distinguish Italian PDO from Spanish hams. High&iN values in local breeds than in
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industrial hybrids might indicate relatively mor&ragen excretion, due to a higher ratio
between protein degradation and protein synthesis.

The Strecker degradation of sulfur amino acidsnigdlace during seasoning and generating
dimethyl disulfide and other similar volatile compuls can explanes®'S isotopic
fractionation showed to compare the End-seasoaédrithams vs mid-seasoned ones.

The contrasting treatments within the regional lhe@scgenerated promising differences in
SIR, potentially useful for tracing the whole hanoguction system, including the processing
procedure.

In a third experiment the stable isotope ratio§ive bio-elements - H, O, C, N and S - were
analysed in the protein and fat muscle fractionsixtly beef carcasses from zebu cattle reared
in an tropical African country (Cameroon) with teeope of evaluating the effect of this
specific origin on the different isotopic ratioelkdl beef from Cameroon was shown to have a
specific isotope profile, characterised by low&iC, 3°H and5'®0 values than those reported
for other areas around the world, as a consequanibe almost exclusive use of tropical C4
pasture grass for cattle feed and the geographit dimatic gradient in the isotope
composition of precipitation. The isotopic compmsitof the fat fraction of muscle, and in
particular the3’H and&™C values of fat, was significantly affected by thecutaneous fat
colour. The zebu with a white subcutaneous fat {tevtype”) showed a clear tendency to be
more enriched iAH isotopes and more depleted'ie isotopes than the “yellow type” , while
the “cream type” presented an intermediate condifilhese trends are correlated with fat
composition. Within the Cameroon, multi-elementlgsia gave promising results for tracing
the regional origin of beef and some aspects ofddutle breeding system, such as the
nutritional status of animals.

On the basis of the results of this study all & tdonsidering factors can have effect on the
different isotope ratios but with different weigl@rigin and type of diet outweigh turnover
and technical process of products, even if theytnies carefully considered to prevent
possible mistake during the results evaluation.

Keywords:stable isotope ratios, IRMS, ham, lamb, beef,inorigaceability, authenticity
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CHAPTER I: INTRODUCTION

1.1 FOOD AUTHENTICITY

1.1.1 Meat Traceability

According to EU law, “traceability” means the atyilto track any food, feed, food-producing
animal or substance that will be used for consummptithrough all stages of production,
processing and distribution. (Regulation EC/17820M the last few years, the importance
of meat traceability has increased in order to @néthe spread of animal diseases or potential
human epidemics in specific areas (BSE, foot-andtmodisease, avian influenza).
Traceability has thus become a landmark of the BEtbsl safety policy, as it is an effective
risk-management tool which enables the food ingustrauthorities to withdraw or recall
products identified as dangerous.

Due to the increasing complexity and length of fihed chain and many recent food scares,
consumer awareness of food has increased rapldlyg avith the need for new tools making
it possible to ensure that all food products seteetbnsumers have a high standard of quality
and are safe to be eaten.

In April 2004 the TRACES programme, a communityteys for managing the movement of
animals, was established to meet this new needyfeater transparency as regards food

origin.

1.2 USING THE STABLE ISOTOPE RATIOS OF BIO-ELEMENTS TO TRACE
ANIMAL PRODUCTS

Different methods can be used to trace animal mrigdiwsuch as genotyping or electronic
tagging, but stable isotope ratio analysis (SIRApme of the most promising. SIRA provides
a considerable amount of information about the geagcal origin of food (Boner & Forstel,
2004; Stockiget al, 2005; Camiret al, 2007; Guo, Wei, Pan, & Li, 2008; Nakashataal,
2008), the farming system used to rear animals éB&nForstel, 2004; Schmidt et al. , 2005)
and the seasonal movement patterns of wild anifiriddson, 1999; Cerling et al., 2004a).
Furthermore, it can also be effective in identifyithe different diets of animals.(Gonzalez-
Pérez, et al., 1999; Piasentier et al. 2003; Ggsdiral. 2004b; Schmidt al, 2005; Balasse &
Ambrise, 2005; Bahaat al, 2008).
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1.2.1 Stable isotopes

In bio-organic material, the main elemental constits (H, C, N, O, S) have different stable
isotopes (D,H:3C.*?C; *N,*N; ¥0,*0,1%0; 3°s, s, 333, 32S). The main ones are lighter
isotopes, as shown in Table 1, which gives theiammabundance. The natural isotopic
composition of organic compounds shows fluctuatiarmund these mean values, and these
variations, even if measured in terms of ppm, cacdiculated precisely and accurately using

dedicated analytical techniques such as Isotope R&tss Spectrometry (IRMS).

Table 1. Mean natural abundance of some stablepestand relative international reference standards

Stable Mean natural

Element isotope abundance (%) International standard reference
Hydrogen H 99.99 V-SMOW (Vienna —Standard Mean Ocean Water)
24 (D) 0.01
Carbon 126 98.89 V-PDB (Vienna-Pee Dee Belemnite)*
B¢ 1.11
Nitrogen N 99.63 AIR (Molecular air nitrogen)
15N 0.37
Oxygen 160 99.76 V-SMOW (Vienna —Standard Mean Ocean Water)
o 0.04
89 0.20
Sulphur 82g 95.00 V-CDT (Vienna — Canyon Diablo Troilite)**
33g 0.76
34g 4.22
36g 0.02

*= Cretaceous marine fossBelemnitella americanadrom the Pee Dee Formation in South
Carolina (USA)

**= A FeS meteorite

1.2.2 Measurement of stable isotope ratios with IR&

Mass spectrometry is the principal means for méaguthe isotopic ratio of light
“bioelements” (Ho6lzl et al. 2004). Every mass spamutieter consists of three basic elements:
an ion source, a mass analyser and an ion det@etly, 2003; Scrimgeour & Robinson,
2004). The gaseous sampley (M, CO,, and SQ) enters the ion source through a narrow
capillary where it is then ionised. The ®ooneeded for ionisation are reproduced by a hot

filament usually made of rhenoim or thoriated tieg (Scrimgeour & Robinson, 2004). The
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sample ions generated are then accelerated byies sdrelectrode “lenses” before entering
the mass analyser (Kelly, 2003).

In the mass analyser, the ions are deflected bgre#t permanent magnet or an electromagnet
(Kelly, 2003). The radius of deflection dependstio® mass-to-charge-ratio, where ions with
the same ratio experience the same deflection aaslyhions are less deflected than light
ions. This deflection focuses the ions into sevikeams that finally enter the ion detector.

In the ion detector, each of these beams is detesgparately using a Faraday-cup (Kelly,
2003; Scrimgeour & Robinson, 2004). The voltagedpoed via the discharge of the ion in
the cup is then amplified and transformed intotdigputput, which is then sent to a computer.
Different resistors in the ion detector can be si#jd for different beam intensities, so that all
beams can be detected in the same voltage rangm@@our & Robinson, 2004).
Measurements are reportedd#o in comparison to international reference stansigfiichble

1), according to the equation:

— IQsample_ Rstandard

tandard

0%o (1000

Where R is the ratio between heavier and lightaiozes.

Natural variation in the isotopic composition isedto the different chemical-physical
characteristics of the different isotopes of aaiarelement, owing to the different weight and
nuclear spin. In a chemical/biochemical reactioma phase transition, these differences can
both interfere with the speed of reaction (kingdifect) and affect the energetic state of the
system (thermodynamic effect).

The kinetic effect leads to greater mobility andéo bound strength and consequently less
activation energy for lighter isotopes, which welghs.

The thermodynamic effect is due to the differergefrenergy of isotopically different
molecular species: heavier molecules have lower émergy so they have greater inertia in

reaction and a tendency to concentrate in the cmsdephase.
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Isotopic fractionation can also be caused by aratibn in the equilibrium of the reaction,
such as an instantaneous change in temperaturaemheval of a reactant or a reaction
product. This kind of fractionation (of non equililom, like enzymatic reactions) leads to the
enrichment of a particular isotopic species buhuwut pre-arranged rules.

Later on, the factors affecting the variability tok isotopic ratios investigated in this thesis
*3citac, PN/MN, 00, #*sP%S) will be exhaustively discussed, in order to ifyatheir

possible applications.

1.2.3 Animal tissues for SIRA analysis

In the last few years several studies have beedumbed in order to evaluate the best animal
fractions for SIRA analysis. All of these have besdertaken on two types of tissue samples,
incremental tissues such as hair (Ayliffe et 80042, Cerling et al., 2004b), nail (Fraser et al.,
2006; Fuller et al., 2006) and claws; and integgatissues including muscles (Bahar et al.,
2008; Schmidt et al., 2005), liver (Caut et al.00Perga & Gerdeaux, 2005) and blood
(Hobson et al., 1996; Miller et al., 2008). Thegaes of tissues can both provide a range of
different information. Incremental tissues are mseasible to “dietary changes”; therefore

they are fundamental in detecting changes in asinieding habits occurring in the last few

days or months before slaughter. Integrating tssare more stable and play a key role in
determining the standard/daily diet followed foveseal months or year prior to slaughter.

1.2.4 Fractionation and half-lives

Although isotopes have the same number of electamasin principle behave in a similar
way, the energy they need to undergo physical atgregg. breakage of old and formation of
new bonds, may be different for various isotopethefsame element (Kelly, 2003; Wagner,
2005). This effect is called fractionation and ltasorigin in the slightly different physical
properties of isotopes. Fractionation between ay ¢themical species is described by the
following equation (Karasov & Martinez del Rio, 200

_ (1000+9,)
(1000+ Sg)

A-B

R
IQB
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In this equationgag is the fractionation while Rand R are the ratios of the two species in
delta ¢). It can generally be stated that more energyeiedad to get a heavier isotope
involved in any physical or chemical change (F80&; Kelly, 2003).

These fractionations can lead to enrichment oredigpl of animal tissue, depending on its
diet. Therefore, this diet-tissue discriminatidRg (Aa-s= 0a-0; Karasov & Martinez del
Rio, 2007) needs to be experimentally determinezbtcectly interpret the results obtained by
SIRA (Ayliffe et al., 2004; Gannes et al., 1997).

The half-life of a tissue describes the spread ¢iksue’s turnover (Fry, 2006). It can be
defined as the time it takes to replace half oftthgue’s dietary signature with the signature
of the new diet (MecAvoy et al., 2006). Since tladffife depends on a tissue’s metabolic
rate, bone has a significantly longer half-liferthalood (Dalerum & Angerbjorn, 2005). As
for diet-tissue discrimination, half-life needskte determined through controlled studies such
as diet switch experiments (Gannes et al., 1997).

1.3 CARBON

1.3.1 Diet effect

The 3'3C of different animal tissues (muscle or lipid tian) is deeply influenced by the
composition of animal diet, normally based on défde vegetal species.

These show differen5™3C ranges according to the kind of photosyntheticleyGs, C4 or
CAM) because of the different isotopic discriminaticapability of the carboxylase enzymes
involved in CQ fixation, in addition to the different G&oncentration in plants.

1.3.1.1 The Calvin Cycle

The Calvin cycle is the primary mechanism for &Qation described by Calvin. It is
characteristic of plants from cold-temperate ar@ag. tomatoes, potatoes, beetroot, wheat,
rice, oats, barley, rye, soyabean, grapes, oramagedes) and is calledsCGas CQ is fixed in
intermediate products with three atoms of carbommdspheric CQ gets into leaf
parenchyma cells through the stomata and dissaiviee cytoplasm (Hatch and Slack, 1966;
Smith and Epstein, 1971). There it binds to ribetass-diphosphate (RuDP) giving rise to

two molecules of phosphoglycerate (PGA) that arebseguently reduced to
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phosphoglyceraldehyde (PGAL), the first sugar adtpbynthesis (Figure 1) (Taiz and Zeiger,
1998). Five out of the six new PGAL molecules asedito synthesise more RuDP via a
series of complex reactions driven by ATP (not sthow Figure 1). The sixth molecule of
PGAL may be used to synthesise glucose (usuallardegl as the end product of
photosynthesis) via combinations and rearrangeme&hesglucose may subsequently be used
to synthesise complex carbohydrates such as suyatosetural materials such as cellulose, or
energy storage compounds such as starch and I{pidg, 1982). Although the initial
reaction of CQ with RuDP produces the overridifdC isotope effect associated with this
species, there are many other factors which carttilto the finald'*C%. value of plant
material, such as, temperature, fertilisation,néigli CO, concentration, light intensity and
photorespiration (O'Leary, 1981). The interplayabfof these factors results 8°C%. values
between —22%o to -34%. for 80% to 90% of plants Wwhuglise the G pathway (Krueger and

Reesman, 1982).

Figure 1. Synthesis of carbohydrate by the Calg) (cycle. Each molecule of CO2 combines with one
molecule of ribulose-1,5-diphosphate (RuDP, a Shaarsugar) to form a hypothetical unstable 6 carbon
activated complex. This immediately splits into tmolecules of phosphoglycerate (PGA, a C3 molecHEA

is phosphorylated by ATP and then reduced by NAQOBrieorm phosphoglyceraldehyde (PGAL, a C3 sugar).
Five out of six new PGAL molecules are used tolsgsise more RuDP via a series of complex reactiomen

by ATP (not shown here). The sixth molecule of PGAay be used to synthesise glucose (adapted fram Ti
1982; O'Leary, 1988; Taiz and Zeiger, 1998).

phosphoglycerate (PGA)

CHO, 6 ATP 6 ADP
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1.3.1.2 The Hatch-Slack Cycle

The mechanism of carbon fixation used by thesetptlaas described by Hatch and Slack in
the late 1960s as the, @athway (Hatch and Slack, 1970). Hatch-Slack plawe able to
utilise CQ concentrations as low as 0.1 ppm (while thent@chanism does not operate at
atmospheric concentrations of less than approxignd&@@ ppm). Hatch-Slack plants can
perform photosynthesis in conditions of high terapane, intense light, low humidity, low
CO, and high @ concentrations.

CO; is obtained from two sequential carboxylation tieas shown in Figure 2.

Figure 2.The Hatch-Slack pathway of, hotosynthesiEach molecule of COcombines with one molecule of
phosphoenolpyruvate (PEP, a 3-carbon compoundrto & 4 carbon compound oxaloacetic acid (OAA). OAA
is then reduced by NADPre to form malate (MAL, a&cid) or animated to form aspartate (ASP,,aa€id).
The acid is then oxidised by NADPox to form g é@@mpound and CO The G compound is converted into
PEP, pyruvate or alanine (not shown here) and ititenPEP by the action ATP. The €@ fed into the Calvin
cycle where it is used to synthesise glucose (adafpdbm Ting, 1982; O'Leary, 1988; Taiz and Zeid€98).
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When CQ first enters the leaf stomata it combines with aafon compound
phosphoenolpyruvate (PEP) to form oxaloacetate (D@Al-carbon acid which is the origin
of the termC,; synonymous with the Hatch-Slack cycle (Hall &Ra®99). This first stage
proceeds with much smaller fractionation as contpaoethe G cycle,Ad ~ 2%0 (O’Leary,
1981).

OAA is then rapidly reduced by NADPre to form maldMAL, a G, acid) or animated to
form aspartate (ASP, a;@cid). These acids are transported deeper int€heant leaves.
The acids are then oxidised by NADPox to formzac@mpound and COThe G compound

is converted into PEP, pyruvate or alanine and thenPEP by the action of ATP. The €O
feeds into the Calvin cycle where it is used totkgsise glucose as in Figure 1. It is important
to note that although the;@arboxylase enzyme shows extensit@ isotope fractionation, it
IS not expresset the Hatch-Slack photosynthetic pathway. Thibesause the pre-fixation
of CO, by carboxylation of PEP is an irreversible reactiohisTresults in relatively enriched
5"C%o values for G plants between -10%o and —14%. (Winkler, 1984).

C,4 plants dominate in the tropics (Stryer, 1995) mutlide sugar cane, corn, sorghum, millet

and some types of pasture grasses.

1.3.1.3 CAM-plants

During the night Crassulacean Acid Metabolism (CAM&n absorb C§ by storing high
concentrations of organic acids, in order to redineeloss of precious water (Ting, 1982;
Garrett & Grisham, 1999). CAM plants are generaljtivated in hot dry climates and
usually have their stomata closed during the dal/@ven at night. Consequently, the plant
transpires and fixes CGQat night and this causes a reduction in starch athdr storage
glucans that energises the metabolism. Howevéheifclimate during the day is relatively
cold, the stomata may open and the plant will adbpct G metabolism of C@ When
daytime temperatures are high the stomata remaised| to prevent water loss through
transpiration (Krueger and Reesman, 1982). At niglien temperatures drop, the stomata
opens and uses the @etabolism of CQ The organic acids are then converted back into
CO, for C; synthesis the day after. The metabolism adoptecCAM plants is therefore
influenced by local climatic conditions and in @xtre cases may be predominantkyoC C,.
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Consequently, th&"3C%. value of CAM plants material varies widely beeme-30%. and -
12%0 (Winkler, 1984). Pineapple, vanilla and cacg the most well known plants that use
this metabolism.

The differences i"C values mentioned above can be used to determ@éype of feed
consumed by animals. For example, interpretatiod i values may show that cattle were
reared with different types of diet: e.g. eithenwentionally or organically (Bahar et al.,
2008; Boner & Forstel, 2004; Schmidt et al., 200%)a study conducted by Gonzales-Martin
et al. (1999) two different types of feeding (acéerd vs barley + soy flour + wheat) were
clearly defined with th&"C isotopic value of adipose tissue.

Bahar et al. (2005) showed that when shifting franG; diet to a G diet, based on an
incremental % of maize, the isotopic ratio of carlicreases in defatted dry mass and in the
lipid fraction. Camin et al. (2008) observed thensaresults in milk (casein and lipid). Each
10% increase in corn content in the diet correspaad 0.7—1.0%. shift in th&>C of casein.
Another animal product, urine, shows the same khehawas milk, with a value about 2%o
higher (Knobbe et al., 2006).

Analysis of 3°C also enables researchers to distinguish betweemstrial and marine
feeding materials (Balasse et al., 2005; Handldya&en, 1992), as marine plant material is
enriched as compared to terrestrial plant matégielly, 2000).

1.3.2 Climatic effect

The 3'°C is also influenced by climatic factors. As repdrtby Ferrio et al. (2003) local
humidity and temperature influence leaf stomatanome and hence the efficiency of
photosynthesis. Dry conditions cause a restriadiotihhe stoma with limitation of atmospheric
CO, admission to the leaf, causing an increase idtf@

5"C also predictably varies according to the latitiléhe northern hemisphere, with values
becoming more depleted with increasing latitudea asnsequence of changes in the relative
proportion of G and G plants.
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1.3.3 Isotopic fractionation

As reported by Tieszen et al. (1983) t5€C value increased in animals by about 1%o
according to the mean isotopic value of its diets.

The results of De Smet et al (2004) showed a sagmit 1*C depletion of lipid, but also an
enrichment of muscle, hair, liver, blood and plasride order of$3*C values was
hair>muscle>liver>kidney fat.

For example, as demonstrated by DeNiro and Ep§t&in7), lipids are more depletedfiC
than muscle, due to isotopic fractionation durihg bxidation of piruvate to acetic CoA.
Tieszen et al. (1983) showed how tissues with ngiabolic rates (such as blood or liver)

have a slower C turnover than tissues with slowetafyolic rates (such as muscle or bone).

1.4 HYDROGEN AND OXYGEN

As demonstrated bBowen et al. (2009%the 8H of meat protein is 70% influenced by diet
and 30% by drinking water, and its value is higiiran the lipid value. On the other hand, the
5'%0 of meat protein depends 70% on water and 30%iein Id this case we find a lower
value than the lipid value.

1.4.1 Meteoric water effect

The &H and3*0 of drinking water reflect meteoric rainwater \e@sy because the former
normally comes from underground deposits suppliegdrbcipitation.

The compositional variability a¥H and3d'°0 in meteoric rain water is based on the cycle of
evaporation from oceans and subsequent condensgatiprecipitation. The hydrogen and
oxygen isotopic composition of oceanic water (freimto 0.7%0) (Clark and Fritz, 1997)
approaches V-SMOW (0%o), the international referestemdard for the measurementafi
and 3°0 (Table 1), although it has changed considerathlying different geological eras.
The relationship between oxygen and hydrogen isofigiterns in the hydrosphere was first
defined by Craig in 1961. The mean annual isotagges for hydrogen and oxygen in
precipitation from regions as disparate as the i@rdntarctic, tropics and European and
American continents all fall on the meteoric wdiee (MWL) (Dansgaard, 1964) described

by the following equation:
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3D% = 850 + 10

Precipitation occurs when humidity is 100%, so apat fractionation is mainly due to
temperature. Oceanic vapour from subtropical areages to poles, becoming cooler and
condensing in the form of precipitation, losing treavier isotopes, which are concentrated in
initial rainfall (Figures 3 and 4 show an exampte §'°0). Consequently, latitude is a
discriminating factor in hydrogen and oxygen isatdpactionation.

Besides the ‘latitude’ effect, there is a ‘contiteéheffect due to the distance from the sea,
related to the vapour masses moving over contir{@mscloser the primary source of vapour,
the more significant the decreasedd and&™0 due to previous precipitation) and this
causes precipitation on coasts isotopically rictiemn internal areas (mean reduction of -
2.8%0/1000 km from the coast) (Forstel and Hutze®84). Moreover, different altitudes
inland lead to a reduction fil and'®0O of about -0.15%o to -0.5%aer 100 metres elevation,
because at higher altitude there is lighter vapbunally another deviation is due to seasonal
trends; during summer there is an enrichmenf@n and®H, especially inland.

Figure 3. Isotopic fractionation of a vapour masselation to temperature (Clark et al., 1997)
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Figure 4. Distribution of mead®0 values in 1992 and 1993 precipitation (Rozark$®3)
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Ground water, and thus animal drinking water, hassatopic composition related to the
mean annual isotopic composition of precipitaticater, and it$°H andd'®0 depend only

on geographical factors (altitude, latitude, diseafrom the sea) but not on the season..

H and O SIRA may be used to determine the geographbrigin of animal feed and human
foods (Boner & Forstel, 2004; Camin et al., 200/arke et al., 2008; Hegerding et al., 2002;
Kelly et al., 2005).

Ehleringer et al. (2008) showed a significant datren between animal proteins and both the
5H and3d*®0 isotopic values of rainfall. The same good caittieh has also been detected in

different animal products, such as cheese (Camah,2012) and milk (Chesson et al., 2010).

1.4.2 Diet effect

Vegetal species are the main components of ariewadl

In plants, the isotopic composition of vegetal waserelated to the water absorbed from the
soil, so it is affected by the factors mentioned\eh Furthermore, vegetal water in the leaf
suffers isotopic fractionation during evapotrasipara processes, which are affected by

temperature and relative humidity,, leading to anchment of the heavier isotopes. There

12
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are no apparent differences in the degree of emech of deuterium and oxygen in the leaf
water of plants utilising the Calvin ¢ Hatch-Slack (¢) or Crassulacean acid metabolism
(CAM) photosynthetic pathways (Bricout, 1982). Téfere, it is to be expected that growing
regions with relatively low humidity, where the eanf evaporation from the leaf is higher,
will be characterised by plant materials with riefely enrichedd®H and3™0 values (Martin
et al., 1986).

Relationships in terms of the variation of &fél values of cellulose according to @ of
leaf water and temperature (T) have been defineapYand Epstein, 1982a; Yapp and
Epstein, 1982b), where:

0.9D%o leaf water —22%o

5.8T - 134%0

0D%o cellulose

0D%o cellulose
To evaluate the contribution of the diet to th€O isotopic value, Kornex| et al. 1997
measured this value in milk in different periodstloé year. The results showed a rise in the
580 value when the animals were fed with grass idstefaforage. Grass indeed contains
enriched water, the result of evapotraspiration.

Balasse et al. (2003) were able to infer the sedgprof sheep birth and changes in sheep

diet during the year, by analysing the O stableose ratios of teeth (Balasse et al. 2006)

1.4.3 Isotopic fractionation

Hydrogen and oxygen integration in the differessties through metabolic processes causes
considerable isotopic fractionation. For exampls, raported by Tuross et al. (2008),
proteinaceous materials clustered in the ndstenriched range, e.g. collagen mandible (-
63+8%0) and in the mosfH-depleted range: blood (-128+7%o) (-137+7%0). Faterials had
the most depleted’H value (-284+12%o).

Furthermore, metabolites show systematic shifts rmthe different groups of plant
components, due to biochemically induced fractimmatThe3’H value of protein does not
differ significantly from carbohydrate (Winkler, 88). However other carbohydrate reduction
products such as ethanol, cholesterol and lipids@atively depleted in deuterium (Bowen,
1966). The depletion of lipids can be further deddinto two groups (Estep and Hoering,
1980). Thed’H of triglycerdes generated by two-carbon precusrson the fatty acid

13
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biosynthetic pathway, is approximately —30 to —60%éhereas nonsaponifiable lipids,
synthesised via the five-carbon isoprenoid pathwag,depleted by a further 80%o, resulting
in—110 to —140%. depletion relative to carbohydréités important to note that these latter
observations relate specifically to tf1 measurement of carbon-bound or non-exchangeable
hydrogen atoms in plant materials. It does notyafipthe labile hydrogen attached to oxygen

in hydroxyl moieties that can readily exchange wvtiter (Dunbar and Schmidt, 1984).

1.5 NITROGEN

1.5.1 Source of variability

The principal source of N for tissue protein systhds plant feed for herbivorous animals
and other animals for carnivorous animals. Farnrmals are almost exclusively herbivorous
(e.g. cows, sheep); therefore the isotopic comiposivf plant feed is the most important
factor in N variability.

Atmospheric N is the ultimate source of all natural N-containcggnpounds (Stryer, 1995)
and it contains about 0.49%°N. Through physical processes and the activity of
microorganisms it is transformed into inorganictrates, ammonia) and organic forms
(aminoacids, proteins) that are present and availakthe soil. The natural cycle of nitrogen
in the environment is relatively complex as comgate other bio-elementscarbon,
hydrogen, oxygen and sulphur. It moves from theosphere, through various plants and
microbes and occurs in a variety of reduced andised forms (Table 2).

According to the extent of each of these procesgkgh are mainly affected by the depth of
soil, kind of vegetation and climate, th€N values of soils can vary considerably, generally
falling between -10 and +15%o.. In particular, wasess and nearness to the sea ledtNo
enrichment in the soil (Heaton et al., 1987). Falticated lands, the main factor affecting
8'°N is fertilisation practices. Synthetic fertilisergroduced from atmospheric nitrogeia
the Haber process, sha#N values between -4 and +4%., whereas organic ifetd are
enriched in*N, ranging between +0.6 and +36.7%. (manure betwe®® and +25%o
(Bateman and Kelly, 2007). Intensive use of orgafadilisers can therefore cause a
significant enrichment in th&N of nitrogen compounds in soil (Kreitler, 1975; IKeand
Bateman, 2005).

14
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Table 2. Processes in the nitrogen cycle leadirigatopic fractionation

Process Description of the process Fractionation
Fixation Natural process, either biological or abiotic, by which nitrogen —3/+1%o (data concerning legumes)
(Ny) in the atmosphere is converted into ammonia: (Fogel and Cifuentes, 1993)

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

fertilizers)

Assimilation Incorporation process of nitrogenous compounds (NOy, NH3) Assimilation further incorporation of N
by microorganisms or plants. At the beginning nitrogen oxides than *°N, with a mean fractionation of
are reduced to ammonia and subsequently integrated in —0.5%o (Hiibner,1986) that is negligible in
organic matter. plants.

Dissimilation Metabolic reactions that use the assimilated nitrogen.

Mineralization Transformation of soil organic nitrogen in ammonia. +1%0

Nitrification Biological oxidation of ammonia with oxygen into nitrite -12/-29%0

followed by the oxidation of these nitrites into nitrates

Volatilization Volatilizzation reaction of ammonia as gas from soil to +20%o0
atmosphere (very marked in alkaline soil)

Denitrification Nitrate reduction that may ultimately produce molecular Enrichment in *°N
nitrogen

1.5.2 Isotopic variability factors in plants

8N values in plants are generally correlated to ¢hufsnitrates and ammonia in soils. They
are therefore are affected by the same variabfdittors described above, but also by the
isotopic fractionation involved in uptake and orngamompound assimilation processes
(Werner et al., 2002). Uptake does not cause abstantial fractionation, whereas enzymatic
reactions, such as nitrate reduction or transamimasignificantly affect isotopic composition
(Yoneyama et al., 1995). Leguminous and nitroggimd plants are an exception, as they can

fix nitrogen directly from the air, showirid®N values around 0% (Yoneyama et al., 1995).
1.5.3 Information obtained from N SIRA

Analysis of §*°N enables researchers to explore the existenceumitional stress during
starvation (Fuller et al., 2005) or pregnancy (&uét al., 2004).
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1.5.4 Isotopic fractionation

8N findings are widely used in ecological studieslaermine the trophic level of animals
(Kurle & Worthy, 2002; Minegawa & Wada, 1984; Po2§02) and humans (Hedges &
Reynard, 2007) and have shown enrichment of apmrabely +3%. per trophic level
(Minegawa & Wada, 1984).

This stepwise enrichment 8f°N is also used to establish patterns in breastigeidi modern
humans (Fuller et al., 2006).

The different tissues have a different level ofcfi@nation. De Niro & Epstain, 1981
demonstrated that mice fed the same diet had €iffér°N isotopic values in these tissues:
brain > liver > hair > muscle > kidney. TW&N of milk protein showed a gap of 4%. as

compared to urine protein (Knobbe et al. 2006).

1.6 SULPHUR

1.6.1 Source of variability

The S source of any animal tissue is the sulphutatoed in plants. Natural factors that
influenced>*S values in terrestrial plants are the abundan¢eaéy sulphides in the soil, but
also aerobic or anaerobic growing conditions (Rsben & Hobson, 2004), underlying local
bedrock (igneous or sedimentary, acid or basic)crabial processes active in soll,
fertilisation procedures and atmospheric depositinmouse & Mayer, 2000), such as mainly
sulphate deposition as an aerosol over forageastabareas (sea-spray effect) (Attendorn &
Bowen, 1997).

The variation of*S in the terrestrial environment is shown in Figbire

The presence of any one sulphur isotope in preterdn others will depend on mass
fractionation and kinetic isotope effects both prto, during and after formation of the
substance. Thus, for example, anthropogenig [@llution can be correlated with its source
(Winner et al., 1981) as can beach tar deposis) Bulphur isotope measurements (Hartman
& Hammond, 1981).

In an analogous way to denitrification, bacteriadabelise the oxygen in sulphate to oxidise
organic material, thereby producing isotopicalghli hydrogen sulphide (Schidlowski, 1982).
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Figure 5.3S isotope variation ranges of sulphur pools (adhfstan Winkler, 1984)
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1.6.2 Information obtained from S SIRA

5*'S can be used to differentiate terrestrial fromingaplants (Kelly e al., 2005; Rubenstein
& Hobson, 2004). Commonly found*S values for terrestrial plants range from -5%o to
+22%o, with most plants ranging between +2%. and +8%e 5>*S values of marine plants
usually range from +17%o to +21%0 (Peterson & Fry874P The fractionation of sulphur in
marine habitats is mainly caused by sulphate-redubacteria (Thode, 1991). In a study on
Inuit diets, Buchardt et al.(2007) showed that&blst isotope ratios are a very effective way
of estimating the proportions in the Inuit dietgniating from terrestrial and marine sources.
Several studies on the authenticity of foods (Bo&eFostel, 2004; Camin et al., 2007
Schmidt et al., 2005) have showed clearly thatsggay accounts for the high®'S values in
meats. However, Bahar et al. (2008) and MolketinG&semann (2007) showed a clear
seasonal pattern fa&**S values in beef and milk respectively, for whiasttbgroups have
some difficulties in finding an explanation. Funtm®re, Gonzales-Martin et al. (2001)

showed that it was possible to distinguish betwibendietary regimes of Iberian swine and
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therefore to distinguish between breeds using ASHhally, Nino-Torres et al. (2006) used
analysis of the®**S on dolphin teeth to show thBelphinus capensis a coastal feeder but

that its feeding habits change with age, resulting higher trophic level later in life.

1.7 USING SIRA TO TRACE ANIMAL PRODUCTS: EXAMPLES O F
APPLICATIONS

In 2003 Piasentier et al. published a first pape6StRA and lamb meat traceability based on
feeding habits and geographical origin. This astickported discrimination between the
different origin of lamb (6 European countries) andifferent feeding regimes (suckled milk,
pasture and supplementation containing maize gtaased on thé’C/?C and ™N/**N in
lamb meat lpngissimus thorac)sprotein and fat. Thé&C of defatted dry protein and fat
showed good discrimination between the three tymbkats, with the lowest values in pasture
samples and the highest value in the case of naéldihg. The different pedoclimatic
conditions (humidity) justify the differences inet®™N isotopic value detected in samples
with the same diets but of different geographicaino, such as Iceland and UK, or Spain and
France.

As a consequence of the animal disease BSE (B&poagiform Encephalopathy), the stable
isotopic method was used to detect the content BMMbovine meat and bone meal) in the
animal diet. Carrijo et al. (2006) showed good wismation in boiler chickens fed a corn
and soybean meal-based diet with an increasing ¢¢\WBM.

A significant contribution to improvement of muéllement stable isotopic analysis of meat
(lamb, chicken and beef) was made by the Europeajed® TRACE {racing the origin of
food). The number of sampling sites (22) and sam{@@8) made it possible to evaluate the
potential of different stable isotope ratios (C,¥,H, S). Camin et al. (2007), comparing the
3H isotopic value of drinking water and defattest grotein of lamb and confirming a good
correlation (R=0.7). The correlation between t&f# and3">C of defatted protein showed the
potential for discriminating between three macreaar (UK + Ireland, Greece + South Italy
and Alpine Regions). The different samples werecalled on the basis of tRéH isotopic

value, with the higher values in the north of Ewofhis study showed characteristic
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behaviour for the>**S of defatted dry mass, making it possible to disicrate between the
samples on the basis of geographical origin. Theddl Ireland had a highéf*S value,
probably due to the sea-spray effect (see belovwgreds a volcanic site (Sicily) showed a
lower value.

To evaluate the effectiveness of stable isotogio @nalysis in discriminating between lambs
fed with herbage or concentrate, both obtained f@8nplants, Moreno-Rojas et al., (2008)
analysed 34 samples @omisanamale lambs. The lambs, 45 days old, were fed three
different diets: two C3 based (vettficia sativaad libitum and barley-based concentrate)
and one C4 based (maize concentrate) and thenhstaad after 60 days. Wool, adipose
tissue (perirenal fat) and mustlengissimus dordrom all lambs were sampled

Tne 8C of lipids and thé"*C and3™N of meat and wool can discriminate between animals
fed herbage or concentrate, both obtained from [@8t@ Wool5™N shows a value 1%o
lower than thed™>N of meat. As th&'*C and3"°N values of wool can predict that of muscle,
Moreno-Rojas et al., (2008) demonstrated thas passible to authenticate animal-feeding
systems without slaughtering the animals.

Heaton et al., (2008) tried to apply the isotopietmod to beef samples originating from
England, Ireland, Scotland, Brazil and the USA.yOmith a&"*C vs3™N plot was it possible

to discriminate between European and extra-Europaaiples. The Brazilian and USA beef
samples, with a typical C4 based animal diet, vetr@racterised by &'°C between -16%o
and -9%o, whereas European products ha&f'@ between -28%o and -20%.. TRE°O of the
lipid fraction confirmed itself as a helpful resoerfor geographical traceability. TR0
values vary with the approximate latitude of thedurction region (R=0.76).

Perini et al. (2009) tried to check whether muléreent stable isotope analysis can be used to
differentiate the regional origin of Italian lamésd to differentiate lambs on the basis of their
diet. This study considered 160 lamb samples froomdsferent Italian regions (Trentino,
Friuli, Tuscany, Molise, Umbria and Sicily) fed fotypes of diets (only grass, grass + maize,
hay + maize, milk). ThedC of defatted dry mass and lipid confirmed the igbito
discriminate between C3 and C4 diets. Comparisdwemn thed*C trend in proteins and
lipids showed a significant difference between seonples in the oldest lambs, following a

C3 diet before a diet-change. In this case, charnged by a change in diet from C3 to C4, we
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detected a slower response in lipid as comparguidi@in. This is due to the different tissue
turnover.3°H analysis discriminated between the different gaplical origin of lambs, with
the lowest value in the north (Trentino) and thghest in the south (Sicily). TR0 of lamb
proteins and lipids depends on the type of diee Tighest values occur in the presence of
grass containing vegetal water enriched wit® (evapotraspiration). When comparing
samples from the same animals fed milk insteadrasgthere was a significant difference
due to the trophic leveB*°N and&**S are correlated with pedoclimatic conditions anel t
underlying local bedrockd™N showed the highest values in Sardinia, where tildssvery
arid, whereas the lowest values were in Trentinith\8**S it is possible to differentiate
between two different types of macroareas: regmose influenced by the sea-spray effect
(Sardinia) and regions with volcanic soil (Sicily).

Guo et al. (2009) systematically determined&he, 5N, 5°H ands®’Sr of cattle tissue and
tail hair from four major beef production sites @hina. The results showed that the
fingerprint of these indicators in cattle tissugmf the different regions is unique. T&HEC
value in cattle tissues was effective in clasaiybeef from different regions, where cattle
feed is significantly different in terms of the pmotion of G and G. The 8N value was
effective in distinguishing cattle from farm landdapasture. Thé?H value in cattle tissue
was closely related to the geographical conditiand decreased at higher latitude. 92% of
samples were correctly classified usingdHi€, *°N and §°H values.

Sun (2011) reported that there were significarfiedgihces in C, N and H stable isotopes in
lamb tissues according to their geographical origine total correct classification rate of
88.9% was obtained according to the geographidglnoby combining thes™*C, §*°N and
8°H values in lamb muscle.

Osorio et al. (2011a), by plotting on§**C values agains®™N values, showed clear
separation of beef from animals fed two differeyges of diet: grass-fed groups (animals
raised at pasture for 12 months (P) or animalsgiads silage for 6 months, followed by 6
months at pasture (SiP)) from beef fed a cereakeanate for 12 months (C) or an
“intermediate” group fed grass silage for 6 morftiikwed by 6 months of grass at pasture

with a concentrate supplement (SiPC).
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With canonical discriminant analysis (CDA) the pmrtage of correctly classified samples
was 86.5% (Osoriet al, 2011a)3™C andd>*S values are the most significant parameter for
classifying beef according to the feeding regimen,the basis of muscle stable isotopic
signatures.

In another study, Osorio et al. (2011b), used Cppliad to stable isotope data (H, C, N, S)
to investigate the feasibility of discriminatingsin grass-fed beef from non- Irish beef raised
in other European countries and the USA and Brazil.

85% of the 140 beef samples were correctly assigméte country of origin, and 82.9% were

cross-validated. All Irish grass-fed beef samplesencorrectly classified and then cross-
validated.
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CHAPTER II: OBJECTIVES

The main objective of this research was to invastighe effect of different factors, such as
tissue turnover, type of diet, geographical origirbreeding and processing conditions, on the
stable isotope ratio variability of the most impmt bioelements?d/*H, **C/*%C, ™N/*N,
180/1°0, *SF?S), measured using IRMS (Isotopic Ratio Mass Spewtry) in different types

of tissues, including pig and ovine muscles, mubplds and lipid fractions.

This study was simultaneously conducted by othdyoratories in order to extend

geographical areas and tipologies of the animalagated.

The specific strategies were:

1. analysis of the trend for the isotopic valuedifferent bioelements during a diet switch;
2. evaluation of thé'°0 ands?H of samples (ham or beef) from different geographareas;
3. evaluation of the trend for the isotopic valuwgsdifferent bioelements in animals with

different breeding conditions.

In detail the research focused on:

— study of multi-element (H, O, C, N, S) stable ig®atissue turnover and diet-tissue
discrimination in ovine muscle and its lipid classed lipid fractions;

— study of the effect of various production factargelation to both pig husbandry and
thigh processing procedures on stable isotope rarability of the most important
bioelements®H/*H, 1*c/faC, °N/MN, 80/*°0, **sf%S);

— evaluation of the efficacy of IRMS as a tool foading the geographical origin of dry-
cured ham;

— characterisation and traceability of origin for bdeom a country outside Europe

(Cameroon).
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CHAPTER III: TISSUE TURNOVER IN OVINE MUSCLES AND L IPIDS AS
RECORDED BY MULTIPLE (H, C, O, S) STABLE ISOTOPE RA TIOS

Abstract

Multiple stable isotope ratio${H, §*°C, §°0 and$*'S) were measured in muscle, muscle
lipids and lipid fractions collected from 28 lamissibjected to a diet-switch and raised on two
energy allowances (EAs), to determine tissue tuienend diet-tissue fractionation. The diet-
muscle fractionations prior to the diet-switch westimated to be —44.0%o., +1.9%0 and 0%o
for H, C and S, respectively, while the drinkingteravas demonstrated to be the main source
of muscle O and thu&?0O variation. The diet-intra-muscular lipid fractations prior to the
diet-switch were estimated to be —172.7%o, —1.3%0 ahtl.5%. for H, C and O, respectively.
The C half-lives of muscle were determined to be/ Znd 91.6 days for animals receiving
the high and low EA, respectively. Extracting temgby resolved pre-slaughter dietary
information from meat by analysing bulk muscle, oiedipids and muscle lipid fractions
appeared to be not practicable due to possibleniptate turnover of lipids.

3.1. Introduction

The recent findings of elevated levels of dioxin lmsh pork and of formula milk
contaminated with melamine in China were just @tedt in a series of scares to beset the
food sector following the previous outbreaks of inevspongiform encephalopathy (BSE),
foot-and-mouth disease (FMD) and avian influenzZaese scares are largely responsible for
raised consumer demands concerning clear origielliaty of food, especially meat (Food
Standards Agency, 2001 and Kelly et al., 2005). elmv, analytical tools are needed to
enable confirmation of country of origin of anin@bducts and to verify the authenticity of
foods. The potential of stable isotope ratio analySIRA) in this regard has been
demonstrated (Camin et al., 2007, Franke et ai§2Beaton et al., 2008 and Schmidt et al.,
2005).

Measurements of multiple stable isotope ratios lmarused to gain information about plant
sources used as animal feed (Bahar et al., 2008aner and Foérstel, 2004), the proximity to
the sea of farms on which animals were raised (Baksh, & Heaton, 2007) and the latitude
of the country of origin (Camin et al., 2007 andaktm et al., 2008). However, it is necessary

to determine the diet-tissue fractionation for €eff source), S (proximity to the sea) and H
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and O (latitude) as well as the half-lives of tssuhat can be of use for meat authentication.
Currently, this information is not available fovdistock animals.

Recently, Phillips and Eldridge (2006) proposedoaeh approach, the so-called “isotope
clock”, that potentially allows scientists to esdita the time of previous changes in the diet of
animals. In order to use this isotope clock, ihésessary to analyse at least two tissues with
distinctly different half-lives. For meat authemtiion, such tissues should be sourced from a
single sample obtained from a single animal. Muaal@ lipid were previously shown to fulfil
this requirement in gerbils (Tieszen, Boutton, Eddd& Slade, 1983). Furthermore, research
on the half-lives of triacylglycerols in human sial muscle (Sacchetti, Saltin, Olsen, & van
Hall, 2004) and polar lipids in rat brain tissuedysz, Bieth, & Mandel, 1969) revealed
distinctively different half-lives for these twopld fractions (29 h and 20-40 days,
respectively). Thus, it may be possible to obtaiorendetailed pre-slaughter dietary
information on meat animals by analysing differbrdchemical fractions of the same meat
sample.

The objective of this research was to estimate-lhadé of ovine muscle tissue and its
associated lipids and lipid fractions by measummgjtiple stable isotope ratios following a
controlled diet-switch prior to slaughter. Furthens, we estimated diet-tissue fractionation
of various elements in several tissues. Finallyfeoeised on the possibility of extracting two
tissues or tissue fractions with distinctive hales from meat that could be used as an
isotope clock (Phillips & Eldridge, 2006).

3.2. Materials and methods

3.2.1. Animals and feeds

Between March and April 2006, 28 purebred Belclamsbs (14 males and 14 females) were
born at the Teagasc Production Research CentreenAthCo. Galway, Ireland and were
taken from their mothers at pasture 2.5 + 2.1 daysan + standard deviation (SD)= 28)
after birth and initially raised on artificial mitfor 6 weeks. The lambs were slowly weaned
from the milk substitute during this time and imtbced to a commercial diet (control diet).
The control diet (Thomas McDonagh & Sons Ltd., DooinCo. Leitrim, Ireland) consisted of
a mixture of cooked and flaked @nd G plant material including barley flakes, maize #ak
maize gluten, cane, molasses and oats. In June g@9&nimals were moved to the Teagasc
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Grange Beef Research Centre, Dunsany, Co. Mealantt and maintained on the control
diet.

Prior to the diet-switch, all lambs were statidticdblocked according to sex and within
treatment groups assigned at random to eithertadngrgy allowance (HEA) or low energy
allowance (LEA) of the experimental diet for O (tah), 14, 28, 56, 98, 154 and 231 days
(treatments TO, T14, T28, T56, T98, T154 or T23¥Kspectively). The lambs were penned
individually, weighed periodically and the feedoalances adjusted, based on body weight, to
ensure a target weight gain of 507§ dnd 150 g d for animals receiving the LEA and HEA,
respectively.

The experimental diet was formulated to have alammetabolisable energy (Agricultural
and Food Research Council, 1993) as the commer@ahilable control diet. The control
diet had a metabolisable energy of 11.4 + 0.3 M3 Kgy matter (DM) (mean + SOy = 8)
while the pelleted maize concentrate and maizegeilaad metabolisable energies of
12.6 + 0.1 MJ kg- DM (mean + SDn=9) and 10.1 + 0.3 MJ kDM (mean + SDn=9),
respectively (see Table 1). Thus, the experimat&lhad a theoretical metabolisable energy
of 12.4 MJ kg DM after consideration of DM and DM digestibiliof each diet component.
The experimental diet consisted of 76% (wet weigasis) of pelleted maize concentrate
containing seaweed (48 Kddoncentrate; Arramara Teoranta, Kilkieran, Co. Galw
Ireland), produced in a single batch at the Teaddsorepark Dairy Production Research
Centre, Fermoy, Co. Cork, Ireland, and 24% (weghiebasis) of maize silage. The feed was
offered to the animals in a single meal each magrmihile the lambs hadd libitumaccess to
water at all times.

This study was carried out under licerfeem the Irish Government Department of Health
and Children and with the approval of Teagasc/rish Agricultural and Food Development
Authority. All procedures used complied with na@bn regulations concerning

experimentation on farm animals.
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Table 1. Metabolisable energy?H, §°C, §'%0 ands®*S of all feed stuffs (dried) arifH and
8'%0 of drinking water at both research stations (reea8D).

=1
Feed component Energ[))/l\Ell;/lJ k0 8%H [%o] | 8°C [%o] | 5 %0 [%o] | 5>*S [%o]
Control diet o= 8) 11.4+0.3 -53.6 £3(922.6 +1.423.8+1.241+1.0
Experimental die
Pelleted concentrate € 9) 12.6 £0.1 -21.4+2/612.5+0.525.9+0.58.3+£0.8
Maize silager = 9) 10.1+£0.3 -45.9 + 7|412.1 + 0.326.1 £+ 1.35.1 £ 0.6
Composite (theoretical) 12.4 -23.6 -12.% 25.9 8.2
Water
Water (Athenryn = 4) -30.7+£0.3 -5.0 £ 0.C
Water (Dunsanyn = 15) -44.6 £ 0.]f —6.7 £ 0.2

3.2.2. Feed and water samples

Weekly feed samples were collected and stored @t’€2until analysis. For SIRA, monthly
samples of the three feed stuffs (control diet]gpedl maize concentrate and maize silage)
were oven dried at 40 °C for 48 h. The dried samplere then first milled to a particle size
of <1 mm using a commercial feed mill (Christy & me Ltd., Chelmsford, UK) before
being powdered using a ball mill (Glen Creston L&anmore, UK). For H and O analysis,
feed was defatted according to Radin using a mextin-hexane and 2-propanol (3:2, v/v)
(Radin, 1981). Powdered (C and S) or powderedd-iige (H and O) feed were finally
weighed into tin capsules for SIRA.

Water samples were collected regularly throughbetexperiment. In total, 19 samples were
collected; four samples at the research stationrevtiee animals were born (Athenry, Co.
Galway) and a further 15 samples at the reseaatioistwhere the diet-switch experiment
was carried out (Dunsany, Co. Meath). All water gi® were kept frozen at —20 °C until
analysis.

3.2.3. Preparation of muscle and lipid samples

The muscleLongissimus dorsi(LD) was collected from all animals 24 post-mortem
trimmed of superficial adipose tissue, vacuum pdcked stored frozen at —20 °C until

analysis. Furthermore, a sample from the subcutenadipose tissue (SAT) located close to
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the LD was collected 24 host-mortemFor SIRA, a sample from the geometrical centre of
the muscle was collected and freeze dried (EdwBndsii 501 Freeze Dryer, Edwards Ltd.,
Crawley, UK) for 168 h to ensure absolute dryndsthe samples. Prior to analysis, 300 mg
of muscle were sub-sampled from every collectedpdarand defatted according to Radin
(1981) and the extracted lipid was collected. Dipid-free muscle samples were stored in
Eppendorf vials in a desiccator prior to weighintpitin capsules for SIRA.

The intra-muscular lipid (IML) fraction obtainedllimving de-fatting was retained and stored
in CHCl. The amount of IML was estimated following evapiana of the solvent under a
stream of N and determined as % of muscle dry matter (% DMg AT collected close to
the LD was also “de-fatted” according to Radin (18 he lipid collected was transferred to
a 4 ml brown screw cap vial, re-dissolved in Ckl&id stored frozen at —20 °C until analysis.
The IML (10 mg) was further separated into neuliatls (NL), free fatty acids (FFA) and
polar lipids (PL) using solid phase extraction ($REcording to Kaluzny, Duncan, Merritt,
and Epps (1985). To estimate the amounts of NL, BRA PL in IML, the solvents were
evaporated under a stream of Mfter weighing, the IML and its fractions weredessolved

in CHCk and stored frozen at —20 °C until weighing. Puritly the lipid fractions was
determined using thin layer chromatography (TLG)oading to the procedure described by
Bateman and Jenkins (1997).

For SIRA, lipids dissolved in CHgMere transferred into pre-weighed tin capsuleagisi
Hamilton syringe. The solvent was then slowly evaped by placing the tin capsules onto a
glass plate on a hotplate set to 40 °C. Finallg,tth capsules were weighed and wrapped for

analysis.

3.2.4. Stable isotope analysis

The natural abundance levels of carbon stable psstavere measured in feed, lipid-free
muscle, SAT, IML, NL and PL using a Costech ECS4@l€mental analyser (Costech,
Milan, Italy) connected to a Thermo-Finnigan DeRdus XP gas isotope ratio mass
spectrometeria a Conflo Il interface (Thermo-Finnigan GmbH, Brem Germany). The
natural abundance levels of sulphur stable isot¢¥8£°S) were measured in six replications
in feed and lipid-free muscle using a Vario EL Cublemental analyser (Elementar
Analysensysteme GmbH, Hanau, Germany) connecteahtésoPrime mass spectrometer
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(GVI, Manchester, UK). Natural abundance levelshpfirogen and oxygen stable isotopes
were measured in lipid-free feed, lipid-free musdéML and water through pyrolysis of the
sample in a high-temperature conversion/elememialyaer (TC/EA) coupled to a Delta XL
Plus Mass Spectrometer (Thermo-Finnigan GmbH, Brei@ermany).

Stable isotope ratios are expressed inddm@tation in parts per thousand (%) according to
the equation:

— Rsample_ Rreference
Rreference

whereR is the ratio of the heavier to the lighter stalsietope (e.g.*C/*?C) in the sample

0%o x1000

(Rsampig and the reference materidkderencd. Porcine collagen and olive oil (EU TRACE
project FP6-2003-FOOD-2-a Inter-Comparison Matgnatre analysed at the beginning, in
the middle and at the end of each run to correcinfsirumental drift and to determine the
inter-batch variability ofs*C analyses when analysing feed and fat-free mugdecine
collagen) and SAT, IML, NL and PL (olive oil). Fet, O and S analysis, casein (EU TRACE
project FP6-2003-FOOD-2-a Inter-Comparison Matgrialas used to correct for
exchangeable hydrogen according to the “comparatnaibration technique” (Wassenaar &
Hobson, 2003) as well as instrumental drift andriitatch variability.

The analytical precision 08°C measurements for the standard materials (NIST7H57
“Bovine Liver’, US Department of Commerce, Nationaistitute of Standards and
Technology, Gaithersburg, MD, USA; NSB 22 “Minew@l”, International Atomic Energy
Agency, Vienna, Austria) measured along with thengas was better than 0.2%o
(mean = -21.4%0) for NIST 1577b and better than O.(%ean = —29.7%.) for NBS 22.
Analytical precision o%°H and3'®0 measurements for the standard materials (NBSh@2 a
IAEA CH6 “Anu Sucrose”, both International Atomicn&rgy Agency, Vienna, Austria)
measured along with the samples was better tharir3&an = —120%o) for NBS 22 and better
than 0.5% (mean = 36.4%0) for IAEA CH6 féfH and 8*%0, respectively. The analytical
precision of63'S measurements for standard materials (Chicken IEM,TRACE project
FP6-2003-FOOD-2-a Inter-Comparison Material) meadualong with the samples was
better than 0.2%. (mean = 5.1%0). Samples were nefeto Vienna Pee-Dee Belemnite for
C, to Standard Mean Ocean Water for H and O a@hfen Diablo Troilite for S.
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The following mass balance model (Scrimgeour & Rebn, 2004) was used to calculate the
theoretical composité value of the experimental diet: xxxx
_ Po, + S0
P+S
In this equationggp is the theoreticad value of the composite, experimental digt,andds

5ED

are theo values of the two dietary components pelleted entrate P) and maize silage§,
respectively, and® andS are the product of the amount of the dietary camepo fed to the
animals, the DM and the DMD (Harrison et al., 2000Xhe dietary componen® and S,

respectively.

3.2.5. Statistical analysis and modelling of muscknd lipid turnover

A pairedt-test was used to determine differences in C stgbk®pe ratios measured in LD
and lipid types and fractions collected from ansna&ceiving the LEA and HEA. Analysis of
co-variance (ANCOVA) was used to determine whettex, EA or the duration the animals
received the experimental diet influenced the waltlIML, NL and PL using carcass weight
as a covariate to correct for the differences ircass weight. General linear models were
fitted to H and O stable isotope ratios from LDdetermine differences in slope factors for
lambs receiving the LEA and HEA (SAS 9.1, SAS kusé Inc. Cary, NC, USA).

The software package SPSS v.12 (SPSS Inc., ChidhgdJSA) was used to model the
muscle C and S turnover. The model used was baseitheo one-pool model previously
described by Hesslein, Hallard, and Ramlal (1993):

C(t)=Cg+(Co-Ce)xe™".
Here,C(t) is the isotopic signature at any timehile Co andCg are the isotopic signatures at
the beginning and at isotopic equilibrium, respasyi. Finally, the turnover constaat the

sum of the growth rate and the metabolic tissucement, can be used to calculate the half-

lives, t,, of the muscle:

38



Chapter llI

3.3 Results and discussion

3.3.1. Feed and water samples

A summary of the SIRA results for feed and waten@as is presented in Table 1. After
consideration of the DM and DMD (Harrison et abD]1R), the composite experimental diet
had theoreticab’H, 3"°C, 5'°0 and$*'S values of —23.6%o, —12.5%o, 25.9%0 and 8.2%o,
respectively. Thus, th&’H, 5'°C, %0 and&®'S values of the composite, experimental diet
were elevated by 30.0%o, 10.1%0, 2.1%0 and 4.1%. foCHQO and S, respectively compared
to the control diet.

Since the two research stations where the animate Wworn (Athenry, Co. Galway) and
maintained during the experiment (Dunsany, Co. Meate located in the west and in the
east of Ireland, respectively, the drinking waterswdepleted by —-13.9%. and —1.7%o. for H
and O, respectively with the animals being expdasddwer§H and&*?0 water values with
the switch in drinking water when they were movedite east in June 2006. In September
2006, when the experimental diet was introducesl atiimals experienced a second switch in
8°H andd®0 values, but this time towards less negadfitt and more positivé*®0 values in
the diet (see Table 1). It is known that drinkingter affects thé’H and 5'%0 values of
human hair (Ehleringer et al., 2008 and Sharp .e2803) and of bacteria (Kreuzer-Matrtin,
Lott, Dorigan, & Ehleringer, 2003). As the switah drinking water preceded the switch in
diet by three months, the animals may already teen partly equilibrated to the néiH
ands'®0 values in drinking water when the diet switchuoced.

3.3.2. Yields of lipids and lipid fractions

The average yield of lipid extracted from leangefre-dried ovine LD was 105.3 + 37.7 g kg
DM (mean = SDn = 28). ANCOVA revealed that the yield of IML deas®d with increasing
duration of consumption of the experimental dieewlgarcass weight was used as a covariate
(p = 0.049;n = 28), but did not depend on the sex or EA.

The average yields of NL, PL and FFA from the IMllléwing SPE were estimated to be
83.0 £4.8%, 15.0 + 4.4% and 2.0 £ 1.6%, respelstiviLC confirmed the purity of the three
lipid fractions. The yields of NL and PL dependegngicantly on the length the animals
were on the experimental diet when the carcasshiveigs used as a covariafe=0.0094

andp = 0.0142, respectively; = 28) resulting in higher yields of NL and loweelgs of PL
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for animals slaughtered after 231 days as comp@areshimals slaughtered prior to the diet-
switch (control).

3.3.3. Stable isotope ratios in muscle

The results of the SIRA of muscle H, C, O and Spaesented in Fig. 1. THE°C values of
LD (Fig. 1a) had been measured previously (Harretas., 2010) but were measured again to
permit direct comparisons of muscle and lipid stalsbtope ratios from the same samples.
Fig. 1a shows clearly that the muscle sampled fiaimals on the HEA recorded higherC
values than muscle from animals on the LBpA=(0.0003). The application of the exponential
one-pool model, described by Hesslein et al. (198&)ermined thé'*C half-lives in ovine
LD to be 75.7 and 91.6 days for muscle collectednftambs receiving the HEA and LEA,
respectively. The calculated fractionation betwdéle® muscle and the control diet at the
beginning of the experiment was +1.9%o. This estaweas lower than previously determined
diet-muscle fractionations of +3.0%0 in beef (Baledral., 2009), but slightly higher than
estimates of approximately +1%o. in rodents ( Arneaad MacAvoy, 2005 and MacAvoy et
al., 2005).
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Fig. 1. The stable isotope ratios of (a) carbom,s(@phur, (c) hydrogen and (d) oxygen LD
for lambs raised on a low (LEA) and high (HEA) emeallowance for up to 231 days.

The results of the S SIRA are presented in Fig.Nidbdiet-tissue fractionation between the
defatted muscle and the control diet was foundciwhsé in good agreement with previous
observations on mice (Arneson & MacAvoy, 2005).

For N, it is known tha$N values can increase during nutritional stres$l¢Fet al., 2005).
Yet, to our knowledge, no such studies have beetertmken ors**S values. Our animals
possibly experienced a nutritional stress afterdie¢ switch, when they had to adapt to the
new diet; this stress could explain the dropts values. In a similar experiment, fish reared
at two different temperatures on three differensEAthe same feed showed a similar drop in
8%'S values shortly after introduction to the new @Rsrnes & Jennings, 2007). However, in
contrast to our experiment, only fish receiving b EA in warm water and fish receiving
the medium EA in cold water showed such a drop*i$ values. Referring to the same
experiments, Barnes et al. stated that the EAsatkédl be raised for fish receiving the
medium and low EAs due to their low live weightsa(Bes, Sweeting, Jennings, Barry, &
Polunin, 2007). Therefore, we explain the dropits values observed in ovine LD with the
previously experienced nutritional stress after thet switch. To determine whether this
difference in$**S values for animals receiving different EAs islrdature diet-switch
experiments need to give animals more time to dajate to the new diet.

As a result of this decreased#'S right after the diet switch, we applied the ooelpnodel

as described by Hesslein et al. (1993) only from B& in order to calculate half-lives for S.
This analysis yielded half-lives of 53.3 days and7=days for lambs receiving the LEA and
HEA, respectively. As these half-lives are consatéy shorter than those determined above
for C, we also calculated the half-lives receiveaf C SIRA from day 56 to make the S and
C half-lives comparable. This analysis yielded tamihalf-lives for C (55.9 days and
55.0 days for animals receiving the LEA and HEAspextively) as previously calculated for
S. Therefore, we conclude that C and S half-lives amparable in ovine LD. This is in

contrast to findings by Bahar et al. (2009) whonfdwa slower turnover of S (219 days) as
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compared to C (151 days) in bovine LD and Hessitial. (1993) who detected a slower
metabolism of S as compared to C and N in fish.

As pointed out previously, the animals experienaagdhange in drinking water towards more
negatived”’H and5'®0 values three months prior to the diet-switch.. Bigand d shows the
results of the H and O SIRA, respectively. Althougk §°H values of LD showed a large
spread shortly after the diet switch, linear moddted to the data revealed a significant
difference in the steepness of the slopes 0.0015). While the linear model fitted to theada
received from lambs on the LEA had a negative sltips significant difference in slope
factors suggests that dietary H is the main socooéributing to musclé®H values.

This finding is in good agreement with a study be tells and spores &acillus subtilis
(Kreuzer-Martin et al., 2003) which showed thatyoapproximately 30% of the H in the
bacterium was taken up from the water with the fadex having its origin in the solids of
the growth medium. Experiments conducted by Sharpl.e(2003) and Ehleringer et al.
(2008) who estimated that approximately 31% and ,2i&gpectively, of H in human hair
keratin is derived from drinking water are in goagreement with the estimates made by
Kreuzer-Martin et al. (2003). Furthermore, Hobsatwell, and Wassenaar (1999) estimated
that approximately 20% of H in all metabolicallytise tissues such as muscle and lipid are
derived from drinking water. Thus, we hypothesisat tmost of the H used to build ovine
muscle tissue had its origin in the feed rathenthathe drinking water. Therefore, the
fractionation ofs’H between the muscle and the control diet was estignto be —44%. at the
beginning of the experiment.

In contrast to the H results, tl#°0 values in ovine muscle increased until day 56 and
decreased thereafter until the end of the expetir2@h days after the diet-switch (Fig. 1d).
The linear models fitted to the results showed tiegaslopes for5*%0 values from LD
obtained from lambs receiving the LEA and HEA. Hoesr statistical analysis showed no
significant difference between slopes fitted to theults obtainedp(= 0.695). Due to this
lack of difference ir5'®0 values between animals receiving the LEA and hAconclude
that water was the main source of musgle

This finding, again, is in good agreement with figs on bacteria raised on growth media
with various 8°H and 8'%0 values (Kreuzer-Martin et al., 2003). In theiralysis of the

bacteriumBacillus subtilis an estimated 70% of the bacterium’s O origindtech the water
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of the growth medium rather than from the growthdiam itself. However, Ehleringer et al.
(2008) estimated that only 35% of hair keratin Odesived from drinking water. These
findings do not agree with the observations madeunresearch and we hypothesise that
drinking water is the main source of muscle O. Wenbt, therefore,calculate any diet-tissue
fractionations for O.

3.3.4. Stable isotope ratios in lipids and lipid factions

The results of the C SIRA are presented in FigAalysis of 5*°C values revealed less
negatives>C for animals on the HEA than for those on the LiBAall lipid types and lipid
fractions (SAT, IML, NL and PLp < 0.0047). SAT, IML and NL all showed comparable
diet-tissue fractionation at the beginning of thxpeximent (-1.3 £ 0.2%.). However, the PL
fraction displayed a somewhat larger diet-tissaetionation of —2.3%.. These fractionations

were smaller than the previously observed —3%oifod in gerbils (Tieszen et al., 1983).

Fig. 2. Carbon stable isotope composition deterchinevarious lipid types and fractions (a) SAT, (BIL, (c)

NL and (d) PL from lambs raised on a low (LEA) dngh (HEA) energy allowance for up to 231 days.
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Fig. 2a shows the results of the C SIRA of SAT.thigi the3'*C values of lipid samples from
animals receiving the HEA nor of those receiving LHEA showed or approached a plateau.
In fact, ovine SAT had only recorded a chang8'fiC values of 5.3%. and 8.0%. for animals
receiving the LEA and HEA, respectively. This isehdower than the recorded changes in
muscle (8.5%0 and 9.6%. for animals fed the LEA ariAHrespectively).

Due to the linear increase in animal live weight(tton et al., 2010), we attributed the
change ins**C values of SAT to newly produced lipid rather thiamover of existing SAT.
Such a rapid increase in adipose cells in sheepngfat approximately five months of age
was previously reported in lambs (Hood and Thorntd@79 and Vernon, 1992). This
increase in adipose cells followed a sigmoid cumgl the sheep reached a constant adipose
cell count at approximately 11 months of age. Ftbie age on, no new adipose cells were
produced. However, existing adipose cells stillréased in diameter (Hood & Thornton,
1979).

Fig. 2b—d illustrates the results of C SIRA of IMktracted from ovine LD and its fractions
NL and PL. Although alB**C profiles of animals receiving the HEA were apptiag, or
already showed, a plateau region, none of thesdgrshowed the expected change&{fC
values of approximately +10.1%o as a result of tle-switch. In fact, the changes observed
in 8*°C values for animals fed the HEA were only 7.1%8%.and 7.5%. for IML, NL and
PL, respectively. For animals receiving the LEAe 8°C profiles of IML and NL were still
increasing, while thes*C profiles of PL appeared to approach a plateae dbserved
changes i'3C values for animals fed the LEA were 4.9%o, 4.7%d &r6%o for IML, NL and
PL, respectively. This slow response to new dieig in contrast to findings from Tieszen
et al. (1983) who observed shorter half-lives imbdelipids than in muscle (15.6 and
27.6 days, respectively). Furthermore, the fastsponse of PL as compared to NL was not
expected. This is in contrast to findings by Saticlketal. (2004) and Freysz et al. (1969) who
reported half-lives of 29 h and 20-40 days for cylglycerols in human muscle and
phospholipids in rat brain tissue, respectively.

As a result of the almost linear increase&Be values for animals on the LEA and the early
showing of plateau regions in tl&°C profiles of animals on the HEA, we were unable to
calculate half-lives for any of the lipid fractionsing the one-pool model. Furthermore,
previous research also showed that even thougtslgre regularly broken down and rebuilt,
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products of this lipolysis are regularly re-estedfior retained in the adipose cell (Vernon,
1980). Due to this possible re-esterfication oéffatty acids, we believe that ovine IML may
never be completely turned over and will therefalsgays retain the signatures of past diets.
Consequently, the isotope clock approach (Philigsldridge, 2006) using muscle and lipid
or different lipid types or fractions does not apppracticable for detecting short term dietary
changes in lambs.

The results of H and O SIRA on IML are presentedFigu 3. The3’H and§*20 values of
animals on both EAs increased from the beginningatds the end of the experiment, yet
there was no significant difference between EAse ®bserved increases &H and §°0
values of IML indicate that the switch in diet habre influence on th&°H and&'°0 values
than the switch in drinking water. These findinge & good agreement with findings by
Hobson et al. (1999) who estimated that approxiim&6% of lipid hydrogen are derived
from drinking water. However, these observatioresiarcontrast to the findings in muscle for
which only muscle3®H values were strongly connected to fe¥#i values, whereas the
muscle'®0 values were strongly connected to 8180 values of the drinking water (see
previous section). Furthermore, the obsers@d and5*20 values of ovine IML were in the
same range as those of bovine IML reported by Hheatal. (2008) and of quail abdominal
lipids reported by Hobson et al. (1999). We estedahe fractionation between IML and the
control diet to be —172.7%. and —11.5%. for H andr&spectively prior to the diet-switch
which is significantly larger than the shift of %2%. for H observed in quail lipids by
Hobson et al. (1999).

Fig. 3. The changes in (&JH values and (b)*°0 values in intra-muscular lipid for lambs raisedelow (LEA)

and high (HEA) energy allowance for up to 231 days
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3.4. Conclusions

C SIRA of LD demonstrates the strong dependenciéssfie turnover on the EA whereby
tissues of animals receiving a HEA experience fasteue turnover than animals receiving a
LEA. Analysis of3*'S in LD reveals no significant diet-tissue fractition and comparable
half-lives to those observed for C. Analysisafl and*®0 values in LD suggests that most
of the assimilated muscle H and O originates framfeed and water, respectively. Analysis
of two lipid classes (IML, SAT) and two lipid frachs of the IML (NL, PL) suggests slow
turnover of all analysed lipid classes and fracjgoossibly due to re-esterfication of already
accumulated fatty acids. Therefore, applying tla¢oise clock approach (Phillips & Eldridge,
2006), using muscle, muscle lipids and lipid fract for estimating past diet-switches,
appears not to be feasible in sheep. However, tbetigsue fractionations for various
elements and tissues reported here should be héalpiaterpreting future food authenticity
and traceability studies.
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CHAPTER IV: EFFECT OF ORIGIN, BREEDING AND PROCESSI NG
CONDITIONS ON THE ISOTOPE RATIOS OF BIOELEMENTS IN DRY-CURED
HAM

Abstract

The stable isotope ratios (SIR) of the bioelemétg'H, 1*C/A%C, 1°N/*N, *20/*°0, **SF%S)

of the defatted dry matter and marbling and staéyeous fat fractions, were assessed on 86
ham samples belonging to six different types, whih aim of ascertaining the effect of origin
and production system on 11 isotopic ratios. Tha hges were obtained from pigs reared in
three regions, examining in every location oneedéht production factor at two levels of
expression: pig genotype (local breesl. industrial hybrid) in Friuli (ltaly), pig feeding
regime (Bellotavs. Campo) in Extremadura (Spain) and ham seasommg {midvs. end) in
Emilia (ltaly). The isotopic composition of meteofvater and the dietary abundance qf C
plants allowed to distinguish Italian PDO from Siganhams. The contrasting treatments
investigated within the regional batches generptedising differences in SIR for tracing the
whole ham production system, including the proocgsgrocedure.

Keywords:IRMS, dry-cured ham, origin, husbandry system, godcessing

4.1. Introduction

The stable isotopes ratios (SIR) of bioelementsicvliepend on botanical, geographical,
agronomic and climatic factors, transmitted fromtevand plants to animal products, have
been widely proposed for meat authenticity andioraggsessment. As recently reviewed by
Schmidt, Rossmann, Rummel, and Tanz (2009), studigsork are few in comparison with
those on ruminant meat species. The pioneeringriexgets of DeNiro and Epstein (1978)
presented thé’C/*°C (expressed a%°C values) of the major biochemical fractions ofkyor
analyzed as an experimental food of flies. Mitchtkele, and Hare (1993) then changed the
3c/%C levels in pig tissues by switching the animatsyfrtwo opposite €or G, plant diets.
Eventually the isotope ratio mass spectrometry (Mas used around year 2000 to trace
Iberian swine production system. Gonzalez-Martid eolleagues from Salamanca University
first differentiated the fresh pork from fattenitgerian pigs according to their feeding regime
on the basis of°C/°C in adipose tissue samples (Gonzélez-Martin, Gen#@érez,

Hernandez Méndez, Marqués-Marcia, & Sanz Poved29)18nd then, by joint analysis of
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Bcitc and **SP?S of liver tissue, they discriminated both fattenidiet and pig breed
(Gonzéalez-Martin, Gonzéalez-Pérez, Hernandez Ménfleanchez Gonzalez, 2001). Other
studies on stable isotopic ratios were carried o@otpigs to evaluate the mechanisms
influencing the fractionation of body tissues (N&al et al., 2006, Tuross et al., 2008,
Warinner and Tuross, 2009 and Warinner and Tur@§d,0) or individual molecular
compounds (Hare et al.,, 1991, Howland et al., 2008Stott et al., 1997) and their
implication for ecology and archeology. These regezs make an important contribution to
understanding the production factors (genetic tygme, growth rate, feeding composition,
nutritive level, etc.) affecting the isotopic siguaes of swine tissues and their relationship
with geographical origin and breeding system. Haveisotopic fractionation might occur
even during pig meat processing and storage (THi¢ipke, & Seifert, 2004). As claimed by
Schmidt et al. (2009), who concluded their revigatisg that IRMS method “has so far not
been applied to meat products”, further experimevitsild be necessary in order to fully
understand the influence of biochemical pathwaysotopic shifts during the manufacturing
processes of meat.

Among meat products, dry-cured ham is a valualdeitional one which originated in
southern European countries, where it is oftenantaed by a protected designation of origin
(PDO) and represents an important part of the &myd-economy. As an example, PDO dry-
cured hamgrosciuttg is the main product of the Italian pig industrydamore than 80% of
pig production is destined for the PDO traditiotalian ham market (Renaville et al., 2010).
To obtain unique quality traits, the productionRIDO dry-cured hams is subjected to rules
established by several consortia concerning theachexistics of the raw meat (geographical
origin, breed of pigs, feeding regime and reariggtesm) and the processing conditions
(salting, curing and ripening; Toldra, 2002).

Consequently the aim of this paper is twofold:agcertain the effect of various production
factors concerning both pig husbandry and thigltgssing procedures on stable isotope ratio
variability of the most important bioelements anyldonfirm the efficacy of IRMS as a tool
for tracing dry-cured ham origin and authenticlty, using simultaneously 11 SIR data from

three ham fractions.
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4.2. Material and methods
4.2.1. Experimental design

The hams were made from pigs reared in three gpbwa areas [Friuli, Emilia (IT),
Extremadura (ES)], where different production fasteere studied (Table 1). The effect of
pig genetic type was examined on 36 hams from heayy of two genotypes (black local
breed and Goland industrial white hybrid) kept ba same diet and breeding conditions in
Friuli. The influence of feeding regime was anatyzgy comparing the isotope ratios of 26
Dehesa de Extremadura PDO hams, from heavy lbgiigs fattened outdoors on grazed
feedstuffs without (“Bellota” ham) or with (“Campdiam) concentrate supplements (Sanchez
del Pulgar et al., 2011). The processing influewes examined on 24 hams from industrial
white hybrid, heavy pigs (Italian Large White xlia Landrace) reared on the same farm

and diet in Emilia and seasoned in three plantsiordifferent times.

Table 1.Main characteristics of the examined ham types.

Ham Pig origin Productive factor Factor levels No. of
Type hams
o ) Black local breed 24
Friuli Pig genotype — - -
White industrial hybrid 12
3 , ) Outdoor+ supplement (Campo) 20
Extremadura Feeding regime
4 Outdoor (Bellota) 6
5 . o Mid (240 days) 12
Emilia Seasoning time
6 End (405 days) 12

4.2.2. Ham samples and tissue fractions

The ham samples were collected in their procegsliaugts at the end of seasoning (types 1-4
and 6, Table 1) or at mid-seasoning (type 5). Aigeof Biceps femorisnuscle (BF) with
the surrounding subcutaneous fat (SCF) was takke.tWo tissues were separated and the
two samples were individually vacuum-packed andzdro at —-18 °C until the time of
analysis, when BF and SCF were cut into small gietbhe BF pieces were dried completely
with the aid of a lyophilizer (freeze-drier) ancethhomogenized with a suitable grinder and
freeze-dried again. The resulting dry powder wactionated into crude fat (FAT), by
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extraction with petroleum ether for 6 h in a Soxhdgparatus, and defatted dry matter
(DFDM), essentially protein. The SCF pieces weredly extracted with petroleum ether for
6 h in a Soxhlet apparatus to obtain the SCF fyacihfterwards the DFDM, FAT and SCF
fractions (after evaporating the solvent) wereeslan an appropriate container in a vacuum
desiccator until measurement.

4.2.3. Measurements by IRMS

Measurement of th&C/A?C, °™N/*N, 2H/*H and®0/*%0 ratios of ham fractions was carried

out as described by Perini, Camin, Bontempo, Rosamand Piasentier (2009). The values
were expressed i6%o against international standards, calculated agaarorking in-house
standards and calibrated against internationakerée materials, as reported by the same
authors. The3’Hprom values were corrected according to the “compagagiquilibration
technique” (Wassenaar & Hobson, 2003).

For the measurement of t{é&Sf%S ratios we used an elemental analyser (EA Fladl? 11
ThermoFinnigan, Bremen, Germany) connected to @opg ratio mass spectrometer (Delta

plus XP mass spectrometer, ThermoFinnigan). The dBmple 2.5 mg) was burned at

1000 °C in a quartz tube filled from the bottomwguartz wool (2 cm), elemental copper
(14 cm), quartz wool (2 cm), copper oxide (5 cmil @uartz wool (1 cm). The water was
removed using a glass trap filled with Mg(GJ® The isotopic values were calculated against
international reference materials: IAEA-SO&*S = +0.5%0) and NBS 123Y'S = +20.3%o),
through the creation of a linear equation.

The uncertainty (@ of measurements was <0.3%. for thE€C and §"°N analysis, and
respectively <3%o, <0.6%o and <0.8%. for tie, 5*°0 ands®'S values.

4.2.4. Statistical analysis

The statistical analysis of data was performed qushre SPSS Statistics version 17 for
Windows (SPSS Inc., Chicago, IL, USA). The data &ach stable isotope ratio were
summarized as mean and standard deviation valiles effect of ham type on each stable
isotope ratio was investigated using ANOVA, follalvdy the Sidak test for multiple

comparison or, in the case of unequal variancedhe's test) in the ham type samples, using
Kruskal-Wallis’s test, followed by Dunnett's T3 tefor post hoc comparisons. The

comparison between the ratios of the same isotogéferent ham fractions (e.§*Cpromvs
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8Cratvs 5Cscp was performed by the GLM Repeated Measures ptoegafter having
verified the variance—covariance matrix spheritiyyMauchly’s test. The post hoc multiple
comparison tests were then performed to evaluaesidnificance of the pair differences
across the levels of the within-subjects factolg.(&\Cscr_rar= 8 *Cscre— 6:°Crar). The
associate variance between pairs of isotope ratssevaluated using the Pearson correlation
coefficient,r.

Principal component analysis (PCA) was performededscribe dimensionality and explain
the variability of the multiple data set comprisiafj the isotope ratios analyzed in ham

fractions, as described in detail by Perini e{2009).

4.3. Results and discussion

4.3.1 Stable isotope ratios variability

Overall, 11 SIR data were examined in three hamtibas: defatted dry matter (DFDM) and
fat (FAT) of Biceps femorisand subcutaneous adipose tissue (SCF). Their iptser

statistics are presented in Table 2, divided ioto Sub-tables, from (a) to (d).

Table 2. Descriptive statistics of the stable isotope mtemd ham type effect on their

variability.
Ham fractior DFDM FAT SCF
Ham type mear P' SC mear P' sc  mear P  scC
a. Carbon,8™°C [%. ] V-PDB
Friuli, local breed -19.0° 10 -210° 28 -203°¢ 21
Friuli, industrial hybrid -19.3° 18  -209° 27 -206° 21
Extremadura, Campo -22.3 .63 -24.4 ° 76  -24.0° .97
Extremadura, Bellota -22.1 .08 247 ° 27 -24.8 ° 19
Emilia, mid seasoning -18.8 23 -190°¢ 48 -186° .48
Emilia, end seasoning -18% 24 -190° 30 -187°9 .38
Mear!' -19.8 ¢ 17 2147 23 -21.0% 24
b. Hydrogen 3°H [%. ] V-SMOW
Friuli, local breed -89° 1.8 -240 3.8 -233° 27
Friuli, industrial hybrid 90 & 32 -240 P 6.9 -233° 25
Extremadura, Campo -74 5.4 -245 ™ 6.0 -232° 53
Extremadura, Bellota -74 2.9 -233 ¢ 3.7 -223 ¢ 2.9
Emilia, mid seasoning -89 2.3 -255 @ 6.6 -240 % 3.2
Emilia, end seasoning -94 3.7 247 ° 35 -241 % 48
Mear" -86 © .89 -244 .82 -234° 65
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c. Oxygen, 5'°0 [%o ] V-SMOW

Friuli, local breed 10.8° 39 19.7 ° 1.06 17.3° .47
Friuli, industrial hybrid 11.0° 46 19.0 P 1.84 17.2° 39
Extremadura, Campo 14.24 91 21.3° 1.12 19.7 ¢ 111
Extremadura, Bellota 15.9 50 25.3 ¢ 2.27 209°¢ .68
Emilia, mid seasoning 10.6 .50 16.5 @ .83 15.6 @ 51
Emilia, end seasoning 10.% 42 16.7 ® 52 16.3°2 .71
Mear!" 118" 0.21 19.4 © 0.29 17.6 ° 0.19
d. Nitrogen,3™N [%o ] AIR, and Sulphury®*S [%o. ] V-CDT, in DFDM fraction
Ham type meanP" sd  meanP' sd
Friuli, local breed 6.2° 23 41° .38
Friuli, industrial hybrid 5.4 ¢ 17 45 °© 21
Extremadura, Campo 5.4 22 4.7 © 11
Extremadura, Bellota 4.8 21 5.2 ¢ 12
Emilia, mid seasoning 4.9 19 43° 12
Emilia, end seasoning 43 32 32° 16
Mean 52 .76 4.3 .58

': DFDM: Biceps femorislefatted dry matter; FABiceps femorisrude fat; SFC: subcutaneous fat.
ham type means (on the column) with different ssqépt (a,b,c,d) differ &<0.05 (Dunnett T3 tekt

": ham fraction means (on the row) with differenpescript (A,B,C) differ aP<0.01 (repeated
measure design): ham type means (on the column) with differentesagript (a,b,c,d,e) differ at
P<0.05 (Sidak te3t

4.3.1.1. Carbon

The means™C values of the various ham fractions (Table 2& @wnsistent with those
reported by Gonzalez-Martin et al., 1999 and Garzzdartin et al., 2001 and by Nardoto et
al. (2006). As described in ruminant species (Pigse Valusso, Camin, & Versini, 2003),
the §*°C value in protein (-19.8%., on average) was sigaiftly more positive than in fats
(FAT: —21.4%0; SCF: —21.0% < 0.01) as a consequence of the depletioiGnduring the
oxidation of pyruvate to acetyl-CoA in the biosyels of lipids (DeNiro & Epstein, 1977)
and the possible enrichment iC occurring during amino acid cycling ( Hare et, al.
1991 and Howland et al., 2003). The difference betwfat fractions (0.4%® < 0.01) may
result from their diversity in fatty acid (FA) comgtion and in the ratio between lipid
assimilation andle novosynthesis. Indeed, while the essential linoleid & more abundant
in SCF than in FAT (12.6%s 8.0% total lipids, respectively; Piasentier, RwoSacca,
Sepulcri, & Vitale, 2009) and is directly incorpted from dietary FA into the tissue without
fractionation, the oleic acid is less abundant @FShan in FAT (41.4%s. 44.7% total
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lipids, respectively; Piasentier et al., 2009) asmdouted but also biosynthesized, and thus
depleted, from the dietary biomolecular carbon sesi(Stott et al., 1997).

The 8"C values of protein and fat fractions were highlyrrelated (orpomrar = 0.96,
roromisce= 0.97,reatisce= 0.98,P < 0.01; Table 3). In all the fractions, the maouise of
variability was represented by swine geographicagim, related to the dietary abundance of
the G plants, that explains the less negative valudgabihn hams (approx. 50% of maize) in
comparison with the Spanish ones, which were obthiautdoors on grazed feedstuffs,

dominated by gplant materials (Smith & Epstein, 1971).

Table 3. Pearson correlation between stable isotapes.
Pearson correlation between stable isotope ratios.

R O o O o O 8°H §°H 8°H s §¥o o SN

[%]DFDM  [%]FAT  [%]SCF  [%]DFDM  [%]FAT  [%]SCF  [%]DFDM  [%]FAT  [%]SCF  [%c]DFDM

513(:[%0] FAT 96**

8"°Clugsce 97 .98%

62H[%D]DFDM -.87*  -84* - B2**
SZH[%o]FAT -19 -38** -27* 13

6®Hyscr 53 -.66* 66" 47 G5

5"¥Opuprom  -92**  -.89%*  -89** 8O 27*  5E**
5 0prar - 72%* -82% - 8Ll**  62% G5 70 74%

8180[%D]SCF -.88** -89 -89** .80**  32%* B3 .88 79**

" Ngprom 06 -17  -09  -07 .46 .33* 09  23* 11

5Suqorom  --66**  -.69% -8 68 .19 55 B3 64v 59+ 010

**significative correlations P<0.01. *significative correlationsP<0.05.

In Friuli, the local breed showed a slight tendetmyards an°C enrichment, compared to
the white hybrid, both in proteistCprom values respectively equal to —19.0% —19.3%o;

P < 0.05) and subcutaneousCscr —20.3%0vs. —20.6%o; P < 0.05) fractions. The two types
of pigs differed highly in their growth rate, thechl breed being characterized by a lower

daily weight increment (500 g/daxs. 820 g/day, respectively) than the late maturinitev

56



Chapter IV

hybrid, fed an identical diet and raised in the smonditions. Warinner and Tuross (2010), in
a controlled diet experiment of juvenile pigs, fduevidence for substanti&iC enrichment in
apatitic and proteinaceous tissues in a reducedgthrpig as compared to controls, suggesting
that growth rate is a factor that may affect fra#tion in multiple tissues. Moreover, the
autochthonous breed presented a deeper lard lagerinndustrial hybrid (45 mms. 21 mm,
respectively). As a consequence of the higher satgubcutaneous fat deposition, the local
genetic types are expected to have a more dilubedgholipids (PL) content and a higher
proportion of neutral lipids (NL) in their subcutous fat in comparison with the industrial
hybrid, and thus a less negatid&Cscr value, in agreement with the findings that PL fiar
displays a more negative diet—tissue fractionatwam NL fraction (Harrison et al., 2011).

4.3.1.2. Hydrogen isotopes

The stable hydrogen isotope composition is sumredria Table 2b. Similar to findings by
Tuross et al. (2008) in pigs raised on a controfied and with one water source, both the fat
fractions were highlyH depleted in comparison with defatted muscle (mednes —86%ys.
—244%0Vs. —234%o, respectively fod*Hprpm, 5°Hear andd?Hscr P < 0.01), confirming that
the hydrogen stable isotopes in protein and lipagls incorporated according different
biosynthetic pathways involving isotope fractionas (Hobson, Atwell, & Wassenaar, 1999).
The8?H of muscle fractions (DFDM and FAT) were not ctated with each other &€ 0.13;

P > 0.05; Table 3) but correlated wisfHscr (r = 0.47 and 0.55, respectively;< 0.01). The
Extremadura hams showed a higl8Hprom mean value (=74%c) in comparison with
Northern Italian hams (-90%., on average). The \alag correlatedr € 0.92) with the
annual means of deuterium isotope composition e€ipitation §°Huwate) at the locations of
pig breeding, estimated from the average altitimtéude and longitude, using the prediction
model available at http://wateriso.eas.purdue.edighisotopes/ (average®’Huater in
Extremadura, —32%o, Emilia, —43%. and Friuli, —47%sed&ding sites; Bowen & Revenaugh,
2003). Even if only 20—-30% of hydrogen body protéerives from drinking water (Hobson
et al., 1999), thé’Hprom Of hams appear to have memorized the deuteriunasige of the
water consumed by pigs. The relationship améfig values from the meteoric water
estimates and the fat fractions, particularly thieamuscular one, was low, as demonstrated
by the high and significant difference between 8@’ and “Campo” hams, the values of the
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latter Spanish product being comparable with thokdtalian hams. Instead, the raw fat
extract was characterized by a significant dietaffect. We obtained similar findings
comparing théH values of DFDM and FAT of various lamb meat tyf®srini et al., 2009).
Deuterium values were also affected by the seagaimme of the ham, but without a clear
tendency. Indeed, during ripening, the proteintfaacof hams from Emilia pigs underwent a
deuterium depletionstHprom: —89%o vs. —94%o, respectively in mid and end seasoning time;
P < 0.05; Table 2b), while fat fraction underwenteamichment &Heat: —255%oVs. —247%o;

P <0.05).

4.3.1.3. Oxygen isotopes

In agreement with the results of Tuross et al. 80the defatted muscle of ham was on
average significantly depleted fiO in comparison with both types of fat (mean values
8% 0prom = 11.8%o VS. 50t = 19.4%0 vs. §'%0scr= 17.6%0; P < 0.01; Table 2c). The
oxygen isotope ratios of animal body products areetated to that of “cell water”, which by
itself is a product of drinking water, oxidationtaand organically bound oxygen in the diet.
The shift of the3*®0 values of individual body compounds to that dllevater” depends on

characteristic isotope effects of the involved tiom@al groups. The predominant functional

group for oxygen in proteins is the carbonamidaigr@nriched in 180 by22%. versus cell

water. The corresponding functional group of traglgides is the ester group, that are enriched

in 180 of ~28%o. versus cell water (Schmidt, Werner, & Rossma&@@1). This explain the

higher 6180 values in fat. Differences in between the twpes of fats may be due to
different contents of phospholipids.

In all the examined ham fractions, characterizedybyd bivariate correlation betwe&to
(0.74-0.88%:P < 0.01; Table 3), Extremadura samples showed higH© values than
Northern Italian ones. These differences refleat tklated differences in the isotopic
composition of meteoric wateb'fO.ae), estimated on the basis of the geographical data,
using the already cited prediction model (aver&®uaer in Extremadura, —5.5%o, Emilia,
—6.7%0 and Friuli, =7.1%0, breeding sites; Bowen &vBeaugh, 2003). As with deuterium,

80 content of hams showed a geographic and clingagidient caused by systematic global
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variations in the isotope composition of precigthivater, transferred to some extent to the
isotopic values of pork fractions. In fact, at lefms muscle, oxygen derives mainly from that
of the ingested water (Harrison et al., 2011), WHar pig is mainly the local water sources,
because the feedstuffs that might be imported kyntiodern husbandry systems into their
regions are dry concentrates that contain almostater.

However, significant variations af'®0 values of protein were observed within the same
region. In Extremadura, ham types from pigs supplaed with concentrates showed a lower
stable isotopic oxygen ratio (Campo haitfOprpm = 14.4%0; Table 2c) in comparison with
pigs fed in the field (Bellotad"®Oprpom = 15.9%0; P < 0.05). The variation may be at least
partially accounted for by a different intake op tavater, which is depleted iffO in
comparison with plant water from the same region thuthe evapotranspiration processes
occurring in plants ( Camin et al., 2008 and Kofnex al., 1997). Indeed, pigs fed
concentrates were expected to drink more depletpdMater than pigs kept on the range
because field feeds contain higher amounts of pleater than concentrates (Soto et al.,
2008).

Ham types from Emilia pigs presented a significaamten if close to the measurement
uncertainty, effect of seasoning time, responsfblea 0 enrichment of defatted muscle
fraction (10.0%ovs. 10.7%0, in mid and end cured hams, respectivielky,0.05), probably due
to biochemical or enzymatic reactions taking plakeing the seasoning time, such as
oxidation or proteolysis and lipolysis, which cagngrate isotopic fractionation (e.g. Schmidt
et al., 2001).

4.3.1.4. Nitrogen isotopes

The mear5™®N of DFDM (Table 2d) ranged between 4.2%. and 6.2%jnterval basically
consistent with the literaturd™N values for muscles and proteinaceous materialgiga
(Hare et al., 1991, Nardoto et al., 2006 and Waninand Tuross, 2010). The variability
between ham types was accounted for by differencéise geographical origin of the pigs
and, within a production region, by differencesbioth genetic type, in Friuli, and feeding
regime, in Extremadura.

Geographical patterns i°N values have already been found for meat (e.gniPer al.,
2009), milk (Camin et al., 2008) and milk produ@®ntempo et al., 2011 and Camin et al.,
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2004). These have been attributed to the diffef@dtcontent of local feeds supplied to
animals which, in turn, was a consequence of cknatd soil conditions and agronomic
procedures in different geographical areas. Howetrer use ofs*°N values in the pork
industry for tracing the origin of products reqsirgpecial attention. Indeed, while ruminants
are generally provided with local forages and feedrces, in modern pig production systems
variable amounts of feedstuffs have a non-locagjioyiwhich might distort the inferred
geographical patterns.

The Friuli local, slow growing pigs were signifidgnenriched in>N compared to white, fast
growing hybrids §°Nprom 6.2%0 Vs 5.4%0; P < 0.05; Table 2d). In the already cited
experiment on juvenile pigs, the proteinaceousiéissparticularly bone collagen and hair, of
the reduced growth subject were isotopically emith nitrogen compared to the rest of the
cohort (Warinner & Tuross, 2010), in agreement witevious studies demonstrating that
depressed growth rate in a juvenile mammal canltrgsielevated tissué™N levels (see
literature cited by Warinner & Tuross, 2010). Th#fedence in5'°N between genetic types
was probably linked to differences in protein metam, since increased growth rates
involve an intensive production of new tissues wliigh rates of protein syntheses and
reduced levels of protein turnover and degradafldve primary sources of nitrogen isotopic
fractionation are amino acid deamination and tramsation. Deamination enzymes
preferentially remove amine groups wiftN and generate waste nitrogen (i.e. ammonia, uric
acid, or urea) which is isotopically lighter thamdy protein (Martinez delRio, Wolf,
Carleton, & Gannes, 2009). Thus, high&iN values in local breeds than in industrial hybrids
might indicate relatively more nitrogen excretiaye to a higher ratio between protein
degradation and protein synthesis. In contrastet@¥N values in industrial hybrids suggest
a lower ratio of protein degradation to proteintbgsis, and relatively less nitrogen excretion.
Even the higher level df*>Nprpy in “Campo” compared to “Bellota” hams (5.1%s. 4.6%o;

P < 0.05) might be at least partially linked to dint nitrogen excretion caused by feeding
regime (Martinez delRio et al., 2009). Pigs prodgcthe fresh thighs for “Campo” ham
probably had preferentidiN retention, provided feed supplementation allotesn to ingest
higher amounts of protein than pigs submitted toeatensive feeding regime to produce
“Bellota” ham (Soto et al., 2008). However the diffnce might also be directly due to
different isotopic values of the diets.
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4.3.1.5 Sulfur isotopes

The range of*SF?S ratio (Table 2d) was quite narrow, from 3.2%. t8%, an interval
comparable with that described for the liver tiskoen the groups of Iberian and white swine
fed on two diets (3.1%o0 to 5.8%0; Gonzélez-Martirakt 2001).

Sulfur is an essential element for animal organishag must be obtained from diet. It is
predominantly found in the amino acids cysteinethmaine, and taurine as well as in
various vitamins and cofactors such as thiaminéamin B, biotin, and coenzyme A
(Richards, Fuller, Sponheimer, Robinson, & Aylif)03). As with nitrogen, in plants and
animals the largest part of organic sulfur is coticged in protein (Tanz & Schmidt, 2010).
Sulfur amino acids accounted for 84 + 20% of théusin corn, wheat, alfalfa, soybean meal,
fish meal, chicken meal, pork meat and bone mdati(f Felicetti, & Robbins, 20115*S
was not correlated with'N (r = 0.11; P > 0.05, Table 3). As suggested by Florin et al.
(2011) the two variables are not directly and fuliyated, because whitE"N reflects the
metabolism of all amino acid&®*sS reflects the metabolism of only sulfur amino acid

The 'S values of plant organic matter are influencedhmge of the soils on which it grows
and reflected in those of the animals fed on iusfS/%S are generally regarded in terms of
providing product signatures on a small geograpgeale (Perini et al.,, 2009), because this
element is controlled by the local bedrock (igneoussedimentary, acidic or basic) and
atmospheric deposition and is also influenced bgrobial processes in the soil.

However, in our data set, unlike the other ligtgneénts, sulfur showed a relatively low
variability accounted for by pig geographical anign comparison with that due to the
different procedures of pig production and ham psstng followed in the various regions. In
particular,5**S values were significantly lower in hams produireériuli from a local breed
compared to white industrial hybrid8*{Sprom: 4.1%o vs. 4.5%0; P < 0.05; Table 2d) and in
“Campo” compared to “Bellota” hams (4.7%s.5.2%o0; P < 0.05), even if the differences are
comparable with the measurement uncertainty. ThHeskngs are consistent with those
highlighted by Gonzéalez-Martin et al. (2001), whmwed lowers**S levels in liver samples
from the local Iberian pigs in comparison with twbite pigs fed the same diet (3.1%s.
5.6%0) and from Iberian pigs fed commercial feed pamed to those receiving acorn (3.1%o
vs.5.7%0). Moreover, end-seasoned ltalian hams shalighitly but significantly lowes*'S
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values than mid-seasoned ones (3.2%04.3%0; P <0.05). It is not clear if this small
difference indicates a sulfur isotope discriminatecurred during biochemical processes of
animal metabolism and thigh processing. A deepatuation of the phenomenon is thus
suitable. However, the Strecker degradation ofusudmino acids taking place during
seasoning and generating dimethyl disulfide anctroghmilar volatile compounds (Flores,
Grimm, Toldra, & Spanier, 1997) can determine ipatdractionation (Fry, Gest, & Hayes
1988).

4.3.2. Multivariate analysis of the stable isotogié#o data set of ham

The multivariate approach allows the simultaneauslyesis of the isotopic signatures from
multiple fractions, the individual variability of hich has been examined separately in
previous paragraphs. It is useful for understandimg interrelationship between SIR of
various bioelements and the level of independefdrimation they provide, following
different fractionation patterns in the differeissties and biochemical fractions.

The isotope data set was investigated using PCAshwtrovided a geometric representation
of the data structure. The 91.7% original dataarax@ was summarized by four uncorrelated
PCs. Each of them accounted for a significant pietcenformation (eigenvalues 1). The
scores were computed for each ham sample and glatbgether with the isotope-ratio
loadings, on two bi-plots (i.e. scores + loading®)p one for the first two PCs (Fig. 1) and
the other for the last two PCs (Fig. 2). The fipsincipal component (PC1) accounted for
52.9% of total variability and was loaded (we andyaeferring to the SIR data with loading
values > 0.67) positively with*>C of the various ham fractions, and negatively witter
elements:3°Hprom and 8'%0 of the various fractions. Along PC1 the ham typesre
separated on the basis of their origin: all theateham samples had positive scores while all
the Spanish ones had negative scores. The secamdppt component (PC2) explained
17.1% of the total variance and was positively elated withd°H of fat fractions. PC3 and
PC4 (Fig. 2) accounted for a smaller and comparnataportion of total variance (11.6% and
10.1%, respectively) and were positively and higttyrelated with the isotope ratio of only
one bioelement each: sulfur and nitrogen, respelgtiEach of the last three PCs provided a
separation of the ham samples produced followingakrnative procedure in the same
region. Along PC2 “Bellota” hams were segregatedmfr“Campo” ones produced in
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Extremadura; on PC3 the scores of mid seasonedlssawere clearly differentiated from
those of the end seasoned hams, both from pigedear Emilia; along PC4 the hams
produced in Friuli from the local breed were sefmtdrom those provided by the industrial

hybrid.

Fig. 1. Principal component analysis of stable dpet ratios in dry-cured hams. Bi-plot of samplerssp
grouped by ham types, and isotope ratio loadings thie first two principal components (PC); in pdheses,

the percentage of the total variance explainedao &C.
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05 . .
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05 1 A

0,5 1

0
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Fig. 2. Principal component analysis of stable dpet ratios in dry-cured hams. Bi-plot of samplerssp

grouped by ham types, and isotope ratio loadingb thie last two PCs; in parentheses, the percerthtjee

total variance explained by each PC
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05 e .
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These findings are in line with those previouslyaifed for other meat types (Osorio et al.,
2011, Perini et al., 2009 and Schmidt et al., 20068wever they were achieved with only
three discrete batches of hams characterized biyastimg treatments that were associated
with interesting, but generally small differencesthe isotope ratios (Bahar et al., 2008).
Thus, the evaluation and interpretation of the eausf isotope ratio variability has to be
regarded as an initial step in confirming the pb&ruse of SIR as a tool for tracing the

whole ham production system, including the processprocedure. A greater dataset
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comprising samples from a wider and representatamege of geographical, seasonal,
biological and technological conditions must be sidered before applying multi-element

SIR to the authentication of hams.

4.4. Conclusions

The variability of the stable isotopic ratios obelements of dry-cured ham is affected by pig
origin. The production conditions and, among théise length of the ripening—drying phase,
when the ham develops its characteristic flavor sadure while drying and undergoing

enzymatic hydrolysis, oxidation and chemical changan generate different isotope ratios.
In that period the stable heavier isotopes of tlmgn fraction underwent an enrichment for
oxygen, while the isotope trend for sulfur and logign was less clear, with a small depletion
of sulfur, a depletion of deuterium in protein aand enrichment in marbling fat. Further

insights are needed to confirm and better undedsthie phenomenon, that may have
considerable impact on authentication of this liows pork product.

The dimensionality in the structure of the isotapéio data confirmed the usefulness of
considering the main bioelements simultaneouslycabse either they or their linear

combinations provided essential information abomtlependent sources of ham type
discrimination.

The results highlight that it is possible to us® $F bioelements to distinguish Italian PDO

hams from hams produced in other areas. A followuagk with a representative number of

PDO hams and imitators is necessary to develofastdraceability model usable to verify

the authenticity of commercial ham and eventualdrdent mislabeling.
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CHAPTER V: USING BIOLEMENT ISOTOPE RATIOS TO DEDUCE BEEF
ORIGIN AND ZEBU FEEDING REGIME IN CAMEROON

Abstract

The aim of this study was to deal with a lack obwkiedge regarding the stable isotope
composition of beef from zebu cattle reared initalpAfrica. Sixty beef carcasses belonging
to the most popular zebu breeds were thus selestddsampled at the slaughter house of
Yaounde. The stable isotope ratios of five bio-aata - H, O, C, N and S - were analysed in
protein and fat muscle fractions. Zebu beef froam@roon has a particular isotope profile,
characterised by lowey*C, §°H and §'®0 values than those reported in other areas of the
world, as a consequence of the almost exclusiveolis®pical C4 pasture grasses for cattle
feeding and of the geographic and climatic gradieantthe isotope composition of
precipitatation water. Within Cameroon, multi-eleth@nalysis give promising results for
tracing the regional origin of beef and some aspetthe cattle breeding system, such as the

animal’s nutritional status.

5.1 Introduction

The stable isotope ratio (SIR) of bio-elementschsas H, O, C, N and S - in muscle fractions
has been extensively used for assessing beef aigincattle production systems in many
areas of the world (e.g. Boner and Forstel, 200dratek and Min, 2010; Yanagi et al.,
2012). However, for zebu cattle reared in tropiéélica, there is no information about
isotope signatures and their variability due togyaphical distribution and animal feeding
systems. 70% of the population in Cameroon is ecdcally dependent on agriculture,
essentially represented by livestock productioner&hare around six million cattle in
Cameroon, mostly belonging to tAebubreed.

In order to improve meat and milk productivity fiore Gudali zebubreed in Cameroon,
international cooperation between Italy and Camettas recently been started up.

The aim of this study was to deal with this lacknbwledge and to describe the possible use
of SIR in beef fractions to trace feeding histotiezebu cattle production systems in tropical
Africa.
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5.2 Materials and methods

5.2.1 Animals, carcass characteristics and sampleltection

Sixty beef carcasses belonging to the most pomdhu breeds (Goudali, White Fulani and
Red Mbororo) were selected and sampled at the Ifaugouse of Yaounde, to represent the
variability of young bulls (aged between 3 andsBughtered at the abattoir in the capital of
Cameroon. The subcutaneous fat colour of the camvas visually evaluated on the lateral
face of the left side, using a three-level qualieaiscale (white, cream or yellow; Figure 1).
After chilling at 4 °C for 24 hours, a sample lodngissimus lumborurmuscle (LM) was
taken from the left side of the carcasses, by oyt three-centimetre thick chop from the
section between the ¥2ind 13 rib, but over the LM. The samples were dividea itvto sub
samples, which were vacuum-packed, rapidly frozes stored at -20 °C until the time of

preparation for isotopic and FA assay.

Figure 1. The three-level scale used for visuatssment of subcutaneous fat colour.

YELLOW

The samples were divided according to the origid @re fat colour (linked to the type fo
diet).
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5.2.2 Cattle origin

Before slaughtering, the geographical and ecolbgicain of the cattle, was carefully

recorded, along with other characteristics. Th@uRéc of Cameroon covers an area of
475,000 square km, lying between longitudes 8°HfdEast of the Greenwich Meridian, and
latitudes 2° and 13° North of the equator. Theransestimated cattle population of 6.5

million in the area, reared in five ecological zeraad ten administrative regions (Figure 2).

Figure 2. Map of Cameroon showing the five agrolagioal zones and the ten administrative regions

Experimental cattle origin is summarised in Tahle 1
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Central African
Republic

~
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Table 1. Origin of the cattle (see Figure 2 forgaphical explanation)

Ecological zone Region Sampled Cattle
Guinean high savannah Adamawa 40

Guinean high savannah East Region 10

Western high plateaus Northwest 10

TOTAL NUMBER 60

5.2.3 Sample preparation and analysis

The first subsample was subjected to extracticotal lipids according to Folch et al. (1957).
In particular, after mincing, 1.5 g of meat werketa and added to nonadecanoic acid (C19:0),
then homogenised in 30 ml of chloroform-methanottare (2:1 v/v) using a Ultra-Turrax T
25 basic (lka-Werke); the tissue was then filtdsgdracuum filtration using Whatmann filter
paper. The extract was washed with 8.5 ml of 0.§&%) KCI, mixed vigorously for 1 min,
and then left overnight. The organic phase wasraggh and the solvents were evaporated
under vacuum at 40°C. FA methyl esters were prepaseng HClI methanolic (Christie,
1993). Lipid sample was mixed with 2 ml of hexarel 3 ml of HCI metanolic in 20 ml
glass tubes with Teflon lined caps. The mixture Wwaated at 70°C for 2 hours in a metal
block and cooled to room temperature; then, medlsiers were extracted in 2 ml of hexane
after addition of 5 ml KCO; of 6% (w/v) and Ng5O,. Samples stood for 30 min and were
centrifuged. The upper hexane layer was removet;erdrated under nitrogen, then diluted
in hexane and stored until measurement.

Methyl ester analysis was performed using CarloaEghs chromatography (HRGC 5300
mega-series) fitted with an automatic sampler (Mo&200S) and FID detector; ful of
sample was injected into the gas chromatographgpiit mode (split ratio 1:30). The
conditions used were the following: Omegawax fus#ida capillary column (30 m x 0.32
mm i.d., film thickness 0.2wm) (Supelco Inc., Bellafonte, PA), programmed terapee
from 160°C to 240°C at 4°C/min and from 200°C t®24 at 10°C/min, and then held for
5min. Helium at 1.2 ml/min was the carrier gas u$edl methyl esters were identified using
external standards and quantified using C19:0 &srnal standard and expressed as a
percentage of the total lipids identified.
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The second subsample was minced and freeze-drieal Iyophilizer (freeze-drier), then
homogenized with a suitable grinder and freezeddagain. The resulting dry powder was
fractionated into crude fat (FAT), by extractionthwvipetroleum ether for 6 h in a Soxhlet
apparatus, and defatted dry matter (DFDM), esdgnpaotein. Afterwards the DFDM and
FAT fractions were stored in an appropriate comaumtil measurement. Measurement of the
B¥c/2c, PN/MN, 2HMH and *°0/*°0 ratios of DFDM and FAT fractions was carried ast
described by Perini et al. (2009). The values wexpressed irb%o against international
standards, calculated against working in-housedstas and calibrated against international
reference materials, as reported by the same autfitie 5°Hpeom values were corrected
according to the “comparative equilibration techiat|(Wassenaar & Hobson, 2003). For the
measurement of thé*SP?S ratios we used an elemental analyser (EA Flash2 11

ThermoFinnigan, Bremen, Germany) connected to @opg ratio mass spectrometer (Delta

plus XP mass spectrometer, ThermoFinnigan). The d@BAmple ¢2.5 mg) was burned at

1000 °C in a quartz tube filled from the bottomwguartz wool (2 cm), elemental copper
(14 cm), quartz wool (2 cm), copper oxide (5 cmil ajuartz wool (1 cm). The water was
removed using a glass trap filled with Mg(GJ® The isotopic values were calculated against
international reference materials: IAEA-SO&"6 = +0.5%0) and NBS 123Y'S = +20.3%o),
through the creation of a linear equation. The tag#y (&) of measurements was <0.3%o
for the §*°C and5™®N analysis, and respectively <3%o, <0.6%o and <0.8%.tfie52H, 520

ands>*s values.

5.2.4. Statistical analysis

Statistical analysis of data was performed usirg3RSS Statistics version 17 for Windows
(SPSS Inc., Chicago, IL, USA). The data for eacblst isotope ratio were summarised as
mean and standard deviation values. The effeceef brigin and fat colour on each stable
isotope ratio and fatty acid profile was investgghtising ANOVA. The associate variance
between isotope ratios and fatty acid profile waalwated using the Pearson correlation
coefficient, r.

Canonical discriminant analysis was carried ouéevaluate whether multivariate separation

for classifying beef origin could be based on ttable isotopic signatures of bio-elements and
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to verify which isotope ratios contribute towardsabling this classification. The most
discriminant ratios were selected by a stepwisecqmore and the significance of each
discriminant function was evaluated on the basig/dks’ Lambda statistics. The success of
discrimination was measured by the proportion ofewsbations incorrectly allocated to

groups, using ‘10-fold’ cross-validation.
5.3. Results and discussion

The §"Corom Values found in Cameroonian beef (-11.8%. + 1.22%kle 2) fall in the
highest part of the range reported in literatéi@. example, similar values were recorded by
Schmidt et al. (2005) in beef samples from USA (3% + 0.1%0) and Brazil (-10.0%0 +
0.6%0); by Nakashita et al. (2008) and Horacek fimd (2010) also for beef produced in the
USA; by Guo et al. (2010) and Yanagi et al. (20ib2¢attle tissues from some provinces in
China and farms in Japan. In all cases, the authaygested that these very I6WC values
may have resulted from the high content of C4 glamtcattle diet. Indeed, mealiC values

of terrestrial C3 and C4 plants are -27%o (rand®6e30 -21%0) and -13%. (range -14%o to -
10%o0), respectively (Kelly, 2000). In our Camen@m zebu beef samples, the low negative
31°C values also reflect the almost exclusive use gfited C4 pasture grasses as cattle feed
(Pamo, 2008).

As already described for other kinds of meat (Riiseet al., 2003; Perini et al., 2012), the
813C values of protein and fat fractions were corelafbromrar=0.81; P<0.01; data not
reported), even if thé**C mean value in protein (-11.8%.) was significartipre positive
than that in fat (-17.8%.; P<0.01), as a consequesfcéhe depletion in*°C during the
oxidation of pyruvate to acetyl-CoA in the biosyesis of lipids and the possible enrichment
in 13C occurring during amino acid cycling. In the feadtion, both the examined sources of
variability — beef origin and subcutaneous fat aole reached the threshold of significance
in their effect orb*°C values.
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Table 2. Stable isotope ratios (observed mean @mndigrd deviation).

Eat No. 8" *Cosejorom ' 8" Cuopar ' 8*Higsorom 8Hpgojat 8"Opsgorom | 5" °Opgrat 8" *Niseorom 8% SttaiprOM
colour Region Mean SD | Mean SD |Mean SD | Mean SD |Mean SD | Mean SD | Mean SD | Mean SD
White Adamawa 7 -12.2 1.44| -18.7 1.87 |-60.5 4.99(-174.1 6.30 ] 17.4 0.90| 23.7 1.26 470 058| 809 0.84
Northwest 6 -13.1 2.55| -20.9 253 |-60.9 7.36|-172.4 7.70 ] 17.3 0.97| 22.2 0.96 580 073 8.98 1.27
East 3 -11.3 0.70| -17.0 0.36 |-66.8 5.67|-176.6 6.33 ]| 17.3 0.44| 246 0.14 470 089] 7.39 050
Total 16 | -12.4 1.89| -192 ~ 239 |-61.8 6.19|-17398 658|174 0.82| 233 1.35 511 085 830 111
Cream Adamawa 15 -11.5 0.78| -18.1 132 |-63.2 4.23(-177.9 703|174 052 238 131 453 0.80 7.86 0.88
Northwest 2 -11.7 1.10| -17.7 0.99 (-61.1 0.811-178.8 10.16| 17.3 0.85| 22.2 0.30 5.25 0.06 8.32 0.49
East 5 -12.3 0.90| -17.6 098 |-65.4 0.94]|-178.8 6.57 ] 16.9 0.75| 24.2 1.49 481 048] 7.16 0.38
Total 22 | -11.7 085| -18.0 “® 1.21 [-63.5 3.69(-178.2"% 6.80|17.3 0.61| 237 136/ 466 072| 7.74 082
Yellow Adamawa 18 -11.3 0.67| -16.6 111 |-62.8 5.71(-185.2 7731174 092 235 114 431 062 7.73 0.57
Northwest 2 -12.0 0.30| -17.7 0.19 |-64.2 3.17 |-186.0 2.84116.3 0.49| 21.7 0.29 516 0.33| 8.48 021
East 2 -11.6 1.15| -15.8 1.34 | -60.5 2.351-181.2 194179 0.35 26.9 0.18 4.33 1.12 7.79 0.87
Total 22 | -11.4 o0.70| -166°% 112 |-62.7 5.28(-1849" 710|173 0.92| 236 156 439 066| 7.80 0.59
Total Adamawa | 40 | -11.5 0.92| -17.6”"® 158 [-62.5 5.04|-180.5 837 17.4 0.77| 23.6° 120 4.46° 069| 7.84° 074
Northwest 10 | -12.6 2.06| -196°B 252 |-61.6 5.76|-176.4 8.80| 17.1 0.90| 22.1° 0.76 5562 064 8757 1.01
East 10| -11.9 093] -17.1* 109 |-64.8 3.71(-178.6 560 | 17.2 0.68| 24.8* 148 468" 068| 7.35° 052
Total 60 | -11.8 1.22| -17.8 1.86 |-62.8 4.99 (-179.5 8.08]17.3 0.78] 23.6 1.42 468 078 791 0.86

' DFDM: Longissimus lumborumefatted dry matter;

a,b,c

AB,C.

FAT:ongissimus lumborumrude fat.

. means of the levels of a factor (on the columith @ifferent superscript differ &<0.05.
: means of the levels of a factor (on the columith different superscript differ &<0.01
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The 8°Hprow  Values of Cameroonian zebu (-62.8%. + 4.99%o; t@)lare higher than those
observed by Horacek and Min (2010) in beef produndgorea, USA, Mexico, Australia, or
New Zealand. These enriched hydrogen isotope ratboéd be a result of both the local
climate and free-range pasture feeding. Indeedausec20-30% of hydrogen body protein
derives from drinking water (Hobson et al., 1998% hydrogen isotopic composition of beef
protein is likely to have memorised the deuteriugnature of the water that the zebu has
consumed, which is in its turn affected by regiofigctionation due to the global
hydrological cycle.

Furthermore, the hydrogen present in the carbolgsli@nd protein of feed also contributes to
the total metabolic pool of hydrogen in the animdibdy. So, if cattle is fed with fresh feed ,
such as herbage at pasture, a significant fractiadhe daily water demand is ingested with
the plant material. As plant water is enriched’fh as compared to groundwater, due to
evapotranspiration processes, dfi¢ ratio of beef is also enriched.

As already observed in other meats, the fat fractias highly’H depleted in comparison to
defatted muscle (mean values —62.8%. —179.5%. respectively fod*Hprom and 5°Hear;

P <0.01); however, the two muscle fractions wereratated with each other € 0.36;

P < 0.01; data not reported), and the regional ayevalues of both muscle fractions were
correlated with the annual means of deuterium ®imomposition of precipitatiodHwate)

in the main cities of the regions (Ngaundéré in dea, Bamenda in the North-West and
Bertuoa in the West) estimated from the averagri@é, latitude and longitude, using the
prediction model available at http://wateriso.easdpe.edu/waterisotopes/ (averaifelater

in Ngaundéré29%., Bamenda, -38%. and Bertuoa, -24%.; Bowen amdeRaugh, 2003).

As with deuterium, thé'®Oprpm average value of zebu beef (17.3%o + 0.78%0; tablei?)
higher than that reported for beef from other arefithe world (Nakashita et al., 2008),
probably as a consequence of the geographic anthtadi gradient caused by systematic
global variations in the isotope composition ofgypéation water, transferred to some extent
to the isotopic values of beef (Harrison et al120 The oxygen isotope ratios of the different
muscle fractions were different (mean values 17.8823.6%o, respectively f06'®Oprpm
and&'®0gat; P < 0.01), probably because of the isotope effettheir predominant oxygen
functional groups (i.e. the carbonamide group foygen in proteins, and the ester group for
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oxygen in triglycerides, respectively enriched3® by ~22%. and ~28%. as compared to cell
water; Schmidt et al., 2001). The oxygen isotopi®saof the different muscle fractions were
correlated each other50.49%;P<0.01) in relation to the isotopic composition oftewic
water §*%0wate), estimated on the basis of the geographical desiag the previously cited
prediction model (averag&Owater in Ngaundéré,-4.9%., Bamenda, -6.2%. and Bertuoa, -
4.4%0; Bowen & Revenaugh, 2003).

The regionaldNprpm means ranged between 4.51%. (Adamawa) and 5.4%dhiNest,
P<0.05; Table 2). Geographical patterns'iiN values have already been found for meat (e.g.
Perini et al., 2009). They are probably causedheydifferent’®N content of local grass on
which the zebu grazes, which in turn, could berssequence of climate and soil conditions in
the different geographical areas.

The variability of**Sf?S ratio was also influenced by the regional origiirbeef (8.59%ds.
7.45%0 respectively, in the north-western and eastezgions P<0.05; Table 2). TB&'S
values are generally regarded in terms of provigiragduct signatures on a small geographic
scale (Perini et al., 2009), because this elenseabmtrolled by the local bedrock (igneous or
sedimentary, acidic or basic) and atmospheric deposand is also influenced by microbial
processes in the soil.

After having separately examined the individualiaaility of the isotopic signatures from
multiple fractions, a multivariate approach was sidared. Stepwise discriminant analysis
was performed to trace beef origin on the basih@fstable isotopic signatures of the product
and to verify which isotope ratios contribute todsthe suitable classification of the different
ham types. The results are given in Table 3, asntimaber and percentage of correctly
classified observations. Four stable isotope ratuese selected, due to their significant
contribution in the discrimination of beef origisgrted by entering them in the following
order: 8™ Nprom; 6>*Sorom; 6°Orat;  8°Hprom. The selected model allowed corrected
empirical allocation of 81.7% of beef samples awdrected cross-validation of 75% of
individual samples. These findings are in line witbse previously obtained for other meat
types (Perini et al., 2009; Schmidt et al., 2008p@ et al., 2011), even if slightly lower.
This result, less clear than previous ones, idylikeked to the fact that some of the zebus
sent by train from Ngaundéré (and thus recordedfa&damawa origin) to Yaoundé for

slaughtering could have travelled on foot from ttlaeitual original area in the East.
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Table 3. Results of the best reclassification @flsamples from zebu of different origin on

the basis of the linear discriminant functions ghdted using stable isotope data

Predicted beef origin
Region AdamawaNorthwest East Total
Count Adamawa 30 5 5 40
Northwest 0 10 0 10
East 0 1 9 10
% Adamawa | 75.0 125 125 | 100.0
E Northwest | .0 100.0 100.0
g’ East 0 10.0 90.0 | 100.0
Count Adamawa 26 7 7 40
Northwest 0 10 0 10
% East 0 1 9 10
g % Adamawa | 65.0 175 175 | 100.0
g Northwest | .0 1000 | .0 100.0
é East 0 10.0 90.0 | 100.0

i : 81.7% of original grouped cases correctly afees.
il . 75% of cross-validated grouped cases correztgsified.

At slaughter, in African environmental conditionisis easy to identify the subcutaneous fat
colour of the carcasses. It is widely known thatfédt colour of beef can influence the reasons
why consumers appreciate and purchase the proAacteviewed by Dunne et al. (2009)
changes in fat yellowness were often attributedrtional diet and to the proportion of forage
to concentrate in particular, due to flrearotene content of the forage. Feeding grasatttec
can increase the unsaturated fatty acid of thaf @¢uernberg et al., 2005).

In our conditions all the zebu were fed exclusively natural pasture. The colour of
subcutaneous fat recorded during slaughtering wagsfisantly related to fat content and
composition (Table 4). Independently of the origime carcasses with yellow subcutaneous

fat showed the fattest meat. The higher fat comtémbeat, and of carcasses, could be due to
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higher herbage intake by animals, consequentlyingado the yellower colour of the
subcutaneous fat of carcasddsreover, beef from carcasses with yellow fat hddtty acid
profile characterised by the highest content dlIt8FA and MUFA (Table 4) and the lowest
percentage of total n-3 and n-6 PUFA.

Table 4. Relationship of.ongissimus lumborurfat content (Total lipids, TL, % dry matter)
and fatty acid profile (%TL) with subcutaneous talour and the isotope composition of

Longissimus lumborurat fraction

Fatty acid profile Correlation
Subcutaneous fat ) 5 13

White Cream Yellow SE O°H[%o] par 67 C[%0] T
colour:
no. of samples 16 22 22
Total lipids 33 47 7.7 2.61 - 478% 413%*
SFA 47.1b 49.5ab 52.2a 512 -.514** .335**
MUFA 33.1b 35.3b 38.3a 4.21 -.315 * 273 *
PUFA-n3 6.4a 5.0b 3.2c 1.57 .655** -.466**
PUFA-n6 13.4a 10.2b 6.2c 3.50 B75** -.506**
PUFA 19.8a 15.2b 9.4c 4.95 .665** -.483**
a,b,c.

- means on the row with different superscriptedifitP<0.05.

*, **: correlation significance?<0.05 andP<0.01, respectively.

The isotopic composition of the fat fraction of roles and in particular th&°H[%o] eat and
813C[%o]eat values, was significantly affected by the subcutaneouscédour (Table 4). As
shown in Figure 3, zebu with white subcutaneoug“fahite type”) showed a clear tendency
to be more enriched fiH isotopes and more depleted-f isotopes than the “yellow type” ,
while the “cream type” represented an intermedeatedition. These trends were correlated
with fat composition. IndeedH enrichment and>C depletion are significantly correlated
with a high PUFA content (Table 4), whifel depletion and*C enrichment are correlated
with a high SFA contenfThese differences among groups could be due tdiffexent fat
content of carcasses. A lower phospholipid/nedipad ratio could be hypothesised for the

yellow fat group, which also had the highest fatteat in meat. Indeed, this group had the
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highest content of total SFA, mainly present in tleaitral fraction, and lower content of long
chain PUFA, which are mainly present in the phosipftbfraction. Phospholipids, which are
polar lipids, are mainly located in cell membrangkereas neutral lipids consisting mainly of
triacylglycerols, the major constituents of reseiate and free fatty acids are mainly stored in
adipocytes (De Smet et al., 2004). In other woadsa consequence of better nutritional status
and consequently a higher rate of subcutaneousidpbsition, the “yellow types” are
expected to have a more diluted phospholipid (RIntent and a higher proportion of neutral
lipids (NL) in their subcutaneous and marble facomparison with the “white types”, and
thus a less negativid®Ceat value, in agreement with the findings that PL fiat displays a

more negative diet-tissue fractionation than Nlictiean (Harrison et al., 2011).

Figure 3. Distribution of beef samples from zebrcaases with different subcutaneous fat colourgliation to

stable hydrogen and carbon isotope ratidsoingissimus lumborurfat fraction
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5.4. Conclusions

Zebu beef from Cameroon showed a specific isotopfilgy characterised by lowél°C, §2H
and 3'®0 values than those reported in other areas ofmbréd, as a consequence of the
almost exclusive use of tropical C4 pasture gragsesattle feed and the geographic and
climatic gradient in the isotope composition ofgpé&ation water.

Within the country, multi-element analysis gave mising results for tracing the regional
origin of beef and some aspects of the cattle limgesl/stem, such as the animal’s nutritional

status.
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CHAPTER VI: FINAL CONCLUSIONS

In this thesis the effect of different factors ¢ tstable isotope ratio (SIR) variability of the
most important bioelement$H/*H, *C/°C, *N/*N, 00, *'SF?S) was evaluated in

different types of tissues, including pig and ovmeascle, muscle lipids and lipid fractions.

In the first experiment we demonstrated that a-sliatch (switch to two isotopically distinct
diets with two different energy allowances (EAsjused a change in th&°C and §*'S
isotopic values of muscleongissimus dors{(LD) during tissue turnover (240 days). The
variation was greater with a HEA experimental dregh energy allowances).

The results showthat th#°0 values in ovine muscle were largely influencedthy water
ingested and their isotopic trend was independénihe type of diet (HEA or LEA) while
most of the H used to build ovine muscle tissueeddpd on feed rather than the drinking
water.

The determination of multiple stable isotope ratiif$!, 5'°C, 5'°0 ands**S) in ovine muscle
indicated diet-muscléractionationsto be -44.0%. +1.9%c and 0%. and diet-intra muscular
lipid fractionationsto be -172.7, -1.3%0 and -11.5%. for H, C and O eesipely, prior to the
diet-switch Analysis of the3**S in LD revealed no significant diet-tissue frantiion and
comparable half-lives to those observed for C.

Applying the isotope clock approach (Phillips & Etihe, 2006), using muscle, muscle lipids
and lipid fractions to estimate past diet-switclte®es not appear to be feasible in sheep. The
estimated half-lives of lipids were too long toumed for tracking short term dietary changes
in lambs and probably also in other meat animatsvéver, the diet-tissue fractionations for
various elements and tissues reported here shaul@ielpful in interpreting future food
authenticity and traceability studies.

On the basis of this, it is important to consides tissues turnover and the diet change effect
in every isotopic study, to prevent possible mistdlring the results evaluation.

The origin of a food product, in our case dry-cutean and beef, as demonstrated in this

thesis, can affect the variability of the stalsletopic ratios of bioelements. Moreover, in the
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case of ham, the production conditions and thetlterng the maturing—drying phase can
generate different isotope ratios. In this peribd stable heavier isotopes of the protein
fraction underwent oxygen enrichment, while théape trend for sulphur and hydrogen was
less clear, with a small depletion of sulphur, d&ph of deuterium in protein and an
enrichment in marbling fat. Further insight is ne@do confirm and better understand the
phenomenon, which may have a considerable impadcubinentication of this prestigious
pork product.

The dimensionality in the structure of the isotapéio data confirmed the usefulness of
considering the main bioelements simultaneouslycabse either they or their linear
combinations provided essential information abomtlependent sources of ham type
discrimination.

The isotopic effect produced by ham technical pgedsn’t able to mask the effect of diet and

geographical origin.

The results highlight that it is possible to use 8IR of bioelements to distinguish Italian
PDO hams from hams produced in other areas. Subsegtudies with a representative
number of PDO hams and imitators will be necessargevelop an effective traceability
model which can be used to verify the authenti@fy commercial ham and eventual

fraudulent mislabelling.

With the analysis of Zebu beef from Cameroon we fioonthe important effect of
geographical origin on the stable isotope ratioalality of the most important bioelements.
These samples show a specific isotope profile, azhierised by lowes'*C, §°H and §*%0
values than those reported in other regions ardl@dvorld, as a consequence of the almost
exclusive use of tropical C4 pasture grasses ftiteceed and the geographic and climatic
gradient in the isotope composition of precipitatwater.

Within Cameroon, multi-element analysis gave pramgisresults for tracing the regional
origin of beef and some aspects of the cattle limgedystem, such as animal nutritional

status.
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