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ABSTRACT

This thesis is based on 3 main trials and a furgtedy. The overall aim of my
research was on one side, to investigate the pligsibf using rapid and non-
destructive methods for the determination of fisllets quality and their
classification, on the other side, to find out gtenning/slaughtering method able to
guarantee a minimal or to completely avoid stressdition at the moment
immediately prior of the slaughtering process, lsgessing the effects on fillets
quality by conventional and innovative methodsnfrtwo different farmed species
[Atlantic salmon $almo salarL.) and rainbow trout @nchorynchus mykigs
Percussion, asphyxia in the air, electroshock apthyia by carbon monoxide (CO)
were tested; behaviour (on Atlantic salmon), strieskcators, shelf-life evolution
during cold storage (raw fillets) and sensory asialy(cooked fillets) have been
investigated, depending on stunning/slaughterinthateand, in the case of rainbow

trout, also on water rearing temperature.

The first study on rainbow trout investigated trassbility of using near infrared
spectroscopy (NIRS) for the authentication of rawl aooked freeze-dried rainbow
trout (Oncorhynchus mykisdillets. Latent variable models applied on thedpal
data were developed and used to estimate proxioasgosition, fatty acid profile,
fillet yield and cooking loss, and to classify tieailable dataset by the rearing farm
and genetic strain of each sample. Results sholmad\iR spectra can be used both
to accurately estimate several chemical propeanesto classify samples by rearing
farm. In order to classify samples by genetic stiastead, a data fusion approach in
which colour and mechanical information were coredirwith spectral data was
used. No major differences were observed betweerrdbults obtained from raw
freeze-dried fillets and those obtained from cookedze-dried fillets, except for the
estimation of certain chemical constituents of nes¢ such as C22:6n-3 and
polyunsaturated fatty acid content, both of whiakrevbetter estimated from cooked
freeze-dried fillets.

In the second study on Atlantic salmon, behavioalysis showed that CO gas used
for stunning/slaughtering is not sensed in thea 840 min., and then fish respond

with aversive behaviour, probably elicited by lowsibuoyancy or a biological



response to hypoxia, before becoming fully sedakegosition to CO seems to
increase catecholamine’s level, resulted in aniegadnset ofrigor mortis, lower
final post mortenrmuscle pH, higher drip loss after filleting an@ykted increase of
L* and b* values. This study also evaluate and cama@ sensory analysis, NIRS,
Electronic nose (EN) and Electronic tongue’s (EBijity in discriminating Atlantic
salmon Galmo salar L. fillets according to the considered stunning rodth
(percussion: Control; Carbon Monoxide: CO), Storéigee (T1; T2) and different
preparation (raw and thawed; freeze-dried; ethastorage) of the specimens.
Samples were NIRS analysed by three different Relsdanits (RU): Hungary (H),
Padova (PD) and Torino (TO). As a general pattidra Storage factor was the main
source of effects for the instrumental discernmehén compared to the Stunning
effect. According to the two considered factors #r&lr combinations for the seven
instruments and preparations, the maximum effigiemas performed by the freeze-
dried samples scanned by NIRS devices from the RUX PD and H, also NIRS
on thawed samples performed by the H RU was efficiEN, ET and NIRS of
ethanol specimens resulted to be the worse prépasaand analysis methodologies.
The correlation of maximumigor time with the spectra resulted to be greater for
freeze-dried and thawed samples according to all different considered NIRS
devices and for ethanol specimens. A general aaocel between the spectral
signature and the appreciation expressed by thel jfansome sensory traits was
observed, indicating that rheological but also eaanhd flavour properties are
involved in this vibrational characterization. Asengral result freeze-dried
preparation and NIRS devices resulted to be thé bembination in samples
discernment according to Storage Time and Stunfaogprs, but also to maximum

rigor mortistime and sensory scores.

In the third study performed on rainbow trout relaet two different temperature
conditions (8 °C and 12 °C), the effects of stugrstaughtering methods (carbon
monoxide asphyxia, CO; electroshock, E; asphyxidoénair, A) onpre rigor mortis
[blood parametersyrigormortis development, fillets contraction changes, ATP
depletion and Adenylate Energy Charge (AEC) in riajsandpost rigor mortis(K-
value, texture, lipid oxidation and sensory analyshanges have been investigated.
Concerningpre rigor mortis changes, it resulted that electroshock was thet mos

suitable slaughtering method, able of limit stressainbow trout; asphyxia in air
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seemed to be the most stressing, as confirmedglsgor mortis and pH evolution.
Fillets from asphyxiated fish had the strongestaaamd perimeter contractions,
followed by CO and E on one side, and the mosdrégmgth shrinkage and height
increase, followed by E and CO, on the other. TRetf@ated fish, reared both at 8
°C and 12 °C, were able to preserve the higher atmafumuscle’s ATP immediately
after death.

Post rigor mortisevaluation showed that at the end of the shadf{lif daygpostrigor
mortis resolution)considering both K and Kvalues, freshness results well preserved
irrespective of the stunning/slaughtering methogliad, and water temperature. No
significant drip losses were detected at any camsdl time. Atrigor resolution
(TrrRO)CO fillets showed higher pH than A fillets (P<D)Owhereas seven days after
rigor resolution (kr7) also E fillets’ pH resulted significantly high¢han A
fillets.CO treatment ensured higher a* and C* colgalues, and intermediate b*
value, whereas electroshock provided the lowdstdilcolour values. Texture profile
analysis revealed an effect of the stunning/slargid method and of the
temperature for the cohesiveness parameter. Falnglglered by CO presented
significantly lower (P<0.001) Malondialdehyde canttén fillets when compared to
the other two groups atgg0, whereas at gr7 no differences were detected.
Canonical Discriminant Analysis of sensory attrésyt instrumental texture and
physicochemical measurementsresulted as an accasiteén discriminating and
classifying the three groups of treatments at the tonsidered rearing water

temperatures.

11



12



RIASSUNTO

L’obiettivo generale di questo studio e stato, dalato, quello di approfondire la
possibilita di utilizzare metodi di valutazione idipe non distruttivi per la
determinazione della qualita di filetti e per ladaoclassificazione in relazione ai
fattori di influenza, dallaltro quello di identdare i metodi di
stordimento/macellazione in grado di garantire umanima o di evitare
completamente la condizione di stress nel momeella dhacellazione. A tale scopo
sono stati valutati gli effetti prodotti da metodi macellazione tradizionali e
innovativi sulla qualita dei filetti di due specdverse di salmonidi, il salmone
Atlantico (Salmo salarL.) e la trota iridea @nchorynchus mykiksPercussione,
asfissia in aria, elettroshock e asfissia trami® $ono stati testati; comportamento
(sul salmone Atlantico), indicatori di stress, exabne della shelf-life durante la
conservazione in condizioni refrigerate (filettudr) e analisi sensoriale (fletti cotti)
sono stati studiati in relazione al metodo di maeene e alla temperatura di

allevamento (solo sulla trota iridea) applicati.

Un primo studio sulle trote iridee ha esaminatpdasibilita di usare la spettroscopia
del vicino infrarosso (NIRS) per l'autenticazionefitetti liofilizzati di trota iridea
(Oncorhynchus mykis<rudi e cotti, derivanti da ceppi genetici divealevati in
aziende diverse. Modelli di variabili latenti sostati sviluppati sui dati spettrali e
utilizzati per stimare la composizione centesimilptofilo acidico, la resa in filetto

e le perdite di cottura, e per classificare il dsgadisponibile a seconda dell’'azienda
e del ceppo genetico di appartenenza di ogni campiaisultati hanno mostrato che
gli spettri NIR possono essere utilizzati sia pgmare in modo accurato diverse
proprieta chimiche che per classificare i campieniseconda dell'azienda di
appartenenza. Allo scopo di classificare i campiorbase al ceppo genetico invece,
e stato considerato un approccio di fusione ddirddtquale colore e informazioni
relative alle caratteristiche fisiche sono statnbmati con i dati spettrali. Nessuna
differenza importante € stata riscontrata tratfitzudi e cotti liofilizzati, se non nella
stima di qualche costituente chimico d’interessane il tenore in C22:6n-3 e il
contenuto di acidi grassi polinsaturi, entrambeaialgsono stati meglio stimati nei

filetti cotti liofilizzati.
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Nel secondo studio, I'analisi comportamentale alene Atlantico macellato con il
monossido di carbonio ha mostrato che il CO noeregpito nei primi 8-10 minuti,
poi il pesce risponde con comportamento avverssefprovocato dalla perdita di
equilibrio o da una risposta biologica all'ipossm@jma di essere completamente
sedato. L'esposizione al CO sembra aumentare elldivdi catecolamine, con un
anticipato inizio detigor mortis, pH finalepost mortenpiu basso, maggiori perdite
di gocciolamento dei filetti e un leggero aumengo\dlori L* e b*.

Questo studio ha anche valutato e confrontato litabdell’analisi sensoriale, del
NIRS, naso elettronico (NE) e lingua elettronicé&)Lnel discriminare filetti di
Salmone atlanticoSalmo salar L). a seconda dei metodi di stordimento applicati
(percussione: Controllo; Monossido di Carbonio: Cd8l tempo di stoccaggio (T1;
T2), e diverse preparazioni (crudi scongelati;ilimfati; conservati in etanolo) dei
campioni. | campioni sono stati scansionati al NkRStre diverse Unita di Ricerca
(UR): Ungheria (H), Padova (PD) e Torino (TO). lengrale, il fattore Tempo di
Stoccaggio e risultato la principale fonte di dffper la discriminazione strumentale
rispetto al fattore Stordimento. Considerando i datori principali e le loro
combinazioni per i sette strumenti e preparazitmimassima efficienza e stata
mostrata dai campioni liofilizzati e scansionathde strumentazioni NIRS dalle UR
di TO, PD e H, anche il NIRS sui campioni scongetatlizzato in Ungheria &
risultato efficiente; NE, LE e il NIRS sui campioosbnservati in etanolo sono
risultate essere le peggiori preparazioni e metmgeldi analisi. La correlazione del
tempo di massimagor con gli spettri é risultata maggiore per i camplafilizzati

e quelli scongelati per tutti gli strumenti NIRSnetderati e per i campioni in
etanolo. Una relazione generale tra I'improntatsplet e gli apprezzamenti espressi
dai pannellisti per alcuni tratti sensoriali coresati € stata osservata, indicando che
le proprieta reologiche ma anche quelle del gustielesapore sono coinvolte nella
caratterizzazione vibrazionale. In generale, i damgiofilizzati e la strumentazione
NIRS sono risultati essere la migliore combinazigee discriminare i campioni a
seconda dei fattori Tempo di Stoccaggio e Stordimema anche del massimo

tempo dirigor mortis e punteggio sensoriale.

Nel terzo studio, realizzato su trote iridee alteva due diverse temperature (8 e 12
°C), sono stati valutati gli effetti di diversi noeli di stordimento/macellazione

(asfissia con monossido di carbonio, CO; elettrokh&; asfissia in aria, A) sulle
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caratteristichepre rigor mortis [parametri ematici, evoluzione deigor mortis,
contrazione dei filetti, consumo di ATP e la Caritaergetica Adenilica (AEC) nel
muscolo] epost rigor mortis(indice di freschezza K, texture del filetto, assgione
lipidica e analisi sensoriale), durante la shédé:li

Per quanto riguarda i cambiamenti durante la faggedrigor mortis,l'elettroshock

e risultato essere il metodo di macellazione piattag in grado di limitare lo stress
nella trota, mentre I'asfissia in aria € sembratseee i| metodo piu stressante, come
confermato anche dall’evoluzione degjor mortis e del pH, mentre il CO ha
prodotto effetti intermedi tra i due metodi di mé&aone precedenti. | filetti ottenuti
dai pesci sottoposti ad asfissia hanno presentatmdato la piu intensa contrazione
dell'area e del perimetro del filetto, sequiti digatti ottenuti dai pesci macellati con
CO e con elettroshock, ma anche la piu rapida apittne in lunghezza e aumento in
altezza, sequiti dai filetti dei pesci trattati celettroshock e CO. | pesci macellati
con I'impiego del CO, indipendentemente dalla terapga di allevamento, 8 °C o
12 °C, hanno presentato il piu alto contenuto diPAfel muscolo subito dopo la
morte.

Relativamente alle caratteristiche riscontrateentdbi successive dajor mortis, €
emerso che a 7 giorni dalla risoluzione dello stessnsiderando sia il K-value che
il Ki-value, la freschezza risulta ben preservata imdipetemente dal metodo di
stordimento/macellazione applicato e dalla tempesatNon sono state determinate
rilevanti perdite di gocciolamento dei filetti ppessuno dei tempi considerati. Alla
risoluzione detigor mortis (Trg0) i filetti CO hanno mostrato un pH piu alto ritijpe
ai filetti A (P<0.01), mentre 7 giorni dopo la rismione delrigor mortis (Trr7)
anche il pH dei filetti E € risultato significativeente piu alto rispetto a quello dei
filetti A. Il trattamento con CO ha prodotto unalara@zione rossa piu intensa del
filetto, alta saturazione e b* intermedio, mentegettroshock ha riportato i valori piu
bassi. L’analisi della texture del filetto ha mastr un effetto significativo dei metodi
di stordimento/macellazione e della temperaturaitéitamente alla coesivita. | pesci
macellati con CO hanno presentato un contenuto dlomdialdeide (MDA)
significativamente piu basso (P<0.001) rispetto altfi due gruppi a g0, mentre a
Trr7 nessuna differenza é stata riscontrata. L’An8liscriminante Canonica (CDA)
degli attributi sensoriali, dei parametri della ttee e delle misurazioni fisico-
chimichee risultata essere uno strumento accusdtdiscriminare e classificare i tre

trattamenti alle due temperature.
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1. INTRODUCTION

1.1 Animal welfare and food quality

Food quality is perceived as a global concept, Wwiscunavoidable from animal’s
welfare. Conditions of anxiety, pain, suffering @ar above all have ethical
implications, since the human being is consideoelet responsible for the effective
respect of the rights and welfare of other livimgnaals, as stated in the declaration
of UNESCO in 1978. The respect for animal's welfasgongly affects consumer
attitudes towards the product, influencing the cadb those products derived from
animals that have not been subject to ill treatm@perations relating the stunning
and killing, in the slaughtering processes, as a&llhe operations immediately prior
stages, can cause particular stress and distubdhae may affect meat quality.
Humane slaughter procedures, therefore, can imgrosemortenquality of fish, as
reported for warm-blooded animals by many authBrswWn et al., 1998;Geesink et
al., 2001). To maintain the best original qualfigh would be stunned until death
and killed without any avoidable stress.

Fresh fish quality is the major concern to induséyd consumers, as fish is
considered an extremely perishable food commoditgshness is the single most
important attribute when assessing fish qualitycrglbiological, biochemical and
sensory changes are associated with deterioratibshoquality during handling and
storage (Ehira and Uchiyama, 1986; Gregory, 1984 fundamental to reduce
muscle activity during transport and netting andettsure stunning/slaughtering
methods able to minimizere mortemstress of fish since it may affeggor mortis
and pH evolution (Robb, 2001; Robb et al., 2000apras et al., 1999;), texture
pattern (Nakayama et al., 1996), fillet colour egton (Jittinandana et al., 2003;
Robb et al., 2000a; Robb and Warris, 1997), slifelf{Lowe et al., 1993) and K-
value evolution, defined as a later indicator aghfifreshness as reported by
Izquierdo-Pulido et al. (1992). Stress can progdeEater muscle contractile tensions
and shortening than observed in unstressed state(Nakayama et al., 1999).
Animal welfare and product quality are linked agpeaf the total quality of fish;
therefore any conflict between the requirementsfisih welfare and efficient

aguaculture should be avoidable
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1.2 Fish welfare-suffering and quality indicators

Animal welfare is by no means a straightforwardcapt. The major issues are the
meaning, the definition of animal welfare and howesthobjectively measure it
(Broom, 1991a;1991b;Dawkins, 1998;Mendl and Pad042. Freedom from hunger
and thirst, injury, disease, discomfort, fear amirdss, pain, as well as the freedom
to express normal behaviour provides a logical éaork with which to assess
welfare issues (FAWC, 1996). Physical health idately a necessary requirement
for good welfare. It is important to remember thabr health can be both a cause
and a result of poor welfare. However, for manypdjanimal welfare goes beyond
just physical health, and also involves a lack antal suffering. This aspect of
welfare therefore seeks to understand subjectipereences of non-human animals
and proposes the conscious experience of suffaritigese animals (Broom, 1991Db).
This is a controversial issue, when it comes th. fiGoncepts of animal welfare have
been applied to those which are considered to tievability to experience pain, fear
and suffering and as much have been associatedspaéities with a higher level of
cognition when compared to fish. However, thera sientific debate regarding the
ability of fish to experience pain and fear.

Some have argued that fish lack of essential bramgions or any functional
equivalent, making it impossible that they can eigmee pain and fear (Rose, 2002);
others suggest that there are similarities with mais in the basic structure of
neurons and neuro-hormonal biochemistry, instrespansesand behaviour,which
seem to indicatethatthe fish arecapableof exparigngain andsuffering, especially
in the last momentsof their life,when they arecatrid slaughtered (Ashley and
Sneddon, 2008;Braithwaite and Huntingford, 2004rhao et al., 2004a; Kestin et
al., 1995;Sneddon, 2003; Sneddon et al., 20038t2V@rhejien and Flight, 1997).
There is no single way to measure welfare, and é@anvide range of behavioural,
physiological and biochemical parameters are useaksess welfare, none of these
are considered reliable when individually consideréhus a multidisciplinary
approach needs to be done.

1.2.1 Behavioural indicators

Altered behaviour is an earlier and easily obsemesgponse to adverse conditions,
specific responses to natural stressors can beassad indicator of impaired welfare
although this cannot be a sufficient approach.
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Anxiety and fear as behavioural responses can peessed by freezing (in presence
of predators), or, by struggle, active avoidancescular spasms, pupil dilatation,
aggression, exploration, risk-taking, active attenip counteract the stressful
stimulus. At slaughter, fish behaviour gives cléadications about presence or
absence of consciousness; the most frequent olisewvaindicating behaviour
changes with different intensity and persistenee ar

Swimming motility: changes in speed, directions apdce use

Gill movement: regulation of the ventilatory actii that is the flow of water
ventilated over the gills per unit of time. It isindamental to maintaining
homeostasis in terms of,Gtatus, blood and tissues acid-base balance (pbigeise
set points. In acclimatised and unstressed figh rélspiratory frequency is adjusted
close to a minimum possible value. Therefore, iasee ventilatory activity is
commonly used as a sign of stress and poor walidreh (Martins et al., 2012).

Fish also respond to external stimuli (Marx et &B97;Tobiassen and Sgrensen,
1999;Van De Vis et al., 2001)such as

Capability to maintain the equilibrium when thehfis turned upside down
Movement of eye following the changes in body peetun the longitudinal axis
Reaction to the needle puncture on the tail or ljpadking) (Lambooij et al., 2002a;
2002b; 2002c)

Handling along the lateral line

Application of low voltage electricity.

However, observation of behaviour only may not b#icgent for unconsciousness
assessment. For example, electrical stunning carebepainful and paralysis may
occur without unconsciousness when not properlyieggCroft, 1952; Robb et al.,
2002). Therefore, some methodologies able to imelidaain function, thus the
presence and the duration of a sensitive stateon$atousness are recommended
even if difficult to perform, such as

Electroencephalogram (EEG): necessary to determinmather an electric current has
been sufficient to induce a general epileptiforsuihindicating unconsciousness and
insensibility (Wageneder and Schuy, 1967). Requinedpositioning in the fish of 4
electrodes

Visual Evoked Responses (VER): is the brain respdasflashes of light directed
toward the eyes. The absence of an average VERatedi brain dysfunction (Kestin
et al., 1991;Van de Vis et al., 2001; 2003)
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Electrocardiogram (ECG): required the positionimgfish of 2 electrodes plus a
ground electrode to test heart rate

Somatosensory Evoked Responses (SER): responsias lomain to pain stimuli are
registered. The pain stimulus consisted of scratgthe tail by using a needle
Vestibule-Ocular Reflex (VORSs): movements of the ahen the fish is rocked side
to side (in a stunned/dead fish the eye does netjno

Their absence indicates unconscious and inserfshle

1.2.2 Blood indicators

At slaughter and during rearing, physiological tears to the stressors in fish are
related to primary response to stress, which iremlan immediate release in the
blood stream of catecholamines (CAs) from the claffimcells. This is followed by
the activation of the hypothalamic-pituitary-inemal (HPI) axis: corticotrophin
releasing factor from the hypothalamus acts orpthatary to synthesise and release
corticotrophic hormone, which in turn stimulateg tynthesis and mobilisation of
glucocorticoid hormones (cortisol in teleosts) frahe interrenal cells (Schreck,
1981;Wendelaar-Bonga, 1997). HPI activation resutts energy mobilisation,
depletion of glycogen stores, increase in glucossnpa level, along with high
muscle activity, anaerobic glycolysis and an inseem plasma lactate. Thus, both
levels of glucose and lactate in the plasma aenaise in conjunction with cortisol
to assess stress levels (Arends et al., 1999;Aceteal., 2004). Cortisol has been
widely utilised both as a short and a long ternesstrcondition index (Pickering et
al., 1982;Pickering and Pottinger, 1985).

Catecholamines are not frequently considered asssindicators, because they are
not easy to detect and quickly disappear from tbedstream (Wendelaar-Bonga,
1997). Despite the use of anaesthetics, handlingglblood sampling induces acute
stress in fish. Therefore, a part of the reseancfish welfare is directed to finding
non-invasive methods for gathering needed datd) sscmeasuring levels of fish

metabolites in the water (Ruane and Komen, 2003).

1.2.2.1 Cortisol

In stressful situations to the animals, secretidncartisol in the blood plasma
increases to high levels. Cortisol is the majoesgrhormone in fish (Ellis et al.,
2007), and is regarded as an important primarsstresponse (Mommsen et al.,
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1999). This hormone regulates the metabolism ofeprs, carbohydrates and fats;
it's furthermore involved in the regulatory funat® of the immune system, heart,
growth and reproduction (Pottinger, 2008). Whertisor level is high in the blood,

the supply of blood and gills’ activity are increds leading to different physical
responses such as uneasy movements. Cortisol adsirtbtion to increase blood
glucose levels, and promote the liberation of gfyo in liver. Cortisol also

influence the hyperosmotic effect, by increasingrhatocrit values, but also ions
levels, especially sodium (Guyton and Hall, 2008preover, stress can give a rapid
anaerobic metabolism, resulting in reduction ottghyen which in turn gives a rapid
decrease of pH and faster onset of rigor (Van Lagcél., 2000). When the stress
event becomes chronic, the cortisol levels can bmtain at high value for days or
weeks, even if they are gradually decreasing (Weaaddonga, 1997). Multiple

stress condition seems to amplify the cortisol oesp (Mazur and lwama, 1993;
Ortufio et al., 2002). Blood sampling proceduresvitably involve introducing

stressors that, to different extents, affect thvelk of blood chemistry constituents;
thus it could be helpful to test cortisol in leagasive biological matrixes such as in

mucus or faeces, especially during rearing (Betettal., 2010; Turner et al., 2003).

1.2.2.2 Glucose

The secondary responses occur as a direct resuteofelease of cortisol and
catecholamines (including alterations in blood &egue chemistry). An increase in
blood glucose concentrations, or hyperglycaemigeiserally regarded as a reliable
indicator of stress in fish (Barton, 1997;Wedemesteal., 1990). In vertebrates, this
elevation of blood sugar is typically due to théi@t of catecholamines in function
to provide caloric energy for the ‘fight-or-flighteaction (Pottinger et al., 2000).
Catecholamines, such as adrenaline, rapidly dihecphosphorylation of the inactive
form of glycogen phosphorylase resulting in an éase in glycogenolysis (Vijayan
and Moon, 1992), with the primary source of glyaodmeing the liver and muscle
(Wedemeyer et al., 1990). Gluconeogenesis may, VEwegain greater importance
when the glycogen stores of the liver have beertetlsh (Janssens and Waterman,
1988;Mommsen et al., 1988). The increase in citlmgaadrenaline levels is rapid
and transient (Wells and Weber, 1990), and the fgyyesaemia almost immediate.
Cortisol has also been demonstrated to cause Hypaegnia in fish (Begg and
Pankhurst, 2004; Leach and Taylor, 1980;Mommseralet 1999;Pickering and
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Pottinger, 1995;Vijayan et al., 1997) following ttaetivation by the HPI axis

(Pickering, 1981;Sumpter, 1997), probably as tlselteof gluconeogenesis (Vijayan
et al., 1991). Glucose is very easy to determind & frequently used as a stress
indicator, although some authors have found a delaiis release (Barry et al.,

1993).

1.2.2.3 Lactate

Higher energy mobilization and utilization, follavg the hypoxia conditions or due
to the increased muscular activity, implies anaerabycolysis in white muscle,
associated with a large build-up of lactic acidhbiot the muscle and blood, followed
by hematic pH decrease. Such behaviour is thetrestile response to the release of
catecholamines (Milligan and Girard, 1993). Therefthe increase level of plasma
lactate is used as stress index (Arends et al9;1B8kson et al., 1999; Lowe et al.,

1993), even if fish stores most of the lactatéhmrnuscle.

1.2.2.4 Haematocrit

In stress conditions, the increase in muscle dgtiand heartbeat requires higher
oxygen intake that raises haematocrit (red blodidncenber) and thus haemoglobin
concentration and the oxygen-carrying capacityheflilood. Haematocrit is used as
a stress index because of its easy detection, #vstandard values have to be
validated for each species before to be correcy(Reddy and Leatherland, 1988).

1.2.2.5 Free Fatty Acids (FFA)

It seems that under stress conditions, CAs arelvadoin the mobilization of free
fatty acids (FFAs), important energy substratesfisin (Pickering and Pottinger,
1995). Changes in plasma FFA could be a stresstamméhdex, however, Sheridan
(1988;1994) concluded that the effects of CAs oA Fdvels in fish did not show a
clear response, since these parameters are toablario permit any general

conclusion. For these reasons are not commonly. used

1.2.2.6 Reactive Oxygen Metabolites (ROM) and Aiatamt Power (AOP)
Stress condition can promote the oxidation of pabaiurated fatty acid (PUFAS),

abundant in fish, which may result in the produttad reactive oxygen metabolites
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(ROMSs). The production of ROM is proved to indueveye alterations in nucleic
acid, proteins, and lipids (Halliwell and Gutteredg1984) As a result, the nutritious
value of post-slaughter fillet is reduced, duehte tleterioration of both texture and
flavour of the product assisted by the degradagiod loss of PUFAs (Frigg et al.,
1990; Waagbg et al., 1993). The ROMs productionbmgontrasted by an adaptive
response such as the activation of the endogenretogification pattern in terms of

anti-oxidant power mechanism (AOP). The determamatof oxidative stress by

ROMs and AOP intends to identify the early oxidatroducts (hydro-peroxides),
thanks to the presence of reactive oxygen specie$ the correspondent
unsuccessfully anti-oxidant power mechanism. Angmalgood welfare conditions

generally show a proportional and positive AOP oese to ROMs release; on the
contrary, animals compelled to cope with a prolahgeidative stress show a non
proportional and positive AOP response and animatls a major injury show a

negative correlation (Poli, 2009).

A rapid death does not allow a completion of seeoncffects of stress, and pre-
slaughter stress always has to be considered irsttees evaluation at slaughter
through blood parameters.

1.2.3 Tissue post mortem quality indicators

Operations concerning stunning and slaughteringcqases, as well as the
immediately prior stages, can cause particulasstamd disturbances that may affect
meat quality. It is fundamental to reduce muscheviig during transport and netting
and to ensure stunning/slaughtering methods abieinanize pre mortemstress of
fish since it may affect muscular energy reseniemg rise to an earlier onset and
resolution ofrigor mortis (Nakayama et al., 1996; Thomas et al., 1999), textu
(Nakayama et al., 1996;Ando et al., 1992), filletotir perception (Jittinandana et
al., 2003; Robb et al., 2000a; Robb and Warris,71,9%helf-life (Lowe et al., 1993),
ATP degradation rate (Parkhouse et al., 1988) andlfe evolution(define as a later
indicator of fish freshness) as reported by lzgloePulido et al. (1992). Severe
stress caused by pre-slaughter practices can bgegsive to fish that it masks the

benefits of good slaughter practices.
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1.2.3.1 Lactic acid and pH

During strenuous activity anaerobic metabolism agvated and generates muscle
lactate with consequent lowering of pH (Wood, 199uscle tissue is still alive
after the slaughtering process (Davey, 1983), assemuence the physiological
condition of fish muscle prior to slaughter is atetated to the tissugost mortem
As there is no possibility for the metabolism toaeery after death, the exhaustion
of muscle energy reserves is inevitable and entsngor mortis. The first daypost
mortem,the amount of lactate increases at muscle lewtl @ consequence, the pH
decreases. These changes are considered valualylstesss and muscular activity
indexes (Lowe et al., 1993;Marx et al., 1997; Rahd Warris, 1997). From the third
day of storage to the end of the shelf-life, défeces are generally less marked
(Lowe et al., 1993; Marx et al.,, 1997; Robb and k®ar1997;Robb et al.,
2000a;Sigholt et al., 1997).

1.2.3.2 ATP, ATP/IMP, AEC, K-value

The effect of a short-term stress on the heal@mnodrganism can be measured by the
energy balance of the cells in that particular moineepresented by adenosine
triphosphate (ATP), adenosine diphosphate (ADP)enasine monophosphate
(AMP), ATP/IMP ratio, inosine (Ino) and hypoxanthi{Hx) amount. In stress
condition, like transport, netting, stunning anaugjhtering, muscle activity results in
an increased energy demand, thus ATP reservesptetedd through the splitting of
the phosphate bonds with the consequent transfammat ATP into ADP, and of
ADP into AMP, and sometimes further to inosine nyumusphate (IMP). The
nucleotides in the muscular tissue’s cells (ATP,PABnd AMP) begin the break
down process immediately after the animal deatimane stable compounds such as
IMP, Ino and Hx, which accumulate in the musculssue. The sequence ATP to
IMP is generally completed within two days of stggan the ice after death. The loss
of IMP can affect the flavour in fresh fish, sirtés recognize as a flavour enhancer
of meaty foods, especially the umami flavour (Kaetaal., 2002) and it is likely that
IMP contributes to the sweet, creamy, meaty flagairfresh fish (Bremner et al.,
1988;Fletcher et al., 1990; Fraser et al., 196&eFand Konosu, 1991; Hashimoto,
1965). Hx increase with the loss of freshnessgetxih a maximum value and then
decrease in the degradation phase. Hx amount giNesmation about freshness

evolution in the firspost mortenphases. Another important parameter to express the
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cellular energy charge could be the Adenylate Bnefgharge (AEC) =
(ATP+0.6ADP)/(ATP+ADP+AMP). AEC can assume valuestween 0 and 1.
When AEC is equal to 1, energetic reserves arenatle of ATP, which means a
“normal” consumption of ATP molecules, completebstored with the energetic
synthesis. The condition where AEC = 0 corresponsi®ad to the only presence of
AMP, due to an important consumption of energyme=e(ATP and ADP), not been
restored in the energetic synthesis. Thus, coniegléhe correspondence between
AEC value and the physiological conditions of tligamism, the study of this index
can be regarded as indicator of a general extetressing event (aspecific).

All these indexes can be used as early stress eésdebhe speed of nucleotide’s
catabolism is not constant but varies accordirtheéaemperature, the species and the
physiological state of the fish. In some fish speanore inosine is accumulated, in
others instead more hypoxanthine, thus the onlgrdehation of Hx amount is not
always sufficient to give information about fiskeshness. For this reason, different
Indexes (K, K, G, P, H, Fr) representing the ratio among théht nucleotides
have been developed, to better highlight the eiaiubf the process and because
they are better correlated to the sensory obsensa{Howgate, 2006). The K-value,
defined as the ratio of the sum of the non-phospated compounds, Ino and Hx, to
the sum of all ATP-derived degradation products,aaltulated by the following

formula:

K (%) =[(Ino + Hx) / (ATP + ADP + AMP + IMP + Ino Hx)] * 100
has been much used as a later Index of freshnégs @hd Uchiyama, 1986), but in
almost all storage trials described in literatuoencentrations of the adenine
nucleotides are very low and a revised K-valueigiheded as K is calculated as the
ratio of the sum of Ino and Hx to the sum of My and Hx:

K1 (%) = [(Ino +HXx) / (IMP + Ino + Hx)] * 100

In this case, KIndex monitors the loss of IMP (Howgate, 2005).
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1.2.3.3 Rigor mortis phases

ATP in post mortemmuscles is mainly derived from glycogen depletofactate as
end product (Cappeln and Jessen, 20BR)or mortisdevelopment has been closely
linked to ATP depletion as well as glycogen (lwamet al., 1987;Markare et al.,
2006). Thepost mortemenergy status depends on several factors suchheas t
nutritional condition of the fish but also the sseexposure during the slaughter
process. It is well documented that pre-slaughéerdhing stress has adverse effects
on product quality such as accelerating the onsettlke maximunrigor score, but
also softening muscle texture (Ando et al., 1992skling et al., 2004; Robb, 2001,
Sigholt et al., 1997;Skjervold, 2002). On the cantrwith reduced pre-slaughter
stress and activity, the onset mfjor mortis is delayed in the time, allowing the
possibility to handling the fish before its entnga rigor, increasing fillets yield and
decreasing the damage of the fleBhe rigor salmon fillets are thicker, firmer and
often the colouration is more intense compared \heir post rigor counterparts
(Skjervold, 2002). The onset afyor mortis is well established as indicator of fish
freshness (Davey, 1983;lwamoto et al., 1987). Maguylity traits can change as
affected by conditions at slaughtering time (praughter and slaughter severity
stresses) and during storage (handling and staemggeratures). The relative quality
changes can be indicated by:

Fish and fillet appearance (physical injuries, ggmnd colour)

Technological properties of the fish and filleigor evolution, texture (hardness,
cohesiveness, springiness), water holding capatltgt shrinkage,rigor mortis
onset and resolution and texture, in particulae, ianportant for flesh processing
(Poli, 2009)

Freshness indicators: dielectric properties, K-galspoilage indicators as biogenic
amines and lipid oxidation products, such as mattateyde

Sensory qualities: of raw fish (appearance of tkie, eye and gillsyigor status,
smell, mucus and flesh consistence), the shelfdifelution, and sensory traits of
cooked fillets as texture, taste, odour and flavour

Like for other farmed animals, good fish rearingqtices and welfare have to be
guaranteed, according to the last European regoktiThe main goal is to minimize
and monitor theore mortemand slaughtering stress, also by ensuring slauggter

practices able to render the fish unconscious detth without any excitement, pain
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or suffering prior to killing. Slaughtering methodan be evaluated by considering
many parameters, which however when isolated dogn@ enough information

about fish welfare.

1.3 Stunning/slaughtering methods for farmed fish

When it comes to regulations and legislation gowernvelfare during farming and
at slaughter, fish are treated as one species.flindamental to keep in mind that a
wide number of fish species are farmed, with adargriety of ecological adaptations
and evolutionary developments. This means thaemdifft species can react in a
different way to similar situations: at a given gommental temperature, some
species die quite quickly (trout) when removed freater into air, while others like
eels or marine flatfish can take several hours.atiguanimals, differently from the
terrestrial ones, have in their environment a kahisupply of oxygen, thus depending
on the habitat fish have adapted to tolerate varidegrees of hypoxic and
hypercapnic environments. In general, some freshweggtecies have higher tolerance
to hypoxia and hypercapnia due to more variatioth@ir environment. Some fish
species like eel, tilapia, cyprinids and goldfisinsurvive at least 1 hour in hypoxic
and hypercapnic water, while rainbow trout survivedy 10 min (Kestin et al.,
1991). Similarly, eels require a much important antaf stunning current than trout
or salmon to render them unconscious. Speciesreliftes need to be taken into
account when considering particular procedures.

Many existing commercial slaughtering methods eggcsh to substantial suffering
over a prolonged period of time. It is requiredeat&in knowledge by the operators,
for the application of these stunning/slaughtennethods, otherwise the risk is to

kill the animals in a non-human way even if the moetis humane.

The European Food Safety Authority (EFSA, 2004 tlassified the methods used
to killed fish into 2 main groups:

Stunning/slaughtering methods

Slaughtering without stunning.

Stunning methods based on bleeding to achieve ¢a¢hdof the fish are seldom
applied because the brain takes longer time befol@se its functions after bleeding

(Robb et al., 2000b). Percussive and electricairstiy can be both primary stunning
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methods and stunning/slaughtering methods depermdirtge parameters applied but

generally are almost always stunning/slaughteriethods.

1.3.1. Stunning/slaughtering methods

1.3.1.1. Percussive method

Percussive stunning is frequently used in salmalustry and for flat fish. Fish is
removed from the water, restrained and then ht a&iblow or repeated blows on the
top of the head above the brain by a club (“prlest’ hammer until the fish is
considered dead. Generally, fish are exposed taithduring the restraining and
positioning process for 5-10 sec before the blow delivered. This
stunning/slaughtering method can be applied bothualdy (on single fish) and by
semi-automatic percussive stunning devices (orelargnber of fish) equipped with
a flat head pneumatic hammer (20 mm in diametdnj¢hvare becoming widespread
in salmon industry. Percussive stunning using thdeeices is reported to be
irrecoverable in more than 99% of case when itpigliad correctly (EFSA, 2004).
Fish are manually pushed head first into a guideé when the snout of the fish
touches a trigger, the hammer delivers a hard peneel blow to the head of the fish,
which is immediately rendered unconscious. Theasards instantly removed and
exsanguinated, both for quality reason and to prevecovery in inadequately
stunned fish. Current developments with semiautmmpgrcussive slaughtering,
involved methods for percussively slaughtering s$taight into the water and push
it to swim towards the apparatus intentionally,heiit need for an operator. The
necessary impact energy to stun or kill the fispestels on the shape of the hammer,
and generally a flat hammer is more efficient taamound one(EFSA, 2004) . When
correctly applied with adequate force, percussillag is an efficient and humane
way to slaughter fish: loss of movement and VERs lwaimmediate and permanent
in salmon and trout (Kestin et al., 1995; Marx let E997;Robb et al., 2000a). When
not properly applied or applied with insufficienbrée, unconsciousness is not
immediate and consciousness can be recovered ditat time (Kestin et al.,
1995;Robb et al., 2000b). Not all fish species @rngable for percussive killing: in
sea bream, African catfish or eels, for exampl@&lskorphology seems to prevent
sufficient energy reaching the brain to renderahenal unconscious(Van De Vis et
al., 2003). Many studies showed that fish killedd®ycussive blows show reduced

physical activity at slaughter, slower onsetrigbr mortis and post mortenmuscle
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pH decrease, compared to other commercial methadgsh slaughtering (Marx et
al., 1997; Morzel and Van De Vis, 2003).

1.3.1.2 Spiking (coring or iki jime)

This method is similar to captive bolt stunningnahmmals. Fish are hauled out of
water, restrained and a spike is driven into ttanbthrough the top of the head by a
pneumatic pistol, in order to provoke its destruttiin some cases, fish are also
pithed with a rod or wire to destroy the upper prthe spinal cord and reduce
carcass convulsions (Robb and Kestin, 2002). NdymbEtween the capture and
removal from water and spiking may elapse abouhfid sec to up a minute. High
precision is required in its application, and ineat be achieved, for example, in
small fish like salmon; in this species the brarharder to target, and considering
that fish makes strong attempts to escape, themysain be inclined to erroneous
application that do not disable the brain. Theretfhis technique is applied in larger
fish that can be individually restrained (Robblet2000b). Manual spiking has been
applied for several years on tuna, but the resultontrast to the semi-automatic
one, is a clear delaying in time of death, thaivis/ this technique should not be

manually performed.

1.3.1.3 Electrical stunning or stunning/slaughtgrimethods

The application of electrical current can be a stug or stunning/slaughtering
method, according to the considered current paemneand the fish species.
Electrical stunning is generally applied on eelsit becently the research is
developing commercial system for salmon and trowgkt @urrently some commercial
electric slaughter systems are available. Fishtyieally placed in a tank full of
water where electrodes are attached to the oppsidiés, and an electric field of 50-
Hz (mains) is passed. The electrical field is umfaand strong enough to stun the
fish; loss of movement (Marx et al.,, 1997; Robb #tektin, 2002) and VERs or
SERs are immediate (Kestin et al., 1995; Van DeéXial., 2003). This system has
the advantage that the fish are not removed frotem@efore they are insensible or
dead (Gregory, 1998). In some systems, mainly thessl for salmon, fish are
immediately exsanguinated until death, and it takesind 4-5 min to loose brain
functions after gill cutting (Robb et al., 2000@hereas, trout and eels are killed by
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electrocution and exsanguination is not required. #ternative way to apply
electrical stunning consists in the applicationaoiveaker electric field for longer
periods to de-watered fish placed in a tank. Tisalltas that fish exposed to low
voltages are not stunned but electro-immobilized, after the current is switched
off, strong aversive reactions are seen, and death eventually occur as
consequence of muscle energy reserves exhaustestifket al., 1995; Robb and
Kestin, 2002). The mechanism of death as a re$@lectrical application is still not
known. It seems not related to heart fibrillatisteétin and Lines, pers. comm.), as
normal cardiac rhythm could be recorded after shnrior a prolonged period.
Death in these fish could be due to respiratorgsaror complete and irreversible
depolarization of the nervous system. When fishsawened and evoked responses
are lost, the fish enters a stage of mild tonic @odic spasms which last around 20-
50 sec in salmon and trout (Kestin et al., 199%)Rand Roth, 2003), eel (Lambooij
et al., 2002c) and African catfish(EFSA, 2004). B al. (2002) showed that if the
process does not kill the fish, most trout areyfulicovered after 3 minutes. Eels are
particularly resistant to electrical stunning aeduire at least 5 min of exposition to
high current to achieve unconsciousness. If asémee time nitrogen is flushed in the
water, eels die without recovering consciousneasniooij et al., 2002c). Generally,
according to the fish species, higher stunningesurand longer time of exposition
are associated with longer periods of unconsci@asnand higher mortality.
Electrical stunning has some potential advantagaspeared to other stunning
methods: large batches of fish can be stunnedummst/slaughtered with limited
handling and restraint (Roth and Moeller, 1999k throcess can be performed
straight in the water avoiding further stress evelawever, it has to be born in mind
that intense electrical currents can damage theasar(Kestin et al., 1997), causing
hematoma, blood clots, spinal and vertebrae frast@iKestin et al., 1995;Roth and
Moeller, 1999; Wall, 2001).

1.3.2 Slaughtering methods without stunning

1.3.2.1 Carbon dioxide (C{pnarcosis

CO, narcosis was commonly used in some salmonid fafish. are placed in a bath
with CO, gas saturated water (> 400 mg / | with a pH of®3). The CQ dissolves
in water to form HCO; acid, fish blood’s pH is lowered and consequettiky fall

causes the destruction of the brain activity, ngiccand eventually death (Kestin et
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al., 1995;Robb, 2001) in about 3-4 minutes (in sadi),then fish are slaughtered by
cutting the gills and bleeding. Researches havevshhat several species of fish
exhibit aversive behaviour towards €@arcosis and loss of sensation may occur
after few minutes, depending on the species. Ilmaathe time needed is about 6
min (Robb et al., 2000a), resulting in the totahaxstion of the fish at the time of
death (Erikson et al., 2006; Marx et al., 1997;Rdfl01), which reach the condition
of rigor mortis during the processing line, approximately two Iscafter death (Berg
et al., 1997). Carp, trout and eels showed incokasecus production (Marx et al.,
1997), which could be a further irritation indexveXsive reactions to GGstunning
heve been reported to cause injury and scale Rash{ and Kestin, 2002; Roth et al.,
2002). Modifications to the process outlined abavelude ice addiction to CO
saturated water in order to cool it at about 1inCAtlantic salmon the consequence
is a faster loss in physical activity, but the atyi still continues for about one min
(Robb pers. comm.). Immobility is reached beforgslof consciousness, within 2-4
min, and it was demonstrated that fish remain donscuntil stunning time, which is
different according to the species: 2 min in salp®min in trout; 9 min in carp; 109
min in eel; 7-10 min in sea bass; thus the rigk iexsanguinate or gut the fish whilst
it is still conscious (Kestin et al., 1995; Marxadt, 1997; Poli et al., 2002; Robb et
al., 2000b). Industry recommends that fish shoeldefft in the water for at least 4-5
min before exsanguination, but observations indidagt fish are often removed
when all carcass movements cease after 2-3 minb(Rels. comm.). When fish are
removed from CQsaturated water, before respiratory movement haemn lhost, it
can recover if placed in well-oxygenated water; rghs if the fish is left in CO
solution for a prolonged time, the process leadidath. There is no evidence that
CO, has analgesic or anaesthetic effect, just narcth&is does not imply any
reduction in pain or fear. Carbon dioxide narcasipotentially a killing method but
in commercial practices it is usually only a sealatmethod since fish are rarely left

in the CQ bath for long enough to die (Robb pers. comm.).

1.3.2.2 Carbon monoxide (CD)
Carbon monoxide has been used in animal euthaf@sglong time (Smith, 2001)
but is not widely used in fish. However, recentadiat Atlantic salmon (Bjgrlykke et

1This part is extrapolated from the book chaptercodiato et al. (2015) (Annex 2).
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al.,, 2011; 2013), tilapia (Mantilla et al., 2008)pllack (Pollachius pollachiug
herring Clupea harengys and mackerel Scomber scombrys(Slinde et al.
unpublished data)suggest that CO is an excellsht dedative agent that does not
appear to cause any visible stress response.

The mode of action of CO as sedative is not fuligerstood. However, it is well
known that CO will bind to the hem group of haenetgh and myoglobin displacing
oxygen and producing carboxy-myoglobin (COMb) anarboxy-haemoglobin
(COHDb) that are incapable of oxygen transport. Bo®Mb and COHb are stable
compounds, and it has been assumed that the amithdle due to oxygen shortage
without sensing the deficiency. Recent data alsggest that CO binds to the
oxygen-storage proteins Baccus vasculoswnd neuroglobin (Ngb) of the brain. It
is believed thaSaccus vasculosus an oxygen depot with functions during hypoxia
and stress (Burmester and Hankeln, 2009), while Mglan oxygen transporter
mainly located in neurons of the central and peniphnervous systems and in some
endocrine tissues (Reuss et al.,, 2002). Blockingsehwith CO may induce

immediate sedation and unconsciousness in fish.

1.3.2.3 Death in air or asphyxiation

Asphyxiation is the oldest slaughtering method abtarised by a prolonged
suffering period before death. It is consideredrsive to the fish since it does not
induce immediate unconsciousness and can cauderimis change in shelf-life and
flesh quality, that’s why it cannot be consideresnane whatever the circumstances.
Smaller farmed fish with low individual economiclwes like trout Oncorhynchus
and Salmospp.) or tilapia Qreochromisspp.) are usually killed by this technique.
Within the fish farming industry, this method isnomonly used for emergency
killing (Roth pers. comm.). Fish are removed fromatev and leave to die in the air;
in most of the cases, fish exhibit a violent reactand attempts to escape, followed
by decreasing muscular activity and spasms, witlihdafter protracted agony (Robb
et al., 2002). The time need for fish to die degeond both species and temperature
(Table 1). Generally, higher environmental tempees results in faster death of the
fish.
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Table 1. The effect of killing by asphyxiation iim an time to loss of brain function and carcass

movement.
. Temp Time to loss of brain Time to loss of
Species N . . carcass movement
(°C) function (min) )
(min)
Rainbow trout 14 3 28.6
Rainbow trout 20 2.6 11.1
Gilthead sea 22 5.5 4
bream

(Kestin et al., 1991; Robb and Kestin, 2002; VaivBeet al., 2003).

1.3.2.4 Asphyxia in ice/ice slurry/thermal shock

Asphyxia in ice consists in the transferring fisbnh water at ambient temperature
into chilled brine or ice/water slurry at a sigo#ntly lower temperature (temperature
differential at least 10 °C), often followed by oiag of the water, as to leave the
fish surrounded by ice. The purpose is to simultasy chill, sedate and kill the fish
by asphyxia. This easy and rapid procedure is usedediterranean countries for
small sized species such as gilthead sea bre@pars auratuys sea bass
(Dicentrarchus labrakx (Smart, 2001), eel (Van De Vis et al., 2003)ptirand for
rainbow trout in the UK. Fish body temperature, abelic rate, movements, oxygen
demand decrease rapidly, and time to death mayteaded. Cold adapted species,
such as rainbow trout, can survive in cold watersnhiany days by controlling their
metabolism, as happened in nature during winteao@eythus are not affected by the
ice slurry and will die by anoxia in the water. Wihizgsh are placed in ice slurry,
reactions can be variable: some species move aroefatde slowing and becoming
immobilised as their muscles cool; other specigg, éel and gilthead sea bream,

show strenuous attempt to escape (Van De Vis pensm.).

Table 2. Effect of asphyxiation in ice on time ¢s$ of brain function and carcass movement.

Time to loss of

Species Temp Time to_loss OT brain carcass movement
(°C) function (min) :
(min)
Rainbow trout 2 9.6 198
Eel 1 >12 >1
Gilthead sea 0.1 5.0 >1
bream

(Robb and Kestin, 2002;Lambooij et al., 2002a).
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As reported in Table 2, asphyxiation in the ice gla®t induce immediate
unconsciousness, that's why some authors haveigoedtthe humane aspect of this
method (Kestin et al., 1991). The difference betwdee ambient temperature of the
fish and that of the ice slurry has to be greatruher to cause the thermal shock and
thus reduce the time to loss of brain functiont teavhat happened for rainbow trout
(Table 1vs Table 2), where the thermal shock may have playewle in the
shortening of time to loss of brain function. Howevin warm Mediterranean
species, such as gilthead sea bream (Bagni eR@2) and European sea bass
(Zampacavallo et al., 2003) it has been showedthimimethod does not seems to be
so stressful, especially if compared with asphysatLive chilled sea bass did not
show any violent reaction; lower haematocrit, plaskactate and glucose, muscle
lactate, reduced metabolic rate, delayed in tineedhset ofrigor mortis and high
AEC (Adenylate Energy Charge) was detected. Thamike rapid reduction of the
body temperature, improved flesh quality and shigfwere showed (Parisi et al.,
2002; Poli et al., 2002; Zampacavallo et al., 2068)wever in salmonids, elevated
plasma cortisol levels, marked muscle pH drop (Skje et al., 2001), and over
time plasma osmolarity disorder (Rarvik et al., 20OBave been reported, probably
related to aversive reactions. Because of the idluand progressive muscle
paralysis, behaviour cannot be considered an imafefish aversion toward this
slaughtering method. This technique allows therbtairecover its function, when
fish is removed from the cold water very soon; mes¥, Robb and Kestin (2002)
demonstrated that if fish, immediately after lo§sV&Rs and SERs, is placed in
water at normal temperature it can recover branttion and muscular activity very

rapidly.

1.3.2.5 Dry salt or ammonia bath

This commercial method utilised for eel slaughtgronsists in placing the fish in a
bath with dry salt (NaCl - sodium chloride) or 1%araonia solution. The intent is to
cause desliming of the fish, as it interferes withcessing. Eels react energetically
to the chemical (Kuhlmann and Munkner, 1996; Van \lie et al., 2003); they
struggle around gradually losing the motor functi@ver a period of 10 min. Slime
Is produced abundantly and when fish are limp diidase removed and processed,
after about 15 min. The main aim of NaCl or ammoceition is not to kill the

animal, but to help in the slime removal and rerttierfish motionless and suitable
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for processing (Van De Vis et al.,, 2002), but ift leonger fish are rendered
unconscious and dead. In commercial practice, titss gutting and filleting that
actually kill the fish by bleeding. If the animadse as a result of the process, it is
probably because of the osmotic shock, it is ushet the most of the eels treated
with salt are processed before they are dead.H®réason slaughtering of eels in
salt of ammonia is considered inhumane and it heen forbidden in Germany
(EFSA, 2004) and Netherlands (Van De Vis pers. comsimce April 1999 and
2006, respectively.

1.3.2.6 Bleeding out/exsanguination

This method is commonly used after stunning ofddigh to improve flesh quality,
but exsanguination without stunning is also perfnto slaughter salmors&lmo
salar L.) (Robb et al., 2000a), large rainbow trout, cddrbot and channel
catfish(Boggess et al., 1973). Gills are cut or vadly pulled out or, as in flatfish,
the main blood vessels in the tail are cut to aghiexsanguination, and the fish
returned to water to bleed for about 10-15 min @@&r1997). In some cases the
isthmus is cut or the heart pierced with a knifehé exsanguination is performed
after stunning, it improves welfare without comprsimg quality. Bleeding without
prior stunning of the fish is considered aversidlantic salmon showed erratic
behaviour during the first 30 sec and the lossBRY after gills cutting took 4-5 min
(Robb et al., 2000a). It was reported by Morzetlet(2002) that turbot took more
than 15 min before behavioural responses werealtst bleeding. Time to die post
exsanguination is dependent on the temperatureinftance Robb et al. (2000a)
showed that salmon at lower temperatures take tonge

Bleeding without stunning is not considered humand should not be used, and
when performed after stunning, major vessels shbaldut as to ensure a rapid loss

of consciousness and death.

An investigation regarding stunning and killing im&ds of farmed fish was sent out
to organizations and competent authorities in 22aBd EC countries (EFSA, 2009).
EFSA received 6 answers from 4 countries (Norwayitddl Kingdom, Iceland and
Greece) concerning the stunning and killing of fadnsalmonids, Atlantic salmon
and rainbow trout. The methods of stunning variesvben countries: Iceland uses

mainly ice slurry without C®(75%) and some percussive stunning (25%). United
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Kingdom uses only percussive stunning. Live chgliwith CG, was the most
common method in Norway (51%). Other methods usddarway were exposure to
CO; (20%), and percussive stunning (14%), electriarsing (7%), ice slurry without
CO, (6%), and combinations of methods (3%).

All the considered countries reported to be exsmagion the most common
slaughtering method for salmon. Salmon industryuigject to changes in legislation
as well as in technical developments, so thesedgare likely to change over time.
For example the use of CO2 is currently banned in Norway, So new perspectives

and new horizons are now opening.

1.3.3 Pre slaughter immobilization methods usef@dd¢ditate killing or
processing

Some commercial slaughter operations contemplaie-alaughter/handling step as
to minimize fish activity, therefore to facilitatgerations and improve carcass and

meat quality.

1.3.3.1 Pre slaughter sedation with anaesthetics

This method is not considered a stunning or killimgthod but a pre-slaughter
sedation step. In the EU is forbidden to producéodamport, from countries where
the practice is allowed, fish slaughtered by thdization of pre-slaughter
anaesthetics (Council Directive 2001/82/EC; Courtdgulation, EEC/2377/ 90).
Humane killing by anaesthetics or sedatives basedewgenols is applied and
marketed outside of the EU; a well-known anaesthstimarketed under the name
AQUI-S™. In New Zealand, Chile and Australia isoengl (the anaesthetic
compound in AQUI-S™) is used for stunning of salmioncombination with
exsanguination. When immersed in the agent, sallose motor function and
responsiveness to stimulation after about 30 mib{Ret al., 2000b). Fish are then
netted and killed by percussion or spiking withebbwing any physical activity or
aversive reaction to handling (Goodrick et al., 899soeugenol has important
anaesthetic properties (Robb pers. comm.) andséslated before slaughter appears
to be less stressed than normal fish removed fratemto stunning. Induction of
sedation with AQUI-S™ does not appear to be stwésatcording to behaviour
observations, if compared to anaesthesia inductibim other anaesthetics such as
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MS222 —metacaine- (Kestin, Robb and Van De Vis.peosam.), even though at
high concentrations eels showed escape attempis[P€a/is pers. comm.). Fish can
detect the agents due to their characteristic otedrproperties; they may be sensed
through taste and smell and can also irritate kive 8oreover, when the anaesthetic
starts to take its effect, loss of balance may a&lsot a stress response, thus the
length of time needed to induce anaesthesia igedtgmportance. Goodrick et al.
(1998), Jerrett et al. (1996), Robb et al. (2008b3 Van De Vis et al. (2002)
reported that salmon and rainbow trout, killed rafsedation with AQUI-S™,
presented improved flesh quality. However, sincerghis no evaluation on food
safety aspects, these substances are not avaitablse on food fish produced or
imported in the EU, according to the EU Regula8@7/80.

1.3.3.2 Pre slaughter sedation by slow live chglin

Live chilling consists in the gradual lowering dietwater temperature the fish is in
(1.5 °C/hour; Michie pers. comm.), and by the syioig at the meantime sufficient
oxygen to maintain consciousness and prevent hgpdkie aim of this process is to
chill and sedate the fish whilst maintaining it soious and alive. If fish are rapidly
chilled they become cold paralysed. Generally, salnare sedated prior to
slaughtering during transfer from production catgeslaughter station. As a result of
cooling, fish are still aware not showing aversivehaviour or any response to
handling (Roth, 2003).

A more rapid live chilling can be reached by transhg the fish straight from the
farm into water between 1-5 °C, in a killing andgegssing station. In this case,
oxygen can or cannot be supplied and, after a gexicchilling, fish are transferred
to a bath for C@narcosis or exsanguination by gill cutting (Robbspeomm.).

If the temperature of the water from which fish areved is high (over 10 °C), the
rapid drop in temperature results in vigorous dtgtiof the fish at the moment of the
entering in the chilled water; the fish then becarbausted in about 15 to 20 min,
even if they can preserve some activity for maxim8t min. If the drop in
temperature is low (as happen during winter wittmsaids and other temperate
species) fish do not react and muscle activity amgsesult affected by cold.

This means that during exsanguination process,dishfully conscious and active
and respond with vigour to gills cutting (Robb, gecomm.). Rapid live chilling

increases plasma cortisol levels (Skjervold et21Q1), and over time also disturbs
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plasma osmolarity (Rarvik et al., 2001); it alsaus®s a large drop in muscle pH,
indicating strenuous muscle activity (Skjervoldaét 2001). Roth (2003) showed
that, when salmon were exposed to 2°C in,Cfturated seawater, aversive
behaviour and flight reactions were expressed.sarik2002) reported that Atlantic
salmon maintained in chill seawater for a maximuimdle prior of CQ narcosis
resulted torpid when removed from the water. Livalliog thus raises many
questions with regard to welfare: after live chijithe VOR reflex may be reduced
or absent and respiratory movements are very fdotvaccording to the species the
fish may still be aware (assessed by EEGs, Van B ¥hpublished results).
Therefore, should be pay great attention when roang reflexes.

1.4 Methods to evaluate fish quality

Seafood is most perishable than other high-prdi@ial, and the overall quality is

characterised of both wholesomeness and sensopptatdity of the consumer

(Sikorski and Sun Pan, 1994). Chemical compositiad microbiological aspects

influence wholesomeness, whereas sensory factersle@ermined by flavour and

texture (Sawyer et al., 1988; Sawyer et al., 1984)

The term “quality” is widely used in seafood litara and considerable efforts has

gone on searching for various tests/methodolog®sbé used as indicators
(Olafsdottir et al., 1997). The research believdtht trapid, non-destructive
tests/methods for quality/freshness assessmentdwtaue been generally accepted
in industry (Olafsdottir et al., 1997).After fiftyears of experimentation there are
several indicators available in research or asmndisiic tool in investigation of
complaints, but only a few are commercially perfednsince many of them do not
present the necessary features for commercialituradity (Bremner, 1997; Bremner
et al., 1987).

The content in trimethylamine (TMA) (Tozawa et dl1971), the total volatile basic
nitrogen (TVB-N) (Antonacopoulos and Vyncke, 2000}he individual
nucleotides(Haitula et al., 1993) and the nuclestidegradation products (K-value,
Ki-value) have been used as quality indicators (Bwhsal., 1985;Ehira and
Uchiyama, 1986;Karube et al., 1984).Although thessey method is still the most
satisfactory and the official method for fish gtyalassessment, it presents some
limits, therefore its application in fish proceggiand technology is quite limited

(Alasalvar et al., 2001), and other instrumentathods are needed (Macagnano et
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al., 2005). In the last few years several new umséntal techniques have been
introduced to measure chemical, physical and bickbgarameters in fish such as
texturometers, colorimeters, spectrophotometergsctr@inic noses and tongues

(Macagnano et al., 2005).

1.4.1 Total Volatile BasicNitrogen (TVB-N)

Odour is one of the most important parameters tsegaluate fish freshness. TVB-
N measurement is widely used for seafood qualisessment; it gives information
about the specific volatile compounds used to noorite freshness or spoilage state
of fish. TVB-N analyses include measurements ofmethylamine (TMA),
dimethylamine (DMA), ammonia and other volatile ibasitrogenous compounds
associated with seafood degradation. TVB-N analgseerally reflect later stages of
advanced spoilage and usually is considered niatbtelduring the first 10 days of
chilled storage in several species (Huss, 1995jelsh caught fish TVB-N level is
usually between 5 and 200 mgN/100 g muscle, whdezats around 30-35 mgN/
100 g muscle are considered as the limit of actdptafor ice-stored cold water
fish (Connell, 1995; Huss, 1988). TMA is producedlidg chilled storage of fish and
Is the most used index in evaluating freshnesss €¢dmpound is very low in fresh
fish, and its presence is associated with bactepallage (Fernandez-Salguero and
Mackie, 1987).Headspace methods for the analysislatile compounds require the
collection and concentration of the volatiles fonbsequent chromatographic
separation to identify and quantify the separatadmounds. Extremely volatile, low
molecular weight compounds can be analysed bycdtetidspace methods (Milo et
al., 1995). More efficient, dynamic headspace mithare necessary for collecting
and concentrating less-volatiliecompounds (Refsgadrdl., 1998) such as those
contributing to ‘fresh fish’ and ‘oxidized’ odoursligher-boiling compounds require
even more efficient isolation methods such as swlegtraction with organic solvent
or supercritical carbon dioxide (Snyder and King§94). Other approaches are the
simultaneous distillation and extraction in the gasise (Chung and Cadwallader,
1994)or high-vacuum distillation(Milo and Groscl96). Once the volatiles have
been confined, they are transferred by thermal ipéiso or solvent extraction to a
chromatograph for separation and identified by appate detectors. Although

instruments with a high degree of automation arailable for the trapping and
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chromatography steps, the time required, complexitg costs of volatile analysis
methods make them suitable only for specializedaeh and analytical laboratories.

1.4.2 K-value measurement

At fish industry level, the use of ATP metaboli®s quality indicators is not very
common because of the costs and time requiredeinmasurements (see PART |,
1.2.3.2 ATP, ATP/IMP, AEC, K-value). Generally, exft acid extraction and

neutralization, metabolites are separated by iaha&axge chromatography or HPLC
and quantified by their absorbance. HPLC is comsilléehe most reliable method,

even if other methods have used enzymatic assaybiasensors (Gill, 1995).

1.4.3 Measurements of lipid oxidation in fish

The high amount of unsaturated lipids in fish isgly subjected to oxidation, with
consequent alterations in smell, taste, coloututexand nutritional value. Oxidation
starts immediately after catch but becomes coralderfor shelf-life only at
temperatures <0 °C (Harris and Tall, 1989), whemabon rather than microbial
activity become the major spoilage factor. Lipididation rises from earlypost
mortem changes in fish tissues, which compromises theralabalance between
antioxidant, pro-oxidants, favours the accumulatadnactive oxygen species, the
activation of haemoproteins, the increase in frem iand the consumption of
antioxidant (Hultin, 1994). Lipid oxidation propahs can be followed using either
the reactants or the products.Measurements of oxggasumption can be checked
with an oxygen electrode (Eriksson and SvenssomQ)l9vhereas the loss offatty
acids and antioxidants can be measured using gasatwgraphy (GC) and high-
performance liquid chromatography (HPLC) (Ericks@@93). The peroxide value
(PV) is the most common measure of lipid hydropetes, alsocalled primary lipid
oxidation products. Other methods for analysis HRLC in combination with
chemiluminescence detection (Yamamoto et al., 1987)if conjugated double
bondsare present, simple spectrophotometry (Gr@y8)L The primaryproducts
easily break down into secondary products, suclaldshydes and ketones. The
volatile nature ofthese compounds makes them deitldls both GC andsensory
analysis. Aldehydes can also be measured usingadesaorimetric methods, such
as the method that determines the anisidine valuthe widely used thiobarbituric-

acid-reactive substances (TBARS) test (Gray, 19é8jiary products, arising from

45



interactions between oxidizinglipids and nitrogeamiaining compounds, canbe
followed using fluorescence spectroscopy or, iarlatages, by visual assessment or
colorimetry (Young and Whittle, 1985).

All of these techniques are applied in researchphly a few are regularly applied in
the fish industry, because are time-consuming, iregqexpensive laboratory
equipment and trained personnel. To monitor thdutem of lipid oxidation, it is
important to consider many methods, especially wt@mparing different types of
fish products. Otherwise, the instability of theigas oxidation products could make

the results difficult to explain and extremely aasihg.

1.4.4 Texture measurement

Texture measurements can be used to study struathemges, indeed texture
parameters are modified by enzymatic but also ctemieactions that lead to
toughness, softening or change in elasticity of cleusand fillet. Texture is an
important sensory characteristic of fish flesh oesible of quality or acceptability in
high-value products (Botta, 1991).There are manciofa that can affect fish texture,
ranging from the species, biological condition bé tfish, capture, stunning and
slaughtering methodppst mortentreatment, storage time and temperature (Careche
and Barroso, 2009).Texture is represented by éifiteproperties derived from food
structure, and can be described by physical priggefechanical or rheological). It
is perceived by the feeling of touch in the moutid & some cases in the hands.
Thus it makes more sense to consider textural pieperather than texture itself
(Coppes et al., 2002). Texture of raw and cookediosel is an important attribute,
that is why several attempts has been performegppoopriately measure it(Botta,
1994).To assess objectively fish and seafood praedture many studies have used
a wide variety of instruments (Barroso et al., 18®ll et al.,, 1998;Hyldig and
Nielsen, 2001; Ofstad et al., 1990; Sigurgisladettial., 1999; 2000a; 2000b). These
instruments, for example the Instron Universal ingsMachine, Texture Analizer
TA.XT2, and the Reograph Gel, can measure diffevamntables under controlled
conditions. Szczesniak (1998) argued that textuakeas sense only when considered
as “how a food feels in the mouth”, and sensoryintgamethods can be as precise
and repeatable as instrumental ones. These ewalsatian vary from informal
quality checks, trained taste panellists, and noam@plex consumer tests (Giese,

1995). Most common tests are: Texture Profile Asedy Quantitative Descriptive
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Analyses and Anchored Descriptive Analyses; thes¢éhads are time consuming,
expensive and complex, but provide a complete aslgs perceived by human
senses. Even though chemical and instrumental tésfssh texture are of high
scientific value, they cannot by themselves givg arformation about the final
quality of the product. Thus complementary sensorglysis is often necessary to
determine quality parameters and shelf-life of sedfproducts (York and Sereda,
1994).

1.4.5 Colour measurement

Colour is the most important sensory attribute bseacan influence consumer
decisions on the purchase of fresh meat, so g ¥nportant to be able to maintain
the key colour attributes. Colour perception degend several aspects such as
species, genetics, diepost mortemchanges in musclegpost mortemstorage
temperatures and time, display and lighting vagalduring the marketing phase.
However colour of food is not stable, because #&ngjes with decreasing freshness
Colour in fish muscle is best measured with a d¢oleter, especially when the flesh
is fresh since the colour is quite uniform; on ¢oatrary, if colour uniformity is gone
and colorimeter readings will depend on the locatchosen, it will be most
appropriate to utilise a machine vision based aolehich can measure the many
possible colours in no uniform surfaces.

In 1976 the CIE (Commission Internationale de L#&tege) developed the CIE
L*a*b* colour space, which describes all the colwisible to the human eye and
was created to serve as a device-independent nmdbel used as a reference. With
CIE L*a*b*,the colorimetric distances between tihdividual colours corresponds to
the perceived colour differences, for example th&tadce between green and
greenish-yellow is relatively large while that dhgjuishing blue and red is quite
small. With the three dimensional Lab colour sp@CHLAB colour space), colour
differences one perceives correspond to distandesiwneasured colorimetrically.
The three coordinates of CIELAB system, L*, a* dfd represent respectively the
lightness of the colourL¢ = O indicates black and* = 100 diffused white), its
position between red and greera*(values indicate green whitea* values indicate
red) and its position between yellow and blule* (values indicate blue andb*
values indicate yellow). Colours have propertiée lhue, lightness and saturation.

Hue is colour description as we communicate it,(grden, yellow and blue), and it
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develop when wavelength are reflected from a mattrace (e.g. meat) to the
detector; lightness is referred to the brightnessankness of the colour; saturation to
how dull or vivid the colour is. L* values can baded for lightness and darkness
determination, a* and b* values to establish the &nd saturation of a sample (meat
for example) (AMSA, 2012).

Colour measurements may have a fundamental rdleeifresh market of particular
species like tuna (Ochiai et al., 1988) or salma@téido et al., 1989)where retention

of flesh colour and its perception is crucial foanket acceptance.

1.4.6 Near Infrared Spectroscopy (NIRS)

Fish industry has been continuously seeking foomahestructive, reliable, fast and
cost-effective method for the analysis of fish gyalFish quality assessment has
traditionally been on either time-consuming and emgive laboratory analysis or
sensory assessments (Cozzolino et al., 2002). NdRS8ytical technology might
overcome the abovementioned limitations.

In fishery, NIRS has been used to estimate the @nsomposition of several
species, such as halibut, cod, and salmon (Cozzainal., 2002; Solberg and
Fredriksen, 2001) and to discriminate between mgasiystems (Xiccato et al., 2004)
and between wild and farmed (Fasolato et al., 2@it€gvian et al., 2012) or fresh
and frozen—thawed (Fasolato et al., 2012; Ottaeiaal., 2013; Zhu et al., 2012)
samples. On rainbow trout, Gjerde and Martens (),98id et al. (2006), Rasco et al.
(1991), estimated a limited number of parameteet, (fnoisture, protein and
spoilage);Dalle Zotte et al. (2014) accuratelymeated chemical properties and also

classifiedrainbow trout fillets according to reayifarm.

1.4.7 Sensory evaluation of fish freshness andiQuatex Method (QIM)
Sensory evaluation is the scientific disciplinedise measure, analyse and interpret
features of food as perceived by the senses ofl,semght, taste, touch and hearing.
Sensory tests are usually distinguished in threeums: discriminative tests,
descriptive tests and affective tests (Olafsdadtiral., 1997). Discriminative tests
point out whether there is a difference betweensdmaples and, together with the
descriptive ones, are considered objective analytests in which a trained panel is
used. Affective tests are subjective consumer tested on a measure of preference
or acceptance. The choice of one test than ther atbpends on the aim of the

application and if it is used for product developyeuality assessment, consumer
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studies or research. The most common descriptigés tare structured scaling
according to quality assessment and profiling foraacurate description of one or
more attributes (Olafsdottir et al., 1997). Sensdrginges take place on appearance,
odour, taste and texture of fish when they deg{&thewan et al., 1953). In Europe
the most common applied method for raw fish quaggessment in inspection and
fishing industries is the European Union Scheme u€dRegulation (EC),
1996).This scheme does not consider differencesngntioe species because only
general parameters are used. A European alterratalsng method into commercial
practice is the Quality Index Method (QIM) (LutendaMartinsdottir, 1997). In this
method a number of important attributes such ak agilour, odour, firmness,
appearance, etc., are designated scores on adiguiéde (usually O up to 3) and these
scores are summed to a total QI (Quality Indexprvide an index which can also
be used to predict residual shelf-life (Bremnenlet 1987). This is a fast and non-
destructive method, based on the direct observatitine properties of the fish itself.
In the fish industry, the categorization of rawefi is also performed. However,
sensory assessment of cooked fillets is most comespecially in research and in
QA/QC (Quality Assessment/Quality Control), wherperienced tasters are used to
detect any unusual flavours rather than to detexntire “freshness”; the Torry
scheme (Shewan et al., 1953) is the most commoséd wscale for freshness
evaluation of cooked fish, both in the fish indysand in research laboratories of

Europe.

1.4.8 Electronic tongue (e-tongue)

In food analysis field many methods with high aeoyr, precision and reliability are
applied for the detection of specific food compagindut are expensive, time-
consuming, may require the destruction of the sapgohd could be not suitable for
in situ or at site monitoring. E-tongues,.e. arrays of gas sensors, go beyond these
issues and have proved to be rapid, easy to useagdgromising for food quality
evaluation. Althoughe-tongues showed good correlations with organolegtmres
given by trained panellists. Some good pointg-tdngues are their objectivity, the
fact that do not get tired or infected, can be used for toxic samples, have higher
sensitivity than human tongue since the taste sygtehuman is less developed than
the olfactory one (Escuder-Gilabert and Peris, 2&tdngue can be considered as

analogous of both olfaction and taste, and camppéeal for the determination of any
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kind of dissolved compounds, including volatile snehich give odour after
evaporation (Legin et al.,, 200E}ongue can be considered for application in:
process monitoring, freshness evaluation and difelfinvestigation(Gil et al.,
2008a; 2008b;Kress-Rogers, 2001; Rodriguez-Méndeal.e 2009), authenticity
assessment, foodstuff recognition, quantitativelysisg and other quality control
studies. Results obtained from applicationg-tdngue for fish freshness evaluation,
pointed out its usefulness for the situ or at site evaluation, low-cost and time-

consuming features.

1.4.9 Electronic nose (e-nose)

Electronic noses are instruments that mimic thesesesf smell. They are typically
array of sensors used to detect and accurateipglissh odours in complex matrices
at low cost (Pearce et al., 2003; Stetter and Ren2002).

Most food aromas are difficult to characterize withnventional techniques such as
gas chromatography or gas-chromatography-olfactgmetSensory analysis
performed by trained panellists results expensimeescan work for only short
periods of time; responses to odours are mainljestifze and it has to be considered
the variability between judgements. Hence, the nafedn instrument such as the
electronic nose characterised by high sensitivitg @orrelation with data from
sensory analysi€-noses are easy to build, cost-effective, can parfanalysis in
very short time, and are considered non-destructteehniques for the
characterization of food flavours (Peris and Escu@iéabert, 2009). The composition
and concentration of volatile compounds emanatimgnf fish depend on its
freshness. Spoilage odours develop as a resultiabbmal growth and oxidation
leading to the degradation of the tissue. Electrarises can monitor the onset of
spoilage of fish by detecting some of these vaatilegradation compounds
(Chantarachoti et al., 2006; Di Natale et al., 2dDa et al., 2001; Olafsdottir et al.,
2004). According to the results obtained from thelies above cited, theenose can
be an alternative simple, fast and non-destrudteé for bacterial analysis in shelf-
life determination (quality assessment) and speilaglassification (safety

assessment).
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1.5 Considered species in the research studies

1.5.1 Atlantic salmon

Atlantic salmon $almo salarLinnaeus 1758) (Figure 1) is a bony freshwater and
marine fish typical of temperate and cold seafhefNorth Atlantic, belonging to the
Salmonidaefamily. It is found naturally along be&ihst and west coasts of the North
Atlantic Ocean where it exist in both anadromoud aon-anadromous freshwater
resident formsSalmo salaris the only species of salmon naturally found he t
Atlantic Ocean. In the eastern areas, it is locétetiveen the Bay of Biscay to the
south, and the Arctic Circle in the north, incluglitthe White Sea and the Barents Sea
and Iceland; along the American coast occurs betwgeebec and New England.
Present in the Baltic Sea (Kottelat and Freyhof0720is also found along the
southern coasts of Greenland. In the past, go bpaven the Spanish rivers where it
Is extinct. It was introduced in Chile, Argentinblew Zealand and Australia
(Kottelat and Freyhof, 2007). It is completely attsieom the Mediterranean Sea and

the Italian and southern European freshwater.

51



Figure 1. Atlantic salmorSalmo salar..).

Found in all rivers where temperature rises abd@/ for about 3 months per year
and does not exceed 20°C for more than a few waeksummer (preferred
temperatures 4-12 °C) (Kottelat and Freyhof, 20@)hough European Atlantic
salmons are typically anadromous, there are exangfléandlocked races or strains
(Berg, 1985). Young salmon spends between 1 angally 2) years in their natal
river in Britain, but longer (up to 7 years) in det regions such as Scandinavia and
Canada (Gibson, 1993). When they are large enocgyh400-500 g), they undergo
physiological changes where they change camouffeg® stream-adapted with
large grey spots, to sea adapted with shiny sidémy also undergo some
endocrinological changes, to adapt for the chamgesmosis process, from fresh
water to salt water. Finally, the parr (young fisti)l finish smoltification phase by
swimming with the current instead of swimming agaiit. When this change of
behaviour occurs, they are no longer called paut, dve referred to as smolt. In
April-May when the smolts reach the sea, they Wwlkea surface currents and feed
on plankton or fry from other fish species suclhasing. After spending a few years
in the sea (generally 5 for males and 7 for fenmatlesy can reach large sizes but
they are typically 8-13 kg in weight when go bagkHeir natal river to spawn.

Wild salmon disappeared from many rivers during tiventieth century due to
overfishing and habitat change (Kottelat and FréyR007). By the year 2000, the
number of wild Atlantic salmon had dropped to catly low levels (Dempson,
2001).

Atlantic salmon culture started in the™@entury in the UK in fresh-water as a
means of stocking waters with parr specimens irerotd favour wild returns for
anglers. Sea cage culture was first used in th®sl@® Norway to raise Atlantic
salmon to marketable size and then spread in gesavhich lies within latitudes 40-
70° in the Northern Hemisphere, and 40-50° in theut&ern Hemisphere

(www.fao.org)(Figure 2).
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Figure 2. Main producer countries 8almo salai(FAO Fishery Statistics, 2006).
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Current worldwide production of farmed Atlantic rs&in exceeds 1 000 000 tonnes
and the major markets are currently Japan, EU arthMmerica Wwww.fao.org.
Salmon fillets are rich in n-3 PUFA that have bemaf health effects in humans (De
Deckere et al., 1998), but are also rich in praeintamins (B and B>), minerals,
phosphorus, selenium and present a low amountiiso

1.5.1 Rainbow trout

Rainbow trout ©Oncorhynchus mykissyWalbaum 1792) (Figure 3) is a North
American salmonid which typically lives in oxygeedtand clear waters, but, thanks
to its resistance to temperatures up to 20 °Cravgs to be able to adapt to many

areas.
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Figure 3. Rainbow troutdncorhynchus mykigs
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Production greatly expanding in 1950s and sevedlldomesticated strains were
developed. The production of rainbow trout has grexponentially since the 1950s,
especially in Europe and more recently in ChileisTib primarily due to increased
inland production in countries such as Francey,liaenmark, Germany and Spain to
supply the domestic markets, and mariculture iresag Norway and Chile for the
export market. Chile is currently the largest pmeEiu Other major producing
countries include Norway, France, Italy, Spain, Dark, USA, Germany, Iran and
the UK (Figure 4)\Www.fao.org.

The global aquaculture production of rainbow triouR012 has been 855 981 tonnes
(FAOFishStat). The fresh fish market is large bseathe flesh is soft, delicate, and
white to pink in colour with mild flavour. Preferees in meat vary globally with
USA preferring white meat, but Europe and othetspar the world preferring pink

meat generated from pigment supplements in aquafeed

Figure 4. Main producer countries @hcorhynchus mykig$AO Fishery Statistics,
2006).
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2. AIM OF THE STUDY

The overall aim of this study was to assess thectffinduced by different
stunning/slaughtering methods on welfare and $llguality by conventional and
innovative methodologies, as well to test the disicrant ability of NIRS as
innovative methodology to evaluate quality of tdefrom two different farmed
species of salmonidg,e. Atlantic salmon $almo salarL.) and rainbow trout
(Oncorhynchus mykiss The study points to inform both fish farmers and
slaughtering/processing plant how important is tmsider stunning/slaughtering
methods able to reduce or minimize pre slaughtesstcondition, not only for an

ethical issue but also in order to preserve slifelfeff the fillets over in time.

To achieve these goals, 3 main research studies se¢r

2.1 First research study

A first study on rainbow trout tested preliminaritile reliability of using near
infrared spectroscopy (NIRS) as innovative methogylfor the authentication of
raw and cooked freeze-dried fillets of rainbow tro©ncorhynchus mykiss
belonging to 5 different genetic strains and reane8 farms of Trentino Alto Adige
region (ltaly), characterized by different managem@ll this has been performed as
a preliminary work to the second study (paper IM), considering that the latter
would have foreseenthe transferring ofsamplesiedsfit sitesalso locatedatgreat
geographical distances.

The aim of the study is synthesized in the papedyred with the results obtained,
titled

Authentication of raw and cooked freeze-dried raimlirout Oncorhynchus mykiss
by means of near infrared spectroscopy and datmnfu?APER I, Annex 1;
published inFood Research International (2014): 60, 180-188

2.2 Second research study

The objective of this study was to investigatedffects of carbon monoxid€Q) as
stunning/slaughtering method in Atlanti@lmon Salmo salarL.) on stress

indicators (behaviour, adrenaline, noradrenalingpr mortis evolution), fillets
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quality during shelf-life (evaluated by pH, colodrjp losses), sensory properties and
to test the ability of instruments such as NIRS\0se ande-tongue on predicting
quality traits. This experimental study was preckdg a short revievsummarizing
current status of knowledge on the effect of C@ish, with a focus on sedative and
anesthetic treatmemts well as on quality characteristics of filleAER II, Annex

2; published as chapter of the Bo&kocessing and Impact on Active Components in
Food (Victor R. Preedy Ed.). Elsevier, UK, pp. 4231

The experimental study was organized into two parts

Effect of carbon monoxide for Atlantic salmoB8almo salarL.) slaughtering on
stress response and fillet shelf-life (PAPER llhn&x 3; published inAquaculture
(2014), 433:13-138

CO Stunning salmon treatment revealed by electrapge, electronic tongue and
NIRS in differently prepared fillets influencg®st morteroatabolism and sensory
traits (PAPER 1V).

2.3 Third research study

On rainbow trout reared at two different tempemtwnditions (8 °C and 12 °C), the
effects of stunning/slaughtering methods (carbomowae asphyxia; electroshock;
asphyxia in the air) opre rigor mortis(blood parametersigormortis development,
fillet contraction changes, ATP depletion and Adetey Energy Charge in muscle)
andpost rigor mortis(K-value, texture, lipid oxidation and sensory sa&) changes
have been investigated.

The study was organized into two parts, where taitsethey have been considered:
Effects of stunning/slaughtering methods e rigor mortis changes in rainbow
trout (Oncorhynchus mykisseared at two different temperature conditionARER
V).

Effects of stunning/slaughtering methods st rigor mortischanges in rainbow
trout (Oncorhynchus mykisseared at two different temperature conditionARER
VI).
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3. MATERIAL AND METHODS

A range of different methods for assessments df i®lfare, handling stress or
muscular activity immediately prior to slaughtemdaquality of the derived flesh has
been utilised in this thesis. An overview of thassessments is given in the Tables 3
and 4, and described in depth in the Part Il, whiolects the papers that have

originated from the research work carried out dyitire PhD period.

3.1 First research study

Experimental set-up

A total of 150 farmed rainbow troubOficorhynchus mykisdillet samples was used
in this study. Samples of five different geneticasts (indicated as IT1, IT2, IT3,
USA and UK, according to origin) and three diffaregaring farms (in Trentino Alto
Adige region in northeast lItaly, indicated as fadn$® and C) were considered, for a
total of ten samples per farm per genetic strag,N = 10 (samples) x 3 (farms) x 5
(genetic strains). Farm characteristics were devisl farm A - indoor rearing tanks
supplied with well water at a constant temperaftaage: 11-14 °C) throughout the
year; farm B - outdoor rearing (temperature rargzél °C); and farm C - outdoor
rearing (temperature range: 3-14 °C). Fish werdectdd after reaching average
weight greater than 600 g (i.e., their commerciak)s Twenty-four hourgost
mortem fish were filleted and the fillets were transpokin refrigerated condition to
the laboratory and immediately processed. Left aght fillets of each specimen
were both weighed and analysed: the former weral useevaluate raw fillet
properties; the latter were used to evaluate codietl properties. As regards the
latter, prior to physico-chemical analyses, eaaghma was wrapped in aluminium
foil and boiled in steamer for 10 minutes, thenledoat room temperature and re-
weighed after broth removal. Cooking loss was thaltulated and expressed as

percentage of weight decrease.
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The analytical methods performed in this trial wire followings:

Physical analyses

Texture, measured by the Zwick-R&eltexture analyser (Zwick Roell, Ulm,
Germany)
Colour, instrumentally measured by using a Specotoul® meter (Dr. Lange,

Dusseldorf, Germany).

Chemical analyses

The measured chemical properties were: moisturgh@de950.46; AOAC, 1995),
crude protein (by Kijeldhal — method 976.05; AOATR95), lipids (by Soxhlet —
method 991.3; AOAC, 1995), ash (method 920.15; AQA@D5), total lipids (Folch
et al., 1957)

Fatty acids profile (Morrison and Smith, 1964).

NIRS scanning

Scanning monochromator NIRSystem 5000 (FOSS NIRS8ysEilver Spring, MD,
USA) was utilised to scan raw and cooked freezeddsamples at the Animal
Science Section of the Department of Animal Mediditroduction and Health
(MAPS) of the University of Padua, Italy

Statistical analysis

A multivariate data analysis technique was perfatimg using several chemometric
tools:

Principal component analysis (PCA; Jackson, 1991)

Partial least-squares regression (PLS; Geladi awialski, 1986)

Partial least-squares discriminant analysis (PLS-Bd@tker and Rayens, 2003)
Linear and quadratic discriminant analysis (LDA &idA; Seber, 1984)

k nearest-neighboukNIN; Sharaf et al., 1986) for their classification

Multi-block (MB) framework (Westerhuis et al., 1998
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3.2 Second research study

Experimental set-up

The study was performed at the facilities of th&titnte of Marine Research (IMR),
in Matre, Norway (Figure 5). Forty-five Atlanticlszon (Salmo salat..) (1.07+ 0.1
kg) were assigned to three experimental tanks contp900 L seawater and fed
with the same commercial extruded feed. Beforetribk they were starved for 24h.
The temperature of seawater was constant at @.8 °C. Fish in tank 1 were used as
control (C) and slaughtered by percussion; fistiamk 2 and 3 were flushed with
100% food grade CO (Yara Praxair, Oslo, Norwaylngis ceramic diffuser (wedge
lock base unit, Point Four Systems Inc., Richm@&ahada), for 8 (CO8) (tank 2) or
20 minutes (C0O20) (tank 3) at 2-3 bar. The timinguld have to coincide with the
time of fish first responding to CO (8 min) and f&dh being completely sedated (20
min). At the given time points, the fish were guyckauled from the tanks and killed
by percussion. During the experiment, the CO coimagan in the air was monitored
and measured by the use of portable gas detecgasBadge Pro, Oakdale, PA,
USA).

Figure 5. The facilities of Institute of Marine Ra@sch (IMR), in Matre, Norway.

f S|

The analytical methods considered for assessméfighovelfare, handling stress or
muscular activity immediately prior to slaughterrevéhe followings:

Behavioural analysis
During CO injection salmon’s behaviour was recoradth a video camera then
described according to Roth et al. (2003). Table@rts the stages of behaviour

used as a reference (PAPER llI).
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Table 3. Different stages utilized for classificati of the behaviour of Atlantic
salmon recorded in the videos.

Stage Description Behavioural signs
Active swimming patterns
0 Normal Normal equilibrium
Normal ventilation of operculum
Reduced swimming activity
1 Light sedation | Problems with equilibrium
Normal ventilation of operculum
Weak swimming activity
2 Light narcosis | Slow and long ventilation rate
Equilibrium loss with efforts to right
No swimming activity
3 Deep narcosis | Problems of ventilation of operculum
Total loss of equilibrium
Surgical No syvimming activity
4 . Ventilation ceases
anaesthesia o
Total loss of equilibrium
5 Medullary Death ensues
collapse
Blood

Plasma adrenaline and noradrenaline

Analysed using BI-CAT - ELISA kit (DLD - Diagnostika, GMBH, Hamburg,
Germany), according to the manufacturer’s instangi(PAPER Il1).

Rigor Index

Calculated according to Bito et al. (1983) (PAPHR |

pH

Measured by using a Mettler Toledo SevenGd'ppiH-meter (Mettler-Toledo Ltd,
Leicester, UK) equipped with an Inlab puncture etete (Mettler-Toldedo, Ltd)

(PAPER IlI).

61



The analytical methods performed in relation tesllequality assessment were the

followings:

Fillet Drip losses
Drip losses (%) were determined by weighing thietBl at different times during the
shelf-life (TO, T7 and T14), and calculated by themula:

Drip losses = ((lp— Di/Dg) x 100
where BQyis the fillet weight immediately after filleting, mle D; corresponds to the
fillet weight after “t” days of storage (PAPER llII)

Fillet colour

Colour was measured by using a portable HunterlatiSdari* XE Plus D/8S Color
Analyzer Colorimeter (PAPER l11).

Fillet Sensory analysis

Performed at time ofigor resolution by 12 trained panellists in two conseeut
days. Data acquisition was performed by FIZZ sofevéBiosystemes- France)
installed in the 12 terminals provided in laborgtetasting booths (PAPERIV).

Electronic nose
An aFox (ALPHA MOS, Toulouse, France) type EN with 1&tal oxide sensors
(MOS) was utilised (PAPER 1V).

Electronic tongue
An aAstree Il (Alpha-MOS, Toulouse, France) type EThadin LS 48 auto-sampler
unit was applied to measure the characteristitisjoid samples (PAPER V).

NIRS scanning

NIRSystems 6500 spectrometer (FOSS NIRSystem, ISipeng now Laurel, MD,
USA) equipped with a sample transport module anallstimg cup cuvette (IH-0307)
was utilised to scan both raw fresh and raw freied samples at the Department
of Pig and Small Animal Breeding of the University Kaposvér, in Hungary
(PAPER IV).
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Scanning monochromator NIRSystem 5000 (FOSS NIRS8ysSilver Spring, MD,
USA) was utilised to scan raw freeze-dried samatdabe Animal Science Section of
the Department of Animal Medicine Production andaldte (MAPS) of the
University of Padua, Italy (PAPER IV).

A Portable LabSpec 4 Standard-Res Lab UV-Vis-NIRalper fiber optic diode
array spectrophotometer (ASD, Analytical Spectravice Inc., Boudler CO) was
used to scan raw freeze-dried samples over a 388-afh range at the Agriculture
Academy of Torino, Italy (PAPER IV).

Raw thawed specimens were treated with ethanol jEA@&h scanned by using a FT-
NIRS device (Quantum-One, PE), from 1000 to 2500 that is, 2751 points in the
interferograms at the Agriculture Academy of Toriftaly (PAPER V).

Statistical analysis

Paper lll: Data were analyzed using the generataiinModel procedures of the
statistical analysis software SAS (2004) for Window one-way ANOVA tested the
stunning methods as fixed effects.

Paper IV:

Modified Partial Least Square Analysis (MPLS) (WBhV. 1.04 software) of the two
main factors (treatment and time), and of their lbovation was carried out for thee
nose (EN) ande-tongue (ET) traces, but also for the UV-Vis-NIRespa from
thawed, freeze-dried and ethanol prepared speciméhsthe dataset averaged by
four replicates

Paired Friedman compared the different instrumentat

Fisher's Test compared the two main factors eff@@ts and Storage Time)

Ward's Hierarchical Clustering Analysis (HCA) wasrformed via StatBox software
v. 6.5 (Grimmer Logiciel, Paris) in order to agglemate hierarchical clustering of
objects based on distance measures of dissimitarisymilarity

Partial Least Square Discriminant Analysis (PLS-DA) order to get the
reclassification % of the spectra from seven imagnt-preparation

Nonparametric Friedman’s Test for independent sasplas applied to ascertain the
significance of the difference between the C andn@Qrigor time

PROC MIXED by SAS considered the 12 panelists emndom effect and Gas was
considered as the fixed factor
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Modified PLS (Winlsl 1.5 software) was consideradrder to compare the different
experimental effects (Gas and Storage time) aseated by the different devices
(ET, EN, NIRS) and to study connections with seypsscores and biological

variables.

3.3 Third research study

Experimental set-up

The study was performed at the experimental farradvhund Mach Foundation, in
S. Michele all’'Adige, Trento, Italy (Figure 6). v hundred rainbow trout
(Oncorhynchus mykisswvere equally allocated in 5 tanks containing 380®f
freshwater each. In tanks 1, 2, and 3 the watepéeature was maintained at 12 °C
whereas in tanks 4 and 5 the water temperature naaatained at 8 °C. Three
stunning methods were applied on rainbow trouthgsia in the air (A) lasting
about 15 min (fish in tank 2 and part of fish ink&), electroshock (E) performed by
the electronic teaser GOZLIN TEQO02 (GOZLIN, Modehaly) for 30s at 180 V
(fish in tank 1 and part of fish in tank 5), angblagxia with carbon monoxide (CO)
until death (fish tanks 3 and 4). Eighteen fish @goerimental unit were sampled for
the scheduled analyses. Fish from tank 1 (meanhiv@&4Q + 105 g) were captured,
hauled out of water and immediately treated bytatety (E_12 °C); fish from tank
2 (mean weight 684 + 95 g) were used as contralgiend treated by asphyxia in
the air (A_12 °C); fish from tank 3 (CO_12 °C) amadk 4 (CO_8 °C) (mean weight
737 + 120 g and 773 = 101 g, respectively), waushéd with 100% food grade CO
(SIAD, Bergamo, Italy). Due to the overall availétyiof only 5 tanks, from tank 5,
18 fish (mean weight 667 + 97 g) were captured,ldthwut of waterand then
immediately treated by electricity (E_8 °C), aftards other 18 fish (mean weight
760 * 85 g) were sampled from the same tank amdieieby asphyxia in the air (A_8
°C). All groups of fish were finally percussivellagghtered.

During the experiment, the CO concentration indglevas monitored and measured
by the use of portable gas detectors (GasBadge Gakgale, PA, USA) and by
supplementary gas detectors in charge of the fineofid rento province (Italy), who

attended to the entire trial.
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Figure 6. Experimental farm of Edmund Mach Fouraigtin San Michele all’Adige,
Trento (Italy).
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The analytical methods considered forassessmentheoktress associated to the

slaughter method and fish welfare were the foll@sin

Plasma lactate and glucose
Analysed using MaxMat PL (MaxMat S.A., Montpelli€érance) (PAPER V).

Cortisol

Determined using ELISA (RE52061, IBL InternatioainbH, Hamburg, Germany)
(PAPER V).

lons (K)
Analysed with selective ion electrodes (Cobas clRbche Diagnostics Ltd.,
Rotkreuz, Switzerland) (PAPER V).

Rigor Index
Calculated according to Bito et al. (1983) (PAPER V

Fillet shape

Fillet shape changes duringgor mortis were measured by taking pictures at
different timespost mortenwith a NIKON D3000 camera with lens Nikkor 18-55.
The photographed fillets were analysed by the So#wAdobe Photoshop CS4 for
the following parameters: area, perimeter, maximangth and maximum height
(PAPER V).
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pH
Measured by using a Mettler Toledo SevenGd'ppiH-meter (Mettler-Toledo Ltd,

Leicester, UK) equipped with an Inlab puncture wtete (Mettler-Toledo, Ltd)
(PAPER V).

ATP and Adenylate Energy Charge (AEC)

ATP was determined by a HPLC based on Burns and 8&5) method.

From ATP and related catabolites, Adenylate En&ggarge (AEC) = (0.5 ADP +
ATP)/(AMP + ADP + ATP) (Atkinson, 1968) was alsda#ated (PAPER V).

The analytical methods performed in relation toligpassessment of fillets derived
from differently treated fish were the followings:

Freshness indexes: K and-Kalue

K-value, defined as the ratio of the sum of the-pbosphorylated compounds,
Inosine (Ino) and Hypoxanthine (Hx), to the sumadif ATP-derived degradation
products was calculated according to Karube €6.8B4) with the formula:

K-value = [(Hx + ino) / (ATP + ADP + AMP + IMP + m+ Hx)] * 100
whereas the kvalue, was calculated as the ratio of the sunmofand Hx to the sum
of IMP, Ino and Hx:

K1 (%) = [(Ino +HXx) / (IMP + Ino + Hx)] * 100
(PAPER VI).

Fillet drip losses

Drip losses (%) were determined by weighing th&etl at three different times
during the shelf-life (TO, T7 and T14), and caltethby the formula:

Drip losses = ((p— D/Dg) x 100, where Bis the fillet weight immediately after
filleting, while D; correspond to the fillet weight after “t” days stbrage (PAPER
V).

Fillet colour
Colorimetric attributes were measured by using acspcolorimeter (X-Rite,

RM200QC; X-Rite, Incorporated, Neu-Isenburg, Gem@@nPAPER VI).
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pH
Measured by using a Mettler Toledo FiveE&d#yiveGd™ pH meter (Mettler-Toledo
Ltd, Leicester, UK) (PAPER VI).

Texture Profile Analysis (TPA)
Carried out using a Zwick Ro&IlL09 texturometer (software: Text Expert II, versio
3), equipped with a 1kN load cell (PAPER VI).

Lipid oxidation products (TBARS Index)

The determination of the thiobarbituric acid reaetisubstances (TBARS) was
carried out according to the method described hy &id Draper (1978) and
modified by Luciano et al. (2013) (PAPER VI).

Fillet sensory analysis

Twelve trained panellists performed a Discrimin8ensory Analysis on fillet from
fish differently slaughtered with the aim to idéntidifferences in sensory
characteristics due to the slaughter method. Tinedyais was carried out at the time
of rigor resolution, in two consecutive days. Data acqorsitvas performed by
FlZZ software (Biosystemes - France) installed he t12 terminals provided in
laboratory’s tasting booths (PAPER VI).

Statistical analysis

Both for paper V and VI data were analysed using @eneral Linear Model
procedures of the statistical analysis software SAS(2004) for Windows. A two-
ways ANOVA tested the stunning/slaughter metholiseé levels: A, CO and E) and
the water temperatures (two levels: 8 and 12 °C) fiaed effects. The
stunning/slaughter method (S) x water temperafliyénferaction was also tested. In
paper VI was also performed a multivariate disanamit analysis on sensory data, by

considering treatments as discriminant variableSSAL, 2004).

An overview of the fish welfare and stress assesssnes well as of the quality
parameters considered in the different trials anthe different papers is given in
Tables 4 and 5.

67



Table 4. Overview of the fish welfare and stresseasments carried out in the

different trials and found in the different papers.

Parameters

PAPER
I

PAPER
Il

PAPER
v

PAPER

PAPER
Vi

Behavioural
observations

Blood:

Catecholamines

Cortisol

Glucose

Lactate

lons K

XXX [X

Muscle:

ATP & AEC

x

pH

X

x

Rigor mortis

X

ATP: Adenosine Triphosphate; AEC: Adenylate Energgpr@gh.
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Table 5. Overview of the quality assessments chwig in the different trials and

found in the different papers.

Parameters PAPER | PAPER PAPER PAPER PAPER
I I Y Vv Vi

K-value X

Drip losses X X

Fillet shape changes X

Colour X X X

Proximate X
composition

X

Fatty acid profile

Texture Profile X X
Analysis

Lipid oxidation X
products

Sensory analysis X

NIRS X

E-nose

XX X [ X

E-tongue

E-nose: electronic nose; E-tongue: electronic tengu

69




4. REFERENCES

Acerete, L., Balasch, J.., Espinosa, E., Josa, af, T., 2004. Physiological
responses in Eurasian percRefca fluviatilis L.) subjected to stress by
transport and handling. Aquaculture 237, 167—178.

Alasalvar, C., Taylor, K.D. A., Oksuiz, A., Garthw&i T., Alexis, M.N., Grigorakis,
K., 2001. Freshness assessment of cultured seanl@@arus auratp by
chemical, physical and sensory methods. Food CAgn83—40.

AMSA, 2012. Meat Color Measurement Guidelines.

Ando, M., Toyohara, H., Sakaguchi, M., 1992. Posttem tenderization of rainbow
trout muscle caused by the disintegration of cellafibers in the pericellular
connective tissue. Nippon Suisan Gakkaishi 58, 580--

Antonacopoulos, N., Vyncke, W., 2000. Determinatajrvolatile basic nitrogen in
fish: a third collaborative study by the West Europeagitschrift flr Leb.
und Forsch. 309-316.

AOAC, 1995. Official Methods of Analysis, T6Ed. In: Official Methods of
Analysis of AOAC International. Gaithersburg, MDSH.

Arends, R.J., Mancera, J.M., Mufioz, J.L., WendeBanga, S.E., Flik, G., 1999.
The stress response of the gilthead sea brepar@s auratal.) to air
exposure and confinement. J. Endocrinol. 163, 149-5

Ashley, P.J., Sneddon, L.U., 2008. Pain and fedism Blackwell, UK (2008): 49-
77. In: Fish Welfare. Blackwell, Oxford, Oxford, pf0—77.

Atkinson, D.E., 1968. Energy charge of the ademypattol as a regulatory parameter.
Interaction with feedback modifiers. Biochemistpy4030-4034.

Ayala, M.D., Abdel, I., Santaella, M., Martinez,, ®eriago, M.J., Gil, F., Blanco,
A., Albors, O.L., 2010. Muscle tissue structuralasbges and texture
development in sea brearSparus auratal., during post-mortem storage.
LWT - Food Sci. Technol. 43, 465-475.

Azevedo, P.A., Cho, C.Y., Leeson, S., Bureau, DLP98. Effects of feeding level
and water temperature on growth, nutrient and gnatijzation and waste
outputs of rainbow troutgncorhynchus mykigsAquac. Living Resour. 11,
227-2388.

Bagni, M., Priori, A., Finoia, M.G., Bossu, T., Mao, G., 2002. Evaluation of pre-
slaughter and killing procedures in sea bre&pafus auratp Aquaculture
Eur. 32, 135-136.

Barker, M., Rayens, W., 2003. Partial Least-Square®iscrimination. J. Chemom.
17,166-173.

70



Barroso, M., Careche, M., Borderias, A.J., 1997alkation of fish freshness using
mechanical methods. In: Olafsdottir, G., Luten,. JBalgaard, J.B., Careche,
P., Verrez-Bagnis, M., Martinsdottir, V., Heia, KEds.), Methods to
Determine the Freshness of Fish in Research angtinyd Paris: International
Institute of Refrigeration, pp. 355-362.

Barry, T.P., Lapp, A.F., Kayes, T.B., Malison, J.A993. Validation of a microtitre
plate ELISA for measuring cortisol in fish and caaripon of stress responses
of rainbow trout Oncorhynchus mykissand lake trout alvelinus
namaycush Aquaculture 117, 351-363.

Barton, B., lwama, G., 1991. Physiological changdssh from stress in aquaculture
with emphasis on the response and effects of ostecoids. Annu. Rev. Fish
Dis. 1, 3-26.

Barton, B.A., 1997. Stress in finfish: past, presamd future — a historical
perspective. In: lwama, G.K., Pickering, A.D., SuerpJ.P., Schreck, C.B.
(Eds.), Fish Stress and Health in Aquaculture . a&ge University Press,
Cambridge, pp. 1-33.

Begg, K., Pankhurst, N.W., 2004. Endocrine and bwia responses to stress in a
laboratory population of the tropical damselfiscanthochromis
polyacanthusJ. Fish Biol. 64, 133-145.

Berg, O.K., 1985. The formation of non-anadromoogybations of Atlantic salmon,
Salmo salal., in Europe. J. Fish Biol. 27, 805-815.

Berg, T., Erikson, U., Nordtvedt, T.S., 1997. Rigoortis assessment of Atlantic
Salmon Salmo salay and effects of stress. J. Food Sci. 62, 439-446.

Bertotto, D., Poltronieri, C., Radaelli, G., Negratt., Poli, B.M., Tibaldi, E.,
Simontacchi, C., 2010. Welfare and quality of fadrteout fed high plant
protein diets. 3 Alternative indicators to evaluatesss in fish. Ital. J. Anim.
Sci. 6, 2007.

Bito, M., Yamada, K., Mikumo, Y., Amano, K., 198Studies on rigor mortis of
fish: 1. Differences in the mode of rigor mortis@my some varieties of fish
by modified Cutting’s method. Tokay Reg. Fish. Rezh. 109, 89-93.

Bjarlikke, G.A., Kvamme, B.O., Slinde, E., Sgrhei@,, 2012. Use of carbon
monoxide in slaughtering, processing and packaghgnuscle food. In:
Taylor, J.C. (Ed.), Advances in Chemistry Researtlova Science
Publishers, pp. 159-180.

Bjarlykke, G.A., Kvamme, B.O., Raae, A.J., Roth, 8linde, E., 2013. Slaughter of
Atlantic salmon $almo salarL.) in the presence of carbon monoxide. Fish
Physiol. Biochem. 39, 871-879.

Bjarlykke, G.A., Roth, B., Sgrheim, O., Kvamme, B.Slinde, E., 2011. The effects

of carbon monoxide on Atlantic salmo8almo salarL.). Food Chem. 127,
1706-1711.

71



Boggess, T.S., Heaton, E.K., Shewfelt, A.L., ParinW., 1973. Techniques for
stunning channel catfish and their effects on pcoduality. J. Food Sci. 38,
1190-1193.

Botta, J.R., 1991. Instrument for nondestructivdue measurement of raw Atlantic
cod Gadus morhugfillets. J. Food Sci. 56, 962—-964.

Botta, J.R., 1994. Freshness quality of seafoodsview. In: Shahidi, F., Botta, J.R.
(Eds.), Seafoods Chemistry, Processing Technoladgyuality. Chapman &
Hall, pp. 140-167.

Braithwaite, V.A., Huntingford, F.A., 2004. Fish carwelfare: do fish have the
capacity for pain perception and suffering? AnineliV13, S87-S92.

Bremner, H.A., 1997. If freshness is lost, whereesddat go? In: Methods to
Determine the Freshness of Fish in Research angtiryd Proceedings of the
Final Meeting of the Concerted Action ’'Evaluatiori Bish Freshness'
International Institute of Refrigeration, Parisafice, pp. 36-54.

Bremner, H.A., Olley, J., Statham, J.A., Vail, AAl. 1988. Nucleotide catabolism:
influence on the storage life of tropical speciédigsh from the North West
Shelf of Australia. J. Food Sci. 53, 6-11.

Bremner, H.A., Olley, J., Vail, A.M.A., 1987. Estating time-temperature effects by
a rapid systematic sensory method. In: Kramer, DLliston, J. (Eds.),
Seafood Quality Determination. Elsevier, Amsterdpm,413-435.

Broom, D.M., 1991a. Animal welfare: concepts andaswgement. J. Anim. Sci. 69,
4167-4175.

Broom, D.M., 1991b. Assessing welfare and sufferiBghav. Processes 25, 117—
123.

Brown, S.N., Warriss, P.D., Nute, G.R., Edwardg, , JKnowles, T.G., 1998. Meat
quality in pigs subjected to minimal preslaughtieess. Meat Sci. 49, 257—
265.

Brunori, M., Vallone, B., 2007. Neuroglobin, sewsars after. Cell. Mol. Life Sci.
64, 1259-68.

Burmester, T., Hankeln, T., 2009. What is the fiorcbf neuroglobin? J. Exp. Biol.
212, 1423-1428.

Burns, G.B., Ke, P.J., Irvine, B.B., 1985. Objeetiprocedure for fish freshness
evaluation based on nucleotide changes using a H&Istem. Can. Tech.
Rep. Fish. Aquat. Sci. 1373.

Cappeln, G., Jessen, F., 2002. ATP, IMP, and glsuadg cod muscle at onset and

during development of rigor mortis depend on the@ang location. Food
Chem. 67, 991-995.

72



Careche, M., Barroso, M., 2009. Instrumental textameasurement. In: Fishery
Products: Quality, Safety and Authenticity. WilelaBkwell, UK, pp. 224—
231.

Chandroo, K.P., Duncan, 1.J.H., Moccia, R.D., 2004n fish suffer?: perspectives
on sentience, pain, fear and stress. Appl. AninmaBeSci. 86, 225-250.

Chantarachoti, J., Oliveira, a. C.M., HimelbloomHB Crapo, C. A., McLachlan,
D.G., 2006. Portable Electronic Nose for detecidrspoiling Alaska pink
salmon Oncorhynchus gorbuschal. Food Sci. 71, S414-S421.

Chiba, A., Hamaguchi, M., Masaaki, K., Asai, T.Kloo, T., Chichibu, S., 1990. In
vivo 31P-NMR analysis of the electric anesthetizegaich, Cobitis biswae
Comp. Biochem. Physiol. 97(A), 385-389.

Choubert, G., Fauconneau, P., Luquet, B., 1982udnte d’'une élévation de la
température de I'eau sur la digestibilité de laiematséche, de I'azote et de
I'énergie de I'aliment distribué a la truite arc-eiel (Salmo gairdneriRich).
Reprod. Nutr. Dévelopment 22, 941-949.

Chow, C.J., Hsieh, P.P., Tsai, M.L., Chu, Y.J.,89Quality changes during iced
and frozen storage of tuna flesh treated with canmonoxide gas. J. Food
Drug Anal. 6, 615-623.

Christiansen, R., Struksnaes, G., Estermann, Rris§en, O.J., 1995. Assessment of
flesh colour in Atlantic salmorgalmo salarAquac. Res. 26, 311-321.

Chung, H.Y., Cadwallader, K.R., 1994. Aroma extrditiition analysis of blue crab
claw meat volatiles. J. Agriculture Food Chem. 28;7-2870.

CIE (Commission Internationale de L’Eclairage). €897Recommendations on
uniform color spaces-color difference equationg,cRsmetric Color Terms.,
Supplement No. 2 to CIE Publication No. 15. Comioisgnternationale de
L’Eclairage, France, Paris.

Close, B., Banister, K., Baumans, V., Bernoth,Btgmage, N., Bunyan, J., Erhardt,
W., Flecknell, P., Gregory, N., Hackbarth, H., Mort D., Warwick, C.,
Close, C.B., Croft, B., Lane, B., Knoll, B., Ta, 3996. Recommendations
for euthanasia of experimental animals: Part 1.okatory Anim. 30, 293—
316.

Concaollato, A., Bjarlikke, G.A., Kvamme, B.O., Sgin, O., Slinde, E., Olsen, R.E.,
2015. The Effect of Carbon Monoxide on Slaughted Bnocessing of Fish.
In: Victor R. Preedy (Ed.), Processing and ImpactAative Components in
Food. Elsevier, UK, pp. 427-431.

Concollato, A., Parisi, G., Olsen, R.E., KvammeQB.Slinde, E., Dalle Zotte, A.,

2014. Effect of carbon monoxide for Atlantic saim¢@almo salarL.)
slaughtering on stress response and fillet shelf-Aquaculture 433, 13-18.

73



Connell, J.J., 1995. Control of Fish Quality? dd. Fishing News Books Limited,
London.

Coppes, Z., Pavlisko, A., De, S., 2002. Texture susaments in fish and fish
products. J. Aquat. Food Prod. Technol. 11, 89-105.

Cornforth, D., Hunt, M., 2008. Low-oxygen packagiafjfresh meat with carbon
monoxide: meat quality, microbiology, and safetynAMleat Sci. Assoc. 1—
10.

Cozzolino, D., Murray, l., Scaife, J.R., 2002. Nedrared reflectance spectroscopy
in the prediction of chemical characteristics ohogd raw fish. Aquaculture
Nutr. 8, 1-6.

Croft, P.G., 1952. The effect of electrical stintida of the brain on the perception
of pain. Br. J. Psychiatry 98, 421-426.

Dalle Zotte, A., Ottavian, M., Concollato, A., SenL., Martelli, R., Parisi, G., 2014.
Authentication of raw and cooked freeze-dried raimlirout ©Oncorhynchus
mykis3 by means of near infrared spectroscopy and deti@mri. Food Res.
Int. 60, 180-188.

Davenport, M., 2002. Human consumption of CO-exdoma sushi. Greenville
College. Greenville, IL.

Davey, C.L., 1983. Structure of muscle and its props as meat. In: A.J. Bailey
(Ed.), Recent Advances in the Chemistry of Meate Royal Society of
Chemistry, London, pp. 1-21.

Dawkins, M.S., 1998. Evolution and animal welfa@e.Rev. Biol. 73, 305-328.

De Deckere, E.A., Korver, O., Verschuren, P.M.,afatM.B., 1998. Health aspects
of fish and n-3 polyunsaturated fatty acids fromnpland marin origin. Eur. J.
Clin. Nutr. 52, 749-753.

Dempson, J., 2001. Estimation of marine exploitatrates on Atlantic salmon
(Salmo salal..) stocks in Newfoundland, Canada. ICES J. Mar. =3, 331—
341.

Di Natale, C., Olafsdottir, G., Einarsson, S., Malli, E., Paolesse, R., D’amico, A.,
2001. Comparison and integration of different etmut noses for freshness
evaluation of cod-fish fillets. Sensors and Actusit® 77, 572-578.

Du, W.-X,, Lin, C.-M., Huang, T., Kim, J., And, M.MWei, C.-1., 2001. Potential
application of the Electronic Nose for quality assaent of salmon fillets. J.
Food Sci. 67, 307-313.

EFSA, 2004. Opinion of the Scientific Panel on Aalntealth and Welfare on a
request from the Commission related to welfare espef the main systems
of stunning and killing the main commercial spe@ésinimals. EFSA J. 45,
1-29.

74



EFSA, 2009. Species-specific welfare aspects ofmhe systems of stunning and
killing of farmed Atlantic salmon. Scientific Opom of the Panel on Animal
Health and Welfare Adopted on 20 th of March. EREA012, 1-77.

Ehira, S., Uchiyama, H., 1986. Determination ofhHiseshness Using the K Value
and Comments on Some Other Biochemical Changes efatiBh to
Freshness. In: Kramer, D.E., Liston, J. (Eds.), f&=h Quality
Determination. Elsevier Science, Amsterdam, pp—283.

El-Badawi, A.A., Cain, R.F., Samuels, C.E., AngeakeneA.F., 1964. Color and
pigment stability of packed refrigerated beef. Fdeghnol. 18, 159-163.

Elliott, J.M., 1976. Energy losses in the wastedpigis of brown trout§almo trutta
L.). J. Anim. Ecol. 45, 561-580.

Ellis, T., James, J.D., Sundh, H., Fridell, F., &ih K., Scott, a. P., 2007. Non-
invasive measurement of cortisol and melatonin ank$ stocked with
seawater Atlantic salmon. Aquaculture 272, 698—706.

Erickson, M.C., 1993. Compositional parameters i relationship to oxidative
stability of channel catfish. J. Agric. Food Cheth, 1213-1218.

Erikson, U., 2002. Potential Effects of Preslaugk&sting, Handling and Transport.
Oxford, U.K.

Erikson, U., Beyer, A.R., Sigholt, T., 1997. Musdiggh-energy phosphates and
stress affect K-values during ice storage of Attasalmon §almo sala). J.
Food Sci. 62, 43-47.

Erikson, U., Hultmann, L., Erik Steen, J., 2006ve.ichilling of Atlantic salmon
(Salmo salar combined with mild carbon dioxide anaesthesiaudaylture
252, 183-198.

Erikson, U., Sigholt, T., Rustad, T., 1999. Conitibn of bleeding to total handling
stress during slaughter of Atlantic salmon. Aquagel 7, 101-115.

Eriksson, C.E., S.G. Svensson, 1970. Lipoxygenage fpeas, purification and
properties of the enzyme. Biochim. Biophys. Acénzymol. 198, 449-459.

Escuder-Gilabert, L., Peris, M., 2010. Review: hgts in recent applications of
electronic tongues in food analysis. Anal. ChimtaA865, 15-25.

Fasolato, L., Balzan, S., Riovanto, R., BerzaghiMrisola, M., Ferlito, J.C., Serva,
L., Benozzo, F., Passera, R., Tepedino, V., NavElli 2012. Comparison of
Visible and Near-Infrared Reflectance Spectrosdopguthenticate fresh and
frozen-thawed swordfishX{phias gladiuslL). J. Aquat. Food Prod. Technol.
21, 493-507.

Fasolato, L., Novelli, E., Salmaso, L., Corain,Camin, F., Perini, M., Antonetti, P.,
Balzan, S., 2010. Application of nonparametric fnaltate analyses to the
authentication of wild and farmed European sea faentrarchus labrax

75



Results of a survey on fish sampled in the retadd. J. Agric. Food Chem.
58, 10979-10988.

FAWC, 1996. Report on the Welfare of Farmed Fisitb&ion, Surrey, UK.

Fernandez-Salguero, J., Mackie, I.M., 1987. Contparaates of spoilage of fillets
and whole fish during storage of haddoske(anogrammus aeglefinuand
herring Clupea harengysas determined by the formation of non-volatile an
volatile amines. Int. J. Food Sci. Technol. 22,-38%.

Fletcher, G.C., Bremner, H.A., Olley, J., Stathdm., 1990. Umami revisited: the
relationship between inosine monophosphate, hygbkaand smiley scales
for fish flavor. Food Rev. Int. 6, 489-503.

Folch, J., Lees, M., Sloane-Stanley, G.H., 195%&iAple method for the isolation
and purification of total lipids from animal tissue). Biol. Chem. 226, 497—
5009.

Fraser, 1.D., Pitts, D.P., Dyer, W.J., 1968. Nutiti® degradation and organoleptic
quality in fresh and thawed mackerel muscle heldaatl above ice
temperature. J. Fish. Res. Board Canada 25, 239-253

Frigg, M., Prabucki, A.L., Ruhdel, E.U., 1990. Effef dietary vitamin E levels on
oxidative stability of trout fillets. Aquaculture48145—-158.

Fuke, S., Konosu, S., 1991. Taste-active componentdme foods: A review of
Japanese research. Physiol. Behav. 49, 863—-868.

Gee, D.L., Brown, W.D., 1981. The effect of carbnonoxide on bacterial growth.
Meat Sci. 5, 215-222.

Geesink, G.H., Mareko, M.H.D., Morton, J.D., Bickeffe, R., 2001. Effects of
stress and high voltage electrical stimulation enderness of lamb m.
longissimusMeat Sci. 57, 265-271.

Geladi, P., Kowalski, B.R., 1986. Partial Least-&@s Regression: a tutorial. Anal.
Chim. Acta 185.

Gibson, R.J., 1993. The Atlantic salmon in freshtevaspawning, rearing and
production. Rev. Fish Biol. Fish. 73, 39-73.

Giese, J., 1995. Measuring physical propertie®ofi$. Food Technol. 49, 53-63.

Gil, L., Barat, J.M., Escriche, |., Garcia-Breijg,, Martinez-Mafez, R., Soto, J.,
2008a. An electronic tongue for fish freshness yamlusing a thick-film
array of electrodes. Microchim. Acta 163, 121-129.

Gil, L., Barat, J.M., Garcia-Breijo, E., Ibafiez, Martinez-Mafez, R., Soto, J.,
Llobet, E., Brezmes, J., Aristoy, M.-C., Toldra, R008b. Fish freshness
analysis using metallic potentiometric electrod&snsors Actuators B Chem.
131, 362-370.

76



Gill, T., 1995. Autolytic changes. In: Huss, H.HEd(), Quality and Quality Changes
in Fresh Fish [FAO Fisheries Technical Paper N&].38ood and Agriculture
Organization, Rome, italy, pp. 39-50.

Ginés, R., Valdimarsdottir, T., Sveinsdottir, Khdrarensen, H., 2004. Effects of
rearing temperature and strain on sensory charstoter texture, colour and
fat of Arctic charr Salvelinus alpinuys Food Qual. Prefer. 15, 177-185.

Gjerde, B., Martens, H., 1987. Predicting carcagnposition of rainbow trout by
Near-Infrared Reflectance Spectroscopy. J. AnineeBr Genet. 104, 137—-
148.

Goodrick, G.B., Frost, S.M., Paterson, B.D., ExI&S., 1998. Rested harvest
practices: the concept and techniques. In: Prongediom WEFTA “98. The
Western European Fish Technologists” AssociatioomEg, Norway.

Gray, J.l., 1978. Measurement of lipid oxidationreview. J. Am. Oil Chem. Soc.
55, 539-546.

Gregory, N.G., 1994. Preslaughter handling, stumrand slaughter. Meat Sci. 36,
45-56.

Gregory, N.G., 1998. Animal Welfare and Meat Sce&en€AB International,
Wallingford, UK.

Guyton, A.C., Hall, J.E., 2006. Textbook of Medigysiology. 11 ed. Saunders,
Elsevier, Philadelphia, USA.

Hultin, H.O. 1994. Oxidation of Lipids in Seafoods: Fereidoon, S., Botta, J.R.
(Eds.), Seafoods: Chemistry, Processing Technodogy Quality. Springer
UsS, pp. 49-74.

Haitula, T., Kiesvaara, M., Moran, M., 1993. Frests evaluation in European
whitefish Coregonus wartmanhduring chill storage. J. Food Sci. 58, 1212—
1215.

Hall, L.D., Evans, S.D., Nott, K., 1998. Measuremehtextural changes of food by
MRI relaxometry. Magn. Reson. Imaging 16, 485-492.

Halliwell, B., Gutteridget, J.M.C., 1984. Oxygerxiaty, oxygen radicals, transition
metals and disease. Biochem. J. 219, 1-14.

Harris, P., Tall, J., 1989. Rancidity in Fish. IhC., A., Hamilton, R.D. (Eds.),
Rancidity in Foods. Blackie, pp. 256—-273.

Hashimoto Y., 1965. Taste-producing substancesarnma products. In: Kreuzer, R.
(Ed.), The Technology of Fish Utilization. Londgp. 57-61.

Hatano, M., Takahashi, A.K., Onishi, A., Kameyam#¥,, 1989. Quality
standardization of fall chum salmon by digital irragrocessor. Nippon
Suisan Gakkaishi 55, 1427-1433.

77



Hedrik, H.B., Aberle, E.D., Forrest, J.C., MerklA., 1994. Conversion of Muscle
to Meat and Development of Meat Quality. Principlefs Meat Science.
Kendall/Hunt Publishing.

Hochachka, P.W., Mommsen, T.P., 1983. Protons aadrabiosis. Science (80-. ).
219, 1391-1397.

Howgate, P., 2005. Kinetics of degradation of adem®triphosphate in chill-stored
rainbow trout Oncorhynchus mykigsint. J. Food Sci. Technol. 40, 579-588.

Howgate, P., 2006. A review of the Kkinetics of detation of inosine
monophosphate in some species of fish during chilerage. Int. J. Food
Sci. Technol. 41, 341-353.

Hsieh, P.P., Chow, C.J., Chu, Y.J., Chen, W.L.,8l€hange in color and quality of
tuna during treatment with carbon monoxide gaBodd Drug Anal. 6.

Huidobro, A., Mendes, R., Nunes, M.L., 2014. Slaaghg of gilthead seabream
(Sparus auratp in liquid ice: influence on fish quality. Eur. 80 Res.
Technol. 213, 267-272.

Huss, H.H., 1988. Fresh fish-quality and qualityamtpes. FAO, Danish Int. Dev.
Agency Series No. 29.

Huss, H.H., 1995. Quality and quality changes @slirfish. Rome FAO Fish. Tech.
Pap. No. 348, 195.

Hyldig, G., Nielsen, D., 2001. A review of sensanyd instrumental methods used to
evaluate the texture of fish muscle. J. Texturel S32, 219-242.

Ishiwata, H., Takeda, Y., Kawasaki, Y., Yoshida, Bugita, T., Sakamoto, S.,
Yamada, T., 1996. Concentration of carbon monoxideommercial fish
flesh and in fish flesh exposed to carbon monoxjde for color fixing. J.
Food Hyg. Soc. Japan 37, 83-90.

Iwamoto, M., Yamanaka, H., Watabe, S., Hashimotq, 1087. Effect of storage
temperature on rigor-mortis and ATP degradationplaice Paralichthys
olivaceusmuscle. Food Sci. 52, 1514-1517.

Izquierdo-Pulido, L.M., Hatae, K., Haard, N.F., 29Nucleotide catabolism and
changes in texture indices during ice storage tfied sturgeonAcipenser
transmontanus]. Food Biochem. 16, 173-192.

Jackson, J.E., 1991. A User’s Guide to Principaim@onent. John Wiley & Sons.,
New York (U.S.A)).

Janssens, P.A., Waterman, J., 1988. Hormonal régulaf gluconeogenesis and

glycogenolysis in carpdyprinus carpid liver pieces cultured in vitro. Comp.
Biochem. Physiol. Part A Physiol. 91, 451-455.

78



Jerret, A.., Holland, A.J., Cleaver, S.E., 1998gdRiContractions in “rested” and
“partially exercised” chinook salmon white muscles affected by
temperature. J. Food Sci. 63, 53-56.

Jerrett, A.R., Stevens, J., Holland, A.J., 1996slle properties of white muscle in
rested and exhausted chinook salm@mdorhynchus tshawytschal. Food
Sci. 61, 527-532.

Jittinandana, S., Kenney, P.B., Slider, S.D., MaBk Bebak-William, J., Hankins,
J.A., 2003. Effect of fish attributes and handlstgess. J. Food Sci. 68, 1-7.

Jones, N.R., Murray, J., Livingston, E.l., Murr&/.K., 1964. Rapid estimations of
hypoxanthine concentrations as indices of the fres of chill-stored fish. J.
Sci. Food Agric. 15, 763-774.

Kalin, J.R., 1996. Diagnosis of Carbon Monoxideddaing by Current Approaches
in forensic Toxicology. In: Habben, K. (Eds.), Ganmt Approaches in
Forensic Toxocology.

Karube, |., Matsuoka, H., Suzuki, S., Watanabe, Eqyama, K., 1984.
Determination of fish freshness with an enzyme sesgstem. J. Agric. Food
Chem. 32, 314-319.

Kawai, M., Okiyama, A., Ueda, Y., 2002. Taste erdeanents between various
amino acids and IMP. Chem. Senses 27, 739-45.

Kestin, S.C., Robb, D.H.F., Wotton, S.B., WarriBsD., 1997. The Effect of Two
Methods of Electrical Stunning on Carcass Haemgebkain Trout. In:
Proceedings of the European Aquaculture Society tiNige
Throndeim,Norway, pp. 46—47.

Kestin, S.C., Wootton, S.B., Gregory, N.G., 199ffe& of slaughter by removal
from water on visual evoked activity in the braindareflex movement of
rainbow trout Oncorhynchus mykissvet. Rec. 128, 443-446.

Kestin, S.C., Wotton, S.B., Adam, S., 1995. Theedffof CQ, concussion or
electrical stunningof rainbow trouDacorhynchus mykison fish welfare.
In: Quality in Aquaculture. European Aquaculturecigty, Ghent, Belgium,
Special publication 23, pp. 380-381.

Kiessling, A., Espe, M., Ruohonen, K., Mgrkare, Z004. Texture, gaping and
colour of fresh and frozen Atlantic salmon fleshaffiected by pre-slaughter
iso-eugenol or CPanaesthesia. Aquaculture 236, 645-657.

Kottelat, M., Freyhof, J., 2007. Handbook of Eurapé-reshwater Fishes (Vol. 13).
Cornol: Publications Kottelat.

Kress-Rogers, E., 2001. Sensors for Food FlavodrReashness: Electronic Noses,
Tongues and Testers. CRC Press: Boca Raton, FL)2853-662. In: Kress-
Rogers, E., Brimelow, C. (Eds.), Instrumentatiomn &ensors for the Food
Industry. Woodhead Publishing Limited, Cambridg&, p. 568-574.

79



Kristinsson, H., Demir, N., 2003. Functional Pratdsolates from Underutilized
Tropical and Subtropical Fish Species and Bypraduet Bechtel, P. (Ed.),
Advances in Seafood Byproducts. Univ. of AlaskasBreAnchorage, Alaska,
pp. 277-298.

Kuhlmann, H., Munkner, W., 1996. Gutacterliche bigjnahme zum
tierschutzgerechten BetubenTuten von Aalen in gral Mengen. Fischer
and Teichwirt 47, 404—-495.

Lambooij, E., Van De Vis, J.W., Kloosterboer, R,.Rieterse, C., 2002a. Evaluation
of head-only and head-to-tail electrical stunnirfgfarmed eels Anguilla
anguilla, L.) for the development of a humane slaughtethogkt Aquac. Res.
33, 323-331.

Lambooij, E., Van de Vis, J.W., Kloosterboer, RBieterse, C., 2002b. Welfare
aspects of live chilling and freezing of farmed é&hguilla anguillaL.):
neurological and behavioural assessment. AQuaeu®id, 159—-169.

Lambooij, E., Van de Vis, J.W., Kuhlmann, H., MueknW., Oehlenschlager, J.,
Kloosterboer, R.J., Pieterse, C., 2002c. A feasilethod for humane
slaughter of eelAnguilla anguillaL.): electrical stunning in fresh water prior
to gutting. Aquac. Res. 33, 643—-652.

Lanier, T.C., Carpenter, J.A., Toledo, R.T., ReaganO., 1978. Metmyoglobin
reduction in beef systems as affected by aeromeembic and carbon
monoxide-containing environments. J. Food Sci.l¥88-1792.

Leach, G.J., Taylor, M.H., 1980. The role of catign stress-induced metabolic
changes ifFundulus heteroclitusGen. Comp. Endocrinol. 42, 219-227.

Legin, A., Rudnitskaya, A., Vlasov, Y., 2002. Electic Tongues: sensors, systems,
applications. Sensors Updat. 10, 143—-188.

Lin, M., Mousavi, M., Al-Holy, M., Cavinato, A.GRasco, B.A., 2006. Rapid Near
Infrared Spectroscopic method for the detectiospdilage in rainbow trout
(Oncorhynchusmykiséillet. J. Food Sci. 71, 18-23.

Liu, J., Yu, Z., Guo, S., Lee, S.-R., Xing, C., AgaC., Gao, Y., Nicholls, D.G., Lo,
E.H., Wang, X., 2009. Effects of neuroglobin ovemssion on
mitochondrial function and oxidative stress follagihypoxia/reoxygenation
in cultured neurons. J. Neurosci. Res. 87, 164-170.

Lowe, T.E., Ryder, J.M., Carragher, J.F., WellsMRz., 1993. Flesh quality in
snhapper,Pagrus auratus affected by capture stress. J. Food Sci. 58, 770-
773,796.

Luciano, G., Pauselli, M., Servili, M., Mourvak,,Eerra, A., Monahan, F.J., Lanza,
M., Priolo, A., Zinnai, A., Mele, M., 2013. Dietarglive cake reduces the
oxidation of lipids, including cholesterol, in lambneat rich in
polyunsaturated fatty acids. Meat Sci. 93, 703-714.

80



Luten, J.B., Martinsdottir, E., 1997. QIM: a EurapeTool for Fish Freshness
Evaluation in the Fishery Chain. In: Olafsdéttir,, Guten, J., Dalgaard, P.,
Careche, M., Verrez-Bagnis, V., Martinsdaéttir, Heia, K. (Eds.), Methods
to Determine the Freshness of Fish in Researchiratistry. Paris, France,
pp. 287-296.

Macagnano, A., Careche, M., Herrero, A., PaoleRseMartinelli, E., Pennazza, G.,
Carmona, P., D’Amico, A., Natale, C. Di, 2005. A deb to predict fish
quality from instrumental features. Sensors ActtaBChem. 111-112, 293—
298.

Mantilla, D., Kristinsson, H.G., Balaban, M.O., Gty W.S., Chapman, F. A.,
Raghavan, S., 2008. Carbon monoxide treatmentapart and retain muscle
color in tilapia fillets. J. Food Sci. 73, C390-Q39

Martins, C.I.M., Galhardo, L., Noble, C., Damsgéid, Spedicato, M.T., Zupa, W.,
Beauchaud, M., Kulczykowska, E., Massabuau, J@arter, T., Planellas,
S.R., Kristiansen, T., 2012. Behavioural indicatorsvelfare in farmed fish.
Fish Physiol. Biochem. 38, 17-41.

Marx, H., Brunner, B., Weinzierl, W., Hoffmann, RStolle, A., 1997. Methods of
stunning freshwater fish: impact on meat qualityd aspects of animal
welfare. Zeitschrift fur Leb. und Untersuschring$ah. 204, 282—-286.

Mazur, C.F., lwama, G.K., 1993. Effect of handliagd stocking density on
hematocrit, plasma cortisol, and survival in wilttehatchery-reared chinook
salmon Oncorhynchus tshawytscha\quaculture 112, 291-299.

Mc Donald, D.G., Milligan, C.L., 1997. lonic, Osnmand Acid-Base Regulation in
Stress. In: lwama, G.K., Pickering, A.D., SumptePR., Schreck, C.B. (Eds.),
Fish Stress and Health in Aguaculture. Society BEaperimental Biology,
Cambridge, pp. 119-144.

Mendl, M., Paul, E.S., 2004. Consciousness, emaiwh animal welfare: Insights
from cognitive science. Animal Welfare.

Merkin, G. V., Roth, B., Gjerstad, C., Dahl-Paulsén Nortvedt, R., 2010. Effect of
pre-slaughter procedures on stress responses arel qamality parameters in
sea-farmed rainbow troubfcorhynchus mykissAquaculture 309, 231-235.

Milligan, C.L., Girard, S.S., 1993. Lactate metadwl in rainbow trout. J. Exp. Biol.
180, 175-193.

Milo, C., Grosch, W., 1996. Changes in the odoraftboiled salmon and cod as
affected by the storage of the raw material. J.iAdfood Chem. 44, 2366—
2371.

Milo, C., Grosch, W., Forschungsanstalt, D., GarghD.-, 1995. Detection of Odor

defects in boiled cod and trout by Gas Chromatdgraplfactometry of
Headspace samples. J. Agriculture Food Chem. 48,482.

81



Mishima, T., Nonaka, T., Okamoto, A., Tsuchimoto,, Mhiya, T., Tachibana, K.,
Tsuchimoto, M., 2005. Influence of storage tempees and Kkilling
procedures on post-mortem changes in the musd@rse mackerel caught
near Nagasaki Prefecture, Japan. Fish. Sci. 751081

Misimi, E., Erikson, U., Digre, H., Skavhaug, A.akhiassen, J.R., 2008. Computer
vision-based evaluation of pre- and postrigor cleanigp size and shape of
Atlantic cod Gadus morhupand Atlantic salmonSalmo salay fillets during
rigor mortis and ice storage: effects of perimorteamdling stress. J. Food
Sci. 73, E57-E68.

Mommsen, T.P., Vijayan, M.M., Moon, T.W., 1999. @sol in teleosts dynamics,
mechanisms of action, and metabolic regulation.. Resh Biol. Fish. 9, 211—
268.

Mommsen, T.P., Walsh, P.J., Perry, S.F., Thomab).\\AL988. Interactive effects of
catecholamines and hypercapnia on glucose produchioisolated trout
hepatocytes. Gen. Comp. Endocrinol. 70, 63—-73.

Markare, T., Hansen, S.J., Rarvik, K.A., 2006. Retee of Storage Temperature
for Contraction and Gaping of Prerigor Filleted rhad Cod Gadus morhua
L.). In: Seafood Research from Fish to Dish: Quyal8afety and Processing
of Wild and Farmed Fish. pp. 173-184.

Morrison, W.R., Smith, L.M., 1964. Preparation aitty acid methyl esters and
dimethylacetals from lipids with boron fluoride-raabl. J. Lipid Res. 3, 600—
608.

Morzel, M., Sohier, D., Van de Vis, H., 2002. Eation of slaughtering methods for
turbot with respect to animal welfare and fleshliqual. Sci. Food Agric. 83,
19-28.

Morzel, M., Van De Vis, H., 2003. Effect of the stgnter method on the quality of
raw and smoked eeléiGguilla anguillaL.). Aquac. Res. 34, 1-11.

Nakayama, T., Da-Jia, L., Ooi, A., 1992. Tensioarde of stressed and unstressed
carp muscles in isometric rigor contraction andolgson. Nippon Suisan
Gakkaishi 58, 1517-1522.

Nakayama, T., Ooguchi, N., A Ooi, A., 1999. Chamgeaigor mortis of red sea-
bream dependent on season and killing method. B&h65, 284—-290.

Nakayama, T., Toyoda, T., Ooi, A., 1996. Delayigor mortis of red sea-bream by
spinal cord destruction. Fish. Sci. 62, 478-482.

Nickell, D.C., Springate, J.R.C., 2001. Pigmentatiof Farmed Salmonids. In:

Kestin, S.C., Warriss, P.D. (Ed.), Fishing News BnoOxford, UK.:
Blackwell Science, Malden, MA., pp. 58-75.

82



Ochiai, Y., Chow, C.-J., Watabe, S., Hashimoto, 3088. Evaluation of tuna meat
discoloration by Hunter color difference scale. pop Suisan Gakkaishi 54,
649-653.

Ofstad, R., Grahl-Madsen, E., Soldberg, T., 1990lizdtion of herring Clupea
harengu$ and cod Gadus morhugfillet waste for the production of surimi
based spread products. In: International Instituted Refrigeration (Ed.),
Chilling and Freezing of New Fish Products. Pais,29-35.

Olafsdottir, G., Chanie, E., Westad, F., JonsdoRir, Thalmann, C.R., Bazzo, S.,
Labreche, S., Marcq, P., And, F.L., Haugen, J.BQ42 Food prediction of
microbial and sensory quality of cold smoked Atlarsialmon Salmo salay
by Electronic Nose. J. Food Sci. 70, S563-S574.

Olafsdottir, G., Martinsdéttir, E., Oehlenschlagdr, Dalgaard, P., Jensen, B.,
Undeland, ., Mackie, .M., Henehan, G., Nielsen, Nilsen, H.,1997.
Methods to evaluate fish freshness in researchirathgstry. Trend Food Sci.
Technol.8(8), 258-265.

Olsen, R.E., Mortensen, A., 1997. The influence diétary astaxanthin and
temperature on flesh colour in Arctic ch&alvelinus alpinug. Aquac. Res.
28, 51-58.

Ortufio, J., Esteban, M.A., Meseguer, J., 2002. ldakffect of combining different
stressors on innate immune responses of seabi®panus aurata..). Vet.
Immunol. Immunopathol. 84, 17-27.

Ottavian, M., Facco, P., Fasolato, L., Novelli, Hirisola, M., Perini, M., Barolo,
M., 2012. Use of near-infrared spectroscopy fort firaud detection in
seafood: application to the authentication of widiropean sea bass
(Dicentrarchus labrak J. Agric. Food Chem. 60, 639—-648.

Ottavian, M., Fasolato, L., Serva, L., Facco, Rardb, M., 2013. Data Fusion for
food authentication: fresh/frozen—thawed discrirtiora in West African
Goatfish Pseudupeneus prayensifillets. Food Bioprocess Technol. 7,
1025-1036.

Ozogul, Y., Ozogul, F., 2004. Effects of slaughigrmethods on sensory, chemical
and microbiological quality of rainbow trouDfichorynchus mykisstored in
ice and MAP. Eur. Food Res. Technol. 219, 211-216.

Parisi, G., Mecatti, M., Lupi, P., Scappini, F.,liPB.M., 2002. Comparison of five
slaughter methods for European sea bass. Changesmnoétric contraction
force and pH during the first 24 hours post mortémAquaculture Europe.
pp. 417-418.

Parkhouse, W., Dobson, G., Hochachka, P., 1988artizgtion of energy provision
in rainbow trout during exercise. Am. J. Physiofi2R302—R309.

Pearce, T.C., Shiffman, S.S., Nagle, T., 2003. Haol of Machine Olfaction.
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

83



Peris, M., Escuder-Gilabert, L., 2009. A%2gentury technique for food control:
Electronic Noses. Anal. Chim. Acta 638, 1-15.

Pickering, A.D., 1981. Introduction: the ConceptBiblogical Stress. In: Pickering,
A.D. (Ed.), In Stress and Fish. Academic Pressdoonpp. 1-9.

Pickering, A.D., Pottinger, T.G., 1985. Factordueficing Blood Cortisol Levels of
Brown Trout Under Intensive Culture Conditions. Lofts, B., Holms, W.N.
(Eds.), Current Trends in Endocrinology. Hong Kahgversity, Hong Kong,
China, pp. 1239-1242.

Pickering, A.D., Pottinger, T.G., 1995. Biochemi&dlects of Stress. In: Hochachka,
P.W., Mommsen, T.P. (Eds.), Biochemistry and Mal@cBiology of Fishes.
Elsevier, Amsterdam, pp. 349-379.

Pickering, A.D., Pottinger, T.G., Christie, P., 29&Recovery of the brown trout,
Salmo truttal.., from acute handling stress: a time-courseystddFish Biol.
20, 229-244.

Poli, B. M., 2009. Farmed fish welfare-sufferings@ssment and impact on product
quality. Italian Journal of Animal Science, 8(153,7-160.

Poli, B.M., Parisi, G., Scappini, F., Zampacavalto, 2005. Fish welfare and quality
as affected by pre-slaughter and slaughter managemquac. Int. 13, 29—
49.

Poli, B.M., Zampacavallo, G., lurzan, F., de Frawoe M., Mosconi, M., Parisi, G.,
2002. Biochemical stress indicators changes inbssa as influenced by the
slaughter method. In: International Conference Agltare Europe on Sea
Farming Today and Tomorrow. Trieste, Italy, pp.-4430.

Pottinger, T.. G., Carrick, T.R., Appleby, A., Yeans, W.E., 2000. High blood
cortisol levels and low cortisol receptor affinitis the chub,Leuciscus
cephalusa cortisol-resistant teleost? Gen. Comp. Endotrit20, 108-17.

Pottinger, T.G., 2008. The Stress Response in Misthanisms, Effects and
Measurement. In: Branson, E.J. (Ed.), Fish Welfandley-Blackwell,
Oxford, UK.

Prescott, L.M., Harley, J.P., Klein, D.A., 1996. dvtibiology. Wm. C. Brown
Publishers, Dubuque.

Rasco, B. A., Miller, C.E., King, T.L., 1991. Utiation of NIR spectroscopy to
estimate the proximate composition of trout muselth minimal sample
pretreatment. J. Agric. Food Chem. 39, 67-72.

Reddy, P.K., Leatherland, J.F., 1988. Stress PloggioIn: Leatherland, J.F., Woo,

P.T.K. (Eds.), Fish Diseases. Vol.2: Non-Infectioldsorders. CAB
International, Wallingford, UK, pp. 279-301.

84



Refsgaard, H.H.F., Brockhoff, P.M., Jensen, B.,8l%ensory and chemical changes
in farmed Atlantic salmonSalmo salayr during frozen storage. 46(9), 3473-
3479. J. Agric. Food Chem. 46, 3473-3479.

Regulation Council (EC), 1996. Laying down commoarketing standards foe
certain fishery products. Off. J. Eur. Communion Ne334/2. 23.12.1996.

Reuss, S., Saaler-Reinhardt, S., Weich, B., WysBupReuss, M., Burmester, T.,
Hankeln, T., 2002. Expression analysis of neuraglamRNA in rodent
tissues. Neuroscience 115, 645-656.

Robb, D.H.., Kestin, S.C., 2002. Methods used tbfish: field observations and
literature reviewed. Anim. Welf. 11, 269-282.

Robb, D.H.F., Kestin, S.C., Warriss, P.D., 2000aishe activity at slaughter: I.
Changes in flesh colour and gaping in rainbow tréwfuaculture 182, 261—
269.

Robb, D.H.F., O’ Callaghan, M., Lines, J.A., Kest$C., 2002. Electrical stunning
of rainbow trout Oncorhynchus mykiksfactors that affect stun duration.
Aquaculture 205, 359-371.

Robb, D.H.F., Roth, B., 2003. Brain activity of &ttic salmon $almo salay
following electrical stunning using various fielttengths and pulse durations.
Aquaculture 216, 363—-369.

Robb, D.H.F., Warris, P., 1997. How killing methaaféect salmonid quality. Fish
Farmer 48-49.

Robb, D.H.F., Wotton, S.B., McKinstry, J.L., SgrensN.K., Kestin, S.C., 2000b.
Commercial slaughter methods used on Atlantic salmdetermination of the
onset of brain failure by electroencephalograptst. Rec. 147, 298-303.

Robb, D.F.H., 2001. The Relationship Between KgliMethods and Quality. In:
Kestin, S.C., Warriss, P.D. (Eds.), Farmed Fishl@ualackwell Science,
Oxford, pp. 220-233.

Rodriguez-Méndez, M.L., Gay, M., Apetrei, C., DejaSal. A., 2009. Biogenic
amines and fish freshness assessment using a enslis system based on
voltammetric electrodes. Comparison between CPE aagken-printed
electrodes. Electrochim. Acta 54, 7033—-7041.

Rarvik, K.-A., Skjervold, P.O., Fjaera, S.O., Mor&pT., Steien, S.H., 2001. Body
temperature and seawater adaptation in farmed t#tlaalmon and rainbow
trout during prolonged chilling. J. Fish Biol. 5380-337.

Rose, J.D., 2002. The neurobehavioral nature béfisand the question of awareness
and pain. Rev. Fish. Sci. 10, 1-38.

Roth, B., 2003. Electrical stunning of Atlantic m@n Salmo salay. University of
Bergen, Norway.

85



Roth, B., Imsland, A., Moeller, D., Slinde, E., Z0Effect of electric field strength
and current duration on stunning and injuries inkegsized Atlantic salmon
held in seawater. North Amercian J. Aquac. 65, 8-13

Roth, B., Moeller, D., 1999. Use of elettronarcasisaquaculture. In: Aquaculture
Europe 1999: Towards Predictable Quality. Europ&goaculture Society,
Ghent, Belgium., Trondheim, Norway, Special Pulticoca N°27, pp. 203—
204.

Roth, B., Moeller, D., Veland, J.O., Imsland, Alin8e, E., 2002. The effect of
stunning methods on rigor mortis and texture prioperof Atlantic salmon
(Salmo salay. J. Food Sci. 67, 1462—-1466.

Ruane, N.M., Komen, H., 2003. Measuring cortisothe water as an indicator of
stress caused by increased loading density in conmoagp Cyprinus carpig.
Aquaculture 218, 685—-693.

Ruff, N., FitzGerald, R.D., Cross, T.F., Teurtrig,, Kerry, J.P., 2002. Slaughtering
method and dietarg-tocopheryl acetate supplementation affect rigortimo
and fillet shelf-life of turboScophthalmus maximus Aquac. Res. 33, 703—
714.

SAS, 2004. SAS/STAT User’s Guide (Release 9.1) 848 Inc., Cary NC, USA.

Sanson, K.T., 1998. Thé&accus vasculosugn fish: a morphological study.
University of Bergen, Bergen.

Sawyer, F.M., Cardello, A. V., Prell, P.A., 198&rGumer evaluation of the sensory
properties of fish. J. Food Sci. 53, 12-18.

Sawyer, F.M., Cardello, A. V., Prell, P.A., Johns&nA., Segars, R.A., Maller, O.,
Kapsalis, J., 1984. Sensory and instrumental etialueof snapper and
rockfish species. J. Food Sci. 49, 727-733.

Scherer, R., Augusti, P.R., Steffens, C., BochC.YHecktheuer, L.H., Lazzari, R.,
RadiiNz-Neto, J., Pomblum, S.C.G., Emanuelli, TQR2Effect of slaughter
method on postmortem changes of grass c@tenppharyngodon idelja
stored in ice. Food Chem. Toxicol. 70, 348—-353.

Schreck, C.B., 1981. Stress and Competition inast&an Fish: Response to Social
and Physical Factors. In: Pickering, A.D. (Ed.)eS$ and Fish. Academic
Press, London, pp. 295-321.

Schulte, P.M., Moyes, C.D., Hochachka, P.W., 198@grating metabolic pathways
in post-exercise recovery of white muscle. J. Bipl. 166, 181-95.

Seber, G.A.F., 1984. Multivariate Observation. JaMitey & Sons, Hoboken, NJ
(U.S.A).

Sharaf, M.A., lllman, D.L., Kowalski, B.R., 1986.h€mometrics, Chemometrics.
John Wiley & Sons, New York (U.S.A)).

86



Sheridan, M.A., 1988. Lipid dynamics in fish: asfseaf absorption, transportation,
deposition and mobilization. Comp. Biochem. Phy$0B, 679-690.

Sheridan, M.A., 1994. Regulation of lipid metabulign poikilothermic vertebrates.
Comp. Biochem. Physiol. 107, 495-508.

Shewan, J.M., Macintosh, R.G., Tucker, C.G., Eheegb A.S.C., 1953. The
development of a numerical scoring system for #ressry assessment of the
spoilage of wet white fish stored in ice. J. Scio#& Agric. 4, 283—-298.

Sigholt, T., Erikson, U., Rustad, T., JohansenN®rdtvedt, T.S., Seland, A., 1997.
Handling stress and storage temperature affect qesity of farmed-raised
Atlantic salmon $almo sala). J. Food Sci. 62, 898-905.

Sigurgisladottir, S., Hafsteinsson, H., Jonsson,LAe, O., Nortvedt, R., Thomassen,
M., Torrissen, O., 1999. Textural properties of isalmon fillets as related to
sampling method. J. Food Sci. 64, 99-104.

Sigurgisladottir, S., Ingvarsdottir, H., TorrisséhJ., Cardinal, M., 2000a. Effects of
freezing/thawing on the microstructure and the uextof smoked Atlantic
salmon Salmo salay fillets. Food Res. Int. 33, 857-865.

Sigurgisladottir, S., Sigurdardottir, M.S., Toress O., Luc, J., 2000b. Effects of
different salting and smoking processes on theastoucture, the texture and
yield of Atlantic salmon$almo salayfillets. Food Res. Int. 33, 847-855.

Sikorski, Z., Sun Pan, B., 1994. Preservation @f&ad. In: Shahidi, F., Botta, J.R.
(Eds.), Seafoods: Chemistry, Processing Technokrgy Quality. Blackie
Academic Press & Professional, pp. 169-195.

Siu, G.M., Draper, H.H., 1978. A survey of the nmalwlehyde content of retail
meats and fish. J. Food Sci. 43, 1147-1149.

Skjervold, P.O., 2002. Live-chilling and pre-rigiteting of salmonids: technology
affecting physiology and product quality. AgricutiiUniversity of Norway.

Skjervold, P.O., Fjeera, S.0., Fstby, P.B., 199g0Rin Atlantic salmon as affected
by crowding stress prior to chilling before slawgghtAquaculture 175, 93—
101.

Skjervold, P.O., Fjeeraa, S.O., @stby, P.B., Ein@®n, 2001. Live-chilling and
crowding stress before slaughter of Atlantic salm{@@®almo sala).
Aquaculture 192, 265-280.

Smart, G., 2001. Problems of Sea Bass and Sea Bpewfity in the Mediterranean.
In: Farmed Fish Quality. Blackwell Science Ltd.,f@xl, England, pp. 121—
8.

Smith, A.S. (2001) Laboratory Animal Science. In:Hem, D.M. Eide, E. Engh and
A.S. Smith (Eds), Oslo, Norway.

87



Sneddon, L.U., 2003. The evidence for pain in figle use of morphine as an
analgesic. Appl. Anim. Behav. Sci. 83, 153-162.

Sneddon, L.U., Braithwaite, V.A., Gentle, M.J., 3@0Novel object test: examining
nociception and fear in the rainbow trout. J. PRin31-440.

Sneddon, L.U., Braithwaite, V.A., Gentle, M.J., 300 Do fishes have nociceptors?
Evidence for the evolution of a vertebrate sensystem. Proc. Biol. Sci.
270, 1115-21.

Snyder, J.M., King, J.W., 1994. Analysis of volattompounds from supercritical
extracted soybeans by headspace gas chromatograghhermal desorption
of a polymer adsorbent. J. Sci. Food Agric. 64,-2Z58.

Solberg, C., Fredriksen, G., 2001. Analysis ofdatl dry matter in capelin by near
infrared transmission spectroscopy. J. Near Infr&pectrosc. 9, 221-228.

Sgrheim, O., Nissen, H., Nesbakken, T., 1999. Theage life of beef and pork
packaged in an atmosphere with low carbon monoxidé high carbon
dioxide. Meat Sci. 52, 157-164.

StatBox software V. 6.5, 1997-2002. Grimmer Lodidraris.

Stetter, B.J.R., Penrose, W.R., 2002. Understandmggnical sensors and chemical
sensor arrays (Electronic Noses): past, presedtfudare. Sensors Updat. 10,
189.

Sumpter, J.P., 1997. The Endocrinology of Strassiwama, G.K., Pickering, A.D.,
Sumpter, J.P., Schreck, C.B. (Eds.). Cambridge éfsity Press, Cambridge,
pp. 95-118.

Sun, Y., Jin, K., Mao, X.0., Zhu, Y., GreenbergAD.2001. Neuroglobin is up-
regulated by and protects neurons from hypoxicdasth injury. In:
Proceedings of the National Academy of ScienceshefUnited States of
America. pp. 15306-15311.

Sylvia, G., Morrissey, M.T., Graham, T., Garcia, 895. Organoleptic qualities of
farmed and wild salmon. J. Aquat. Food Prod. Tethhdb1-64.

Szczesniak, A.S., 1998. Sensory texture profilingstorical and scientific
perspectives. Food Technol. 52, 54-57.

Thomas, P.M., Pankhurst, N.W., Bremner, H.A., 19%Be effect of stress and
exercise on post-mortem biochemistry of Atlantityem and rainbow trout.
J. Fish Biol. 54, 1177-1196.

Tozawa, H., Erokibara, K., Amano, K., 1971. Progb$dodification of Dyer’'s

Method for Trimethylamine Determination in Codfisim: Fish Inspection
and Quality Control. pp. 187-190.

88



Turner, J.W.., Nemeth, R., Rogers, C., 2003. Measent of fecal glucocorticoids
in parrotfishes to assess stress. Gen. Comp. Endbck33, 341-352.

Ultsch, G.R., M.E. Ott, Heisler, N., 1981. Acid-baand electrolyte status in carp
(Cyprinus carpi9 exposed to low environmental pH. J. Exp. Biol, 63-80.

Van De Vis, H., Kestin, S., Robb, D.H.F., Oehlertagkr, J., Lambooij, B.,
Munkner, W., Kuhlmann, H., Kloosterboer, K., Tejadd4., Huidobro, A.,
Ottera, H., Roth, B., Sorensen, N.K., Akse, L.,m8yrH., Nesvadba, P., 2003.
Is humane slaughter of fish possible for indusikg®ac. Res. 34, 211-220.

Van De Vis, H., Oehlenschlager, J., Kuhlmann, Hynkher, W., Robb, D.H.F.,
Schelvis-Smith, A.A.M., 2001. Commercial and Expexntal Slaughter of
Eel (Anguilla anguillg L.): effect on quality and welfare. In: Kestin,CS,
Warriss, P.D. (Eds.), Farmed Fish Quality. FishNeyv Books, Oxford, UK,
pp. 234-257.

Van de Vis, J.W. Oehenschlager, J., Kuhimann, Hunkter, W., D.H.F., R,
Schelvis-Smith, A.A.M., 2002. Effect of Commerciahd Experimental
Slaughter of EelsAnguilla anguillg on Quality and Welfare. In: Kestin,
S.C., Warriss, P.D. (Eds.), Farmed Fish QualitycBlvell Science, Oxford,
U.K.

Van Laack, R.L.J.M., Liu, C.H., Smith, M.O., Loveddl.D., 2000. Characteristics
of pale, soft, exudative broiler breast meat. P&dt. 79, 1057-1061.

Veland, J.O., Torrissen, 0.J., 1999. The texture Atfantic salmon $almo
salamuscle as measured instrumentally using TPA andn&/&razler
shear test. J. Sci. Food Agr. 79, 1737-1746.

Verhejien, F.J., Flight, W.F.G., 1997. Decapitatimd brining: experimental tests
show that after these commercial methods for shaugty of eel, Anguilla
anguillaL., death is not instantaneous. Aquac. Res. 2B-366.

Vijayan, M.M., Ballantyne, J.S., Leatherland, JJ291. Cortisol-induced changes in
some aspects of the intermediary metabolisnsalielinus fontinalisGen.
Comp. Endocrinol. 82, 476-486.

Vijayan, M.M., Moon, T.W., 1992. Acute handling ets alters hepatic glycogen
metabolism in food-deprived rainbow tror{corhynchus mykissCan. J.
Fish. Aquat. Sci. 49, 2260-2266.

Vijayan, M.M., Pereira, C., Grau, E.G., lwama, G.K997. Metabolic responses
associated with confinement stress in tilapia: tbke of cortisol. Comp.
Biochem. Physiol. Part C Pharmacol. Toxicol. Enduadr 116, 89-95.

Waagbg, R., Sandnes, K., Torrissen, O.J., Sandvjrie, &., 1993. Chemical and
sensory evaluation of fillets from Atlantic salm@¢8almo salay fed three
different levels of n-3 polyunsaturated fatty acadswo levels of vitamin E.
Food Chem. 46, 361-366.

89



Wageneder, F.M., Schuy, S., 1967. Electro-therapeslgep and electro-anesthesia.
In: Proceedings of the First International SympwosiltExcerpta Mediaca
Foundation, Graz, Austria.

Wall, A.J., 2001. Ethical Considerations in the Hlamg and Slaughter of Farmed
Fish. In: Kestin, S.C., Warriss, P.D. (Eds.), Fainkésh Quality. Blackwell
Science, Oxford, pp. 108-115.

Wardle, C., 1997. Welfare of Farmed Salmon and thpa Post Harvest Quality.
In: Robb, D. (Ed.), Minutes of Workshop: Welfare Bish at Slaughter.
University of Bristol, U.K.

Waring, C.P., Stagg, R.M., Poxton, M.G., 1996. €Hects of handling on flounder
(Platichthys flesu4..) and Atlantic salmonSalmo salar.). J. Fish Biol. 41,
131-144.

Wedemeyer, G.A., Barton, B.A., McLeay, D.J., 199ress and Acclimation. In:
Schreck, C.B., Moyle, P.B. (Eds.), Methods. forhFBiology. American
Fisheries Society, Bethesda, MD, pp. 451-489.

Wells, B.Y.R.M.G., Weber, R.E., 1990. Short comneation the spleen in hypoxic
and exercised rainbow. J. Exp. Biol. 466, 461-466.

Wendelaar-Bonga, S.E.W., 1997. The stress resporish. Physiol. Rev. 77, 591—
625.

Westerhuis, J.A., Kourti, T., MacGregor, J.F., 198®alysis of multiblock and
hierarchical PCA and PLS models. J. Chemom. 125-391

White, A., Handler, P., Smith, E., 1973. PrinciplEfsBiochemistry. ¥ ed. Book
Company, McGraw-Hill, New York.

Wood, C.M., 1991. Acid-base and ion balance, mdisio and their interactions,
after exhaustive exercise. J. Exp. Biol. 160, 288-3

Wood, C.M., Perry, S.F., 1985. Respiratory, Cirtutg and Metabolic Adjustments
to Exercise in Fish. In: Gilles, R. (Ed.), Circutat, Respiration, and
Metabolism. Springer-Verlag, Berlin, pp. 2-22.

Xiccato, G., Trocino, A., Tulli, F., Tibaldi, E.,0B4. Prediction of chemical
composition and origin identification of europeasa shass ficentrarchus
labrax L.) by Near Infrared Reflectance Spectroscopy @)IRFood Chem.
86, 275-281.

Yamamoto, Y., Brodsky, M.H., Baker, J.C., Ames, B.N987. Detection and
characterization of lipid hydroperoxides at picoenolevels by high-
performance liquid chromatography. Anal. Bioche®0,17-13.

York, R.K., Sereda, L.M., 1994. Sensory AssessnmantQuality in Fish and

Seafoods. In: Fereidoon, S., Botta, J.R. (Eds.)afd®els: Chemistry,
Processing Technology and Quality. Springer US238-262.

90



Young, K.W., Whittle, K.J., 1985. Colour measuremehfish minces using hunter
L, a, b values. J. Sci. Food Agric. 36, 383—392.

Ytrestayl, T., Struksnaes, G., Koppe, W., Bjerkedg,2005. Effects of temperature
and feed intake on astaxanthin digestibility andtabelism in Atlantic
salmon,Salmo salar Comp. Biochem. Physiol. B. Biochem. Mol. Biol.214
445-55.

Zampacavallo, G., Scappini, F., Mecatti, M., lurz&n Mosconi, G., Poli, B.M.,
2003. Study on methods to decrease the stresaugfhgér in farmed sea bass
(Dicentrarchus labrax Ital. J. Anim. Sci. 2, 616—618.

Zhu, F., Zhang, D., He, Y., Liu, F., Sun, D.-W.,120 Application of Visible and

Near Infrared Hyperspectral Imaging to differergidtetween fresh and
frozen—thawed fish fillets. Food Bioprocess Tech6pP931-2937.

91



Internet sources

» Cultured Aquatic Species Information Programmeantic salmon $almo salar L).
and Rainbow trout @ncorhynchus mykissin www.fao.org (Last access:
24.10.2014).

e FAQ FishStat] - Universal software for fishery statistical time series (Last
access: 24.10.2014).

92



93



5. LIST OF PAPERS

PAPER I:

Dalle Zotte, A., Ottavian, M., Concollato, A., SanL., Martelli, R., Parisi, G.
(2014). Authentication of raw and cooked freezedirainbow trout@ncorhynchus
mykis$ by means of near infrared spectroscopy and datarf.Food Research
International, 60, 180-188.

PAPERII:

Concaollato, A., Bjarlikke, G.A., Kvamme, B.O., Sgin, O., Slinde, E., Olsen, R.E.,
2015. The Effect of carbon Monoxide on Slaughtet BRrocessing of fish. In: Victor
R. Preedy (Ed.), Processing and Impact on Activen@ments in Food. Elsevier,
UK, pp. 427-431.

PAPER II1:

Concollato, A., Parisi, G., Olsen, R. E., Kvamme, (B, Slinde, E., Dalle Zotte, A.
(2014). Effect of carbon monoxide for Atlantic salmSalmo salal..) slaughtering
on stress response and fillet shelf-léguaculture 433 13-18.

PAPER I V:

Salmo salar LCO stunning treatment revealed by electronic neksgtronic tongue
and NIRS in differently prepared fillets influencg®st morteroatabolism and
sensory traits.

PAPER V:

Effects of stunning/slaughtering methods e rigor mortis changes in rainbow
trout (Oncorhynchus mykisseared at two different temperature conditions.
PAPER VI:

Effects of stunning/slaughtering methods st rigor mortischanges in rainbow

trout (Oncorhynchus mykisseared at two different temperature conditions.

94



95



PART Il

96



97



PAPER |

98



99



Authentication of raw and cooked freeze-dried rainlow trout (Oncorhynchus
mykiss) by means of near infrared spectroscopy and datai§ion

Antonella Dalle Zott&", Matteo Ottavialy Anna Concollatd®, Lorenzo Sen/a
Roberta Martelfi, Giuliana Parisi

®Department of Animal Medicine, Production and Healt
University of Padova

viale dell'Universita, 16- 35020 Legnaro, Padova (Italy)

PCAPE-Lab — Computer-Aided Process Engineering Latooy
Department of Industrial Engineering
University of Padova
via Marzolo, 9- 35131 Padova (Italy)

“Department of Agri-Food Production and EnvironméiSeiences, Section of
Animal Sciences
University of Firenze

via delle Cascine, 550144 Florence (Italy)

Published: FOOD RESEARCH INTERNATIONAL (2014): 60:180-188
Annex 1

100



Authentication of raw and cooked freeze-dried rainlow trout (Oncorhynchus
mykiss) by means of near infrared spectroscopy and datai§ion

Antonella Dalle Zott&", Matteo Ottavialy Anna Concollatd®, Lorenzo Sen/a
Roberta Martelfi, Giuliana Parisi

®Department of Animal Medicine, Production and Healt
University of Padova

viale dell'Universita, 16- 35020 Legnaro, Padova (Italy)

PCAPE-Lab — Computer-Aided Process Engineering Latooy
Department of Industrial Engineering
University of Padova
via Marzolo, 9- 35131 Padova (Italy)

“Department of Agri-Food Production and EnvironméiSeiences, Section of
Animal Sciences
University of Firenze

via delle Cascine, 550144 Florence (Italy)

* To whom correspondence should be addressed:+B&l.049 8272640 -Fax:+39
049 8272669 —Emaiantonella.dallezotte@unipd.it

101



Abstract

This study investigated the possibility of usin@nmfrared spectroscopy (NIRS) for
the authentication of raw and cooked freeze-drigicibow trout Oncorhynchus
mykis$ fillets. Latent variables models applied on tpedral data were developed
and used to estimate proximate composition, fattyl grofile, fillet yield and
cooking loss and to classify the available datasebrding to the rearing farm and
the genetic strain each sample belongs to.

Results showed that NIR spectra can be used bo#tdorately estimate several
chemical properties and to classify the samplesrdary to the rearing farm. In
order to classify the samples according to the mems¢rain, instead, a data fusion
approach was used where color and mechanical iaftsmwere combined with the
spectral data. No major differences were obsenatdden the results obtained from
raw freeze-dried fillets and those obtained frorokeml freeze-dried fillets, with the
exception of the estimation of some chemical ctunestits of interest such as C22:6
n-3 and content of polyunsaturated fatty acidsh bmdtter estimated from cooked

freeze-dried fillets.

Keywords: Oncorhynchus mykissiear infrared spectroscopy; authentication; PLS;
data fusionkNN
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1. INTRODUCTION

Rainbow trout OQncorhynchus mykiyss a North American salmonid which typically
lives in oxygenated and clear waters but, thankissteesistance to temperatures up
to 20 °C, it proves to be able to adapt to manyasardhe first ten countries
producing farmed freshwater tro®.( mykissand S. truttaabove all) are Turkey,
Iran, France, Italy, USA, Denmark, Spain, GermaPgland and China. In 2006,
these countries produced about 75% of all farmedhfvater trout, for an overall

value of about 1.3 billion USDaww.worldwildlife.org/aquadialogués

Fish industry has been constantly seeking for adestructive, reliable, fast and
cost-effective method for the analysis of fish gyalTraditionally, in fact, the
evaluation of fish quality has been based eithetime consuming and expensive
laboratory analysis or on sensory assessments ¢@mazzMurray, & Scaife, 2002),
which needs a trained panel of experts that mightdstly and unavailable in some
situations and/or environments (Nilsen, Esaiasstna, & Sigernes, 2002). Near
infrared spectroscopy (NIRS) is a well-known anabjttechnology that is intended
to overcome the abovementioned limitations. Its hes® been constantly increasing,
and plenty of applications can be found in theditere in very diverse fields (Dalle
Zotte, Berzaghi, Jansson, & Andrighetto, 2006; @hunBardinelli, Ragni, Fabbri, &
Silanghi, 2008; Huang, Yu, Xu, & Ying, 2008; Nicgld@eullens, Bobelyn, Peirs,
Saeys, Theron, & Lammertyn, 2007; Rodriguez-Otelermida, & Centeno, 1997).
In fishery, NIRS has been used to estimate the mansomposition of several
species like halibut, cod, salmon (Cozzolino et a002; Mathias, Williams, &
Sobering, 1987; Nortvedt, Torrissen, & Tuene, 1998lberg & Fredriksen, 2001),
to discriminate between rearing systems (Xiccatocifhio, Tulli, & Tibaldi, 2004),
or between wild and farmed (Ottavian, Facco, Faspldovelli, Mirisola, Perini, &
Barolo, 2012) or fresh and frozen-thawed (Fasol®oyelli, Salmaso, Corain,
Camin, Perini, Antonetti, & Balzan, 2012; OttaviaRasolato, Serva, Facco, &
Barolo, 2013; Zhu, Zhang, He, Liu, & Sun, 2012) p&n. However, few
applications can be found on rainbow trout (Gjetd®lartens, 1987; Lin, Mousavi,
Al-Holi, Cavinato, & Rasco, 2006; Rasco, Miller, King, 1991), dealing with the
estimation of few parameters (fat, moisture, proteid spoilage).

The purpose of the present work was to evaluatgén®rmance of NIRS as a fast,
cost-effective and non-destructive method for thseasment of both raw and cooked

rainbow trout Oncorhynchus mykigéllets quality. Samples of five different gereti
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strains from three different rearing farms werestdered and, following Gjerde and
Martens (1987) that showed that water absorptiond®amight interfere with
important spectral bands of other analytes, fillgese freeze-dried before the NIR
analysis. Partial least-squares regression (PL&d& Kowalski, 1986) was used
in the estimation of the chemical composition (pnoate composition and fatty acid
profile), whereas partial least-squares discriminanalysis (PLS-DA; Barker &
Rayens, 2003), linear (LDA) and quadratic discriamin analysis (QDA; Seber,
1984), andk nearest neighboklIN; Sharaf, lliman, & Kowalski, 1986) models were
developed to classify the samples according torédlaging farm and genetic strain
they belong to. Furthermore, since the classificaticcuracy obtained from the NIR
spectra was found to be poor with respect to timetjestrain, a data fusion approach
was adopted to improve the results. The spectr@rnmation was fused with
mechanical properties and colorimetric data witlan multi-block framework
(Ottavian et al., 2013; Westerhuis, Kourti, & Mae@or, 1998), resulting in an
higher classification accuracy. To the author’s Wisnlge, this is the first study
attempting at classifying the samples accordinght&r genetic strain using NIR
spectra.

The paper is organized as follows. The Material$ iethods section describes the
available data and the statistical techniques fetheir manipulation. The Results
and Discussion section presents firstly a prelimjiranalysis of the dataset, and then
the estimation and classification results for bo#w and cooked freeze-dried
samples.

2. MATERIALS AND METHODS

2.1 Sampling and sample treatments

A total of N =150 farmed rainbow troutOpcorhynchus mykisdillet samples was
used in this study. Samples of five different ganstrains (indicated as IT1, IT2,
IT3, USA and UK, according to their proveniencell dhree different rearing farms
(in Trentino Alto Adige region, in the north-eastltaly, indicated as farm A, B and
C) were considered, for a total of ten samplesfgmen per genetic strain, i.8l = 10
(samples)k 3 (farms)x 5 (genetic strains). Farm characteristics wer®lkswv: farm

A - indoor rearing tanks supplied with well wateéraaconstant temperature (range:
11-14 °C) throughout the year; farm B - outdoorrirea (temperature range: 9-11
°C); and farm C - outdoor rearing (temperature ear3glsd °C).
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Fish were collected after they achieved an avemagmght greater than 600 g.
Twenty-four hourgost mortenfish were filleted and fillets were transportedthe
laboratory and immediately processed. Leftand rfijlets were both weighted: one
was used to evaluate the raw fillets propertieseredis the other one was used to
evaluate the cooked fillets properties. For théetatprior to the physicochemical
analyses each sample was wrapped in an aluminiurarfd boiled in a steamer for
10 minutes, then cooled at room temperature andjhedi after broth removal.

Cooking loss was then calculated and expressedrasmiage weight decrease.

2.2 Sample analyses
A list of all measured quality attributes for eagdmple is given in Table 1, while
details on the analyses are given in the follovanlgsections.

2.2.1 Physical analyses

Texture and color information were collected usingwick-Roelf texture analyzer
(Zwick-Roell, Ulm, Germany) and a Spectro-claneter (Dr. Lange, Diisseldorf,
Germany), respectively.

The compression test was repeated three timesrae ttifferent fillet positions
(epaxial, ventral and caudal, indicated as E, V @nd Figure 1, respectively) using
a cylindrical probe, a 200 N load cell and at 20/min (constant) speed. The shear
stress test was carried out in the middle of thet fjposition A in Figure 1), using a
linear blade, a 200 N load cell and at 30 mm/miangtant) speed. Data were
collected in terms of compression force or shemgsstat different percentage of
deformation (with respect to the original dimengicand at different absolute
deformation (in mm).

CIELAB L', a andb’ (i.e. the three colour indexes obtained from tblerimeter;
CIE, 1974) were measured in positions E, V andee (Sgure 1), by averaging from

three replicates for each measurement point. Hgledmn™(b" /a") ) and Chroma (
J(@?%+b?)) values were derived from andb (see Table 1).

2.2.2 Chemical analyses

For each sample, the chemical properties analysseé woisture (method 934.01;
AOAC, 2002), protein (method 992.15, AOAC, 1993at lipid content (method

920.39 — AOAC, 2002) and ash (942.05; AOAC, 2062}ty acid profiles of freeze-
dried samples were analysed by gas chromatograpbrrion & Smith, 1964) after

Folch extraction (Folch, Lees & Sloane-Stanley,7)95
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2.2.3 NIRS analysis and spectra pretreatments

After the freeze-drying process, fillets were grduwice with a Retsch Grindomix
GM 200 (Retsch GmbH, Hann,Germany) at 4000 rpmthed at 8000 rpm per 10s.
Two aliquots per sample were placed in a 50 mm eéianring cup and scanned in
reflectance mode at 2 nm intervals from 1100 nn2%0 nm using a scanning
monochromator NIRSystem 5000 (FOSS NIRSystem, S8eing, MD, USA). For
each aliquot of a sample, a mean spectrum wasneotady averaging from 32
multiple scans; then, the spectrum of the sampke eliained by averaging those of
the two aliquots.

Mathematical pretreatment reduced the light sdatiecaused by the sample
particles and removed the additional variation asddine shift typically present in
diffused reflectance spectra. Standard normal teargand first- and second order
derivates were used to this purpose (Barnes, Dhafadaster, 1989; Savitzky &
Golay, 1964).

2.3 Multivariate data analysis techniques

Several chemometric tools were used to analyze atelable data: principal
component analysis (PCA; Jackson, 1991) for prelamyi data analysis, partial least-
squares regression (PLS; Geladi & Kowalski, 1986) éstimating chemical
properties from NIR spectra, and partial least-segia@iscriminant analysis (PLS-
DA; Barker & Rayens, 2003), linear and quadratscdminant analysis (LDA and
QDA; Seber, 1984) an#t nearest-neighborklIN; Sharaf et al., 1986) for their
classification. Furthermore, in order to improve thassification accuracy, data from
different instruments (spectra, mechanical propsrtcolor information, etc.) were
fused (Cozzi, Ferlito, Pasini, Contiero, & Gottar@009; Ottavian et al., 2013; Zhu
et al., 2012) within a multi-block (MB) frameworkesterhuis et al., 1998).

To validate the proposed models, the data wer¢ ispdi two groups: 120 samples
were used in the calibration step, while the remgir80 (2 samples per farm per
genetic strain) for model validation. Model paraenstwere selected in cross-
validation (Wold, 1978) of the calibration dataingsa venetian blind algorithm.
Please note that with the exception of the PCA nsodeed in the preliminary data

analysis, all models were built on raw and cooked#e-dried fillets separately.

2.3.1. Exploratory analysis
Principal component analysis (PCA; Jackson, 1999 used as an exploratory tool

of the available data. PCA returned a compact sgmtation of the data and
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highlighted the existing correlation among samped variables. Given a generic
matrix X [NxM], its PCA decomposition is given by

X=TPL, +E, 1)

with T [NxA], Poca [MxA] and E, [NxM] being respectively the scores, loadings
and residual of the model built @aprincipal components (PCs), and the superscript
T indicating the transpose of a matrix. Note tha dlata inX need to be properly
scaled before transformation (1) is carried outAPSLimmarizes the information
stored in theX matrix by defining a low-dimensional space (callatent space),

whose axes (of which tha loadingsP.c,are the direction cosines) represent the

directions of maximum variability of the originahth. The score§ = [ty, to, ..., ta],
I.e. the projections of onto the latent space, represent the new variables

2.3.2. Estimation of chemical properties

Given a matrixY [NxI] of | quality attributes (i.e. the measured chemical ertgs
listed in Table 1) of th&l samples oK, the PLS model finds the main driving forces
that are most related to the response by maximitigg correlation among the
projections oiX andY onto a common latent space (the model space). dtyrm

X=TP]+E, (2)
Y=TQT+EY (3)
T = XW i (4)

whereP;, s [MxA] andQ [IxA] are the loadings relating the projections in iedel

spaceT to the data matrice$ andY (respectively)W" [MxA] is the weight matrix,
through which the data iX are projected onto the latent space to give theesdo

E, [NxM] and E,, [NxI] are the residual matrices, and account for thematch in
the reconstruction of the original data in #éh dimensional PLS model space. Both
X andY data need to be scaled prior to being transformed.

The variable importance in projection (VIP) ind&hpng & Jun, 2005) can be used
to identify the most influential variables. The ViiRdex for them-th predictor is

given by
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MY R wha
VIPp = —E—— (5)

DR

1
where R\%,a Is the variance of the response matrixexplained by thea-th latent

variable (LV), andw,,, is the weight of then-th variable on the-th LV of the PLS

model. Variables with VIP greater than 1 are tyjycaconsidered of great

importance.

2.3.3. Classification
The four classification strategies considered is #tudy are detailed below. Two of
them (PLS-DA and LDA) are linear classifiers, whihe other two (QDA an&éNN)
are non-linear ones. Please note that while PLSid8els are calibrated directly on
the available data, LDA, QDA arldNN models are calibrated on the scores obtained
from their PCA decomposition. In the latter cagess-validation is used to optimize
the number of PCA factors (and, fkiN, the numbek of neighbors to consider;
Balabin, Safieva, & Lomakina, 2010).
PLS-DA
TheY [NxL] response matrix of the PLS-DA model (which isnfiatly identical to
the PLS of (2-4)) is built with. columns, beind- the number of classes of the
specific classification problem. The class (oneadut) of each sample was coded by
L binary strings, i.e. clagsvas represented as
9..,010..91. (6)

1 L
Since the output of the PLS-DA model was not inftren of 0’s and 1’s, but instead
a real number that spanned a range wider than, @ thfeshold was chosen to define
class membership. Following a Bayesian approackh(tfie assumption that the
predictions within each class are approximatelymadly distributed), the threshold
value was determined in such a way as to returfélsé possible split among classes
with the least probability of false classificatiohfuture predictions (Fawcett, 2006).
The number of LV to retain was selected by maxingzhe classification accuracy
(i.e. the percentage of correctly classified sas)ple cross-validation.
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LDA

LDA aims at determining the linear combinationdestures which best separate the
samples of the calibration set. LDA works assuntirgg the variability within each
class follows a normathvariate distribution with the same covariance mgiwhich

is estimated using the data of all classes), whidurns implies that the separation
surface formed by joining the points characterizgd the same probability of
belonging to a given class is an hyperplane.

As an example, for a problem involving the classifion of samples between two
classes) andK, then-th samplex; is attributed to clas}if

a+x,b>0 (7)
wherea andb are respectively the constant term and the liceafficients of the

separating hyperplane.

QDA

QDA is closely related to LDA. Unlike in LDA, in Q®there is no assumption that
the covariance of each class is identical, hengelyimg a quadratic separation
surface. Eq. (7) defining the attribution of théh x, sample to clas$is modified as
a+x,b+x,Cx; >0 (8)

to include the quadratic coefficient matfx

KNN

In this method, the-th x, sample is assigned to the most common class dabehg
those of itk closest neighbors. The closest neighbors are detednby means of a
distance function. The Euclidean distance was uséuls study, i.e. the distan&®,s

betweerx, and another sample was defined as

Dns = (Xn _Xs)(xn _XS)T . 9)

Data fusion

In order to enhance the classification accuracwiobtl from PLS-DA, LDA, QDA
andkNN applied to the spectral information, the differéypes of available data (see
Section 2.2) were fused within a multi-block franmelu Namely, the matrices
containing each piece of information were concathehorizontally and block-

scaled, i.e., each variable was scaled according to
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— Xn”b _)_(”L ’(10)

nrn,_cmo\/M—b

wherex, andc, represent the mean and standard deviation afnttievariable of

X

the b-th block. The division by the square root of thanier of columns (variables)

of the block My) ensured the same representativeness of each block

3. RESULTS AND DISCUSSION

3.1 Exploratory analysis

The average NIR spectra for both raw and cookéstdiare shown in Figure 2.

The main result of the cooking process is a downsehthe spectra. Figure 2 reveals
the existence of two regions (around 1400 nm amdirer 1900 nm) where the
difference is minimal, which is consistent with tireeze-drying treatment of the
samples, since water absorbance is usually reptmte¢dese regions (Murray, 1986).
The score plots of a 3 PCs PCA model calibratedhen[300<700] matrix of the
spectra (raw and cooked fillets, with no specttrpatments applied) are shown in
Figure 3. PC1, explaining 95% of the total varignomainly accounts for the
difference between raw and cooked samples (seed-Rp). The loading values on
PC1, in fact, are almost the same for the entieetsal range considered, indicating
that the difference between raw and cooked sangaasbe mainly related to the
average absorbance, as it was clearly observeigume-2.

In Figure 3b-c the score of the raw samples aréligigted according to the farm
(Figure 3b) and genetic strain (Figure 3c) theyobglto (a similar behaviour was
observed also for the cooked samples). The plaigesi that, at least in the PC1-
PC2 plane, samples of different farms or geneticsrns are not linearly separable,
i.e. non-linear classifiers (such as QDA akiN, see Section 2.3.3) might be

necessary.

3.2 Estimation of chemical properties

The PLS estimation results are given in the folloyvsections. For each chemical
property, results are presented in terms of averageasured) value, standard
deviation (SD), standard errors (SEC, SECV, SEH)aefficients of determination
(Reea Recv, Rep) for model calibration, cross-validation and vatidn, respectively.
Since the estimation of the physical parametergmet! poor results, results are not

shown.
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3.2.1 Raw freeze-dried fillets

Results for raw samples are given in Table 2.

For proximate composition, excellent predictionligbiwas observed for moisture
and lipid content, while unsatisfactory results @vebtained for ash and fillet yield.
Similar results were reported also by other authiigugh referring to different fish
species (Majolini, Trocino, Xiccato, & Santulli, @®). As for the ash content, it
should be considered that its prediction is knowrbé challenging (Prieto, Roehe,
Lavin, Batten, & Andreés, 2009).

With regard to the fatty acid profile, Table 2 shsothat satisfactory estimates were
obtained for the polyunsaturated fatty acids of nk&@ E@PUFAN-3) and n-6 series
(ZPUFAN-6), and for the C18:2n-6¢ (present in pldls used in the feed of cultured
fish), C22:6n-3 (DHA), C18:3n-3uflinolenic acid) and C18:1n-9 (the prevailing
among MUFAs; Alasalvar, Taylor, Zubcov, ShahidiAgexis, 2002; Fasolato et al.,
2010; Testi, Bonaldo, Gatta, & Badiani, 2006) conteA lower accuracy was
observed in the estimate of C16:0 (the most abundarong the saturated fatty
acids) and, analogously, in the estimateZ&FA. With respect to C20:5n-3, the
estimate obtained was quite unexpectedly poor, cegpe considering its high
content (as it usually characterizes fish spegiegal of cold waters).

As a general comment on the results of Table hould be said that the evaluation
of the goodness of the fitting of the measured dhtauld not be based solely on the
analysis of the coefficients of determinatid®f.( and Rzp), since the coefficients of
variation (i.e. the ratio between the standard ateMh and the average value of a
given quality attribute) are different for diffetenhemical attributes. Indeed, the
quality of two estimates can be very different evietheir R* values are similar.
Hence, when referring to the Table, also the stahderor (SECV and SEP) should
be taken into account and compared with the standeviation (values of the ratio
between SD and SEP greater than 2 are usuallydmresi satisfactory).

3.2.2 Cooked freeze-dried fillets

Results for cooked samples are given in Table AthenAppendix. With respect to
the proximate composition, estimates are genevadise than those obtained for the
raw fillets. As for the fatty acid profile, insteabetter estimates (on average) were
observed for cooked fillets, particularly for thentent of C17:0, C18:1n-9¢c, C18:2n-
6c, C20:1n-7, C20:4n-&SFA, C22:6n-3 andPUFA.
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Despite the differences observed in the estimamruracy of the quality attributes
of raw and cooked fillets, a comparison with otligerature results was not possible
as (to the authors knowledge) there are no appiadealing with NIR applied on
cooked fish samples. However, a similar analysiss waported by Bajwa,
Kandaswamy & Apple (2009) for beef meat patties: @lthors attributed the lower
accuracy obtained for cooked samples to the cookisg} As for the cooking loss,
please observe that the estimate obtained in #sept study could not be considered
satisfactory, though the accuracy was higher thahreported by other studies (for
example, by PrevolnikCandek-Potokar, & Skorjanc, 2010 on pork intact meat
samples).

Figure 4 presents the VIP index for the PLS modedame selected properties of
economic and nutritional interest. Fillet yield dGre 4a) exhibits a peak at 1600 nm,
cooking loss (Figure 4b) in the range of 1500-1660 the total lipid content around
1200, 1700 and 2300 nm (Figure 4c), whereas C2B;3022:6n-3 andPUFAN-6
mainly at 1700 and between 2200 and 2400 nm (Figdje The carbon-hydrogen
(CH) stretch second overtone is usually reported2&2 nm, and thus the region
around 1200 nm was related to the absorbance ofGEHl, and CH groups. In the
region around 1700 nm, the first overtone stretehds of groups CH, CH(1722
and 1760 nm), and GhHare represented: hence, these peaks were espeelated to
the samples lipid content. The region around 2200nas characterized by CH and
CH, combination bands, which could be related to fattids, protein, and peptide
groups (Ottavian et al., 2012). Eventually, prot@osorbance is reported at at 1550,
2055, 2180 nm (Khodabux, L'Omelette, & Jhaumeerloay Ramasami, &
Rondeau, 2007).

3.3 Classification

Results of the four classification strategies avergin the following subsections. In
each case, model parameters (LVs of the PLS-DA mp&€s of the PCA models
for LDA, QDA and kNN, andk for kNN), spectra pretreatment (no pretreatment,
SNV and/or its combinations with the derivatives @hd D2, i.e. the four
combinations tested), and calibration, cross-véilbitaand validation accuracies are

presented.

3.3.1 Raw freeze-dried fillets
Results for the classification by farm using theRNdpectra are given in Table 3.
With the exception of the PLS-DA model, the clasation accuracies were found to
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be fairly similar among models. It is interestirmgrtotice that not only NIR allowed
to discriminate between Farm A (indoor rearing, deenvith more uniform and
controlled fish farming conditions) and Farms B ahdoutdoor rearing), but also
between Farm B and C, that differed in terms ofewsgmperature, altitude (400 and
700 m a.s.l. respectively) and dissolved oxygeR5@&nd 10.35 ppm, respectively).
As a confirmation of the conclusions drawn from theliminary analysis (see
Section 3.1), a high number of PCs were retainedlfe classification (with the
difference between the PLS-DA model and the othedets being mainly the
pretreatment on the spectra).

Results for the classification by genetic strainfmv samples are given in Table 4
for the NIR spectra and in Table 5 for proximatenposition, colour and mechanical
properties.

Cross-validation and validation accuracies (whiettdr resemble the practical use of
the models on unknown samples) were found to besabs$factory, with values
generally below 60% (with few exceptions). Notetttes suggested from the PCA
analysis, non-linear classifiedeNN in particular) had better performances.

In order to improve the results, the available iinfation (proximate composition,
NIR spectra, colour and mechanical information) evlrsed together. SindéNN
returned the highest classification accuracy (s#eles 4 and 5), it was used also to
classify the combined information. Results are giwe Table 6 for three different
data combinations.

It should be noticed that higher classificationuaecies were obtained when fusing
the available information (with respect to thosetaoted using each piece of
information alone).

The combination of NIR spectra, colour and mechanidormation represented the
best choice, as the proximate composition analygé®se addition to the fused
information did not improve the cross-validatiorca@cy, on which the selection of
the best model was based) are much more time congufirhe fact that the addition
of the proximate composition did not improve theassification accuracy was
somewhat expected, as the information on the genstiain carried by the
compositional data was found to be very poor (saa€er6).

The confusion matrix for the validation data foe thest model of Table 6 is given in
Table 7. Recall that the confusion matrix represeaiteach row-column intersection,

the number of samples belonging to the class spddify the row that were assigned

113



to the class specified by the column (Fawcett, 20B&e out of thirty samples were
misclassified, and the majority of the errors imanl samples of the genetic strain
IT2. Please note that the use of #INN classifier limits the interpretability of the

results obtained, as no statistics such as thandéx are available.

3.3.2 Cooked freeze-dried fillets

The results for the classification exercises ondbeked samples are given in the
Tables A2-A6 in the Appendix. As a general comméntan be noticed that the
accuracy of the models was approximately the saptareed for raw samples, i.e.
the cooking process did not alter the discrimirgtiapabilities previously observed.
Samples could be easily discriminated accordinghtr rearing farm, with poor
classification accuracies obtained only for PLS-mAdelling.

The discrimination of the samples according tortlyeinetic strain, as for the raw
samples, was improved by adopting the data fusigoraach (Table A5). The
combination of NIR spectra and colour and mechdrpoaperties within a multi-
block kNN model return an almost 100% cross-validatiorueacy, with only 4 (out
of 30) misclassifications within the validation dsét. As it can be observed from the
confusion matrix (see Table A6), errors were fotmbtle concentrated for the genetic
strain IT2.

4. CONCLUSIONS

This study was intended to investigate the capgbdf NIR spectroscopy in the
authentication of raw and cooked rainbow tradh¢orhynchus mykiséllets.

PLS models were built to estimate proximate contpsi fillet yield, cooking loss
and fatty acid profile. No relevant differences &v@bserved between the estimates
obtained from raw and cooked fillets, with the gt@@n of some constituents of
interest (such as C22:6n-3 andPUFA), for which the models calibrated from
cooked samples showed a higher accuracy.

PLS-DA, LDA, QDA andkNN models were built to classify the samples acogrd
to the rearing farm and the genetic strain thewprglto. As a general result, non-
linear classifiers NN in particular) overperformed the linear ones $FDA and
LDA). In order to improve the accuracy of the clfsation by genetic strain, a data
fusion approach was developed, where NIR spectodguc and mechanical

information were combined within a multiblock framark. With respect to the
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classification exercises, no relevant differencerewobserved between raw and

cooked rainbow trout fillets.

Appendix A

This Appendix reports the results obtained on cdokeeze-dried samples, which
were not included in the manuscript for the sakeariciseness.

Table Al presents the PLS estimates of the chemiaglerties listed in Table 1,
while Tables A2-A6 shows the results of the clasaiion exercises.
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Table 1.List of the measured quality attributes.

Quality attributes Type Quality attributes Type
Compression force Physical C16:1n-7 Chemical
Compression force @ 10% deformation Physical Ci7:1 Chemical
Compression force @ 20% deformation Physical C18:1n Chemical
Compression force @ 30% deformation Physical C18rtn Chemical
Compression force @ 40% deformation Physical C2@:1n Chemical
Compression force @ 50% deformation Physical C20:1n Chemical
Compression force @ 3 mm deformation Physical azaan Chemical
Compression force @ 5 mm deformation Physical agz:l Chemical
Compression force @ 7 mm deformation Physical azel Chemical
Compression force @ 9 mm deformation Physical agaa Chemical
Deformation at maximum compression foréghysical YMUFA® Chemical
Shear stress Physical Cl16:2n-4 Chemical
Shear stress @ 10% deformation Physical C16:3n-4 emiial
Shear stress @ 20% deformation Physical C16:4n-1 emiial
Shear stress @ 30% deformation Physical C18:2n-4 emiial
Shear stress @ 40% deformation Physical C18:2n-6c¢t Chemical
Shear stress @ 50% deformation Physical C18:3n-3 emiial
Deformation at maximum shear stress Physical C18:3n Chemical
L* Physical C18:3n-6 Chemical
a* Physical C18:4n-1 Chemical
b* Physical C18:4n-3 Chemical
Hue Physical C20:2n-6 Chemical
Croma Physical C20:3n-6 Chemical
Fillet yield Physical C20:4n-6 Chemical
Cooking loss Physical C20:3n-3 Chemical
Lipids Chemical C20:4n-3 Chemical
Protein Chemical C20:5n-3 Chemical
Ash Chemical C22:2n-6 Chemical
Moisture Chemical C21:5n-3 Chemical
C14:0 Chemical C22:4n-6 Chemical
C15:.0 Chemical C22:5n-6 Chemical
C16:0 Chemical C22:5n-3 Chemical
C17:.0 Chemical C22:6n-3 Chemical
C18:0 Chemical YPUFA® Chemical
C20:0 Chemical YPUFAN-6 Chemical
C22:0 Chemical > PUFAN-3 Chemical
YSFAY Chemical

Wsaturated fatty acio%?Monounsaturated fatty aci(ﬁBS)Polyunsaturated fatty acids.
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Table 2.PLS models performance: raw samples.

Quiality attributes®  Average SD SEC R%, SECV R%, SEP R%,
Fillet yield 51.39 2.91 1.98 0.54 2.35 0.36 1.51 440.
Moisture 73.01 1.43 0.28 0.96 0.34 0.95 0.38 0.96
Protein 20.82 0.97 0.38 0.85 0.50 0.73 0.40 0.68
Lipids 5.64 1.13 0.24 0.96 0.27 0.94 0.33 0.95
Ash 1.34 0.07 0.05 0.53 0.05 0.47 0.04 0.17
C14:.0 3.97 0.33 0.16 0.78 0.20 0.65 0.17 0.66
C15:0 0.28 0.02 0.01 0.62 0.02 0.45 0.01 0.55
C16:0 13.28 0.66 0.28 0.83 0.36 0.71 0.35 0.60
C17:.0 0.24 0.02 0.02 0.56 0.02 0.35 0.01 0.52
C18:0 3.14 0.21 0.12 0.69 0.15 0.53 0.13 0.31
> SFA 21.12 1.02 0.42 0.83 0.60 0.66 0.51 0.59
C16:1n-7 5.63 0.37 0.16 0.81 0.21 0.68 0.27 0.65
Ci7:1 0.16 0.01 0.01 0.72 0.01 0.53 0.01 0.48
C18:1n-7 2.54 0.13 0.06 0.79 0.08 0.64 0.05 0.88
C18:1n-9ct 11.05 1.02 0.40 0.85 0.50 0.76 0.55 0.70
C20:1n-7 0.20 0.02 0.01 0.65 0.01 0.51 0.01 0.57
C20:1n-9 0.51 0.06 0.04 0.48 0.04 0.42 0.04 0.32
C22:1n-11 0.19 0.04 0.02 0.84 0.02 0.76 0.01 0.84
>MUFA 20.62 1.09 0.58 0.72 0.63 0.67 0.65 0.60
C16:2n-4 0.64 0.05 0.03 0.60 0.04 0.38 0.03 0.69
C16:3n-4 0.55 0.06 0.03 0.69 0.04 0.55 0.03 0.56
C16:4n-1 0.74 0.11 0.05 0.79 0.07 0.62 0.05 0.71
C18:2n-4 0.38 0.03 0.02 0.78 0.02 0.68 0.02 0.76
C18:2n-6c¢ct 10.53 2.17 0.69 0.90 0.87 0.84 1.03 0.76
C18:3n-3 1.54 0.23 0.10 0.83 0.12 0.72 0.12 0.71
C18:3n-4 0.42 0.04 0.03 0.42 0.03 0.30 0.02 0.37
C18:4n-1 0.63 0.09 0.06 0.53 0.06 0.45 0.05 0.45
C18:4n-3 1.19 0.10 0.04 0.81 0.05 0.67 0.06 0.61
C20:2n-6 0.43 0.08 0.05 0.62 0.06 0.37 0.05 0.37
C20:3n-6 0.31 0.04 0.02 0.71 0.02 0.56 0.03 0.21
C20:4n-6 0.99 0.05 0.03 0.67 0.03 0.53 0.03 0.27
C20:5n-3 11.90 1.17 0.55 0.78 0.71 0.64 0.72 0.49
C21:5n-3 0.53 0.04 0.02 0.83 0.02 0.71 0.02 0.66
C22:5n-3 2.95 0.27 0.13 0.76 0.16 0.66 0.16 0.67
C22:6n-3 22.59 1.57 0.69 0.81 0.72 0.80 0.77 0.72
> PUFA 57.92 1.57 0.61 0.85 0.80 0.75 1.04 0.62
> PUFAN-6 12.89 2.25 0.74 0.89 0.94 0.82 1.06 0.77
>PUFAN-3 41.62 2.26 0.57 0.94 0.71 0.90 0.93 0.82

'Fillet yield and proximate composition are exprelsas percentage; fatty acids are expressed asnpegeeof

total fatty acid methyl esters.
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Table 3. Classification by farm from NIR spectra of raw gdes: results.

Model Model Spectra Calibration  Crosswvalidation  Validation
parameters pretreatment  accuracy (%) accuracy (%) accuracy (%)
PLS-DA 5LV SNV & D2 85.8 69.2 86.7
LDA 16 PC No preprocessing 100 100 100
QDA 12 PC No preprocessing 100 100 100
kNN k=5,16 PC No preprocessing 98.3 98.3 96.7

Table 4. Classification by genetic strain from NIR specaifaaw samples: results.

Model Model Spectra Calibration  Crosswvalidation  Validation
parameters pretreatment  accuracy (%) accuracy (%) accuracy (%)
PLS-DA 17 Lv SNV & D2 62.5 44.2 36.7
LDA 21 PC No preprocessing 92.5 66.7 60.0
QDA 9PC No preprocessing 85.8 62.5 53.3
kNN k=5,14PC  No preprocessing 90.8 90.8 60.0

Table 5. Classification by genetic strain from proximatempmsition and color and mechanical
properties of raw samples: results.

Data Model Model Calibration Crossvalidation Validation
parameters accuracy (%) accuracy (%) accuracy (%)

PLS-DA 4LV 40.8 33.3 26.7

Proximate LDA 4 PC 38.3 33.3 23.3
compositiol QDA 3PC 35.0 30.0 30.0
kNN k=3,1PC 89.2 89.2 26.7

PLS-DA 15LV 65.0 53.3 60.0

LDA 14 PC 70.0 54.2 53.3

Colour

QDA 10 PC 76.7 49.2 56.7

kNN k=1,12 PC 81.7 81.7 63.3

PLS-DA 20 LV 64.2 41.7 43.3

Mechanica LDA 11 PC 55.8 45.8 53.3
properties QDA 11 PC 82.5 47.5 46.7
kNN k=3,4PC 82.5 82.5 43.3
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Table 6. Multi-block kNN classification by genetic strain from all availa information: results for raw

samples.
Fused data Model Calibration Crossvalidation Validation
parameters accuracy (%) accuracy (%) accuracy (%)
Colour, NIR k=3,8PC 84.2 84.2 66.7
Colour, NIR, Mechanical — _ 3 7 p¢ 91.7 91.7 83.3
properties
Color, NIR, Mechanical —y_y 413pc 917 91.7 73.3

properties, Proximate composi

Table 7.Confusion matrix for the best multi-blo&IN classifier (raw samples).

IT1 IT2 IT3 UK USA

IT1 5 0 0 1 0
IT2 0 3 1 1 1
IT3 0 0 5 0 1
UK 0 0 0 6 0
USA 0 0 0 0 6
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Table Al. PLS models performance: cooked samples.

Quiality attributes® Average SD SEC R%, SECV R%, SEP R%,
Fillet yield 51.93 3.02 2.10 0.52 2.24 0.46 1.67 .400
Moisture 69.44 1.48 0.62 0.83 0.68 0.79 0.66 0.82
Protein 25.01 1.26 0.52 0.83 0.66 0.72 0.80 0.46
Lipids 5.46 0.96 0.24 0.94 0.25 0.93 0.65 0.56
Ash 1.35 0.08 0.06 0.52 0.07 0.28 0.05 0.28
Cooking loss 12.94 3.68 2.09 0.68 2.37 0.58 2.45 450.
C14:.0 4.22 0.35 0.18 0.75 0.22 0.60 0.20 0.53
C15:0 0.32 0.03 0.02 0.75 0.02 0.59 0.02 0.60
C16:0 16.14 0.86 0.50 0.66 0.62 0.49 0.45 0.46
C17:.0 0.30 0.06 0.02 0.91 0.02 0.86 0.03 0.73
C18:0 3.82 0.23 0.12 0.73 0.15 0.58 0.13 0.47
>SFA 25.09 1.49 0.73 0.76 0.95 0.60 0.66 0.73
C16:1n-7 6.48 0.39 0.20 0.72 0.26 0.54 0.19 0.52
Ci7:1 0.16 0.03 0.02 0.58 0.02 0.41 0.02 0.15
C18:1n-7 3.01 0.15 0.07 0.79 0.09 0.67 0.07 0.78
C18:1n-9ct 12.67 1.31 0.47 0.87 0.60 0.79 0.60 0.74
C20:1n-7 0.20 0.02 0.01 0.78 0.02 0.60 0.01 0.60
C20:1n-9 0.56 0.05 0.04 0.36 0.04 0.34 0.03 0.21
C22:1n-11 0.19 0.08 0.07 0.20 0.08 0.16 0.04 0.07
> MUFA 23.52 1.35 0.56 0.83 0.70 0.73 1.00 0.40
Cl16:2n-4 0.66 0.07 0.04 0.68 0.05 0.53 0.04 0.27
C16:3n-4 0.59 0.07 0.04 0.67 0.05 0.45 0.04 0.26
C16:4n-1 0.80 0.12 0.06 0.74 0.08 0.61 0.07 0.46
C18:2n-4 0.38 0.04 0.01 0.88 0.02 0.79 0.02 0.60
C18:2n-6c¢t 11.12 2.34 0.73 0.90 0.98 0.82 0.91 0.77
C18:3n-3 1.44 0.22 0.10 0.80 0.12 0.71 0.09 0.68
C18:3n-4 0.39 0.04 0.02 0.64 0.03 0.43 0.02 0.37
C18:4n-1 0.58 0.10 0.06 0.64 0.07 0.49 0.06 0.38
C18:4n-3 1.09 0.09 0.05 0.67 0.07 0.45 0.07 0.21
C20:2n-6 0.45 0.08 0.07 0.17 0.08 0.13 0.04 0.03
C20:3n-6 0.26 0.04 0.02 0.66 0.03 0.44 0.02 0.13
C20:4n-6 1.01 0.06 0.03 0.69 0.04 0.55 0.03 0.47
C20:5n-3 9.29 0.94 0.38 0.83 0.49 0.73 0.65 0.31
C21:5n-3 0.50 0.05 0.03 0.74 0.03 0.56 0.03 0.45
C22:5n-3 3.34 0.40 0.22 0.69 0.25 0.61 0.22 0.50
C22:6n-3 18.08 1.95 0.69 0.88 0.78 0.84 0.79 0.83
>PUFA 51.33 1.90 0.83 0.81 1.05 0.69 0.78 0.85
> PUFAN-6 13.32 2.36 0.80 0.88 1.04 0.81 0.95 0.73
> PUFAN-3 34.65 2.45 0.68 0.92 0.92 0.86 0.95 0.82

'Fillet yield and proximate composition are exprelsas percentage; fatty acids are expressed asnpegeeof

total fatty acid methyl esters.
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Table A2. Classification by farm from NIR spectra of cookedinples: results.

Model Model Spectra Calibration  Crosswvalidation  Validation
parameters pre-treatment  accuracy (%) accuracy (%) accuracy (%)
PLS-DA 11LV No pre-processing 82.5 78.3 80.0
LDA 7PC No pre-processing 100 100 100
QDA 12 PC No pre-processing 100 98.3 93.3
kNN k=1,7PC No pre-processing 100 100 90.0

Table A3. Classification by genetic strain from NIR spectfa@oked samples: results.

Model Model Spectra Calibration  Crosswvalidation  Validation
parameters pre-treatment  accuracy (%) accuracy (%) accuracy (%)
PLS-DA 15LV SNV & D2 75.8 51.7 33.3
LDA 23 PC No pre-processing 85.0 66.7 60.0
QDA 11 PC No pre-processing 94.2 59.2 56.7
kNN k=2,9PC SNV 90.8 90.8 63.3

Table A4. Classification by genetic strain from proximate @msition and color and mechanical properties of
cooked samples: results.

Data Model Model Calibration  Crossvalidation Validation
parameters accuracy (%) accuracy (%) accuracy (%)

PLS-DA 4LV 45.0 36.7 36.7

Proximate  LDA 4PC 46.7 40.0 33.3
compositiol QDA 3PC 48.0 43.3 46.7
kNN k=5,4PC 74.2 74.2 40.0

PLS-DA 13 LV 63.3 48.3 40.0

LDA 9PC 59.2 55.8 43.3

Colour

QDA 11 PC 76.7 50.8 43.3

kNN k=3,2PC 86.7 86.7 53.3

PLS-DA 25 LV 71.7 52.5 46.7

Mechanica  LDA 14 PC 60.0 50.8 60.0
properties QDA 14 PC 90.8 40.0 43.3
kNN k=3,5PC 89.2 89.2 40.0
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Table A5. Multi-block kNN classification by genetic strain from all avaik information: results for cooked
samples.

Fused data Model Calibration Crossvalidation  Validation
parameters accuracy (%) accuracy (%) accuracy (%)
Colour, NIR k=3,4PC 89.2 89.2 63.3
Colour, NIR, Mechanical - _, 19pc o975 97.5 86.7
properties
Colour, NIR, Mechanical k=5, 8PC 90.0 90.0 70.0

properties, Proximate composi

Table A6. Confusion matrix for the best multi-blo&kIN classifier (cooked samples).

IT1 IT2 IT3 UK USA

IT1 6 0 0 0 0
IT2 0 3 1 2 0
IT3 0 1 5 0 0
UK 0 0 0 6 0
USA 0 0 0 0 6
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Figure 1. Rainbow trout fillet with indication of the measuarent points: E (epaxial), V (ventral),
(caudal) and A (centra
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Figure 2. Average raw and cooked fre«dried rainbow trout samples
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Abstract

The use of carbon monoxide (CO) to anaesthetiZe s not in common use.
However, CO is an efficient sedative that doesprotluce aversive reactions in fish.
Combined with other slaughter methods (electridgahising), CO is a promising
candidate for future and humane fish slaughter. Nata suggest that CO causes brain
death due to oxygen displacement in the heme-grofipseuroglobin andSaccus
vasculosustwo recently discovered brain structures in fi§l@ enhances flesh color
by preventing discoloration caused by myoglobin hadhoglobin oxidation, and may
improve quality in salmon and white fish. Usingdred smoke with CO, and CO
packaging, favor quality. CO inhibits bacterial @tb and reduces the contribution of
heme-proteins to lipid oxidation. Chromatographieasurement of CO content in
water enables continuous monitoring capabilitied arcellent research possibilities.
The effects of CO on fish quality can be assessaaguVisible and Near Infrared
Reflection spectrophotometry.

Introduction

Fish are regarded as a highly perishable food,esthey are very susceptible to
microbial and chemical decay. The type and ratéecfy varies with fish species and
is significantly influenced by the immediate handlbefore and after slaughter, and of
processing and packaging systems. In generaljntpsrtant to keep the product cool

at all times, and to limit oxygen availability. @pizing these processes will lower the
two main challenges, bacterial growth and lipiddation, the latter being particularly

challenging in fatty fish species.

In the aquaculture industry, there is a growing rawass of maintaining animal
welfare all the way through the slaughter proceBse ethics involved in fish
husbandry requires that the process proceeds withineEmum amount of strain.
Normally, the fish should be anaesthetized befeiagslaughtered and bled. This has
proven to be a challenge for the industry. Theafsghemicals like clove oil had been
suggested as a non-toxic anesthetic (lverseral, 2003). However, the use of
chemicals is troublesome as traces may remaindrflésh at consumption and will
cause concern by some consumer groups. Furtheusthef chemicals is likely to be
banned in some countries while allowed in othetss Treates a challenge when fish

are sold on a global market. Consequently, in rnoghtries the aquaculture industry
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relies on non-chemical anesthetic methods. In Ngrwaly percussion and electrical
stunning are allowed by the authorities, while otbeuntries also use liquid ice and
carbon dioxide (Cg. Many of these methods have potential welfareasghat may
limit their use in the future. For example, elemti stunning may cause muscular
contraction promoting rapid onset mgor-mortis. The force of contractions may also
damage connective tissue, and cause detachmentatbmes (Robb, 2001; Jerrett
al., 1996). However, when properly applied on sedéitdd the method is very useful
(Roth et al, 2003). Immersion in liquid ice is considered s$fal by many authors
and is a questionable approach (Robb, 2001; Kedtal, 1991). The method also
requires a relatively high difference between terajee in holding-water and the ice-
bath to efficiently immobilize the fish. The use ©O; is basically to asphyxiate the
fish, and the exposure generally elicits a fligasponse, causing the fish to swim
erratically, trying to escape. The method is themetegarded as unacceptable (EFSA,
2009).

Recently, carbon monoxide (CO) has been suggesteahaalternative sedative or
anesthetic agent. CO treatment has proven advaniage many aspects (Bjarlykle¢

al.,, 2011), as it is not only an efficient sedativet tmay also improve product quality
and stability. In the following we are summariziogrrent status of knowledge on the

effect of CO in fish, with a focus on sedative am@sthetic treatment.

Carbon monoxide, neuroglobulin andSaccus vasculosus.

In animals, the predominant heme containing groames found in myoglobin and
haemoglobin. The predominant states are oxy-myagloémoglogin (OMb/OHDb)),
deoxy-myoglobin/hemoglobin  (DMb/DHb) and  met-mydglvhemoglobin
(MMb/MHDb). The globins all have a central iron bauto them that is either ferrous
(FE") or ferric (FE"). In normal oxygenated tissue all globins arehigitreduced state
and bound to molecular OMb/OHb). When oxygen is delivered to tissue® th
deoxy form results. In tissues, often after slaaghthe ferrous iron will eventually
oxidize to the ferric state, producing the met fgMMb/MHD).

When CO is added it will bind to the heme grougheimoglobin and myoglobin. The
binding displaces oxygen and produces carboxy-noyogl (COMb) and carboxy-
haemoglobin (COHb) that are incapable of oxygensart. Both COMb and COHb
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are stable compounds, and the animal will die duextygen shortage, but without
sensing the oxygen deficiency.

Over the past few years, there has been an indréaisgest in the use of CO for fish
sedation and anaesthesia (Bjarlykée al, 2011). The main reason is new data
showing that CO may not only cause oxygen depletom also act directly on brain
possibly causing brain death before slaughter. d&@ indicate that CO binds to
oxygen-storage proteins Baccus vasculosieelow the brain, and neuroglobin (Ngb),
a newly discovered globin, in the brain (Figure 3accus vasculosus found in fish
and marine mammals and may function as an oxygpotakiring hypoxia and stress.
Ngb is mainly located in neurons of the central padpheral nervous systems (Figure
1A) and in some endocrine tissues (Rerisa, 2002). It is a monomeric heme protein
(Figure 1B) with a typical globin fold and a molémuweight of 17 000 (Bjarlykket
al., 2012a). Ngb binds to ligands like oxygen, nitnogeide, azide, cyanide and CO.
The total concentration of Ngb in brain is fairbyn (Bjerlykke et al, 2012a), while
the level of Ngb in the neuronal retina is reldyveigh (Schmidtet al, 2003).
Although the function of neuroglobin is still unkmo, it appears to be involved in
cellular stress regulation, and signalling, andspgwyg also in hypoxia signalling
(Burmester and Hankeln, 2009).

Effect of CO on fish

CO has been used in animal euthanasia for a lomg $ince it leads to a rapid and
painless death with no awareness for the agentitiledor no stress reaction (Smith,
2001). Compared to terrestrial animals, fish ared ha slaughter due to a general
adaptation to a hypoxic water environment and thegh capabilities for brain
anaerobic energy metabolism (EFSA, 2009; Soengas\llegunde, 2002).

Despite the potential for use, CO has not been Iwideplored in fish. It has been
demonstrated that CO can be used to sedate Atlsaltiton Salmo salai..) prior to
killing without any visible adverse reactions or stresszilBkke et al, 2012b;
Bjarlykke et al, 2011).CO has also been used to anaesthetize tilapia {(Magit al,
2008). Recently, we compared the effect of CO ohlapk (Pollachius pollachiug
Atlantic salmon, small herringC{upea harengysand mackerel§comber scombriys
using 100% food grade CO and a ceramic diffuserth\Wiollack, herring, and
mackerel, the swimming pattern did not change witie treatment. After
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approximately 5 minutes they showed signs of f&jgnd after 10 minutes they start
to lose the equilibrium and swam near the surfAtter approximately 12 minutes, all
fish were laying at the bottom of the tank. Then figere hauled out of the tank and
killed by percussion. In Atlantic salmon we obsehtbe same behaviour, with one
difference. After 12 minutes, most fish lost eduilum and rolled over, while some
briefly exhibited erratic swimming movements, befdinally rolling over at the
bottom of the tank. The fish were hauled from #rgktand killed by percussion. As in
previous experiments (Bjarlykket al, 2012b; Bjgrlykkeet al, 2011), we could not
observe any aversive or painful reactions, andeth&tic unconscious movements are
most likely due to irregular nerve pulses. In tlaspect, getting the correct dosage of
gas mixtures is likely to be essential for bestighder practiceDetecting the soluble
gasses in the water (Figure 2) is therefore esddnticontrol and reproduce the effect
of CO on fish.

Processing of fish with CO

The dominant commercial method for applying CO ish fduring processing is by
pretreatment with filtered smoke (Kowalski, 200Bish rich in red muscle containing
heme proteins, like tuna (variolibunnu$ and mahi mahiGoryphaena hippurysare
suitable for this technology. Filtered smoke is erated from natural sawdust by
removal of some taste and odor components, caremagpmpounds and gases.
Usually filtered smoke contains 15 — 40 % CO, dwlfish is treated in chambers for
2 — 48 hours, depending on the size and thickné$dlets. Thereafter, the treated

fillets are vacuum packaged, frozen and transpddéide markets.

In addition to filtered smoke, fish may be pretesiatpackaged or stored in high
concentrations of CO, close to 100 %. Packagingesh meat with low levels of CO,
up to 0.4 %, combined with high levels €énd free of oxygen is well established, in
particular in the USA (Cornforth and Hunt, 2008as8d on the beneficial experiences
obtained with low CO packaging of meat over thda [as- 3 decades, there is a
potential for implementing this technology in thehf processing industry, yielding
better color, longer shelf-life and inhibition opid oxidation. The application of CO

already to the live fish is in this connection netgad as beneficial.
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Effects of CO on fish quality

Color

In normal tissue, most color is caused by myogloBut some haemoglobin will also
be present, particularly if fish have not been bl&desh tissue contains only
OMb/OHb which has a bright red color. Shortly afieath, oxygen is lost producing
DMb/DHb that has a dark red color. With further @gciron is oxidized to its ferric

state, producing MMb/OHb which has a brown coloy.ddnsumers this color change
is a little attractive feature, and producers tf@eeaim at maintaining the bright red

color as long as possible.

When CO is added it binds directly to DMb, or to ®Misplacing oxygen, producing
COMb/COHb that has a cherry red color. They arélsta&aompounds and the
degradation to MMb/MHDb takes a long time (Chetal, 1998) and will thus prevent
discoloration. The attribute has been used by sprmducers to maintain color in
products like tuna for a long period of time. Theqess (gas or filtered wood smoke)
may also be used to stabilize globins of white Hldsh, improving the color
appearance over tim@antilla et al, 2008; Kowalski, 2006Jable 1 shows redness,
a* values, of salmon, herring and mackerel treatéth CO compared to control
groups. In herring and mackerel the COMb in themadcle show persistent cherry
red colour due to binding of CO. An important agpefthe trial was the typical
rancid taste was not as pronounced in CO treasbdafiter 6 days as for the controls.
Storage of Atlantic salmon in 100% CO and consegbiening to heme demonstrated
that this pigment contributes slightly to the color addition to the dominant
astaxanthin pigment (Bjarlyklet al, 2011; Ottestadt al, 2011).

Visible (VIS) / Near Infrared Spectroscopy (NIR®dra of CO in fish

Ottestadet al. (2011) used spectroscopic measurements on mackeszlle to study
how spectral changes correspond to color variatiomder three different storage
conditions air, vacuum and CO (Figure 3). The gpéctolor properties were
dominated by myoglobin (and hemoglobin) at différexidation states and bound to
different ligands. The formation of COMb was posaty correlated to the a* value on
the L*a*b* scale (lightness, redness and yellowhe$his implies the presence of
different myoglobin species in fish, as reportedobiyer authors (Mantillat al, 2008;
Smulevichet al, 2007). It will be interesting for future studiEsuse spectroscopy as
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a non-destructive way for online measurements dényéipid and protein (Folkestad
et al, 2008) together with visible color.

Lipid oxidation

After slaughter oxidative processes will start ieah Oxymyoglobin is a relatively
unstable compound and has the potential to comérilsignificantly to oxidation
through several pathways. For example, OMIF e easily oxidized to MMb (F&)
producing superoxide anion that can dismutate tirdgen peroxide and thus initiate
lipid peroxidation. Next peroxides (lipid peroxidasd hydrogen peroxide) are strong
oxidizers that can oxidize OMb FeFe*(Tajima and Shikama, 1987) and thus
propagate peroxidation. Finally, many peroxidatmmoducts like aldehydesg 4-
hydroxy-2-noenal, may themselves attack sites oaghopin facilitating its oxidation
(Faustmaret al, 2010). COMb does not contain oxygen and will thos as easily
facilitate the production of superoxide radicakrdaucing a ligand like CO to thé"6
coordination orbital increases the stability of f&* in the heme moiety. This will
increase the shelf-life, and reduce lipid oxidatiand browning of the product
(Cornforth and Hunt, 2008; Hsied#t al, 1998). This is especially important in fatty
fish where the high level of unsaturated fatty aamakes them more susceptible to

lipid oxidation.

Microbial growth

CO is known to have an inhibitory effect on miclgrowth at levels above 5% (Gee
& Brown, 1980). Fish treated with filtered smokenbgts from this by having
extended microbiological shelf lives (Kowalski, B)OIn a study of aerobic bacteria
in stored yellowfin tuna Thunnus albacargs filtered smoke efficiently reduced
bacteria caused by high levels of CO, carbon dmxahd smoke components
(Kristinssonet al, 2007). The storage of tuna under 100 % CO redizexderial
growth, but to a smaller extent than filtered smokiee mechanism of CO induced
inhibition on bacterial growth is still relativelynclear howeverCO will affect cell
respiration through inhibition of many enzymesgy( cytochromes) with heme groups
similar to Hb and Mb. With cytochromes, CO inhib@sidative phosporylation and
thus aerobic bacteria respiration and survivalg€uttet al, 1996). During prolonged
storage of marine fish with red muscles, bactergy penetrate the flesh and convert

free histidine to histamine. Although histamingagic at very low concentrations, it
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does not cause appreciable visual or organolepanges. This increases the risk of
intoxication by the consumer. Treating (directlyimdirectly) fish with CO can reduce

aerobic bacterial growth and histamine formatiod arcrease shelf-life(Garner and
Kristinsson, 2004).

Practical considerations

Human toxicity

It is important to be aware of the possible toxifee of CO on humans. It is a
colorless, odorless, tasteless and non-irritant ¢d@salation of CO decreases the
amount of Q delivered to the tissues. The affinity of hemogtotor CO is over 200
times higher than its affinity for £© However, low concentration of CO is not
considered a hazard. The uptake of CO to hemogisbigversible and the half-life of
COHDb is 4-6 hours. The rate of absorption and exereof CO from the body is
relatively slow. When working with CO a securityah should be worn at all times.

The administrative Norwegian working norm of CQ&ppm.

Legal issues

Presently, CO is not permitted for foods in the &tdl Norway. The regulations in the
use of CO in treatment and processing of musclddabffer between countries and
regions. The adoption of CO in treatment and praiogsdiffer in various countries

due to regulatory limitations. United States Foad &rug Administration stated

“tasteless smoke” or filtered smoke as GRAS (GdlyeRaecognized as Safe) in 2000
(USFDA, 2000). Later, packaging of meat with utdé % CO har been permitted in
the USA to master-bags and case-ready meat. W@#,dow CO concentrations were
widley used for packaging of meat in Norway, buttet time CO packaging was
prohibited due to trade agreements with the EU. pbsitive effects of CO might

cause a change in legislation in EU in the futthewever, there are no regulations in

EU on the use of CO as a sedative or anaesthetipaoent for fish.

Conclusion

* COis an efficient sedative and anaesthetic ageingh
« CO affects brain directly by binding to heme progeinSaccus vasculosand
Ngb
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CO can be detected together with gases like nitroggeygen and carbon
dioxide using gas chromatography

Visible and NIR spectroscopy can be used to stottyr @and protein, fat and
water content online

CO stabilizes color of red fish muscle

CO increases product stability by inhibition of nalsial growth and lipid

oxidation.
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Legend to figures.

Figure 1. A) Immunostaining using anti salmon nglobin in 1:70 dilution.
Neuroglobin is found in perikardion (thick markegnd axon (thin marker) in
thalamus of brain of Atlantic salmon. The arrowsrknsome of the positive staining.
B) Western blot analysis using anti salmon neufgigladetect recombinant salmon
neuroglobin (Bjarlykkeet al, 2012a) at the expected Mw of 17000.

Figure 2. Detection of soluble gasses in waterguaim SRI dissolved gas analyzer-gas
chromatography (DGA-GC) system equipped with a ifa@rConductivity Detector
(TCD) and a Flame lonisation Detector (FID). Twdfetient standards (i.e. water
samples) with different amounts of CO are showh wie upper trace sample having
twice the CO content as the lower trace samples Tdetection method shows
excellent reproducibility and allows detailed arsédyof the water gas atmosphere. A
detailed explanation of the system can be found tlee SRI homepage

(http://www.srigc.com

Figure 3. Absorption spectra from mackerel fillegred in vacuum, air and CO. The
Soret maximum in Visible Spectra for mackerel packeair was 421 nm; in CO 423
nm; and in vacuum 431 nm. This show the presentleeovarious myoglobin species
depending on storage conditions. Fillet storedaowm (black solid line), air (dotted
line) and CO (hyphened line). Courtesy of JenseP&ttold, Nofima.
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Table 1. Colour (a*j.e. change in red colour) of cold room storedQ} Atlantic
salmon (1.30 kg), herring (0.16 kg) and mackereédgkg) after being anaesthetized
with CO. The L* and b* values were very similar toeated and untreated fish.

Day Salmon Herring Mackerel
Control CO Control CO Control CO

1 22.396.7 23.020 2.74.1 10020 954.0 8.9 2.0

6 19440 21920 37963 10320 51869 10.0 0.7
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Abstract

The effect of carbon monoxide (CO) as stunning wetim Atlantic salmon %almo
salar L.) on stress indicators (adrenaline, A; noradr@eal NAD) and on fillets
guality during the shelf-life has been investigatethe CO was dissolved into tanks
with salmon for 8 and 20 minutes to obtain fishugp® CO8 and CO20, respectively.
These groups were compared to a non-stressed Cgnbigp (C). All the fish were
hauled out from the tank and killed by percussisdrenaline content of CO20 group
was 1.8 and 1.7-fold higher than CO8 and C grogspectively (P<0.001), which
exhibited similar values. Noradrenaline content Wagher in CO20 than in C group
(8.1vs.5.4 ng/ml plasma; P<0.0001). The CO treatmentitexsin a small significant
increase in lightness and yellowness, not altetirggoverall “natural” colour of the
fillet. CO treatment caused a rapid onsetigbr mortis and a small but significant

increase in drip loss (P<0.05).
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1. INTRODUCTION

Fish quality can be influenced lpre, ante and post mortemconditions, including
handling before slaughter, slaughtering methodssam@ge conditions.

Animal welfare has become a crucial issue for fafrfish. There are no optimal
stunning conditions available today.

Carbon monoxide (CO) has proven not to provoke ahersive reactions (Smith,
2001) as seen with GQPoli et al., 2005). The effectiveness of CO is doets
displacement of oxygen on heme proteins (hemogldHin), myoglobin (Mb) and
neuroglobin (Ngb)), causing tissue hypoxia (Brureond Vallone, 2007; Devenport,
2002; Kalin, 1996). The effect is quick sedatiom amconsciousness and the animal
will die due to Q shortage without sensing the deficiency. It i®dslieved that CO
binds to the oxygen-storage proteinsSaccus vasculosaswell-vascularized organ
situated in the ventral side of the brain with sal/putative functions during hypoxia
and stress, but also as oxygen depot and tranBpomgéster and Hankeln 2009;
Yanez et al., 1997; Sanson, 1998).

CO has been used for decades as food preservatie®d industry (Serheim et al.,
2001). However, CO has also been demonstrated s& sm@oilage as the cherry red
colour can last beyond the microbiological shd#d-lof the meat (Kropf, 1980).
Consequently, the use has been discontinued for imeaany countries (Wilkinson et
al., 2006).

CO is also known to improve colour stability in retuscles (Chow et al., 2008;
Kowalski, 2006), reduce microbial growth (Gee amdvidn, 1980) and lipid oxidation
(Cornforth and Hunt, 2008; Hsieh et al., 1998) ewdmren live fish is exposed to CO
(Mantilla et al., 2008). The latter is particulaihteresting in fatty fish like salmon,
which is vulnerable to lipid oxidation due to thigtnlevel of unsaturated fatty acids.
When CO is added, it binds directly to oxymyogldbxyhemoglobin (OMb/OHb),
displacing oxygen, producing COMb/COHb that hashariy red colour. They are
stable compounds and the degradation to meth-fddMb&/MHb takes longer time
(Chow et al., 1998) and will thus prevent discdlima In Atlantic salmon, herring
and mackerel anaesthetized by injecting CO in seaywedness (a* value) was more
persistent than the control groups; moreover C@teck fish did not develop the
typical rancid smell even after 6 days of cold atgr as was the case of the controls

(Concollato et al., 2014). The autoxidation of hepmetein to meth-forms is also a
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critical step in lipid oxidation. MMb/MHb reacts thi peroxides and stimulates
formation of chemical compounds able of initiatiagd propagating lipid oxidation
(Shahidi and Botta, 1994; Everse and Hsia, 1997tia et al., 2008), which is a
major cause of quality deterioration in seafoodhtgbuting to the formation of off-
odours, off-flavours and texture declining. Sinc® @ expected to retard lipid
oxidation of Hb and Mb to the meth-forms, it is pitde that this treatment may
extend the shelf-life of the product.

Bjarlykke et al. (2011) observed that Atlantic saimdid not take any notice of the gas
once injected in the tank by diffusers. One lima@atof killing fish with CO is its
relative low solubility in water. It was reportey Daniels and Getman (1948) and
Lide (2005) that CO has a 1.7 xIole fraction solubility in water at 25 °C and 101
kPa. This solubility however is similar to that©fin water (2.2 x 18 mole fraction
solubility at 101 kPa) (Lide, 2005). This suggeasiat G and CO dissolved volumes
are almost equal. The volume of Or CO dissolved in water is dependent by the
partial pressure of the gas and temperature, thailty of which increases as the
temperature decreases (Mantilla et al., 2008).

Stress is a biological response elicited when amanmake abnormal or extreme
adjustments in its physiology or behaviour in orttecope with adverse aspects of its
management (Terlouw, 2005). During exposure to riate and environmental
stressors, catecholamines like adrenaline (AD)raorddrenaline (NAD) are released
by modulating cardiovascular and respiratory fuordiin order to maintain adequate
levels of oxygen in the blood. Catecholamines al#@ates breakdown of glycogen to
increase available energy input during stress. Taads to physical responses
including unsettled movements. In addition, stm@sy turn the metabolism in a more
anaerobic one, which result in a lower glycogenteoingiving a faster pH decrease
and onset ofigor mortis(Van Laak et al., 2000)

The aim of this study was to expose Atlantic salm@rCO before slaughtering in
order to provide information on how this gas carfecf adrenaline (AD) and
noradrenaline (NAD) plasma levels and the fillejigality changes during the shelf-
life, in comparison with fish percussively slaugiet
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2. MATERIALS AND METHODS

2.1 Experimental set-up

The trial was carried out at the Institute of MariResearch, in Matre (61° N, western
Norway). A total of forty-five Atlantic salmonS@almo salar..) (1.07+ 0.1 kg) were
assigned to three experimental tanks containingl98€awater, and were fed with the
same commercial extruded feed. One week prior & dkperiment, the ceramic
diffusors (wedge lock base unit; Point Four Systénts, Richmond, Canada), were
placed into the tanks, and used to deliver oxygeitet a day to get the fish
accustomed to the bubbles. Before the trial, thegrewstarved for 24h. The
temperature of seawater was constant at£7B5 °C. Fish in tank 1 were used as
control (C) and slaughtered by percussion; fiskaimk 2 and 3 were flushed with 100%
food grade CO (Yara Praxair, Oslo, Norway), forG0@8) (tank 2) or 20 minutes
(C0O20) (tank 3) at 2-3 bar. The timing would hawecbincide with the time to fish
first responding to CO (8 min) and all fish beireglated (20 min). At the given time
points, the fish were quickly hauled from the tamksl killed by percussion. During
the experiment, the CO concentration in the air masitored and measured by the
use of portable gas detectors (GasBadge Pro, Ggkelal USA).

The experiment was approved according to “The Regus in Animal

Experimentation” in Norway and carried out by destl personnel.

2.2 Behavioural analysis and measurement of CO

During CO injection salmon’s behaviour was recordeith a video camera then
described according to Roth et al. (2003). Tahlepbrts the stages of behaviour used
as a reference. Seawater CO analysis was perfoasmédscribed in Concollato et al.
(2014). Calibration was performed using standa gmtaining 0.01, 0.1 and 1.0 %
CoO.

2.3 Plasma adrenaline (AD) and noradrenaline (NAD)

Immediately after slaughter, heparinised blood damwere collected from the caudal
vein of 5 fish per tank (total No. = 15 fish). Sdegwere placed on ice and plasma
prepared by centrifugation (13.500 rpm for 2 ming drozen at -80 °C until the
analyses. AD and NAD were analysed using BI-EAT ELISA kit (DLD -
Diagnostika, GMBH, Hamburg, Germany), according tiee manufacturer’s

instructions.
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2.4 Rigor Index, pH, colour and drip loss
After slaughter, salmons from tank 1 (C group) dadk 2 (CO20 group) were
individually tagged, weighed and stored in polyshg boxes with iceRigor mortis
and pH were determined on 6 fish/treatment at 9, 35, 24, 30, 40, 48 and 64 hours
post mortemRigor mortiswas measured by tail drop, and Rigor Index (RIkwa
calculated according to Bito et al.(1983), using fibllowing formula:

RI (%) = [(Lo- Ly)/Lo] x 100
where ly(cm) is the vertical distance between the basé@fcaudal fin and the table
surface measured immediately after the death, wkdggcm) is the vertical distance
between the base of the caudal fin and the talbfacsiat the selected time intervals.
The pH was measured on the cranial part of theiapagck region, using a Mettler
Toledo SevenGo pf pH-meter (Mettler-Toledo Ltd, Leicester, UK) eqogal with
an Inlab puncture electrode (Mettler-Toldedo, Liter rigor mortisresolution (64 h
post mortemTime 0 — T0), all the 30 fish were gutted, fldtand weighed, then right
fillets were vacuum packed and stored at -20 °Ciddher analyses, whereas the left
fillets were stored for 14 days (T14) in PEHD (R&lhylene High Density) trays with
absorbent pads on the bottom, in a cold room at'@.5From TO until T14, every
second day, colour (L*a*b* values) and pH were numeed. Flesh colour was
measured using a portable Hunterlab MiniS¢aKE Plus D/8S Color Analyzer
Colorimeter Spectrophotometer instrument, caliloratdth a white and a black
standard. The tristimulus L*a*b* measurement modeswsed, where the L* value
represents lightness, the a* value representsthieess and the b* value represents the
yellowness indexes (Hunter and Harold, 1987).

Drip losses (%) were determined by weighing th&etsl at TO, T7 and T14, and
calculated by the formula:

Drip losses = ((p— D7, 14/Dg) x 100
where 0yis the fillet weight immediately after filleting,mle D; andD 4 correspond to

the fillet weight after 7 or 14 days of storagesprectively.
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2.5 Statistical analysis
Data were analysed using the General Linear Modetquures of the statistical
analysis software SAS 9.1 (2004) for Windows. A -wrey ANOVA tested the

stunning method as fixed effect.

3. RESULTS

3.1 Behavioural analysis and measurement of CO

The water samples indicated that the content ofrC@e water was 0.1% after 8 min.,
and 0.6% after 20 min. All these values indicateesisaturation, as the amount of CO
at equilibrium is 0.028%.

Salmon showed a normal swimming activity before @f@ction in the tank. Fish
behaviour was very similar for both experimentaugps, CO8 and CO20, in the first 8
min. As CO injection started, all fish behaved nallgy) with many swimming through
the gas. At about 2 min, salmon showed a slightesse in motility, but still keeping
normal swimming pattern and ventilation, which reféo stage 0 of consciousness
(Roth et al., 2003). At 7 min a light sedationisefstage 1; Table 1), as some fish had
slight problems with equilibrium, whereas othersl lan the bottom of the tank for
few seconds. At 8 min. all fish expressed abnorenadtic swimming behaviour and
uncontrolled convulsions. At this time fish from 8Qroup were hauled and killed by
percussion. In tank 3 (CO20 group) from 8 min. ordyas in CO8 group, salmons
showed the same erratic swimming behaviour followgdcircular movements near
the surface, and then dive back in the water ag#irlO min., narcosis level 3 was
reached (stage 3), and some fish started to laphe@tottom with abdomen up, little
convulsions, and little operculum ventilation. Qtlish looked like unconscious for
some seconds and then suddenly swam showing caonal#\fter 20 min. all the fish
had reached stage 4-5 having no swimming activityemtilation. They were then

hauled from the tank and killed by percussion.

3.2 Plasma adrenaline and noradrenaline

Fish treated for 20 min. with CO showed signifidaritigher (P<0.0001) levels of
catecholamines compared to C and COS8 fish (Tahld’sma AD level in CO20
group was significantly higher than C and CO8 gso@.8vs. 3.1 and 4.8/s 3.0
ng/ml plasma; P<0.001), the latters not differirggviieen them. Plasma NAD level
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was higher in CO20 than in C (8v%.5.4 ng/ml plasma; P<0.0001) while CO8 group

presented an intermediate value.

3.3 Rigor Index, pH, drip loss and colour

Rigor Index evolution showed that fish of the CQff0up had earlier onset afor
mortis than those of C group (Figure 1A). Fuligor wasreached by CO20
fishapproximately 10 hourpost mortemwhereas by C fish 24 houpost mortem
Rigor mortis evolution was quicker for asphyxiated salmon (CQ2ihdeed
itsresolution was reached 48 hoysst mortemtime at which C group was still in
rigor.

C and CO20 groups had similar rate of muscle ph dfagure 1B) during the first 24
hours: 7.06/s.6.74, 6.6/s.6.65, 6.48/s5.6.45, 6.38/s.6.31, and 6.38s6.28 at 0, 3,
9, 15 and 24-ipost mortemrespectively. Thereafter, at 30 and 64-h the C@20ip
had significantly (P<0.05) lower pH (6.286.51 and 6.38s.6.51).

The drip loss after 14 days of chilled storageivewg in Table 3. Treatment increased
drip loss in the CO20 group compared to the Consioice a slight but significantly
higher loss was observed in CO20 compared to Cpgadter 14 days of chilled
storage (4.3s.3.7 %; P<0.05; Table 3).

In Table 4 have been reported CO effects on flesbuc only at day 0 and day 14 of
storage in cold room (+2.5 °C), since no significdifferences were detected for the
other days. On fresh fillets, CO20 group of fisld lsggnificantly higher lightness (L*)
and yellowness (b*), compared to the Control grolipese differences disappeared

over time, and no differences were found at T14aiment had no effect on redness

(@)

4. DISCUSSION

4.1 Behavioural analysis and measurement of CO

Even on first measurement of CO in the water, jfesped that the content was much
higher than the maximum water solubility indicatsgper saturation. At present, it is
not possible to calculate the actual amount of @3alved that is available for the

fish through the gills, or if super saturation lsadditional effect compared to fully
saturated water.

There were no effects of CO on fish swimming atyifor the first 5 min. This clearly

shows that salmon do not sense or smell CO. At taBomin fish started to lose
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buoyancy, and responded by abnormal erratic swimrbghaviour, swam in circles
near the surface before diving again and had unaited convulsions. Bjarlykke et al.
(2011) detected similar behaviour in Atlantic samonly after 12 min from CO
injection into the tank. This could be related he tower water temperature (&8
0.5 °Cvs.7.3% 0.5 °C) and the not negligible greater mean bodight (3.4+ 1.4 kg
vsl1.07 £ 0.1 kg) with respect to the present study. At lowsmperature the CO
solubility should increase, but it has to be coasd that also animal’'s metabolism
become slower, likely requiring longer time to obtdhe same reaction. It was
observed that Atlantic salmons, reared at watepé&ature (7.4t 0.2 °C) and body
weight (0.8+ 0.1 kg) similar to our conditions, once subjedie@ sudden increase in
CO levels by the influx of saturated water withhignd medium CO concentrations,
show the same intense reaction only approximatié&r 2-4 min. (Bjgrlykke et al.,
2013). This may indicate that a rapid CO saturabbnhe water generates a faster
stunning of the animal by skipping the initial stepslow diffusion, during which fish
probably has the time to sense critical environ@ectnditions. Atlantic salmon is an
active swimmer normally responding to perceiveductidn in Q availability by a
strong escape reaction (Zahl et al., 2010), whahlbeen also confirmed in our study.
The observed escape behaviour and surface seekangrabably originated by
secondary hypoxia sensing mechanism, since COteHcreplace @and inhibit its
use throughout the fish body due to its higheméififor oxygen binding proteins than
oxygen itself (Blumenthal, 2001; Goldstein, 2008¢condary effects that may signal
hypoxia acidosis are due to anaerobic metabolignhititrease lactate concentration,
decreased ATP or increased ROS production. Alhe$¢ are putative oxygen sensing
mechanisms, and may elicit strong aversive reastianleast in mammals (Lahiri et
al., 2006). At 10 min, presumably a higher narctesiel was reached (stage 3), when
some fish were lying on the bottom with abdomen simwing little convulsions
repeated in time and problem of operculum ventitgtiothers fish looked like
unconscious for some seconds and then suddenly ssf@mwing convulsions.
Bjarlykke et al. (2013) described the same behav@min. after CO diffusion. The
causes of erratic swimming behaviour in salmon haateto be solved. Further work
in this area is warranted. Performing this trials hbeen very useful because
information here obtained helped to understandrgrortant limit: the slow diffusion
of the gas into tanks containing fish seems tothessful since death is delayed in the
time. It could be helpful reliable measurementsactual dissolved CO in water and
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possible improvements of CO delivery systems.Thdipinary work has made it
clear that further studies should consider stunmingrater previously saturated with
CO or else a common stunning method followed bygigering in CO saturated

water.

4.2 Plasma adrenaline and noradrenaline

Adrenaline values similar to those obtained for GQRoup were found in resting
rainbow trout by Nakano and Tomlinson (1967) aféwod sampling by caudal
peduncle decapitation, which is an undoubtedlynyatic method. Later on lwama et
al. (1989) observed that blood adrenaline conceotsincreased significantly during
the latter stages of deep anaesthesiain rainbavt. t8arbon monoxide exposure for
20 min significantly increased AD and NAD levelsmuared to C group while in CO8
group catecholamine concentration did not diffesnfr those of C group. It is
important to consider that C and CO8 groups preseAD and NAD levels beyond
the threshold of physiological range (usually lé¢s=n 10 nM). This can make us to
hypothesize that, when fish are exposed for simog period (8 min.) to CO, the gas is
not really perceived as such, but has almost theesstressful effect of net capture
followed by percussion stunning/killing method, coonly used. NAD concentrations
similar to those of C (5.4 ng/ml) and CO8 (6.4 niy/gnoups were detected in rested
rainbow trout (5.02 ng/ml) (Van Dijk and Wood, 19&hd stressed ones after 6 min.
of violent chase (6.66 ng/ml) (Milligan and Woo®8T), respectively.

The high values of AD and NAD found in CO20 expo$isth might depend on CO
influence on oxygen metabolism. By considering ¢femeral behaviour of the fish
observed during the CO injection in the water, mersive reactions such as those
evocate when treated with G@Robb and Kestin, 2002; Roth et al., 2002) were
evidenced in our trial. In fact, during the firstiin of CO exposure fish were looking
like do not take any notice about the gas presdaycewimming freely trough it;
however, after this time, fish started to show tezrawimming behaviour suggesting
the presence of death cramps. In a recent studycdllato et al. (2014) argue the
hypothesis that the CO affinity to Ngb may inducemediate sedation and
unconsciousness in fish, covering an importantiroktress management in fish.
However, from the results emerged in this trialsééems that CO treatment was
stressful to fish as it increased catecholaminetsetion. The few studies on AD and

NAD release in salmonids found in literature aresth cited above (showing similar
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data), but none considered the catecholamine’asele relation to the application of
different pre-slaughter stunning methods on fishatTis why further insights are

needed.

When conducting field studies concerning stressiguortant challenge is represented
by the practical difficulty in sampling blood sareplfrom undisturbed fish; up to now
this problem is still not overtaken.

4.3 Rigor Index, pH, drip loss and colour

The intenserigor mortis process and the significant final pH decline obsérin
CO20 group at time of rigor resolution resultedairsignificantly higher drip loss.
Heme protein’s affinity for CO is at least 240 teri@igher than that for {ffRoughton,
1970), this implies a dramatic reduction in, @ansport and, as a result, the
metabolism quickly change from aerobic to anaeraibie ATP is gradually depleted
and lactic acid is accumulated leading to a deeréaspH (Fennema, 1996). This
explains the fast pH decrease egbst mortemthat turned out in an early onset of
rigor mortis (Bjarlykke et al., 2011), denaturation of musctetpins with subsequent
lower water holding capacity and higher drip loss€kis demonstrates that it is
extremely important to avoid fast post mortem pHlide as it weakens tissues
between the muscle blocks (the myosepta) which bineak, blocks become separated,
and “gaping” takes place (Robb et al., 2000). Txteresion of the pre-rigor period is
considered an important factor to maximize fillgtisld, since it is reduced when the
fish is processed during the rigor stage (Azam.efi890). Fish processing plants then
evaluates the delay in the start of rigor positivelecause the full rigor filleting leads
to a reduction in the yield and because the loggeshness begins at the stage of post-
rigor.

At TO, exposure to CO led to a small but significentrease in L* and b* values in
comparison to the C fillets, not altering the oWefaatural” colour of the fillet.
During the 14 days of chilled storage the C fillatempared to the CO20 fillets,
showed an increased of b* value in comparison t¢iKEdy attributed to both lipid and
heme proteins oxidation. Heme proteins, once ogdlimo MHb/MMb, can give a
brown-yellowish appearance to the red muscle, #daining the increase in b*
value (Kristinsson and Demir, 2003). The slightigher, but not significant, a* value
in CO20 at TO could be attributed to CO bindingMb or Hb, displacing oxygen,
producing COMb or COHb that has a stable cherrycaddur, and the degradation to
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MMb or MHb could take longer time (Chow et al., 89preventing discoloration.
Indeed after 14 days of storage the redness forOGgp@up was almost unchanged,
highlighting the positive effect of CO. It must bentioned that salmon fillets contain
astaxanthin that gives the characteristic red tange colour, and it may have
minimized the colour differences among the expeni@egroups (Bjarlykke et al.,
2011; Ottestad et al., 2011).

5. CONCLUSIONS

Behavioural analysis showed that salmon do noteséresCO gas. At 8 to 10 minutes,
the fish respond with aversive behaviour beforeob®eng fully sedated. It is possible
that the swimming behaviour is elicited as a respoto loosing buoyancy, or a
biological response to hypoxia. This is confirmémbdrom blood analysis, showing a
general increasing level of catecholamines in tiaeroC<CO8<C020.

CO treated fish resulted in an earlier onsetigér mortis, lower final post mortem
muscle pH and higher drip loss after filleting. Tassimilation of CO by Atlantic
salmon’s muscles, through injection in the watkghdly increased L* and b* values,
limited however to the fresh samples (T0). Nonaisigcant difference in redness (a*)
at any considered time was found between CO and&@aroup, probably because of
the content in astaxanthin that may have minimibedcolour differences among the
experimental groups.

Further studies are needed to improve CO applicasostunning/killing method. This
includes reliable measurements of actual dissol@d in water and possible
improvements of CO delivery systems, so that to inmie stress perception
immediately before slaughtering. The solution adsih issues could allow the direct
application of CO for stunning/slaughtering fishth€wise it could be necessary the

utilization of other stunning methods followed bgugyhtering in CO saturated water.
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Captions of Tables

Table 1. Modified protocol from Burka et al. (1997) to detene, based on
behavioural observations of Atlantic salmon, defer stages (0-5) of reaction to
electrical exposure. Behavioural studies were basedigns of swimming activity,
reactivity to visual and tactile stimuli, equiliom efforts, and ability to ventilate.

Table 2. Mean Adrenalin (AD) and Noradrenaline (NAD) valu@eg)/ml plasma) in
blood samples collected from Atlantic salmon (N&/treatment): control (C), CO8
and CO20.

Table 3. Drip loss (DL, %) during cold storage of Atlansalmon fillets from control
(C) and exposed to CO for 20 minutes (CO20) groups.

Table 4. Colour parameters (lightness [L*], redness [a*]llo@ness [b*]) at day O
and day 14 of storage in cold room (+2.5 °C), messbin fillets of Atlantic salmon
from control (C) and exposed to carbon monoxide2fbminutes (CO20) groups.

172



Table 1.

Stage Description Behavioural signs
Active swimming patterns
0 Normal Normal equilibrium

Normal ventilation of operculum

Reduced swimming activity
1 Light sedation| Problems with equilibrium
Normal ventilation of operculum

Weak swimming activity
2 Light narcosis| Slow and long ventilation rate
Equilibrium loss with efforts to right

No swimming activity
3 Deep narcosig Problems of ventilation of operculum
Total loss of equilibrium

No swimming activity

4 Surgical ._ | Ventilation ceases
anaesthesia .
Total loss of equilibrium
5 Medullary Death ensues
collapse
Table 2.
Treatment Significance RSD"V
C CO8 CO20
AD 3.7 30 48 <0.0001 0.5
NAD 5.4 6.4" 8.1° <0.0001 0.9

(1) Residual Standard Deviation
Different superscripts in the same line indicatm#icant differences.
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Table 3.

CTreatrcr;gnzto Significance RSDY
DL 0-7 days 2.3 2.9 NS 0.7
DL 7-14 days 1.4 1.4 NS 0.5
DLO-14days 3% 4.3 <0.05 0.8

(@ Residual Standard Deviation

Different superscripts in the same line indicagm#icant differences
NS: not significant

Table 4.
(ng;i\ freament g0 ificance RSDY
/ C C020

L* 50.77 52.8 <0.01 1.6

0 a* 199 211 NS 1.7

b* 18.27 19.3 <0.05 1.3

L*  49.8 50.7 NS 1.4

14 a* 212 212 NS 1.7

b* 19.8 19.2 NS 1.2

MResidual Standard Deviation

Different superscripts in the same line indicagmificant differences
NS: not significant
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Caption of Figure

Figure 1. Rigor Index (A) in Atlantic salmon of control (@nhd exposed to CO
for 20 minutes (CO20) groups. The values are ptedeas means (No.=
6/group) + SD. Symbol (*) denotes significant difaces (*=P<0.05;
**=pP<0.01).

Figure 2. pH values (B) in Atlantic salmon of control (C)daaxposed to CO
for 20 minutes (CO20) groups. The values are ptedeas means (No.=
6/group) + SD. Symbol (*) denotes significant difaces (*=P<0.05;
**=pP<0.01).
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Figure 1

Rigor Index (%)

Figure 2

Fillet pH
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Salmo salar L.CO stunning treatment revealed by electronic noseelectronic
tongue and NIRS in differently prepared fillets inluences post mortem

catabolism and sensory traits

Abstract

The objective of this study was to evaluate and pame sensory analysis, NIRS,
Electronic nose (EN) and Electronic tongue’s (EBiliy in discriminating Atlantic
salmon Galmo salarlL.) fillets according to stunning methods (percassiControl;
Carbon Monoxide: CO) and Storage Time (64 h, T1dhdayspost-mortemT2) and
different preparation of the specimens (Thawed,Etmanol and Freeze-dried).
Samples were NIRS analysed by three different Relsddnits (RU): Hungary (H),
Padova (PD), Torino (TO). As a general pattern, $terage factor was the main
source of effects for the instrumental discernmghen compared to the Stunning
effect. According to the two considered factors #meir combinations for the seven
instruments and preparations, the maximum effigiemas performed by the freeze-
dried samples scanned by NIRS devices from the RTDp PD and H, also NIRS on
thawed samples performed by the H RU was efficiei; ET and NIRS of ethanol
specimens resulted to be the worse preparationarzalgsis methodologies. The PLS-
DA and distance matrix confirmed these findingalBhe correlation of maximum
rigor time with the spectra resulted to be greater fee4e-dried and thawed samples
according to all the different considered NIRS desiand for ethanol specimens. A
general accordance between the spectral signatgr¢ha appreciation expressed by
the panel for some sensory traits was observed;atidg that rheological but also
taste and flavor properties are involved in thisrational characterization. As general
result freeze-dried preparation and NIRS devicsslted to be the best combination in
samples discernment according to Storage time aodnig factors, but also to

maximumrigor mortistime and sensory scores.

Key words: Salmo salarL., carbon monoxide stunning, e-nose, e-tongue, NIRS,
samples preparation
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1. INTRODUCTION

All over the world, food safety and quality, arensmered important issues directly
related to people’s health and social progresss@umers are always more careful for
quality labels and trust marks on food products] dnexpects manufacturers and
retailers to provide high quality products. Theaetdrs have driven the development
of fast, efficient and reliable methods for foodaljty assessment. Among the
vibrational techniques, that capitalize the fundatakeproperties of the organic bonds
(C-H-O-N) in the electromagnetic spectrum, the FRM(Fourier Transformed
Medium Infra Red, 2500-25.000 nm wavelengths) agsuabsolute dominance in the
milk world (Soyeurth et al., 2009). No similar dey@ment was extended by the IR in
the solid agro-food media, mainly because lack re@dtability of the method in
complexes matrices, as grain, leaves, meat andgeh@&be fundamental vibrations of
the CHON bounds in the IR region are reboundedvastanes in the Near Infrared
region (800-2500 nm wavelengths) and these vibmatimay be de-convoluted and
correlated - as causative - to the fundamentalugnigbration originated in the IR
band when the incident radiation strikes the organolecules. The Near Infrared
Reflectance Spectroscopy (NIRS) technology cap#ali the overtones and
combinations of the constituents represented ireésdy prepared or even in the intact
samples, by using appropriate chemometric metHddRS represents a very common
tool in the agro-world. The vibrational spectrosgap the near infrared region is a
very versatile device, with a paramount use in sty farming and breeding, but also
in experimental works. It provides a large amounhformation from the spectra and
this characteristic makes it a powerful tool foodoanalysis. It is widely used in many
fields, as to identify adulteration of beveragear@@kar, Sivakesava, & Irudayaraj,
2002; Pontes et al., 2006); evaluation of milk alary product quality (Cattaneo,
Giardina, Sinelli, Riva, & Giangiacomo, 2005; Karoet al., 2005; 2006);
identification and constituent analysis of fruiine, meat, oil and corn; differentiation
of wines on the basis of vintage year (Cozzolinapy®, & Gishen, 2003);
determination of free fatty acids and moisture ishfoils (Cozzolino, Murraya,
Chreeb, & Scaifec, 2005). Meat researchers haveg lsought non-destructive,
objective techniques to predict meat quality. Salvstudies have focussed NIRS can
be used to predict beef tenderness. A number digkstnevertheless investigated off-
line experimental procedures which were destrudtiibat they required excision of a

muscle sample for spectroscopy (Hildrum et al.,5199u et al., 2003; Rgdbotten,
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Nilsen, & Hildrum, 2000) or they were limited torspling a very small area (4 én
and thus, would be highly subject to error indubgchon-representative sampling of
the target muscle or interference from intramusctdd Their focus was altogether
meat tenderness, but a number of other meat queditg have been investigated with
success by NIR Spectroscopy (Downey & Beauchen87;1Biu et al., 2003) and
membership to ethnic groups of cattle (Andrighettal., 2004) or poultry (Fumiére et
al., 2000) or categories (Alomar, Gallo, Castandd&uchslocher, 2003). A special
specimens of animal muscle were the ethanol prepdteat was preliminarily utilized
in rabbits (Masoero, Brugiapaglia, Bergoglio, & €to, 2004), replicated in buffalo
(Masoero, Bergoglio, Vincenti, De Stefanis, & Braglaglia, 2005) and in cattle
(Masoero, lacurto, & Sala, 2006) allowing significaesults in easy and rapid NIR
discrimination of two genetic origin faBemitendinosuand Sternum mandibularis
muscle specimens from Friesian and Piemontesee.cdttl forensic pathology
purposes, an ethanol-based fixative method has deeeloped by lesurum, Balbi,
Vasapollo, Cicognani, and Ghimenton (2006), withester DNA recovery in higher
amounts compared with DNA extracted from formaliedl tissue.

Dalle Zotte et al. (2014) attained traceabilityules by NIRS and fusion data in the
authentication of raw and cooked freeze-dried @mtrout fillets.

The instrument of the ElectronicNose (EN) catega@apitalize the electrochemical
properties of low-weight molecules to excite compatary metal-oxide
semiconductor (CMOS) sensors. EN consists of amyanf chemical sensors, each
with partial specificity to a wide range of odoranblecules. The signs of the sensory
arrays produce the “fingerprints” of the given fiaw, which are evaluated with
chemometric methods. EN is widely used for foodsanflysis, becoming promising
towards industrial applications. In this particufeeld, electronic noses can help in
freshness definition of product characterized byitkd shelf-life, such as fish;
distinction between fresh and thawed samples aednthintenance of a constant
temperature during storage are of extreme impoetaB® has been proven to be a
valuable technique for food and drinks industry fproduct discrimination,
classification, quality evaluation and control (Ac¢, & Namolosanu, 2011; Peris, &
Escuder-Gilabert, 2009; Torri, Migliorini, & Masaer2013). The Electronic Tongue
(ET) has become established as rapid and easyetteots, promising for evaluation
of food quality from liquid media. Electronic tongm are still considerably far from

natural taste sense, but they have shown goodlatores with organoleptic scores
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given by human panelists: artificial senses aresobjective, do not become tired or
infected and can be used also for toxic samplesteMer, ET can have better
sensitivity than the human tongue and can deteastances undetectable by their
natural counterparts. This because the taste systeimumans is not as highly
developed as the olfactory system (Escuder-Gilabé&rtPeris, 2010). Legin,

Rudnitskaya, and Vlassov(2002)pointed out that dleetronic tongue can be thought
of as analogous to both olfaction and taste amdntbe used for the detection of all
types of dissolved compounds, including volatileegnwhich give odors after
evaporation. This device can be used for processitarmg (Parra et al., 2006),
freshness evaluation and shelf-life investigatioAhl¢rs, 2007), authenticity

assessment (Dias et al.,, 2008), foodstuff recagmnitharacterization (Ciosek,
Brzozka, & Wroblewski, 2004), quantitative analygiRodriguez-Méndez et al.,
2008), and other quality control studies (Chen,Zl&aVittayapadung, 2008).

The objective of this work was to evaluate and carmapsensory analysis, NIR,
Electronic -Nose and Electronic Tongue’s abilitydiscriminating Atlantic salmon

fillets (Salmo salarL.) according to stunning methods, storage timel different

preparation of the specimens

2. MATERIAL & METHODS

2.1 Experimental set-up

Atlantic salmons $almo salarL.) were farmed at the facilities of the Institubé
Marine Research (IMR), in Matre, Norway. For thadst 30 salmons with a mean
weight of 1.08 + 0.09 kg were equally and randouiilyided in 2 experimental tanks
containing 900 L seawater each and maintained radtant temperature of 7.3 + 0.5
°C. Fish in tank 1 were used as control (C) antediby percussion; fish in tank 2
were flushed with 100% food grade CO (Yara PraXaslp, Norway) using a ceramic
diffuser (wedge lock base unit, Point Four Systémts, Richmond, Canada) for 20
minutes (CO) at 2-3 bar. Then, CO fish were haolgdof the tanks and percussively
slaughtered. For personnel safety the air CO cdratgon was monitored and
measured during the experiment by use of portabke dgtectors (GasBadge Pro,
Oakdale, PA, USA). The experiment was approved rdatg to “The Regulations in

Animal Experimentation” in Norway and conducteddeytified personnel.
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Salmons from C and CO groups were individually &fjgweighed and stored in
polystyrene boxes with ice. Immediately after slateg rigor mortis was determined
on 6 fish/treatment at 0, 3, 9, 15, 24, 30, 40248 64 hourpost mortenfinterval TO-
T1), during this time fish were stored in a cold room+at5 °C.Rigor mortiswas
measured by tail drop, and Rigor Index (Rl) wascwated according to Bito,
Yamada, Mikumo, and Amano(1983), using the follayiarmula:

RI (%) = [(Lo- Ly)/Lo] x 100
where lp (cm) is the vertical distance between the bagbetaudal fin and the table
surface measured immediately after the death, \wkdggcm) is the vertical distance
between the base of the caudal fin and the talbfacsiat the selected time intervals.
After rigor mortis resolution (64 hpost mortemTime 1 — T1) all fish were gutted,
filleted and weighed. Right fillets were immedigtebcuumpacked and stored at -20
°C, whereas the left ones were stored for 14 daiysq 2 - T2, interval T1-T2 in days)
in PEHD trays with absorbent pads on the bottoma icold room at 2.5 °C, then
stored at -20 °C.
All right and left fillets of the 30 salmons (154bd 15 CO) were delivered in dry ice
at the Padova (Italy) Research Unit (RU; Departneénimal Medicine, Production
and Health). Then all right (15 C-T1; 15 CO-T1) deft (15 C-T2; 15 CO-T2) fillets
were divided, while still frozen, in three (craniaéntral and caudal) and two (cranial
and caudal) parts respectively, which were serdfigd ice to the RU laboratories of
Kaposvar University, Hungary (H; caudal part), Rad@PD; central part), for sensory
analysis by trained panelists, and Torino (TO; iaigpart).
Hungarian RU required from each raw sample ab@rnd60 g to perform EN and ET
analyses (EN-H; ET-H), respectively, whereas taycaut NIRS scans first on raw
(THAW-H) and then on the same raw but freeze-dsachples (FD-H), at least 40 g
where necessary. Hungarian RU freeze-dried thesawples and, after NIRS scan,
the same samples were NIRS scanned again by dewiBeslova (FD-PD) and Torino
(FD-TO) RU, in order to compare the predicting ipilof the three different
instruments.
For sensory analysis only fresh samples (CT1 an@il}@ere tested because it could
have been risky for the panelists to taste sangites 14 days of chilled storage. For
this analysis it was required at least 50 g frochehaw fillet.
When the 60 fillets samples, organized in 4 gro(@s'l, C-T2, CO-T1, CO-T2),

arrived at HRU facilities, they were stored oveghtiin chilled room at 4 °C, to ensure

184



a slow and proper thawing process. The followingrmmg fillets were skinned,
weighted (average weight 111.14 + 21.51) and homagd in a WARING 800 EG
blender. After homogenization about 8 g were ctdidcfor electronic nose (EN)
analysis, approximately 60 g were sealed in bagscanked in water bath at 75 °C for
20 minutes in order to perform electronic tongu&)(&nalysis, whereas the remaining
part was used first for NIRS scanning on the rawtrimathen freeze-dried as
aforementioned, for NIRS analyses.

When cranial samples arrived at the laboratory @inib, after thawing a small 4 g
sample was plugged in a 25 ml tube Ethanol 95% certiad solution and the tubes
were stored in dark at + 4 °C. A rapid coagulatainthe muscle protein and the
substitution of the water in the tissue by the ethanolecules give the appearance of
cooked fish. The lecture of the specimens (ETOH-V@s preceded by 1-hour
ethanol evaporation at room temperature in ordentensify the vibrational response

of the salmon matrices.

2.2 Instrumental analyses

2.2.1 Electronic nose

An aFox (ALPHA MOS, Toulouse, France) type EN with 1&tal oxide sensors
(MOS) was used. The adsorption of volatile compasudto the MOS surface
generates a change in the electrical resistantevéings with the type of compound
and its concentration in the headspace (HS). Théisemsory arrays of EN are
interfaced with computers, which collect the sersgnals via RS-232 ports. The raw
EN sensor values were saved in the form of relategstance changedR/Ry).
According to the applied static headspace (HS)riecte, samples were placed in
hermetically sealed vials of 10 ml. After the etdilm has been established between
the matrix and gaseous phase, an ALPHA MOS HS 188 sampler was used for
sampling the HS. Synthetic air was used as a perntairflow. The acquisition time
and time between subsequent analyses were 120 @8@ 4, respectively. Four
parallel measurements were performed (n = 4 x 4)ring the EN method
development the use of the following parametersltes acceptable signal intensity
values: sample quantity 2 g, sample temperaturé GOequilibration time 180 s,

injection volume 300@l and the flow rate 150 ml/min.
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2.2.2 Electronic tongue

An oAstree 1l (Alpha-MOS, Toulouse, France) type EThaain LS 48 auto sampler
unit was applied to measure the characteristiciiqoid samples. The equipment
consists of an array of seven cross-selective adt@modified field effect transistor
(CHEMFET) based potentiometric chemical sensorsthin presence of dissolved
compounds, a potentiometric difference is measletiveen each of the seven
sensors and the Ag/AgCI reference electrode. Théisensory arrays of ET are
interfaced with computers, which collect the sensignals via RS-232 ports. The
basic ET parameters were formed by averaging tleasity values when sensors were
in equilibrium. Since the broth collected after kimg resulted insufficient to test each
sample, the cooked fillets were stored at -20 °@ ame week later 6 samples from
each group were randomly chosen to extract theidiguart needed for the ET
measurements. From each of the 28 samples 3 gsaenpled, diluted in Millipore
water in the rate 1:20 and homogenized, then degéad (12.000 rpm for 5 min) and
filtered with filtering paper (Sartorius Stedim Bech, grade: 1289, diameter: 125
mm). Finally from each treatment group were obtaiGesub-samples for a total of 28
ET measurements.

Once the samples were ready, those have been ptaéeglass holders of 25 ml into
which the measuring unit, namely the chemical sengbe reference electrode and a
stirrer were positioned. Six parallel measuremevidse performed (n = 4 x 6). The
first element (K) of the sample series served as@econditioning. The measurement
and the sensor cleaning times were 120 and 15gectvely. Millipore grade water

was used for sensor cleaning.

2.2.3 NIRS analyses

Sixty (60) Atlantic salmon Salmo salarL.) fillets were analysed in this study.
Homogenized sample were scanned, in 4 repetit@mshawed and as freeze-dried
state at the HRU. NIRS spectra were collectedflecnce mode using NIRSystems
6500 spectrometer (FOSS NIRSystem, Silver Spring naurel, MD, USA) equipped
with a sample transport module and small ring cupette (IH-0307). Reflectance
spectra were recorded from the 1100 to 2500 nnomegnd recorded as —Id&)(at 2
nm intervals, with the WinISI 1l version 1.5 spedtanalytical software (InfraSoft
International LLC, Port Matilda now State Colledg®d, USA). In PD RU a similar
FOSS NIRSystems 5000 (FOSS NIRSystem, Silver Sphfig, USA) was used. In
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TO RU Vibrational examination was conducted usingaatable Model LSP 350-
2500P LabSpec Pro portable spectrophotometer (ASGiajytical Spectral Devices,
Inc.; Boulder, CO), which was equipped to collgmecra from 350 to 2500 nm. The
probe was an ASD Model A122100 high-intensity retce probe that served as an
external light source (2900 K colour temperaturartpihalogen light) to illuminate
the object of interest. This probe can be usedlieat reflectance spectra on an area
as large as 25 mm in diameter. Reflected light eediected through a ASD Model 04-
14766 1-m long fiber optic jumper cable that comsisof a bundle of forty-four 200-

Im fibers.

2.3 Sensory method applied

For the sensory analysis it has been chosen theriplege method to detect
information needed to establish the presence oerales of perceived differences
between the two stunning methods (C and CO).

A total of 30 right and central fillets (15 from T&, 15 from CO-T1) were used. Each
fillet (with skin) was placed in aluminium trays2.0 cm x 14.5 cm) previously drilled
on the bottom so as to prevent the cooking of ithetd straight in their fluid; then they
were covered with an aluminium foil on the top.ldt8 were cooked in ventilated
electric oven preheated at 200 °C, by placing enbibttom a pan with water in order
to collect the cooking losses; cooking time wasugeait the achievement of an internal
temperature of the sample of 75-85 °C determinechligmperature probe. When
cooked, the trays were placed in an incubator &C5@nd then served to the panelists
at the request, according to the random distributequence.

The trial involved 12 trained panelists with expege in determination of sensory
profile of different food matrices. They were suibggl to training sessions for the
purpose of familiarize with the matrix of interesglect the appropriate descriptors and
define on a scale of measure the relative perceinthsity (Table 1). Olfactory,
tactile, gustative and textural sensory aspects vesaluated and for each of them
different descriptors were chosen after an accub#téographic research. Global
odour and aroma intensity (olfactory descriptofsigbility and tenderness (tactile
descriptors); saltiness and sourness (taste dems)padhesiveness, fibrousiness and
tenderness (textural descriptors) were evaluatestbyed, linear and continuous scale
of measure (0-10). Brackish/marine, “fishy”, aninfakd, cardboard, stale, boiled

potatoes, salmon and others (olfactory descriptdygder, astringent and metallic
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(taste descriptors); stringy, unctuous and low lsibty (textural descriptors) were
evaluated by categories (presence/absence, Table 1)

The panel was trained with fresh purchased salmportioned into pieces and placed
in the freezer at -18 ° C in individual plastic bagike the samples to analyse. The
evaluation sheet, the distribution of samples ® jtidges and the acquisition of the
data was performed using FIZZ software (BiosystemdSance) installed in 12
terminals in the tasting booths of the lab. Thark¢his software, assessments made
by the panelists (mouse click on the scale of nreasent) are automatically
transferred to the sheet of data collection; is thay no paper sheets are filled in by
the panelists. The purchased sample in the evatuafithe treatments represented the
reference standard, assigning an arbitrary scaredoh descriptor: this sample was
cooked together with the samples to analyse. Td gmmelist were offered in 2
consecutive days 1 to 2 fillets of 50g each, cpuesing to the reference and
treatment, respectively, to evaluate successiv@lying the evaluation the panelists
used unsalted crackers and natural water in odeetitralize any residual sensation

between a sample and thenext.
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3. DATA ANALYSIS

3.1 Instruments

All the digital signals produced by the instrumenthich were recorded in native
formats by specific software, were then importetd ithe WinISI 11 1.03 software for
chemometric elaboration. The replicate spectra aeeeaged before any chemometric

elaboration.

3.2 Qualitative discrimination analysis based onedpa, comparison of the
instrumental efficiency and differences betweentwR coefficients

The bi-factorial design with the Gas factors a¢\Zls and the Storage time also with 2
levels (T1 and T2) produced four groups, which wemesidered as dummy values (1-
4) and also contrasted each other in order to laittistance matrix. The calibration
process was performed by the Modified Partial L&xptares (MPLS) method using
NIRS Il software, version 1.04, from Infrasoft Imational (ISI, State College, PA,
USA) using a cross-validation system to assesgphienal number of latent variables
to be included into the equations, permitting oassage for elimination of outliers
(t>2; H>10). The prediction capacity of the caliedmodels was then evaluated with
the 1-VR parameter, which is routinely used by \8inlusers and researchers
(Mentink, Hoffman, & Bauman, 2006) and statistissaacross-validation and a Relative
Prediction Deviation (RPD) were considered for @erfance evaluation (Williams,
1987).

On the distance matrix a Ward’'s Hierarchical Claste Analysis (HCA) was
performed via StatBox softwake 6.5 (Grimmer Logiciel, Paris) in order to compare
the relative average dissimilarity patterns (Jobd®@92). HCA performs agglomerate
hierarchical clustering of objects based on disgtanteasures of dissimilarity or
similarity. In order to rank two independent fastdhe z-score obtained from by
Fisher transformation according Preacher (2002) wsesl to testify the differences
between two 1-VR values, with two-sided alpha< Oli@%t. Because an objective
judgments about the instruments and preparationeeeding we have used the
nonparametric paired Friedman tests (StatBox 1.Bmm@@er Logiciels, Paris),
considering the variables as the key for pairiregdbservations; the observed value of
Kruskal-Wallis H, is distributed as a chi? (df =; 1jis test being one-sided, tike

value is compared at the signification limit: alpt@05.

189



3.3 Rigor mortis test

Therigor mortis condition was examined in 6 salmons at the tinig 9, 15, 24, 40,

48 hours, from TO to T1 (Concollato et al., 2014).

For each salmon an individual parabolic curve wisd to establish the time at the
maximum rigor and that variable in hours was regdi(Figures 1 and 2).

A nonparametric Friedman’s test for independent pdasn was then applied to
ascertain the significance of the difference betwdee C and CO maximumgor
mortistime.

A regression of the variable on the dummy valud€fland 2 (CO) established the

Rsquardimit value for the discrimination in the real conons.

3.4 Panel test analysis
The 12 panelists were considered as random effeetsnixed model (PROC MIXED
by SAS, 2007). The fixed factor was the Stunninghoé (Stun). The scores on raw
fillets were considered for the Stun effect elabiorain a linear model. Moreover in
order to fit the instrumental spectra (ET, EN, NJRBe panelist score, were
standardized as follows:
S c= (C-CO)/2/std.dev +1

andS co= (CO-C)/2/std.dev+1

Where C and CO = estimated score for the C and@@ons for the'l panelist; S_c

and S_co = standardized score for the C and CQosalfinom the'f panelist.

3.5 Correlation of the spectra from the differemevites (ET, EN, NIRS) and
preparations with the rigor mortis and sensory ales

The set of the spectra of the samples was mulligliemuch times as were the number
of the recordedigor mortis maximum time (i.e. 6 times) or the number of pmtel
(i.e. 12 times).

As reference to the panelists case, the first $ubae coupled to the set-scores of the
first panelist, the second subset of spectra setosapled to the second panellist set-
scores and merged below the previous, and so biotiwelfth. In an analogous
manner each of ther@@or mortis score was applied to all the spectra registerdden
companion salmons, so the data set was multiplegl b

Calibration and cross-validation was performed liy MPLS method in the WinlISI

1.5 software, with mathematical pre-treatment ahdardization and®iderivation,
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allowing one passage to eliminate the outliershwiset at a limit > 2.0. The 1-VR
coefficient was considered in order to comparedifferent experimental effects (Stun
and / or storage Time) as appreciated by the éiftedevices (ET, EN, NIRS) as well

as to study the connections with the sensory s@dghe biological variables.

3.6 Comparison of the 1-VR efficiency of the spscwpies in the whole set, or
separately for the two Time of storage

If the spectra registered at the Timel are diffefesm the spectra registered at the
Time2 an unique relationship between the spectcathe measured values may be
doubtful. Then we must compare the 1-VR valueshefdommon regression with the
1-VR values of the two Time and the two Time togethFurthermore we must
compare the different devices within the spectravithin the Time2 and the Time2
categories already. In order to perform these coispas we have considered as
suitable the nonparametric Friedman tests (StatBédx Grimmer Logiciels, Paris),
considering the variables as the key for couplhmg dbservations; the observed value
of Kruskal-Wallis H, is distributed as a chi2 (dfl¥; this test being one-sided, tRe
value is compared at the signification limit: alpl@05.

3.7 Comparison of the 1-VR efficiency of the spsctpies for the different sensory
variables

In a similar process, as that above mentioned, averank the ten sensory variables
according their 1-VR values performed in the défg@rdevices. In this case we have to
compare each couple of the ten variables in omearik the 1-VR coefficients. The z-

score obtained from by Fisher transformation adogréreacher (2002) was used to

testify the differences in the 1-VR values, withotaided alpha< 0.05 limit.

4. RESULTS

4.1 Instrumental appreciation of the factors Stad &or Storage

As a general pattern, the Storage factor was thm maurce of effects for the

instrumental discernment when compared to the sffgicthe Stun. In fact the avg. 1-
VR coefficients were showed in the Table 2: 0.88510.488s values that correspond
to avg. RPD coefficients 3\&.1.8. The two effects did not interact becauseltviR
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contrast of the two Stun condition is similar whexamined at T1 or at T2 time
(0.562tvs.0.5211).

4.2 Instruments and preparations

As regard to the preparations (Table 2) the maximtiefficiency was attained by the
freeze-dried preparation that was examined by b€1PVR avg.= 0.895a) similar to
TO (0.848ab) and H (0.842b) URs. The thaw exanonaby the Hungarian team was
also at that level (0.867ab). A step of lower édicy distinguishes the ethanol
specimens (0.467c) and the EN instrument (0.57Bog ET appears as the most
inefficient instrument (0.180d).

As shown in the Table 3, the average distance oestrof the Thaw and of the FD
preparations had very high 1-VR values (> 0.84¢; ¢thanol preparation and the e-
nose ranged around 1-VR 0.5, while the e-tongueveag low avg. distance matrix
(0.19). As highlighted in Figure 3, the FD specimestrongly agree for the
discernment of the four groups. In fact a symmepattern subordinates the minor
factor (Stun) at the major factor (Storage Tim&xywsimilar symmetric patterns were
enhanced in the examinations by e-nose, and beg-tbegue, but to a lesser extent,
because its non significant reclassification ap{{itable 4). In the NIRS spectra of the
thaw specimens the two groups at the T1 appeassdsienmetrically dispersed, while
in the clusters derived from spectra of the ethapelcimens no homologous patterns
were recognized, and in this preparation we campasg that an interaction between
the Stun and Time-storage factors could have apgedrable 4 reports the full
reclassification square, with the global significartest. All the instruments, except
the e-tongue, were significant as regard to a namdom distribution of the
observations. According the seven groups recordwais possible to calculate a
relationships between the 1-VR coefficients and nbeassification percentage; as
reported in Figure 4, the percentage of reclaggiba may be estimated as 0.98
detracted of the 0.78 * Log(1-VR), wit*R.81.

Figure 4 shows the high {R 0.80) relationship between the two criteria cdasgd

for the evaluation of the results in the trial.

. On X-axis the T criteria: PLS of averaged spectra from seven tinsént-
preparations
. On Y-axis the? criteria: PLS-DA of averaged spectra from sevestriment-
preparations.
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4.3 Spectra of the NIRS instruments and preparation

Figure 5 presents the average NIR spectrum (asliRy( of Thaw, Ethanol and
Freeze-dried specimens.

A flat curve means low absorbance because of a hiflection of the signal.
Obviously the raw meat absorbs in the water a pigt of the signal then resulting a
salient curve. The freeze-dried specimens did hsoi the signal, chiefly because of
their very low water content, then the curves appeare flat as respect to the raw;
notice that the curves from the two FOSS instrusi@mpear very superimposed. In
the minor Vis-NIR band of the ASD instrument fronoriho the ethanol specimens
curves also appear superior to the freeze-driecause the inherent major ethanol-

water absorbance of the signal.

4.4Rigor mortis

As highlighted in Table 5 a very strong effect wagparent on the time of the
maximum rigor mortis occurrence, as a consequence of the Stun treatmaith
strongly anticipates the phenomenon. The unpaimedfan test has P = 0.0037,
disregarding the different amount in the standardiations, limited to 2.53 h in the
usual conditions or expanded to 7.52 in the CO Tke. correlation of these values
with the spectra of the devices and preparatioeshaghlighted in Table 6, last 3
columns. Notice that the average 1-VR level iseliigh (0.61) and in four cases
surpasses the 0.74 limit of discrimination basedth@n real maximunrigor mortis
time. As regard to the ability of the different tinsnents to collimate the real results
the freeze-dried preparation, together with thevthpreparation and also the ethanol
specimens prepared and examined in Torino, galmedighest fit (a, a, a respectively
for All spectra, and storage time T1 and T2) withthe different NIRS devices
utilized; however only two exceptions occurred: theRS of Padova did not
appreciate the freeze-dried preparation of thespéictra (0.59b, 0.76a, 0.75a) and the
minor capacity NIRS ASD of TO RU was less efficianevaluating the storage time
1 (0.63ab, 0.56b, 0.74a).

The EN gave minor efficient results as comparedNiBS of the freeze-dried and
thawed and ethanol preparations (0.47c, 0.63bp).4nd even less efficient were the
discrimination results for the ET (0d, 0.43c, 0.25¢c

In conclusion we can observe that the effect of dhBcipatedrigor mortis on the

muscle specimens, despite of different preparataos of different instruments, was
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dragged on the vibrational spectroscopy of the paml@nt tissues, examined after
different storage time. Notice, that the storageetitself was also greatly apparent in
the spectra composition (see previous results), with proper and different

vibrational signature.

4.5Sensory Test

As reported in Table 7, the positive aspects ofGRetreatment were the reduction of
aroma (-8%) and odour (-10%). Some negative aspectserned a reduction of the
tactile-crumbliness (-13%) and tactile-tendernes$5%), while the treatment
increased the salty taste (+14%).

Notice that the PLS fitting of the averages of ¥ variable scores to a dummy value
1 (C) and 2 (CO) reaches & Rvel of 0.48 (Figure 6).

As regard to the correlation of the spectra redliz®y different devices and
preparations, some prominent considerations arts®a the examination of the Table
8. In general many 1-VR coefficients appeared veghly significant, indicating a
statistical indirect relationships of the traitsoithe spectra, but with no expectation of
individual prevision ability.

The tenderness score (Avg. 1-VR = 0.45a) and thg &zste (0.41a) reached the
maximum of correlation considering the whole setcalfibrated instruments. Odour
intensity (0.38b) and tactile tenderness (0.36¢cjewat almost comparable levels.
Slightly lower precisions were attained for tactii®mbliness (0.27d), for the aroma
intensity (0.20e), and for adhesiveness (0.17e)cdicelation was established for the
scores of sour, fibrousiness and overall acceptance

All these correlations arise from a general indiretationship of the spectra with the
variation induced by the factor &. CO in the results of the panel test: as shown in
Figure 7, the 1-VR values (Y) from all the devica® positively related with the
probability of the gas factor (X = log 1/Prob) fttre Stun factor in the ten sensory
variables, pertinent to the whole instrumental $kat is pooling all the spectra
produced at the two storage times, T1 and T2. Mdtiat the tactile tenderness and the
salty taste are appreciated more than the commenage function.

As regard to the ability of the different instruntenio collimate with the panel, the
results are provided in the last 3 columns of thbld 8. Notice that the average 1-VR
level is poor because it derives from some insigaiit sensory variables, apparently

not affected by the Stun effects.
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The freeze-dried preparation, together with theviithpreparation, gained the highest
fit with all the different NIRS devices utilized.h& ethanol preparation realized and
examined in TO RU was alike the previous, but beeanf differences in the spectra
pertinent to the Timel and Time2 storage duratiba, pooling for time was not as
efficient (avg. 1-VR = 0.02gs.0.23a and 0.23a respectively for T1 and T2). TNe E
gave similar efficient results as the freeze-daed thawed and ethanol preparations,
for the storage time, T1 and T2 separated (0.1@6a) 0.25a). On the contrary the ET
was not efficient, and the respective coefficiemese 0.04c, 0.15b and 0.11b.

We have observed a general concordance of therapsmnature of the specimens
with the appreciation expressed by the panel ines@ansory traits. Not only
rheological, but also flavour and taste proper@es involved in this vibrational

characterization.

5. DISCUSSION

5.1 Instrumental methods appreciation of Stun an8torage factors, instruments and
preparations

Despite the differences observed between Storagj&am factors, as the main source
of effect for instrumental discernment in favourSibrage, and considering the wide
set of instruments and preparations set up in ttad, a comparison with other
literature results was not possible (at leastatitithors knowledge). As showed in the
clusters Figures, the Storage factor had an highpact on samples, but the Stun
effect was very similarly perceived at both the akeel time, because the effects
revealed at T1 was preserved and checked agaiB. dh Tew cases, namely with the
ethanol specimens, the groups were erratically azorded. Mantilla et al. (2008)
showed that with increasing Storage time, CO camagans in the biological matrix
decreases, by confirming findings and favouring&je time effect. Combinations of
the two factors showed that on average CO bothlatid T2 is not differently
detected by the instruments, but it cannot be ptesbiecause at T1 there is no Storage
time effect, which is present instead at T2 where summed to that of the Stun. This
misrepresentation of the data may depend from fifflereht efficiency of the
considered instruments; indeed it is interestingidte that NIR scan of ETOH-TO
specimens presented lower correlation with Gaslawfien compared to T2, probably
because the alcohol had a lower reaction with teehf proteins (T1), that is the

contrary of what happened for ET and EN which pesly react to fresh proteins. In
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general NIRS on freeze-dried samples resulted tthéemost useful instrument and
sample preparation combination. First probably beeaf the higher sensitivity of the
method when compared to ET and EN, which are basea global selectivity

concept, able to recognize just a limited numbemofecules (Smyth, & Cozzolino,
2012). Second, because the removal of water thrahghfreeze-drying treatment
further increases accuracy (Smyth, & Cozzolino,201

5.2 Distance matrix and PLS-DA

The distance matrix and PLS-DA confirmed findingparted above: NIRS scanning
of thawed and freeze-dried samples resulted asntbet useful method and sample
preparation in discerning specimens according twage time and Stun factors, with
Storage time being the most discerning factor.

The high relationship between 1-VR coefficients dmel PLS-DA indicate that the 2

criteria gives similar results, indeed in both sca$éiR on raw and freeze-dried
specimens performed in H, PD and TO resulted totHze best instruments in

discerning samples, and in evaluating the presandancidence of both experimental

factors (Stun and Storage time).

5.3 Rigor mortis

When fish are killed, creatine phosphate is degtdmgore to the breakdown of ATP.
When the creatine phosphate and ATP reach a simadacentration, ATP content
decrease andgor mortis starts till a fullrigor mortis status when ATP diminishes to
about 1umol/g. Rigor mortisoccurs when in myofibrils ceases cross bridgeicgabf
myosin and actin, and permanent linkages are for(Wéahg, Tang, Correia, & Gil,
1998).

Rigor mortisis resolved after some time. Possible caus@®sf mortentenderization
include a weakening of Z-discs of myofibrils (Seki,Tsuchiya, 1991), a degradation
of connective tissue, or a weakening of myosinmagtinctions (Yamanoue, &
Takahashi, 1988). The effect of the anticipatiggr mortis on muscle specimens,
caused from the anaesthetic effects of CO, degpidifferent preparations and of
different instruments, was revealed by the vibraispectroscopy of the equipollent
animals and examined after different storage tinenfdifferent NIRS instruments.
NIRS resulted very useful in determining tissueanges correlated to earlier onset of

rigor mortis, and reflected in the spectra over time. The ragidlution of rigor
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mortigs strictly linked to other changes that probalffected the spectra versus time,
such as different levels of ATP, glycogen, lactate, K-value and muscle texture
(Ehira, & Uchiyama, 1986; Berg, Erikson, & Nordtved997; Sigholt et al., 1997,
Thomas, Pankhurst, & Bremner, 1999; Robb, 2001hRudbeller, Veland, Imsland,
& Slinde, 2002; Howgate, 2005). In the case of,frat studies have been identified in
literature where different NIRS devices recordedcs@m at time ofigor resolution
and after 14 days of cold storage in order to camgigem and predict their correlation
with time at maximunrigor mortis. In beef cattle (Lomiwes, Reis, Wiklund, Young,
& North, 2010), in a range of normal commercialigaon, the NIRS as an on-line
method to quantify glycogen and predict ultimate fjHH,) of pre rigor beef M.
Longissimus dors{LD) was unsuitable; in fact the spectra were pocprrelated
against glycogen and pHiR?)=0.23 and 0.20, respectively.

Notice that storage time itself was also greatlyaapnt in the spectra composition but
with proper vibrational signature that not interath the Stun effect.

Roth et al. (2002) observed that in Atlantic salmtimned with carbon dioxide (G
electricity, or percussion prior to slaughter gre mortemstress during C©Ostunning
resulted in an earlier onset and resolutionigdr mortis followed by accelerateplost
mortem softening. In the present study the very earlyebref therigor was not
followed by a softening, but by a hardening oftiksues, probably related to the long-
term (20 min.) stress during CO exposition. Skj&tyoFjeraa, dstby, and
Einen(2001) showed that pre-slaughtering strescifl salmon firmness depending
on the severity and duration of stress: short tetrass leads to muscle softening,
whereas long term exhaustion leads to increaselenfisoness. This is in accordance
with patterns of stress influence in mammal meadik, Aberle, Forrest, & Merkel,
1994).
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5.4 Sensory Test

In veal, Brugiapaglia, Destefanis, Lussiana, GiofadJasoero(2011) investigated the
meat sample preparation methods and NIRS methoglddogredict sensory scores of
veal belonging to two ethnic groups and fed onedé#ht diets. Three preparations of
Longissimus thoracisamples, i.e., thaw, ethanol-prepared, and freaed;dwere
studied. The distance matrices reached differeriRlevels: 0.65 (thawed and ethanol
samples); 0.42 (freeze-dried), whereas the paneMegy distinctive (0.62).

Prediction of Panel scores were effective as 1-VRtbanol specimens for Flavour
(0.68) and Texture (0.68). It was concluded thaRS8lIscan of thawed samples
anticipates results achieved by a wide set of ktboy analyses. NIRS analysis of
ethanol samples exhibited strong predictive valueamel scores. In the present study,
as regard the ability of the instruments to collienavith the panel, freeze-dried
preparations together with the thawed one, gaihechighest fit with all the different
NIRS devices.

6. CONCLUSIONS

This study meant to evaluate and compare sensalysas, NIRS, Electronic Nose
and Electronic Tongue’s ability in discriminatingl&ntic salmon $almo salarL.)
fillets according to stunning methods and storage &nd different preparation of the
specimens. Generally, Storage factor resulted tthéemain source of effects for the
instrumental discernment when compared to the ®ffet the Stun. As regard the
samples preparations and instruments used, themmaxiefficiency was performed
by the freeze-dried samples scanned by NIRS deftioesthe RU of PD, TO and H,
also NIRS on thawed samples performed by the H Rid efficient; EN, ET and
NIRS of ethanol specimens resulted to be the wprsparations and analysis
methodologies. The PLS-DA and distance matrix coréd these findings also. The
correlation of maximunmigor time with the spectra resulted to be greater fee4e-
dried and thawed samples according to all the miffeconsidered NIRS devices and
for the ethanol specimens. A general accordanaedeet the print of samples’ spectra
and the appreciation expressed by the panel foreseensory traits was observed,
indicating that rheological but also taste and dlavproperties are involved in this

vibrational characterization.
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It can be concluded that, as general result, freleeel preparation and NIRS devices
resulted to be the best combination in samplesthseent according to Storage time

and Stun factors, but also according to maximigor mortis time and sensory scores.
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Table 1.Panel test: considered descriptors and measuramgnt

Sensory aspect Descriptors Type of measurement Unit
Global odour intensity Scores, linear and
- - . 0-10

Global aroma intensity continuous

Brackish/marine

“Fishy”

Animal Feed

Cardboard

Stale

Boiled potatoes

Salmon

Others

Friability Scores, linear and

Tenderness continuous

Saltiness

Sourness

Taste Bitterness Categories Presence/Absence

Astringent
Metallic
Adhesiveness
Fibrousiness

Texture Tenderness
Stringiness
Unctuous Categories Presence/Absence
Low solubility

Olfactory

Categories Presence/Absence

Tactile 0-10

Scores, linear and

. 0-10
continuous
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Table 2 Chemometric analyses (by WinlISlI v. 1.04 softwafehe two main factors Stun and Storage time,crttleir combinations, for the
seven instruments and preparations, accordingubege (Avg.) values of 1-VR in cross-validatiomirBd Friedman’s test compares the

instruments (a>b>c>d) and Fisher’s test compam$vtbh main factors (Stun and Storage time) eff@ets) and their combinations (t>u)

ET-H EN-H THAW-H FD-H FD-PC FD-TO ETOH-TO 1-VR RPD
Factor 28 60 60 60 60 60 60 Avg. Avg.
Stun 0.000s 0.439 0.853 s 0.832 s 0.862s 0.626s 0.170 s 0.488s 1.8
Time 0.493r 0.799 0.942 r 0.901 r 0.930r 0.973r 0.805 r 0.835r 3.3

Group 0.000 0.596 0.845 0.787 0.825 0.749 0.236

1 Control_T1 2 Control_T2 12 0.310 0.662 0.944 0.844 0.865 0.968 0.663
3 Stunned_T: _13 0.000t 0.354 0.959 t 0.717 u 0.937t 0.565u 0.402 t 0.562t 2.3

4 Stunned_T2 _14 0.000 0.596 0.945 0.946 0.946 0.983 0.804

2 _Control_T2 3 Stunned_T1 23 0.082 0.813 0.739 0.830 0.905 0.951 0.008
4 Stunned T: _24 0.000t 0.049 0.662 u 0.813 t 0.894t 0.8541 0.372 t 0.521t 1.8

3 Stunned T1 4 Stunned_T2 34 0.735 0.852 0.909 0.906 0.895 0.964 0.742
Avg. 0.180 0.573 0.867 0.842 0.895 0.848 0.467 0.662 2.5

d c ab b a ab c

a>b>c>d: Test of Friedman paired by rows, P<0.85; Test of Fisher for the main effects within istents and preparations, P<0.05; t>u: Test ofdfifdr the effects of the Stun
factor in the two conditions of Storage time, witlfistruments and preparations, P<0.05.

FD-H: 400-2498 nm, 1049 digits; instrument: FOS8®3Hungary

FD-PD: 1100-2492 nm, 700 digits; instrument: F@&B80, Padova

FD-TO: 350-1025 nm, 1049 digits; instrument: ASDEBosta s.r.l.
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Table 3. Distance matrix of the 1-VR coefficients by the PafSthe averaged (Avg.) spectra
from seven instrument-preparation, and reclassifingpercentage of the individualsof thefour
groups { reclassification results from Table 4)

FD-H Group 1 2 3 4 Avg,  Reclassification¥%
1 Control_T1 0 0.844 0.717 0.946 0.843 95%
2_Control_T2 0.844 0 0.83 0.813
3_Stunned_T1 0.717 0.83 0 0.906
4_Stunned_T2 0.946 0.813 0.906 Q
FD-PD Group 1 2 3 4 Avg.
1_Control_T1 0 0.863 0.937| 0.946| 0.907 93%
2_Control_T2 0.865 0 0.905 0.894
3_Stunned_T1 0.937 0.905 0 0.895
4 Stunned_T2 0.946 0.894 0.895 (0
FD-TO Group 1 2 3 4 Avg.
1_Control_T1 0 0.968 0.565| 0.983| 0.881 85%
2_Control_T2 0.968 0 0.951 0.854
3_Stunned_T1 0.565 0.951 0 0.964
4_Stunned_T2 0.983 0.854 0.964 Q

ETOH-TO Group 1 2 3 4 Avg.

1 Control_T1 0 0.663 0.402 0.804 0.499 38%
2_Control_T2 0.663 0 0.008 0.372
3_Stunned_T1 0.402 0.008 0 0.742
4_Stunned_T2 0.804 0.372 0.742 Q

THAW-H Group 1 2 3 4 Avg.

1_Control_T1 0 0.944 0.959| 0.945 0.86 85%
2_Control_T2 0.944 0 0.739 0.662
3_Stunned_T1 0.959 0.739 0 0.909
4_Stunned_T2 0.945 0.662 0.909 Q

EN-H 1 2 3 4 Avg.

1_Control_T1 0 0.662 0.354| 0.596| 0.554 60%
2_Control_T2 0.662 0 0.813 0.049
3_Stunned_T1 0.354 0.813 0 0.852
4 Stunned_T2 0.596 0.049 0.852 (0

ET-H 1 2 3 4 Avg.

1 Control_T1 0.00 0.31 0.0d 0.00 0.19 46%
2_Control_T2 0.31 0.00 0.08 0.00
3_Stunned_T1 0.00 0.08 0.00 0.74
4 Stunned_T2 0.00 0.0(¢ 0.74 0.00
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Table 4.Reclassification % in the four groups by the PLS-@fAhe spectra from seven instrument-preparatiainthe Time 1 and at the

Time 2, and statistical significance

FD-H (P <0.00001)

FD-PD (P <0.00001)

FD-TO (P <0.00001)

Stun Time Group 1 4 Misses 1 2 3 4 Misses 1 2 3 4 Misses
C 1 1 15 0 2 15 0 0 13 0 1 6
C 2 2 15 1 0 1 14 0 0 15 0 1

CcoO 1 3 12 0 0 0 13 1 2 14 0 2

CcoO 2 4 0 15 0 2 14 3 0 0 13 0

15 15 15 15 60 15 15 15 14 60 1p 15 15 L5 60
Misses 0 0 3 0 3 0 1 2 1 4 2 0 5 2 9
% 0% 0% 20% 0% 5% 0% 7% 13% 7% 7% 13% 0% 33% 13% 15%
THAW-H (P <0.00001) EN-H (P <0.00001) ETOH-TO (P = 0.01066)

Stun Time Group 1 2 3 4 Misses 1 2 3 4 Misses 1 2 3 4 Misses
C 1 1 14 0 3 0 3 10 2 1 4 8 4 5 2 11
C 2 2 0 12 0 1 1 0 2 1 1 5 2

CcO 1 3 11 0 1 2 13 0 7 4 4 4 1 9

CcoO 2 4 0 3 1 14 4 0 10 1 12 11 2 6 1 10 9

15 15 15 15 60 15 15 15 14 60 16 15 15 L5 60
Misses 1 3 4 1 9 5 14 2 3 24 7 14 11 5 37
7% 20% 27% 7% 15% 33% 93% 13% 20% 40% 47% 93% 73% 33% 62%
ET-H (P = 0.10504)

Stun Time Group 1 2 3 4 Misses
C 1 1 1 0 2 0 2
C 2 2 1 4 2 2 5

CcO 1 3 3 1 4 0 4

CcO 2 4 2 2 0 4 4

7 7 8 6 28
Misses 6 3 4 2 15
86% 43% 50% 33% 54%
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Table 5. Values of the maximumgor mortistime (in hours) in the selected examined Atlantic
salmons.

Stun
Salmon # C CO
1 24 1
2 24
3 24 6
4 26 10
5 28 11
6 30 22
Avg. 26.00 8.83
St.dev 2.53 7.52
Unpaired Friedman's test P: 0.0037
PLSD of the C and CO grou
R?based on the majgor morti 0.74
time
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Table 6. Rigor mortismaximum time correlated with the spectra of tHiféedent devices and
Fisher’s test of the 1-VR values.

Fisher's test

Device Sample Spectra N (1-VR) All spectra  Timel Time2
Max-Rigor
Electronic Thawed All spectra 360 0.47 b c
Nose
H TimeO 180 0.63 a
. . Time2 180 0.47 b
Electronic Thawed All spectra 168 0 b d
Tongue
H Time0 84 0.43 a
. . Time2 84 0.25 a
NIRS Thawed All spectra 360 0.74 b a
FOSS TimeO 180 081 a
H . Time2 180 0.66 b
NIRS Freeze-dried All spectra 360 0.68 a
FOSS Time0 180 0.74
H . Time2 180 0.72
NIRS Freeze-dried All spectra 360 0.59 b b
FOSS TimeO 180 076 a
PD . Time2 180 0.75 a a
NIRS Freeze-dried  All spectra 360 0.63 b ab
ASD TimeO 180 0.56 b
TO . Time2 180 0.74 a a
NIRS Thawed All spectra 720 0.70 a
ASD Ethanol TimeO 360 0.79
TO Time2 360 0.73
Average 0.61

Within column: a>b>

c>d, Fisher’s bi-lateral tes&@05.
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Table 7. Results of the mixed model analysis of the sgnsoores of the 10 variables by the 12
panelists of the Atlantic salmon samples

Sensory variables C Cco P co/C
Sourness 1.97 1.86 0.3742 -6%
Adhesiveness 4.59 4.37 0.2123 -5%
Fibrousiness 4.89 485 0.7488 -1%
Tactile_Crumbliness 4.68a 4.05b 0.0384 -13%
Aroma_intensity 5.96a 5.48b  0.0301 -8%
Odour_Intensity 6.47a 5.82b  0.0096 -10%
Saltiness 3.15b 3.58a 0.0546 14%
Tenderness 5.78a 4.92b 0.002 -15%
Tactile_tenderness 5.12 482 0.322 -6%
Acceptability 4.65 5.37 0.2765 16%

212



Table 8.Sensory scorescorrelated with the spectra of tifereint devices and Friedman and Fisher test ol W& values

| AFriedman'’s test

Device Sample Spectra N Average Sour Adhesivenes  Fibrousiness Tactile_ Aroma_  Odour_ Salty Tenderness Tactile_ Acceptance Within All spectra Timel Time2
Crumbliness Intensity  Intensity Tendernes Instrument
Electronic Nose Thawed All spectra 1440 0.16 0.00 0.05 0.00 0.20 0.23 0.26 0.28 0.36 0.21 .00 0 s u
H Timel 720 0.26 0.00 0.20 0.00 0.41 0.32 0.39 410. 0.51 0.40 0.00 r t
Time2 720 0.25 0.00 0.12 0.00 0.36 0.33 0.42 430. 0.53 0.36 0.00 r t
Electronic Tongue Thawed All spectra 336 0.04 0.00 0.03 0.00 0.06 0.01 0.03 0.16 0.06 05 0. 0.00 s v
H Timel 168 0.15 0.00 0.10 0.00 0.19 0.18 0.20 230. 0.36 0.21 0.00 r u
Time2 168 0.11 0.00 0.09 0.00 0.05 0.13 0.15 190. 0.34 0.16 0.00 r u
NIRS Thawed All spectra 720 0.26 0.00 0.16 0.00 0.32 0.31 0.41 0.47 0.57 37 0. 0.00 t
FOSS Timel 360 0.27 0.00 0.24 0.00 0.30 0.20 0.47 0.53 0.52 0.44 0.00 t
H Time2 360 0.25 0.00 0.23 0.00 0.27 0.14 0.46 520. 0.48 0.43 0.00 t
NIRS Freeze-dried All spectra 720 0.26 0.00 0.21 0.00 0.32 0.17 0.46 0.50 0.53 43 0. 0.00 t
FOSS Timel 360 0.28 0.00 0.27 0.00 0.34 0.20 0.49 0.53 0.49 0.47 0.00 t
H Time2 360 0.29 0.00 0.29 0.00 0.41 0.25 0.47 520. 0.54 0.44 0.00 t
NIRS Freeze-dried All spectra 720 0.26 0.00 0.19 0.00 0.28 0.20 0.47 0.50 0.51 44 0. 0.00 t
FOSS Timel 360 0.29 0.00 0.25 0.00 0.44 0.27 0.47 0.52 0.53 0.44 0.00 t
PD Time2 360 0.28 0.00 0.29 0.00 0.38 0.22 0.47 520 0.51 0.44 0.00 t
NIRS Freeze-dried All spectra 720 0.25 0.00 0.25 0.00 0.23 0.19 0.47 0.52 0.44 45 0. 0.00 t
ASD Timel 360 0.25 0.00 0.26 0.00 0.23 0.16 0.46 0.52 0.44 0.45 0.00 t
TO Time2 360 0.28 0.00 0.30 0.00 0.30 0.23 0.48 520 0.53 0.47 0.00 t
NIRS Thawed All spectra 1320 0.02 0.00 0.02 0.00 0.02 0.00 0.06 0.02 0.07 0.04 .00 0 S \Y
ASD Ethanol Timel 660 0.23 -0.01 0.00 0.00 0.29 50.2 0.43 0.36 0.54 0.41 0.00 r t
TO Time2 660 0.23 0.00 0.05 0.00 0.33 0.25 041 .350 0.52 0.42 0.00 r t
Averages variables 0.22 0.00 0.17 0.00 0.27 0.20 38 0. 0.41 0.45 0.36 0.00
BRank, (Fisher’s test) f e f d e b a a c f

AIn ranking average 1-VR by device: Fisher's tess; t>u>v, P<0.05in ranking of sensory variable instrumental cotieta paired Friedman's test: a>b>c>d>e>f, P<0.05.

213



Figure 1. Fitting of the maximurnmigor mortistime in the 6 C Atlantic salmons.
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Figure 2. Fitting of the maximunmigor mortistime in the 6 CO Atlantic salmons.
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Figure 3. Cluster of the four groups based on the distantsix of the mean spectra in cross-validationbzation mode for the seven

instrument-preparation samples.
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Figure 4. Relationships between the average 1-VR coeffisi€d axis) of the PLS equations
and the percentage of reclassification (Y axis).
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Figure 5. Average NIR spectrum (Log (1/R)) of Thawed, Etileand Freeze-dried specimen.
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Figure 6. Plot of the PLS discriminant function for the @dahe CO effects, based on the ten
variables panellist scores.
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Figure 7. Plot of the average 1-VR values (Y) from all tevicesvs.the log (1/P) (X) for the
Stun factor in the ten sensory variables.
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Effects of stunning/slaughtering methods ompre rigor mortis changes in rainbow trout
(Oncorhynchus mykiss) reared at two different temperature conditions.

Abstract

The effects of stunning/slaughtering methods (carlmoonoxide asphyxia, CO;
electroshock, E; asphyxia in the air, A) on blo@igmetersrigor evolution, fillets
shape changes, ATP depletion and Adenylate Energgrgeé (AEC) in muscle
immediately after death were investigated in rambkoout reared at two different
temperature conditions (8 °C and 12 °C). Treatn#eritas proved to be the most
stressful: cortisol concentration three times higih@an baseline levels (153 ng /ml),
high concentrations of lactate (5.58 mM) and glec&08 mM), while treatment E
resulted the most suitable method for slaughtering.

Water temperature influencedgor mortis evolution: at 12 °C no significant
differences among treatments emerged, while at,&f€ groups solved rigor in the
order: A, CO and E. Fillets from treatment A extedi both the strongest area and
perimeter contractions (in the order A>CO>E and A€PB, respectively) and the
most rapid length shrinkage and height increadlmwed by E and CO. Globally CO
treatments showed the highest ability in preservingscle energy immediately after

death, in fish reared at both temperatures.

Key words. Oncorhynchus mykisdaughtering methods; stress; blood indicatorsdP AT

rigor mortis
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1. INTRODUCTION

Food quality is perceived as a global concept, Wwhscunavoidable from animal’'s
welfare. Conditions of anxiety, pain, suffering &ear above all have ethical
implications, since the human being is considecetie responsible for the effective
respect of the rights and welfare of other livimgnaals, as stated in the declaration of
UNESCO (1978). The respect for animal’'s welfarersgty affects consumer attitudes
towards the product, influencing the choice to ¢éhpsoducts derived from animals
that have not been subjected to ill treatment. @p®rs concerning stunning and
slaughtering processes, as well as the immedigtély stages, can cause particular
stress and disturbances that may affect meat gyuéliilmane slaughter procedures,
therefore, can improve@ost mortemquality of fish, as reported for warm-blooded
animals by many authors (Brown et al., 1998; Géestral., 2001). Fish slaughtering
methods have been reviewed by Robb and Kestin J2CG01 the most relevant
identified are percussive stunning, &@rcosis and electrical stunning. In addition to
these methods, the use of carbon monoxide (COYigmekent an attractive alternative
to CQ, as, contrarily to CeXPoli et al., 2005),it does not produce aversieat$ by
animals. Substantial inhalation of CO can be fag&ause of its high ability to bind to
respiratory pigments, such as haemoglobin (Hb) ébpert, 2002), for which it
presents an affinity 210-270 times greater thahdhaxygen (Q) (Kalin, 1996). This
strong binding is the major cause of CO stunnirigcgiveness, thanks to the exclusion
of Hb in the Qs transport, but also to the very slow reversipiliof the
carboxyhaemoglobin (COHb) complex at atmospherssure and oxygen saturation.
Carbon monoxide is then able to form bonds with égmoteins like Hb, myoglobin
(Mb) and neuroglobin (Ngb), the latter being a roale that has the function of
carrying oxygen to the brain and nerve tissues wittrotective role during hypoxia
(Brunori and Vallone, 2007; Liu et al., 2009; Surak, 2001), by replacing oxygen.

It is also believed that CO binds to proteins thettain the oxygen inSaccus
vasculosusa well vascularised organ of the caudal hypothak of elasmobranchs
and most bony fish. This organ is well vasculariaead many presumed functions like
pressure regulation and reception, chemoreceptiomic regulation of the
cerebrospinal fluid, storage and transport haven begoothesised (Sanson, 1998;
Yanez et al., 1997). When these proteins binded®, the animal dies due to lack of
O, without feeling its deficiency, and this is th@sen why this gas is not considered

harmful to the animals (Concollato et al., 2015)0 Gilso influences cellular
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respiration through the inhibition of many enzymesch as cytochromes, which
possess hem groups similar to those of Hb and Mbsing the suppression of
oxidative phosphorylation (Prescott et al., 1996).

Another important aspect to consider is CO abiityenhance the fish fillet's colour
(Bjarlykke et al., 2011) and overall meat quali@hpw et al., 1998;Gee and Brown,
1981;Hsieh et al., 1998; Mantilla et al., 2008)lefs of Atlantic salmon, herring and
mackerel, anesthetized by injection of CO in seawditad a more persistent red value
(a*) and did not develop the characteristic odduraocid after 6 days of refrigerated
storagethan the groups not treated with CO (Coatmlet al., 2015). Thus, the
antioxidant ability of CO may be of considerabléenest, mitigating the risk of lipid
oxidation and thereby extending the shelf-life cdgucts (Cornforth and Hunt, 2008).
At present, very little literature information alidhe practice of euthanizing fish with
CO is available. Bjarlykke et al. (2011) and Cofatol et al. (2014) studied CO
effects on stress parameters and quality in Atasélmon. Bjgrlykke et al. (2011)
showed that CO positively affected fillet colouesulted in an earlier onset vor
mortis and a faster decrease in pH due to the lactatets®st It was also highlighted
that salmons exposed to CO did not express averggetions and were easily
slaughtered by percussion. Concollato et al. (2@d4nd that CO treatment resulted in
an increased level of catecholamines, enhancenidightness (L*) and yellowness
(b*) values, earlier onset oigor mortis, as a consequence of a rapid pH decrease, and
higher drip losses. Behaviour analysis showed tiatobserved aversive swimming
could be elicited as a response to the loose ofdnxy or a biological response to
hypoxia.

In tilapia (Mantilla et al., 2008), CO anaestheskewed a significant increase in
redness (a*) and L* on treated fillets in compamiswsith the control ones. It was
observed that tilapia remained calm before dyimygealing that the process is not
stressful, but that the use of CO has an anaestefféct on the animals since they
stopped moving and remained calm until euthanaamcempleted.

The aim of the study was to investigate the pol#sitto apply carbon monoxide and
electricity in comparison with the asphyxiationaim, still widely used in some Italian
farms, for stunning/killing rainbow trout rearedtab different water temperatures (12

and 8 °C). Fish welfare and quality performancesveraluated.
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2. MATERIAL AND METHODS

2.2 Experimental set-up

The study was performed at the experimental farfadrhund Mach Foundation, in S.
Michele all’Adige, Trento (Italy).

Five hundred rainbow trouDpcorhynchus mykissvere equally allocated in 5 tanks
containing 3600 L of freshwater each. In tanks,lar®l 3 the water temperature was
maintained at 12 °C whereas in tanks 4 and 5 thentamperature was maintained at
8 °C. Three stunning methods were applied: asphiyxihe air (A) lasting about 15
min (tank 2 and 5), electroshock (E) performed bg electronic teaser GOZLIN
TEQO02 (GOZLIN, Modena, Italy) for 30s at 180 Vr(kal and 5), and asphyxia with
carbon monoxide (CO) until death (tank 3 and 4ghEgen fish per experimental unit
were sampled for the scheduled analyses.

Fish from tank 1 (mean weight 740 + 105 g) weretwagal, hauled out of water and
immediately treated by electricity (E_12 °C); fisbm tank 2 (mean weight 684 + 95
g) were used as control group and treated by asplitythe air (A_12 °C); fish from
tank 3 (CO_12 °C) and tank 4 (CO_8 °C) (mean werf@n + 120 g and 773 + 101 g,
respectively), were flushed with 100% food grade(8I@D, Bergamo, Italy). From
tank 5, 18 fish (mean weight 667 + 97 g) were cagatuhauled out of waterand then
immediately treated by electricity (E_8 °C), aftards other 18 fish (mean weight 760
+ 85 g) were sampled from the same tank and trdatesphyxia in the air (A_8 °C),
due to the overall availability of only 5 tanks.|Adroups of fish were finally
percussively slaughtered.

During the experiment, the CO concentration indivewas monitored and measured
by the use of portable gas detectors (GasBadge ®akdale, PA, USA) and by

supplementary gas detectors in charge of the fineoh@rento province (Italy).

2.3 Plasma parameters

Immediately after percussive slaughtering, bloothglas were collected from the
caudal vein of 5 fish from each group. Blood waacpt in heparinised tubes,
centrifuged at 4000 rpm for 10 min; the resultatdsma was transferred into
Eppendorf tubes and stored at -80 °C until analyses

Plasma lactate and glucose were analysed using MeXRL (MaxMat S.A.,
Montpellier, France). Cortisol was determined usigdISA (RE52061, IBL
International GmbH, Hamburg, Germany). Osmolalitagswmeasured using freeze
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depression (Fiske 210 Micro-Sample Osmometer, Advanced Instruments,,
Norwood, MA, USA) and ions (Na K", and Cl) were analysed with selective ion
electrodes (Cobas ¢ 111, Roche Diagnostics LtdkrBaz, Switzerland).

2.4 Rigor Index and pH evolution, fillet shape ajpe@s during rigor mortis, ATP and
related catabolites determination
After slaughtering the 5 fish per experimental graused for blood sampling were
also considered fdrigor Indexand pH evolution measurements. Three other fisle wer
destined to the fillet shape change assessmeptlafises and ATP and its catabolites
determination. The remaining 10 fish were usedfdiother analyses, not included in
this manuscript.
For Rigor Indexand pH evaluation fish were individually taggeaighed and stored
in polystyrene boxes with ice, maintained in a caddm at a temperature ranging
between 0 and +2 °C untilgor-mortis resolution, i.e. at about 76 hoyrgst mortem
Measurements were done immediately after slau@ih@®rand at 4, 15, 24, 33, 39, 48,
57 and 76 hourpost mortem. Rigor mortisvas determined by the Rigor Index,
calculated according to Bito et al. (1983) using fibilowing formula:

RI (%) = [(Lo- Ly)/Lo] x 100
where lg (cm) is the vertical distance between the bagbetaudal fin and the table
surface (used as a support base for the fish),mehsmmediately after the death,
whereas L(cm) is the vertical distance between the bagbeotaudal fin and the table
surface at the selected time intervals.
The pH was measured on the cranial part of epdiied portion, using a Mettler
Toledo FiveEasy/FiveGo" pH meter (Mettler-Toledo Ltd, Leicester, UK).
On the 3 fish per treatment mentioned above, madiilletlng in pre rigor condition
was carried out. Afterwards, left fillets, maintathin a cold room at a temperature
ranging between 0 and +2 °C, were used to assesshpe changes durimigor
mortis, by taking pictures at 0, 4, 9, 15, 24, 33, 48 @Achourspost mortenwith a
NIKON D3000 camera with lens Nikkor 18-55. The pdgtphed fillets were
analysed by the Software Adobe Photoshop CS4 foifdhowing parameters: area,
perimeter, maximum length and maximum height.
From the cranial side of the epaxial portion of tight fillets of the same fish utilised

for fillet shape changes analysis, maintained cold room at a temperature ranging
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between 0 and +2 °C, 1 g of muscle was sampled diatedy after death for
adenosine 5'-triphosphate (ATP) and its catabolifes. adenosine 5’-diphosphate
(ADP), adenosine 5’-monophosphate (AMP), inosinembnophosphate (IMP),
inosine (Ino) and hypoxanthine (Hx)] concentrataralysis, determined by a HPLC
based on Burns and Ke (1985) method. The HPLC apparcomprised a pump
system (Beckman mod. 125-S) equipped with a UV alete(Beckman mod. 166)
with absorbance fixed at 254 nm, analogic interf@eckman mod. 406), Ultrasphere
ODS Reverse Phase column (Beckman; length 250 miernal diameter 4.6 mm;
particle size 5 pm; pore size 80 A), UltrasphereSQiPe-column (4.6 mm ID, 45 mm
length), and 20-pl fixed loop. The mobile phase wdd,P0O, 0.5 M, pH 7.0.
Standards were purchased from Sigma-Aldrich (Stig,dMO, USA).

From ATP and related catabolites, Adenylate EnéZyarge (AEC) = (0.5 ADP +
ATP)/(AMP + ADP + ATP) (Atkinson, 1968) was alsdaaated.

Our main interest was to detect the amount of AT AEC left in the muscle
immediately post mortem(T0), in relation with the stunning/slaughteringetimods

applied. These parameters are involved in thepesiod of freshness evolution.

2.5 Statistical analysis

Data were analysed using the General Linear Modetgulures of the statistical
analysis software SAS 9.1 (2004) for Windows. A tways ANOVA tested the

stunning methods (three levels: A, CO and E) ardnathter temperatures (two levels:
8 and 12 °C) as fixed effects. The stunning metf®y x water temperature (T)

interaction was also tested.

3. RESULTS

3.1 Plasma parameters

Fish subjected to A, E, and CO slaughtering methadsthe two temperature

conditions (8 or 12 °C), showed significantly drfat (P<0.001) glucose levels (Table
1), with decreasing trend in the order CO>A>E.

The highest lactate levels were found in A and QOugs (5.58 and 5.36 mM,

respectively), while the E group had the lowestdecamount (3.23 mM).

Trout slaughtered by asphyxia had significantly hieig cortisol level (P<0.001)

compared to the CO and E groups (153 vs 60.4 ardnfml, respectively) with no

differences between the CO and E groups.. Howesertisol showed a highly
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significant (P<0.001) interaction between stunnimgthod (S) and water temperature
(T) (Table 2), indicating that trout reared at 8 &4@d stunned by A, had the highest
level of cortisol of all groups of treatment both8°C -CO and E- that at 12 °C -A,
CO and E- (231vs. 49.5 and 40.4 ng/ml; 23ts. 74.19, 31.26 and 80.45 ng/ml,
respectively).

Stunning by A exhibited the lowest" Koncentration (5.58 vs 6.59 and 6.06 mM for
A, CO and E, respectively; P<0.05) and a significarteraction SxT between
slaughter method and water temperature. As higlddghin Table 2, in trout
maintained at 8 °C the 'Klevel decreased in the order CO>E>A (P<0.001),redm
for those kept at 12 °C, the trend was A>CO (P<D0With the E group having
intermediate values. When comparing stunning methagplied at the two different
temperatures, CO_8 °C expressed the highest vdl#€ to all treatments, A_8 °C
had significantly lower value only than A_12 °C9@.vs. 6.21mM, respectively);
CO_8 °C significantly higher to all treatments apglat 12 °C (8.1@s.6.21vs.5.08
and5.38 mM, respectively), and E_8 °C significahilyher to CO_12 °C and E_12 °C
(6.75vs.5.08 and 5.38 mM, respectively).

For plasma Chloride, no differences due to slaugigenethod or rearing temperature

were found.

3.2 Rigor Index and pH evolution, fillet shape ajpes during rigor mortis, ATP and
related catabolites content

Trout maintained at 8 °C, and exposed to A, hacanier onset and resolution of
rigor mortis (Figure 1A), reaching Rigor Index (RI) = 0 only 48wst mortem,
followed by CO and E groups, at about 75h afterttdeAt 12 °C any significant
difference was determined, even though the morie iaprease and resolution of rigor
in A group was evident (Figure 1B). Considering toghd, immediately after death, A
group had both at 8 °C (2A) and 12 °C (2B) a sigaiitly lower pH than E and CO
groups, the latters not different between themeiLan, at 8 °C, no difference was
attributed to the slaughtering methodsridjor resolution; while for trout reared at 12
°C, A group at 40 and 46 hoypsst mortenhad the lowest pH, significantly different
from that of CO group, while E showed intermedmdues. At both temperatures, 8
°C and 12 °C, pH was not different among the thceasidered groups atgor
resolution (76h).
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At 4h post mortemn A, CO and E fillets the perimeter values acdedrfor the ~92,
96 and 99%, respectively of the value recorded idhately after death (100%). Fillets
from asphyxiated fish, had a significantly highentaction both at 4h after death
with respect to CO and E, that at 9, 15 and 24h waspect to E and CO (except at 24
h). Area contraction of A fillets at 4h after deaths significantly higher than that of E
fillets, with CO fillets having intermediate positi (values accounted for the 92&
99.5vs.95.7% of the initial valuerespectively; Figure 3); at 9 and 1pbst mortem

A continued to be the treatment with significantigher area contraction. A group
length contraction was of greater magnitude, wlatleady at 4 hourpost mortem
reached a maximum value of 85% of the initial I&ngftthe fillet (as also observed for
the previous parameters characterizing the filhetpg changes), while the other two
groups reached later the maximum values of themtraotion. Length contraction
magnitude was smaller for CO fillets when compa@d fillets; at the end of the
considered period (48post morterj) the latters showed shrinkage values similar to
that of A fillets, significantly higher with respeio that of CO. A more rapid increase
in height was exhibited by A fillets, whereas thesmintense was detected for E fillets
and the lowest for CO fillets (12 and 7% more thiam initial values, respectively),
even if the differences did not result statistigaignificant. By averaging the values
of the experimental treatments at the end of thaitoong period (48hpost mortery
area, perimeter, length and height exhibited ingitsée changes accounting for the
92.8, 92, 86.5, and +9.5% with respect to theahitalues, respectively.

Results relating to the content in ATP and AEC irdrately post mortem(TO) in
muscle from rainbow trout subjected to three ddferstunning/slaughtering methods
were compared (Table 3). Tissues samples from Q@pgexhibited significantly
higher (P<0.05) amount both of ATP (2.27 pumol/@ttAEC value (0.83; P<0.001)
when compared to A (1.20 umol/g and 0.52, respelglivand E (1.13 pumol/g and
0.64, respectively). The AEC resulted affect byevaemperature, indeed at 12 °C it
increased significantly (P<0.05) with respect t6(8(Table 3). Significant (P<0.01)
interaction SxT was found for ATP and AEC valuel{lea4). As concerning ATP and
AEC Index concentrations in the fillet, the lowgatues were showed by E_8 °C and
A_12 °C groups, within and between groups of tremiinrespectively.
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4. DISCUSSION

4.1 Blood parameters and cortisol

Both slaughtering methods and temperatures hadifisat effects on blood
parameters. Fish exposed to A and E were hauledfdhe tank and killed within a
few minutes while CO fish were exposed to the tnemt for a prolonged period of
time. This means that CO fish would have more timenobilize glycogen stores and
increase plasma glucose levels when compared todAEatreated fish. Alterations in
glucose metabolism are a common response to stresaptured fish (Barton and
Iwama, 1991), which response provides extra energgurces enabling the animal to
overcome the disturbance. This was evident in tlesemt trial although the levels
were increased in A group probably because ofritense muscle activity during the
15 min of asphyxia in the air.

Lactate increase is a consequence of anaerobidatlista, and would be expected to
increase in A fish in particular, which was the eg¥homas et al., 1999; Wood,
1991). It was also noticeable that the lactatellev€O fish increased following the
treatment indicating that the latter part of theatment was anaerobic and by
confirming CO binding affinity towards {Kalin, 1996; Davenport, 2002). The
general increase in lactate production with tempeeashows that the metabolism is
higher at this temperature.

Trout slaughtered by asphyxia in the air had tlyldst level of cortisol, significantly
different from those of CO and E groups. In gendisth resting levels of cortisol vary
considerably (2-42 ng/ml), whereas post-stressideae known to vary from 20 to
500 ng/ml (characteristically <300 ng/ml) (Bartomdalwama, 1991). Similar
concentrations to that of A group were reportedskjervold et al. (1999) in Atlantic
salmon kept at low density (less than 50 Ky/nthen slaughtered by live chilling
(184.0 £ 62.66 ng/ml), and by Merkin et al. (20i®)ainbow trout after long term (4
hours) crowding (200-300 kgfin45.35 + 35 ng/ml). A highly significant interaoti
SxT highlighted very high value for cortisol in A °&€ group with respect to all the
groups of treatment, both at 8 that 12 °C. Thidatte explained by the double use of
tank 5, from which the fish slaughtered by eledlyiéirst, and then those by asphyxia
in air were hauled out. The disturbance causeldgdish when removed from the tank
itself was enough (beyond the killing method ugedyenerate an increase in cortisol
in fish left in the tank (Pickering et al., 1988)is is what happened for A_8 °C group.
This condition could have minimized the temperagffect.
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Plasma K levels were significantly higher in trout slaugles with CO, when
compared to the control, slaughtered by percus&itiach et al. (1981) sustained that
large increase in serum’Kevels are reported in fish as consequence ofsbies
exercise and intracellular acidification, and as aifiect of acute stress and
haemoconcentration (Mc Donald and Milligan, 199Mis could explain the highest
values found in CO group mainly due to CO actiordisplacing Q@ and favouring
cellular acidification, which was probably moreense in CO group since exposition
was prolonged in time if compared to A one. Thaadicant interaction SxT obtained
revealed an effect of the different slaughteringhods, depending on the temperature
of the water in which trout were maintained: thé ¢oncentration in plasma of CO
groups was the highest and the lowest in rainbowttreared at 8 °C and at 12 °C,
respectively. Waring et al. (1996) proposed mudtiphd cumulative effects to explain
serum K variations in Atlantic salmon under stress coodisi No difference was
found for chlorides level in the plasma, nor betwdbe groups slaughtered by

different methods or among groups maintained &tmdiht temperature.

4.2 Rigor Index and pH evolution, fillet shape ofpas during rigor mortis, ATP and
related catabolites content

At 8 °C, asphyxiated group showed an earlier oaset resolution ofigor mortis
followed by CO and E groups, resulting significgrdifferent from them. This trend
was detected also at 12 °C but without any sigaificdifference. The different
behaviour observed in A groups when compared tmthers, could be the result of
the procedure adopted for the slaughtering of Kegbt in tank 5 at 8 °C. It is therefore
likely that on these fish, two cumulative stressdfects were added, the first
associated to the collection of E group from thmedank, and the second to the
slaughtering method. In species subjected to captrr handling stress, it was
observed an earlier onset and resolutiongdr mortis(Berg et al., 1997; Jerret et al.,
1998; Robb, 2001). The intense activity before gitier caused considerable muscular
glycogen consumption and thus lactate productiesulting in a rapid onset and
resolution ofrigor in A group when compared to CO and E groups. Thisdition
could explain the lower strength with whigigor was expressed, and its faster
resolution. E group entered in rigor after A and @€pectively since, being electricity
a very rapid slaughtering method (3@s 15 min. for asphyxias. ~30 min. for CO),
fish suffered a minor stress immediately beforetllegesulting in the saving of the
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muscle glycogen stores, postponing its degraddatidactate and thus delaying in the
time of therigor mortis resolution.

It is knew the high CO affinity towards hem proteiand its blocking effects on,O
utilisation at high concentrations; it is more likghat this property resulted less
stressing for the fish with respect to the asphyomain air, but more than the
electrical stunning, especially at lower temperagur

pH values showed that both at 8 °C and 12 °C, Aigignificantly differed, at least
immediately after death, from CO and E groups, Whéxhibited a similar trend
through all the monitoring time (76h) (Figure 2)hi§ means that the double
disturbance caused to A_8 °C group and the diftevester temperatures, had no
influence, at least on the pH evolution, since othbcases for all the respective
stunning methods applied, pH evolution followed $hene pattern, ending up with not
different values.

Maximum area and length contraction values sinathat of A group were found,
with different timing, by Misimi et al. (2008) oroth stressed (chased to exhaustion
for 30 min.) and unstressed (anesthetised with AQM) Atlantic salmon (~14% and
~9%, respectively); whereas Mgrkagre et al. (20@@)nfl for cod anesthetized by
metacaine (MS222), a length contraction value &62Eurther, it has been reported
that an earlier onset afgor mortis, caused by stress, can provide greater muscle
contractile tensions and shortening than thoserebdan unstressed fish (Nakayama
et al., 1999), by confirming what happened for Aup. It is interesting to note that
CO seemed to reduce fillets length contractiomatend of the monitoring period (48
h), with respect to electroshock and asphyxia $isrmmg methods. Duringgor, A
and E fillets’ height increased as a consequendbeomajor length decrease: height
increased up to 9 and 12% at about 4 and 9h af&thdrespectively, corresponding
with maximal rigor of whole fish, to reach again 48h post mortemthe values
observed at 4 and 9h. On Atlantic cod fillets Missh al. (2008) found a significant
effect of stress operimortemchanges in the height.

The recorded behaviour seems to confirm that dilt#itained from the most stressed
animals, because of the adopted slaughtering mdia@bphyxiation in air, begin to
contract and change their shape earlier thandildtained from slaughtered animals
with the other two techniques. This result, whishn line with the values registered

for the blood parameters and with the pH value, tnings related with the greater

232



depletion of muscle energy in the case of fish thavte suffered greater stress
condition at the time of death.

Results obtained from chemical analysis, confirndeta from plasma, fillet shape
changes, rigor (only at 8 °C) and pH (both at &Hat 12 °C) evolution. Asphyxia in
the air resulted as the most stressing stunninggbtaring method applied in this trial,
because of the prolonged (15 min.) exposition, Wwnesulted in an intense stress and
muscle activity, accompanied by marked ATP deptetimmediately after death,
together with E treatment (Lowe et al., 1993; Ratffal., 2002; Thomas et al., 1999).
Lower muscle pH immediatelyost mortenand a more rapid decline during storage in
A group are also confirmed with observations ineotepecies of fish (lzquierdo-
Pulido et al., 1992; Nakayama et al., 1992). TheelopH levels have generally been
attributed to H generation associated with lactate production AM& breakdown
(Hochachka and Mommsen, 1983; Wood and Perry, 198&)mas et al. (1999)
detected similar ATP concentrations to CO groupsiressed and stressed and
exercised Atlantic salmon immediately after death2Z and 2.17 pmol/g,
respectively), and to A and E groups (1.20 and i®l/g, respectively) after 12h of
storage (1.23 pumol/g) of the same fish. Mishimaalet(2005) in horse mackerel
(Trachurus japonicusslaughtered by temperature shock, atpdist mortemfound
similar values (~ 2.10 umol/g) to those of CO growpereas 12post mortemwhen
slaughtered by cutting the brain, to those of A Br@ 1.20 pumol/g).

The different degree of stress sustained by algtbeps of treatment and the variation
in the actual time of death affectpdst mortemAEC (Adenylic Energetic Charge)
values, significantly higher for CO followed by BAA groups.

Berg et al. (1997) reported for stressed (stunmiith CO,) Atlantic salmon AEC
values similar to those of E group only 3 hourera#iaughter (0.66 + 0.045.0.64 +
0.08, respectively), which were comparable to v&laé unstressed group from the
same trial (netted individually and killed withi®2 by a blow to the head) at about 20
hours post mortem Similar AEC values to CO group (0.83 + 0.08) wévand by
Erikson et al. (1999) in Atlantic salmon been cllake 1h before slaughter (0.88 +
0.04) and by Schulte et al. (1992) in rainbow troegn exercised to exhaustion for 30
min before slaughter (0.84 £ 0.011).

Interactions showed that water temperature exeesmportant effect. Reduction of
fish muscle temperature, removes substantial tHeznmexgy accessible for the muscle

degradation that starts within hours after slaugff&jervold et al., 2001). At 8 °C
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electroshock seemed to be the treatment which @eplere energy, at 12 °C, instead
it was asphyxia, whereas CO seemed not been afféstenvater temperature. This
seems to show an evident effect of the temperaine the treatments applied were
always the same, but it must be keep in mind thatewat 12 °C electroshock and
asphyxia in the air where applied in fish from teifferent tanks, whilst at 8 °C first E
and than A were applied in fish from the same tdordcause of last minute
contingencies which deprived us of one tank. Onlyugs treated with CO did not

differed in energy content both at 8 and 12 °C.

5. CONCLUSIONS

From this study it resulted that electroshock wias most suitable slaughtering
method, able of limiting stress in rainbow trowgphyxia in air seemed to be the most
stressing, as confirmed also ligor mortis and pH evolution, whereas CO was placed
in the middle. Fillets from asphyxiated fish hack thtrongest area and perimeter
contractions followed by CO and E on one side, twedmost rapid length shrinkage
and height increase, followed by E and CO, on timero CO_8 °C and CO_12 °C
were able to preserve the higher amount of mus&l€R immediately after death.

It must be born in mind that, in this trial, theHiasphyxiated in the air reared at 8 °C
was strongly stressed by the double sampling. i gheliminary study on the CO
application for slaughtering rainbow trout someticai points with regard to the
procedure of gas release into water were highldyhtieus it would be interesting to
perform a pressurize release of CO in a closediitirwith subsequent injection into
the water, to improve gas efficiency and persorsadety. On the other side, the
application of electrodes on animals removed frdra tvater, and therefore in
compromised conditions from a welfare point of vias also considered a critical
point.
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Table 1. Plasma parameters and cortisol levels in rainbowt treared at 8 °C or 12 °C and
stunned/slaughtered by asphyxia (A), CO (CO) aetataty (E) (No. = 5 fish/group).

Stunning (S) Temperature (T) P-value o
Parameters A CO E 8°C 12°C S T ST RSP
Glucose (mM) 6.08 7.47F 500  6.03 6.34 <0.001 NS NS 0.79
Lactate (mM) 558 5.36 32% 426 519 <0.001 <0.01 NS 0.84
Cortisol (ng/ml) 153 60.44 404 107 62  <0.001 <0.01 <0.001 50.317
K* (mM) 558 659 6.06° 6.60 5568 <0.05 <0.001 <0.001 0.69

WResidual Standard Deviation
a, b: Within each criterion, means in the same lawing different superscripts are significant a .05 level.

NS: not significant.

Table 2Plasma parameters and cortisol levels in rainb@uttreared at 8 °C or 12 °C and
stunned/slaughtered by asphyxia (A), CO (CO) octatgty (E): interaction temperature X
stunning/killing methods (No. = 5 fish/group).

Parameters 8 °C 12 °C
A CO E A CO E
Cortisol (ng/ml) 230.9¢ 49.5C¢ 40.44 74.1¢ 31.26 80.4%
K (mM) 496 810" 6.78 6.21°¢ 508 538°

A, B: means at the same time after death havingreéifft superscripts are significantly different at ®.01 level.
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Table 3. ATP and AEC values immediateppost morten{TO) in muscle of rainbow trout reared
at 8 °C or 12 °C and stunned/slaughtered by asphiX, CO (CO) or electricity (E) (No. = 3
fish/group).

Stunning (S) Temperature (T) P-Value rsOY
A CO E 8°C 12°C S T SxT
ATP 1.20 227 113 1.14 1.93 <0.05 NS <0.05 0.77
AEC 052 083 064 062 07F <0.001 <0.05 <0.001 0.08

W' Residual Standard Deviation
a, b: Within each criterion, means in the samehawing different superscripts are significant at @05 level,
NS: Not significant.

Paramete

Table 4.ATP and AEC values immediatgbpst morten{TO) in muscle of rainbow trout reared
at 8 °C or 12 °C and stunned/slaughtered by asphy®i CO (CO) or electricity (E): interaction
temperature x stunning/slaughtering methods (N®fish/group).

8 °C 12 °C

A CO E A CcO E
ATP 1.3¢" 2.02* 0.003f 1.00° 257 2.26"
AEC 0.63 0.8° 041 047 085 0.86

Parameters

a, b: Within each criterion, means in the same lawing different superscripts are significant
atP<0.05 level.
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Figure 1Rigor Index (RI) evolution in rainbow trout reared at°@ (A) and 12 °C (B)
stunned/slaughtered by A, E or CO. Value are ptedeas means (No. = 5 fish/group).
Uppercase and lowercase denotes significant diféee® (A, B = P<0.01; a, b = P<0.05,

respectively).
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A, B: means at the same time after death havingreifft superscripts are significantly different a @01 level,
a, b: means at the same time after death havifegatit superscripts are significantly differenfat 0.05 level.
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Figure 2. pH evolution in rainbow trout reared at 8 °C (Adat2 °C (B) stunned/slaughtered
by A, E or CO. Value are presented as means (N&. fish/group). Uppercase and

lowercase denotes significant differences (A, B<6.B1; a, b = P<0.05, respectively).
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A, B: means at the same time after death havingreifft superscripts are significantly different at @01 level;
a, b: means at the same time after death havifeyeift superscripts are significantly differenPat 0.05 level.
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Figure 3. Perimeter, area, maximum length and maximum headtllet in rainbow trout
stunned/slaughtered by A, E or CO, measured ardift times after death, expressed as a

percentage of the value measured immediately déath (No. = 3 fish/group).
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Effects of stunning/slaughtering methods omost rigor mortis changes in rainbow
trout (Oncorhynchus mykiss) reared at two different temperature conditions.

Abstract

Post rigor mortischanges related to texture, chemical and sensmgepies in
rainbow trout Oncorhynchus mykisseared at two different temperature conditions (8
and 12 °C) were investigated to better understamdwhat extent different
stunning/slaughtering methods. carbon monoxide asphyxia (CO), electroshock (E)
and asphyxia in the air (A), can influence theiplation in the course of storage
time.In long terms (Ar7 = 10 daygost morteryy considering both K and jKvalues,
freshness results well preserved irrespective ef stunning/slaughtering method
applied, and water temperature. #gor resolution (kr0)CO fillets showed higher
pH than A fillets (P<0.01), whereas seven daysr aftmr resolution (kr7) also E
fillets pH resulted significantly higher than Aléits. CO treatment ensured higher a*
and C* colour values, and intermediate b* valuegmglas electroshock provided the
lowest a*, b* and C* values in fillets. Texture fite analysis revealed an effect of the
stunning method and of the temperature for the sivhress parameter. Fish
slaughtered by CO presented significantly lowerQ(B81) malondialdehyde content
in fillets when compared to the other two groupsTakO, whereas at gg7 no
differences were detected. Canonical Discriminan@lgsis of sensory attributes,
instrumental texture and physico-chemical measunésnesulted as an accurate tool in
discriminating and classifying the three groupstrebtments at the two considered

rearing water temperatures.

Key words: rainbow trout; stunning methods; shelf-life; amp TBARS; texture

profile analysis; sensory analysis
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1. INTRODUCTION

Freshness is the most important attribute whensassg fish quality. Microbial,
biochemical and sensory changes are associated dsterioration of fish quality
during handling and storage (Ehira & Uchiyama, 198 egory, 1994). It is
fundamental to reduce muscle activity during trams@nd netting and to ensure
stunning/slaughtering methods able to mininpee mortemstress of fish since it may
result in detrimental effects on fillets textureaftdyama, 1996; Ando, Toyohara
&Sakaguchi, 1992), colour perception (Robb, Kestn Warriss, 2000; Robb &
Warris, 1997; Jittinandana et al., 2003), she#-lftowe et al., 1993) and K-value
(defined as a later indicator of fish freshnessgjuierdo-Pulido, Hatae, & Haard,
1992).

Stress can provide greater muscle contractiledassand shortening than observed in
unstressed fish (Nakayama, Ooguchi, & Ooi, 199%).réported by Robb (2001) in
rainbow trout, a very rapid drop in muscle pH dee stress can affect colour
parameters (higher L*, H°, C* and lower Roche caabre) making fish flesh
appearance lighter and more opaque. The use ofluddsor relative amounts of
particular degradation products as indicators @$liness and spoilage is very common
in scientific literature (Ehira & Uchiyama, 1986pnks, Murray, Livingston, &
Murray, 1964). During the capture/harvesting precasd the struggling associated
with the death of the fish, much of the ATP (adeém@driphosphate) is converted to
AMP (adenosine monophosphate) and sometimes furtioer IMP (inosine
monophosphate), and the sequence ATP to IMP israneomplete within two days
of storage in the ice after death. Over the fiest ays of storage in ice, loss of IMP
occur, by affecting the flavour in fresh fish. INBrecognized as a flavour enhancer of
meaty foods, especially of the umami flavour (Kaetal., 2002), and it is likely the
IMP contributes to the sweet, creamy, meaty flasafr fresh fish (Bremner, Olley,
Statham, & Vail, 1988; Fletcher, Bremner, Olley,S8atham, 1990;Fraser, Pitts, &
Dyer, 1968;Fuke & Konosu, 1991; Hashimoto, 1969)e K-value has been much
used as an Index of freshness (Ehira &Uchiyamag)l98efined as the ratio of the
sum of the non-phosphorylated compounds, Ino (l&)sand Hx (Hypoxanthine), to
the sum of all ATP-derived degradation productsnésally an upper K-value limit of
70 to 80% is for good quality and, lower than 404b@or excellent quality large
commercial-size Atlantic salmon at 14 and 7 dpgst mortenrespectively (Erikson

et al., 1997).In almost all storage trials desdtiloe literature, concentrations of the
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adenine nucleotides are very low and a revised Ideyaften designated as alue,

Is calculated as the ratio of the sum of Ino andtéithe sum of IMP, Ino and Hx. In
this case, Kvalue monitors loss of IMP (Howgate, 2005). Animaélfare and
product quality are linked aspects of the totallitgaf fish; therefore requirements of
fish welfare and efficient aquaculture should beargatee. To maintain the best
original quality, fish should be stunned until deand killed by avoiding any kind of
stress (Poli et al., 2005). Most relevant fish stog/slaughtering methods are
mechanical percussion, G@arcosis and electrical stunning (Robb & Kestin020
Percussive stunning is mainly used for salmon ahdrs large fish. The fish is hit in
front of the brain and instantly rendered insemsilflor the fish is still possible to
recover, if the destruction of the brain is part&d it is important that the method is
followed by bleeding or by another slaughteringcpice (Wall, 2001). C@narcosis is
commonly used in some salmonid farms. Fish areeplan a bath with C®gas
saturated water (> 400 mg / | with a pH of 5.0-5'B)e CQ dissolves in water to
form an acid, fish blood’'s pH is lowered and consmdly the fall cause the
destruction of brain activity, narcosis and eveljudeath (Kestin, Wotton, & Adam,
1995; Robb, 2001) in about 3-4 minutes (in Salmpthidn fish are slaughtered by
cutting the gills and bleeding. Researches havevshihat several species of fish
exhibit aversive behaviour towards g@arcosis and loss of sensation may occur after
few minutes, depending on the species, resultinpentotal exhaustion of the fish at
the time of death (Erikson, Hultmann, & Erik Ste2006; Marx, Brunner, Weinzierl,
Hoffmann, & Stolle, 1997;Robb, 2001), which reatle ttondition ofrigor mortis
during the processing line, approximately two hoaiter death (Berg et al., 1997).
Electro-narcosis (typically 50-70 V) is used astimel for laboratory purposes or in
some farms, especially in the case of trout anch@al(Lambooij et al., 2002c). It is
considered "humane" because, if properly applieelanimal is rendered immediately
insensible, as the electric current stops braiiviact(Kestin et al., 1995). Electrical
stunning is immediate, easy to control, efficievtafl, 2001), it makes possible the
anaesthesia of many fish all together (Roth &Maell®99). On the other side, the
strong contraction of the muscles causes tetamgrdahan anaesthesia (Close et al.,
1996), intense electrical currents can damagedhmass (Kestin et al., 1997), causing
hematoma, blood clots, spinal and vertebrae frastyKestin et al., 1995; Roth &
Moeller, 1999; Wall, 2001). The use of carbon madex(CO) presents itself as an
attractive alternative to the use of £€r the slaughter of the fish, as it does not
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produce aversive effects by animals, as happes@@t(Poli et al., 2005). CO forms
bonds with hem proteins -for which presents am#jfi210-270 times greater than
Oy(Kalin, 1996)- like haemoglobin (Hb), myoglobin (Mband neuroglobin (Ngb), by
replacing Q; thus substantial inhalation of CO can be fataheWfish are exposed to
CO, microbial growth, lipid oxidation and browningay possibly be reduced,
therefore the shelf-life of the product is prolodg€ornforth & Hunt, 2008;Prescott,
Harley, & Klein, 1996). This would be preferablefatty fish like salmon and trout,
which are highly vulnerable to lipid oxidation digethe high level of unsaturated fatty
acids and the hem containing proteins. CO actsragucing agent in which it forms
complexes with iron or copper in enzymes (Whitalgt1973), and therefore the hem-
catalysed lipid oxidation is reduced when CO isrmbtio the hem. Meat and fish
exposed to CO at low levels show desirable brighit stable colour of the muscle
(Cornforth & Hunt, 2008; El-Badawi, Cain, SamudsAngelmeier, 1964; Lanier et
al., 1978; Sgrheim, Nissen, & Nesbakken, 1999)o@obf fish fillets is also affected
when live fish is exposed to CO (Concollato et aD14; Concollato et al., 2015;
Mantilla et al., 2008). CO is shown to enhancedbleur and quality of fish (Chow,
Hsieh, Tsai, & Chu, 1998; Gee & Brown, 1981;Hsi€tmow, Chu, & Chen, 1998).
CO promotes MMb reduction and thereby it has axigtative capacity (Lanier et al.,
1978). The use of CO in fish slaughtering may tfegescontribute to a more stable
product (Bjgrlikke et al., 2012).

The aim of the present study was to investigate dffects onpost rigor fillet
characteristics of different stunning/slaughtennethodsj.e. electroshock (E), carbon
monoxide asphyxia (CO), asphyxia in the air (AJngehe latter a traditional method
widely used in Trentino Alto Adige (Italy) rainbotrout farms.

2.MATERIAL AND METHODS

2.1 Experimental set-up

The study was performed at the experimental farfadrhund Mach Foundation, in S.

Michele all’Adige, Trento (Italy).

Five hundred rainbow trouOpcorhynchus mykissvere equally allocated in 5 tanks,

containing 3600 L of freshwater each. In tanks,lar®l 3 the water temperature was
maintained at 12 °C whereas in tanks 4 and 5 &.8Three stunning methods were
applied: asphyxia in the air (A) lasting about 1 .nitanks 2 and 5), electroshock (E)
performed by the electronic teaser GOZLIN TEQOODREIN, Modena, Italy) for
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30s at 180 V (tanks 1 and 5), and asphyxia witlha@amonoxide (CO) until death
(tanks 3 and 4). Eighteen fish per experimentai ware sampled.

Fish from tank 1, with mean weight 0.740 + 0.105\kgre captured and immediately
killed by electricity (E_12 °C); fish from tank Zngan weight 0.684 + 0.095 kg) were
used as control group and killed by asphyxia inalie(A_12 °C); fish from tank 3
(CO_12 °C) and tank 4 (CO_8 °C) (mean weight 087120 kg and 0.773 £ 0.101
kg, respectively), were flushed with 100% food gradO(SIAD, Bergamo, Italy).
From tank 5, 18 fish (mean weight 0.667 + 0.097 wgre hauled out and then
immediately killed by electricity (E_8 °C), aftervas other 18 fish (mean weight
0.760 = 0.085 kg) were sampled from the same tatkstaughtered by asphyxia in
the air (A_8 °C), due to the overall availabilitiyanly 5 tanks.

All groups of fish were finally percussively sladghed. During the experiment, the
CO concentration in the air was monitored and nreasby the use of portable gas
detectors (GasBadge Pro, Oakdale, PA, USA) andupplementary gas detectors in

charge of the firemen of Trento province (Italy).

2.2 Energy metabolism, freshness indexes, drige$ogsH, colour and texture profile
analysis

After slaughter, all the animals (No.=108) wereiwidbally tagged and weighed.
Fifteen fish per treatment (on overall 90 fish) evstored whole in polystyrene boxes
with ice in a cold room ranging between zero and@2until rigor mortis resolution
(TrrO), i.e. 76 hourpost mortemOther 3 fish per treatment (on overall 18 fish) aver
immediately manually filleted ipre rigor condition.

At 0, 2, 7, 10 daypost mortem(TO, T2, Trr4, Trr?, respectively), from the cranial
side of the right fillet epaxial part, 1 g of muselbas sampled. The concentrations of
adenosine 5’-triphosphate (ATP) and related caitsoli.e. adenosine 5’-diphosphate
(ADP), adenosine 5’-monophosphate (AMP), inosinembnophosphate (IMP),
inosine (Ino) and hypoxanthine (Hx) were determibgda HPLC with the analysis
method based on Burns &Ke (1985) (results repoieBART Il, PAPER V). The
HPLC apparatus comprised a pump system (Beckmanl2®®) equipped with a
UV detector (Beckman mod. 166) with absorbancedfiae254 nm, analogic interface
(Beckman mod. 406), Ultrasphere ODS Reverse Phlasen (Beckman, length 250
mm, internal diameter 4.6 mm; particle size 5 porepsize 80 A), Ultrasphere ODS
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pre-column (4.6 mm ID, 45 mm length), and 20-puktidoop. The mobile phase was
KH,POy 0.5 M, pH 7.0. Standards were purchased from Si@hd ouis, USA).
Adenylate Energy Charge (AEC) = (0.5 ADP + ATP)/(RM+ ADP + ATP)
(Atkinson, 1968), ATP/IMP ratio (Erikson et al., 49 (results reported in PART I,
PAPER V), K-value (%) = [(Ino + Hx) / (ATP + ADP AMP + IMP + Ino + Hx)] *
100 (Saito et al., 1959), andKalue (%) = [(Hx + Ino) / (Hx + Ino + IMP)] * 100
(Karube et al., 1984) were also calculated. Oumniraierest was to detect K and-K
values in the muscle at the end of the storageogeronsidered Hg7), in relation
with the stunning/slaughtering methods appliedcesiare involved in an advanced
period of freshness evolution.
Drip loss was also determined, by weighing the fifitts immediately after death
(TO), at time of therigor resolution (kr0) and 7 days afterigor resolution
(corresponding to the end of the triakg¥). Drip loss was calculated by the formula:
Drip loss (t) = [(DO— [AgO o Drr7)/D0] x 100
where DOis the fillet weight immediately after éting, D:rO and kg7 correspond to
the fillet weight atrigor mortis resolution and after 7 more days of storage,
respectively.
Three values of drip loss were then calculatednfii® till Trg0, from TrgO till Trr?,
and the cumulative value from TO tilkd&7.
During therigor mortis processi.e. 24 hpost mortempH of the fillets was measured
by using a pH-meter (Mettler Toledo FiveEBSFiveGd" pH meter (Mettler-Toledo
Ltd, Leicester, UK).
After rigor mortis resolution (76 hpost mortemtime Tgg0), all the 90 fish were
transferred to the processing plant (ASTRO, Sanh®le all’Adige, Trento, Italy),
where they were mechanically filleted and weighaéerwards, right fillets were
vacuumpacked and stored at -80 °C for further analy$ggQ( samples), whereas the
left fillets were stored for 7 days g&7 samples), in polyester trays with absorbent
pads on the bottom, in a cold room at +2.5 °C ther analyses scheduled during the
shelf-life. Daily, from kg0 until Trr7, L*a*b* colour values (CIELab) and pH were
measured, by using a spectrocolorimeter (X-Rite,2B0QC; X-Rite, Incorporated,
Neu-lsenburg, Germany) and the pH-meter above oreedi
A Texture Profile Analysis (TPA) was carried ouglgi days after thagor resolution

(Trr8), using a Zwick Roell 109 texturometer (software: Text Expert Il, versi)
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equipped with a 1kN load cell. Kramer cell test Adrner-Bratzler shear force test
were performed on the caudal region of each fillet.

The Warner-Bratzler shear force test was perforosag a straight blade that moved
down at a constant speed of 15 mm/s to 100% otdta¢ deformation. Maximum
shear force, defined as the maximum resistancéefsample to shearing (Veland
&Torrissen, 1999) was determined.

The Kramer cell test was performed on a 80 mm xn80 sample. The Kramer cell
was composed of 5 linear blades moving down atoastread constant speed of 10
mm/s and withdrawing at a speed of 15 mm/s. Theefes. deformation curve was
registered until the 50% of the total deformati®he test was repeated for 5 cycles
simulating the chewing. Five texture parameterseweslculated, as suggested by
Veland & Torrissen (1999) and Ayala et al. (201grdness (peak force of the first
compression cycle), energy of shear (the sum oftka of the first upstroke and the
area of the first downstroke), cohesiveness (rafipositive force area during the
second compression compared to that obtained dutleg first compression),
resilience (ratio of the area of the upstroke camgbato the area of the first
downstroke during the first compression cycle) gndiminess (hardness multiplied
by cohesiveness).

All measurements were done at room temperature.

2.3 Lipid oxidation (TBARS Index)

Lipid oxidation was determined on 90 fillets (15r geeatment) both at thagor
resolution (Rr0) and at the end of the storage period considgieg?) by
determination of thiobarbituric acid reactive sabses (TBARS), according to the
method described by Siu & Draper (1978) and modiitiy Luciano et al. (2013).
Oxidation products were quantified as malondialdiehyf(MDA) equivalents (mg
MDA/Kg fillet).

2.4 Sensory evaluation

The descriptive method has been used. Twelve melvith experience in

determination of sensory profile of different foothtrices were subjected to training
sessions with the purpose to familiarize with thatnm of interest, to select the
appropriate descriptors and to define on a scalen@hsure the relative perceived

intensity. Olfactory, tactile, gustative and tedusensory aspects were evaluated and
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for each of them different descriptors were chasiégr an accurate literature research.
Global odour and aroma intensity (olfactory dedong); friability and tenderness
(tactile descriptors); saltiness and sourness e(tagéscriptors); adhesiveness,
fibrousiness and tenderness (textural descriptees¢ evaluated by scored, linear and
continuous scale of measure (0-10). Brackish/maamemal feed, cardboard, stale,
boiled potatoes, salmon and others (olfactory detecs); bitter, astringent and
metallic (taste descriptors); stringy, unctuous kwd solubility (textural descriptors)
were evaluated by categories (presence/absence).

Sensory analysis was performed in duplicates orfilgds (15 for each group of
treatment), at time ofigor resolution (kg0) in two consecutive days. Fillets were
placed in aluminium box previously drilled on thettom so as to prevent the cooking
of the same in their own liquids (cooking loss). &nminium foil was placed on the
top of each box. Cooking process was carried oahierlectric oven, pre-heated at 200
°C and the cooking time has been set up to theeaeiment of a core temperature of
75-85 °C. Each panellist received 50 g fillet saanpind evaluated one at a time the
six samples, corresponding to the six treatmentse presentation order for all
samples in both sessions was randomised to prévemnbrder and carry over effects
(Macfie, Bratchell, Greenhoff, & Vallis, 1989). @atcquisition was performed by
FIZZ software (Biosystemes - France) installed le t12 terminals provided in

laboratory’s tasting booths.

2.5 Statistical analysis

Data were analysed using the General Linear Modetgulures of the statistical
analysis software SAS 9.1 (2004) for Windows. A tways ANOVA tested the
stunning/slaughtering methods (three levels: A,&@ E) and the water temperatures
(two levels: 8 and 12 °C) as fixed effects. Theenattion stunning/slaughtering
method (S) x water temperature (T) was also tedfledtivariate discriminant analysis
was performed on sensory data, instrumental textarel physicochemical

measurements by considering treatments as dis@nhiariable (SAS 9.1, 2004).
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3. RESULTS

3.1 Energy metabolism, freshness indexes, drip loids colour and texture profile
analysis

Information relating to K and fvalues at the end of the storage periogk(), from
rainbow trout subjected to three different stunrfstepghtering methods were
compared. The mean K-value of rainbow trout slagigdat by asphyxia in the air in
this study was significantly lower than that ofutslaughtered by electroshock (45.5
vs. 57.0%; P<0.05), whereas CO group exhibited annmadiate value (50.2%). Fish
reared at 12 °C showed significantly higher K-valith respect to that at 8 °C (55.9
vs. 45.9%; P<0.05), at rk7.Kj-value resulted not affected, neither by the
stunning/slaughtering methods applied, nor by tlatewtemperature atgg7 (Table
1).

Table 2 reports cumulative drip loss (DL%) calceithtt different timgost mortem
Results showed that the experimental treatmentaatidffect fish drip loss.

Effects on pH and fillets colour during the shééIperiod (Tkr0-Trr7) are shown in
Table 3. Slaughtering methods did not affect coloalexes systematically: at
TrrO,0nly redness (a*) was affected, with CO groupwshg significantly higher
(P<0.01) values with respect to E group (1%s314.4, respectively); the same pattern
was shown at dgr7, with a* and Chroma values significantly highBx(.05) for CO
with respect to E (18.1s.16.6 and 25.5s23.5,respectively),whereas yellowness (b*)
resulted significantly (P<0.05) higher for A comparto E (18/s.16.5, respectively).
Water temperature instead, resulted in more imporéad constant differences on
fillet's chromatic characteristics. Lightness (Lg%, b* and Chroma resulted always
higher for trout reared at 8 °C, with significarntfefences at the different considered
times, except for dr3. A significant effect of stunning/slaughtering thmeds and
water temperatures on pH akgD and kg7 emerged. At the first day aigor
resolution (kg0), pH of CO group was clearly higher than thafajroup, whereas E
presented a mean value; low water temperature {8sfghificantly increased pH
values. At the end of the storagexkT), higher water temperature favoured a slight
increase in pH; also a general lowering in pH waseoved, but CO and E groups still
reported the highest values.

About the texture characteristics, slaughter comust affected only cohesiveness,
which presented significantly higher values in Adds fillets compared to the CO
ones (0.52%/s.0.41, P<0.01; Table 4).The other texture parammetbowed a marked
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similitude between A and E groups, while the CO diféered numerically for its
structure, presenting higher hardness and shesssstalues, but lower resilience and
gumminess. Water temperature had a major effe¢ch@nexture of the fillet than the
slaughtering method: at 12 °C, it resulted in iasexl hardness and shear stress, as

well as lower values of cohesiveness and resilierae registered.

3.2 Lipid oxidation

Stunning/slaughtering method significantly affectedlondialdehyde (MDA) content
(Table 5). Fillets of fish slaughtered by CO showmder MDA values (P<0.001) than
the other two groups (0.66.1.22 and 1.10 mg/kg; P<0.01), confirming CO apild
reduce and delay over time lipid oxidation of tmeduct with respect to the other two
slaughter methods, within 7giost mortemAt the end of the storaged7), instead,
no differences were detected concerning MDA coraembng the different treatments.

3.3 Sensory analysis

Canonical Discriminant Analysis (CDA) was used thiave the most discriminative
variables for the three-stunning/slaughtering m@s$ho Variables significantly
responsible for the discrimination are reportednicreasing order of discriminating
power in Table 6 (8 °C) and 7 (12 °C), accordingNdks A significance (P<0.01).
The CDA showed up that fillets from A, CO and E e are well discriminated
within fish reared at 8 and 12 °C for the same aldes: adhesiveness, pH_IR24,
tactile tenderness and acidity; this means thatifierent water temperatures did not
have any effect on them. Stunning methods sigmiflgaaffected cohesiveness, a*, b*,
resilience and shear stress of fish reared at 8wiigreas they affected juiciness,
saltiness and odour intensity of fish reared at@2

The relative positions of the treatments in thepbreal representations reflect the high
discriminant ability of the considered variablegg(fFes 1 and 2). CO_8 °C, A 8 °C
and E_8 °C groups resulted totally separated inreid (0% error), whereas in Figure
2 groups CO_12 °C, A 12 °C and E_12 °C were mastharated (20% error).

In Figure 1 the first axis (Can-1) accounted fag 88% of the total variability of the
measured variables (cohesiveness, adhesivenesi}PH tactile tenderness, acidity,
a*, b*, resilience and shear stress), whereasdhersl axis (Can-2) accounted for the
12%. Fifteen out of fifteen samples were correctissified, with no errors (Table 8).

In Figure 2, the first axis (Can-1) account for 8&% of the total variability of the
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measured variables (saltiness, juiciness, odownsity, pH_IR24, acidity, tactile
tenderness and adhesiveness), whereas the seasn@an-2) account for the 36%.
One out of fifteen samples was misclassified, iavg E treatment which is mixed

with A in the cross validation (Table 9).

4. DISCUSSION

4.1 Energy metabolism, freshness indexes, drige$pgsH, colour and texture profile
analysis

The rapid depletion of ATP gRO) (see PART Il, PAPER V) and faster loss of
freshness (higher K-value) presented by E groupra? (10 dayspost morten is
probably associated with the tetanus and higheel l@f muscle activity during
electrical current exposure (Chiba et al., 1990)aies similar to those of E and CO
groups were found by Erikson, Beyer, & Sigholt (Zp9n unstressed (~56%) -
individually netted and killed by a blow on the Heand baseline (~ 52%) -first
anesthetized and then killed by blow on the heatimens, 10 daypost mortem
during storage in ice, respectively. Ozogul & OZo{004), reported K-value of
~50% and ~60% (as CO and E groups, respectivetgy aD days of MAP or ice-
storage in rainbow trout slaughtered by a blowhmnhead, respectively. In grass carp
slaughtered by electricity, Scherer et al. (20@&)nd after 10 days of ice storage a K-
value (~60%) similar to that of E group.

Electroshock resulted unexpectedly the stunninghatktless able in preserving
freshness of the fillet, with respect to asphyxidahe air, if only considering K-value
information. Taking into account some other paramsetike cortisol levelsrigor
mortis evolution, ATP and AEC values immediatgdgst mortem(TO) of the three
groups of treatments (see PART Il, PAPER V), it viely to be A the worse
treatment. In salmonids the K-value seems to im&reharply during the first days of
storage before levelling off at about 7 dagst mortem However, the variation in
reported values for salmonids seems to be largh, Kswalue after 7 days of storage
ranging between 40 and 80% (Erikson et al., 198f&jtula, Kiesvaara, & Moran
(1993) proposed for whitefistCoregonus wartmanpia K-value upper limit of 80%
as criteria for good quality fish, and the samdeoa was also used for trout.
Considering K-value limits proposed by Erikson &€(1897), trouts in this study
presents an excellent quality ranga-walues resulted not different among the three

groups, but showed a global higher value with resfeK-value, as expected,because
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of the increase ATP degradation to IMP over timar(oe et al., 1984). In long terms
(Trr7 = 10 daygost morter)) considering both K andiKvalue, freshness results well
preserved irrespective of the stunning/slaughteringthod applied, and water
temperature.

Any significant effect was attributed to stunnidgigjhtering method or water
temperature for drip losses, measured along théendtody.

Considering the storage period gRD-Trr7), it resulted a significant effect of
stunning/slaughtering method and water temperaiorpH measured atgg0 and at
Trr/. At the day ofigor resolution (kr0), the pH of fillets of CO group was clearly
higher than that of A group, with E fillets at imteediate values. Earlier studies on
stress of relatively short duration have demonestrat faster drop of muscle pH after
slaughter and a lower final pH (Sigholt et al., 79%homas, Pankhurst, & Bremner,
1999). This confirmed that probably the higher pidsented by CO group, is due to
the pre-slaughter prolonged stress condition sedfso that the most of the glycogen
was consumed before death, resulting in a lowdatagroduction and pH decrease.
At Tgrr7, pH presented a general lowering, because ofntiteral degradation
processes and breakdown products formation, bua@DE groups still reported the
highest values. Low water temperature (8 °C) mampthsignificantly higher the pH
at TrgO, probably because contributed to reduction in dbtvity of the enzymes
taking part in glycogenolysis and further breakdowfnglucose (Skjervold et al.,
2001). At the end of the storage, instead, 8 °Cectéish showed significantly lower
pH.

Like the aforementioned parameters, also fillebaolseemed to be influenced by the
stunning/slaughtering methods applied in the presardy. In rainbow trout(Robb,
2001) the decrease in pH resulted in significahtgher L*, Hue and Chroma values
(more yellow and brighter meat), or lower scoresthe subjective evaluation by
Roche colorimetric cards. As regards the stunniethods, anesthetized rainbow trout
showed darker (lower L*) and redder (lower Hue) theand lower Chroma than
electro-narcotized fish (Robb, Kestin, & Warris80R) In the present study, exposure
to CO resulted in a significant increase in redniesth at kg0 that kg7 when
compared to E, but it was not different from A, evé the value was numerically
higher. It is known that CO binds easily to oxymiain/oxyhemoglobin
(OMb/OHDb), displacing oxygen, producing COMb/COHlatthas a cherry red colour.
The latters are stable compounds and the degradatimeth-forms MMb/MHb takes
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longer time and will thus prevent discolorationelignificant difference in redness at
TrrRO (4 dayspost mortemand Trg7 is thus mainly due to COMb/COHb production.
In Atlantic salmon, herring and mackerel anaestleeétiby injecting CO in seawater,
a* value was more persistent than in the controugreven after 6 days of cold
storage (Concollato et al., 2015). A slight inceead a* value was detected by
Bjarlykke et al. (2011) both on the fillets that gitis of Atlantic salmon slaughtered
by CO compared to control (percussion), similadywhat was found in this study.
Furthermore, several other studies show that CGuresds colour and quality of the
fish (Chow, Hsieh, Tsai, & Chu, 1998; Hsieh et d1998). Yellowness (b*) and
Chroma were affected at the end of the storag®g€iikg7) only, with a general loss
in colour in E fillets.

After 7 days of cold storage, as expected, b* valiereased in all
stunning/slaughtering methods applied, and it wgsfecantly higher in A than E, CO
presenting intermediate values. This is likelyilattted to both lipid and heme proteins
oxidation process: it has been demonstrated tratude of CO can reduce lipid
oxidation (Cornforth & Hunt, 2008; Hsieh et al.,98)even when live fish is exposed
to CO (Mantilla et al., 2008). Heme proteins, oogélized to MHb/MMb, can give a
brown-yellowish appearance to the red muscle, tbyglaining the increase in
yellowness value (Kristinsson and Demir, 2003)s Itmportant to take into account
that colour is also dependent on astaxanthin antexanthin amount in the flesh,
which depends on its inclusion level in feed stMsckell and Springate, 2001) and
that the high fat content in farmed salmonids caud#ution of astaxanthin and
interferes with colour perception (Christianseralet 1995), by minimizing treatment
differences.

Water temperature affected fillet's chromatic clogeastics. At kgOL*, a* and
Chroma resulted always higher for rainbow troutedaat 8 °C, but atgk7 only L*
value was significantly higher in 8 °C group.Ousuks support those found by other
authors in Arctic charrSalvelinus alpinusOlsen & Mortensen (1997) found that
Arctic charr reared at 8 °C had a stronger filiginpentation than fish reared at 12 °C.
Later, Ginés, Valdimarsdottir, Sveinsdottir, & Thoensen (2004) showed that flesh
from Arctic charr reared at 10 °C had a more irgaresl/orange colour than flesh from
Arctic charr reared at 15 °C, regardless of thairstr

Regarding texture profile analysis (TPA) parametesteinning methods affected

cohesiveness only; in particular, CO fillets resdlas the less able to fully recover the
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original structure during the break between two cegsive compressions
(cohesiveness), behaviour supported by the notfisignt but higher shear stress and
hardness, and the lower resilience and gumminessdefonstrated by Nakayama
(1996) and Roth, Moeller, Veland, Imsland, & Sling@®02), our results confirmed
that pre mortemmuscle activity (asphyxia) in fish contributes dosofter texture.
Water temperature had a major effect than the stgfslaughtering method on fillet's
texture: it seems like that low temperatures fagdua lower shear stress and hardness
explaining thus the greater cohesiveness, resdigmhich give a measure of the
springiness) and gumminess, resulting in lower TRkes.Ginés, Valdimarsdottir,
Sveinsdottir, & Thorarensen (2004) found that Aratharr reared at 15 °C had a
lower (7.95 = 1.75 g) but not significant cohesigss than that of those reared at 10
°C (8.28 + 1.60 g). Our studysupports that of Gindadimarsdottir, Sveinsdottir, &
Thorarensen (2004) but it’s likely thatit could the result of low temperature and the
double intense stress event (catching and stunnidgg to this unexpected fish
response, what impact has water temperature et télkture is still unclear. Skjervold
et al. (2001) have shown that crowding stress eeftaughtering increased firmness
of meat, although this effect was not significaP&.057). From a previous study of
Atlantic salmon by Sigholt et al. (1997) it resdlta less firm texture in fish stressed
by crowding for less than 1h. The stressed fishunstudy (A) probably reduced the
glycogen stores before slaughtering, showing alsradlction inpost-rigor pH, but
still significantly lower (6.52) with respect todlother CO (6.57) and E (6.60) groups
at Trr/ (day before the texture analysis was performikdeems that pre-slaughter
stress affected salmon firmness depending on terigeand duration of stress: short
term stress leads to muscle softening, while l@rghtexhaustion leads to increase
muscle firmness (Skjervold et al., 2001). Thisnsaccordance with patterns of stress

influence in mammal meat (Hedrik et al., 1994).

4.2 Lipid oxidation (TBARS Index)

Results obtained from this study confirmed CO cdpabn reducing/delaying over
time lipid oxidation of the product when compared the other two-
stunning/slaughtering methods. It is known thaidlipxidation is affected by many
factors: oxygen, temperature, Mb content, metalgsts and enzymes, pH, NaCl, etc.
Slaughtering methods amie mortemstress had no effects on lipid’s oxidation in the

study of Huidobro et al. (2014) on gilthead seaabrgSparus auratp slaughtered
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with ice plus water or with liquid ice. In eel&r{guilla anguillg, Morzel and Van de
Vis (2003) found that lipids were significantly neosusceptible to oxidation in fish
slaughtered by the commercial method (salt bath#) wespect to those by gas
combined with electricity. Salt baths cause physid@mage to the muscle, thus
making cells easily accessible to catalytic enzyrapd oxidative substrates. The
strong affinity of CO towards Mb, prevents, ®inding to Mb making difficult its
oxidation and the consequent production of supdexadicals, responsible for the
initiation of lipid peroxidation (Cornforth & Hun2008;Hsieh, Chow, Chu, & Chen,
1998). This may explain why the group stunned/ditergd by using CO presents,
even after only 76h from death, a significantly &WDA content than that of A and
E groups, for which instead the process of lipiddaon seemed to be more intense
and rapid. Furthermore, no differences were dedegieMDA content among the
experimental groups at the end of the storaggATi.e. 10 days after death), in
agreement with the Mantilla et al. (2008) findirtdswever, if fish have been treated
with CO, the COcontent in their flesh is expectediécline overtime, and this could
explain the similar lipid oxidation for the considd treatments. Ishiwata et al. (1996)
reported that the increase in CO concentration xdeneled storage is one of the
indicators used by the Japanese health authotdiescriminate fish treated or not
with CO.

4.3 Canonical Discriminant Analysis (CDA) of sensomstrumental texture and
physico-chemical measurements

Sensory differences in colour and texture are esiydmportant for consumer
appreciation and preference for salmonids (Syltiaale 1995). Results from the
CDAs relating to sensory analysis, instrumentaltwex and physico-chemical
measurements for the three stunning/slaughterinthade showed that the most
predictive variables at lower (8 °C) rearing wakmperature were mostly related to
texture and colour, whereas for higher (12 °C) terajure to few sensory variables.
These findings confirm results obtained from TaBlend 4. With regard to fillet
pigmentation, it has been demonstrated that a eetiiood stay in the gut due either to
high water temperature or to increased feed intaky affect the digestibility of
carotenoids negatively (Ytrestgyl et al.,, 2005): Awctic charr, lowering of
environmental temperature has been shown to inere@gnent deposition (Ginés et
al.,, 2004; Olsen & Mortensen, 1997). Azevedo, Cheeson, & Bureau (1998),
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Choubert, Fauconneau, & Luquet (1982) and Elli@Z@)shown that with salmonids
the digestibility of dry matter, energy and proteim positively related with

temperature, and this aspect could have had paftbenced juiciness, saltiness and
odour intensity in trout reared at 12 °C. Crossidaion and CDA scattegram

approaches resulted as good discriminating todls &o8 °C that 12 °C.
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5. CONCLUSIONS

In long terms (kr7 = 10 dayspost morterj)y considering both K and Kvalues,
freshness results well preserved irrespective ef stunning/slaughtering method
applied, and water temperature. During refrigeratedage fish fillets from CO and E
groups showed a higher pH than A group, both at¢ tfirigor resolution (kg0), and

at the end at the period consideredq/l). CO treatment was effective in ensuring a
more intense red colour to the fillet and high @hap whereas E treatment exhibited
lowest a*, b* and Chroma values.

Texture profile analysis revealed an effect of shenning/slaughtering (S) method, of
the water temperature (T) and an interaction Selgted to cohesiveness. TBARS
value resulted slightly significantly lower in fistunned by CO, when compared to A
and E groups, in the first 7giost mortemAt the end of the storage periockgF), no
TBARS differences were detected among treatmentanofical Discriminant
Analysis resulted as an accurate tool in discritmigaand classifying the three

treatments, at the two considered rearing watepésature.

Aknowledgments
Authors would like to express their gratitude te thondazione Edmund Mach and
ASTRO (Associazione Troticoltori Trentini) for priong the facilities to realize this

study.

263



6. REFERENCES

Ando, M., Toyohara, H., Sakaguchi, M., 1992. Posttem tenderization of rainbow
trout muscle caused by the disintegration of celladbers in the pericellular
connective tissue. Nippon Suisan Gakkaishi 58, 580--

Atkinson, D.E., 1968. Energy charge of the adeeyfatol as a regulatory parameter.
Interaction with feedback modifiers. Biochemistry4030—-4034.

Ayala, M.D., Abdel, I., Santaella, M., Martinez, ®@eriago, M.J., Gil, F., Blanco, A.,
Albors, O.L., 2010. Muscle tissue structural changed texture development in
sea breamSparus auratal., during post-mortem storage. LWT - Food Sci.
Technol. 43, 465-475.

Azevedo, P.A., Cho, C.Y., Leeson, S., Bureau, DLP98. Effects of feeding level
and water temperature on growth, nutrient and gnetdization and waste
outputs of rainbow troutgncorhynchus mykissAquac. Living Resour. 11,
227-2388.

Berg, T., Erikson, U., Nordtvedt, T.S., 1997. Riguoortis assessment of Atlantic
salmon Salmo salay and effects of stress. J. Food Sci. 62, 439-446.

Bjarlikke, G.A., Kvamme, B.O., Slinde, E., Sgrhei@®,, 2012. Use of carbon
monoxide in slaughtering, processing andpackaginguscle food. In: Taylor,
J.C. (Ed.), Advances in Chemistry Research. NovenSe Publishers, pp. 159—-
180.

Bjarlykke, G.A., Roth, B., Sgrheim, O., Kvamme, B.Slinde, E., 2011. The effects
of carbon monoxide on Atlantic salmo&almo salarL.). Food Chem. 127,
1706-1711.

Bremner, H.A., Olley, J., Statham, J.A., Vail, AM. 1988. Nucleotide Catabolism:
influence on the storage life of tropical speciefigh from the North West Shelf
of Australia. J. Food Sci. 53, 6-11.

Burns, G.B., Ke, P.J., 1985. Liquid chromatograptetermination of hypoxanthine
content in fish tissue. J. Assoc. Anal. Chem. As§af€. Anal. Chem. 68, 444—
447.

Chiba, A., Hamaguchi, M., Masaaki, K., Asai, T.Klao, T., Chichibu, S., 1990. In
vivo 31P-NMR analysis of the electric anesthetidedch, Cobitis biswae
Comp. Biochem. Physiol. 97(A), 385-389.

Choubert, G., Fauconneau, P., Luquet, B., 1982udnte d'une élévation de la
température de I'eau sur la digestibilité de laiematséche, de l'azote et de
I'énergie de l'aliment distribué a la truite arc-eel (Salmo gairdneriRich).
Reprod. Nutr. Dévelopment 22, 941-949.

Chow, C.J., Hsieh, P.P., Tsai, M.L., Chu, Y.J.,8%uality changes during iced and

frozen storage of tuna flesh treated with carbomewale gas. J. Food Drug
Anal. 6, 615-623.

264



Christiansen, R., Struksnees, G., Estermann, Rris§en, O.J., 1995. Assessment of
flesh colour in Atlantic salmorgalmo salarAquac. Res. 26, 311-321.

CIE (Commission Internationale de L’Eclairage), @97Recommendations on
uniform color spaces-color difference equationsycRemetric Color Terms.,
Supplement No. 2 to CIE Publication No. 15. Cominisdnternationale de
L’Eclairage, France, Paris.

Close, B., Banister, K., Baumans, V., Bernoth,Bfgmage, N., Bunyan, J., Erhardt,
W., Flecknell, P., Gregory, N., Hackbarth, H., Murt D., Warwick, C., Close,
C.B., Croft, B., Lane, B., Knoll, B., Ta, S., 199Recommendations for
euthanasia of experimental animals: Part 1. Laboyanim. 30, 293-316.

Concollato, A., Bjarlikke, G.A., Kvamme, B.O., Segitm, O., Slinde, E., Olsen, R.E.,
2015. The Effect of Carbon Monoxide on Slaughtet Bnocessing of Fish. In:
Victor R. Preedy (Ed.), Processing and Impact otivkcComponents in Food.
Elsevier, UK, pp. 427-431.

Concollato, A., Parisi, G., Olsen, R.E., KvammeQB.Slinde, E., Dalle Zotte, A.,
2014. Effect of carbon monoxide for Atlantic salm¢8almo salarL.)
slaughtering on stress response and fillet shelf-Aquaculture 433, 13-18.

Cornforth, D., Hunt, M., 2008. Low-oxygen packagiofjfresh meat with carbon
monoxide: meat quality, microbiology, and safetyn AMeat Sci. Assoc. 1-10.

Ehira, S., Uchiyama, H., 1986. Determination ofhFigeshness Using the K value
and Comments on Some Other Biochemical Change®lati®n to Freshness.
In: Kramer, D.E., Liston, J. (Eds.), Seafood Qualiletermination. Elsevier
Science, Amsterdam, pp. 185-207.

El-Badawi, A.A., Cain, R.F., Samuels, C.E., Angdalene A.F., 1964. Color and
pigment stability of packed refrigerated beef. Fdeghnol. 18, 159-163.

Elliott, J.M., 1976. Energy losses in the wastedpiais of brown trout§almo trutta
L.). J. Anim. Ecol. 45, 561-580.

Erikson, U., Beyer, A.R., Sigholt, T., 1997. Musdieggh-energy phosphates and
stress affect K-values during ice storage of Attasalmon Salmo salay. J.
Food Sci. 62, 43-47.

Erikson, U., Hultmann, L., Erik Steen, J., 2006ve.ichilling of Atlantic salmon
(Salmo salay combined with mild carbon dioxide anaesthesiaudaylture 252,
183-198.

Fletcher, G.C., Bremner, H.A., Olley, J., Statham., 1990. Umami revisited: the
relationship between inosine monophosphate, hypgbkan and smiley scales
for fish flavor. Food Rev. Int. 6, 489-503.

Fraser, I.D., Pitts, D.P., Dyer, W.J., 1968. Nutits® degradation and organoleptic

quality in fresh and thawed mackerel muscle heldnat above ice temperature.
J. Fish. Res. Board Canada 25, 239-253.

265



Fuke, S., Konosu, S., 1991. Taste-active componentome foods: A review of
Japanese research. Physiol. Behav. 49, 863—-868.

Gee, D.L., Brown, W.D., 1981. The effect of carboonoxide on bacterial growth.
Meat Sci. 5, 215-222.

Ginés, R., Valdimarsdottir, T., Sveinsdottir, Khdrarensen, H., 2004. Effects of
rearing temperature and strain on sensory charstoter texture, colour and fat
of Arctic charr Galvelinus alpinys Food Qual. Prefer. 15, 177-185.

Gregory, N.G., 1994. Preslaughter handling, stuprand slaughter. Meat Sci. 36,
45-56.

Haitula, T., Kiesvaara, M., Moran, M., 1993. Fresém evaluation in European
whitefish Coregonus wartmanpiduring chill storage. J. Food Sci. 58, 1212—
1215.

Hashimoto Y., 1965. Taste-Producing Substancesarird Products. In: Kreuzer, R.
(Ed.), The Technology of Fish Utilization. Londgp. 57—-61.

Hedrik, H.B., Aberle, E.D., Forrest, J.C., MerkBlA., 1994. Conversion of muscle
to meat and development of meat quality. In: Pples of Meat Science.
Kendall/Hunt Publishing.

Howgate, P., 2005. Kinetics of degradation of ademtriphosphate in chill-stored
rainbow trout Oncorhynchus mykiksint. J. Food Sci. Technol. 40, 579-588.

Hsieh, P.P., Chow, C.J., Chu, Y.J., Chen, W.L.,8l%hange in color and quality of
tuna during treatment with carbon monoxide gaBodd Drug Anal. 6.

Huidobro, A., Mendes, R., Nunes, M.L., 2014. Slaeghg of gilthead seabream
(Sparus auratgain liquid ice: influence on fish quality. Eur. 8@ Res. Technol.
213, 267-272.

Ishiwata, H., Takeda, Y., Kawasaki, Y., Yoshida, Bugita, T., Sakamoto, S.,
Yamada, T., 1996. Concentration of carbon monoxideommercial fish flesh
and in fish flesh exposed to carbon monoxide gasdtr fixing. J. Food Hyg.
Soc. Japan 37, 83-90.

Izquierdo-Pulido, L.M., Hatae, K., Haard, N.F., 29Nucleotide catabolism and
changes in texture indices during ice storage dumd sturgeonAcipenser
transmontanus]. Food Biochem. 16, 173-192.

Jittinandana, S., Kenney, P.B., Slider, S.D., MaBk Bebak-William, J., Hankins,
J.A., 2003. Effect of fish attributes and handlstgess. J. Food Sci. 68, 1-7.

Jones, N.R., Murray, J., Livingston, E.I., Murr&/K., 1964. Rapid estimations of

hypoxanthine concentrations as indices of the frest of chill-stored fish. J.
Sci. Food Agric. 15, 763-774.

266



Kalin, J.R., 1996. Diagnosis of Carbon Monoxides®aing by Current Approaches
in Forensic Toxicology. In: Habben, K. (Eds.), Guntr Approaches in Forensic
Toxocology.

Karube, I., Matsuoka, H., Suzuki, S., WatanabeTByama, K., 1984. Determination
of fish freshness with an enzyme sensor systedgrc. Food Chem. 32, 314—
319.

Kawai, M., Okiyama, A., Ueda, Y., 2002. Taste erdemnents between various
amino acids and IMP. Chem. Senses 27, 739-745.

Kestin, S.C., Robb, D.H.F., Wotton, S.B., WarriBsD., 1997. The effect of two
methods of electrical stunning on carcass haemgeshmn trout. In: Proceedings
of the European Aquaculture Society Meeting. ThesmgNorway, pp. 46—47.

Kestin, S.C., Wotton, S.B., Adam, S., 1995. Theedffof CQ, concussion or
electrical stunningof rainbow trouOfcorhynchus mykis®n fish welfare. In:
Quality in Aquaculture. European Aquaculture Sogi€hent, Belgium, Special
publication 23, pp. 380-381.

Kristinsson, H., Demir, N., 2003. Functional Pratdsolates from Underutilized
Tropical And Subtropical Fish Species and Byprosluth: Bechtel, P. (Ed.),
Advances in Seafood Byproducts. Univ. of AlaskasBreAnchorage, Alaska,
pp. 277-98.

Lambooij, E., Van de Vis, J.W., Kuhlmann, H., MueknW., Oehlenschlager, J.,
Kloosterboer, R.J., Pieterse, C., 2002c. A feasisd¢hod for humane slaughter
of eel Anguilla anguillaL.): electrical stunning in fresh water prior tattng.
Aquac. Res. 33, 643-652.

Lanier, T.C., Carpenter, J.A., Toledo, R.T., ReagarO., 1978. Metmyoglobin
reduction in beef systems as affected by aerobi@embic and carbon
monoxide-containing environments. J. Food Sci.l¥88-1792.

Lowe, T.E., Ryder, J.M., Carragher, J.F., WellsMR5., 1993. Flesh quality in
snapper,Pagrus auratus affected by capture stress. J. Food Sci. 58, 770-
773,796.

Luciano, G., Pauselli, M., Servili, M., Mourvak,,ESerra, A., Monahan, F.J., Lanza,
M., Priolo, A., Zinnai, A., Mele, M., 2013. Dietarglive cake reduces the
oxidation of lipids, including cholesterol, in lanmbeat rich in polyunsaturated
fatty acids. Meat Sci. 93, 703—-714.

Macfie, H. J., Bratchell, N., Greenhoff, K., Vallis. V., 1989. Designs to balance the
effect of order of presentation and firsbrder carry- over effects in hall tests.
Journal of Sensory Studies4(2), 129-148.

Mantilla, D., Kristinsson, H.G., Balaban, M.O., Gily W.S., Chapman, F. A.,

Raghavan, S., 2008. Carbon monoxide treatmentsipart and retain muscle
color in tilapia fillets. J. Food Sci. 73, C390-Q39

267



Marx, H., Brunner, B., Weinzierl, W., Hoffmann, RSfolle, A., 1997. Methods of
stunning freshwater fish: impact on meat qualitg aspects of animal welfare.
Zeitschrift fur Leb. und Untersuschring Forsch. 2082—286.

Morzel, M., Van De Vis, H., 2003. Effect of the gtgter method on the quality of
raw and smoked eeléiGguilla anguillaL.). Aquac. Res. 34, 1-11.

Nakayama, T., Ooguchi, N., A Ooi, A., 1999. Chamgeigor mortis of red sea-
bream dependent on season and killing method. B&h65, 284—-290.

Nakayama, T., Toyoda, T., Ooi, A., 1996. Delayigor mortis of red sea-bream by
spinal cord destruction. Fish. Sci. 62, 478-482.

Nickell, D.C., Springate, J.R.C., 2001. Pigmentatiof Farmed Salmonids. In:
Kestin, S.C., Watrriss, P.D. (Eds.), Fishing NewsBo Oxford, UK.: Blackwell
Science, Malden, MA., pp. 58-75.

Olsen, R.E., Mortensen, A., 1997. The Iinfluence ditary astaxanthin and
temperature on flesh colour in Arctic ch&alvelinus alpinug. Aquac. Res. 28,
51-58.

Ozogul, Y., Ozogul, F., 2004. Effects of slaughtgrmethods on sensory, chemical
and microbiological quality of rainbow trouDtchorynchus mykisstored in
ice and MAP. Eur. Food Res. Technol. 219, 211-216.

Poli, B.M., Parisi, G., Scappini, F., Zampacavalto, 2005. Fish welfare and quality
as affected by pre-slaughter and slaughter manageguac. Int. 13, 29-49.

Prescott, L.M., Harley, J.P., Klein, D.A., 1996. dvbbiology. Wm. C. Brown
Publishers, Dubuque.

Robb, D.H.., Kestin, S.C., 2002. Methods used tbfigh: field observations and
literature reviewed. Anim. Welf. 11, 269—-282.

Robb, D.H.F., Kestin, S.C., Warriss, P.D., 2000.sbla activity at slaughter: I.
Changes in flesh colour and gaping in rainbow tréiguaculture 182, 261-269.

Robb, D.H.F., Warris, P., 1997. How killing methoaféect salmonid quality. Fish
Farmer 48-49.

Robb, D.F.H., 2001. The relationship Between KgliMethods and Quality. In:
Kestin, S.C., Warriss, P.D. (Eds.), Farmed Fish I@QuaBlackwell Science,
Oxford, pp. 220-233.

Roth, B., Moeller, D., 1999. Use of elettronarcasisaquaculture. In: Aquaculture
Europe 1999: Towards Predictable Quality. Europ@auaculture Society,
Ghent, Belgium., Trondheim, Norway, Special PubiaraN. 27, pp. 203—-204.

Roth, B., Moeller, D., Veland, J.O., Imsland, Alin8e, E., 2002. The effect of

stunning methods on rigor mortis and texture priogerof Atlantic salmon
(Salmo salay. J. Food Sci. 67, 1462—-1466.

268



SAS, 2004. SAS/STAT User’s Guide (Release 9.1) 848 Inc., Cary NC, USA.

Saito, T., Arai, K., Matsuyoshi, M., 1959. A new timed for estimating the freshness
of fish. Bulletin of Japanese Society of Scientific Fishe2d, 749-750.

Scherer, R., Augusti, P.R., Steffens, C., Boch.YHecktheuer, L.H., Lazzari, R.,
RadiiNz-Neto, J., Pomblum, S.C.G., Emanuelli, TQOR20Effect of slaughter
method on postmortem changes of grass datpnopharyngodon ideljastored
in ice. Food Chem. Toxicol. 70, 348-353.

Sigholt, T., Erikson, U., Rustad, T., JohansenN®rdtvedt, T.S., Seland, A., 1997.
Handling stress and storage temperature affect opeaity of farmed-raised
Atlantic salmon $almo sala). J. Food Sci. 62, 898-905.

Siu, G.M., Draper, H.H., 1978. A survey of the nmalwiehyde content of retail meats
and fish. J. Food Sci. 43, 1147-1149.

Skjervold, P.O., Fjeeraa, S.0O., @stby, P.B., Einén, 2001. Live-chilling and
crowding stress before slaughter of Atlantic saln®®almo salay. Aquaculture
192, 265-280.

Sgrheim, O., Nissen, H., Nesbakken, T., 1999. Tbeage life of beef and pork
packaged in an atmosphere with low carbon monoaiakehigh carbon dioxide.
Meat Sci. 52, 157-164.

Sylvia, G., Morrissey, M.T., Graham, T., Garcia, 395. Organoleptic qualities of
farmed and wild salmon. J. Aquat. Food Prod. Tethhdb1-64.

Thomas, P.M., Pankhurst, N.W., Bremner, H.A., 199Be effect of stress and
exercise on post-mortem biochemistry of Atlantibvean and rainbow trout. J.
Fish Biol. 54, 1177-1196.

Veland, J.O., Torrissen, 0O.J., 1999. The texturéAivdntic salmon $almo salay
muscle as measured instrumentally using TPA anch@&/drazler shear test. J.
Sci. Food Agr. 79, 1737-1746.

Wall, A.J., 2001. Ethical Considerations in the Hiarg and Slaughter of Farmed
Fish. In: Kestin, S.C., Warriss, P.D. (Eds.), Faintésh Quality. Blackwell
Science, Oxford, pp. 108-115.

White, A., Handler, P., Smith, E., 1973. PrinciplefsBiochemistry. ¥ ed. Book
Company, McGraw-Hill, New York.

Ytrestayl, T., Struksnaes, G., Koppe, W., BjerkeBg,2005. Effects of temperature

and feed intake on astaxanthin digestibility andafelism in Atlantic salmon,
Salmo salarComp. Biochem. Physiol. B. Biochem. Mol. Biol.21445-55.

269



Table 1. K and K; content in rainbow trout reared at 8 °C or 12 °@ atunned/killed by
asphyxia in air (A), asphyxia with CO (CO) or elagty (E).

. Stunning (S) Temperature (T) P-value o
Time (day) Parameters A co E 8°C 12°C S T RSD
Trr? K (%) 53.22 59.76 63.21 55.65 61.81 NS NS 7.44
Ter? K (%) 4556 50.238* 57.03 4594 5590 <0.0f <0.0¢ 7.16

W Residual Standard Deviation

A, B: Within criterion, means in the same row haviifferent superscripts are significant a£B.01 level;
a, b: Within criterion, means in the same row hguwifferent superscripts are significant at B.05 level.
NS: not significant.

Table 2. Cumulative drip losses (DL,%) during storage inrigerated room (+ 2.5 °C) of
rainbow trout fillets belonging to groups exposedsphyxia (A), CO (CO) or electricity (E). TO
(day of slaughter), ArO (day ofrigor mortisresolution), kg7 (last day of storage).

Stunning (S) Temperature (T) P-value 1)

Dayspost mortem— o £ e 15°C S T RSO
DL TO-TrrO 3 0.8 0.7 0.6 0.6 0.8 NS NS 0.3
DL TrrO-Trr? 7 33 3.2 2.8 3.3 3 NS NS 0.7
DL TO-Trg? 10 4.1 3.9 3.4 3.8 3.8 NS NS 0.8

D Residual Standard Deviation.
NS: not significant.

Table 3. pH and colour parameters measured during storagefrigerated room (+2.5 °C), at
TrrO (day of the resolution afgor mortis) and kg7 (last day of storage), of farmed rainbow
trout reared at two different temperature condgi¢® or 12 °C) and subjected to three different
methods of stunning/killing (A, CO or E).

R )
Ton Parameters - Stun(r;lcr)lg (S) = 'I;geon&peraiuzrf c(:T) SP vaIueT RS
pH 6.70 6.79° 6.76° 7.0 6.46 <0.01 <0.001 0.092
o L 42.1 420 430 4288 419 NS <001 17
a* 15.2% 163 1448 158 149 <0.01 <0.05 2.1
b* 147 150 140 150 14.2 NS NS 2.4
Chroma 212 221 202 218 209 NS <0.05 3.0
Hue 441 429 442 435 437 NS NS 3.6
pH 6.52 6.57° 6.60° 654 6.58 <0.001 <0.01 0.070
L* 41.0 404 409 415 39.¢ NS <0.001 1.7
, ar 17.68¢ 187 1668 178 172 <0.05 NS 2.0
b* 18 179 168 177 173 <0.05 NS 2.3
Chroma 253 255 235 251 241 <0.05 NS 2.9
Hue 455 446 447 447 452 NS NS 2.8

@ Residual Standard Deviation.

A, B: Within criterion, means in the same row haviifferent superscripts are significant atB.01 level;
a, b: Within criterion, means in the same row hguwifferent superscripts are significant at B.05 level.
NS: not significant.
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Table 4. Texture Profile Analysis parameters of rainbow tritllets belonging to groups reared
at 8 or 12 °C, and exposed to asphyxia in air &Q, (CO) or electricity (E), measured at day 8

afterrigor resolution (kr8), after the storage in refrigerated condition®.%+°C).

Parameters Stunning (S) Temperature (T)  P-value RsSDY
CO E 8°C 12 °C S T

Shear Stress (N) 56.17 63.63 57 52.61 65.25 NS <0.05 12.83

Hardness (N) 254.79 287.74 271.97 240.14 302.86 NS <0.001 38.86

Cohesiveness 052 047 0.52 0.56 0.4 <0.01 <0.001 0.07

Resilience 0.11 0.08 0.13 0413 0.09 NS  <0.05 0.04

Gumminess 129.09 11558 137.96 132.62  122.47 NS NS 24.17

@ Residual Standard Deviation.

A, B: Within criterium, means in the same row havitifferent superscripts are significant atB.01 level;
a, b: Within criterium, means in the same row hg\different superscripts are significant at B.05 level

NS: not significant.

Table 5. Malondialdehyde content (MDA) in rainbow trout éts from groups reared at 8 or 12
°C and exposed to asphyxia in air (A), CO (CO)lecticity (E), stored in cold room (+2.5 °C)

and analyzed atgRO (day of rigor resolution, 76most mortem

Stunning (S) Temperature (T) P-value

Parameters
A CcO E 8 °C 12 °C

S T

RSDY

MDA (mg/kg) 1.22% 0.66° 1.10° 1.0: 0.97 <0.01 NS 0.73

(M Residual Standard Deviation.

A, B: Within criterion, means in the same row haviifferent superscripts are significant atB.01 level;
a, b: Within criterion, means in the same row hguifferent superscripts are significant at B.05 level

NS: not significant.

Table 6. Summary of the most significant variables extracby the two CDAs (Canonical
Discriminant Analysis) for the three-stunning/slateging methods applied at 8 °C.

CDA for the three stunning methods

Variables Partial R-Square F value Pr<F WilksA®? P <)
Cohesiveness 0.42 3.6 0.066 0.29 0.01**
Adhesiveness 0.37 2.59 0.13 0.18 0.009**
pH_IR24 0.56 5.04 0.04 0.08 0.003**
Tactile Tenderness 0.55 4.9 0.04 0.04 0.0002**=*
Acidity 0.47 3.17 0.10 0.02 0.0002***
a* 0.58 4.07 0.08 0.008 0.0002***
b* 0.70 5.79 0.05 0.002 0.0001***
Resilience 0.73 5.47 0.07 0.0007 0.0001***
Shear Stress 0.87 10.34 0.05 0.00009 0.0001***

®Descriptors are sorted according to their Wilksggnificance.
**: P<0.01; ***: P< 0.001
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Table 7Summary of the most significant variables extradbgdthe two CDAs (Canonical
Discriminant Analysis) for the three-stunning/slateging methods applied at 12 °C.

Variables CDA for the three stunning methods

Partial R-Square F value Pr<F Wilks)\? P <\
Saltiness 0.60 7.52 0.01 0.40 0.01**
Juiciness 0.48 4.19 0.05 0.21 0.004**
Odour Intensity 0.46 3.44 0.08 0.11 0.0034**
pH_IR24 0.50 3.5 0.09 0.06 0.0024**
Acidity 0.50 3.04 0.12 0.03 0.0024**
Tactile tenderness 0.61 3.87 0.10 0.01 0.002**
Adhesiveness 0.77 6.6 0.05 0.003 0.001**
#Descriptors are sorted according to their Wilksignificance.

** P<0.01; ¥**: P< 0.001

Table 8 Cross validation table of the CDA of rainbow trdillets according to three
stunning/slaughtering methods, at 8 °C.

Treatment A Classﬁg(é by CDA E Total Errors (%)
A 5 0 0 5 0
CO 0 5 0 5 0
E 0 0 5 5 0
Total 5 5 5 15 0

Table 9.Cross validation table of the CDA of rainbow tréilets according to three
stunning/slaughtering methods, at 12 °C.

Treatment A Classﬁg(é by CDA E Total Errors (%)
A 5 0 0 5 0
CcoO 0 5 0 5 0
E 1 0 4 5 20
Total 6 5 4 15 6.67
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Figure 1. CDA scattergram of the three stunning/slaughtenmaghods in fish reared at 8
The axes (Cand-= 88% and Ce-2 = 12%) account for the total variability of theeasurec
variables (cohesiveness, adhesiveness, pH_IR2dlettenderness, acidity, a*, b*, resilien
and shear stress). Nindiye percent ellipses are drawn around ecentroid of groupings i
such a way that leaves outside the misclassifiedala
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Figure 2. CDA scattergram of the three stunning/slaughtemmeghods in fish reared at 12 °
The axes (Canl-= 63% and Ce-2 = 36%) account for the total variability the measured
variables (saltiness, juiciness, odour intensityy iR24, acidity, tactile tenderness &
adhesiveness). Ninefive percent ellipses are drawn around each cehtobigroupings ir
such a way that leaves outside the misclassifigdale.
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6. CONCLUSIONS

The application of rapid/non-destructive methodaegcan successfully discriminate fish

fillets and provide information about their quali§pecifically:

¢ on rainbow trout NIRS, supported by appropriatenoti@etric tools, has proven its ability
and accuracy in estimating proximate compositidiet fyield, cooking loos and fatty acid
profile; and in classifying samples by rearing faamd genetic strain with no relevant
differences between raw and cooked freeze-dritdiin both cases

¢ On Atlantic salmon NIRS performed on differentlyepared samples and scanned from
three different instrumentation resulted the besthmdology in discriminating samples and
in evaluating the presence and incidence of slauigigt method applied and storage time,
respectively, when compared to sensory analysiR, &hose ane-tongue methodologies

The study of different stunning/slaughtering methademonstrated that is possible to reduce

stress condition immediately prior to slaughter #ng improve fillets quality. Specifically:

¢ Asphyxia in the air (A) resulted the most stressimethod by increasing cortisol secretion
three times over the basal levels, resulting inehidier onset and resolution gor mortis
and most intense fillet shape changes and showmbighest lipid oxidation rate. It must be
born in mind that the group reared at 8 °C undeggmna double sampling that for sure
influenced the results

¢ Carbon monoxide asphyxia (CO) resultedthe mostssittig when only compared to
percussion slaughtering in Atlantic salmon; where@ass placed in the middle when
compared to A and electroshock (E) in rainbow tréutainbow trout CO showed its ability
in preserving ATP immediately after death, imprayvired colour of the fillet and in
delaying in time lipid oxidation when compared t@Ad E

¢ Electroshock (E), globally, resulted the best stugslaughtering method showing the
lowest levels of cortisol in the blood, later onsétigor mortis and less intense fillet shape
changes,butit did not improve the overall filletmod.

Research efforts in the field of infrared spectopsG sensors and instrumental techniques are

addressing some of the challenges of food prodeesarements, and of the physico-chemical

changesnot well understood by using traditionalnak®y responsible for modifications of

food products’stability. Further studies on CO amilon as stunning/slaughtering method in

fish, considering its positive effects on filletaaljty,should include reliable measurements of

CO dissolved in the water and possible improvemehtdelivery systems, so as to minimize

stress perception immediately before slaughtering.
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