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A&Loroynon g TO0TNTOS, AGPAAELNG KUl QVOEVTIKOTNTOS TOV KPEUTOG NE TaYEIES HeETAPOLOMIKES
pedodovg

Tunuo Emotiuns Tpopiuwv koi Aiozpopns tov AvBpamov
Epyaotipio Mixpofioloyios kor Bioteyvoloyiog tpopiuwmv

INEPIAHYH

Ot o¢ TOpa EAEYYOL ACPAAELNG, TOLOTNTOS KOt AVOEVTIKOTNTAG OPOPOVV TOADTAOKEG TEXVIKEG,
01 oToieg Katd yeviKn opoAoyia eivar xpovoPopeg, divouy ETEPOYPOVICUEVE. OTOTEAEGLLOTO, KoL
GLYVA LEPOANTITIKA. ZTO TAAIGLO EKTOVINONG TNG TOPOVONG SIOUKTOPIKNG SaTPIPNG e OKOTO
vo. ouvavtnBobv oL MG Ave EMTINPNOE 6€ €DAOYO YPOVIKO dtdotnuo, aSlomomonke To
petafoikd mpoeik (Metabolomics), 6nmg avtd TPoKHITEL 0O TIC AVOAVTIKEG TAATQOPUEG: (0)
Aépuo  Xpopatoypapio ocvlevypuévn pe Doopatopetpic Mdalog o€ GUVOLAGUO UE
pkpogkyvAlon otepenc edong (HS/SPME-GC/MS), (B) niektpovikn potn (e-nose), kot (y)
Yypn Xpopotoypagio Yyning Andédoone (HPLC) og cuvdvacud pe Khaootkn pikpoploroyia
Kol TOADUETAPANTY OTOTIOTIKY. XTI TEPIMTMOGEIS TOV TO EPAOTNUN NTAV «UKPOPLOAOYIKNG
QOCEMS) T dedopéva TV acOnTpov cuoyetioTnNKav e TG HKkpoPlakés amokpicels. Xe

exelveg mov apopovoe {nrnpata avbeviikdTnToc/vobeiog cuoyeTioTNKAV LE TO LETAOEOOUEVAL.

Y10 “Kepdhrowo 27, delypoto kuywd (Boetog, yoipvog, avapktog: 70/30% Boetog/yoiptvoc)
GLALEYTNKOV TUYOLO KOTA TN OLETH EMCKOMNOT A0 UEYAAN Propnyavikn povada tg Anvac.
Ta detypata oavardOnkav pkpoPoroykd kor pe GC/MS, 6mov kot avomtdxdnke o
EMKLVPOUEVT LEBODOG Yo TNV awBeVTIKOTNTA TOV KU e BAon To TnTkd mpopid. H Avélvon
oe Kopieg Zvvictdoeg (PCA) ypnoyomombnke yia thv aneikdvion toyov opadomoincewy. Ev
ovveyxeio 1 Ta&vounon Mepikav Elayiotov Tetpayovov (PLS-DA) spappdotnke yio vo
tagvounoel To. OsiylaTo KOl VO GUCYETIOEL TIG UETAPANTEG HE TIG QVTIOTOU(ES KaTnYOopieg
kpéatog. To chvoro Twv dedopévav ywpiotke 70/30% yio Babuovounon (70%) kot Ereyyo Tov
povtélov (30%) avtiotorya. Katd ™ PBabpovounon to 99, 100 ko 100% tov derypdtmv
taSvopnOnkav opbd mg Poeta, yoipvé Ko avapiKTo aviioToro, eV KATA TOV EAEYYXO TO
avtictoyo tocootd rav 100, 100 kot 95%. Kot 6ta 600 vrochvora dedopévav, n ZOT aviibe
o€ 99% katd péso 6po. Ev cuveyela, avadeiytmray ot onuavtikég LETOPANTES (TTNTIKES OVGTES)
KoTd TN TaSVOUNOT KOl CUCYETIOTNKOV HE TIS EMPEPOVLS Katnyopieg kpéotog. TENOG,
a&loroynOnke 1 enidpaot g emoymng detypaToANyiog, kabmg emiong N NUEPA TOPACKELTG KILA

Ao T1 GPAYY GTO TTNTIKO TPOPIA.



210 «Kepdrao 3» yoo mpdt @opd ot PipAioypagic diepevviOnke 1 pKpoPloAoyikn Kot
petaporopkny (HPLC xou GC/MS) ocbdotacn @uétomv aAdyov KOTd TnV GLVIHPNON OF
mopadoctokn ocvoevacia otovg 0, 5, 10, kou 15°C. TIpoékvye mmg 1 pikpoPlaxn cuoyETion
mAnoldlel to vwoOlowma KOKKIvO, KpEato, He aEloonUeElmT] LVYNAN Tapovcio Zupdv Kot
Mukntov. Yrohoyiotnke Kat’ extipmon 1 epumopikn dwdpketa {ong 263, 177, 92, 59 ko 254,
169, 90, 58 wpeg Paoet g OMX kot yevdopovadmv ywo tovg 0, 5, 10, kor 15°C avtictoyo.
A&lohoynnke 1n UIKPOPLOAOYIKT] KOTAGTAOY] OVOMTUGGCOVTOS HOVTEAD TOAVOPOUNONG LE
unyovég dtovoopdtmv vrootpiEng (SVM-R) yia tpdpreyn g OMX, 6mov Kot vTtoAoyioTnKe
ovvtereotnc ocvoyétiong 0,915 kot 0,910 ko RMSE 0.88 ko 0.89 katd tnv expabnomn pe 6toug
0, 5 ko 15°C ko €leyyo otovg 10°C avtiotorya. Ooov apopd 1o HPLC amoteléopota, 1
GLYKEVIPMOOT] TOV TPOTIOVIKOV, HVPUNYKIKOD, YOAOKTIKOV, Kot NAEKTPIKOD 0EE0C Leudbnke
Katd v aegpdfia cuvtpnon aroyiciwv eilétov. [apdiinia, 1o 0£1Kd, KiTpiko, Bovtuptkd Kot
oofovtuptkd o0&y avénnkav. Ocov apopd 0 TTNTIKO TPOPIA, 1 KOPLPN TNG TEVIAVOIANG,
eEavaAng, oktavaAng, evveavaing, 0ekovAaANg cvoyetiotnke OeTikd pe ta ppécka dstypota,
KaOdg TO OKETOAO, OKETOIVY, €MTAV-2-Ovn, OKTAV-2-6vm, e&ovoikd o0&y, 3-&2-uébvio-
Bovtavoln, kot 3-pébvro-Bovtavdin pe ta deiypota pe > 7,2 logl0CFU/g. Téhog, n e€avain,
eVTavOAT, Kot 1-oktév-3-0An cvoyetiotnkov Oetikd pe detypota pe OMX > 4,6 ko < 7,2

log10CFU/g.

Katd to «Kepdlao 4», oteipa (St) xar guowd emporvopéva (NC) pooyapicto @iiéta,
cuvtnpnnkay aepdfia otovg 2, 8 kar 15 °C kot avarbOnkay pikpofroroyikd wg tpog v OMX
KoL ™G TTPOG TOLG EMUEPOVG UKpoPiakovg petaforites (ypnoonowwvtag HS/SPME-GC/MS
kot HPLC-PDA-RI). H avéAvon tov Broynukod povomation, KatédelEe oNUavIIKA LOVOTaTIO
KATO T GLVTPNOT: KUKAOG KITPIKAOV, YAVKOALGT, UETAPOAMGUOG TUPOLLKoV, LETAPBOAITHOG
dwapPolukAikdv, petafoMopnds apwvoéémv. Ot ovoieg 3-&2-peBvro-1-fovtavorn, 3-& 2-
pebvro-1-fovtavain, 2-pebvro-l-mpomovédn, Povtav-2-6vn, meEVTOV-2-OVr|, ERXTOV-2-OVT,
eVveav-2-0vr], KITpIKO, o&lkd kat Poutupikd o0&y avadsiytmkay ¢ dvvntikol pikpoPiokol
HeTOPOAITEG GTO KPEAG KOl GUGYETIOTNKAY HE TNV aAlowwpévn katnyopio. H Xvvoiikd OpOn
Ta&wounon (Z0T%) kotd ™ Atakprrikny avilvon Mepikov Elayiotov Tetpaydvov (PLS-
DA) peta&d NC kot S fjrav 100, 88 kot 100% kot v enaindsvon yioo HPLC, GC/MS kot
ovlevyuévo ouvoro dedopévmy. Ta amoteléopata tov SVM-R povtéhov anédmaoe TéG yio
pila péoov tetpaymvikod opdiuatog (RMSE) 0,84, 0,74 ko 0,58 kotd v exuddnon otovg 2
ko 15°C xan 0,95, 0,99 o 0,82 katd tov €leyyo otovg 8°C yio HPLC, GC/MS kot culevypuévo

GUVOLO JESOUEVMV OVTIGTOLYAL.



[Mapdariinia, n duvapkn g aAloimong tov oteheydv Serratia liquefaciens B293 ko Hafnia
alvei B295 pelemfnke in situ og empolvopéva eidéta vd aepdfia cuvtipNon 6Tovg 4 Kot
10°C xon avarvovrag pe HS/SPME-GC/MS, HPLC-PDA-RI ka1t HATR/FTIR (pacpotockomnio.
vrepvBpov ue petaoynuatiopd Fourier). Ot Ttapandve evdoels, ouv 0&IKOC IG00UVAEGTEPIC,
puebavobetoln, 2,3-Bovtavodiodn, Peviorooketaddeddn ot Pevioddedon Ppébnke o1t
mapdyovtal amd To OV0 oteréyn. H avdivon Proynuikod povomatiov Katédele Tov
UETOPOAGUO TV TLPOLPIKDOV, KOKAO KITPIK®OV KOl TN YAVKOALON G TIC CNUOVIIKOTEPESG
Broymukég depyaocies. Oglov apopd ta FTIR amoteléopata, kot o SVO GTEAEYT iV VYNAEG
ATOPPOPNCELS GTOVS KLUUUOTOPIOUOVS OV avTIGTOrY0oVV GTO apidia, Opiveg, Kol OKOPECTES

aAdEVOES KOl KETOVEG,.

Ta amoteléopato £€deiEav OTL M LETOPOAOUIKT-TPOGEYYION OV OvVOTUYXONKE GE QLT TN
SwTpipn], o€ cLVOVAGUS e TOAVUETAPANTT GTATICTIKY avdAvon uropet va ypnoipomombet cov
EPYOLEID TPOKATAPKTIKOD EAEYYOVL TNG MIKPOPBLOAOYIKNG KATAGTOONG Kot aBEVTIKOTNTOG TOV
Kpéatog. Yo mpoimobécelg, Oa pmopohce va avVTIKOTOCTAGEL LEPIKMG TN YPpovoPdpa kot

etepoypovicpévn 1ISO pébodo katapétpnong tpuPfiiov.

Emotnpovikn meproyn: MikpoPioroyia Tpopipmv

Aé&Eerg KAeO1d: pKpoPrlodoyia TPoPitmy, 0ALOI®YOVOL LIKPOOPYOVIGHOL, TO1OTNTA, OGPAAELD,

avBevtikdtra, vobeia, unyavikr uédnon, GC/MS, HPLC, petafolopiky, aAloimon kpEatog



Meat quality, safety and authenticity assessment by means of rapid metabolomics-based methods

Department of Food Science and Human Nutrition
Laboratory of Microbiology and Biotechnology of foods

ABSTRACT

So far, safety, quality and authenticity assessment involve complex techniques, which are
admittedly time-consuming, provide retrospective results and often biased. Under the context of
the current doctoral thesis, in order to meet the above surveillance, metabolomics through
different analytical platforms: (a) solid-phase microextraction - Gas Chromatography Mass
Spectrometry (HS-SPME/GC-MS), (b) electronic nose (e-nose), and (c) High Performance
Liquid Chromatography (HPLC) in tandem with multivariate statistics was utilized. In cases
where the question had "microbiological background™ the sensor responses were correlated with
the microbial data. In those cases where the task was the freshness and/or authenticity

assessment, the responses were associated with the metadata.

In “Chapter 2, beef, pork and mixed (70% beef and 30% pork) minced meat samples were
obtained from a large meat processing plant in Athens during a two-year survey and analyzed
both microbiologically and by means of HS-SPME/GC-MS. A validated method for the
authentication of raw minced meat was developed based on the volatile fingerprints.
Unsupervised (PCA) and supervised (Partial Least Squares Discriminant Analysis, PLS-DA)
multivariate statistical methods were applied to visualize, group and classify the samples. The
data-set was splitted 70/30% for model calibration and validation respectively. During model
calibration 99, 100 and 100% of the samples were correctly classified as beef, pork and mixed
meat samples, respectively, while for model prediction the respective percentages were 100, 100
and 95% respectively. In both datasets, the overall correct classification rate amounted to 99%
on average. Subsequently, the important variables (volatile substances) derived during
classification were correlated with each meat category. Finally, the effect of sampling at
different periods of the year and slaughtering to minced meat preparation on the volatilome

formation was assessed.

In “Chapter 37, the microbiological association and shelf-life (SL) of horse fillets during aerobic
storage at isothermal conditions (0-15 °C) was investigated for first time to our knowledge. In
parallel, the metabolic profile of the samples was quantified by HS-SPME/GC-MS and HPLC-
PDA-RI. It was shown that the microbial association was similar to those found for other red



meats, with a remarkably high presence of Yeasts and Moulds. The SL was estimated
deterministically 263, 177, 92, 59 and 254, 169, 90, 58 hours for TVC and pseudomonads for 0,
5, 10, and 15 °C, respectively. Considering HPLC results, the concentration of propionic,
formic, lactic and succinic acids decreased during aerobic storage of horse fillets, contrary to
acetic, citric, butyric and isobutyric acid which increased. As far as the volatilome formation
during aerobic storage is concerned, pentanal, hexanal, octanal, nonanal, decanal, were
correlated with fresh samples, while diacetyl, acetoin, 2-heptanone, 2-octanone, hexanoic acid,
3-&2-methyl-butanol, and 3-methyl-butanal with samples with TVC>7.2 log10CFU/g. Lastly,
the areas of hexanal, pentanol, and 1-octen-3-ol were correlated with samples with TVC > 4.6
and < 7.2 log10CFU/g. Herein, a support vector machine regression (SVM-R) model using data
from 0, 5 and 15°C used to predict the responses of the dataset at 10°C with a correlation

coefficient 0.915 and 0.910 for training and testing, respectively.

In the “Chapter 4”, sterile (St) and naturally contaminated (NC) beef fillets were stored
aerobically at 2, 8 and 15 °C and analyzed microbiologically for TVC and their corresponding
microbial metabolites (utilizing HS/SPME-GC/MS and HPLC). The aim of the current study
was to assess the microbial contribution to metabolome formation. The pathway analysis
highlighted significant with great impact biochemical paths during the spoilage process. These
are: citrate cycle, glycolysis, pyruvate, dicarboxylate, amino acid metabolism. Among the
identified isolated compounds, 3- & 2-methyl-1-butanol, 3- & 2-methyl-1-butanal, 2-methyl-1-
propanal, 2-butanone, 2-pentanone, 2-heptanone, 2-nonanone, citric, acetic and butyric acid
were found to be produced from microbes and so, they were associated with the spoiled class.
PLS-DA managed to discriminate accurately St and NC with an overall correct classification %
100, 88 and 100 for HPLC, GC/MS and fusion dataset respectively. Using the common and
metabolic active compounds SVM-R model yielded satisfied estimated values, with Root Mean
Square Error 0.84, 0.74 and 0.58 for HPLC, GC/MS, and joint datasets respectively for training
at 2 and 15°C and 0.95, 0.99 and 0.82 for testing at 8°C.

The spoilage potential of the strains Serratia liquefaciens B293 and Hafnia alvei B295 was
examined in in-situ contaminated beef fillets under aerobic storage at 4 and 10 °C by analyzing
with HPLC, GC/MS and Fourier Transform Infra-Red (FTIR). The above-mentioned
compounds, except for 2-nonanone, plus isoamyl acetate, methanethiol, 2,3-butanediol,
benzeneacetaldehyde and benzaldehyde were found to be produced by both strains. Considering



FTIR results, both strains exhibited high intensity in the wavenumber regions corresponding to

amides, amines, and unsaturated aldehydes and ketones

The results indicated that the metabolomics-approach employed in this study in tandem with
multivariate data analysis could be applied as a primary tool for the assessment of the
microbiological condition and authenticity of raw meat. Under certain conditions it could

partially substitute the time-consuming, retrospective, 1SO plating method.

Scientific area: Food microbiology

Keywords: food microbiology, meat spoilage, quality, safety, authenticity, adulteration,
machine learning, metabolomics, volatilomics, GC/MS, HPLC, enose, pathway analysis
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Evyapiotieg

®a NBera va evyaploTIo® gkeivovg Tov pe didaav, pe evémvevoay kot pe kafodnynoav oty

emitevén twv oTOY®V LOV.

2uyKkeKpEVa, evyoplotd tov kadnynt I'edpyro-Iodvvn Noyd avddoyo tg vroymeiotntog
HOV ®¢ S10GKTOPOG dIvovTag oL TV gvKatpia va SovAEym o€ éva tc0 evolapépov Béua. Tov
EVYOPLOTA EMIOMG YO TNV EMIPAEYN KoL Yo TIG YPNOUEG GVUPOVAEG TOL KB’ OAN TN ddpKeELn
TOV 6Tovd®V pov. Evyopiotd axdun tovg cuveniPrénovteg Enikovpo Kabnynt) Abavacio
MoArobvyo kot Tov avarinpmti kadnynt Hovayidn Zxavodun, yio v amodoyn Toug o¢ LEAN
™G TPYEANG CUUPBOVAEVTIKNG EMLTPOTNC.

®anbeia va evyapiotom Tov avarAnpwty kadnynm Evotdadio Iavéyov, o omoiog popdotnke
TOAALEG QOPEC TOLG TPOPANUOTIOCUOVE pov, divovtag Hov moALTeG ovuPoviés. Tnv
EVYVOUOGLVN LoV eKOPAlm akoun otov petaddaktopikd epguvney Dr. [Tavayidtn Toaxavika
1060 GTOV EMGTNUOVIKO TOUEN HECH CLUPOVA®VY KaTé TNV avdAvon TV dedopévev, OGO Kol
oe QUKO emimedo. Emiong ™ ovvddeipo ABnva Pomddn yio v dpiotn cvvepyacio Kot

aAAniofondeia ot TOPAAANAN Eépevva pag .

[owiitepec evyopiotieg otov Avactdolo Xtopatiov ywoo v Ponbeia oty mpoeropacia
«otelpovy pukétov, v Olyoa Xovdpooruov kot tov BaciAn Hudénovro ya ) Porfeia tovg
KOl TEYVIKTY VTOoTNPIEN KOTA TIG KPOPLOAOYIKES KO Y¥NUIKES AVOADGELS avtioTotya. AKoun,
Ba MBela va gvyaploTNo® OAOLG TOLG GLVAOEAPOLS OV YL TN GLVOOEAQPIKY] GYECT TTOV
avamTOEALE OAO ALTA T YPOVIOL KO TIG OVIIGUYIES TOL LOPACTHKOLLE.

®a NBeha KON VO ELYOPLOTICM TNV OIKOYEVELD OV Yol TV MOIKT Kol OIKOVOIKY otpién
Ola avTd T YPOVIK, 0TS Ko To eido pov INopyo Aayrapion ywo m otpién tov. [dwitepa
o0luy6 pov ABavacio BAdyov yio v aydnn, tn SVvaun KoL TV TGTH NG OTIS TPOGOOKIES
HLog.

Téhog, otov Y10 pov Mévo (Eppavouni IlavAion), apiepdve v mapodoa pe v EATION TS

N Tpoomdheld pov, o1 Tpoombelec OAwV Ba Tov TPOSPEPOVY Eva KOADTEPO UEALOV.

10



Contents

TTEPTAHWH ...ttt e s e bt et e e st e e be e beeneesaeenteeneesteete e 3
AB ST RACT ettt ettt e bt et e e Rt e e bt et e eRe e Ee et e eRe e be e teeneenreenteaneenre s 6
EU 0PUOTIEG ...t 10
OPOAOTTA ...ttt ettt e s bt e te e st e s b e e beeneesbeebeereesteenbesneenreas 18
Ke@AAU10 1: EXGOYOYN .o e 20
L B O Y YT ettt 21
1.1. Akepordtta TV TPOQIL®V (FOOd INtEZIILY) ....viviiiiiieiicccc e 21
1.1.1. AkepatdTNTO TOV TPOPIUMV = AAROIMOT) . vvieivrireiiiiieriiieesiieeesiieesssieessireessireesnseeeans 22
1.1.1.1. AAhoiwon 610 KPEOC KO TOPAYOVTES TTOV TNV EMNPEALOVV wevvvvveeirieeiriesiveenns 22
1.1.1.2. Anpovpyio TTNTIKOU TPOPIA GTO KPEOG...veerveerrreanreerireaieesieeareesseeasseesseesneeseess 24
1.1.1.3. Kvptotepot aALO1yOVOL LIKPOOPYOVIGLOT GTO KPEOS «eevvverreerereanreesieesneeesineanns 25

1.1.2. AkepadTNTO TOV TPOPIUMV = AVOEVTIKOTITO eievveieiiieiesiiieesiiiessiieessireessineesnineeans 29

1.1.3. Buwowdémrta tpmtoyevois mopaymyns & Katavdiwon kpéatog ardyov........... 32

1.2. A&ordynon g modtrag- ZopPotikés Vs “Tayeieg Avarvtikég MEBodot” .............. 33
1.2.1. ZOUPOTUCEG LEDOOOU ...ttt ettt 33

1.2.2. NEOTEPEG EEEMEELG . euvveurraiieiiie et ettt ettt r e ne e e 34

1.2.3. TIpoppnrtikn pikpoProroyia (Predictive Microbiology)......cccccevveeveieieienieninnne, 35

1.2.4. Toyeleg aVOADTUCES LEDOBOL ....cvviiiiiiiie et 36

1.2.5. METAPOAOUUCES LEDOBGOL ...t 38
1.2.3.2.1. Aépro Xpopatoypoaeio covoedepévn pe aviyveut @acpoatopetpiog Mdalog
(10717 ) TSRS 40
1.2.3.2.2. Hhextpovikn potn (EIECtronic NOSE — ENOSE) ......cvvveeerieerieeii e see e 44
1.1.3.2. Yypn Xpopozoypagio Yyning IMicong/Andédoong (HPLC).....coevvevviecieenns 47
1.2.3.2. A&woidynon g ovbeviikomnrog kot aviyvevon ovvntikng vobelog pe
LLETAPBOALOUUCES LEDOBOUG ... nnees 48
1.3. XKOTIOG T1)G ALSAKTOPIKTIG SLATPUBNG ... 4949

Chapter II: A volatilomics approach for off-line authenticity assessment of raw
minced beef and pork meat and their admixture using HS-SPME GC/MS in tandem

with multivariate data analysis ... 53
2.1. Materials and MEthOUS .........cooiiiiiiii e 54
2.1.1. Meat Sample COBCLION ........cviiiieccie e 54
2.1.2. Microbiological analySiS..........cccveiiiiiiiiiiie e 54
2.1.3. Analysis of volatile COMPOUNGS..........ccooiiiiiiieiiii e 54
2.1.3.1. Headspace Solid Phase Microextraction (SPME) .........ccccovvveviiviiieiiie e, 55



2.1.3.2. Gas Chromatography - Mass SPectrometry.........cccovverieerenieesieenesie e 55

2.1.3.3. Identification of volatile compounds and data pretreatment ..............c.cc.cee..e. 556
2.1.4. DeSCrIPtIVE @NalYSIS .....c.eoiiiiieiiiti e 58
2.1.5. Unsupervised data analySIS...........coooriiiiiiiiiiieiece e 58
2.1.6. Supervised data aNalySIS ........cciveieiieiiiie e 58
2.1.6.1. Model CaliDration .........ccueieiiiiiiiiesee e 58
2.1.6.2. Model optimization and validation. ............cccoeeiieie i 59
2.2. RESUILS @Nd ISCUSSION .....cuviiiiiiiiiiieiieie ettt sttt bbb 60
2.2.1. Microbiological and pH MeasuremMent...........cccccoveveeieiieieese e 60
2.2.2. Volatile compounds identifiCation...........cccccevviieiiieii i 61
2.2.3. Data @NAIYSIS .....ecviiiiciecece e 64
2.2.3.1. A volatilomics approach for the authenticity assessment of raw red meat in tandem
with multivariate data analySiS..........ccceiviiiiieiieie e 65
2.2.3.2. Correlation of volatile compounds with each meat class .............cc.cccecverneennne. 68
2.2.3.3. Effect of sampling at different periods of the year and slaughtering to minced meat
preparation on the VOIAtilomMe. .........ccoi i 71
P2 TR 014 Tod (31 [ o SRR PR 73
Chapter I11: Microbial and metabolomic succession of aerobically stored horse fillets ...... 75
3.1 Materials and MethOUS ........ccveiiiieiiiiic e 76
3.1.1. HOrse meat Preparation...........ccccveueiieiueeieesieseeieseeseeseessaesre e sneesreenesneesreeneeas 76
3.1.2. Microbiological analysis and pH measurement.............cccccvvevveveiieveesiecie s 76
3.1.3. Model development and shelf-life estimation ...............cccocevieiiiic i 77
3.1.4.HPLC-PDA-RI analysis

78
3.1.5.Headspace Solid Phase Micro-Extraction-GC/MS analysis

79
3.1.6.Data analysis

80
3.2 RESUILS N AISCUSSION ....cvvivieiieiieieiteite sttt sttt st sreene e 81
3.2.1. Development of the microbial association and pH measurement...............c......... 81
3.2.2. Predictive modelling and shelf-life estimation ...........c.cccocooviiii i 83
3.2.3. HPLC @NAIYSIS ..ottt st sra e re e 85
3.2.4. HS/SPME-GC/MS @NAIYSIS ......cveieieiiicieie ettt 87
K TR T @0 o] 11151 o] o PSSR 889

12



Chapter 1V: Volatilomics in tandem with HPLC and multivariate data analysis for the
assessment of microbial spoilage of aerobically stored beef fillets, potential microbial

biomarkers and contribution of enterobacteria to metabolome formation .......................... 90
4.1. Materials and MEthOAS .........cooeiiiiiii e 91
4.1.1 Beef sSamples Preparation ..o s 91
4.1.2. Meat contamination with enterobacteria and aerobic storage ............ccoceeevvvrenne. 91
4.1.3. Microbiological and pH analysis ............ccooiiiiiiiiiiiieeee s 92
4.1.4. HPLC-PDA-RI ANAIYSIS ...ueiiiiiieeie ittt 92
4.1.5. Volatilome analysis by Headspace SPME-GC/MS...........ccooiiiiiencicninene 93
4.1.6. ATR/FT-IR MEASUICIMENT .....ccvieiiieiieiiieiieiesteesieeseesseesieeeesseesseeseesseesaeeneesseesseeneens 93
4.1.7. Data collection and processing PIPEliNg .........ccooeieriiiiininicccee s 94
4.2, RESUILS ..ottt bbbttt bbbt b et bbb n e 96
4.2.1. Microbiological load and pH measurement............cccocveveiieieeie s 96
4.2.2. HPLC and pathway analySiS..........ccccvueiieiiiiiieieiie e ste e sre e sre e 96
4.2.3. VOCS MEetabOliISM .....ccviiiiiiicieeee s 98
4.2.4. Assessment of spoilage through HPLC and GC/MS and data fusion................. 100
4.3, DISCUSSION.....etietiesiete sttt sttt ettt sttt s e s et e bbbt s bt et eebe e s e st et e benbenbenbenbeanes 104
o 0] Tod 1111 o] OSSPSR 106
ACKNOWIEAGEMENLS ...t re e te e ae e nnas 107
Kepdrawo 5: Zoumepdopoato Kot MEAAOVTIKN QOVAELN . .cvverireeieeeiiesiee et et 108
T B VT £T 0T T 7 UL o PP PR PRI 109
5.2, MEMAOVTUKT] EPEVVOL vttt sttt stttk b e abe e nn e 111
KEPOAGLO 6. AVOPOPEG.....viveetieieieiiete ettt ns 113
A 1T BV RO PR 146

List of Figures

Ewova 1.1: Ewdoromosic RASSF (G€ovac V) kotd to £tn 2000-2015 oystikd pe tnv amitn
TV TpooinmVv (ViofetiOnke ard Bouzembrak et al., 2018) . ..uveeeeeeeeeeeeiieeieeieieieieeeeeienens 31

Ewodva 1.2: Zynuotiki omekovicn tov 0Mics teyvoloyidv oTov touéo TOV TPOOiL®V
{50 R0 T Y0 (o) 0 0 U Tor S TP 39

Ewcédva 1.3: Anuooctedoelc oyetilOUEVES LLE TNV EQOPLOYN TNE NAEKTPOVIKNC LOTNC GTOV
touéa Tov kpéatoc ta tersvtaio 30 ypovio. (IInyn: https:// www.scopus.com/) ............. 45

Ewoéva 1.4: Pon epyocidv_mov akorlovOndnke otnv mtapovoa didoktopikn dwarpifn .. 50

Fig 2.1.: GC/MS instrument utilized in the PND theSIS .........evvvvveeeieieeeieeeeeeereeeeeneeennnennns 56

Fig. 2.2.: Typical GC/MS chromatogram during meat analysis; Green: Pork meat, White:
o1=TS] U T P RRTTTRRRRRRRRR - ¥ £

13



Fig. 2.2.1: Box-plot for the microbiological and pH range of the collected meat sampples,
which were analyzed with HS/SPME-GC/MS (PCA: TVC; CFC:. Pseudomonas spp.,
VRBGA: Enterobacteriaceae, STAA: B. thermosphacta, MRS: lactic acid bacteria). B:
beef; P: pork; M: mixned minced meat (70/30% w/w beef/pork) ........ccocevvveveevveiireenen. 60

Fig. 2.2.2: Two-dimensional Principal Component Analysis (PCA) plot of the transformed
(z-score) calibration dataset fOr PC1 AN PCa et eeee e 65

Fig. 2.2.3: Partial least Squares Discriminant Analysis (PLS-DA) plot of the different meat
samples (scores) (Green: Pork, Blue: beef; Red: Mixed meat samples) (A) and loadings plot
of input variables X (B) for the first two latent variables (Ald, Alc, Mis, Hyd, and Est codes
are expressed iN the TabIE 2.2) ..ottt 66

Fig. 2.2.4: Loadings plot of input variables X for the first two latent variables (Ald, Alc,
Mis, Hyd, and Est codes are expressed in the Table 2.2) ...ooooov oo 68

Fig. 2.2.5: Beta-weighted regression coefficient (Bw) values of PLS-DA model for (a)
beef, (b) pork and (c) mixed minced meat species (Grey bars represent important
compounds, whereas blue NON-IMPOItANT ..........ooeveee e, 71

Fig. 2.2.6: Correlation bi-plot of loadings with seasons of the year that collected the
samples. (Ald, Alc,Hyd, Ter, Est codes are explained in Table 2.2) ......vvveeeeeiieeieieiiiiinnnns 72

Fig. 2.2.7.: Correlation bi-plot of loadings with preparation of minced samples 1,3 and 5
days after slaughtering (Ald, Alc, Hyd, Ter, Est codes are explained in Table 2.2). ....... 73

Fig. 3.1: JASCO HPLC system with two detectors (PDA & RI) connected in series

(HPLC-PD A R . oo oo, 78
Fig. 3.2.: Typical HPLC chromatogram of beef meat through PDA (Photo-Diode Array)
(A) and RI (Refractive Index) (B) detector reSpectiVelV. .....ooooveeeeeeee, 79

Fig. 3.2.1: Microbial association of aerobically stored horse fillets at 0°C (A), 5°C (B),
10°C (C) KOL L5%C (D) ettt et e e e e e e e e e aeeesereeeeeeesaeeesaneeesaneesaneeesneeesarenenaneenn

—4#—TVC ——pseudomonads —#—B. thermosphacta —=— lactic acid bacteria —#— Enterobacteriaceae —#—Y&M 81

Fig. 3.2.2: A: Predictions of the Suboptimal Ratkowsky square-root model (equation 1)
for the effect of temperature on the maximum specific growth rate of Total Viable Counts;
B: Predictions of the modified Arrhenius equation for the effect of temperature on the shelf
life of aerobically stored horse filletS. ......oiiuiiiiiiiiiie i sre e

84

Fig. 3.2.3.. Heatmap representation generated from Hierarchical Cluster Analysis of 25
most significant volatiles associated with the three classes of horse meat according to the
microbial load during storage (class A: TVC < 4.6 logi1o0CFU/qg; class B: 4.6 <TVC < 7.2
log10CFU/qg; class C. TVC >7.2 logioCFU/q). The color scale of cells represents the
abundance of each volatile, with red indicating high abundance and blue indicating low
ADUNGANCE. ..ottt et s e e st e e sabe e e st e e e sabe e e sate e e eareeebaeeans 87

Fig. 4.1: Total viable counts (TVC) (mean = standard deviation) of naturally contaminated
(NC) beef fillets during aerobic storage at 2 (blue), 8 (red) and 15°C (green) under
ISOTNEIINIA] CONTITIONS. ...ttt esnnenennnnns 95

14



Fig. 4.2: Pathway analysis with the metabolites mapped in a KEGG pathway (accessible
at_http://www.genome.jp/kega/pathway.html). In the scatter plot the x-axis indicates the
impact whereas the y-axis significant changes in a pathway (p-value) (red: high probability
and high impact and orange: indicate low probabilities pathways with high impact; A: NC,
B: S. liguefaciens, C: H. AIVEI).......covuiiiieiiie ettt rees 97

Fig. 4.3: Heatmap expressing the correlation of the 13 identified compounds through
HPLC-PDA-RI with meat classes (F: <5.8; 5.8 < SF<7.0; S: >7.0 logioCFU/q; St: 1
log10CFU/q; Red: High correlation, Blue: low or no correlation between compounds and

Fig. 4.4.: Heatmap representation generated from Hierarchical Cluster Analysis of 25 most
significant volatiles associated with Stiii, Ha, SI (S: <1.0 log1o0CFU/q, Ha: Hafnia alvei, Sl:
Serratia HQUETACIENS) ... 99

Fig. 4.5: Correlation bi-plot of scores (training samples) and loadings (metabolites); NC:
naturally contaminated meat cluster (n=101), blue scores: samples (n=88), red scores:
loadings, S: sterile meat cluster; loading codes are explained in Table 2) ......vvvvvvennnnns 101

Fig. 4.6.. Spoilage assessment through the three different datasets: HPLC with 13
variables (A), GC/MS with 47 variables (B) and data fusion (HPLC & GC/MS) using 60
variables (C) (solid symbols: training 2 and 15°C; open symbols: test at 8°C; solid line:
target line, dashed line: £ 1.0 10810CFU/Q) ...ocoviiiiiiiiiiie e 102

Fig. 4.7: Heatmap representation expressing the correlation of the significant compounds
during PLS-DA classification with testing dataset (80C) (F<5.8; SF: > 5.8 & < 7.0
log10CFU/qg; S: > 7.0 logl0CFU/g; Red: High, Blue: low or no correlation between
COMPOUNS AN OFOUDPS) .. vttt ettt ettt e et e et ettt e ettt et e et et e e anesaneeeaneeaneeans 102

List of Tables

ITivoxkac 1.1.: Mikpofoioyikd Kpirnpia yio tov Kl oouemve pe tov Evporaikd
Kovovioo (EK) 207372005 ..eevveeeeieeeeeeeeeeee e e ettt e e e e et eeesstanssseessesssssnnseseesseessssnnnns 33

[Mivaxoc 1.2.: Yvykprtikn azmeikovion nefodwv mov gpapudlovial otny oviivon tomv

KIDEUTOOD 1t 45
Table 2.1: Compliance of TVC? of individual packing units according to directive
2073/2005 (EC). eeiieieeeeeeeeeeeee e ettt 61

Table 2.2: Common Volatile compounds identified in Beef, Pork and Mixed samples that
were further used in statistical analysis and association to the discrimination process 62

Table 2.3: Confusion matrix during PLS-DA utilizing 6 latent variables for the training
(n=317) (A), and testing (n=140) (B) respectivellV .......cccco e, 6767

15


file:///E:/Print%20Gewponiko/Fig.%204.2:%20%20Pathway%20analysis%20with%20the%20metabolites%20mapped%20in%20a%20KEGG%20pathway%20(accessible%20at%20http:/www.genome.jp/kegg/pathway.html).%20In%20the%20scatter%20plot%20the%20x-axis%20indicates%20the%20impact%20whereas%20the%20y-axis%20significant%20changes%20in%20a%20pathway%20(p-value)
file:///E:/Print%20Gewponiko/Fig.%204.2:%20%20Pathway%20analysis%20with%20the%20metabolites%20mapped%20in%20a%20KEGG%20pathway%20(accessible%20at%20http:/www.genome.jp/kegg/pathway.html).%20In%20the%20scatter%20plot%20the%20x-axis%20indicates%20the%20impact%20whereas%20the%20y-axis%20significant%20changes%20in%20a%20pathway%20(p-value)
file:///E:/Print%20Gewponiko/Fig.%204.2:%20%20Pathway%20analysis%20with%20the%20metabolites%20mapped%20in%20a%20KEGG%20pathway%20(accessible%20at%20http:/www.genome.jp/kegg/pathway.html).%20In%20the%20scatter%20plot%20the%20x-axis%20indicates%20the%20impact%20whereas%20the%20y-axis%20significant%20changes%20in%20a%20pathway%20(p-value)

Table 3.1: Estimated model parameters of the sub-optimal Ratkwowski equation to
describe the temperature dependency Of pmax OF TVC ....oooviiiiiiiiciieciic e 83

Table 3.2.: Shelf life estimation in hrs of aerobically stored horse fillets for each
temperature, using Total Viable Counts (A), Pseudomonas spp. (B), and B. thermosphacta
AS INAEXES .o 85

Table 3.3: Support vector machine regression model performance using radial basis
function kernel (rbf-SVM-R), (A): training dataset: 0, 10 and 15°C, testing 5°C and (B):
training dataset: 0, 5 and 15°C, testing 10°C, for the prediction of Total Viable Counts

(YO0 < T 86
Table 4.1: Confusion matrix of NC Vs. St as derived from the 3 datasets using PLS-DA
classifier (each line represents the sensitivity: %correct classification) .......c.covvvveeunnne.. 100
Table 4.2: Assessment of the support vector machine regression models (SVM-R) with

the radial basis fFUNCLON (RBE) .....cooioeeeee et 101
IMAPAPTHMA Hivokec / Supplementary Material (Tables) ....ooovvevvveveeeeeeeeeeeeeaen, 133
Table S2.1: Mean peak areas of common volatile compounds identified in Beef, Pork and
Mixed meat samples and effect of sampling in different seasons of the year ................ 133
Table S2.2: Additional volatile compounds not included in statistical analysis. ......... 134

Table S3.1: Estimated growth Kinetics parameters for the microbial groups Total Viable
Counts (TVC), Pseudomonas spp., Brochothrix (B.) thermosphacta, lactic acid bacteria
(LAB), Enterobacteriaceae and Yeasts and Moulds (Y&M) measured in this study..... 136

Table S4.1: Common identified compounds that were shown to be metabolized during

STOTAGE OF INC, HA, Sttt et seeeeeeeeeeenennenennnnnnnns 137
Table S4.2: Growth parameters of microbial population measured in this study......... 139
Table S4.3: Parameters for growth prediction of representative indicators using the

polynomial equation: y=a*t>+b*t*+c*t+d (a, b, ¢, d: model constants).........ceceeveeveuen... 140

IMAPAPTHMA Eikovee (Supplementary Material — FIQUIeS).....ooveveeeveeeeeeeeeeeeeeeeeeeeeeeennn 141
Eucodva S1.1: Katavdhowon kpéatoc (Kg katd keoalnv/étoc) arldyov otnv Evporn (IInyn:

EUIOSTAt Databas, 2014). ...ttt eeeeeeeenenenennnnennnnnnes 141
Ewova S1.2: Anuoocievoseic oyetilOUEVEC LUE TNV NAEKTPOVIKN UVTN 6TA TPOOLLO TO

tedevtaio 30 ypovia (IInyN: https://WWW.SCODUS.COMY ). .uneeeeeeeeeeeee e eaees 141
Fig. S.3.1: Observed and Predicted growth kinetics of TVC in aerobically stored horse

fillets at 0-15°C. (circles:15°C:; boxes: 10°C; triangles: 5°C: rhombus: 0°C) ................. 142
Fig. S3.2: Predictions of the estimated Suboptimal Ratkowsky square-root model using

observed TVC values from beef (Data collected from Combase) ..........cvvvvvvvvieeeenennn.. 142

Fig. S3.3: Observed vs. predicted values for Total Viable Counts (TVC) during rbf-SVM
regression model development, (A): training dataset: 0, 10 and 15°C (solid symbols), testing

16



5°C (open symbols) and (B): training dataset: 0, 5 and 15°C (solid symbols), testing 10°C

(00BN SYMDIOIS). oo 143
Fig. S3.4. Distribution fitting based on microbiological dataset range of the analyzed
samples with GC/MS (alpha=0.7179, beta=0.5924, ¢=2.6294, d=9.7601) ..........vvvvn..... 143

Fig S4.1: Observed and estimated growth curves for the two utilized strains (data points:
observed, solid lines: estimated VAIUES) ........ooveeeeeeeeee e, 144

Fig. S4.2: Partial Least Squares Discriminant Analysis (PLS-DA) plot of HPLC-PDA-RI
(A) and GC/MS (B) data respectively for Sterile Vs. Naturally Contaminated Beef fillets
using 5 principal components (NC: Naturally contaminates, S: Sterile)

Fig S4.3: PLS-DA plot for S. liquefaciens (SI) Vs. H. alvei (Ha) utilizing two (2) latent
variables

Fig. S4.4.: PLS-DA plot of the fusion training dataset (GC/MS & HPLC); FactorlVs
Factors: F< 5.79 log10CFU/qg, 5.8 10010CFU/g< SF < 6.99 log10CFU/q, aAowwuéva S > 7.0
[0 E 1oL O L o PR 145

17



OPOAOITA

Yyovropia AeviicOpoioyia Metag@paon

A/O de-boned Avev 0610V

OMX Total Viable  Counts/Total OAwxn Mikpofioxn XAwpida
Aerobic Spoilage Bacteria

ANOVA Analysis of Variance AvéAivon g Alakduoveng

Af Accuracy factor Agiktng axpifelog

ANN Anrtificial Neural Networks Teyvntd Newpovikd Alktoa

Bf Bias factor Agiktng pepoAnyeiog

- bi-plot Jrypaen o

- Box-plot Onroypae T

Ea Activation energy Evépyela evepyomoinong

GC/MS Gas Chromatography  Mass Aépio Xpopotoypoio. GuVOEdEUEV e
Spectrometry aviyveutn @acpatopetpiog Malog
Heatmap Oepkdg xapTNG

HCA Hierrarchical Clustering Iepapyikn Lvotadonoinon

HPLC High Performance/Pressure  Yypn Xpopatoypopio, Yyning
Liquid Chromatography Amodoong / ITigong

HSPME Headspace Solid Phase Micro- MikpoekyOhon Aéplag Ymepkeipevng
Extraction ddong

LB Lower Bound XounAdtepo emimedo epmotooHvng -

95%
LV Latent Variable AavOdvovso MetafAnt
MAP Modified Atmosphere Packaging Atpoc@aipikd TPOTOTOMUEVN
GLoKELOGia

- Metabolomics Avéivon petafoiicod Tpoeii

M.O.S. Metal Oxide Semiconductor Aot peg Metarlikov O&ediov

NC Naturally Contaminated DUETOUETPOVTAPYOVGOPVCIKNYAW®PIdAL.

PCA Principal Component Analysis Avéivon Kopiov Zvvictoomdv

PLS Partial Least Squares MéBodog Avarvong Mepikdv eloyictwv

(R/DA) (Regression  /  Discriminant Tetpayovev (ITaiwvdpounon / Awxpri
Analysis) Avdivon)

18



PRESS

rbf-SVM

RE%
RMSE
RSD

SE
SSOs
SVM
TAS

TVC

UB
Unsb

NGS

prediction residual error of sum

of squares

Correlation coefficient

Radial basis function-Suport

vectror machine

Relative Error (%)

Root mean square error
Relative Standard Deviation
Spoilers

Standard Error

Specific Spoilage Organisms

Support Vector Machine

Total Aerobic Spoilage Bacteria/

Total Viable Counts

Total Viable Counts/Total

Aerobic Spoilage Bacteria)

Upper Bound

Unscrabler: version:9,3 10.2-

10.4

Volatilomics

Confusion Matrix
Reliability of Identification
knowledgeability
avadLOUEVOIKLIVOLVOL
Amdrm / NoBeia
pikpookomnio enpOopiopo? (
NAEKTPIKN avTioToom

Biodeikteg

péEB0SO EAOYIOTOTOINONGTOL GOAALATOSG
T0V 00pOoiCUOTOC TOV VTOAEWUUATOV,
TOV OTOGTAGE®DV

YVVTELEGTNGOVOYETIONG

Mnyovég Atovoopudtov YToot\piéng e
ovvéaptnon RBF

Yxetiko Zoaipa (%)

Pia Mécov Tetpaywvikod c@aipatog
Yyetuen Tomikn Andkiion
AMO10YOVOL LIKPOOPYOVIGHOT

Tomikd ZedApo

Ewdwol AAhotoydvolr Mikpoopyoavicpol
Mnyavég Atavoopdtov Zmpigng
Ol MikpoBrokn XAmpida

Ol MikpoBrokr XAmpida

YynAo eninedo epmotocvuvng-95%

Avéivon  IImukod  Metafoikod
[popir

[Tivakag Ta&wvounong
Aé&lomiotia tovtonoinong
I'vooon

emergingrisks

Food fraud
Epifluorescence
electrical impedance
biomarkers

Next-generationsequencing

19



Kepdaimo 1: Evoayoyn

20



1. Evcayoyn

H olvoida epodiocuod tov tpoeipmv (food supply chain) éyst avoyvopiotei and tnv
Evponrokn 'Evoon (E.E.) oc kpioiun vrodoun avamrtuéng. H modvrnlokdtntd g eivon i kdpio
attio Tov wapovoldletar evmabng kol cuyva (nuioyovog. Avaroya pe tn doun (food matrix)
TOV TPOPIUOV, Wi QLOIKT TPOTOYEVNC M/KoL UETAYEVESTEPT EMWOAVLVOT amd SLAPOPOVG
pKpookovg Kot ynukovs Topdyovies, oAl aKOUo Kot TEPIoTATIKG eSamdtnong Aappavouv
yopa Toykoopioe. TTapdAinia, ol GLUVEXEIC AMAITCELS TG TOYKOGUOTONIEVNG OYyOPOS, COE
GLVOLACUO [E TNV aHENCT TG TOPAYWYNG, OLVOUNG KOl TTOPASOCT|C TPDOTMOV VADV Kol TEAIKOV
TPOIOVI®VY, OAAG Kol TOVG 0dNYoLS TG aopdlelng Tov tpodiuwv (drivers of food safety)
OVOUEVETOL VO, aVENCEL TOV apld TV aVOADCEDV TTOV OTOITOLVTOL OVA TaPTida 1)/Kot

KOVTELVEP.

Katd cvvéneia, anoartovvron agdomoto povtéda TpoPAEYNS TG CLUTEPIPOPAS TOV VTTELHVHVEOV
LKPOOPYOAVIGUDV 6TOVG dtdpopovg mepiparloviikovs mapdyovieg (McMeekin et al., 2008;
McMeekin, Smale, Jenson, Ross, & Tanner, 2006). Xpetdlovtar emxiong pebodoroyieg 1/kon
teyvikéc (McMeekin et al., 2006), ot omoieg vmootnpilovtar amnd pabnuoatikés e€lomoelg
TpoPreyng Ko tagvopnong, ovTmg ®ote va edpotwbel emoTnuoviKd 1 dtodtkacio AMyng
amopdoewv (decision-making). Me tnv epappoyn avtdv, o eloyiotomombohy ot amdAELES TOV
TPOPIL®V AOY® OALOIMONG IE ATOTEAEGATIKO Kot £YKapo TPOTO Kot Ool KATAGTOVV TELEGIOIKES

ot amapaitteg dtopfmTikég evépyeleg otov katdiinio ypovo (Tamplin, 2018).

1.1. Akgparotnta towv Tpo@ipwv (Food integrity)

Ot KoTavVOA®TEG TOL CNUEPD, «YOUEVOLY GTOV KUKEMVO TNG Oyopds ovnouyobv OO Kot
TEPIGGOTEPO YO TIG TOPAUETPOVS TOL TPEMEL VO OEMOLV TNV KaToviAmon Tpogipwy. Ta
TpOPII OV drakvovvtal, Oa tpénet va givan aoealn (Food Safety), molotikd (Food Quality)
kot awBevtikd (Food Authenticity).

Katd v npoondfeia kabopiopol avtdv TV TopapeTpmV, TPOKVTTEL TOG 1) AGQAAELN glval
adLUPIGPTNTO YOPOUKTNPIOTIKG, TO 0moio amoppéetl amd tov yevikd Evponaikd Kavoviopo
Acoareiog tov Tpoeipwv (EC 178/2002). Bdoel g ddtaéne avtig, kdbe tpodQuo mov
owkveiton evtog e E.E. Oa mpémer dvvntikd va punv Bétel oe kivouvo v vyeio TOv
katoavolot). Ocov aeopd TV TOOTNTO, OTOTEAEL LTOKEWEVIKO Kputnplo Kot opileton
SLPOPETIKA atO TOVG KATAVOAMTEG Pacel n0dv, edipmv Kot dtatpoeikdv cuvnbeidv (Nychas,

Marshall, & Sofos, 2007; Paramithiotis, Skandamis, & Nychas, 2009), aA\d kol YE@TOMTIKGV
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napayoviov. TELOG, avagopikd Le TV avBevTiKOTNTO, TPOGPATO SL0TPOoPIKH oKavoaia (..
peAapivn o yélo, adoyicto kpéag o Aaldvia og avtikatdotacr fogwov, fipronil g avyd, un-
Blodoywd wg dMbev Proroywkd mpoidvta, vobevpéva Ehana, nuepounvieg MMcems, Kot GALQ
TOAAG, €xovv avénoel v avnovyio TN SVOTICTIO TOV KATAVOAMTOV CYETIKA UE TO Tl
kotavardvouv (Pavlidis et al., 2019). [Mapdiinia &xovv OBécel oe emaypOdmvnon T ApyEg
EAéyxov va evtelvouy TIC EMGKOMNGELS, KOL TOVG EMITOTIONG EAEYYOVLS TOGO GTNV ayopd, 6GO

Ko ot onueio e16600v and yopes ektoc E.E.

1.1.1. AKEPpALOTNTA TWV TPOPiNWV - AAAoiwon

E€attiog g alhoimong f/kot TOloTIkNg vIoPaduong, etnoimg diapopeg TpdTeg VAES Kot
TEALKA TPOIOVTO OTOPPITTOVTIOL OO TNV AyOPpd. ZVYKEKPLUEVO EKTILATOL OTL TTEPimov 25% g
TOYKOGUIOG TOPpAy®YNS amocvpetar AOym pikpofaxng oAloimong (Bondi et al., 2014).
EmuAéov, onuepa, n arddoon g nuepopunviag Anéng (HA) tov vordv kot 18ing Tov Kpéatog,
glvor ovvimpntikn. H wpaxtikny avt) emPoapovel pe emmAéov amocvpcel; omd 10 paet,
dedopévou 0Tt 10 TPOoldV givol TOALEG POPEG KATAAANAO TPOS KATAVAAMGT) KO KOt LETE TO
népoag avtng (Van Boxstael, Devlieghere, Berkvens, Vermeulen, & Uyttendaele, 2014).
YVVETMG, O&V OmOTEAEL LOVO TEPAGTLO OIKOVOULKN ETPAPLVOT ETNGIWS, AALA ETPEPEL dlOTIOTIO

TOV KOTOVOAMTNH Kot TpocBétel nTHoTo PlocidtnTog.

1.1.1.1. AAAoilwo1) 0TO KPELAG KAL TTAPAYOVTEG IOV TNV EMPEAIOVV

To kpéag e€ontiag g dwbeoudTTOC 68 OPEMTIKA CLOTOTIKA KOL TNG VYNANG EVEPYOTNTOG
vdatog (aw>0,98) guvoei v avamtuén tov aAlowydvav pikpoopyovicumy (spoilers) (Ercolini,
Russo, Torrieri, Masi, & Villani, 2006). H vmofdaduion tov oto apyikd otadio apopd
GUYKEKPLULEVO OPYOVOANTTIKE YOPOKTINPIOTIKA, T.X. VO, ELEAVIOT] KOl YEOON, To omoia gival
ovyva vrokepevikd (Nychas et al., 2007; Paramithiotis et al., 2009). Eivotl amodektod nog yio
cuvtnpnuéva tepdylo Kpéatog n oxéon aAloiwong kot pkpoPlakod TAnBucpov exepaleton
opOUNTIKG Kot 1630l To “KatdeA” Tov 107- 108 CFU/cm? 7 g émov apyilovv va spgovifovron
TOL TUTIKA YopakTnplotikd ¢ adloiowong (Gill, 1983; Koutsoumanis, Stamatiou, Skandamis,
& Nychas, 2006). Evéektikd avoeépovtar, 1 oAAayn apdUaTtog omd 1o O10HTEPO TNG
QPECKASNS (VOTOTNTOG), GTO TAYYIOUEVO-BOVLTUPMOES, N GAAOYN YPOUOTOS OO TO £VIOVO

LovTavo KOKKIVO G€ GKOTEWVOYP®UO. MTOpoV va ELEAVIGTOVV Mo GoPapd YOPUKTNPLOTIKA
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TOPOTETAUEVIG ONYNG OTTMOG T.Y. ELPAVIOT YAOLDI0VS VPTG (ard SEETPEVT) OTNV EXPAVELL TOV
Kp€atog, duodpeotn ooun Kot yevon. OvolaoTikd, aVTEC Ol OPYOVOANTTIKEG LETAPOAES, dEV
glvor GA0 mapd mpoidvta PETOPOAICHOD Kot eVODUIKNG OpAONG TV HKPOOPYOVIGUOV

(Casaburi, Piombino, Nychas, Villani, & Ercolini, 2015).

BipAoypagikd, ot mtapdyoviec mov exnpedlovv v 0AAoimoT), avagEPovTaL Gav “evOoyeVelg,
eEmyevelg, cvvdvaoTikoi mapdyovieg kot ovadvopeveg emdpdoelg” (Nychas & Skandamis,
2005; Nychas, Skandamis, Tassou, & Koutsoumanis, 2008). e npmtn @domn, ™ UKpoPLok”
GLOYETION, ONAAON TO TTOL UIKPOOPYOVIGHOL O EMKPATHCOVY GTO VITOCTPOLLN, SAUOPPDOVOLY
Tapayovteg Onwe: 0 TpOmog BavAT®onS Kot EKGTAAYVIGHOD TOV GOAYLOV, 01 GLVOKEG LYIEWVNG
TPO-, KATA-, KOl HETA TN oayn, ot dtabéoiol unyovicpol eneéepyociog (aeplopndc, vypacia)
(Brown & Baird-Parker, 1982). X¢ eninedo “Aavomdinons”, n mepiodog Emg ™ AEN (time to
expiration) Bempeiton 1 epmopikn didpketa {ong Tov Tpoidvtog oo paot (Dalgaard, 1995). Avto
TPAKTIKA LETOPPALETOL GE «YPOVO TOL TO TPOPLLO TOPAUEVEL ATOONKEVEVO, £WG TNV OALOIOOT
tovy. Ot Baktmpiakol TAnBvouol o awtd T0 onueio eapTd@vTaLl Amd To aPYIKE TOVG emineda,
10 TopeABOV (16Topic) TOL TPOPIOV KOl KVPIMG TNV £KTACT] Kol £VTOGT TG AVATTLENG TOVG,
7oL enNpedleTal amd TOV TOTO TOL TPOIOVTOG, TIG GLVONKES GLVTHPN NG Ko dtavoung (Borch,
Kant-Muermans, & Blixt, 1996; Nychas et al., 2008). Ed® evtdccovtot ot xeipiopol amd tovg
KOTOVOA®TEG KABMG EMIONG KOl KOWVOVIKO-0IKOVOKOT Tapdyovies, ommg N {ftnon ayodov,

dgdopévou 0t N yoaunAn {\non emeépet TopdTaoct g TUPULUOVIG TOV TPOTOVTOG GTO PAPL.

Me otdyo Vv gmpunkvvon g dtapkee (oM TV TPOPit®mV, SIUOPOOVOVLE KATOAANAN TIC
nmepariloviikéc cuvinkeg emPpadvvoviag TNV avamtuén TV UIKPOOPYOVIGUAOV EYEIPOVTOG
«eumodiay (“hurdles theory™) kaf’ 6An v tpoeikn aivcida (Leistner, 2000; Leistner & Gorris,
1995). T mapdderypo, n Oepuokpacio £xel AmOdEL(TEL G O CNUOVTIKOTEPOS EEMTEPIKOG
(extrinsic) mapdyovtag mov exnpedletl dueco v aAloiwon ki acpaieia tov kpéatog (Nychas
et al., 2008; Valdramidis, 2016). Ot youniég Oeppoxpacisc (YH&n), oav TpomTapykd eumdoto,
UITOPOVV VO TPOTOTOGOLV TO PLOUO Kat TN @Hon g aAdoimong. Opmg 1 éktacn Tov “shock”
oL VITOPAAAOVTOL O1 LKPOOPYAVIGHOTL AOY® NG pelmong g Bepprokpaciog eSaptdror Kot amd
dALovg TTapdyovTes, OTMG 100G UIKPOOPYOVIGUAVY, GACT] AVATTLENG TOV KLTTAPWYV, dLopopd
Beppoxpoaciog kot puOude yoéng (Adams & Moss, 2000). Zvvenmg 1 Sradikacio T aAloimong
oe yaunAotepeg Beppokpacieg ocvveyiler va mpowbeitar, oAAd pE EUEAVAOS YOUNAOTEPOVG
pLOLOVG Kat opyavoAnmTikd yapaktnpiotika (Argyri, Panagou, Tarantilis, Polysiou, & Nychas,
2010). T'evikd eivor amodeytd Ot oe Oeppoxpacies YOENG evvoeitor 1 Kvplapyio TV

YOYPOTPOPMV UIKPOOPYOVICU®Y Kol eUmodiletar oty Tov UEGOOA®V. Agdopévov TV
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TaPOTave, etvat amapaitnto va eE0c@AAICOVIE TNV OKEPOUIOTNTO THG YVKTIKNG 0AVGIdaG amd
TNV TAPOYOYN, EOG TNV TEAIKN Kotavaioot. Eva cuvepyitikd Héco mpog Stac@idiion otadepng
younAng Beppokpaciog eivar n Pedtioon ToV cuVONKOV CLVTAPNONG CE OIKIOKO EMIMEDO

(Holsteijn & Kemna, 2018).

1.1.1.2. Anpovpyia TTnTIKOU TPO@PIA 6TO KPLaG

Kotd ™ dbpkelo g ocvviipnong tov KpEatog AdpPavouv ydpo Sdeopes Proymuikés
dtepyaoieg, ol omoieg odnyovv otnv molotTiky vroPaduion. Eivar gvpémg amodektd O0t1 m
o&eldmon Twv MV, 1) Opdon TV evOoyeEVmV eviDU®V Ko 1 PiKpoPilakn dpactnptotnta ival
ot onuavtikotepeg €€’ avtav (Casaburi et al., 2015a; EI-Din A. Bekhit, Holman, Giteru, &
Hopkins, 2021; Resconi et al., 2018; Sabow et al., 2016). Avagopikd pe v dpdon Tv eviduwv
éxet amoderyBel 0TL N cVUPOAN TOVg glvan apeAntén 6e oxéomn He TN OpACT) TG LKPOPLOKNG
yAwpidag (Nychas & Tassou, 1997). Ocov agpopd to pikpoPiopoe (Microbiome), ovtd kotd T
pikpoProkn ovoyétion Oa mapdéel dapopovg peTaforiteg — Kupiwg mNTIKODS - Ol 0Moiot
00N yoOV GTNV OPYOVOANTTIKY omdppiyn tov mpoidvtog (Wang, Wang, Liu, & Liu, 2012).
A&omoiwvtag v TAnpoeopia Tov HeTafoAkol TPOPik pe OPOVE TOCOTIKOVS, UTOPOVUE Vi
amopoviovpe yoo ™ pikpoProkn emPdpuvorn Katd TV EKAGTOTE YPOVIKY GTLYUn, Vo
avatpéEovpe (trace-back) otnv mpo-totopia Tov TPOIOGVTOC Kot VoL EKTIUGOVUE 1ol LEAAOVTIKN

eEEMEN (trace-forward) g aAloimong katd tn otdpkela {mNG ToL.

[Ma mapaderypa Katd tn cuvTPNoN LOGYAPIGIOV KIUA GE TOPUOOGLOKT Kol EVEPYO CLGKEVAGTL
avadeiytnrov ¢ deikteg dAloliwong ot ovcieg mevtdv-26vn, evveadv-2-6vn, oKTv-3-Ovn,
olokeTOAMO, aketoivn, 3-&2-pébvio-1-fovtavorn, yorhokTikdg, TPOTOVOTKOS, 0o&ukdg, Kot
e€avoikog abvieotépag (Argyri, Mallouchos, Panagou, & Nychas, 2015). Y& tapouoto perétn
0€ HOGYOPIoIo KPEUG CLUVTINPNUEVO o€ evepyd GLOKEVAGIO Kot KEVO avadelytnkayv ot 3-&2-
péBvro-1-fovtavorn, 3-&2-péBvio-fovtaviarn, mevtavorn, eovorn, 2,3-oxtavodidvn, 3,5-
oKTAVOd1OV, OKTOVAAN Kot evveavaAn (Saraiva et al., 2015). TIpdopata, ot Mansur et al
(Mansur, Seo, et al., 2019) avaeépouvv tmwg 1o 0&1Kd 0&D, abavorn, 3-&2-pébvio-1-Bovtavorn,
2,3-povtavodtorn, Pouvtdv-2-6vn, JSOKETOMO, OKETOIVY, ENTAV-2-OVN, Kol OKTAV-3-Ovn|
ocvoyetiotnKay OeTikd pe aAlotwpéveg umplloiec, ol omoieg iyav cuvinpnOel agpoPia. Ao Tig
Olapopeg LEAETEC TTOPATNPEITOL TOG Ol MEPIGGOTEPEG EK TMOV OLGLOV TTOV TPOKVTTOLV G
dvvntkoi petafoiriteg eivon kowvéc. Opmg amatteiton diepedvomn TG TPOELEVONG TOVG OVTMG

MOTE VO, AVadELTOLY TVYOV puKkpofrakol BrodeikTec.
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EmumAéov, o€ enimedo mpoppnong, £xovv avoantuyBel LovTEAN TOAVIPOUNOTG XPTCLLOTOLDVTOG
ooV HETAPANTES £16000V TOVG TTNTIKOVG HETAPOAITEG KO ££000V TN UIKPOPLOAOYIKN KOTAGTOON

tov kpéartoc (Argyri et al., 2015; Estelles-Lopez et al., 2017; Saraiva et al., 2015).

1.1.1.3. KuptoTtepol aAAOLwYOVOL JLKPOOPYAVIOHOL 0TO KPLaG

O wikdg 16tdHS VYOV (OOV, PETA T 6eayT| Bewpeital oteipog. To pikpoPloroykd poptio Katd
v eneEepyacia TV oQaylmv eEaptdtal 1IoYVPA amd TN SCTOPE TMV UIKPOOPYUVIGU®OV GTO
opayeio (Sheridan, 1998). H apyikn em@aveloky tKpoyA®pid SipopeOVETIL Ao Tr QUOIKY
UIKPOYA®Pid0a Kol TUYOV TEPPUAALOVTIKEG ETUOAVVOELS KOTA TO YEPICUO KOl GLVTNPTOT UETA
™ ooeayn (Ercolini et al., 2006; Skandamis & Nychas, 2002). T'evikd, ta Gram™ agpdfia
yoypotpoga yévn Pseudomonas, Moraxella, Acinetobacter ka1 Aeromonas, 1o mpoalpeTIKa
avaepoPio idog Shewanella putrefaciens, alld kar Gram® Baxthpio, 6nwg Lactobacillus spp.,
Brochothrix (B.) thermosphacta, amotelodv v apyikn pkpoyrmpida oto kpéag (Adams &
Moss, 2000; Borch et al., 1996; Dainty & Mackey, 1992; Doulgeraki, Ercolini, Villani, &
Nychas, 2012; Doulgeraki, Paramithiotis, Kagkli, & Nychas, 2010; Drosinos & Board, 1995;
Ercolini et al., 2006; Lambert, Smith, & Dodds, 1991; Li et al., 2019; Mann et al., 2016; Nychas
et al., 2007; Papadopoulou, Doulgeraki, Botta, Cocolin, & Nychas, 2012). Ta nepiocdtepo €€
avtav, poli pe Serratia spp., Enterobacter spp., Proteus spp., kot Vibrio spp., amopovadvovtat
and dépuata Omv, empaveleg epyaciog LEcH ota oPayein, LETOAAKE TAEKTA YavTIO, CEAYLQ,
tepaywopéva  kpéota, kabmng emiong amd mepPailoviikd delypato omo  Propmyovieg
enefepyaciag kpéatog (Borch et al., 1996; Gill, Deslandes, Rahn, Houde, & Bryant, 1998; Gill
& Jones, 1995; Gustavsson & Borch, 1993; Mann et al., 2016; Nychas et al., 2008). Mg ctdyo
mv ovoyoition kot emPpddvvon avtov TOv  HKpoflokoy KAAGHaTog, €val omd  To

ATOTEAEGLOTIKOTEPO EGQ, €ivon 1 cvokevacio (Leistner, 2000).

O mepiéxktng (ovokevooio), mepPdriel T0 TPOIOV Kol TO TPOCTOTEVEL OO EMYUOAVVOELS
(Doulgeraki et al., 2010), unyavikég PAaPeg kot tpovpaticpode. Iapdhinio eépvet To TPOidV
0€ EMKOVOVIN [LE TOVC KOTAVAAMTES, oG epyareio marketing (McMillin, 2008; Yam, Takhistov,
& Miltz, 2005) kot coppeTéyxel oty VKOAOTEPY dlakivnon tov. [Ipoctatedel 1o kpéag amnd v
AmMOAELD VYPAGIOG YEYOVOS OV GLUPBAAEL TNV THPNOT NG vopobesiog (dtutnpnon Pépovg).
[MpowBel v emdekTiKy OVATTLEN UIKPOOPYOVIGUAV, HEC® 1TNG  OUOPO®CNG  TOL
TEPPAALOVTOC TOL TOLG TEPPAALEL, KOL CLVETMG OVEAVEL TN OlBPKELD OlTNPNONG TOV

TPOIOVTOG GTO PAPL. XAV OTTOTEAEGLLO TOV TAPATAVE® 0rodideTon TpooTiBEueVN atia 6To TEMKO
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TPOToV Kot av&dvetat To kKEPSOG, AOY® UN-OTOAELDY KOGTOVG. AVAAOYQ e TOV 0EPIGUD, OTIMG
aVTOC dNUIOVPYEITAL OO TV EKACTOTE GLGKELOGTO ELVOOVVTOL KOTA TEPIMT®ON Ot (1) aepdPiot,
(B) mpoaupetikd avaepdfrot kot (y) avoaepdfrotl pkpoopyavicpoi. Ot GrovdatdTEPOL Kot TAEOV

ovyvol €§’ aVTOV TEPLYPAPOVTOL TOPAKATO.

Kopiorepor alloiwyovor uikpoopyovicuoi oo kpéag — Ilapadoociakij cooksvaacia

Ot kvpiotepor edkoi adhotwyovor (Specific Spoilage, SSOs) pikpoopyovicpoi katd v
napadoctoky (aepdfla) ovokevacio. ovikovv oto yévog Pseudomonas spp, Kowvmg
yevdopovaoes. TIpokettal yio yoypotpopa, pun-cmopoyova, Gram™ Baxtiplo pe pHeydro e0pog
Bepuokpooiog avantuéng (Borch et al., 1996; Nychas, Drosinos, & Board, 1998). Ta &ién mwov
UETE amd QOIVOTLTIKO KOl HOPLOKO TPOGOIOPIGUO OTOUOVAOVOVTOL € QPECKO, OAAGL Kot
aAlolmpévo kpéag sivar ta Pseudomonas (Ps.) fragi, Ps. putida, Ps. fluorescens, Ps. ludensis,
Ps. taetrolens (Dainty, 1996; Doulgeraki & Nychas, 2013; Ercolini et al., 2010; Mansur, Seo, et
al., 2019; Nychas et al., 2008). Ta w0 amavtdvTol Kot 6€ GAL0 TPOPLLO (OIKAG TPOELELOTG
omw¢ 1o yaha (Stanborough et al., 2018). H dvvapukn aAloiwydvog dpdon tovg Exel amodobdet
ooV HEYOADTEPO PLOUS avaTTLENG /KL T HEYOADTEP cLYYEVELX TOVG pE To o&vuydvo (Gill &
Newton, 1977). Arotéleopa g dpdong Toug givat 1 epedvion yAoiddovg veng (slime) kot
dvcoopiag (off-odours). Extog amd to mapamdve €161, 6TOVC AEUPASEVEC T®V YOip®V
aviyvevetal to Taboydvo yio tov dvBpmmo kot ta {da ((wovocsog) Ps. aeruginosa (Mann et al.,
2014). Télog, oto pViKo 1016 TOV 6Paywwv ot Ps. syringae kot Ps. marginalis (Mann et al.,
2016).

O Brochothrix (B.) thermosphacta évo. yuypotpopo, Gram®, mpooipetikd avaepopio Baxtipio,
Otekdkel agldhoyn ocvppetoyn otV adAAolwyovo yAwpida TOv KpENTOg KOTO TNV 0epoOPia
cvvtnpnon. ‘Exet duumotwel mog petéyel oty aAloiwson tov xoptvod Kot TpoRelov KpEATog
og m0c0otd 26 kot 22% avrtictorya (Dainty & Hibbard, 1983). EvBbveton yio v mapayoyn
dVGAPESTOV OCUMY Kol opyavoAnmTIK®V yapaktnplotikov (Casaburi et al., 2014; Casaburi,
Piombino, Nychas, Villani, & Ercolini, 2015; Kilcher, Loessner, & Klumpp, 2010;
Papadopoulou et al., 2012; Pennacchia, Ercolini, & Villani, 2009). X& ocbOykpion pe Tig
yevdopovaodeg epeavilet pkpdtepo dSuVaKO dALOIMGNC, OE00UEVOL OTL T KOpLa TR dvOpaka
TOV KPEATOG, ONAadN 1 YALKOLN, peTaPoAileTat ToybTEPQ OO T VTOYPEMTIKA 0EPOPLo GTEAEYT
TV yevdopovadmv. Ta o&uyaraktikd foaktipia (LAB), av kot aviyvevovtol, epeavifouy pikpn
OGUUUETOYN Katd TV oAloimwomn Tov kpéatog vio aepdPieg cvuvonkee, pe e€aipeon to apvi (Stiles
& Holzapfel, 1997). Emunpdcheta ta yoypodtpopa €idn tng owkoyévelag Enterobacteriaceae

(Hafnia (H.) alvei, Serratia (S.) liquefaciens, S. proteomaculans, Enteterobacter (Ent.)
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agglomerans, Citrobacter freundii) omoteloOv pHEPOC TNG WIKPOYA®PISOS TOL KPEATOG
(Doulgeraki, Paramithiotis, & Nychas, 2011). H napovoia tov tedevtaiov amotelel deiktn
VYLEWVNG, VD &xel avapepbel OTL Tpoépyovtarl and eviepikéc empolvvoelg (Brown & Baird-
Parker, 1982). Téhoc, evd £xet avapepbei 6t1 o1 Opeg mailovv onuoviikd poro otn peTaforn
¢ vevong (Margalith, 1981; Pérez Chabela, Rodriguez Serrano, LaraCalderon, &Guerrero,
1999), émwg oNuePa VILAPYOVY EAAYIOTEG AVOPOPES GYETIKA LE TI SLVOLIKT THG 0ALOIOTNG TMV

Cupmv o010 Kpéag.

Agdopévov OTL Ol TOPOTAVE® HKPOOPYAVIoUOl €xovv 1oyvpd Svvoulkd oAloiwong Kot
TPocdidovy  avemBoUNTO  OPYOVOANTTIKA  YOPAKTNPIOTIKG TPOKVATEL 1|  OVOYKOLOTNTO
TPOTOTOINGNG TO®V GLVONKAOV GuvTpNoNg Tov Kpéatoc. H evepydg cuokevacia, pevtofdilet
10 TEPPAALOV HEGO GTO OTOI0 TO. AALOIWYOVA PAKTPLO EMKPOTOVVAGTE VO, ETOUNKLVOEL M

OLIPKELL GLVTNPNONG.

Kopiotepor alloiwyovor uikpoopyoavicuoi oto kpéag — Evepyogs ocvokrevacio

Evepyog ovokevacio (Modified Atmosphere Packaging - MAP), koleiton ekeivn kotd tmv
omolae t0 mPoidv TOomoBeTeitol OE KAEIOTOUG TMEPLEKTEG, OQUPEiTAL O MO VIAPY®OV
(0THOGOUIPIKOG) 0EPAS, EIGAYETAL AOPAVES 0EPLO KATAAANANG ovotacng (gas-flush packaging)
Kot Téhog oepayiletar pe katdAinio vako oidn (McMillin, 2008). H aépia cvotacn 6toug
TEPLEKTEG TPOTOTOLEITOL LE GKOTO TN UEI®OT NG OVOTTVONG, TNV EAATTMOT NG HKPOPLOKTg
avATTLENG AALOI®YOVEOV KOt TOBOYOVOV LIKPOOPYOVIGUMV Kot TV EMPPEdvVen TG EVELIIKNG
dpaong, e amotéleopa Tnv ovéEnon g duapketag Lmng tov epoiovtoc (McMillin, 2008; Young,
Reviere, & Cole, 1988).

Ta kvproTepa aépia Tov ypnoipomotovvTal eivar To 0&uyovo (02), dto&eidio Tov avBpaka (CO2),
kot aloto (N2). To TpdTo mapeumodilel v avantvuén tov avotnpd avaepdPiov Taboyovov
pkpoopyavioudv (w.y. Clostridium (CI.) botulinum, CI. perfigens) kot dwatnpei tv ook
gpLOp1| ¥Pod TOL PLIKOV 16TV AOY® 0ELYOVOGNG TNG Hocspatpivig oe oEupwosearpivn. To
CO2 emdéyetan e€autiog ¢ PaxTnplocTaTikng Tov dpdong, M omoio Topateivel Tn (Aaom
TPOGOPUOYNG KOt ALEAVEL TO YPOVO SUTANGLOGHOD TOV UIKPOOPYOVIGUADV, LE ATOTEAECHA TV
eldtton tov puBpov avénong. ‘Exet mpotabel n mpocstnkn O2 6e mocootd 25-90% wor CO»
15-80% (Belcher, 2006). Té\og, To N2 0moTpEREL TNV UNYOAVIKT KOTAPPELCT) TG GUOKEVAGTNG
otav €va peydro pépoc tov CO2 ypnoomoteitol oto peiypa. Avtd dtoti 1o CO2  amoppo@dtan
amd 10 VPO Kol TO Amog Tov Kpéatog uéypt vo enélbet e€looppdmnon N kopeoudc (Jakobsen &

Bertelsen, 2007). O nAéov emkpatéotepog cuvdvacudg sivar O2/CO2 og avaroyio 80/20-70/30,
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0 0moiog amoTedel TN «PLOY| TOUN» TodTNTAG (EMUNKVVOT TG ddpkelag {ong Kot dtatnpnon
OPYOVOANTITIK®V YOPOKTNPIOTIKAOV (epuBpn xpotd). Xav amotédecpo 10 Kpéag kabiototon
TEPLGGOTEPO EAKVOTIKO GTOV KOTOVOAMTH Y10 LEYOADTEPO YPOVIKO dtdotnpa. Ouwmg, Tdpa tnv
enidopaomn tov CO2, n gumopikn ddpkela Lone Tov vorov yoiptvod oe MAP glval pkpn Adym

Bakmnplakng alioimong (Nieminen, Dalgaard, & Bjorkroth, 2016).

SOueovo pe o mopomave, telkd teplopiletar  avantuén tov Pseudomonas spp., v ta
npoarpetikd avoepoPio. B. thermosphacta kor o&vyohaktikd PBoaktipilo aroteAodV TOVE 7O
ONUOVTIKOVG  HKPoOopyoviopuovg mov oviyvevovtor (Adams & Moss, 2000; Pothakos,
Devlieghere, Villani, Bjorkroth, & Ercolini, 2015). Ocov agopd to B. thermosphacta
avayvopiletal og o kupiapyog oAAOI®YOVOG 6TO KpEag, 0AAL Kol 6Ta BaAlacovd cuvTnpnUéVa
oe evepyod ovokevaocio (Papadopoulou et al., 2012; Remenant, Jaffrés, Dousset, Pilet, &
Zagorec, 2015). H avéntoén tov guvoeitor omd yapunid mtocootd CO2, evéd gupavilel peydro
emMmoAacd e OAO TO UAKOG TNG TPOPIKNG OAVGIdNG, amd TIC TPMTEG VAEG UEYXPL TO TEMKO
Poidv, aAld kat to mepiariov g Prounyoviag (Ilikoud et al., 2019; Nychas et al., 2008;
Pothakos et al., 2015). Ta o&uyaAaktikd gvBvvovTal Yo TV aAAOi®OT TOV KPENTOG (YO1pvo,
Bogo) og cuvOfkeg MAP vyniov Oz (Doulgeraki et al., 2011; Nieminen et al., 2016). Avtd
Gram® mpoapetikd ovaepdPio, Stukpivoviar o €idn opolopmtikd kot £TepolopOTIKG. X
dedopévec mepiParroviikég ovvOnkes o OopolUU®TIKOS UETOPOAICUOC UETOTPEMETOL OF
etepolupmTIKG, pE avtiotoyo amotedéopato oAloimong (Doulgeraki et al., 2011). Katd
dpdomn Tovg Topayovy dVGoGEG ovoisc onyng kot 6Ewo dpwpa (Nychas et al., 2008). Ta o
oLYVE €101 TTOL ATAVTAOVTOL [E 1oYLPO duvapkd aAloimong avikovy oto yévn Lactobacillus,
Lactococcus, Leuconostoc (L. gasicomitatum), Weissela (Doulgeraki et al., 2010; Paramithiotis
et al., 2009; Pothakos et al., 2015; Pothakos, Snauwaert, De VVos, Huys, & Devlieghere, 2014).
Axdpn, €idn g owoyévelog Carnobacterium (C. divergens, C. maltaromaticum) napovciaovv
VYNAO EMTOAAGHO G POELO, YOIPIVO, KOTOTOVAO, KOO KOl 16TOVG 1YBV®V GUCKEVAGUEVO, GE
yopnAd mtocootd % O2 mpokolmvrag mokihio aAloiwcewv (Afzal et al., 2010; Casaburi et al.,
2011; Ercolini et al., 2010; lulietto, Sechi, Borgogni, & Cenci-Goga, 2015; Laursen, Serensen,
Mortensen, & Sperling-Petersen, 2005; Paludan-Miiller, Henrik Huss, & Gram, 1999; Pothakos
et al., 2015; Rahkila, Nieminen, Johansson, Sdde, & Bjorkroth, 2012). Te evtaia avaeépbnke
n mopovcio. tov Photobacterium phosphoreum ce wud yopwvd ocvvmpnuévo oe MAP
(Nieminen et al., 2016).

Kovpiorepor alloiwyovor pikpoopyovicuoi 6to kpéag — LvoKevocia Vo Kevo
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H ovokevacio vto kevo (vacuum packaging) anotelei ootk mpocsyylon KOTd 1 LETOPOPA
Kot dtakivnon peydlov topayiov ceayiov (bulk). Avtibeta pe v agpdfio. cuvtypnon, ot
OLOKEVAGTO VIO KEVO apyikd emtkpatovy Baktipio Tov avikovy ota. yévn Lactobacillaceae ko
Pseudomonadaceae uéypt tic mpmteg nuépeg g cvvrnpnong (~4"), kot 6co avéavetal M
dwpkewn g emkpatovv to Lactobacillacea, Lactobacillus (Lb.) sakei, Lb. fuchuensis kot
Lactobacillus spp. (Mansur et al., 2019a; Sakala et al., 2002). Oco mapateivetar n cuvtipnon
and T1g 7 ot 21 nuépec oAl M IKPOPLOKT) TOIKOAOUOPQPIDL e TNV EMKPATNON TOV
Lactococcus (Lc) sp., Lc. piscium, Lc. raffinolactis, Carnobacterium spp., o
Enterobacteriaceae (Mansur et al., 2019a; Pothakos et al., 2015; Rahkila et al., 2012; Sakala et
al., 2002). Ao (01 TOL ATAVTOVTOL GLYVA GE KPEAG GCVOKEVOUCUEVO VIO KEVO OVIIKOLV GTa.
vévn Leuconostoc (L.) kou Weissela (Doulgeraki et al., 2010; Paramithiotis et al., 2009; Pothakos
et al.,, 2014). Towg t0 oNUAVTIKOTEPO GALOL®YOVO €100G OTN GvoKevacla avTH givar o L.
gasicomitatum (Bjorkroth et al., 2000) to omoio Ta&voundnke ek véov wg L. gelidum subsp.
gasicomitatum. Tvmikd onudadio aAloiwong and ta Leuconostoc spp. eivor o oynuotiopnds
OeETPaivNg (YAOu®OMG ovoia), d1OYK®oN cLoKeLOGING (POVCKOUO TOKETOV) AGY® TOPUYWYNGS
CO2, 6&veg N/Kar PouTtupdOES KOKOGUIES, VTOTPACIVEG ATOYPADGEL GTO OUO LOGYUPIcLo
KpEag, 0AA Kot vTokiTpves knAideg (kitpiviopa) og Ieppovikd Aovkavika (Sdde, 2011). Télog,
HE YaUNAOTEPO EMTOAAGHO, OALA IGO0V 1GYVPO OLVOKO OAAOIWONG OTOLOVMVETOL Kol 0 B.

thermosphacta.

Neotepeg e€elilelc oTovV TOUEN TNG GLGKEVAGING, AMOTEAOVY OVTIUIKPOPLOKES EQOUPUOYES LE
EDTA (Ferrocino et al., 2013) kot cvokevacieg MAP pe exkyviopoto amd TtnTikd aAkooAKa
dwvpoto (Kapetanakou, Agathaggelou, & Skandamis, 2014) pe okomd v avoyaition g

AALOIWYOVOL YA®PIOOG KOl GUVETMG TNV ATEAELOEPOGT TTNTIKOV.

1.1.2. AKEPALOTNTA TWV TPOPIU®V - AVOEVTIKOT T

H vrodoun tov Evponaikod Opyavicpod Aceareiog tov Tpoeinwv - EFSA (European Food
Safety Authority) pe Bdon v vmdpyovoa yvdoN Yo TOVG OVAOVOUEVOVS KIVOOVOULS EXEL
ta&wvopnoet v avbevtikotnto (food authenticity) kot vobeia (food fraud) tov tpoeipmv g
pecompdbeopa nuate (“medium-term issues”) Aoym pecaiov emmédmv afefoidtnrog
(uncertainty) (EFSA, 2018). O 6poc «yvnototnTo/avbeviikdTnTo) TEPLYPAPEL AV TO. TPOPLUA.
OV  SLOKIVOLVTOL TOPLALOVV LE TNV TTEPLYPOLPT| TOVG TT.). ELICTLOVGT)], TPOEAEVOT (YEWYPAPIKT,

Botavikn, péBodoc mapaymyng, Proroyikd Tpdeua), emelepyaociec (my. axtivoPoAia,

29



Katdyoén), motonoinorn kot cvupdpemon pe ta tpdtuna. Ex tov mpoaypdtov, cuvoéeton pe
v ardatm/vobeio, 6mov copemva pe tov Elliott, (2014) Oswpeitar «Eykinpoy, katd cuvénela,
napafiocn Tov yevikod vopov tov tpogiunv (EC 178/2002). Avtd d10t1, 6V apopd TuYoiEg
evépyeleg 010 mAaiolo TG Propmyoviog Tpoeipnwy, dAld GUVIGTE OpYOVEOUEVT Kl ECKEUUEVN

dpactpromra mov deEdyetal pe okomod va e&amotnbouvv ot katavolmtég (Elliott, 2014).

[Mopdiinio vrdpyet £voelln Yo TETOLEG TPOKTIKES, LIOG KOU MO OO TIG ONLOVTIKOTEPES
TEPUTTOOEIC TOL AVOPEPOVTIOL 6TO oVoTHU Eykalpng mpoetdonoinong RASSF (Rapid Alert

System for Food and Feed; https://ec.europa.eu/food/safety/rasff _en) agopovv meprototikd

oxetillopeva pe v omdrn ota tpoeua. Ot Kataypaeéc avéavovtol otafepd £Tnoimg, Vo
epeaviCouv peyaAddtepn cuyvoTTa KoTd TOVG EAEYYOVS 0T oNUEin 10000V OO YMPES EKTOC
E.E. (Ewova 1.1). Zvykekpipéva Topadelypora mov Kataypaenkoy to Ttehevtaio. ypovia
ovvoyilovtar 6to apbpo-avaokonnon twv Ellis, Muhamadali, Allen, Elliott, & Goodacre,
(2016). Ocov apopd TOV AVTIKTUTO TOVG, EUMITTOVV GE OIKOVOUIK(, TOL0TIKA, Kot {nThpota
acparewong (Alamprese, Casale, Sinelli, Lanteri, & Casiraghi, 2013), evd &yovv avapepOel
TEPMTMGELS UE GPEST) EUTAOKT] TG ONUOGLOG VYELNG e VOGOKOUEIOKA TEPIGTOTIKE, KOO KO
Bavdrovg. o mapaderypa otn NopPnyio petagd 2002-2004, voBevom 0vomveELLOTOIMV
otV pe pebavoin odnynoe oto Bdvato 9 moliteg, evd 51 odnynbnkav 610 vocokoueio pe

dnAnmpioon omd pebavorn (Bouzembrak et al., 2018).

Katd 1o maperlBdv, to kpéag Kot Tpoidvta Tov £xovv anoteAécel TOAO EAENG OOMMV TPAKTIKMOV
omov eokeppéva  eite “tuyaia”, mapaTnpHONKOV AONA®TEG TPOCUIEES AyveOoT®OV Kol
anpoPrentov ovoldv (Ruiz Orduna, Husby, Yang, Ghosh, & Beaudry, 2017). Zvykekpiuéva
vroAoyileton 0tL t0 17.1% tv mepummtdcewv vobeiog ota TpdPue oyxetiCovtor pe avti ™
Kkatnyopio wpowdvtov (Bouzembrak et al., 2018). Mo amd T KOWEG TPAKTIKEG G €MImEDO
Bropnyaviag givor n pueptkn H/Kot OAMKN ovTIKOTAoTOO VYNANG eumopiknc a&iog Kpedtov e
VAeC un-Cokng Tpoérevong (m.y. TpoTeiveg odyag) | eONvoTEPL €101 KpEGT®V OTTMS XO1PVO,
dAroyo kot evtosbio (Kamruzzaman, Barbin, Elmasry, Sun, & Allen, 2012; Tian, Wang, & Cui,
2013). Zuvenmg 1 vobeia 610 KpEaG UITOPEL VoL TPOKOAEGEL VYEIOVOLIKES EKTPOTEG UE SUVITIKES
aAepyikéG avtidpdoelg oe opiopéve dropo (Ballin, 2010). Mmopei vo emeépel emiong
KOW®VIKA TpoPAnuata, 6rmg efikég kol Opnokevticég mapafdacels e101kd yio tovg Efpaiovg
Kot Tovg MovoovAudvovg ot omoiot anéyovv ¢ Kotovdiwong yoipwvov (Sakr, 1971 amo
(Giaretta, Di Giuseppe, Lippert, Parente, & Di Maro, 2013). Aedouévov g @VoNG TOVG, Ol
vobBeiec avtég givat 5VoKOAO va avayvemplotohy omd Tovg Kotavalwtés (Cubero-Leon, Penalver,
& Maquet, 2014).
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Ewova 1.1: ElSomomjoeig RASSF (G€ovag y) xatd ta £t 2000-2015 oxeTikd pe TV amdTn Twv
Tpo@iuwv (VoBeBnke amd Bouzembrak et al., 2018)

Aoppdvovtag vy T ToPATAVE®, TPOGEYYICELS OT®S 1 TPOANYN 1)/KOL 1) EXLTOTL OViYVELOT
TETOLOV TEPIGTATIKMOV B pmopovce va dtacpariost mo avbevikd tpdea. Ocov agopd v
TPOANYM, pio amd TIG TPOTEWVOUEVEG evépyeleg elvar 1 eE0pvén Tdoewv N TPoTHTWV amd T
dgdopéva, HE OKOTO VO TPOCOIOPIGTOVY Ol «odNyol AGQPUAEWG TPOPIL®V» Kol Vo
YOPOKTNPIcOVY SLVNTIKOVG avoLOpEVOLS Kivdhvoug (emerging risks) (EFSA, 2018). Avagopika
pe  0evtepn mepintwon, epyoieion mOL UTOPOLV VA VTOCTNPIEOVY TNV aViXVELST Kot
TPOGOOPIGHO TG avbevtikotnTag/vobeiag pécwm poviédmv mpdPreyns, Oa pmopodoov va
amodeyfovv ypnoipa ot ekdotote Apyxés Acedielag Tpooipwv. Nedtepec mpooeyyioelg
Bacloueveg o auanTipeg /KoL EVOPYAVES OVOAVTIKESG TEYVIKES, B0l LITOPOHGAV VO AITOSDGOVY
TPOKOTAPKTIKA ATOTEAEGLOTO GE EVAOYO YPOVIKO SAGTNUA, OVTMG MOTE VAL GTNPLYTEL 1) ANy

ATOPAGEMV.

1.1.3. Bliwopdtnta TpmwTtoyevous tapaywyns & Katavalwon kpéatog aidyov

H gmommpovikn kowvdtta el S1miGTOCEL TOS TO KPEAG MTTOEWMV eV EMPEPEL KIVOVHVOLG Y10,
TNV LYE TOL KOTAVOAMTN, LE TNV TPOVTOOEST OTL TaL GGy VPIoTOVTOL {010 pETayEipLom LE
Ta. VTOAOIT KOKKIVA €101 KpEatog. Tovto amoteiel TPoideaord TS 1 ALEAVOLEVT] OLATPOPIKN
Kpion o Opovg PlOoWOTNTOC NG TPOTOYEVNG TOPAYWOYNS, GE GLVOLOCUO HE TNV

ToyKosonoinon 0o emeépet aAhayég oTig O1aTpoPikég cvviBeteg kot Thavdg aAla —OytL 1060
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dwndedopéva- €idn kpedtov, Ba eiloéABovv duvapukd oty ayopd. H ewova S1.1. amewovilet

TNV KATA KEQPOAV KATAVAA®ON KPEATOG AAOYOUL.

Ocwpeitar eEopeTikng dtoTpoPikng a&iag (). YounAd 1060010 AMmovg, YOANoTEPOAN Kot trans-
Mrapd o&éa, avénuéva omega-3 Amopd o&éa, oidnpo, Kol TpmTEivec) Kot d1abétel Lovadtkd
OPYOVOANTITIKG YopakTNPLoTiKd (7). YAvkeld yevon) (Belaunzaran et al., 2015; Lorenzo et al.,
2017). [Mepiéyet emiong vymid % o€ TOAUITOAETKO, AVOAETKO Ko o-Atvoreviko (Lee et al., 2007).
Yuvenmg &xel TpoTabel TMG 1 KATAVAAMOT TOL UTopEl Vo lval o EVEPYETIKY Yo TV VYELN O

obvykplomn pe to pooyapioto (Badiani, Nanni, Gatta, Tolomelli, & Manfredini, 1997).

Oocov apopd 10 KpEag aAOYOV KATAVIADVETUL KUPIMG eMeepYasUEVO VIO LOPPT) OAAAVTIKGOV
kot Aovkdvikov (Coloretti et al., 2019; Geeraerts, De Vuyst, & Leroy, 2019; Lorenzo et al.,
2017), aAAd kon ynuévo n oud (“tatar’). BipAioypagikd, vedpyovv Teplopiopéves TANPOPopieg
OYETIKA [ TN OMpovpyio TG LIKPOPLOKNG GVGYETIONG, KOOMG Kot TOV TUTO 0ALOIMGNG Kot TV
TPUYUOTIKT EUTOPIKT SEPKELD GLVTIPNONG VOTOV KPEATOG AAOYOL VIO 0EPOPieg cuvOnKec. Xe
avtd 1o onueio a&iler va avapepbel T gumopkn ddpkela Long evog mpoldvtog sivar M
epiod0g TPV TO TPOLdV Yivel UN-amodEKTO TPOG KATAVAAWGT Omd TAELPAS AGPAAELNG,

OPYOVOANTITIKOV Kot S1ATpoPIk®V yopoktnplotikdv (Labuza & Fu, 1993).

Bifloypagikd, o¢ todpo, povo mn perétm tov Malti & Amarouch, (2008) moapéyet
pikpoProroyikd dedopéva oyeTIkd Pe T0 KpEag aAdyov, Ta omoia eivol HETOED TOL EVPOVE TOV
opiletar amd tov Evponawd Kavoviopod yia to MikpoProroyikd Kprmpia (2073/2005 EK).
Axoun, n avaeepbeica pikpoPrakn cvoyétion, giye mapopoln oepd Kot LEyehog e exetvn mov
Bpébnke oe aegpdPia cuvmpnuévo pooyapi, xopwvo, apvi, koi kotomovio (Koutsoumanis,
Stamatiou, Drosinos, & Nychas, 2008; Nychas et al., 2008). ITapdAinia, ot véec mpooeyyioelg
vy ™ PBertioon g acPAAEING TOV TPOPILOV KOl TOV GLGTNUATOV SLEIPIONG TOLOTNTOG
npoteivouv petaforcés mpooeyyioelg (Nychas, Panagou, & Mohareb, 2016). Ipdaypatty, n
GC/MS xar HPLC 6o pmopoboav va xpnoiedoovy og epyoreio aviyvenong yio To 16Topikod
(mpog to. mo® yvnAdnomn) N/xkor TV evamopévovoa dudpkelo. {oNg (mpog ta eumpodg
yvnAdtnon) Tov TpoPipmy Katd TN obpkela TG arobrkevong Kol umopel va etvon ypnoyn
wote va pelwbodv ta anofintaov tpogipwy. Eni tov mapdvtoc, avtég ol mAnpogopieg dev eivar
Swbéoipeg yor aepdfiar cuVTNPNUEVO KPEAG OAOYOV. ZUVEMMG OMOLTEITOL GTOYEVUEVT] LEAETN

oLVOLALoVTaG PIKPOPLOAOYIKES KOt YNUIKEG AVOADGELC.
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1.2. AfwoAdynon ¢ mowdtnTag- XuvpPatikég Vs “Tayeie¢ AVAAUTIKEG
Mé£0o8ol”

Mo peydAn mpoxinon mov avtipetonilel n Propnyovio kpéatog onuepa, gival N omdknon
a&1OTICTOV TANPOPOPLOV GYETIKA LLE TNV TOWOTNTA TOV TPOLOVIMV GE OAOKANPN TNV 0ALGIdN
TOV TPOPIU®V (Tapaymyn, OlvouY Kot orofnKevon) Kot | LETATPONN OVTAOV GE GLGTNLLOTO
vroot)piEng anopdacewv (Damez & Clerjon, 2008). Q¢ “a&oldoynon g modtnTag” Tov
KPEATOG TEPLYPAPETAL O «TPOGOIOPICUOS TMOV JAPOP®Y  UETPNOUY®Y  YOPUKTNPIOTIKDOV
TPOKEWEVOD va ekTiumBel 1 KaToAANAOTTO TOV TPOG KATAVAAW®GY KOU GLVINPNON Yo

OLYKEKPIUEVO YPOVIKO dtdotnuon (EImasry, Barbin, Sun, & Allen, 2012).

1.2.1. ZupPatikeg pédodot

Me 1oV 0po «ZopPoatikég MéBodow, avapepdpnaote o€ KAaootkES nebddovg, katd koplo Adyo
ISO teyvikég, ol omoieg Ppiokovv epapproyn oTnV avAALGT TG UKPOPBLOAOYIKNG KATACTOONG
oV KpEatog. Méypt oTIyung, 0 mOl0TIKOG EAEYY0G eMONU®S, Pociletar otnv KatapéTpnon
Loviov Paxmpiov g OAkne MikpoPlokrg XAwpidag, wkavov va avortuyfodv ce yevikd
vrootpmpoto 6nmg to Plate Count Agar (PCA). MikpoPioroyikd Opia yio Thv TpodTLAN QLA
pébodo meprypapovtor pdvo yua tov kipd (Iivakag 1.1) ko oAdKANpa cedylo otov Evponaikd
Kavovioudé EC 2073/2005. Xt dedtepn mepintwon opiletar mapdAAnin katapétpnon tov

eviepoPaktnpiov og To £EEOIKEVIEVO VITTOGTPAOLLALTO.

Mivakag 1.1.: Mikpoflodoyikd Kpimjpla ylax tov kipd oOpgwva pe tov Evpwmaikd Kavoviopo
(EK) 2073/2005

Sampling plan (% Lirmits {1}
Food category Wi Cro—orga niams
n [ 1] M
2.1.6. Minced rmeat Aembic colony 5 2 5x10° 5x10%
count (7) chufg chufg

Opwe, n molvmhokdtnta TV peBOS®V, 1 OVAYKN Yo €EEOIKEVUEVO TPOCOMIKO Kot 1)
kaBvotépnon AMYNG TV amoTELECUATOV (ETEPOYPOVIGUEVO OTOTEAEGILATO LETA OO EXADOOT)
tpuPMov Yo 48-72 ®pec) TMPo¢ emoTNUOVIKY] otpiEn  amopdoewv, TS KoOIGTOOV
amapyaiopéves ko dvoypnoteg (Klein, Breuch, von der Mark, Wickleder, & Kaul, 2019;
Mohareb, Papadopoulou, Panagou, Nychas, & Bessant, 2016; George John E. Nychas, Panagou,
& Mohareb, 2016; Pothakos et al., 2015). Avto d16tl, N KOTOUETPNON OTOIKIDV OEV
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avTIKATONTPILEL TAVTO TNV TPAYHOTIKOTNTA, 00Tl Ta emineda TV Poaktnpiov pmopodv va
TOPOUEVOVY GTO LEYLOTA EMITESQ TOVG Y10 AKAVOVIGTES YPOVIKES TEPLOSOVS TPV TNV UETAPOAN
TOV OPYOVOANTTIKOV yapaktnplotikov (Dainty, 1996; Leistner & Gorris, 1995; Pothakos,
Samapundo, & Devlieghere, 2012; Skandamis & Nychas, 2002). Akéun, to anoteréouata
UTOpEl VO VITOEKTIHOVV TNV HKPOPLOKT) GUUUETOYN] OTNV TOLOTNTO TOV KPENTOG, EMEWN O&V
Aoppavetar vroyy 1 cLUPOAT OPICUEVOV HIKPOPLOK®Y EW0MV/YEVMDVY, TO OTolo HEG® TNG

avamTuéng Toug mapdyovv Prodeiktec-kAeldid, OnAadn ovoieg oxeTilOUEVESG LE TNV dALOImOT).

E&EMEN g whooowmg  pkpofroroyiog amoteAobv ot poplakég péBodotl, o1 omoieg
YPNOLOTOLOVVTAL GE PEYAATN KAk KUpimg Yo pguvnTikovs okomovs. Ta tedevtaio ypovia
ayun Tov 00patoc oe owTEG amoterel 1 opkn yovidiopatiky (Genomics) uébodog g
“aAnrovyiag TAnpovg yovidiopatos” (Whole Genome Sequencing-WGS) mov cuvdéetan pe
Vv KApokovpevn kot evélkn texvoroyio NGS. H texvoroyia avtn katdeepe va Eemepdoet
oplopéveg advvapieg otig Tpéyovoeg Hebddovg, Om®G N NAEKTPOPOPNOT TNKTNG TOAUIKOV
nediov (PFGE), emitpénovtog ) Pertioon g aviyvevong eotiacuévov Baktnpiov (Xu, 2017).
Opwg ta oamoteAéopata pmopel va elvor mopoamdovntikd, kabdC ot TEYVIKEG OUTEC
EMKEVTIPOVOVTOL UEYPL OTIYUNG TePlocOTepo otovg maboydvovg (Pothakos et al., 2015). H
opyavonmtiky afloloynon pécw edikov panel (sensory panels) éxer emiong mpotabel wg
péB0d0¢ mo1oTIKoD EAEYYOL. Opmg Kot avT VoTePEl, O10TL Pmopel va lval VITOKEWEVIKT KOOMDGS
elvar d0oKoAO va amodoBohv OVCIICTIKE OPYOVOANTTIKA KPP TOV O10pOPOTOLOVY TO

amodekTo oo un omodekto kpéog (Nieminen et al., 2016).

1.2.2. Neotepeg e€ediielg

Ot avaykeg g Propnyaviag tpoeipwv kot ot evfbveg TV Apydv va mopakolovBodv kot
eELEYYOVV TTPMTEG VAEG KOl TEAIKA TTPOIOVIO GE EDAOYO YPOVIKO SAGTNUA EIVAL OVOYKOIOTITES
vyning mpotepardtrog (Tamplin, 2018). Tayeieg avocoloywég péBodot, aviivon TV
VOUKAETKOV  oféwv, ProaoOntpec, Paxtnplo@dyolr, avoGOHAYVNTIKOS — O ®PIoUOG
akoAovBovpEVOG amd aviyvevon BloemTodyelag, avTopatorotuéva foynuka Kits arotelodv
avadvopeves  epapuoyés  aflohdynong g  mowdTNTOg Kol - aviyvevorng  maboydveov
pkpoopyavioudv (Doulgeraki, Panagou, & Nychas, 2016). 'Hon yw v vrootpi&n tov
HACCP gpapudlovion pikpookonia, Popmtavysio g ATP (Champiat, Matas, Monfort, &
Fraass, 2001). Téhog vedtepec £QUPUOYES TG YNOLOKNG TeYVoAOYiag (m.y. barcodes, etikéteg

padtocvyvotitov (RFID), acvppoto diktua) ypnolpomolodviol pe 6komd v ovamtiEovy
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e€edikevpéva cvomuata yyvniacwottag (Regattieri, Gamberi, & Manzini, 2007). [TIpécpata
Exet avapepbel n elcaymyn Tov astntpov (xpovo-Oeppokpactakoi deiktes-TTI, kataypapeic
dedopévmv-data loggers) eni Tng aAvGI00C TPOPIL®V LLE GKOTO TOV EAEYYO TNG AKEPALOTNTOG TNG

(Tamplin, 2018).

1.2.3. lIpoppntikn pkpoProroyia (Predictive Microbiology)

[Mopoakdadt ¢ KAooowkng pikpoPlodoyiog omotedel m mpoppnTiKh, KOTA TNV omoic
TEPLYPAPETAL GLYKEVIPOTIKA (TOGOTIKOTOINGON Kot TPOPAeyM) N HikpoPlakn cvumeprpopd
(McMeekin, 1993; McMeekin et al., 1997; Oscar, 2005; Tamplin, 2018). H dwdikocio
vrootnpiletoan otov Codex Allimentarius (Codex Allimentarius, 1999) wmapotpvvovtog
npoceyyioelc Paciopéveg oto pioko (risk-based) n/kow oe petpriowueg tpéc (“metrics”)
avtikabiotovrag eppécmng v mpoceyyon tov HACCP. Boaoiletor oto yeyovog Ot ot
AmoOKPIcELS TOV HKPOOPYAVICUADV GE  OPOPovs TEPPOALOVIIKOVG TopAyovTeg eivat
OVOTTOPOYDYYES, KOl EMTPETOVY OKOAOVOMVTAG VTOVG TOVS TEPLOPICUOVG, VA TPOPAEYOLLE
TN GLUTEPIPOPE TOVG Phoel TponyodueEVmVY Tapatnpioemy oe Tapduoteg cuvinkeg (Ross &
McMeekin, 1994) kot cuvendg TV pmopikn ddpkea (ong tov Vo Eheyyo Tpoeinwvy (shelf-
life) (Dalgaard, 1995).

Ta povtéha pmopel vo eivor Tpwtoyevn (primary), devtepoyevn (Ssecondary), i axdpo Kot
tprroyevn (tertiary). Ta npdta exepdlovv ™ pikpoPrakr] eEEMEN cuvapToel Tov ypdvov, Ta
O0eVTEPA TIG KIVNTIKEG TOPAUETPOVS TMV UIKPOOPYOVIGUAOV GUVAPTNOEL TEPPAAAOVTIKAOV
TOPOYOVTOV, KOl TEAOS TO TPLTOYEVI] OLOKANPMVOLV T TPMOTOYEVN Kol T SEVTEPOYEVT LECM
Aoywok@v  mpoypappdtov. H epoappoyn tovg elvar ypiiciun @cte vo. vmootnpuytel
EMOTNUOVIKA 1| ANYN TG andeaons, vo PeAtiodel n dnuocia vyeia, va petwbodv ta amdPAnta

TPOPIH®V aAAG Kot Vo, LETPLOGTOVY 01 olkovoulkég anmAieteg (Tamplin, 2018).

1.2.4. Taxeleg avaAvuTikeG nebodot

H véa emomteion ko pébodor morotikod eAéyyov amortovv «toyeie» pebodovg, ol omoieg
EVOAAOKTIKGE Kol GE EDAOYO YPOVIKO OAGTNHO UTOPOVV VA TAPEYOLV TANPOPOPIES GYETIKA LE
70 16TOPIKO T®V TpoPipmv. H mpocéyyion toug (rapeppatikéc ) un-) otpiletol ot Bempio 011
KkdOe mPoidv Ge dedopEVN XPOVIKN OTIYUn €Yl éva Hovadiko «amotimopoy. Ot pebodoroyieg

avtég Pacilovtor oe ofjpota N anokpioels aoOnmpov (Adebo, Njobeh, Adebiyi, Gbashi, &
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Kayitesi, 2017; Ghasemi-Varnamkhasti, Apetrei, Lozano, & Anyogu, 2018; George John E.
Nychas et al., 2016). To amoTOT®LLO SLOULUOPPDVETUL KOTA KOPLO AOYO €ite amd TO HETOPOMOUO
TOV WKPOOPYOVIGUOV KATA TI GUVTIPNOT, E1TE AOY® GAA®Y GLVOVOCTIKMOV TOPAYOVI®V, OTMG
1.y oEeldwon. lap' 6Ao mov ta TeEAevTaia YpOVIA EYOVV YiVEL TOAAEG TPOGTADEIEC GUVOEST|G TV
petafoMtdv kot onuatov pe v (uikpoPlokn) aAroimon Tov Kpéotog, ogv €xel emtevydel
akopo pio eviaio péBodog yio v a&loddynon tng modtrag tov (Nychas, Panagou, Mohareb,
2016). Avtd ogeiretan oty EAAElYN KODOAIKNG CLUE®VIOG GYETIKG pe TN UETOPOAN TNG
To0TNTOG TOV KPEOTOC Kol T®V TPpoldoviwv Tov. EmumAéov, ot mepiocdtepeg amd Tig
TpoTEWVOEVES HEBOOOVS elval TOADTAOKES, EVD Ol dAANYEG GTOV TPOTO TNG cuvTnpNnong (T.y.
oLOKELOGTO KEVOD, EVEPYOG GLuoKELOGTO KAT.) emnpedlovv TNV €QPUPUOY TNG EMAEYUEVNC

pebodoroyiag.

Katd to maperBov éxovv mpotabel d1dpopeg avarvtikég pébodot ol omoieg cuoyetilovv TIg
ANUIKES oAAayéc pe Tt pikpoProkn avamtvén. Ov kvpidtepeg tayeieg pébodor yuo
pikpofroroyikn avdivon tov Tpogipmv cvvoyiloviar 6to Tpdseato EpOpo-ovacKOTNoN
(Doulgeraki et al., 2016). Zvykekpipéva TopadELyLATA 0POPOLV 1) KPOGKOTIA ETLPOOPIoHOD,
niextpikny ovtiotaon (Dainty, 1996; Dunstall, Rowe, Wisdom, & Kilpatrick, 2005),
OTEKTPOPOTOUETPIKEG peTprioelg (Seymour et al.,1993). 'Exet mpotabei emiong ovothua
Niextpodinv o&uyovov ywpic kalvyn peuPpavng (Dainty, 1996), to Malthus kot to RABIT

a&lomolmvtog TNV aymydmro /Ko avtiotaon niextpodiov mrativag (Nychas et al., 2009).

Me v €icodo 610 véo ardva gvieivovtar ot Tpoomddeieg a&loAdyNoNg g modTNTOG TOV
Kkpéatoc, pe uebddovg Paciopévec ot eacpoatookomnio ddvnong (vibrational spectroscopy)
(FTIR, RAMAN) (Argyri et al., 2010; Ellis, Broadhurst, Kell, Rowland, & Goodacre, 2002;
Estelles-Lopez et al., 2017; Fengou et al., 2019; Klein et al., 2019; Panagou, Mohareb, Argyri,
Bessant, & Nychas, 2011), ot omoieg vrooTPiloviol OO GTOYEVUEVEC KOL HN- TEYXVIKEG
avdAivong tov dedopévov. Televtaieg egelilelg amotedobv, ot ontikég PEBOSOL, Ol omoieg
BaoiCovtal otnv €£06pvEn g empavelokng ynueiag, 0nmg n vrepeacuatikny (Hyperspectral)
(Kamruzzaman et al., 2012) kot moiveoaouatikny (multispectral) (Dissing et al., 2013; Estelles-
Lopez et al., 2017; Fengou et al., 2019; Panagou, Papadopoulou, Carstensen, & Nychas, 2014;
Tsakanikas, Pavlidis, Panagou, & Nychas, 2016) avdivon g wovag. TéLog, Exovv mTpotabdei
petaforopikég Tpooeyyioels, ol omoieg Ba meptypapovv otig endueveg evotntes. Xtov Iivaxa
1.2 cvvoyilovtotl o1 Kupldtepeg ek TOV “Taymv”’ nedddmv ot onoieg Bpickovv epapuoyn 6Tov

Topé TOV KPETOG, KAOMG EMIONG TOL TAEOVEKTNLOTA KO LELOVEKTILOTOL TOVG.
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Meta&d TV Toéov HeBodmV ot HeTaPOAOLKEG £YOVV KEPOIGEL TO EMGTNUOVIKO EVOLAPEPOV KoL
avayvopnoudmra (Adebo etal., 2017; Xu, 2017). I'o tapdaderypa ot pebodoroyiec HS/SPME-
GC/MS a1 HPLC, éyovv amoderytel katdAAniec yuo. tov EAeyy0o NG LUKPOPBLOAOYIKAG
Kataotaotn Tov kpéatog. [Tap’ 6o avtd eivor S0oKoAo va glcayfodv ot Propnyovio KpEUTOG

AOY® TOVL LYNAOD KOGTOVG, GuVTHPNoNG Kat peyébovg (Estelles-Lopez et al., 2017).

Qot6060, {ntpate OT®G N GLUPOAN TOV HKPOOPYAVIGUAOV GTN ONUIOLPYID TOL TTHTIKOV
poid kabmg emiong N alohdynon g SLVVOUIKT TG OALOIWMONG OUPOPETIKAOV HIKPOPLOK®Y
TANOVGUADV GE SPOPETIKEG UNTPES TPOPTU®V Kot TEPPAAAOVTIKEG GUVONKES TPETEL KON VL
dtepeuynbovv. Avti 1 TAnpogopio UTopel va eivar amapaitnTn Yo Tov XEPIopd TG LOAVVONG
amd Tétola €idn 0UTMOC MOTE Vo AmOTPEYOLHE TNV avATTLEN TOLg KOOMOG emiong Kot ™
LETAPOAIKT) TOLG dPAGTNPLOTNTOS XPNCLOTOIDVTOG TIG O KATAAANAES GLVOT|KES 0moBKELOTC.
Ex16g 00100, pafnuatikd povtélo To 0ol TpoépyovTal amo VITOAOYIoTIKO VEQOG (clouds), kot
Bacilovtal oe evnUePOTIKEG TINTIKEG EVOGEIS Bor pmopovoay va 00N yNGovy otnV avAaTTLén
acOnmpov Baciopéva oe avtd, ot oroiotl o propovoay va ival o EVEAIKTOL Kol EDKOAOL GTN
Aertovpyia. Oa mpémet va diepevvnbolv eniong ta petafoikd povomdtio Tov akoiovBodvral
KATé TN GLVINPNOT, 0OVTMG OGTE v pmopécovpe va eréyEovpe. H avédlvon g petafoiikng
0dov (pathway analysis) sivat po amoteleopatiky péEB0SOC Yo TNV avaAven TG GLGYETIONG
peTOED TV petafolMtodv koBdO¢ emiong 0 pOLOS OLTMOV GTO KPEAG KOTA TN GLVINPNON Kot

dwavopn (Huang et al., 2020)
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Mivakag 1.2.: TuykpLtikr amelkdvion pedddwv mov e@appodlovtal 6Ty avdAuon Twv TPo@inwy

A A€
M£00d60g ?:Z;j)?::w IMieovexktiparto Mewovektiparta Egoppoyn
M A g E E I1SO, 1
P OB}O oyu 48-72 hrs 1SO, Xaunio kdécTtog TEPOXP O,ungva ,TT]pT}GT]
Avdivon ATOTELEG AT, vopobBeciog
Bilogwtatvyeia , Emodveleg, younio ) ,
<2 A E E
ATP EMTA K6oT0C TPAVELES TPAVELES
TTI Avdkoxa T0 Real—time,’ oA YauUnAo Z0vdeon povo ’us ™ Real-time
TPOioV KOOTOG Beppoxpoaocio
Y ynAo k6oT0C
€YKOTAGTOONG,
Yuvnbog ta Aoylopikd  Epyaotnploko
FT-IR 30 min Evkolo ot ypnrion dg ovvodevovTal omd eninedo, 610
HOVTEAL TTOV VOl medio
Ta&opovV auTdlaTO
T0 delypoa.
Emavewoxn ynueia,
VYNAO KOGTOC
Hyperspectral . .
yip ma pin ~5 min YynAn cvoyétion gyKoTdotaong, Gosa/ On-/at-line
ging £10G, Un-obéoia
dedopéVa KoL LOVTEAQ
Emavewoxn ynueia,
. VYNAO KOGTOC
Multispectral . .
imapin ~5 min Yynin cvoyétion €YKOTAGTOONG, GOE0/ On-/at-line
ging €106, un-owbéoiua
OedOUEVE KO LOVTEAQL
Emaveioxn ynueia,
RAMAN ~5 min YynAn cvoyétion un-dabéoua dedouéve,  On-/at-line
Kol LovTéLa TpOPAEYg
. Toyet AE .
NIR ~5 min oxela orote ,scu(xw, ) Emavelokn ynueia On-/at-line
HN-TopeUPoTiky, OPNTO
ToAAamAd dgi .
HPLC ~2 hrs OMOTETL OETYHOTH, Oykog Off-line,
OYETIKA YOUNAD
Tayeio amoterécpota, Ovyxoc, Yynio kéotog  Off-line, in-
GC/MS ~2 hrs YToxELUEVT KO pun)- €YKOTAOTAONG, UN- /at-line,
avéivon dabéotpa povtéda Sensor-based
HexTpoviK _ 1?1’)1(0%11 om X;?ﬁcn, Y\ynlf') KOGTOG Off-lir?e, in-
\ 30 min YPNYOPQ OOTELEC LT, €YKOTAGTOOMC, /at-line,
pon ,
cloud AVOADGLOL Sensor-based

1.2.5. MetaBolopikeg nE@odot

Adwppiofnimra ta tedevtaio xpdvia, Oo LTopovGOV Vo YOPUKTNPLGTOOV 1] ETOYN TOV “0Mics”,

ONAadN TOV TEYVOAOYLOV UEYOANG KAMUOKAG, Ol 0moleg mapdyovv HeEYOAO OYKO dedOpEVMV.
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Avdéloyo pe to medio mov epapudlovial £xovv Kot TV avtiotoyn ovouacia, pe tov “foodomics”
Vo avapépeTal oTnV Yevikn tpocéyyion ota Tpoéeipa (Cifuentes, 2009). Avtictoyo 1 epapproyn

o€ TPOQIU VYNANG YaoTpovopiog Ba propodoe va va Teptypapel og “gastronomics”.

H olnhovyic kot cvoyétion tovg amewoviletor omv Ewova 1.2. O 6pog genomics
¥pNoomomOnke yio vo meptypdyel to yovidiopo (genome), transcriptomics to civoro tmv
petaypapadv o€ €va otddto (transcriptome), proteomics ywo tn peAétn peyaing kAipokog
npotevov (proteome). H avilvon tov moAlamldv eE®yevav, Kol EVOOYEVOV HETABOMTOV
(metabolome) o¢ éva Brodoyikd cvotua (T.)y. Kpéag) 1| o€ Eva KOTTOPO Kot 1 S1EPEVVI N TV
HETAPOMKDV 03DV TOVG Yapaktnpiletal TAéov o¢ petaforopikn (metabolomics) (Cubero-Leon
et al., 2014; Newsholme, 2016). Avaioya pe ™ @von oV petaforiltdv dakiadilovtol ot
empépovg teyvikég (Ewova 1.2). IMapadeiypotog yapv, kKhaookég petaforopxés (classical
metabolomics) mpooeyyicelg apopodv ekyLAIGEL; avOpyovoyv KAGGUATOS Ot TN UNTPO TOV
TPOPILOV, EVA 1 UEAETN UEYAANG KAIHOKOG HETOAPOAKODY 000V Kol SIKTH®V TV KLTTOPIK®OV
Mmdiov o Proloywkd cvotiuata, kaieiton lipidomics (Wenk, 2005). IIpdoceata giofydnke
00pog “volatilome” yio va meptypdyet v aviAlvon Tov TTIKoH TPoeik €vOC SElypoTog.
YVveEnmg, te Paom ta Tponyovueva, yprnouonodnke 1 oporoyia “volatilomics” pe oxond va,
mePLYpayeL T peydAnc-kAipokog Otepedvnon kot epunveios TINTIKOV UETOPOATOV Kot

Bloynuik®v povomatidv g PloAoyikd GUGTHUATO.

I 1
Classical . .
. ini i Volatilomics
metabolomics Lipidomics

— S

Ewdva 1.2: Iynuatiky omelkdvion Twv omics TEYVOAOYL®V OTOV TOPEA TWV TPOQIHWV

(“Foodomics”)
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Mo gpguvnTikny HOTId 6T0 HETABOAMKSO TPOPIA TV TPoPitmy Ba UTOpPOVGE VO OTOdMOEL TN
pikpofroroyikn Katdotaon ce onuoto 1/kot wpdtuma/potifa ta omoio oyetiCovion pe v
npoiotopia Tov mpoidvtoc (Nychas et al., 2008). ITapdAinia, N Tepartépm® avdAvon Tov TPoPil
KOl 1] OTOYELVUEVN CLOYETION UETOPOATAOV HE SOUPOPETIKES KAAGES TOOTNTOC, 00MYEL OTNV
an6doon Prodewtav (Ellis et al., 2002). Ta axorovba kpithpia (Jay, 1986) tpocsdiopilovv o
duvnTikn ovoia ¢ Tov TAEOV 100vIKO Plo-deiktn (LikpoPlaxkd oty mepinT®on g oAAOI®GNG):
(1) va etvar oV 1 TOLAGYIGTOV VO AV VEDETOL GE YOUNAQ ETITEDD GTO KPEQG, (11) va avEdveTat
KaTd TV amobnkevon, (iil) vo Tapdyetor amd v Kuplopyn HkpoyAwpido Kot vo Xl GUECT
KOL 1KOVI] OUGYETION HE TO OPYOVOANTTIKA YOopaKTnPloTikd. Avtictoyya, Prodeikteg
avBevtikomtog, Bo propovcav va BempnBodv ot povadikég oe va cuykekpiévo idog 1/Kot
EKEIVEG TV 0TOIMV 0 GLVIVAGHOG (YPOLUIKOG 1 [U1)-) 0ONYEL OE Lo GLYKEKPLUEVT KATHYOopia

TPOLOVTOG,.

[Tn0dpa peTaforopIK®V AVOALTIKOV TEYVIKOV avadvetal and tn Pipioypapioc. H NMR
eacpatookonio (ITupnvikde Moayvntikdg Xvvtoviopog) Aettovpyel KoAd GTNV TOGOTIKY|
av@Avon kot dev amortel emmAéov PrpaTo yioo TV TPOETOWAGio Tov Ogtypotog (m.y.
Swywpiopds, tapaywyomroinon). [iBavétata Adym g yauning evoicOnciog aravtdrol o€ pio
puovo perétn afloloynong g aAloimong tov kpéotog (Ercolini et al., 2011). Opwg,
YPNOLOTOLEITOL KATO KOpOV G HENOSOG EAEYYOV NG awBeVTIKOTNTOC, €MEW TOPOLGLALEL
aVOALTIKY] oTafepdTNTA Kot S10TL GE OVTO TO EPELVNTIKO EPMTNUA OV EVOLAPEPOVY Ol
oToYeLVUEVOL HETAPOAiTEG, OAAG TO OCUVOAO TOVL TPOPIA HECH UN-CTOXEVUEVOV TEXVIKMOV
avalvong odedopévov (untargeted analysis). Avtifeto n @oouatopetpia palog (Mass
Spectrometry, MS) mapéyet vymin evaucOnoia kot emdextikdtta. Evpd edopo pebodoroyidv
ovvdedepéveg oe MS (Purge and Trap, PTR-MS, devtepoyevig niektpoyekacpods, SIFT-MS,
GC-MS, GC-TOF/MS, SPME-GC/MS) (Ghasemi-Varnamkhasti et al., 2018). Aliec
epappoyés agopovv ypnon LC-MS (vypn ypopatoypagio. cuvOedeUEV) HE  OVIXVELTY|
eacpatopeTpiog palag) v aviyxvevon devtepoyevav petafoMtov (m.y. pvkoto&iveg) 1/xo
to&vav o1 omoieg £xovv anelevBepwbei oto e€wrvTTapKd TEPPAALOV Hikpoopyavicuwy (XU,
2017).

1.2.3.2.1. Aépux Xpwpatoypa@ioa ovvdedepévn pe aviyveut] PaopatopeTpiag
Malag (GC/MS)

H GC/MS amotelolv 600 MUEPOVS aVOAVTIKEG TEYVIKEG ovLgvyuévec. Méom NG availvong Tov

TTNTIKOD KOl MU-TTNTIKOV KAAGUATOC TOL PloAoyKoy Oelypotog emTpémel ™ ANymM €vOG
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YOPOKTNPLOTIKOD PAGHATOG Tov ovopaletat "vmoypoaen” 1 "pacpatikd arotortopa” (Cubero-
Leon et al., 2014). TToapdAAnia 1 WKPOEKYOAIOT GTEPENG PAONG OEPLOV VIEPKEIUEVOL YDPOL
(HS-SPME) éyet amodetytei oyetikd @bnvy, ypryopn, anin kot Bolikr uéBodog amopovoong
avoilvtov ttntikov (Bueno, Resconi, Campo, Ferreira, & Escudero, 2019; Lin et al., 2013; Zini,
Augusto, Christensen, Caramao, & Pawliszyn, 2002). Xvvendc o cvvdvacuog GC/MS pne
HS/SPME oamotelel pa dwyepioun, Prooun, kot arotelecpatikn pébodo a&lohdynong tov
TITIKOV TPOoPiL TV Tpoinmy. Xtnv Ewdéva 1.3 meprypdoetor n pon €pyaciodv yuo to
UETOPOAOUIKA TEWPANOTO, GTO OTTO10L Elval KaipLog GNUOGTIOG TO EpMTNLA TOV BETOVLE, OTMC Kot
évag KaAd optopévog okomdg e pedétng. H daducacio mov axolovdndnie o avt ) dotpipn

elvar tomikn petaforopkodv mepapdtov (Ewkdva 1.3).

Katd ™ Biproypapikn avackdTnon g topovong S100KTOPIKNG 1o Tpie SLOmICTMOVETOL TWG
éyel ypnoporomBei yuo diepebhvinon tov petaforikod mpoid ce mpoidvta eutikng (Cubero-
Leon et al., 2014; Lin et al., 2013; Olegario et al., 2019; Soncin, Chiesa, Cantoni, & Biondi,
2007a) ko Lowmg mpoéhevong (Argyri et al., 2015; Casaburi et al., 2015; Insausti, Beriain,
Gorraiz, & Purroy, 2002; Insausti, Goiii, Petri, Gorraiz, & Beriain, 2005; Nychas et al., 2008;
Parlapani, Mallouchos, Haroutounian, & Boziaris, 2014; Q. Wang et al., 2019).

Mostowacia Enegepyaoia
, , , ] Aetypdtwv ] Aedopévwv
BloAoykn Mewpapatikog IxeSLOOUOG
Epwtnon ] IxedLaoUOG AvoAutikoU \l/ \l/
Mepdparto
v PARATOS Avaktnon Avamrtuén
IXESLAOHOC \l/ AeSopévwy Movtéhou
BloAo '
. viov AVOAUTIKO \l/
MNewpapatog .
Melpapa .
\[/ Mooy BeAtiotomnoin
MeTaBAnTeov on Movtélou
BloAoyikd \L
MNelpapa JuMoyn &
AnoBnkevon || ) Epunveia
AglypdTwy Mpoenegepyaoi| | AeSOpEVWV
o Asdopévwv

Ewdva 1.3: Por epyaotav mov akoAovdnOnke otnv mapovoa Si8aktopikr Statplfn

Agdopévng ¢ UIKPOPLOAOYIKNG OmovdaldTnTaG, GE GULVOVAGUO HE TNV OPYOVOANTTIKY|
amoppy”, EKTTVCCETOL 6T PIPA0Ypapia Eva evph edouo LEAETOV GYETIKA pE TN diepedvnon
NG GLUUETOYNG TNG OALOIWYOVOL YAMPIdHG GTN ONUOVPYID TOV TTNTIKOV TPOPIA, 0AAA Kot
otV e£6puén dektdv arroiwong (ITivakag 1.3). H cuvnOng mpocéyyion eivor n avdAvon tov

Tpogitov Aappdvoviag vdyy v mpovmdpyova pkpoyAopida 1 n yprion EAM (Ewikov
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AMo10y6veov Mikoopyoviopmv) pHécm epfolacumdv og Puikd 1610 amaloyuévo Poaktnpiov
(“otelpog”). Onwg TPoKLTTEL, 01 TEPIGGOTEPES €5’ OLTAOV Eival TOLOTIKEG EPEVVES, AouPavovTag
VIOYLV TO OPYIKO Kot TO TEMKO onueio g ocuvtipnong pe évosién moapovoiag/amovoiag (+/-)
TOV 0VCIOV pe Proroyikn onuacio. Extdg avtol, ot kupldtepol petafolriteg mov aviyvevovral,
TAPAYOVTaL OTOV Ol LKPOOPYOVIGHOL lval o1 6€ YNAA entineda Kot VILEPYOLVY OpaTd GNUAdLOL
aAloiwone. Xvvenmg vrapyel PipAoypagikd kevd yioo T evoldpeso otddla, OnAadn o
TOCOTIKY 0EOAOYNON TS YPOVIKNG €EEMENG TOoL TTINTIKOL TPOoPik. Ot dvO TEPIMTOGELS
VOTEPOLV, O10TL N TPAOTN AAUPAVEL LVITOYIV Kot AAAES PLGIKOYMUIKES Olepyacies (m.y. oEeldmaon)
oV cLUPAivVOVY TOLTOYPOVA GTO KPEAG KATH T GLVTHPNGCT, EVO 1 Oe0TEPN S1OTL YPNGIULOTTOLET
TOLOTIKG PeYEON Kot mapodeinel v mAnpogopio Tov evdlapéoov. E&aipeon oty mapomdvem
pocéyylon omotedel | Tpdopatn perétn omd tovg Papadopoulou et al., (2020) otnv omnoia
a&loroyniOnke 1 dvvapkn ¢ aAlAloimong oteheydv yevdopovadwv kot Lb. sakei o oteipa

YOVl PLAETO.

Emuiéov, 1 GC/MS éyxer gpappootetl yio v a&loAdynon g mTowdTNToS 6€ SLOPOPETIKEG
ocuvinkeg cuokevaciog oto Bosto kpéag (Dainty et al., 1988, Ercolini, et al., 2006; 2009; 2010,
Argyri et al., 2015; Lyte et al, 2016; Mansur et al., 2019; Pavlidis et al., 2019), yoipwvo (Xu,
Cheung, Winder, & Goodacre, 2010; Xu et al., 2013), xotémovio (Lytou et al., 2018 ), apvi
(Reis, Reis, Mills, Ross, & Brightwell, 2016), yapwa (Parlapani et al., 2014; Parlapani,

Haroutounian, Nychas, Boziaris, 2015), kot wowidio fatopovpwv (Cappellin et al., 2013).

Mivakag 1.3: Alepedvnon NG OUUUETOXNS ESIKOV OAAOLWYOVWV UIKPOOPYAVIOU®Y OTNV
aAAolwoT {wIKWV TPOPIHWY

MuwpopBLakn opada Yrnootpwpa ZKOMOC Avadopa
Ps. perolens Sterile Fish, rockfish Molotikn, +/- Miller et al., 1979
Br. Thermosphacta NC beef Dainty et al., 1980
Ps. fragi a Sterile beef Molotikn, +/- Edwards et al., 1987
Ps. fluorescens biotype 1 Sterile beef Molotikn, +/- Edwards et al., 1987
Pseudomonas sp. Beef & Pork slices MOLOTLKN), KLVNTLKEC de Castro et al., 1988
Aeromonas Beef sterile (low&high , .
+/- .
hydrophila oH) Mototikn, +/ Dainty et al., 1989
A/teromqnas Beef sterile (low&high Mototik, +/- Dainty et al., 1989
putrefaciens pH)
Br. Thermosphacta Beef Stenl;_(ll)OW&hlgh Mototikn, +/- Dainty et al., 1989
Enterobacter Beef sterile (low&high Mototik, +/- Dainty et al., 1989
aglomerans pH)
B i i , .
Hafnia alvei eef sterlls|_(|l)ow&h|gh Mototikn, +/- Dainty et al., 1989
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Pseudomonas fragi
Serratia liquefaciens

TVC

Lactobacillus sp.
Pseudomonas sp.

S. proteamaculans
C. divergens
P. fragi
S. proteamaculans &
C. divergens & Ps.
fragi
Pseudomonas fragi
TvVC
Ps. fragi
Ps. putida
Ps. fragi & Ps. putida
Lb. sakei
Leuconostoc (Lc.)
mesenteroides
Lb. sakei & Lc.
Mesenteroides
Ps. fragi & Ps. putida
&
Lb. sakei & Lc.
Mesenteroides
Pseudomonas sp.

TVC, Spoilers

Photobacterium
phosphoreum

Pseudomonas
Shewanella
Carnobacterium
Lactobacillus

TVC

Pseudomonas
fluorescens

Escherichia coli

TvVC

TVC

TVC, Spoilers

Beef sterile (low&high

pH)

Beef sterile (low&high

pH)

Beef sterile (low&high

pH)
Beef fillets, sterile

Beef fillets, sterile

Beef chops, sterile
Beef chops, sterile
Beef chops, sterile

Beef chops, sterile

Beef, sterile
Beef chops, nc
Pork fillets, sterile
Pork fillets, sterile
Pork fillets, sterile
Pork fillets, sterile

Pork fillets, sterile

Pork fillets, sterile

Pork fillets, sterile

Fish, gutted sea bream

Beef minced, nc

Pork (loin, colar)

Fish, model
Fish, model
Fish, model
Fish, model

Chicken breast, nc
Chicken breast, nc
Chicken breast, nc

Chicken breast, nc

Beef fillets, nc & s

Beef minced, nc

Mototikn, +/-
Molotikn, +/-

Molotikn, +/-

MOLOTLKN, KLVNTLKEC
MOLOTIKI), KLVNTLKEC
Molotikn, +/-
Mototikn, +/-
Molotikn, +/-

Molotikn, +/-

Molotikn, +/-
Molotikn, MoootikA
MOLOTLKN), KLVNTLKEC
MOLOTLKN), KLVNTLKEC
MOLOTLKI), KLVNTLKEC
MOLOTLKI), KLVNTLKEC

MOLOTLKN, KLVNTLKEC

MOLOTLKN), KLVNTLKEC

MOLOTLKN), KLVNTLKEC

MOLOTLKN), KLVNTLKEC
MOLOTLKN, KLVNTLKEC
& Moocotikn
Mototikn &
MoooTtikn

MOLOTLKN, KLVNTLKEC
MOLOTIKN), KLVNTLKEC
MOLOTLKN), KLVNTLKEC
MOLOTIKN), KLVNTLKEC

MOLOTIKI), KLVNTLKEC
MOLOTIKN), KLVNTLKEC

MOLOTLKN, KLVNTLKEC

Mototikn, MoootikA
& Quantitative
Mototikn,
Moootikn,
Kivntikég
Mototikn, MocotikA
& Quantitative

Dainty et al., 1989
Dainty et al., 1989

Dainty et al., 1989

Tsigarida & Nychas, 2001
Tsigarida & Nychas, 2001

Ercolini et al., 2009
Ercolini et al., 2009
Ercolini et al., 2009

Ercolini et al., 2009

Ercolini et al., 2010
Ercolini et al., 2011
Papadopoulou et al., 2020
Papadopoulou et al., 2020
Papadopoulou et al., 2020
Papadopoulou et al., 2020

Papadopoulou et al., 2020

Papadopoulou et al., 2020

Papadopoulou et al., 2020

Parlapani, et al., 2015
Argyri et al., 2011; 2015

Nieminen et al., 2016

Parlapani, et al., 2017
Parlapani, et al., 2017
Parlapani, et al., 2017
Parlapani, et al., 2017
Kein et a., 2018

Kein et a., 2018
Kein et a., 2018

Lytou et al., 2018

PhD

PhD
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Hafnia alvei Beef, fillets, sterile MOLOTLKN, KLVNTIKEG PhD
Serratia

Beef, fillets, sterile MOLOTLKN, KLVNTLKEC PhD
proteomaculans

1.2.3.2.2. HAektpoviknuitn (Electronic nose - enose)

[Tpocpdtwg &xovv mpotobel petaforopukés pébodot Pacicpéves oe arcnmpeg, 6mwg 1M
niextpovikn potn (electronic nose, EN) «xot «yAdooa» (electronic tongue). Awvtég
TPOGOUOIALOVY TOL YOPUKTNPIOTIKA TNG UOTNG Kol YAMOoOS TV ONAacTIK®V avtictorya, ot
omoieg eivan mopoaminoieg pe tov aviporwv (Peris & Escuder-Gilabert, 2009). Kotd
dwdkacio g OcEPNoNG, Ol OPOPES OGUEC OAANAEMOPOVV HE TOLG KOTAAANAOLG
AMUEGONTAPLOVG VTTOJOYEIG Kol TapdyoLV NAEKTPIKA epebicuata to omoia petadidovton
otov gyképaro (Ampuero & Bosset, 2003). Katd tov 1010 1pdmo, 1 avédAvon Tov mTnTikov
TPo@iA pécw g EN PBaciletol otnv d100T00podUEVT] OVTIOPACTIKOTNTO (Cross-reactivity) piog

GEPAG NUI-EMAEKTIKOV aloOnTpOV.

O mhéov dradedopévorl arcntipeg nuaywyng M.O.S. arotelodvion amd Eva nuy®@yyLo euip
petaAAkdv o&ewiov (m.y. Sn02, TiO2, ZnO, Zr02, BoAppdiio) eTKOADUUEVO GE £VOL KEPOULKO
vrooTpop (Y. Adovpiva). Ta 0EEBWTIKA VAIKA TOV osOnTipa amoppo@ovV 10 0EVYOVO, TOV
omoiov M avtidpaor pHe o TTNTIKG popto petaPdrel Ty ayoyudmra tov oéediov (Peris &
Escuder-Gilabert, 2009). X& avt) v 1d10tta Paciletor kot 1 avalvon ToV SEYHATOV, WUE
HETPNOELS TNG avTioTaonS KABe asntipa 6To Xpovo. AALL GLGTHUOTA, LETPOVV TN TACT ©C
UETOGYNUOTIOUO E16000V, HETPMOVTOG TNV OY®OYILOTNTO TG AEPLOS PACNG OTAV AT JLEPYETOL
amd kabe awsbntipo oavd devteporento g pétpnong. Our M.O.S. mapovsialovv vynAn
evooOncio, KOAN eKAEKTIKOTNTA, €vA elvar oyetkd avlextikol omv vypacio Kot v
«ympavony, ott Katackevalovior amd wwitepa avlektikd pétorro. Kotd ovvémein

poxporpofespa mapéyovv otabepdtnta g Pdong dedopuévmv.

H dwdwoasio avéivong pe EN, eivan oyetikd anin kol meptlappdvel to o1dolo mpogpyaciog,
avAALONG TOL OElYHOTOC HE ANYN TPOTOYEVOV OEOOUEVOV TOV TPOPILOL KOl TEAOG TNV
eneEepyocio Tov onpatog. Ot amokpicelg TV acHNTPOV UTOPOVV va YPNGLUOTOMOOVV ¢
nTiKd potifo piog opdadag PloAoyik®v 0LGLAOV, TO. OTOI0 LETOPEPOVYV TANPOPOPIES YO TOL
TO10TIKA YOPOKTNPLOTIKA TOV TpOoPipov. TELog, 1 avaAvoN TOV OMOTEAECUATOV TEPIAAUPAVEL
™V TEPAUTEP® OELOAOYNOT TOV OEIYUATOG LEGH TOAVUETAPANTIC OCTATICTIKNG. ZVYKPLITIKE LLE TOL
Thved 0pyavoINTTIKYG a&loAdynong T0 PaciKd TOLG TAEOVEKTNUA £IVOL TMOG LETE TNV OPYIKY

ToVG BaBLOVOUNGT LTOPOVV VO TPAYLATOTOCOVY 0EOAOYNGT TOV TTNTIKOV TPOPIA GE GLUVENN

44



Baomn kot pe eddyioto k6atog (Ampuero & Bosset, 2003). Aedopévov OTL 1 pYoT TOVG TAPEYEL
VYNANG CLGYETIONG OMOTEAEGLOTO, GE GUVTOUO YPOoVIKO dtdotnua (<lopa), £xovv mTpotabel g
uéBodog pikpoPlaxng aviyxvevone ota TPOEIUa, TEPPOALOVIIKGA Oelypato, Kot KAWVIKEG
dwyvooelg (Wang et al., 2012). Ze cuykekplUEVES TEPITTOGELC EIVOL 6€ OEGT VO, oV VEDOLV KO
vo dtakpivouv pe axpifela oopég amd moAvTAOK delypoTo aAld Kot vo eAéyyovv on-line
ypouun mapayoyns (Ghasemi-Varnamkhastiet al., 2018; Peris & Escuder-Gilabert, 2016). H
Oeopotikny avOnon g ypNong TG To TEASLTOUN YPOVIL. €xEl, pe TEPLooOTEPES amd 120

EMOTNUOVIKEC 0vapopéG To Tponyovuevo £1og (Ewova S1.2).
60
50

40

30

Documents

20

1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020
Year

Ewéva 1.3: Anpociencelg oyetilOUeEVES e TNV EQUPLOYN TNG NAEKTPOVIKNG HOTNG GTOV TOUEN TOV
Kpéatog to. tehevtaia 30 ypdvia. (Inyn: https://www.scopus.com/)

Avoroyum adénon g HeTABOAOMKNG OVTNG TAATPOPUAG PPICKEL EPAPLOYT GTOV TOUEN TOV
KpéoTog, ®¢ omAN, tayeio kor gdypnotn péBodog mowotikng ektipmong (Ewova 1.4).
Yvuykekpuévo moapadetypoata meprypdeovtor otov Ilivoka 1.4 kor agopodv kvpiwg v
a&loAdoynomn tov pukpofrokod mAnBuopod kot ¢ mowdtnrog Bdoel Tov YPOHVOL GLVTIPNONG.
AMeg epappoyég Tephappavouy Ty a&loldynon avbevtikotntag kot Suvntikng vobeiag (Tian
etal., 2013; Wang et al., 2019).

ITivaxag 1.4: Kvupotepeg epappoyég g nAEKTPovIKTg Litng otov topéa e «Emotiung Kpéatogy

H\extpovikn MYty XKOTOG Movtého Avogopa
In-house
10 MOSFET & YVOYETION LLE OPYUVOANTITIKG GE PETEC PLS bw; pearson Blixt & Borch,
4TGS SN0 & Bogiov prrétov og kevo (vac) correlation 1999
1 CO awsOnmpog
In-house Yvoyétion GC/MS pe opyavoinmtikd ce ANOVA PCA; Hansen et al.,
6 MOS POAD KIUG APLS-R, GPA 2005
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M ffect A0
10 MOSFET & Movdpodunon, Zvoyétion pe GC/MS emory e’ eets ,08 TOAD Rajamaéki et al.,
12MOS & dedouéva o€ TovAeptkd, (Map) aMhowpéva Seiyata 2006
IR cuoneiipag CO & H pire PCA, PLS-R, ANN
humidity sensor (70°C)
In-house
9 sensors ToEwopmon o& foeto éTo Binomial smoothing, péoot  Panigrahi et al.,
(8MOS &1 Hhon ¢ Opot, KOvoviKomoinon 2006
NAEKTPOYNUIKOG)
MGD-1 FVoYETION UE OPYUVOANTTIKG o€ pizza Abpoiopa ofuatogand 0- Vestergaard et

7 IMS acOnipeg

topping (map) mpoidv kpéatog

60s & baseline correction

al., 2007

In-house binomial smoothing

8 sensors taong [p6Preyn Salmonella typhimurium oe ka1 pécot 6pot PCA; ICA;  Balasubramanian
(7 MOS & Bogo prréto, vac stepwise linear etal., 2004

1 aweOntpag RH and T) regression

In-house Aoy op1opdg KOKKIV®V KPEATOV

6 TIN (Taguchi) KOPITHOG KOKKVOY Kp AG PCA; PLS-R; SYM  El Barbri etal.,

] (Bodwo-mpoparo), ,
1 aweOnmpag T Ta&vounon 2008

1 awsOnmipoag vypaciog

Aloiwon Baoet Tov xpdvov cuvIPNoNg

KAMINA
38-element sensor array

Ta&wounon, @peokdTNTO,CE XOIPVO

Mapecog LDA (LOO)

Musatov et al.,

chip with parallel KIpd Béoet nuepdv cuvtipnong 2010
electrodes
FOX 4000 . L
M. longissimus dorsi AAloiowon, iy
(Alpha-MOS: gIssImus dorst Adrokwon AR/R(PCA, PLS-SYM-R  Vangetal
Yvvnpnon yopwvov, Huépeg 2012a
18 MOS) ,
svvtiipnong
Alayoptopdc peta&d Tov S10POPETIKOV
FOX 4000 TUNUATOV X01p1voD Kpéatog (eiAéTo, Kirsching et al
(Alpha-MOS; Aopde, ondha, eEmTepPKOC & AR/RgMGLH; DA; PLS-R 20192 B
18 MOS) £0MTEPIKOG UNPOG), ZVCYETION UE TO.
opyavonmrikd, Oopun Kampov
FOX 4000
Zooyé GC/MS OHTOVAO,
(Alpha-MOS; Mzzxzrg’; :go&_,asm gjs ;f;g”ifng bw APLSR Song et al., 2013
18 MOS) p , u ¢, Mmog
. Mohareb et al.,
LibraNose, portable [MoAwvdpdunon & Ta&wvounc 2016;
Technobiochip, Jpormen ormen -PCA, DFA, SVM '
pikpoProkng yAmpidag oe fosta, it Papadopoulou,et
8 QMB
al., 2013
Svoyé TVB-N 0, Pearson correlation
In-house UGXSTlGTJ]\/IHIanissimuc;S e analysis i Huang etal,
11 TGS MOS sensors ToCeven ue NIR-imaging PCA; BP-ANN 2014
AvBevtikotnTa,ce KOKKIVO KPEATO,
In-house (nooydpt, kotoika, TpdPoto) Haddi et al
6 MOS Figaro TGS HOOXAP, IKOTOTKG, TpopaT autoscale PCA, SVM g
nductivit Ta&wounon Pacet xpdvov cuvtipnong, 2015
(conductivity) Hopdrinio pe e-tongue
In-house briefcase SVOYETION LE PPECKOTNTO GE Timsorn et al.,
Rc PCA, BP-ANN
8 MOS K0T6moVA0, GC/MS € 2016
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FOX 3200 Svoyétion pe PeckdTNTO GE LOGYOPIGIO

Estelles-Lopez et
(Alpha-MOS: kuud,, GC/MS, HPLC, FTIR, AR/Rg SIeTes-0pez €

1., 2017
12 MOS) TOAVQOGLLOTIKY EIKOVOL al., 20
In-house PpeokoTITa oF HOOYAPL YOIV, ApVL, nad PCA, DFA Chen etal., 2019
OPYOVOANTTIKG YOPAKTNPLOTIKG
AvBevticotnta /Nobeia Apviov e Wang et al.,

MCT FLDA, MLPN, PL
PENS namo, Zoykpion ue GC/MS ¢ ' PLS 2019a

MOS: Metailikoi oucOnripegoéediov nuaywyng; MOSFET: MOS Field-Effect Transistors; QMB: Quartz
Crystal Microbalance; IMS: lon Mobility Spectroscopy; PCA: Avdivon Kopiwv Tuvictowcmv; ICA: Avdivon
AveEapmtav Zuvictoodv; APLSR: ANOVA-TIoAwdpounon peptk®dv erayiotov tetpaydvov; DA Atokpitikn
Avdlvorn; DFA: Discriminant Function Analysis; LDA: Ipoppiky Awkpriky Avéivon; SVM: Mrnyavég
dwvvopdtov YrnoompiEng, MLPN: TToAvotpopotikd Nevpovikd Aiktoa perceptron; BP-ANN: Nevpovikd
Aiktva pe dopn back propagation; GPA: I'evikevpévn avéivon procrustes; MGLH: Multivariate General Linear
Hypothesis; bw: Beta-ctabpicuévor cuvtekeotéc makvdpounong, TVB-N: Olucd ntntucd Pacikd dlwto, MCT:
Aok TOAOTAGY cLYKplcE®V

1.1.3.2. Yypn Xpwuatoypagia YYyning [Micong/Ané8oong (HPLC)

H HPLC givor o amd tig TahondTepesg YpOUATOYPOPIKES TEXVIKEG TTOL £x0LV avamtuydel Kot
epapuootel otov Topén TV tpopipwy. [apadociakd ypnoyonoleital yio Tov TpocdlopioUo
KoL TNV aviyveuen ovclav, ol omoieg gite dnuovpyovvral, eite petaforifovrol. Zvykekpuéva
1N duvoapukn g Exel epeuvnBel oe PLTIKA, AALG Ko {mikd mTpoidvta, Onms yapto (Koutsoumanis
& Nychas, 1999), yaAaxtoxopukd (Zeppa, Conterno, & Gerbi, 2001), npoidvta kpéatog omd ™)
Aavio pe v ovouacio ‘rullepelse’(Stolzenbach, Leisner, & Byrne, 2009), yopwd xiud
(Papadopoulou PhD thesis 2014), yoipwég urpildorec (Kapetanakou et al., 2014), pooyopicto
kwa (Argyri, Doulgeraki, Blana, Panagou, & Nychas, 2011; Estelles-Lopez et al., 2017
Skandamis & Nychas, 2001) kot xotéomovro (Lytou et al., 2018). Xe eninedo pobdnpoTikdV
povtédwv mpoPAeyngs, £xel mpotabel oto TapeABOV N EPAPLOYN TNG GOV ATAT TEXVIKN YO TOV
TPOGOIOPIGHO NG aAAoimong oe POel0 Kb cLVINPNUEVO GE OLPOPETIKEG GLVOTKEC
Bepuokpooiog kot cvokevaciog (Argyri et al.,, 2011). H npdtacn vroompiletar and tovg
Estelles-Lopez et al., (2017), avadsikvomvtog eniong ta apvntikd g pebddov onmg givar o
Oykog tov opyavov, n moilvmhokdtTo kot to avaddowe (IMivakoag 1.2.). H i Aoywkn
EQUPUOCTNKE GTNV TOPOVGA SOUKTOPIKT STPIPn Yo TPDTH POpPa 6€ A0YIiGL0 KPENS, Kol OE

Boeto prAgta pe Kot yopic IKPOOPYOVIGHOVG GUVTINPNHEVO GE TAPUOOGLOKT) CLOKEVAGI.
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1.2.3.2. AfLoA0ynon TG aQuOEVTIKOTNTAC KAl aVIXVELST SuvnTikNG voBeiag pe
netaforopkég pe@ddovg

[Tapdpoteg pebodoroyieg kot TpwtdkoArla mov cuintOnkay Tapamdve £xovv mpotadel cov
gpyodeio a&lohdynong g avbevtikdtog TV Tpoipmy. Ot kuptotepes €€’ avtmv Pacilovtat
oV oAvodwt) avtiopaon moivpepdong (PCR), teyviky mov peta&d tov DNAS/RNAS
dapopwv edmv, a&toroyel tv tapovsio DNA/RNA-cuykekpipévov tov gidovg (ref specie) pe
KovomomTikd amoteléouata péoa o Alyec mpeg (Ballin, 2010; Cheng, Chou, Lee, & Sheu,
2016; Druml, Hochegger, & Cichna-Markl, 2015). E&icov amotelecpotikéc Exovv amnodetytel
AVOGOAOYIKEG Kol EVEVUATIKEG TEYVIKES, OOKILAGIEG PACIOUEVES OTIC TPWTEIVES KO OVIAVOT) TNG
TpraxvAyAvkepOAng (Al-Kahtani, Ismail, & Asif Ahmed, 2017; Cheng et al., 2016; Ren, Deng,
Huang, Chen, & Ge, 2017; Soares, Amaral, Mafra, & Oliveira, 2010; H. Wu et al., 2020).
[Mpéopata, n uébodog «Meat LCD Array», éxel em@épel omoteAeGHaTIK) Kot aSlomot
AVOYVAOPLGT TOL KPETOG, EMLTPETOVTAG TNV TAVTOYpovT aviyvevon 32 edav (Cavin et al., 2016;
Cottenet et al., 2016). Té\og, TpotdOnKe N OVaLyVAPLET XOIPIVOD KPEATOG GE MG 1) HOLYELPEUEVQL

KkeTtedaxia evtog 20 Aentov pe ouvovacud PCR kot ortikr aviyvevon (H. Wu et al., 2020).

dacpotookomikés (UV-Vis, IR, MIR, NIR, gacpatookorio vepvfpov pe HETAGYNUATIOUO
Fourier, RAMAN) un-ropeufatikés avalvTikég TEXVIKEG Eyovv emiong mpotabel ywo Tov
TPOGOOPIGHO TNG YVNGLOTNTOC Kot aviyvevor duvntikng vobeiog ota tpogua (Abbas et al.,
2018; Alamprese et al., 2013; Boyaci et al., 2014; Kamruzzaman et al., 2012; Meza-Marquez,
Gallardo-Velazquez, & Osorio-Revilla, 2010; Rohman, Sismindari, Erwanto, & Che Man,
2011; Zhao, Downey, &O’Donnell, 2014). Tekevtaio, a&lohoyHONKE 1 ETLPAVELOKT] YMUEIL
onwg mpoxvmtel amd moiveacpotikny (A.l. Ropodi, Pavlidis, Mohareb, Panagou, & Nychas,
2015; Athina I. Ropodi, Panagou, & Nychas, 2017) kot vrepeacpoatikny (Kamruzzaman et al.,
2012; Kamruzzaman, Sun, Elmasry, & Allen, 2013; Orrillo et al., 2019; Wu, Shi, He, Yu, &
Bao, 2013; Zheng, Li, Wei, &Peng, 2019) avaivon gikovag,.

H oAokAnpopévn Kot GGTUATIKY LEAETT EVOGEDVY YaUNAoD poplakod Bapovs (Letafoittdv)
G EPYOLEID Y100 TOV EVTOMIGUO TEPIGTATIKDOV VOOEING Kol EYKANUOTIKNG TOPERPAONG GE TPOPILLL
Bpioketar og dvOnon ta tehevtaia ypovia (Cuadros-Rodriguez, Ruiz-Samblas, Valverde-Som,
Pérez-Castafo, & Gonzalez-Casado, 2016; Ellis et al., 2016). Ocov agopd tnVv avéAvon tov
TTNTIKOL TPOoQik pebodoroyieg 6mmwg N niektpovikn pot (Haddi et al., 2015; Nurjuliana, Che
Man, Mat Hashim, & Mohamed, 2011; Peris & Escuder-Gilabert, 2016; Rocchi et al., 2019;
Tian et al., 2013; Q. Wang et al., 2019) ka1 aépia xpoUATOYPOPi0t GUVOESEUEVT] UE AVIYVEVTN
dacpotouetpiog Malag (Nurjuliana, Che Man, Mat Hashim, & Mohamed, 2011; Pavlidis et
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al., 2019; Rocchi et al., 2019; Springer et al., 2014) éyovv epapuooctei. Axoua, n xpnon NMR
(Bergana, Adams, Harnly, Moore, & Xie, 2019; Jakes et al., 2015), wcotonikég (Hao Wu et al.,
2019) ko avorvoelg Ztoryeiov Zndviov I'uwv (Rare Earth Elements, REES) (Danezis et al.,
2017) éyovv d&iet peydn dSvvapikr. AvadvOpeVeS TEXVIKEG 0POPOVV ATIOOUIKES TTPOCEYYIOELS
(lipidomics-approach) pe ypnon NMR (Jakes et al., 2015), aArd kor LC/MS/MS o€ cuvdvacpd
pue GC/MS (Trivedi et al., 2016). Exet a&lomomOei n pooydofivn ca deiktng avbdevtikdtnTog Kot
vobeiag pe LC/MS/MS (Watson, Gunning, Rigby, Philo, & Kemsley, 2015) kot Yypn
Xpopatoypoeio Yrepvyning Iiconc UPLC (Giaretta et al., 2013). Té\og, maporo mtov n HPLC
&xet avapepbel cov o toAvtiun pebodoroyia yuo v avbeviikdmra tov tpoipmy (Esteki,
Shahsavari, & Simal-Gandara, 2019), dev £xel €QopLOGTEL GTNV TEPITTM®GN TOL KPEATOG OC

TOPOA.

Katd v mpocwmiky mAnpoeopnon, | avaivon tov trntikod petafoitkod mpogid (metabolic
profile-volatilomics) péow g HS-SPME/GC-MS yia v a&loAdynon g avbeviikdrog tov
€10MV KPEATOG, EOIKA GTNV TTEPITTOST TOL POEIOV KOl XO1PvoD KUl 0AAG Kot 0AdYov, deV €xEL
avapepBel o Topa. TELOG, Tapd TV TANOOPA AVOAVTIKOV TEYVIKOV TOV £ovv TpoTtabdel og
OLIPOPES EMOTNOVIKEG EPYUGIES, Ol TEPLGGOTEPES €5’ ALTAOV EAEYYOLV TNV emidoomn NG KAOe
uebodoroyiog pepovopéva n/xor cuykprrikd (Argyri et al., 2011; 2015; Estelles-Lopez et al.,
2017; Fengou et al., 2019; Lytou et al., 2018). Q¢ tdpa dev vVEAPYOLY UEAETEC TTOL VO

GLYY®OVEDOLY KOt GLVOLALOVY T OEOOUEVE TOALATADY usONTHP®V Y10 VT TO GKOTO.

1.3. ZK0TOG TNG ALSaKTOPIKNG SLaTpLPi)g

2KomOG NG TapovONG SAKTOPIKNG datpiPng elvar n alordynon g moldTnToS, AGPAAELNS
Kol OEVTIKOTNTOS TOV KPEATOS 0 AmOTEAECUOTIKO Y pdvo. TIpog emitevén avTov TOV GKOTOV
éhoPe yopa KAaoowkn pikpofroroyia, Kot TOPAAANAQ  GLAAEYTNKAY dgdopéva  amod
nolvaodntipec. H cuiloyn avth ELaPe ydpa pe vOpyaveg ovaAvTIKES TeyViKEG Omwg GC/MS,
HPLC «ot e-nose, kot mwoAvpetafAnt| otoTloTiKy aviivorn. Xe kdbe mepintwon, eite
YPNOLOTOUDVTOG TNV TOPAOOGLOKT TPOPPNTIKN HIKpoPlodoyia, gite TNV evOpyavI TPOPPNTIKY,
T poBNuoTKd povtéda wov Tpokvtovy Ba gtvat tkavd va mpoPAéyovy dyvoota delypota Kot
VO OMGOLV OMOTEAEGUATO GE GYETIKA GUVTOHO Ypovikd dtdotnua. Ot empuépovg oTodYol TG

Awaxtopikng Awtpipnig frov:

Yaoyog 1: A&orAdynon ¢ pkpofrokng cvotaons Kot aAiniovyiog Katd Ttnv mopaywyn,

amofMNKeLOT Kot O10VOLT TOL KPENTOG GE TAPUOOCLOKT
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Y16y0g 2: Metafolopikny & PlomAnpopopikn: AvAKTnorn dedopéEVeV Yo TV TPOPAeYN NG
TOLOTNTAG, KOl AVOEVTIKOTNTOSC VOTOD KPEATOG

X10y0¢ 3: Brodeikteg: Amhovotevpévor dgiktec moldtnTag 1 owbevtikdtrog

X10y0g 4: ZOyKplon EMPUEPOVS AVOAVTIKOV TEYVIKAOV MG TPOS TNV 0mdO00T TOLG Yo TNV
TpOPAeyN NG aAloiwong 1/t Tng vobeiog/yvnototntog

Y16y0¢ 5: Metafolopikn oy vanpecio g Propnyaviag KpEatog

Apywcd, ooppoatikég pikpofroroyikeég pébodor Elafav ydpo katopetpovias v OMX kot
€101K00¢  aALoImYOVOVG Hikpoopyoviopovg (Brochothrix thermosphacta, Pseudomonas spp,
ofvyahaktikd, Enterobacteriaceae, (Opeg ko pokmteg). IMapdAinio to 6o deiyuorta
vrePAnOncav ce ddKacieg EAEYXOV LE TIG OVOTEP® OVOPEPOUEVES TAATPOPUES KOl TEAOG
ocvoyetiomkav ta dedopéva. H mpocéyyion mov £pappuodcTnKe 6TV Topovcd SO0KTOPIKN

dwtpPn anewkovileton oty mapakatm pon epyaciav (Ewdva 1.4).

Zulhoyn AvaAuon twv
Aelypétwy AvalUoELg MeBob&ohoyia 6ebopEVWY —
MpoopnTikn
(=>Metadata) MikpoBLoAoyia

MNoAwdpounon

Tafwvounon

Maptidec &

Eién Kp€atog

MikpoBrodoyikr b e —— faoaii
p yin Mwkpofiodoyia MNpoopnTikn

Ewova 1.4.: Pon epyoacidv g Tpocyyiong mov akoAovdnonke katd t didakTopikn dtotpipn

[Mpaypoatomrombnke emkdpwon twv HeDOSOAOYIDV pHE amOTEPO O©TOYO TN SLVOTOTNTA
epappoyng ot Propnyovio kpéatoc. Ta epotipata mov depevvndnkay mpog emitevén TV
oTOY®V NTAV: EMIOPACT] TNG OEIYLATOANYING GE SLAUPOPETIKEG EMOYES TOV YPOHVOL TN dnovpyio
TOV TTTNTIKOV TPOPiA Ko To PkpoProroyikd dedopéva (o), EXidpactn TS TOPAYOYNS KU CE
OLOLPOPETIKEC NUEPES ATd TN GPAYT| TOV {DOOL GTN SNUOLPYIO TTNTIKOV TPOPIA 6T0 KpLag (B),

a&loAdynon g avbeviikdtntag og Kpéata kovtivig amdypmong pe GC/MS (y), duvatdtnta
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epapuoyng g GC/MS cav epyareio eA&yyov eKTOC-ypouung Tapaymyng (8), dvvototnto
OMOTIKNG Tpooéyylong motdtnrag kot avbeviikdmrog (€). 'Etor Aowmdv oto Kepdrowo 2
SVAAEYTNKOY Oetypato Kiwd omd peydahn Prounyavia emeCepyoaciog kpéatog. Avtd nTov
16AP1OLO KOl OLOTOHOPPO KOTOVEUNUEVE, ETNGIME KO VO, ETOYN, KO LETA TN HKPOPBLOAOYIKT
avaivon vrefandnocav oe GC/MS avdivon. Ilpoayuatomombnke o&lordynon g
avBevtikomtog, kabhg emiong afloAoyndnkav ot mopdyoviec TOUPOAAUKTIKOTNTOS ETOYN

delyoToANYiaG Kol NUEPES TAPACKELNG KIUA 0td T ooy ToL (MOov.

[Tepartépm, AOy® tov OTL T0 Kp€ag oAdyoL givor oyeTikd aveEepehvnto amd UKpoBloAOYIKNG
Kol UETOPOAOUIKNG GTOYNG, TPOEKLYOV EPMTNUATO TPOG OlEPEVVIOT: TTOWXL 1) HKPOPLOKN
ocvoyétion (o), gumopikn owdpkela Cong (B) e€EMEN TV HETAPOAMTOV GE KPEAG UTTOEWMV
(ahdyov) vmd agpdfia cvovmnpnon (y), afoAdynon g kpoPlokng Kotdotaong pe
petaforopikn mpocéyyion (98), cvoyétion petafoTdv pe «KAAoewy) moldtntag (g), Kot
OHOLOTNTEG UIKPOPLakoD Kot LETAPBOAOLKOD TPOQIA e GALA “kOKKIVA Kpéata” (oT). Emopuévag,
oto Kepdraio 3, Ehafe ydpa otoyevpévn peAém o aepdfia cuvinpnuévo aAloyiclo kpéag, Tov

oLVOLALEL LIKPOPLOAOYIKES Kot yMUKES (LETOBOAKA TPOIOVTA) AVAADGELC.

Me vedtepn melpapatikn dtadkosio ovadelytnKoy LeETAPOAMTES, TOV SLVNTIKA TPOEPYOVTOL OO
1 0pAcT TOV UIKPOOPYOVIGUAOV. ZVYKEKPIUEVA TTpayLatoTomOnke: diepevvnon (screening) Tov
petafoAitkod mpoid pooyapiclov EAETOV pe Kot xopic v avtdyBovn yhopida vd aepoPfia
ovvtnpnon otovg 2, 8, 15°C (1), avdivon Poynukod povomatiov (2), a&lohdynon g
aAroiwong/extiunon g pkpofraxng mowdtnrag pe HPLC, GC/MS, kot ovlevén tov dvo
opyavemv (3), cuoyETion TOV HETAROMTOV (TTNTIKEG 0VGIES, OpYaVIKA 0&En Kot TNG YALKOLNG e
npokaopiopéveg kKhdoelg epeckdmroag (4). EmmAiéov epotiuoto Omtmg 1M emidpacn g
Beppokpaciag ot onovpyio wMTKOL TPOPIA TEOMKAV TPOog aEoAdYNoN.  AkOUN
avalnmOnkav ot ovoieg mov petafoiilovior katd Tn cvvinpnomn, OU®MG 1 TAPOLGIN TOVGS
opeiletan og dAlovg mepiParioviicovs mapdyovteg (m.y. ofeidmwon). Téhog a&oroyndnke N
SLVOUIKT TG 0ALOIwONG dVO GTEAEXDV EVTEPOPAKTNPIOV OO €10N HE VYNAO EMUTOAAGILO GTO
kpéag. [Tpaypatomomdnke in-situ empudivvon oe pooyapiola EAETO Ympic avtdybovn yhopida
pe povokoAépyeteg Hafnia alvei B295 wou Serratia liquefaciens B293 xot ta deiypota
avorvOnkov pe HPLC xor GC/MS, eved mpaypotomomnke ovaivon Tov Bloynukov

LOULOTTOTLON.

O andtEPOG 6TOYOC TNG TPOGEYYIoNG £lvat 1 poproyY] «UETAPOAMKDOV HeBGOOV» ¢ epyaleimV

Y10, OLOKANPOUEVT dtoyelpton TG modTNTaG, £T61 OCTE Ol UmMAEKOUEVOL (Y. £MBEPNTES,
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TO0TIKOG €AeyX0Gg Prounyaviog) oty TPoeiKn oAvcido vo Umopovv va mpoPA&yovv TNV
ac@aieln ko tnv mowdtntd tovg (McMeekin et al., 2008; Tamplin, 2018). Mg avt Vv
pocEyyon Oo avafaboToy To ECMTEPIKA GLUGTHIATO TOV JOOTKAGIOV TOPUYWYNG, KoLl TO

Yvomuoata Atacediong ITowotntog o BeAtiowbovv aloonueima.
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Chapter II: A volatilomics approach for off-line authenticity
assessment of raw minced beef and pork meat and their admixture
using HS-SPME GC/MS in tandem with multivariate data analysis
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2.1. Materials and Methods
2.1.1. Meat sample collection

Over a two-year period, 204 beef and 198 minced pork samples, as well as 55 mixed (70/30 beef
— pork) minced meat samples were collected from a large Athenian meat processing plant using
raw materials from different European and third countries. They were analyzed
microbiologically and physicochemically in terms of pH and volatile compounds measurement.
These samples were factory sealed in polystyrene trays under Modified Atmosphere (MA) in an
02/CO; ratio of 80-20%. Meat mincing and sample packaging took place by the manufacturer
in the first, third and fifth day after animal slaughtering and transfer to our laboratory within 30

min of their production. Beef samples will be referred to as “B”, pork as “P”” and mixed as “M”.

2.1.2. Microbiological analysis

For microbiological analysis, 25 g of meat sample were added to 225 mL of sterile quarter
strength Ringer's solution (LAB 100Z, LAB M, Bury, UK) and homogenized in a stomacher
(Lab Blender) for 60 s at room temperature. Serial decimal dilutions in the same medium were
prepared and 1 or 0.1 mL samples of appropriate dilutions were poured or spread in triplicate
on non-selective and selective agar plates. Total viable counts (TVC) were determined on
Tryptic Glucose Yeast Agar (402145, Biolife, Milan, Italy), incubated at 25 °C for 48 h; lactic
acid bacteria on de Man Rogosa and Sharpe agar (MRS agar 401728, Biolife, Milan, Italy)
(pH=5.7) overlaid with the same medium and incubated at 30 °C for 72 h; Brochothrix
thermosphacta on Streptomycin Thallous Acetate Agar Base (STAA; 402079 supplemented
with selective supplement 4240052, Biolife, Milan, Italy), incubated at 25 °C for 48 h;
Enterobacteriaceae on Violet Red Bile Glucose Agar (402188, Biolife, Milan, Italy) overlaid
with the same medium and incubated at 37 °C for 18-24 h; and Pseudomonas spp. on
Pseudomonas Agar Base (LABM LAB 108 supplemented with CFC X108), incubated at 25 °C
for 48 h. After microbiological analysis and pH measurement in the homogenate, all samples
were maintained at -80°C until HS-SPME/GC-MS analysis.

2.1.3. Analysis of volatile compounds

The volatile compounds were determined in two separate steps: (a) micro-extraction from the
headspace and absorption onto the fiber; and (b) analysis by gas chromatography coupled to a

mass spectrometer to separate and identify the individual compounds.
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2.1.3.1. Headspace Solid Phase Microextraction (SPME)

The volatile compounds of minced meat samples were isolated by the headspace solid-phase
microextraction method (HS-SPME) according to Argyri et al. (2015) and Estelles-Lopez et al.
(2017) with minor modifications. Briefly, the fiber used for the absorption of the volatiles was
a DVB/CAR/PDMS - 50/30 um (length 1 cm, needle size 24 ga) (Sigma Aldrich, Germany).
The conditions of HS-SPME sampling used were as follows: 2.5 g of minced meat and 5 mL of
25 % (w/v) NaCl solution were added into a 20 mL glass vial (Supelco) and homogenized with
a glass rod for 2 min. Then 50uL of internal standard (4-methyl-1-pentanol, final concentration
170 pg / L; Internal Standard) were added. The internal standard is an alcohol, which is not
detected in meat. Its application is intended for semi-quantification, the annotation of the
chromatogram, as well as in the control of the absorption capacity of the fiber during the analysis
period. The vial was closed hermetically using a mininert valve (Sigma Aldrich, Germany) and
the contents were magnetically stirred for 15 min at 40 °C. Then, the fiber was exposed to the
headspace for another 30 min, under the same conditions. Desorption of volatiles took place in
the injection port of GC-MS for 5 min. Before each analysis, the fiber was exposed to the
injection port of another GC for 5 min to remove any volatile contaminants. Prior to sampling,

new fibers were conditioned according to the manufacturer.

2.1.3.2. Gas Chromatography - Mass Spectrometry

GC-MS analyses were performed on an Agilent 7890A gas chromatograph (Agilent
Technologies, Santa Clara, USA) coupled to an Agilent 5973C mass spectrometer (Fig. 2.1).
Helium was used as a carrier gas at a constant flow rate of 1 mL/min. The injection port was
equipped with a liner (0.75 mm i.d, Agilent) suitable for SPME analysis. It was operated in split
mode (split ratio 1:2) at 250°C. Separation of compounds was performed on an HP-5MS
capillary column (30 m X 0.25 mm, 0.25 um film thickness, Agilent). Oven temperature was
maintained at 40 °C for 5 min, programmed at 4 °C/min to 150 °C and then it was raised to 250
°C with a rate of 30 °C/min and held for 5 min. The interface temperature was set at 280 °C.
The mass spectrometer was operated in electron ionization mode with the electron energy set at
70 eV and a scan range of 29-350 m/z (scan rate: 4.37 scans/s, gain factor: 1). The temperature

of MS source and quadrupole was set at 230 and 150 °C, respectively.
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Fig 2.1.: GC/MS instrument utilized in the PhD thesis

2.1.3.3. Identification of volatile compounds and data pretreatment

Typical GC/MS Chromatograms are presented in Fig. 2.2. Firstly, a pre-treatment step was
undertaken in order to go from raw instrumental data to clean data for data processing (Goodacre
et al., 2007). The raw agilent files (.d) were converted into network Common Data Form
(.netCDF) and subsequently processed with the Automated Mass spectral Deconvolution and
Identification System (AMDIS, version 2.71; http://chemdata.nist.gov/mass-spc/amdis/) for

spectral deconvolution (Stein, 1999) and identification of volatile components. Compound
identification was effected by comparing: (i) the retention indices (RI) based on an homologous
series of even numbered n-alkanes (C6—C24, Polyscience, Illinois, USA) with those of reference
compounds and those provided in NIST v.14 mass spectral library (NIST/EPA/NIH Mass
Spectral Library with Search Program), and (ii) MS data with those of reference compounds and
by MS data obtained from NIST library. Unless confirmed by comparison to authentic

standards, compounds were considered as tentatively identified (putative identification).

From the results of AMDIS, a list of unique ion-retention time pairs (IRt) was generated (Chen,
Rao, Zhang, Zhong, & Thelen, 2014). Then, the .netCDF files and the IRt data were imported
into METabolomics lon-based Data Extraction Algorithm (MET-IDEA, (Broeckling, Reddy,
Duran, Zhao, & Sumner, 2006; Lei, Li, Chang, Zhao, & Sumner, 2012) for automatic peak
alignment, annotation, and integration of target ion peak area. Then the dataset was interrogated
manually to remove artifacts and correct annotations if necessary. Peaks that had more than 50%
missing values as well as those with more than 30% RSD (Relative Standard Deviation) within
the whole dataset and relative peak area < 0.1% (Chen et al., 2014; Lin et al., 2013; Xu, Correa,
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http://chemdata.nist.gov/mass-spc/amdis/

& Goodacre, 2013) were excluded from further analysis. The parameter %RSD
(100*std/average) for each metabolite has been considered as a measure of interpretation of
variability (Chen et al., 2014; Parsons, Ekman, Collette, & Viant, 2009; Shurubor, Paolucci,
Krasnikov, Matson, & Kristal, 2005).
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Fig. 2.2. Typlcal GC/I\/IS chromatogram duung meat analysis; Green: Pork meat, White: beef

Metabolites were initially screened in order to remove potential contaminants: e.g. ethers,
aromatic hydrocarbons, chlorine (Cl-) containing substances with a possible origin the water or
the environment during analysis, such trichloroethylene, tetrachloroethylene. Data
transformation by centering and scaling (autoscale) as a column-wise normalization step was
selected to make each variable comparable to each other (Bro & Smilde, 2003). The final output
from the above procedure was a data matrix with 457 rows (meat samples) and 53 columns (area

of volatile compounds), which was used, in subsequent statistical analysis.

2.1.4. Descriptive analysis

The dataset was initially subjected to descriptive statistical analysis for the comparison of
medians of each volatile compound using the Kruskal-Wallis test. On the other hand, a
comparison of mean populations of the microbial groups was undertaken by Tukey’s HSD
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(Honestly Significant Differences) test. One-way analysis of variance (ANOVA) was applied to
determine the effect of sampling at different periods of the year (autumn, summer, spring,
winter) and the preparation of minced meat samples the first, third and fifth day after
slaughtering on microbiological loads and volatile compounds. The statistical significance was
set at P < 0.05. ANOVA was conducted using Statgraphics Centurion XVII (version 17.2.00).

Concerning multivariate analysis, the whole dataset (457 samples) was divided into training and
testing sub-datasets at a ratio of 70/30 (317 calibration samples /140 prediction samples). For
dataset division, the intra-seasoning (monthly batch collection) and inter-seasoning (two-year
period) variabilities of the tested meat samples were taken into account in order to build more
robust classification models (Capellin et al., 2013).

2.1.5. Unsupervised data analysis

Principal Component Analysis (PCA) (Bro & Smilde, 2014) was employed in the training
dataset (70% of the whole dataset) to reduce the dimensionality of the data, visualize the samples
and examine for potential grouping according to volatile compounds. Sample grouping using
the first three principal components (PCs) explaining 52% of data variability is appeared in the

results section. PCA was applied with Statistica software (version 8, StatSoft).

2.1.6. Supervised data analysis

2.1.6.1. Model calibration

In order to discriminate between meat samples belonging to different meat species and classify
them into predefined known classes (Beef, Pork, Mixed), a calibration model was developed
based on partial least squares discriminant analysis (PLS-DA) using the training dataset
previously defined. This approach is a common multivariate technique for supervised
classification of GC/MS data (Gromski et al., 2015).

A target matrix (Y) was constructed using the PLS2 algorithm of the Unscrambler version 9.7
software (Camo Software AS, Oslo, Norway), where each row corresponded to a three-element
vector as reported by Kamruzzaman et al., (2012). The class membership was coded in a
numerical format by assigning 1 to the belonging class and -1 to the out-of-class category. Thus
beef samples were coded as (1, -1, -1), pork samples as (-1, 1, -1) and mixed samples as (-1, -1,
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1). The membership was assigned to the class with the greatest net output using ‘0’ as a cut-off
value among the classes. In the PLS2 model, the input variables (X) were the volatile compounds
previously isolated and identified. The important volatile compounds used in the estimation of
the corresponding meat category were obtained based on the weighted regression coefficients
(Bw). For the Y-variables, the weight of mixed samples was set to x3, because its size was the
1/3 of beef and pork.

2.1.6.2. Model optimization and validation.

The popular leave-one-out cross validation (LOOCV) procedure was used for model
optimization. According to this, at each iteration, a sample is left out as a test sample, while the
remaining samples are used for model training (Capppelin et al., 2013). Finally, the developed
model was further validated using the prediction dataset. The purpose was to determine whether
the calibrated and optimized model could predict the meat category of unknown samples that

were not introduced during the training process.

The per class classification accuracy (%) was determined by the number of correctly classified
samples in each class divided by the total number of samples in the class. The overall correct
classification (%) of the model was determined as the number of correctly classified samples in
all classes divided by the total number of samples analyzed (Argyri et al., 2015; Panagou et al.,
2014; Sokolova & Lapalme, 2009).
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2.2. Results and discussion
2.2.1. Microbiological and pH measurement

In this Chapter metabolomics were evaluated in the service of the Meat industry. An Integrated
Quality Management System (IQMS) was developed providing information regarding the
origin, as well as the microbiological quality of meat. The levels of Total Viable Counts (TVC)
across all 457 industrial meat samples, either beef, pork or mixed, ranged from 3.60 to 7.75
log10CFU/g, with a mean value of 6.26 log10CFU/g, followed by Pseudomonas spp. ranging
from 3.20 to 6.99 log10CFU/g with average of 5.29 log10CFU/g (Fig. 2.2.1). The members of
the remaining microbial association were Brochothrix thermosphacta and lactic acid bacteria
ranging from 2.0 to 6.5 log10CFU/g, while Enterobacteriaceae ranged from 2.70 to 6.26
log10CFU/g with a mean value of 4.87 log10CFU/g.

The pH values in the homogenate ranged from 5.80 to 5.98 in ca. 75% of samples with a mean
of 5.88 for beef, 5.93 to 6.08 with a median of 6.00 for pork and 5.87-6.10 with a median of
5.96 for mixed samples.
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Fig. 2.2.1: Box-plot for the microbiological and pH range of the collected meat sampples, which were
analyzed with HS/SPME-GC/MS (PCA: TVC; CFC: Pseudomonas spp., VRBGA: Enterobacteriaceae,

60



STAA: B. thermosphacta, MRS: lactic acid bacteria). B: beef; P: pork; M: mixned minced meat (70/30%
w/w beef/pork)

The microbiological as well as the pH values found in this study are in agreement with the
majority of survey works available in the scientific literature on minced meat samples from
retailers (Andritsos, Mataragas, Mavrou, Stamatiou, & Drosinos, 2012; Kammenou,
Metaxopoulos, & Drosinos, 2003; Nychas & Board, 1991) and supermarkets (Nychas et al.,
1991; (Kammenou et al., 2003; Nychas et al., 1991). Regarding the process hygiene criteria for
foodstuffs set by the EC regulation (EFSA 2073/2005 the 32% of the minced samples were
classified as satisfactory (<5.69 logiocfu/g), 53% as acceptable (>5.69 & <6.69 logiocfu/g),
while the remaining 15% as unacceptable (>6.7 logiocfu/g) (Table 2.1). In studies contacted in

meat processing plants (Hinton et al., 1998; Manios et al., 2015), similar findings have reported.

Table 2.1: Compliance of TVC? of individual packing units according to directive 2073/2005 (EC).

Meat category kpéatog n <mP m< x < M° > M
Beef 204 25% 47% 28%
Pork 198 41% 55% 4%

Mixed (70%beef-30% pork) 55 11% 78% 11%

2TVC: Total Viable Counts

Pm<5.7 log1oCFU/g: Satisfactory;
5.7m< x < 6.7 log10CFU/g: Acceptable;
9M > 6.7 log1oCFU/g: Unsatisfactory;

2.2.2. Volatile compounds identification

Metabolomics is the comprehensive and systematic study of low molecular weight compounds
(metabolites), as a whole in a given sample. To our knowledge, metabolic profiling has been
applied to assess meat spoilage (Argyri et al., 2011, 2015; Nychas et al., 2008; Xu et al., 2013)
and authentication of game meat (Danezis et al., 2017). With regard to the implementation of
metabolomics in assessing food adulteration / authentication, although this approach has been
considered as an alternative research tool to identify Economically Motivated Adulteration
incidents and to study food crime problems (Cuadros-Rodriguez et al., 2016; Ellis et al., 2016;
Rield et al., 2015), metabolic profiling has not been applied so far in meat adulteration. Thus, in

this study the progress and application of metabolomics in identifying meat species was tested.

Fifty-three (53) volatile compounds were determined in meat samples regardless of their

category (B, P, M) (Table 2.2 and S2.2). It needs to be stress however that a great number of
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compounds were either detected in small quantities (relative peak area < 0.1%) or not detected

at all in some samples (Table S2.1). These compounds were kept out of the analysis to create

global models that were not biased from the presence/absence of a given metabolite due to

uncertainty.

Table 2.2: Common Volatile compounds identified in Beef, Pork and Mixed samples that were further
used in statistical analysis and association to the discrimination process

Reliability Correlation according to
X)OrLa;i)IEnd Group® RPP cI)(];Ientificati (m/2)° classeaton

on® Beef Pork Mixed

Alcohols
Ethanol Alcl 515 A 31 no no no
Propanol Alc2 568 A 31 no no no
2-Butanol Alc3 605 A 45 no - +
Butanol Alc4 660 A 56 + - no
1-Penten-3-ol Alc5 680 A 57 + - -
3-Methyl-1-butanol  Alc6 730 A 55 no no no
Pentanol Alc7 762 A 42 + - -
Hexanol Alc8 871 A 56 + - no
1-Octen-3-ol Alc9 981 A 57 no - +
2-Octen-1-ol Alcl0 1070 B 82 + - -
1-Octanol Alcll 1073 A 56 + - -

Aldehydes
Acetaldehyde Aldl 500 A 43 + - no
3-Methylbutanal ~ Ald2 648 B 58 no no no
Pentanal Ald3 699 A 58 - + +
Hexanal Ald4 802 A 56 - + +
(E)-2-Hexenal Ald5 854 B 69 no + -
Heptanal Aldé 903 B 70 + - no
(E)-2-Heptenal Ald7 954 B 83 - + no
Benzaldehyde Ald8 955 A 106 - + no
Octanal Ald9 1004 A 43 + - no
(E)-2-Octenal Ald10 1060 B 83 - + no
Nonanal Aldl11l 1105 B 57 - + +
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Decanal Ald12 1207 A 57 + - -
Ketones
Acetone Ketl 529 A 58 no no no
2,3-Butanedione Ket2 594 A 43 no no +
2-Butanone Ket3 602 B 72 + - no
1-Penten-3-one Ket4 687 C 55 - no no
2-Pentanone Ket5 688 B 43 - no +
vz K g A s
2-Heptanone Ket7 893 58 + - -
1-Octen-3-one Ket8 980 70 - + no
2,5-Octanedione Ket9 987 C 43 + no +
Esters
Methyl acetate Estl 548 A 74 - no +
Ethyl acetate Est2 614 A 61 + no no
Ethyl butanoate Est3 805 A 88 no no no
Ethyl hexanoate Est4 1002 A 88 no no no
Hydrocarbons
Cyclopentane Hydl 572 A 70 no no no
Hexane Hyd2 600 A 56 no no no
Heptane Hyd3 700 A 100 - + -
Nonane Hyd4 900 A 57 no no no
2,2,4,6,6- Hyd5 B
Pentamethyl- 989 57 no no no
heptane
Decane Hyd6 1000 A 57 no no no
Undecane Hyd7 1100 A 85 no + -
Dodecane Hyd8 1200 A 57 - no +
Miscellanous
Dimethyl sulfide Misl 543 C 62 + - +
2-Ethyl-furan Mis2 702 C 81 + - no
2-Pentyl-furan Mis3 992 C 82 + - +
Terpenes
a-Pinene Terl 932 A 93 - +
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Sabinene Ter2 973 B 93 no - +
B-Pinene Ter3 975 A 93 no no no
0-3-Carene Terd 1009 B 93 no + -
p-Cymene Ter5 1024 A no no no no

Limonene Ter6 1029 A 93 no no no

agroup: volatile group belonging each volatile compound; alc: alcohols; ald: aldehydes; ket: ketones; est: esters;
hyd: hydrocarbons; mis: miscellaneous

bRI: Retention Indices based on n-alkanes

°Reliability of identification: A: MS data and RI in agreement with those of authentic compound; B: MS data and
RI in close agreement with those in literature and NIST14 MS library (peak matching > 95%); C:MS data and Rl
not in close agreement with those in literature and NIST14 MS library (80% < peak matching < 95%)

dm/z: target ion used for quantification;

&:+: positive, -: negative, no: not observed correlation with each meat species

The volatilome of meat consisted mainly of alcohols, aldehydes and ketones, as well as esters,
hydrocarbons, and miscellaneous compounds (Table 2.2 and Table S.2.1). The majority of
identified compounds have been reported either in a review (Nychas et al., 2008) or confirmed
in recently published studies (Argyri et al., 2015; Casaburi et al., 2014; Klein, Maurer, Herbert,
Kreyenschmidt, & Kaul, 2017). Few of the above mentioned compounds e.g. alcohols,
aldehydes, ketones, hydrocarbons, terpenoids, esters and sulphur compounds have been
identified during spoilage of meat (beef or pork) regardless of the packaging conditions (Argyri
et al., 2015). On the other hand, aromatic compounds such as benzene and toluene, although
they do not have a meat-like odor (Min, Ina, Peterson, & Chang, 1979), may contribute in the
overall flavor of raw meats (Insausti et al., 2002; King, Hamilton, Matthews, Rule, & Field,
1993). A recent review (Casaburi et al., 2015a) reported that toluene and benzene have been
found in meat as a consequence of their presence in animal feedstuffs and diet, while Jackson et
al. (Jackson, Acuff, Vanderzant, Sharp, & Savell, 1992) reported toluene’s origin from the
packaging material. However, as they were both considered contaminants, they were excluded

from the first screening of variables.

2.2.3. Data analysis

The derived dataset consisted of a table with 457 rows (samples) and 53 columns (volatile
compounds). It is thus essential, prior to data analysis, to transform the data by a normalization

procedure, so as to be comparable (Bro & Smilde, 2003; van den Berg, Hoefsloot, Westerhuis,
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Smilde, & van der Werf, 2006). In particular, the values were transformed per column (column-

wise normalization) to the mean and the standard deviation (z-scores) (autoscale).

2.2.3.1. A volatilomics approach for the authenticity assessment of raw red meat in
tandem with multivariate data analysis

The common variables of the whole dataset (Table 2.2, column 2) were further used in
multivariate analysis to allow for the discrimination of meat samples. Principal component
analysis (PCA) was applied on the transformed training dataset (n=317) in order to reduce the

dimensions (number of variables) and investigate the possibility of clustering meat samples.
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Fig. 2.2.2: Two-dimensional Principal Component Analysis (PCA) plot of the transformed (z-score)
calibration dataset for PC; and PCs

The first three principal components (PCs) (explaining 50.68% of the variance of the dataset)
with eigenvalues > 1.0 presenting the best grouping were chosen. Fig. 2.2.2 illustrates the PCA
plot of PC1 vs. PC3, where the separation of beef and pork samples is apparent. Also, the mixed
samples are closer to beef than to pork samples, probably due to the high percentage of beef

meat in the mix.

Further, Partial Least Squares Discriminant analysis (PLS-DA) was employed as a supervised

multivariate technique to discriminate between the three meat classes and predict unknown
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samples. The method of full cross-validation, following the leave-one-out procedure, was used
to determine the optimum number of latent variables (LVs), to ensure the predictive ability and
avoid over-fitting of the data. The ideal number of LVs of the PLS-DA model was determined
at the lowest value of prediction residual error of sum of squares (PRESS) (Barker & Rayens,
2003). In this study, six (6) latent variables (LVs) were selected as optimum number. From the
score plot of the first 2 LVs (Fig. 2.2.3), a satisfactory separation between the three meat classes,
especially for beef and pork, was obtained although the mixed samples were closer to “B” class.
It is evident that the orientation of the three meat classes has changed in relation to PCA plot
(Fig. 2.2.2).
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Fig. 2.2.3: Partial least Squares Discriminant Analysis (PLS-DA) plot of the different meat samples
(scores) (Green: Pork, Blue: beef; Red: Mixed meat samples) (A) and loadings plot of input variables X
(B) for the first two latent variables (Ald, Alc, Mis, Hyd, and Est codes are expressed in the Table 2.2)

Table 2.3 (A) summarizes the classification results during PLS-DA model calibration. It is
observed that 143 out of 144, 138 out of 138 and 35 out of 35 meat samples were correctly
classified as beef, pork and mixed, respectively, with an overall correct classification of 99.7%.
One of the most important aspects of supervised classification is model validation to avoid
overfitting of the classifier to the data. So, validation assures that the performance will be
statistically valid and the model will be efficient in the presence of new samples (Cubero-Leon
et al., 2014). Similar results were observed during model prediction in Table 2.3 (B), where

100% correct per class (sensitivity) classification was obtained for beef and pork meat samples,
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whereas for mixed samples the respective rate was 95%. Finally, the overall correct
classification achieved for the test dataset during model validation amounted to 99.3%.

Table 2.3: Confusion matrix during PLS-DA utilizing 6 latent variables for the training (n=317) (A),
and testing (n=140) (B) respectivelly

(A) Beef Pork Mixed Total Sensitivity (%)
Beef 143 0 1 144 99.3
Pork 0 138 0 138 100.0
Mixed 0 0 35 35 100.0
Overall Correct Classification (%) 99.6
(B) Beef Pork Mixed Total Sensitivity (%)
Beef 60 0 0 60 100.0
Pork 0 60 0 60 100.0
Mixed 1 0 19 20 95.0
Overall Correct Classification (%) 99.3

One of the advantages of PLS-DA analysis is not only the ability to discriminate between known
classes and predict unknown samples, but also to associate metabolite data with each class
(Cubero-Leon et al., 2014). The loadings plot (Fig. 2.2.4) shows the correlation of variables
(volatiles) with each meat class. Variables on the left side of the plot are correlated with pork
meat category, while these on the down-right quadrant with beef. Based on the regression
coefficients (Fig. 2.2.5) from PLS-DA in the case of whole volatilome, 40 out of 53 variables
(volatile compounds) were selected as important and were kept for the final discrimination. The
grey and blue bars represent variables of high and low significance, respectively. The regression
coefficients are the numerical coefficients that express the link between variation in the
predictors and variation in the response. For this reason, the bw-coefficients (regression
coefficients) provide the accumulated picture of the most important volatile compounds which

contribute to discrimination.
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Fig. 2.2.4: Loadings plot of input variables X for the first two latent variables (Ald, Alc, Mis, Hyd, and
Est codes are expressed in the Table 2.2)

2.2.3.2. Correlation of volatile compounds with each meat class

The common compounds for the three meat classes that were further used in multivariate
analysis and were considered significant during meat species discrimination were summarized
in Table 2.2. Columns 6-9 represents the kind of correlation of each compound with each meat
specie. Contradictory results can be found in the literature for the origin of many volatiles
identified in meat species. It has been reported that they can be directly transferred from ingested
feeds into animal tissue or from transformation of feed molecules by the action of ruminal
microorganisms (Suzuki & Bailey, 1985; Vasta & Priolo, 2006). Apart from that, the
contribution of the microbial activity to the metabolome formation is undeniable (Casaburi et
al., 2015).

From the 14 aldehydes identified in the whole dataset, 12 were common in all meat species and
were further selected for multivariate statistical analysis. It was shown before (correlation bi-
plot; Fig. 2.2.3&4) that acetaldehyde (Aldl), heptanal (Ald6), octanal (Ald9) and decanal
(Ald12), were positively correlated with beef samples and negative with pork and played an
important role in the discrimination process. On the other hand, pentanal (Ald3), hexanal (ald4),
nonanal (Ald11), benzaldehyde (Ald8) and the unsaturated aldehydes (E)-2-hexenal (Ald5), (E)-
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2-heptenal (Ald7), and (E)-2-octenal (Ald10), showed positive correlation (positive values of
bw coefficients) with pork species (Fig. 2.2.5b), while they were negatively correlated with beef.
Finally, according to the bw regression coefficients, pentanal, hexanal and nonanal were also
positively correlated with mixed meat samples, while (E)-2-hexenal and decanal presented a

negative correlation.

The presence of alcohols may be ascribed to glucose and amino acid metabolism from microbial
activity (Dainty, 1996; Dainty, Edwards, Hibbard, & Marnewick, 1989) or to lipid oxidation
(Park, Yoon, Schilling, & Chin, 2009). Among the 11 common alcohols (Table 2.2) that were
used in further statistical analysis, as derived from the bw-coefficients plot (Fig. 2.2.5), butanol
(Alc4), 1-penten-3-ol (Alc5), pentanol (Alc7), hexanol (Alc8), 2-octen-1-ol (Alc10) and octanol
(Alcl1), were positively correlated with beef samples, whereas 2-butanol (Alc3) and 1-octen-3-
ol (Alc9) with mixed meat samples. All the above-mentioned compounds plus ethanol (Alcl)
were negatively correlated with pork meat category. Although 3-methyl-1-butanol (isoamyl
alcohol) is the most frequently detected alcohol in raw meat (Casaburi et al., 2014, 2015a) with

1-octen-3-ol, it did not appeared to be significant during classification (Fig. 2.2.5).

Nine (9) common linear and branched chain ketones (Table 2.2) were further used in
multivariate statistical analysis. Among them, 3-hydroxy-2-butanone (ket6), 2-butanone (ket3),
2-heptanone (ket7) and 2,5-octanedione (ket9) were positively correlated (Figs. 2.2.3&2.2.4)
with beef and negatively with pork as indicated by the bw-regression coefficients plot (Fig.
2.2.5b). On the other hand, 1-octen-3-one (ket8) was found to be correlated positively with pork
and negatively with beef samples, but it did not affect the mixed meat samples. Considering
mixed meat samples 2,3-butanedione (ket2), 2-pentanone (ket5) and 2,5-octanedione (ket9)
were positively correlated with this class (Fig. 2.2.5¢). The results are in agreement with Lyte
et al., (2016) who reported the ket 6 (acetoin) a product deriving from glucose catabolism or as
an oleic acid oxidation product. Similarly, the branched chain acetone (ketl) and 1-penten-3-
one (ket4) were not found to be significant for meat species discrimination. Most of the ketones
correlated with beef category could be attributed to the increased and more diverse microbial
density of beef samples (Casaburi et al., 2014) ascribing creamy, dairy, and cheesy odors
(Dainty et al., 1989). This is in agreement with other authors (Argyri et al., 2015; Insausti et al.,
2002; Resconi, Escudero, & Campo, 2013), who reported the correlation of these ketones in

beef with high microbiological load.
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Among the esters used in multivariate analysis (Table 2.2), ethyl acetate (est2) was positively
correlated with beef samples, and methyl acetate (estl) was positively correlated with mixed
and negatively with beef meat samples (Fig. 2.2.5¢), while did not affected pork. Further, ethyl
butyrate (est3) and hexanoate (est4) did not appear to have any significant contribution in the
PLS-DA model. It is well established that esters are formed through transamination and
decarboxylation reactions mediated mainly by microbial enzymes (Ercolini et al., 2009, 2006;
Miller, Scanlan, Lee, Libbey, & Morgan, 1973; Nychas et al., 2007).

Eight of the numerous hydrocarbons detected were common to the three meat categories (Table
2.2). Additional hydrocarbons, not further used for chemometrics are described in
supplementary table 2.1. During discrimination, heptane (hyd3) and undecane (hyd11) exhibited
a positive correlation with pork samples and negatively with mixed. Although, dodecane (hyd8)
was correlated with mixed, it affected negatively the beef meat class. The remaining

hydrocarbons did not appear to play an important role in the discrimination of meat species.

As regards terpenes, 6-3-carene (ter4) was positively correlated with pork samples, whereas, a-
pinene (terl) and sabinene (ter2) with mixed meat samples (Fig. 2.2.5), whereas the other
coumpounds of this family group did not appear to be important in meat discrimination.
Terpenes are directly transferred from feed (grass) to animal tissue, so these compounds are
considered a green forage indicator (Calkins & Hodgen, 2007). Limonene (ter6) the most
abundant terpene contributes with ‘‘lemon’’ sensory notes (Acree and Aru, 1997) and it has
been associated with the pig diet in hams (Pastorelli et al., 2003). In addition, a- and b-pinene

are associated with the degradation of limonene (Acevado et al., 2012).
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Fig. 2.2.5: Beta-weighted regression coefficient (Bw) values of PLS-DA model for (a) beef, (b) pork and
(c) mixed minced meat species (Grey bars represent important compounds, whereas blue non-important

Two furans (2-ethylfuran & 2-pentylfuran) were detected and appeared to be positively
correlated with beef samples and negatively with pork (mis2 and mis3). These findings are in
agreement with Angelo et al., (1987) and Insausti et al., (2002) who mentioned the presence of
2-ethylfuran in raw beef. Soncin et al. (Soncin, Chiesa, Cantoni, & Biondi, 2007b) reported that

2-pentylfuran is presumably formed by autoxidation of linoleate in pork.

Dimethyl sulfide (misl) was positively correlated with beef and mixed meat samples and
negatively with pork. This is most likely originated from sulfur containing amino acids such as
cysteine, methionine (Herbert, Hendrie, Gibson, & Shewan, 1971) by the action of
psychrotrophic bacteria that are able to produce proteolytic enzymes in beef (Chung et al., 1994;
Insausti, et al., 2005).

2.2.3.3. Effect of sampling at different periods of the year and slaughtering to minced
meat preparation on the volatilome.

The results of this study demonstrated that sampling at different seasons (autumn, spring, winter,

summer) had a significant effect (p < 0.05) on the majority of volatile compounds (Table S2.1).
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However, no significant (p >0.05) changes occurred for propanol, 3-methyl-butanal, 2-butanol,
heptane, hexanol, p-cymene and nonanal for beef samples, as well as 2-pentanone, 2-ethyl-
furan, 6-3-carene, nonanal, dodecane and decanal for pork samples, respectively. Seasonal
effects were also evident for hexanal from pork samples, with significantly higher values in
spring and winter. Seasonal effects were also reported for the volatile compounds of milk during
the entire lactation of cows (O’Callaghan et al., 2016). As regards terpenes, they showed to have
higher values during autumn and summer, except for limonene which was significantly higher
during spring and winter. The correlation bi-plot of volatile compounds (loadings) and season

of the year is presented in Fig. 2.2.6.

PC2 Correlation Loadings (X and Y)

Alcs

Ald1

- Winter

1 0. 06 04 02 0 02 04 06 038 1.0
RESULT12, X-expl 71%,21% Y expl 33%,33%

Fig. 2.2.6: Correlation bi-plot of loadings with seasons of the year that collected the samples. (Ald,
Alc,Hyd, Ter, Est codes are explained in Table 2.2)

On the other hand, it was also shown that the day between slaughtering and minced meat
preparation (1, 3 and 5) affected the median of the majority of volatile compounds, apart from
acetaldehyde, benzaldehyde, pentanal, hexanal, nonanal, decanal, (E)-2-heptenal, (E), (E)-2-
octenal, propanol, pentanol, 2-octen-1-ol, 1-octen-3-ol, 2,5-octanedione, 4-hydoxy-2-butanone,
hexane, undecane and the two furans. The correlation bi-plot of volatile compounds (loadings)

and days of preparation of minced meat samples after slaughtering is shown in Fig. 2.2.7.
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Fig. 2.2.7.: Correlation bi-plot of loadings with preparation of minced samples 1,3 and 5 days after
slaughtering (Ald, Alc, Hyd, Ter, Est codes are explained in Table 2.2).

2.3. Conclusion

A major issue in metabolomics studies is the number of samples collected and analyzed. In the
present work, for the first time, a large dataset of 457 samples obtained directly from a meat
processing plant was analyzed with HS-SPME/GC-MS to explore the volatilome of different
minced meat species. A wide variety of variability sources, such as: (1) intra- and inter-
seasoning phenomena, (2) among- and between- batch variability, (3) feeding, (4) preparation
of minced meat samples after slaughtering and (5) microbial consortium for meat were taken at

the same time into account in order to developed a classification model.

Results showed that HS-SPME/GC-MS is a promising method for meat species discrimination
and classification which can be successfully applied in large datasets in tandem with
multivariate data analysis techniques. Additionally, compounds belonging to several chemical
groups were identified as discriminating biomarkers. Aldehydes (acetaldehyde, heptanal,
octanal and decanal), alcohols (butanol, 1-penten-3-ol, pentanol, hexanol, 2-octen-1-ol and
octanol), ketones (3-hydroxy-2-butanone, 2-butanone, 2-heptanone and 2,5-octanedione), esters
(ethyl acetate), and furans (2-ethylfuran and 2-pentylfuran) were positively correlated with beef
samples and could thus be considered as volatile biomarkers for discrimination between beef
and pork minced meat samples. On the other hand, positively correlated biomarkers for pork
were 1-octen-3-one, 6-3-carene, 1-octen-3-ol, methyl acetate and the aldehydes pentanal,
hexanal, nonanal, benzaldehyde as well as the unsaturated aldehydes (E)-2-hexenal, (E)-2-

heptenal, and (E)-2-octenal.
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Chapter III: Microbial and metabolomic succession of aerobically stored
horse fillets
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3.1 Materials and Methods
3.1.1. Horse meat preparation

Fresh de-boned horse loin arrived in our laboratory under refrigeration. It was divided into
portions of 35+5g, placed onto styrofoam trays and wrapped manually with air-permeable
polyethylene plastic film for domestic use. Each package, containing two individual fillets were
stored aerobically at 0, 5, 10 and 150C in high precision (£ 0.5°C) incubation chambers (MIR -
153, Sanyo Electric Co., Osaka, Japan) for an overall period of 340h, depending on storage
temperature. At appropriate time intervals horse fillets were analyzed in duplicate
microbiologically, for pH and their corresponding microbial metabolites utilizing HPLC and
GC/MS.

3.1.2. Microbiological analysis and pH measurement

Microbiological analysis has been reported elsewhere (Pavlidis et al., 2019). In brief, 25 g of
meat sample were added to 225 mL of sterile quarter strength Ringer's solution (LAB 100Z,
LAB M, Bury, UK) and homogenized in a stomacher (Lab Blender) for 60 s at room
temperature. Serial decimal dilutions in the same medium were prepared and 1 or 0.1 mL
samples of appropriate dilutions were poured or spread in triplicate on non-selective and
selective media. Total Viable Counts (TVC) were determined on Tryptic Glucose Yeast Agar
(402145, Biolife, Milan, Italy), incubated at 30°C for 48-72h; pseudomonads on Pseudomonas
Agar Base-PAB (LABM LAB 108 supplemented with CFC X108), Brochothrix thermosphacta
on Streptomycin Thallous Acetate Agar Base (STAA; 402079 supplemented with selective
supplement 4240052, Biolife, Milan, Italy), incubated at 25°C for 48 h, yeasts and moulds in
Dichloran-Rose-Bengal Chloramphenicol agar (DRBC), incubated at 25°C for 72hrs, lactic acid
bacteria on de Man Rogosa and Sharpe agar (MRS agar 401728, Biolife, Milan, Italy) (pH=5.7)
overlaid with the same medium and incubated at 30°C for 72 h; and enterobacteria on Violet
Red Bile Glucose Agar (402188, Biolife, Milan, Italy) overlaid with the same medium and
incubated at 37°C for 18-24h. At the end of the microbiological analysis, pH measurement was
performed in the homogenate, by means of a digital pH meter (Metrohnm 691 pH meter, lon

Analysis, Switzerland).
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3.1.3. Model development and shelf-life estimation

A two-step modelling approach was employed based on primary models to calculate the growth
kinetic parameters of microorganisms followed by secondary models to explore the effect of
temperature on the growth rate and lag-phase duration. To begin with, microbiological data were
initially transformed to log:0CFU/g and then processed with the PMM-Lab software v1.06
(https://foodrisklabs.bfr.bund.de/pmme-lab_de/) for predictive microbiology issues. Growth data

of all the tested bacteria were fitted using the Baranyi and Roberts (Baranyi & Roberts, 1994),
1994) primary model implemented with nistools R package (Baty et al., 2015). Curve fitting
allowed for the estimation of the kinetic parameters, i.e. the predicted initial and the maximum
cell concentration No and Nmax (log10CFU/g) respectively, the maximum specific growth rate

umax (W) and the duration of the lag phase (h), when applicable.

Towards to the second step, the effect of temperature on the pmax was further modelled with
the suboptimal Ratwowski square-root equation (Ratkowsky, Lowry, McMeekin, Stokes, &
Chandler, 1983)

v Bmax = b * (T - Tmin) (Eq- 1),

where pmax is the maximum specific growth rate (h); b is a coefficient; T is storage
temperature; Tmin iS the nominal minimum temperature for growth.

Afterwards, the shelf-life was estimated deterministically based on the calculated growth

kinetics according to the equation proposed by Dalgaard, (1995):

log(Ns)—log(No)

Hmax

SL = tyqy + (In10) = (Eq. 2.)

where SL is the deterministic shelf-life (h), tiag is the estimated lag-phase duration (h), Ns is the
minimal spoilage level (log10CFU/g), No is the initial population (log10CFU/g), pmax is the
maximum specific growth rate (h).

Lastly, following again a two-step approach, the T-dependency of shelf life was modeled

according to the modified Arrhenius equation (Arrhenius, 1889).

E 1 1
In(SD) = In(SLyf) — 7“ * (Tef — 2 (Ea.3)
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where T is the absolute temperature (°K), Ea (kJ/mol) is the activation energy, R is the universal
gas constant (8.314 J KX mol™), Trt is the reference temperature (273°K) and SLer is the shelf
life at Trer.

3.1.4. HPLC-PDA-RI analysis

The extraction of organic acids, glucose and ethanol from meat took place as follows: 4g of
horse fillets were cut into smaller pieces and homogenized with 8 mL of ultrapure water (Sigma-
Aldrich) using a glass rod for 2 min. After centrifugation (5000g for 10 min at 4°C), 4 mL of
the supernatant was collected in a clean falcon tube, and 40 pL of trifluoroacetic acid solution
(1% v/v) was added for protein precipitation. After stirring for 1 min and centrifuging (at the
same conditions as those described before), the supernatant was collected, filtered through a
filtering paper and 40 pL of 1% (v/v) sodium azide solution were added as a preservative. Before

analysis, the final extracts were filtered through 0.22 pum syringe filters (PVDF, Millipore).

HPLC analysis was conducted on a JASCO system (Tokyo, Japan) which consisted of a
degasser (DGU-20As), an autosampler (AS-2055 Plus), a quaternary gradient pump (LG-980-
02), and a Photo-Diode Array detector (MD-910) connected in series with a Refractive Index
detector (RI1-2031) (Fig. 3.1).

Fig. 3.1: JASCO HPLC system with two detectors (PDA & RI) connected in series (HPLC-PDA-RI).

Chromatographic conditions were similar to those describe elsewhere (Estelles-Lopez et al.,
2017). In brief, the separation of compounds was performed in an Aminex HPX-87H column
(300 mm x 7.8 mm, Bio-Rad Laboratories, Hercules, CA) at 65 °C using 0.009 N H2SO4 as a
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mobile phase at a flow rate of 0.7 mL/min. Injection volume was set to 20 puL. Compound
identification was effected by comparing the retention time and UV-Vis spectrum (200-650nm)
with those of authentic compounds. Samples were analyzed in duplicate and the average of the
peak areas of the chromatogram at 210 nm was used for organic acids (citric, pyruvic, succinic,
lactic, formic, acetic, propionic, isobutyric, butyric), whereas for glucose and ethanol the peak
areas of RI chromatogram were used in subsequent data treatment. Typical HPLC

chromatograms in Photo-Diode Array (A) and Refractive Index (B) are presented in Fig. 3.2.

Fig. 3.2.: Typical HPLC chromatogram of beef meat through PDA (Photo-Diode Array) (A) and RI
(Refractive Index) (B) detector respectively.

3.1.5. Headspace Solid Phase Micro-Extraction-GC/MS analysis

The isolation of the volatile components from selected horse samples corresponding to day 0,
middle- and end-point of storage was accomplished according to Pavlidis et al. (2019). Briefly,
2.5¢g of horse fillets were cut in small pieces and homogenized with 5 mL of 25% (w/v) NaCl
solution in a 20 mL glass vial (Supelco) using a glass rod for 2 min. The vial was fitted with a
screw cap with hole and PTFE/silicone septum (Sigma Aldrich, Germany) and the contents were
magnetically stirred for 15 min at 40 °C. A DVB/CAR/PDMS - 50/30 um fiber (length 1 cm,
Sigma Aldrich, Germany) was exposed to the headspace for another 30 min under the same
conditions, to absorb the volatile compounds. Desorption of volatiles took place in the injection
port of GC-MS for 5min. Before each analysis, the fiber was conditioned to the injection port

of another GC for 5min.

GC-MS analyses were performed on an Agilent 7890A gas chromatograph (Agilent
Technologies, Santa Clara, USA) coupled to an Agilent 5973C mass spectrometer. Helium was
used as a carrier gas at a constant flow rate of 1 mL/min. The injection port was equipped with
a liner (0.75 mm i.d., Agilent) suitable for SPME analysis. It was operated in split mode (spit
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ratio 1:2) at 250 °C. Separation of compounds was performed on an HP-5MS capillary column
(30mx0.25 mm, d.f. 0.25 pm, Agilent). Oven temperature was maintained at 40 °C for 5 min,
programmed at 4 °C/min to 150 °C and then it was raised to 250 °C with a rate of 30 °C/min
and held for 5 min. The mass spectrometer was operated in electron ionization mode with the
electron energy set at 70 eV and a scan range of 29—350 m/z (scan rate: 4.37 scans/s, gain factor:
1). The temperature of interface, MS source and quadrupole was set at 280°, 230° and 150 °C,
respectively. Identification of volatile compounds and data pretreatment was conducted
according to Pavlidis et al. (2019).

3.1.6. Data analysis

Analysis of variance (ANOVA) was applied in order to illustrate the pH changes with a
statistical significance P <0.01. The peak area of each metabolite derived from HPLC analysis
was plotted against time using Excel (Microsoft Excel, 2010) to investigate the evolution trend
during storage. Considering GC/MS dataset, the samples were normalized to constant sum and
the volatiles (peak areas) were autoscaled. Hierarchical cluster analysis (HCA) was performed
to the pretreated data to explore the relationship between variables (volatile compounds) and
meat samples (quality classes). The results are graphically illustrated in the form of a heatmap
using the online platform Metaboanalyst 4.0 (Chong, Wishart, & Xia, 2019). The support vector
machines regression (SVM-R) model was developed through Statistica (StatSoft Inc. 2011;
STATISTICA data analysis software system, version 10. www.statsoft.com). The grid search
was set for gamma: 0-0.6, capacity: 1-110, and e: 0.1 to 0.6 with an increment of 0.2, 1, and
0.01, respectively. Based on the four temperature subdatasets, the initial data matrix was
partitioned % for training and Y4 for testing purposes. The performance of the regression models
was assessed in terms of RMSE (root means square error), the bias (Bs) and accuracy factor (As),

the %relative error and the correlation coefficient (Ross, 1996).
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3.2 Results and discussion
3.2.1. Development of the microbial association and pH measurement

Horsemeat consumption is very common in different European (EU) and non-EU countries.
However, durability and microbial behavior to the different extrinsic factors (e.g. temperature)
under storage and distribution is limited. Such knowledge could be useful to reduce food wastes.
The microbial association of aerobically stored horse fillets stored under different isothermal
conditions(0-15°C) was explored (Fig. 3.2.1). The microbiota (Total Viable Counts (TVC) 2.77
+ 0.10 log10CFU/g) consisted of pseudomonads (2.72 + 0.17 log10CFU/g), B. thermosphacta
(2.00 + 0.00 log1CFU/g), lactic acid bacteria (LAB) (1.00 £+ 0.00 logioCFU/g),
Enterobacteriaceae (2.37 = 0.10 log10CFU/g) and yeasts and moulds (2.00 + 0.00 log10CFU/g).
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Fig. 3.2.1: Microbial association of aerobically stored horse fillets at 0°C (A), 5°C (B), 10°C (C), kot

150C (D) —4—TVC ——pseudomonads —&—B. thermosphacta —-—lactic acid bacteria —#— Enterobacteriaceae —#—Y&M
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It is evident that the dynamics of the microbial groups (Fig. 3.2.1) and their presence in the final
microbiota were influenced by the temperature, observing higher growth rates (umax) and lower
lag-phase duration in higher storage temperatures (Table S3.1). At all temperatures tested (0-
15°C), the dominant microorganism was pseudomonads, followed by B. thermosphacta and
yeasts and moulds, while Enterobacteriaceae and LAB reached lower levels (Fig. 3.2.1).
Regarding the latter, they exhibited differences among the tested temperatures (p<0.05). Except
for 0°C (Fig. 3.2.1A), at all conditions tested, the level of TVC and pseudomonads at the end of
shelf-life was constantly close to 9 log10CFU/g. The level of B. thermosphacta was relatively

constant as well, but always at least 1 log10CFU/g lower than pseudomonads.

As far as the pH is concerned, the performed analysis of variance showed statistically significant

differences (p<0.01) during storage at different temperatures.

The microbial association and the magnitude of microbial groups found in this study, as well as
their kinetic parameters (Table S3.1) are close to those found in animal origin products e.g. pork
(Bruckner, Albrecht, Petersen, & Kreyenschmidt, 2013), beef (Argyri et al., 2011; Ercolini et
al., 2006; Estelles-Lopez et al., 2017; Koutsoumanis, Stamatiou, Skandamis, & Nychas, 2006;
Mann et al., 2016; Nychas et al., 2008; Papadopoulou, Panagou, Mohareb, & Nychas, 2013b;
Sakala et al., 2002), lamp (Drosinos & Board, 1995), even fish (Zotta, Parente, lanniello, De
Filippis, & Ricciardi, 2019). Different studies related to horse meat referred LAB or yeasts and
moulds as dominant bacterial species, instead of pseudomonads (Geeraerts et al., 2019; Pérez
Chabela et al., 1999). From a hygiene point of view (EU regulation 2073/2005), attention should
be paid on the high levels of enterobacteria found in abuse temperature at the end of the storage
period (ca. 10° CFU/g), most probably due to the broad-spectrum b-lactamase applied on horses
due to veterinary practices (Boyen et al., 2013). Considering pH (Table S3.1) is concerned the
initial values measured were between with those reported for horse meat (Geeraerts et al., 2019;
Malti & Amarouch, 2008; Pérez Chabela et al., 1999); https://www.combase.cc/index.php/en/).

Herein, a targeted study combining microbiological, and chemical (metabolic products) analysis
took place. In this study the activation energies (Ea) for umax were higher than pork and chicken
(Bruckner et al., 2013) and lower than beef (Koutsoumanis et al., 2006). The Arrhenius model
used to predict the shelf life (SL) values at each isothermal storage condition, setting 8.0
log10CFU/g as safe minimal spoilage level. Pseudomonads could be considered a good index
for microbiological assessment of aerobically stored horse fillets, showing the same

performance as in beef and pork (Bruckner et al., 2013; Koutsoumanis et al., 2006).
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3.2.2. Predictive modelling and shelf-life estimation

Estimated model parameters and observed vs. predicted plot for TVC are summarized in Table
3.1 and Fig. S3.1, respectively. The activation energy (Ea) for pumax (€q. 4) for TVC and the two
major spoilers ranged from 36.71 to 48.16 kj/mol. The applied sub-optimal Ratkowsky square
root model, resulted in the secondary equation Yumax = 0.013 * (T +20.29) describing the T-
dependency of umax (Fig. 3.2.2A). The delivered coefficient of determination (R?) was 0.99,
while Tmin was estimated at -20.29°C (p=0.002).The provided tertiary model from the software
(combining the primary and secondary equation discussed) utilized to check whether the TVC
kinetics in horse is similar to beef. Therefore, we run simulations using validation data from

combase (https://www.combase.cc/index.php/en/) for beef with similar initial pH. The results

for observed vs. predicted values are visualized in supplementary Fig. S3.2.

Table 3.1: Estimated model parameters of the sub-optimal Ratkwowski equation to describe the
temperature dependency of pmax of TVC

1
Model Estimated value 2SE p-value 3rmse 4R?
parameter
b 0.013 0.002 0.0155 0.01 0.97
To (°C) -20.29 3.829

‘calculated model parameter of the sub-optimal Ratkwowski equation, 3SE: Standard Error, *SRMSE: root mean
square error, “R% coefficient of determination

Further, the shelf life (SL) of aerobically stored horsemeat was calculated deterministically for
each isothermal temperature tested (Table 3.2). In particular, the time required by TVC to
multiply from the initial to the minimum spoilage level (MSL) (8.0 log10CFU/g), was 263, 177,
90, and 59 hrs at 0, 5, 10, and 15°C, respectively. The particular MSL was chosen as no signs
of spoilage no evident signs of spoilage appear until the end of storage period. The derived
equation as well as the respective parameters is described in Fig. 3.2.2.B. In the case where
pseudomonads used as index, the shelf-life was reduced at chill temperatures (0 and 5°C). The
calculated activation energy (Ea) was 63 and 61 kJ/mol for TVC and pseudomonads,

respectively (Table 3.2).
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Fig. 3.2.2: A: Predictions of the Suboptimal Ratkowsky square-root model (equation 1) for the effect of
temperature on the maximum specific growth rate of Total Viable Counts; B: Predictions of the modified
Arrhenius equation for the effect of temperature on the shelf life of aerobically stored horse fillets.
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Table 3.2.: Shelf life estimation in hrs of aerobically stored horse fillets for each temperature, using
Total Viable Counts (A), Pseudomonas spp. (B), and B. thermosphacta as indexes

T 20MX 2Pseudomonas spp. B. thermosphacta
0 263 254 299
5 177 169 213
10 92 90 95
15 59 58 77
°Ea 63 61 64
“Ba_imax 46 37 48
‘R? 0.99 0.99 0.95

IT: Beppoxpacia (°C), 2SL: epmopikn dibpketa ong (Shelf-life), 3Ea: evépyeio evepyomoinong xponoionotdvTac
v e&icwon Arrhenius (kJ/mol) (e&icoon 3), *R% cuviereotignpocdiopioion

3.2.3. HPLC analysis

The HPLC-DAD-RI analysis of aerobically stored horse fillets resulted in the presence of 14-
16 discrete peaks using PDA and RI detector respectively at the beginning and end of shelf-life.
Among 110 analyzed samples, the identified organic acids (OACs) through PDA detector with
ascending elution order were citric, pyruvic, succinic, lactic, formic, acetic, propionic, isobutyric
and butyric, as well as glucose and ethanol in RI. Following the metabolite kinetics, the amount
of succinic (p<0.01) and lactic acid decreased, while the propionic acid (p<0.001) decreased at
all tested temperatures, except from chill storage (0°C), where its area slightly metabolized.
Although formic acid decreased during storage at 0-10°C, an increase was evident when the
TVC reached 8.5 log10CFU/g in samples stored at abuse temperature (10 & 15°C). Lastly, the
concentration of glucose initially increased and after the midpoint of storage, it started to
decrease (p<0.001). On the other hand, the concentration of the citric, acetic, butyric, isobutyric

and pyruvic acids increased (p<0.01) at all storage temperatures.

Subsequently, regression models using three out of four temperature sub-datasets for training
and the last one for testing were applied. When the datasets of 0, 5, and 15°C were used to
calibrate the model and the dataset of 10°C to test it, the developed radial basis function support
vector machine (rbf-svm) regression model yielded satisfactory predicted values (Fig. S3.3A,
supplementary material) with a correlation coefficient (R?) of 0.915 and 0.910 for training and

testing dataset, respectively. The assessment of the model performance by means of accuracy
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(Ay) and bias factor (Bf) and root mean square error is described in Table 3.3. The values of Bt
were always close to unity, indicating good agreement between observations and estimations,
while As showed that the average deviation of observed and predicted values ranged from 12-
18%. Lastly, when the sub-dataset of 5°C was used to test the model developed by the data from
0, 10 and 15°C, the results where poorer (Table 3.3). In this case, the SVM-R model showed a
tendency to overestimate the population of TVC until ca. 6.0 log10CFU/g, whereas after this
value, an underestimation of TVC was evident (Fig. S3.3B). The evolution of organic acids
followed the same trend as in other red meats (Argyri et al., 2011; Drosinos & Board, 1995;
Koutsoumanis et al., 2008; Nychas et al., 2008; Skandamis & Nychas, 2002). In general, the
amount of citric, acetic and butyric increases, in parallel with the decrease of formic, lactic,
propionic, and succinic during the aerobic storage of red meats. The above mentioned analytes
have been correlated with the activity of the spoilage (Pseudomonas spp., B. thermosphacta,
Enterobacteriaceae, lactic acid bacteria) microbiota (Argyri et al., 2011; Ercolini et al., 2011,
2006; Garcia-Lopex, Prieto, & Otero, 1998; Lytou et al., 2018; Nychas et al., 2008; Zaunmiiller,
Eichert, Richter, & Unden, 2006). In general, horse meat contains a large amount of glycogen
and adenosine triphosphate (ATP) and therefore retains a degree of plasticity and elasticity for
a long time (Rossier, 2003). This may be the reason why glucose initially increased and then
decreased, a fate which differs from the other reported red meats (Argyri et al., 2011; Drosinos
& Board, 1995; Nychas et al., 2008) where glucose depletes at the end of shelf-life during
aerobic storage. It has been demonstrated that by increasing the availability of glucose in meat,
spoilage defined as proteolysis, slime, or off-odour production is postponed (Nychas et al.,
2008). This statement is confirmed here, where non-visible signs of spoilage were evident in

our tested samples throughout the storage period.

Table 3.3: Support vector machine regression model performance using radial basis function kernel (rbf-
SVM-R), (A): training dataset: 0, 10 and 15°C, testing 5°C and (B): training dataset: 0, 5 and 15°C,
testing 10°C, for the prediction of Total Viable Counts (TVC)

Bt At RMSE cv % inside RE +20%
Train_0,5,15 1.01 1.12 0.93 0.90 80
Test_10 1.05 1.13 0.85 0.93 86
Train_0,10,15 1.05 1.18 1.15 0.85 74
Test_5 0.98 1.18 1.38 0.768 76

1: 10-fold cross-validation, Bs: Bias factor; :Ar: Accuracy factor; ‘RMSE: root mean square error; sr: correlation
coefficient, “%RE: relative error
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3.2.4. HS/SPME-GC/MS analysis

Samples at the beginning (day 0), midpoint and end of storage were analyzed for their
corresponding volatile metabolites. The samples were grouped into three classes according to
microbial load as follows: class A: < 4.6 log10CFU/g; class B: 4.6-7.2 log1oCFU/g; class C: >7.2
log10CFU/g. The selection was based on the derived BETA4 cumulative distribution (Fig. S3.4).
The observations were subjected to distribution fitting with 3 intervals, where it was shown the
upper and lower bound of each microbial class. Hierarchical cluster analysis was performed
using Euclidean distance as the similarity measure of the 45 volatiles identified in the different
meat samples and Ward’s linkage as clustering algorithm. The results are presented in Fig. 3.2.3
as heatmap of the 25 most significant metabolites based on Kruskal-Wallis ANOVA.
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Fig. 3.2.3.: Heatmap representation generated from Hierarchical Cluster Analysis of 25 most significant
volatiles associated with the three classes of horse meat according to the microbial load during storage
(class A: TVC < 4.6 log1oCFU/g; class B: 4.6 < TVC < 7.2 log1oCFU/g; class C: TVC >7.2 logi1oCFU/q).
The color scale of cells represents the abundance of each volatile, with red indicating high abundance
and blue indicating low abundance.

It is evident that samples with low TVC microbial load (<4.6 logi0CFU/g) were characterized
mainly by high amounts (red cells) of linear chain aldehydes with 5-10 carbon atoms, such as
pentanal, hexanal, octanal, nonanal and decanal. On the contrary, these compounds were present
in low amounts (blue cells) in samples with high TVC load (>7.2 log10CFU/g). The volatilome
of the latter comprised mainly of higher amounts of alcohols and ketones, as well as
acetaldehyde, 2-methylbutanal and hexanoic acid. In particular, regarding alcohols, 1-hexanol,
1-octanol, 1-octen-3-ol, 2-octen-1-ol, 3-methyl-1-butanol, as well as the ketones acetoin,
diacetyl, 2-heptanone, 2-octanone, 6-methyl-5-hepten-2-one and 2,5-octanedione were highly
correlated with class C (TVC >7.2 log1oCFU/g). Lastly, the areas of hexanal, pentanol, and 1-
octen-3-ol reach to a maximum at the midpoint of storage, in samples with TVC > 4.6 and <7.2

log10CFU/g and after this point they decreased.

The majority of volatile compounds identified and highlighted above are well known products
of microbial metabolism and have been identified in other red meats (Argyri et al., 2015;
Casaburi et al., 2015a; Ercolini et al., 2010; Frank et al., 2020; Mansur, Seo, et al., 2019; Pavlidis
et al., 2019). However, it has been proposed that some alcohols can derive through oxidation
process, as well. In particular, 1-octen-3-ol can be produced from the oxidative breakdown of

linoleic acid (Insausti et al., 2002) which is abundant fatty acid in horse meat (Lee et al., 2007).

It is noteworthy that esters, such as ethyl acetate, ethyl butanoate and isoamyl acetate, were
detected only at the final stage of storage in very low amounts. This observation differentiates
the volatilome of horse meat with that of other common meat species, where esters are abundant
during the whole period of aerobic storage (Argyri et al., 2015; Casaburi et al., 2015; Ercolini
etal., 2010; Frank et al., 2020; Mansur et al., 2019a, 2019b). This phenomenon could be ascribed
to two facts: either the released fatty acids from the lipolytic activity were converted to
aldehydes, ketones or alcohols, or there was a defect or deficiency of a single enzyme related to

the esterification process (Ercolini et al., 2010).

A glimpse into the metabolome of foods during storage will transform the microbiological
condition into signals and informative compounds, which could act as biomarkers (Ellis &

Goodacre, 2001; Jay, 1986). HPLC analysis has been applied previously in the prediction of the
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microbiological condition and spoilage assessment of minced beef utilizing different process
analytical methods (PAT) with similar (Argyri et al., 2011) or improved (Estelles-Lopez et al.,
2017) results. In our case, two dataset partitions were performed. In the first case, when data
from 0, 5, 15°C used to train the model and 10°C to test it, a higher linearity between estimated
and calculated TVC values was observed. Regarding the case where the samples at 0, 10, and
15°C used to train the model and that of 5°C to test it, the rbf-SVM regression model yielded in
lower results. The lower performance could be explained from the fact that the data at chill
temperature were insufficient for the model to learn and that the production of the metabolites
was not so pronounced. Albeit the correlation is lower compared to other analytical platforms,
such as enose (Mohareb et al., 2016) and GC/MS (Argyri et al., 2015). In any case, it can serve
as an informative methodology for the screening of microbial metabolites, as well as a rapid
pre-screening tool that could partially substitute the time-consuming conventional plating

method so as to reduce the food wastes.

3.3. Conclusion

High-quality products being part of the “gastronomics”, in particular horsemeat are quite
unexplored from a microbiological and metabolite point of view. This study demonstrated for
the first time the microbial association and metabolites in raw horse fillets during aerobic
storage, which was found similar to other red meats reported in the literature. The dominant
microorganisms in both abuse and chill temperatures were always pseudomonads followed by
B. thermosphacta. In addition, the developed secondary models could describe satisfactorily the
dependency of umax and shelf-life from temperature. However, validation with independent
datasets is needed, in order to check the ability of the model to predict the status of unknown

samples.

Once more, the potential of metabolomic-based techniques in the prediction of microbiological
condition of food seems to deliver acceptable results in time-efficient period. Summarizing,
improvements in the sensitivity of the metabolomics-based approach applied in this study could
lead to improved performance. One of our tasks in the future will be the utilization of HPLC

and GC/MS as an informative platform for authentication and/or adulteration purposes.
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Chapter IV: Volatilomics in tandem with HPLC and multivariate data analysis
for the assessment of microbial spoilage of aerobically stored beef fillets,
potential microbial biomarkers and contribution of enterobacteria to
metabolome formation
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4.1. Materials and Methods

Further, to screen potential microbial biomarkers, beef meat with and without the background

flora was stored aerobically under isothermal simulation conditions.

4.1.1 Beef samples preparation

A block of fresh de-boned beef from an Athenian (Greece) processing plant was transported
under refrigeration to our laboratory within 1 h. It was divided into two equal parts and then
treated according to Tsakanikas et al (Tsakanikas et al., 2016), resulting beef fillets with (>1.0
log10CFU/g) and without (<1.0 log10CFU/Q) the background flora. Briefly, the first meat sub-
block was hanged, and its surface was sprayed with 100% alcohol following ignition with a gas
burner to eliminate the initial microbial load. The burnt surface was removed aseptically in a
laminar flow air cabinet, and the sterile tissue below was excised, cut into beef fillets of ~15-
25) and placed individually into sterile Petri dishes to avoid environmental contamination. The
second sub-block, the one with the background flora, was cut into smaller individual beef fillets
of the same size as previously. To simulate the same aeration conditions, samples were placed
onto Petri dishes as well. Both sterile and naturally contaminated beef fillets stored aerobically
at 2, 8 and 15°C in high precision (= 0.5 °C) incubation chambers (MIR-153, Sanyo Electric
Co., Osaka, Japan). Lastly, new, independent sterile meat batch was derived as above and stored
at 2 and 15°C to validate the results. Sterile samples will be referred to as “St” and the naturally
contaminated as “NC” with the indicator of the batch (i, i1) and temperature for each occasion

(Stiy, Stis, Stiss, Stiio, Stiizs, NC2, NCg, NCis).

4.1.2. Meat contamination with enterobacteria and aerobic storage

The Hafnia alvei B295 and Serratia liquefaciens B293 isolates from Doulgeraki et al., (2011)
were subcultured twice in 100 ml TSB broth (LAB 100Z, LAB M, Bury, UK) at 37°C for 18 h.
Cells were harvested by centrifugation (50009 for 10 min at 4°C), and washed twice with sterile
quarter strength Ringer's (LAB 100Z, LAB M, Bury, UK) solution and resuspended in the same
medium. Sterile beef fillets from an independent third batch were spiked with 300ul (150uL /
surface) to obtain an initial concentration ~2*102 CFU/g on the meat. Then, they were left at
fridge temperature for 30 min to attach the bacterial suspension. Inoculum size was tested in a

previous pre-experiment, in order to have in 25, 10 and 1 g of sampling the same bacterial load.
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Ringer-inoculated sterile fillets were used as controls. An equal number of sterile and inoculated
samples were stored aerobically at 4 and 10°C. At 24 and 12 hrs respectively, samples were
analyzed in duplicate microbiologically and for the respective microbial metabolites (utilizing
HS/SPME-GC/MS and HPLC). All colonies plates were examined for phenotypic

characteristics associated with the micro-organisms.

4.1.3. Microbiological and pH analysis

Meat samples (10 g) were weighed aseptically, added to 90 mL of sterile quarter strength
Ringer's solution (LAB 100Z, LAB M, Bury, UK) and homogenized in a stomacher bag (Lab
Blender 400, Seward Medical, London, UK) for 60s at room temperature. Serial decimal
dilutions in the same solution were prepared and 0.1 mL samples of appropriate dilutions poured
or spread in triplicate on Tryptic Glucose Yeast Agar (402145, Biolife, Milan, 112 Italy)
incubated at 30°C for 48-72 h for Total Viable Counts (TVC). For enumeration of
Enterobacteriaceae in the inoculated fillets, 1 mL samples of appropriate dilutions poured in
triplicate on Violet Red Bile Glucose Agar (VRBGA; 402188, Biolife, Milan, Italy), overlaid
with the same medium and incubated at 37°C for 18-24h. Sterility of theoretically sterile was
always checked in TGY agar with a limit of detection 1 log10CFU/g. After microbiological

analysis in duplicate, all samples were maintained at —80 °C until further analysis.

4.1.4. HPLC-PDA-RI Analysis

The extraction of organic acids, glucose and ethanol from all NC, and selected St, Ha and Sl took place
according to (Pavlidis, Mallouchos, & Nychas, 2021) with minor modifications. In brief, 2.5g of beef
fillets were cut into smaller pieces and homogenized with 5SmL of ultrapure water (Sigma-Aldrich) using
a glass rod for 2 min. After centrifugation (5000g for 10 min at 4°C), 2.5mL of the supernatant was
collected in a clean falcon tube, and 1% v/v of TrifluoroAcetic Acid solution (25uL. TFA) was added for
protein precipitation. After stirring for 1 min and centrifuging (at the same conditions as those described
before), the supernatant was collected, filtered through a filtering paper and 25uL of 1% (v/v) sodium
azide were added as a preservative. Before analysis, the final extracts were filtered through 0.22 um

syringe filters (PVDF, Millipore).

HPLC analysis was conducted according to (Pavlidis et al., 2021) on a JASCO system (Tokyo, Japan).
The separation of compounds was performed in an Aminex HPX-87H column (300 mm x 7.8 mm, Bio-
Rad Laboratories, Hercules, CA) at 65 °C using 0.009 N H.SO, as a mobile phase at a flow rate of 0.7
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mL/min. Injection volume was set to 20 uL. Compound identification was effected by comparing the
retention time and UV-Vis spectrum (200-650nm) with those of authentic compounds. Samples were
analyzed in duplicate and the average of the peak areas of the chromatogram at 210 nm was used for
organic acids (oxalic, tartaric, citric, pyruvic, malic, succinic, lactic, formic, acetic, propionic, isobutyric,
butyric, and isovaleric), whereas for glucose and ethanol the peak areas of Rl chromatogram were used

in subsequent data treatment.

4.1.5. Volatilome analysis by Headspace SPME-GC/MS

Sample preparation and gas chromatography-mass spectrometry analyses were performed as described
in (Pavlidis et al., 2019, 2021). Briefly, 2.5g of beef fillets were cut into smaller pieces and 5SmL of 25%
(w/v) NaCl solution was added into a 20 mL glass vial (Supelco) and homogenized with a glass rod for
2 min. The vial was fitted with a screw cap with hole and PTFE/silicone septum (Sigma Aldrich,
Germany) and the contents were magnetically stirred for 15 min at 40 °C. A DVB/CAR/PDMS -
50/30um fibre (length 1 cm, Sigma Aldrich, Germany) was exposed to the headspace for another 30 min
under the same conditions, to absorb the volatile compounds. Desorption of volatiles took place in the
injection port of GC-MS for 5min. Before each analysis, the fiber was exposed to the injection port of

another GC for 5min to remove any volatile contaminants.

GC-MS analyses were performed on an Agilent 7890A gas chromatograph (Agilent Technologies, Santa
Clara, USA) coupled to an Agilent 5973C mass spectrometer. Helium was used as a carrier gas at a
constant flow rate of 1 mL/min. The injection port was equipped with a liner (0.75 mm i.d., Agilent)
suitable for SPME analysis. It was operated in split mode (spit ratio 1:2) at 250 °C. Separation of
compounds was performed on an HP-5SMS capillary column (30mx0.25 mm, d.f. 0.25 um, Agilent).
Oven temperature was maintained at 40 °C for 5 min, programmed at 4 °C/min to 150 °C and then it was
raised to 250 °C with a rate of 30°C/min and held for 5 min. The mass spectrometer was operated in
electron ionization mode with the electron energy set at 70 eV and a scan range of 29-350 m/z (scan
rate: 4.37 scans/s, gain factor: 1). The temperature of the interface, MS source and quadrupole was set at
280°, 230° and 150 °C, respectively.

4.1.6. ATR/FT-IR measurement

FTIR spectra collection of Sl, Ha and Stiii were acquired using an FT/IR 6200 JASCO spectrometer
(Jasco Corp., Tokyo, Japan). Small portions of the Stiii and inoculated fillets (~3 g) were placed on the
surface of a ZnSe 45° HATR (Horizontal Attenuated Total Reflectance) crystal (PIKE Technologies,
Madison, Wisconsin, United States) and spectra were collected from 4000 to 400 cm™ using the Spectra

Manager software version 2 (Jasco Corp.). In order to increase the signal-to-noise ratio, 250 scans with
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a resolution of 4 cm™ were selected. Before the measurements, reference spectra were acquired using
the crystal with no added meat. After each measurement, the crystal's surface was cleaned using firstly

detergent and distilled water and secondly with analytical grade acetone, and dried with a lint-free tissue.

4.1.7. Data collection and processing pipeline

Microbial data fitting took place with DmFit 3.0. (https://www.combase.cc/index.php/en/). GC/MS data
processing pipeline has been described elsewhere (Pavlidis et al., 2019). The software Jasco Chrompass
Chromatography Data system v1.7.403.1. used for high-throughput HPLC data processing utilizing a
peak-ID table with +0.2 min slope. The resultant data matrix was amounts of metabolites linked to each
sample injection. Multivariate Analysis of variance (MANOVA) with a statistical significance p <0.05
and/or <0.01 was applied to determine the effect of microbes on the fate of metabolites. The analytes of
GC/MS and HPLC were mapped with Kegg-labelling (Table S4.1, column 4) and pathway analysis
was carried out using Metaboanalyst 4.0 (www.metaboanalyst.ca). Data were logio-transformed and then
auto-scaled. Radial basis function Support Vector Machine (RBF/SVM-R) took place through Statistica
(StatSoft, Inc. 2011; STATISTICA data analysis software system, version 10. www.statsoft.com). Partial

Least Squares Discriminant Analysis was performed through Unscrambler X (Demo mode, 10.4, CAMO
Software, Norway). The performance of regression models was assessed, by calculating the RMSE (root
means square error) and the Bias and Accuracy factor (Argyri et al., 2015; Estelles-Lopez et al., 2017;
Pavlidis, Mallouchos, & Nychas, 2021), the %relative error (%RE (Ross, 1996)) and the correlation
coefficient. For classification models, the per class and total correct classification were measured
(Pavlidis et al., 2019; Sokolova & Lapalme, 2009).
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4.2. Results
4.2.1. Microbiological load and pH measurement

The microbiota across NC samples during aerobic storage ranged from 3.50+£0.09 to 9.30+0.13
log10CFU/g (Fig. 4.1). Besides, spoilage potential of Hafnia alvei B295 and Serratia liquefaciens B293
was monitored as monocultures in in-situ contaminated aerobically stored sterile beef fillets (Fig. S4.1).
On the contrary, St did not exceed 1-2 log:oCFU/g (limit of detection), even in latter storage, while no
signs of spoilage were evident. Table S4.2 summarizes kinetic parameters of the measured microbial
groups following data fitting using the Baranyi and Roberts' equation (Baranyi & Roberts, 1994). The

microbial shelf-life was 86 (3.5 days), 120 and 216 h (9 days) for 15, 8, and 2°C respectively.
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Fig. 4.1: Total viable counts (TVC) (mean + standard deviation) of naturally contaminated (NC) beef fillets during
aerobic storage at 2 (blue), 8 (red) and 15°C (green) under isothermal conditions.

4.2.2. HPLC and pathway analysis

The analysis of raw meat through HPLC-PDA-RI resulted in the identification of 13 and 14
compounds in the St and NC samples, respectively (Table S4.1). MANOVA exhibited
significant (p<0.01) differences between samples with and without the background flora. Fig.
4.2 represents KEGG enrichment analyses in Bos Taurus (cow) for NC, S, and Ha. It was shown

that pyruvate, glyoxylate and dicarboxylate metabolism, and citrate cycle (TCA cycle),
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glycolysis, and amino acid catabolism were the most significant (p<0.01) with the highest

impact for sample with the background flora (NC) (Fig. 4.2A).
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Fig. 4.2:

Pathway analysis with the metabolites mapped in a KEGG pathway (accessible at

http://www.genome.jp/kega/pathway.html). In the scatter plot the x-axis indicates the impact whereas

the y-axis significant changes in a pathway (p-value)
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(red: high probability and high impact and orange: indicate low probabilities pathways with high impact;
A: NC, B: S. liquefaciens, C: H. alvei)

Succinate, propionate, lactate, formate were positively correlated with NC samples with
TVC<5.80 log10CFU/g (Fig. 4.3). Glucose was the only positively correlated compound with
Sti (Fig. 4.3), as its concentration was not affected during storage. In parallel, the compounds
oxalic, pyruvic, citric, acetic, and butyric acid correlated positively with S samples (TVC> 7.0
log10CFU/Q).
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Fig. 4.3: Heatmap expressing the correlation of the 13 identified compounds through HPLC-PDA-RI
with meat classes (F: <5.8; 5.8 < SF<7.0; S: >7.0 log10CFU/g; St: 1 log10CFU/g; Red: High correlation,
Blue: low or no correlation between compounds and groups)

Regarding Enterobacteriaceae strains, it was noticed that glucose, lactate, formate, propionate,
and succinate (p<0.05) together with ethanol were consumed during aerobic storage with a
higher rate in 10°C and SI. On the other hand, both were able to produce citric, acetic and malic

acids being Sl the higher producer (p<0.05).

4.2.3. VOCs metabolism

In total 101 NC, 88 Stii, 16 Stiii, 12 Sl and 14 Ha samples were analyzed in this study. However,
St exhibited weak chromatograms (low intensities of the peaks) with low variability of
compounds. MANOVA demonstrated statistically significant differences (p<0.05) between the
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majority of the compounds of Nc and St (Table S4.1). The metabolite-kinetics during storage
was either increased, decreased or two-phase profile. In the last case, they initially increased
until the TVC reached ~ 6.5 log10CFU/g, and decreased afterwards until the end of the storage
period (Table S4.1, columns 5-14).

For instance, the amounts of 3-methyl-butanol, 2-pentanone, diacetyl, acetoin increased
polynomial in NC (p<0.01) and inoculated (p<0.05) beef fillets in all simulation conditions.
Even though 2-methyl-butanol, 3-&2-methyl-butanal, 2-methyl-propanal, 2-methyl-1-propanol
acetaldehyde, 2-heptanone and 2-nonanone were not detected from the beginning of the storage,
they showed a sharp increase for NC. Besides, all remain stable or did not detect at all in St.
Further, temperature and species-dependent increase of these compounds except for 2-nonanone
were evident for Sl (p<0.05) and Ha. The equation describes the evolution of the compounds at
15 and 8 oC is y=a*t3+b*t2+c*t+d (Table S4.3).
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Fig. 4.4.: Heatmap representation generated from Hierarchical Cluster Analysis of 25 most significant
volatiles associated with Stiii, Ha, SI (S: <1.0 log10CFU/g, Ha: Hafnia alvei, Sl: Serratia liquefaciens)

This was not the case for 2-ethyl-1-hexanol, 2-octen-1-ol, and 2-octanone, which although
increased in NC, Ha and SI, they increased in St as well. The esters, ethyl propionate, ethyl
acetate, ethyl hexanoate, and butyl acetate increased, except for ethyl acetate which decreased
after the TVC 6.5 log10CFU/g during the simulation at 2 and 8°C. Association of compounds
with Ha, SI, Stjii is presented in Fig. 4.4. Additional compounds found to be produced by both
strains were methanethiol, 1-butanol, 3-methyl-, acetate, 2,3-butanediol, benzeneacetaldehyde,
and benzaldehyde. On the contrary, the concentration of ethanol, 1-propanol, 1-butanol, 1-
pentanol, 1-hexanol, 1-heptanol, 1-penten-3-ol, 1-octen-3-ol, pentanal, hexanal, heptanal,
octanal and 2,5-octanedione exhibited two-phase profile. Besides, their abundance increased in
St in all temperatures and batches tested). In this study, we found that our strains can produce
these alcohols with temperature dependency rate (p<0.05) and between the two, S. liquefaciens
B293 seems to be the higher producer. Regarding linear aldehydes, they were decreased in Ha
and Sl from the beginning of storage, showing significant differences for pentanal and octanal
(p<0.05).

4.2.4. Assessment of spoilage through HPLC and GC/MS and data fusion

The derived datasets (i) HPLC, (ii) GC/MS and (iii) fusion (HPLC & GC/MS), were analyzed
by different pattern recognition methods. The first task was to investigate whether the
contaminated samples could be discriminated from the sterile (NC Vs. S). Consequently, PLS-
DA classifier was applied to the transformed dataset (log- & auto-) (Fig. 4.5 & S4.2). Table 4.1
summarizes the performance of the developed classification models and compares each dataset.

Table 4.1: Confusion matrix of NC Vs. St as derived from the 3 datasets using PLS-DA classifier
(each line represents the sensitivity: %correct classification)

HPLCA GC/MSB HPLC & GC/MS®

Class Train Test Val Train  Test Val Train Test Val
INC 100 100 100 100 100  93.75 100 100 100
2St 100 100 100 100 96.92 68 100 100 100
3Accuracy | 100 100 100 100 98.50 83.93 100 100 100
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INC: Naturally contaminated beef fillets; 2St: Sterile beef fillets; 3Accuracy: Overall correct classification, A&C: 101
NC and 46 sterile, B: 101 NC and 88 sterile

From the PLS-DA plot for St Vs. NC for the fusion dataset, it is evident that the St are clustered
on the right (negative values) whereas the NC on the left (Fig. 4.5). The alcl (ethyl alcohol),
alc4 (pentanol), alc6 (heptanol), alc13 (1-penten-3-ol), alc14 (4-penten-2-ol), alc15 (1-octen-3-
ol), estl (methyl acetate), ket7 (2,5-octanedione), ket8 (6-methyl-5-hepten-2-one), ketll (2-
octanone), ket10 (acetone), misl (glucose), mis2 (2-ethyl-furan), mis3 (2-pentyl-furan), ald1l
(pentanal), ald2 (hexanal), ald3 (heptanal), ald4 (octanal), ald5 (nonanal) and ald6 (decanal)
were positively correlated with sterile samples, while the rest with the naturally contaminated.
These are Alc2 (propanol), Alc3 (boutanol) Alc5 (hexanol), Alc7 (octanol), Alc8 (2-butanol),
Alc9 (3-methyl-1-butanol), Alc10 (2-methyl-1-butanol), Alc1l (2-methyl-1-propanol), Alc12
(4-methyl-2-pentanol), Alc16 (2-ethyl-1-hexanol), the akdevdeg Ald7 (3-methyl-butanal), Ald8
(2-methyl-butanal), Ald9 (2-methyl-propanal), Ald10 (acetaldehyde), Ketl (2-butanone), Ket2
(2-pentanone), Ket3 (2-heptanone), Ket4 (2-nonanone), Ket5 (diacetyl), Ket6 (acetoin), Ket9
(2-pentanone-4-methyl-), Est2 (ethyl acetate), Est3 (ethyl propionate), Oacl (lactic acid), Oac2
(propionic acid), Oac3 (succinic acid), Oac4 (malic acid) Oac5 (formic acid), Oac6 (acetic acid),
Oac7 (citric acid), Oac8 (butyric acid), Oac9 (isobutyric acid), Oacl0 (pyruvic acid), Oacll
(tartaric acid), Oac12 (oxalic acid), Mis4 (dimethyl sulphide), Hydl (undecane), ka1 Hyd2

(cyclohexane).
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Fig. 4.5: Correlation bi-plot of scores (training samples) and loadings (metabolites); NC: naturally
contaminated meat cluster (n=101), blue scores: samples (n=88), red scores: loadings, S: sterile
meat cluster; loading codes are explained in Table 2)

100



Predicted TVC (log10CFU/g)

This was not the case during discrimination of Stji, SI and Ha, where samples without the
background flora could not be separated from contaminated. However, differentiation between

the two strains is evident (Fig. S4.3).

The next question was to assess the performance of the individual datasets for TVC prediction.
RBF/SVM-R with 10-fold cross-validation was applied using the common metabolic
compounds as independents variables (codes with underline: Table S4.1, column 3). The model
performance, as well as the plot of the observed against estimated values, are presented in Table
4.2 and Fig. 4.6 respectively. The average deviation between observed and estimated counts
were 12, 10 and 7% for training at 2 and 15°C while 13% for testing at 8°C utilizing HPLC,
GC/MS, and joint dataset respectively. Regarding the RMSE it was calculated 0.84, 0.74 and
0.58 for training and 0.95, 0.99 and 0.82 for testing respectively.

Table 4.2: Assessment of the support vector machine regression models (SVM-R) with the radial
basis function (RBF)

8% inside
3 3 3 4 5 6 7
C ‘e g Bf Af RMSE cv RE +20%
IHPLCtrain 1014 1120 0844 082  80.59
, 3 012 0.26
HPLCtest 1033 1126 0955 080  78.78
1GC/MStrain 1003 1104 0741 087  89.70
GC/MStra 12 018 0.017
GC/MStest 0.981 1131 0993 084  87.88
'HPLC& GC/MStrain . 1012 1071 0580 0922  89.39
2HPLC & GC/MStest 7° 7Y 1010 1127 0819 0903 87.88

1. 10-fold cross-validation, 2: test dataset (8°C), 3: model parameters (c: capacity, e: epsilon, g: gamma),
4Br: Bias factor; >Ar: Accuracy factor; SRMSE: root mean square error; “cv: coefficient of variance 8RE:
relative error
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Fig. 4.6.: Spoilage assessment through the three different datasets: HPLC with 13 variables (A),
GC/MS with 47 variables (B) and data fusion (HPLC & GC/MS) using 60 variables (C) (solid
symbols: training 2 and 15°C; open symbols: test at 8°C; solid line: target line, dashed line: + 1.0

10g10CFU/g)

Lastly, classification according to meat freshness was taken place according to the following
three classes of TVC: F< 5.8, SF >5.8 & <7.0 and S >7.0 log10CFU/g (Fig S4.4). The
compounds Oac4, Oac5 Ketl10, Alc7, Ald5, Ald6, Mis4 and Mis2 were positively correlated
with F category (Fig. 4.7). Besides, the Oacl, Oac2, Alc3, Alc8, and Est3 with SF (Fig. 4.7).
The compounds Misl, Oac3, Aldl, Ald2, Ald4, Ket7, Alc4, Alc5, Alcl3, Alcl5, Estl were
positively correlated with F and SF (Fig 4.7). Furthermore, the compounds Ald10, Ald7, Ald8,
Ket3, and Ket4 were positively correlated with S. Lastly, Oac7, Oac8, Oac9, Oacl0, Oacll,
Ketl, Ket2, Ket5, Ket6, Ket8, Alc6, Alc9, Alcl0, Alcll, Alcl6, Est2 were positively correlated
with SF and S (Fig. 4.7).
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Fig. 4.7: Heatmap representation expressing the correlation of the significant compounds during PLS-
DA classification with testing dataset (8°C) (F<5.8; SF: >5.8 & < 7.0 log10CFU/g; S: > 7.0 log10CFU/g;
Red: High, Blue: low or no correlation between compounds and groups)

4.3. Discussion

Metabolic pathway analysis is an effective method to analyze the correlation between
metabolites and can reveal the roles of different metabolites in meat (Huang et al., 2020) during
storage and distribution. In our case, where meat was stored aerobically, Carnobacteria could
be in spoil oxidizing conditions, which favour the pyruvate metabolism through the TCA cycle
(Afzal et al., 2010). Further, propionate was irreversibly converted (p<0.01) to lactate, which
through the pyruvate metabolism (p<0.01) was reduced to pyruvic acid which was metabolized
further, with one of its final products’ acetic acid. Glycolysis pathway had a high impact as
glucose is the initial and most crucial substrate supporting the growth of all the major types of
bacteria, making up the microbial association (Gill 1983). Butyric acid has been associated with
clostridia (Dainty, 1996) and lactic acid bacteria (Mansur, Seo, et al., 2019), while acetic acid
with lactic acid bacteria, Pseudomonas spp., Enterobacteriaceae, B. thermosphacta (Argyri et
al., 2011; Garcia-Lopex, Prieto, & Otero, 1998; Mansur, Seo, et al., 2019).
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The origin of the majority of VOCs has been discussed extensively in previous articles (Argyri
et al., 2015; Casaburi et al., 2014, 2015a; Dainty, 1996; Dainty, Edwards, & Hibbard, 1985;
Dainty, Edwards, Hibbard, & Marnewick, 1989; Ercolini et al., 2010, 2011; Frank et al., 2020;
Insausti et al., 2002; Klein, Maurer, Herbert, Kreyenschmidt, & Kaul, 2018; Lytou et al., 2018;
Mansur, Seo, et al., 2019; Mansur, Song, et al., 2019; Nychas et al., 2008; Pavlidis et al., 2019,
2021; Resconi et al., 2018; Saraiva et al., 2015) with similar findings for chicken, horse-meat,
beef and pork stored under various packaging conditions. Regarding alcohols, they have been
correlated with glucose and amino acid catabolism (Dainty, 1996), lipolysis (Leroy,
Vasilopoulos, Van Hemelryck, Falony, & De Vuyst, 2009), proteolysis (Ercolini et al., 2010)
and/or reduction from their corresponding aldehydes (Casaburi et al., 2015a). Aldehydes have
been strongly correlated with amino acid transamination (Smit, Engels, & Smit, 2009) and
oxidation phenomena, such as b-oxidation of unsaturated fatty acids, hydrolysis of triglycerides
and/or lipid auto-oxidation (Ladikos & Lougovois, 1990). In particular, Ald7-9 derive from
leucine (Smit et al., 2009), isoleucine (Afzal et al., 2012), and valine (p<0.01) catabolism (Fig.
4.2A) and subscribe off-odours in naturally spoiled beef (Argyrietal., 2015; Dainty et al., 1989;
Frank et al., 2020; Jadskeldinen, Hultman, Parshintsev, Riekkola, & Bjorkroth, 2016; Mansur,
Seo, et al., 2019; Mansur, Song, et al., 2019; Saraiva et al., 2015), horse-meat (Pavlidis et al.,
2021) and raw milk (Molimard & Spinnler, 1996). Accordingly, (EI-Din A. Bekhit et al., 2021)
suggest nonanal, benzaldehyde, 1-octen-3-ol, acetic acid, and 1-hexanol as potential meat
spoilage-indicators. Gram-negative bacteria (e.g. pseudomonas, enterobacteria), B.
thermosphacta and C. maltaromaticum are the major producers of 3-&2-methyl-butanol
(Ercolini et al., 2009; Mansur, Seo, et al., 2019; Papadopoulou et al., 2020)(in this study).
Considering FTIR results, both strains positively correlated with 900-1540cm™ regions
corresponding to amides and amines and 1660-1710 cm™ corresponding to unsaturated
aldehydes and ketones (Socrates, 2001).

The correlation of many individual metabolites with two categories at the same time is explained
probably from the 2-phase pattern they presented. This trend may be explained from the
succession of the microbial association during storage and/or the fact that other energy-
substrates have already depleted from the activity of microbiota of meat and consequently,
microbes may turn to consume these as carbon and nitrogen sources. Besides, the fact that the
aldehydes and alcohols, except for propanol, increased in all sterile batches, leads us to the result
that they might be lipid auto-oxidation by-products and we follow various authors (Leroy et al.,
2009; Montel, Masson, & Talon, 1998; Moretti et al., 2004).
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At this point, it has to be notified that the stone corner for retarding spoilage is the compounds
glucose, propionic and lactic acid, and the linear aldehydes (pentanal, hexanal, heptanal, octanal,
nonanal), which as observed in this study for St samples, in MAP (Argyri et al., 2015) and
marinated (Lytou et al., 2018) they increased, or remained constant through the whole period of
storage. As a consequence, it is of high importance to maintain these compounds on high levels
before and during the storage of meat

Regarding multivariate data analysis, to improve the robustness of the respective developed
models, the data corresponding to the min and the max temperature limits (2 and 15°C) were
utilized to calibrate (train) the model, while those from 8°C for validation (test) of the predictor
by interpolation. This was taken into consideration since different temperatures favour the
growth; thus, the metabolism of different spoilage bacteria in meat (2 for psychotropic and 15
°C for mesophilic) (Nychas et al., 2008). For this reason, TVC was selected as a uniform, and
easy to measure microbial group which reflects the overall picture of food. With respect to
GC/MS data, a better performance compare to HPLC is apparent yielding in lower RMSE.
Having a look at Fig. 4.6b, the model “fails safe” to predict with precision samples with observed
values above 7.0 log10CFU/g. However, the predictions are in the “spoiled” region. The better
performance of GC/MS compare to HPLC may be explained from the fewer number of variables
and the concept of the methodology itself. Similar results for Bf, Af, RMSE and predictions in
the RE£20% have been notified previously (Argyri et al., 2015; Estelles-Lopez et al., 2017,
Pavlidis et al., 2021). Validation/testing using moderate temperature (8°C in our case) has been

applied previously in a similar dataset by (Fengou et al., 2019; Tsakanikas et al., 2016).

4.4, Conclusion

The metabolomic approach followed in this study showed that many representative compounds
were produced or metabolized during the growth of TVC and enterobacteria on the meat. The
more diverse VOCs in NC explains the significant contribution of microbes in the volatilome
formation during storage. As far as the contribution of enterobacteria to the metabolome
formation is concerned, we would dare to say that their contribution during storage as
monocultures is small. However, by taking into account the whole microbial consortium of
meat, which is diverse as it comes from molecular studies and considering that the other spoilers
may have consumed and/or produce substances that could be used from enterobacteria, they

may produce some of the compounds indirectly.
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The spoilage assessment through metabolomic approach and multivariate analysis managed to
combine all these individuals and correlate them with freshness categories. Once more, sensor-
based methodologies could exploit the encouraging findings of this study and their development
for such purposes could partially substitute the laborious microbiological analysis. However,
the outcome of this study should be substantiated by additional environmental factors, such as
pH and packaging (vacuum) and field validation during distribution. Further investigation of
this approach in different meat species, could lead to an holistic application in meat analysis,
where the ideal sensor with the appropriate variables could give as output the meat specie and

level of freshness.

Acknowledgements

This work has been supported by the project “Intelligent multi-sensor system for meat analysis
-iMeatSense 550" co-financed by the European Union (European Social Fund — ESF) and
Greek national funds through the Operational Program "Education and Lifelong Learning" of
the National Strategic Reference Framework (NSRF) - Research Funding Program: ARISTEIA-
I. The author would like specially thank Anastasios Stamatiou for his support in sterile meat
preparation.

106



Ke@dldaio 5: Supnepacpata kot MeEALOVTIKT) SovAsLd

107



5.1. ZuumepAoCpuATA

Xmv  mapoboo  SwdakTopikn  SwtpiPn]  pe  oTOYELUEVY  TPOGEYYIon  cuvovalovTag
LUIKPOPLOAOYIKEG KOl YNUIKES avOADCELS EAaPe Ydpo. ZVyKEKPUEVA, TOPAAANAO HE TN
UiKpoPlaxn ocvoyétion peAetnOnke 1o peTofoAkd TPoeid tov Kpéatoc. Ta amoteAéouata
£0€1Eav 0TL M BOAATIAOUIKT TPOGEYYIOT TTOV YPTCILOTOMONKE GE VTN TN HLEAETN 0ELOAOYDVTOG
T0 TNTIKO TPOPIA Omw¢ mpokvmtel katd ™ GC/MS avdlvor, oe cvvdvacpd pe HPLC
dedopéva pmopet va ypnoyoromn el g evorlaktikn néBodog TpodPAeyYNg TG UIKPOPLOAOYIKNG
KOTAOTOONC/EMiMEd0 OAAOIWONG O0TO VOTO KpEag. AEOOUEVOL OTL TPOKLITOVV  1oYLPA
oLoYETILOUEVA OMOTELEGHOTO HLETAED EKTILMUEVOV KOL TAPATPOVUEVEMY TILMV, O0 LTOPOVCE
VO TTPOUTOOECEIS VO aVTIKOTAGTNOEL €V UEPEL TN SLUPOTIK YpovoPopa piKpoPlodoyikn
puébodo Katapétpnong tov tpuPAiov. Akdun, amodeiytnke mwg ot ideg pebodoroyieg Oa

UTOPOVGAV VO, TANPOPOPTIGOVV GYETIKA LLE TNV TPOEAELOT/AVOEVTIKOTITO TOV KPEATOG.
Ot KupLdtepeg mapaTPNCELS CLVOYILOVTOL TAPAKATO:

e To &idog g ayopdc (AMavordAnon/Prounyavikd eninedo yio supermarkets) dev édeiée
va emmpedlel 10 péco 6po tv pkpoflakmv mAnbvcumv. Emiong, o ypdvog mov
TAPEPYETOL OO TN GEAYN TOL {HOL £WG TNV TOPAY®YN KA oaAAG KoL 1) SEYLOTOANYin
o€ OPOPETIKEG EMOYEG TOV XPOVOL £0€1Ee Vo EMMPEAlel ONUOVTIKG TN HKPOPLoK)
ovvleon.

e ZUYKPITIKA HE TNV amOO0CN TOV EVOPYOVAOV OVOIAVLTIKOV TEYVIKOV TPOKVTTEL 1)
avotepdmta g GC/MS évavtt g HPLC katd v moAvdpounon kot ta&vouncn. To
YEYOVOG 0VTO amodideTol 610 €100¢ GAAG Kot oTov aplud TV HETAPOATOV TOL
KOTAPEPE VO, TPOGIOPICEL.

e  Me KaTdAANAOVG LETOGYNUOTIGHOVS TV 0E00UEVAOV (AoyaplOunuéveg TIHEG) KaTESTN
SVVOTO VO AVASELYTOVV SLOPOPOTONGELS LETAED GLVEXDV JEYUATMOV, OTTOL Ol FAW TUUES
QAvVNKE vo. unv ennpedlovv T AmOTEAEGLOTA.

e  Xpnowonomdnke o 6pog “volatilomics” cav o eviaio pebodoroyio peAETg Heyaing
KApokag Tov HETAPOAIKGOV 00MV Kol SIKTOOV TOV TTINTIKOV OVCLOV € Ploloyikd
GUGTNLOTAL.

e Ta amoteréopota tov Kepaiaiov «2» amodewvoovv 61t 1 Aépra Xpopotoypapio
ouvoedepévn pe Aviyveut @aopatopetpiog Maloag (HS/SPME-GC/MS) Oa. pmopovoe
va ypnoporombel cov epyareio ecwtepkod eAEyyov otn Prounyavic KpEatog UE

EQUPUOYT EKTOG TNG YPOUUNS Tapaywyns (off-line) kou vo mAnpopopel oyeTikd pe v
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npoélevon (owbevtikdtnra) TOL TEMKOD TPOIOVIOC HE VYNAN evkpiveld. Yo
npovmobécelg Bo pmopovoe va gpapuootel yioo v aloddynon Tov pkpofiokod
TANOLGUOV, amOLTOVVTOL OUMG TEPOUITEP® OVOADGES Kou dedouéva. H emtavain,
oKTAVAAN, PovTAVOAN, TEVTOVOAT, E0VOAT, OKTAVOAT, 1-TevTéV-3-0An, 2-0kTéV-1-0AN,
aKeTOlVT, POVTAV-2-0VT|, Kol EXTAV-2-6VT| cuoyetioTnkay Oetikd pe ta fosta. Emiong,
TeVTavaAn, eEavAaAn, evveavain, oekovoln, PBevioioevdn, trans-2-eEevain, trans-2-
ENTEVOAN, trans-2-oxtevdAn kou 1-oktév-3-6vn, cvoyetionkav OeTikd pe tOo YOPVO
Kd. Téhog, ot aAkoOAeg fovTdv-2-0An Kot 1-okxTév-3-0An £dei&av BeTikn cvoyéTion pe
TOL OVAULKTO OETyLOITOL.

YynmAng moidtnrag mpoidvta puépog s yootpovouiog (“gastronomics’™), OTMG 10 KPEAG
aAOYOV, TOPAUEVOVY GYETIKA aveEepeuVNTA aO UIKPOPBLOAOYIKNG KOl LETAPOAOMUIKNAG
dmoyngc. Avti 1 HeAETN KATESEIEE Yo TPMTN POPE TN GLGYETION KPOOPYAVIGHMV KO
petafoltdv 6e VO EIAETO 0AGYOV KATA TN OldpKeLn aepOPLag TPOGOUEIMOTG GTOVG
0-15°C, n omoia Bpédnke mapdpoa pe GAAO KOKKIVOL KPEQTA OV OVOPEPOVTOL OTN
BpAoypagia. O xvpiapyog pikpoopyavicpds, 16co oe Beppokpacio katdypnons, 6o
Kot yoéne ftav wévta ot yevdopovadec akolovbovueveg and tov B. thermosphacta.
Emnpdobeta, 10 devtepoyevéc Hoviého mov avamtOyOnke UmoOpece vo mePrypayel
KOVOTTOMTIKG TNV €EAPTNGT TOL Hmax Kot EUTOPIKNG O1dpketag (ong (shelf-life) and
Beppokpaocio. QoTOGO amatteital EXKVPMOOT Ue OvVEEAPTNTES TEPAUOTIKEG SL0OIKAGTIES
pe okomd va eleyyBel n kavOTNTA TOV HOVTEAOL VO EKTILA TNV KATAGTACT] AYVOCTMOV
detypdrov. [Tap’ 6ha avtd, dedopévou 6t 10 pLovtéLo elvar S100€0110 GE EvapLOVIoUEVN
LOPON, 1 ETKVP®ON TOV Propel va AAPet ydpa, OTav aviAoyo cUVOAO dEdOUEVMV Yivel
owBéopo. H petaforopkn mpocséyyion £0e1&e OTL mopovctalel SUVOULKY) EPUPLOYNS OE
GAAa —A1yOTEPO drodedopEVa- KpEATa.

Ev ovveyeio pe vedtepn mepapatikny owadtkacio avadeiydnkay dvvntikoi pikpoProkot
petaporiteg oto Pocto kpéag Katd v aepdfia cvvinpnon. To petafoikd mpoil
HoGYopiclov QAETOV Le- Kot yopic-autdybovn yAopida diepevvnOnke. TToArES and Tig
OVTITPOCOTEVTIKEG OVGIEG OV aviyveLTNKAV Tapdyovtor 7 petafoiilovior omd
pikpoopyovicpovg g OMX. H  peyoAvtepn mopoAAoKTIKOTNTO TOV  QLGIKA
EMPUOAVGUEVOV OEYHATOV OTOJEKVOEL TI CTUAVTIKY) GUUBOAN TOV UIKPOOPYOVIGUOV
GTO GYNUATICUO TOV TTTNTIKOV TTPOPik Kotd TV aegpdfia cuvtipnon. H avdivon tov
Bloynpucod povoratiov £0e1Ee Tt 0 KOKAOG TV KITPIK®OV, YAVKOAVOT) Kot HETABOAMGUOG
TUPOLPIKOV Kol OUIVOEEDV G TO ONUOVTIIKOTEPO HE TN HEYOAVTEPYN EMIMTOON).

Avodelymkav ot dvvnrikoi pukpofraxoi petaforites: Povtdv-2-6vn, meviav-2-6vn,
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ENTAV-2-Ov1), EVvedv-2-6vn, S10KETOAL0, OKETOIVY, 3-&2-pEBvAo-fovTavorn, 2-pébvlo-
TPOTAVOAN, 0&IKOG Kol TPOTIOVIKOC oBvAesTtépag Koatd tnv agpdfia cuvthipnon
pooyapictov elétwv. Zuykpidnkov kot ypnowomomdnkav ce ovlevén to dedopéva
and HS/SPME-GC/MS ka1 HPLC ywo v mpoPreyn g OMX. Télog, katd tnv
nepintoon ¢ ovlevéng To amoTeEAESHATA TNG TAVIOPOUNONG Kot TaSvounong NTov
Beltiwpéva.

e Oocov agopd ™ cvuuetoyn tov Enterobacteriaceae otn dapopemon tOv petafoitkod
TPOQIA TPOEKLYE OTL GOV LOVOKOAMEPYEIEG TOL OLO GTEAEYT EUQAVIGOV YOUNAN
dvvopkn aAroiwonc. Ouwg Aappavoviag vroyy ™ WKPOPLOK CLGYETION OTMG
TPOKVTITEL OO HOPLOKES €pevveg Kal cvvumoloyilovtag To yeyovog OtL GAlol
AALOLWYOVOL VO ETYOV KOTAVOADGEL 1Y/Kat TapdEet GAAa peTafoAKd TPOTOVTO Uopel vo

GUUUETEYOLV UE EPUECO TPOTO.

e Méow tov mepapatikav ddikaclav eEopbydncav Prodeiktec mov amodddnKav ot
pikpofrokn avamtuén katd v agpdfia cuvtipnorn, kabmg Kol ovoieg TpoepyOUEVES

amd GALOVG TaPAYOVTES, OTWS 0EEIOMOT KO Sl TpoPT TV LOMV.

Ao TIG MEPOUOTIKEG OUOIKAGIEG TPOKVTTEL TS Ol OVOAVTIKEG TEXVIKEG PACIGUEVEG O
petaporopkny (metabolomics-based) amodidovv amodektd omoteléopata TPOPAEYNS TNG
UIKPOPBLOAOYIKNG KOTACTOONG O YPOVIKA omodektn mepiodo. Ziyovpa, PeAtidoslg oty
gvocOncio TV avoALTIKGOV pHeBdd®V Tov £QUpUOGTNKAY G LT TN daTpPn Ba uropovcav
va odnynoovv oe Peitiopévn amddoorn. O TPOGOOKIHOG OTDTEPOS GTOXOS OLTAV TV
GUOTNUATOV EIVOL 1] OAOKANPMCT] TOV LOVTEA®Y TOV OTOPPEOVY OO TOL TPOPPNTIKE TPOTLTAL,
TOVG oeONTNPES, KOl TO SAPOPO AOYICUIKE, LLE GTOYO Ol EUTAEKOUEVOL (T.Y. KOTOVOAWOTES,
Qopeic) 6TV dALGIdA TV TPOPIL®VY VA UTOPOLY VA TPOPAEYOVY TV AGPAAELN KoL TV TOLOTNTO
avtdv (McMeekin et al., 2008; McMeekin & Ross, 1996; Tamplin, 2018). To aroteAéouata
glval evBoppLVTIKA Y10 TOVG KATOOKELOGTEG ocONTNPOV TPOoKEWEVOL Vo ANeOel vToyn 1

pikpoPiaxn cupuBoAn 6Tov oyNUATIGUO HETAPOMTOV.

[Tap’ 6Aa avTd, Ta VPYLOTA TNG LEAETNG TTPETEL VoL TEKUNPLBOVV Kot omd TNV emidpacn GAA®V
nepParloviik®v Tapdyovteg dnwg PH Kot cuckevasio (.. kevd, dAAN cVGTACT aEPI®Y GTNV
evepyd ovokevooia). Amorteiton eniong 1 emkvpowon oto nedio (field validation) katd ™
dlavoun, o0TMC MOTE 1M TPOSEYYIoT va Ppiokel epapuoyr ko’ OAN TV oAvGida Topoym®yNG.
Emumpdobetn €pevva avtng g mpocéyyiong e meptocotepa €idn kpéatog, Ba pmopovoe va

00MNYNGEL GE OMOTIKY] TPOGEYYIOT] AVOAVONG TOL KPEUTOG, OOV O WOVIKOS aoONTNPOg UE TIC
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KoTdAANAEG peTafAnTég Kot povtéda Oa pmopohoe Vo TANPOPOPEL GYETIKA e TO €100 KPETOC

KOl TO €MIMESO TNG LKPOPLOAOYIKNG KATAGTAOTG.

5.2. MEAAOVTIKT] £pEVVQ

v mopovoo  ddaktopikn dwaTtpPn dvo ovaAvtikés mAateopueg (GC/MS, HPLC)
ypnoworombnkay pe okomd TV aEloAdynon TG WIKPOPloAOYIKNG KotdoTtoong 1)/Kon
aALOI®ONG TOL KPENTOG KATM omd JpopeTIKEG Bepuokpaciec Kot cvokevaociec. Katd
OlepEuYNON TOL UETOAPOAMKOD OTOTVIMUOTOS TOV TPOPIL®MY £Ve, TAPATAELPO EPELVNTIKO
KEQAAOLO TTOL ovoiyTnke NTav eketvo ¢ avbevtikdtrog. [lap 6lo 10 16YVPd dSvVVaUKO TV
ueBod®v mpoc omPiEn TG OdKACIG ANYNG ATOPACE®MY, TEPIOGOTEPEC TEIPUUATIKEG
SLdIKAGTIES ATOTOVVTOL OVTWS MGTE VO EYOVLLE TTL0 a&LOTIGTO Kot E0pmoTo omoteAécpata. Etot

Ba propovcav va de&ayHovv o1 TaPAKAT® TEPUUOTIKEG S1UOTKAGTIES:

o AZoAdynom g IKpoPLOAOYIKNG KATAGTACNS KPEATMV AmoONKEVUEVA GE OLOPOPETIKES
ocvokevacieg MAP, ovtmg dote va kalvyoovpe 6A0 10 mhavd pacpa aepimv mov umopel
Vo xpnoipomotnoet.

e Xpnom tov 010V TEPALATIKOV SOOIKACIOV HE TEPIGCOTEPES TOPTIOES KPEATOG. €
KkdOe mepintoon amoitobvtol TEPUITEP® OElYUATO KOl TEWPOUATIKES OLOKACIES e
oKomd vo. Tpo@odotnovv To. LoVTEAD pE TTEPLOCOTEPO. OEOOUEVA. (TT.Y. GVOKEVAGIES,
Oeppoxpacieg, pH), dote to anoteléopata va yivouv mo €ykvpa. [lepiocdtepa €idn
kpéatog Ba evioyvoovv 1 Pdon dedopévav kot Ba dievpHvovy TNV EPOPUOCTIKOTNTO
TV HeBOOMV TOL TPOTAONKAY.

¢ Eppoiiacpdc oteipov putko 16100 pe ToALY oTEAEYN amd £va aALo1wYOVO 100G

e  Melétn tov petoforikod mpogik ce oteipo puikd 16td gpPoracuévo pe bulk kdtrapa

e  ZuvTNPNoN Aapov Kol GToy0L KOUUOTIOD KPENTOG HE KOO TNV  a&loAdynon g
EMiOPOONG TOV AITOVS BTN ONUIOVPYIL TOL TTNTIKOV TPOPIA GTO

e BvOiom o1eipov poikod 16100 o€ afavorn kot aEloAdYNo TG OLVALKTG AALOIYOVEOV
GTNV TOPAYWOYT) EGTEPDV.

e YyVINPNON GTEIPOL PVIKOV 16TOV GE ATUOGPOLPIKE TPOTOTOMUEVT] GUGKELAGIN OVTMG
wote va emPeformbel 1 KivnTikn TV 0VG1OV oL oyeTilovtal pe TV o&eidmon Kotd v
aepofia cuvtipnon

e lipidomics-nmpooceyyioeig oe doKIUEG AALOIMONG OTO KPEAG
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Enucopoon kivntikdv addyov pe aveapmnteg maptideg kpéatog. A&ohdynom g
UIKPOPLOIKNG GLGYETIONG VO CLVONKEG KEVOL, TTOL &lval KOl 1 KUPLOL GLOKELOGIN
SLoVouNG.

Amopdvmon yapaktpiopdg kot tavtomoinon Enterobacteriaceae amopovopéve amd
Kp€ag aAdYoL Katd Tr cuvTpn Tov. 'EAEYY0C TV amopovmBEvtev oTEAEXDV O TPOG
v KovoTTo. Topoy®myng Ployevov apvev kol avOeKTIKOTNTOS o€ avTIPOTIKA.
A&lohdynon g mopovsiog Ployevav apIvaV 6€ KPELS AAOYOV GOV OLVNTIKO PlodeikTn
To10TNTOC.

Epoppoyn g MAEKTPOVIKNG HOTNG KOl GLOYETION HE TINTIKOVS UETOPOATEG OTMG
npoépyovtol and ™ GC/MS.

Xpnon eopntc nAektpovikng potg (portable enose) pe otdoyo v a&oldoynon g
UIKPOPBLOAOYIKNG KATAGTOONG OTO TPOPLULAL

Avdivon tov TNTKod TPoeiA pe enose amevbeiog amd tov mePEKT. Agdopévov OtL
A0V VITapyoLV at-line aicOnTNPEC 01 OMOlEg UTOPOVV VO LETPNCOVV T1 GVGTOGCT TOV
aepiov, Oa pmopovoe 610 pPEAAOV va avortuyBel cuoTHA-ceONTPAG TTOL Vo aEtoAoyel
T0 TINTKO TPOPIL NG ocvokevaciag. v mapovoo SwrplPr] €ywve mpoomddeia
EQOPUOYNG TNG TPOTEWVOUEVNG TPOGEYYIONS, OMOL OVOAVONKOV GLOKELOGIES e
amevBeiog AMyn Tov TINTIKOD TEPLEYOUEVOL Ko £yyvom otny enose. Ta aroteléopota
£0€150V KOAT GUGYETION OELYLATOV KO KATNYOPLDOV PPECKOTNTOC.

Agpevvnon g wavotrag g GC/MS ya gpappoyn o epotipoto a&loAdynong me
vobeiog 610 kpéag. XpMon meptocoOTeP®V amd 3 KAAGELS. XNV Tapovca dtoTpiPr| £yve
TpooTdOeln PUPUOYNS TG €V AOY® TAATEOPHOG, Omov afloloyndnke m aviyvevon
dvvnTikng vobeiog pooyapictov Kipd amd yopvd Ko aroyicto kpéag. Ta mpotapyikd
amoteAéoporo avadetkvoovy T GC/MS mg katdAAnAo epyaieio yio avTd TO GKOTO.
OOKIES VOBElNG e UN-YPOUUIKOVG LOES

dokipég vobeiag pe vobedpata pun-Coikng mpoéievong

dokipég vobeiag e aldolwpéva kpéata

dokipég avbevtikotnTag 1)/kat vobeiog oe poyslpepévo kpeag

avBevtiko T o€ >3 €lon
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IMMAPAPTHMA Iliveokeg / Supplementary Material (Tables)

Table S2.1: Mean peak areas of common volatile compounds identified in Beef, Pork and Mixed meat samples and
effect of sampling in different seasons of the year

Mean Peak Area and Effect of Seasonality?®

Volatile Compound bGroup Beef Pork Mixed Whole
dataset
ALCOHOLS
Ethanol Alcl 2714673* 1612081* 3714330 2357272*
Propanol Alc2 1288094 1275316* 1039991* 1252699*
2-Butanol Alc3 201876* 55842* 445903 167974*
Butanol A gs015¢  76826¢ 118639 gog7g
1-Penten-3-ol Alc5 771533* 310907* 653677 557778*
3-Methyl-1-butanol Alcé 75652* 35603* 80167 58844*
Pentanol Alc7  1866587* 1151364* 1009895 1453606*
Hexanol Alc8 796905*  227770* 490410 513434
1-Octen-3-ol Alc9 4133882* 2235423* 3177352 3196236*
2-Octen-1-ol Alc10 32093* 12666* 6136 20552*
1-Octanol Alcll 111400* 49501* 37114 75641*
ALDEHYDES
Acetaldehyde Ald1 77646* 61854* 92172* 72552*
3-Methylbutanal Ald2 243381* 19489* 229189 144742
Pentanal Ald3 746857* 1228225* 835821 966122*
Hexanal Alda 24905814 33193008* 23853542* 28371025*
(E)-2-Hexenal Ald5 16944* 50470* - 29430*
Heptanal Ald6  750550* 480320* 514731 605089*
(E)-2-Heptenal Ald7  192725* 409156* 170796  283857*
Benzaldehyde Ald8 57549* 72935%* - 57289*
Octanal Ald9 258300* 192451* 190966 221667*
(E)-2-Octenal Ald10 116967* 204060* 96211 152203*
Nonanal Ald11 549675 546346* 324105 521085*
Decanal Ald12 27182 27919 - 39440
KETONES
Acetone Ketl 1085539* 418743* 2205710 931456*
2,3-Butanedione Ket2 1180105 202074 648233 692352
2-Butanone Ket3 708699 77372* 745926 439651
1-Penten-3-one Kt joso18*  s1118+ 1?23%° 96706
2-Pentanone Ket5 234868* 213159 277169 230553*
3-Hydroxy-2-butanone Ket6 761262* 10003* 103403 356598*
2-Heptanone Ket7 188505* 97714* 137148 142988*
1-Octen-3-one Ket8 268019* 636720* 233163 423568*
2,5-Octanedione Ket9 5199729* 2953097* 4100639* 4094077*

ESTERS
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Methyl acetate Estl 55947* 12254* 538039 96780*
Ethyl acetate B2 314601 asazex 43332 pg793g
Ethyl butanoate Est3 20638* 7215*  22957* 15102*
Ethyl hexanoate Estd 80191 28299* 95179 59512*
HYDROCARBONS
Cyclopentane Hydl 110926*  71052* 340287 121253*
Hexane Hyd2 782886*  785075* 732192 777770*
Heptane Hyd3 94789* 151831* 192345 131244*
Nonane Hyd4  79164* 59285* 59881 68231*
Hyd5 2072602
Heptane2,2,4,6,6-pentamethyl y 4476834* 3976745* * 3970816*
Decane HYde  coggss 147444+ 121612 140850+
Undecane Hyd7 23693* 22348* - 20259*
Dodecane Hyd8 38923 42290 31096 39440
MISCELLANQOUS
Dimethy Isulfide Misl 530532¢ 16924 110348 123580*
2-Ethyl-furan Mis2 153558 71632 116037 113547
2-Pentyl-furan Mis3  247785* 33195* 194948 148453*
TERPENES
a-Pinene Terl 875290* 418027* 3942230 1046283*
Sabinene Ter2 215262* 77928* 1971573 367133*
B-Pinene Ter3  287929* 93973* 941295 282528*
6-3-Carene Terd  124799* 69860 146967 103664*
p-Cymene Ter5 1899895 890460* 5870737 1940438*
Limonene Terb 351575+ 333723+ 4292 350490

2Mean Peak Area: mean peak area for each meat species
bGroup: volatile group belonging each volatile compound; alc: alcohols; ald: aldehydes; ket: ketones; est: esters; hyd:

hydrocarbons; mis: miscellaneous
Columns 3-6: *Statistical Analysis by Kruskal-Wallis; p-values<0.05 indicate statistically significant variable during sampling

at different seasons

Table S2.2: Additional volatile compounds not included in statistical analysis.

Reliability of
Compound Rt RI identification m/z
Alcohols
2-Methyl-3-buten-2-ol 2.26 611 C 71
3-Methyl-3-buten-1-ol 3.99 727 C 56
Heptanol 13.32 974 A 70
2-Ethyl-1-hexanol 15.71 1032 A 81
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Aldehydes

2-Methylbutanal 2.79 658 B 57
(E)-2-Pentenal 4.67 750 C 83
Ketones
2,3-Pentanedione 3.24 697 A 100
2-Octanone 14.16 993 B 58
3-Octen-2-one 16.16 1041 C 111
Esters
Methyl butyrate 3.78 719 A 74
Ethyl lactate 6.71 817 A 45
Methyl hexanoate 11.35 927 A 74
Terpenoids
Camphene 12.162 946 B 93
Myrcence 14.12 992 A 93
Eucalyptol 15.69 1030 B 81
y-Terpinene 16.86 1059 A 136
Camphor 20.20 1144 A 95
Hydrocarbons
Pentane, 3-methyl- 2.04 586 C 57
Cyclopentane, methyl- 2.40 624 C 56
Cyclohexane, methyl- 3.74 717 C 83
Pentane, 2,3,4-trimethyl- 4.36 740 C 71
Pentane, 2,3,3-trimethyl- 4.48 744 C 71
Octene isomer 572 789 C 56
Octene isomer 6.31 807 C 112
Octene isomer 6.61 814 C 112
Alkane 6.88 821 C 85
Cyclohexane, ethyl- 7.28 831 C 83
Alkane 15.55 1027 C 57
Alkane 15.95 1031 C 57
Aromatic Hydrocarbons
Benzene 2.76 656 A 78
Toluene 4.89 759 A 91
Ethyl benzene 8.50 859 B 91
Xylene isomer 8.80 867 C 91
Styrene 9.70 889 B 104
Xylene isomer 9.79 891 C 91
Naphthalene 21.58 1181 A 128
Chlorine-containing
Methylene Chloride 1.83 551 A 84
Trichloromethane 2.31 616 B 83
Tetrachloroethylene 6.35 808 C 166
Miscellaneous
Carbon disulfide 1.86 555 C 76

R1: Retention Indices based on n-alkanes
Rt: Retention time of each identified volatile compound
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m/z: target ion used for quantification;
A: MS data and RI in agreement with those of authentic compound,
B: MS data and RI in close agreement with those in literature and NIST14 MS library (peak matching > 95%),

C:MS data and RI not in close agreement with those in literature and NIST14 MS library (80% < peak matching <

95%)

Table S3.1: Estimated growth kinetics parameters for the microbial groups Total Viable Counts (TVC),
Pseudomonas spp., Brochothrix (B.) thermosphacta, lactic acid bacteria (LAB), Enterobacteriaceae and
Yeasts and Moulds (Y&M) measured in this study

o Ty N N Slag I RS ope
OMX 2.58+£0.27 8.02+0.23 92.02+16.47 0.08+0.01 0.45 0.97
Pseudomonas spp. 3.03+£024 8.34+0.18 109.95+12.94 0.09+0.01 0.39 0.98
B. thermosphacta 0 239+£0.19 7.07+0.18 106.76 £ 13.22  0.07 £0.01 0.34 0.99
LAB 1.30+0.14 2.88+0.29 193.39+29 0.04 +£0.02 0.33 0.82
enterobacteria - - - - - -
Y&M 208+0.19 25.11+0.22 137.22+19.68 0.06+0.02 0.38 0.94
OMX 3.67+0.26 9.32+£0.35 55.03+1298 0.11+0.01 0.51 0.96
Pseudomonas spp. 346030 9.26+0.10 74.10 £9.62 0.13+0.02 0.47 0.97
B thermosphacta c 1.99+0.14 7.46=+0.11 4.10+7.09 0.07 £ 0.00 0.14 0.99
LAB 0.97+0.05 3.70+£0.12 112.16 £4.03  0.09+0.01 0.12 0.99
enterobacteria 246 £0.71 4.57+0.45 73.14+71.92 0.04+0.01 1.14 0.55
Y&M 2.06+£031 6.96=+3.61 46.95+24.31 0.06+0.01 0.43 0.93
OMX 245+£040 8.76+0.30 1.72+9.71 0.14+0.01 0.42 0.96
Pseudomonas spp. 251+£041 8.95+0.33 5.00+£9.77 0.15+0.02 0.44 0.97
B. thermosphacta 10 2.03+£0.19 7.04+0.13 17.82 +£4.87 0.18 £0.02 0.26 0.99
LAB 1.00+£0.05 3.41+£0.06 45.78 £ 2.56 0.16 £0.02 0.10 0.99
enterobacteria 1.77£0.46 4.66+0.42 5424+12.07 0.36=x0.33 1.02 0.71
Y&M 2.02+0.27 N.D. 40.20+12.61  0.11+0.03 0.48 0.92
OMX 248 +£0.29 9.17+£0.21 2.36+4.36 0.22+0.01 0.30 0.99
Pseudomonas spp. 234+£031 9.15+£0.24 291 +£4.61 0.22+0.01 0.32 0.99
B. thermosphacta 15 1.88+0.31 7.53+0.21 0.11 £5.63 0.18 £0.02 0.31 0.98
LAB 0.99+039 435+0.24 1440+10.22 0.17+0.05 0.48 0.91
enterobacteria 3.03+0.19 6.89+0.23 36.66 +3.97 0.28 £0.05 0.32 0.96
Y&M 2.03+049 4.13+£0.01 0.00 +15.30 0.13+£0.04 0.51 0.89

1. estimated initial value (log1cCFU/g), 2: estimated final valueo (logi0CFU/g), ®: lag phase (h), *: maximum specific
growth rate (h%), 5: root mean square error (logioCFU/g), ©: coefficient of determination
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Table S4.1: Common identified compounds that were shown to be metabolized during storage of NC,

Ha, SI
Compound?* § Code®  Kegg* St°  St®  Sti® NC2® NCg NCis®° Has’ Haw' Sl® Sk
§
Alcohols
Ethanol A Alcl C00469 - - - T T T - T ) -
1-propanol A Alc2  C05979. 1 - - 1% 1 T 1 T 1 ™
1-butanol A Alc3  C06142 0 1 1 Tl Tl T i) I Tl
1-pentanol A Alc4d  C16834 0 1 1 T* T* T* 1 1 ) 1
1-hexanol A Alc5 C00854 - - - 1 1 1% 1 1% ) Pk
1-heptanol A Alcé  n.m. 0 0 0 T T T 1 1% ) 1%
1-octanol A Alc7  C00756 0 - 1 0 1 1 1 i) ) )
nd. /
2-butanol A Alc8 n.m. 1 - - ! ! l traces ! [ a
1-butanol, 3- B B _ $x sk sk * * *
methyl A Alc9 C07328 1 1 i 1 1 1 i
1-butanol, 2- B _ _ * * %
methyl A Alcl0 n.m. 1 1 1 n.d. 1 1 )
1-propanol,  2- B B . o x n.d.t
methyl- A Alcll C14710 n.d. 1 1 1 n.d. ) nd. n.d.
2-pentanol,  4- B B
methyl- A Alcl2 n.m. n.d. 1 1 1 n.d. nd. nd nd.
1-penten-3-ol A Alc13 n.m. pRE ik LR Y AR W AN | -l (VR
4-penten-2-ol A Alcl4 nm. - - n.d. 1* T ™ n.d. nd. nd. nd
1-octen-3-ol A Alcl5 C14272 i 1 T* TL** TL** 1 1 1 )
1-hexanol, 2- * * *
ethyl A Alcl6 C02498 1 1 1 1 1 ) 1 1 ) )
Aldehydes
Pentanal A Aldl  n.m. 0 - -/ 1 1 Tl L* ¥ AR
Hexanal A Ald2  C02373 pEE ek ek TE O LEE L | ! 0
Heptanal A Ald3  C14390  t**+ - - 1 T N ! ! 1 !
Octanal A Ald4  n.m. 0 1 - 1 T T ! L* L* 1*
Nonanal A Ald5 n.m. 0 - - T T 1 ! ! ! !
Decanal A Ald6  C12307 1 —/nd. — ! l l - - - -
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Butanal, 3-

methyl A Ald7  C07329 - (S - - L
Eﬁ’;‘;" “ A Ald8  C02223 - (e R s S L L b
Propanal, — 2- \ Al49 C03219 nd. 1 1 1 nd.  nd nd nd
methyl-
Acetaldehyde A Ald10 CO00084 - 1 1 i) i) ) T 7
Ketones
2-butanone A Ketl  C02845 - T* T* 1% 7 7 e
2-pentanone A Ket2  C01949 - T* T* T 1 T* 7 ™
2-heptanone A Ket3  C08380 - T* T* T* 1 T 7 T
2-octanone A Ketll n.m. 1 1 1 i) ) T 7 7
2-nonanone A Ket4 nm. -/1 1 I 1 1 ) ) )
2,3-butanedione A Ket5  C00741 - 1 1 T* T* (A L
iurt‘;’:;?e‘yz A Ket6 C00466 — (R 1 [ R e
2,5-octanedione A Ket7 n.m. - T T I I - [
o A Ke® nm 1 (R VRN VR R N
isfhr;:inone, YA Ket9  n.m. n.d. 1 1 1 nd. nd nd nd
Acetone A Ketl0 C00207 1 l l 1 - - - -
Esters
Methy!l acetate Estl  C17530 - o T 1 I ¥ ol
Ethyl acetate A Est2  C00849 - T T i) ) ) T )
Ethyl propionate A Est3 n.m. - 1 ) i) ) - - T
Acids
Lactic acid B Oacl C00186 - 1* J* ¥ ! l ! }
Propionic acid B Oac2 n.m. - L* ¥ ¥ ) ! ! *
Succinic acid B Oac3  C00042 - ¥ I* I* l ool I*
Malic acid B Oac4 C00711 - 1 11 11 1 ) ) )
Formic acid B Oac5  C00058 ! ! I* I* l ! ! >
Acetic acid B Oac6  C00033 - T* T* T 1 7 7 ™
Citric acid B Oac7 C00158 - 1 1 i) i) ) 1
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Butyric acid B Oac8 C00246 - - - 1 1 1 1 1 1 1
Isobutyric acid B Oac9 (C02632 - - - T T o - 1 1 1
Pyruvic acid B Oacl0 (C00022 - - - 1 1 1 - - - -
Tartaric acid B Oacll C02107 - - T 1 1 - - 1 1
Oxalic acid B Oacl2 (C00209 - - T 1 ) - - 1 1
Miscellanous
Glucose B Misl  C00031 - - - ¥ ¥ * ! ! ! l
Furan, 2-ethyl- A Mis2  n.n. - - - T T ™ ! ! ! l
Furan, 2-pentyl- A Mis3  n.m. 1 - - T T T - ! - l
Dimethyl .
Sulphide A Mis4 CO0580 | | l 11 1 1 om0
Hydrocarbons
1-Undecene A Hydl n.m. nd. n.d. n.d. 1k 1k 1H* n.d. nd. nd. nd
Cyclohexane A Hyd2 n.m. nd. n.d. n.d. THE THE 1H* n.d. nd. nd nd.
L évwomn mov mpocdiopioTnke Kol ypnoipomoOnke oe ovt ™ perém,’Iatedpuo A: GC/MS, B: HPLC-PDA-
RI;
3 Kodikog: Alc: aAkoddeg; Ald: aAdebdec; Ket: ketdveg; Est: eotépeg; Mis: Miscellanous; OAC: opyavikd o&£a;
Hyd: vdpoyovavOpakeg; *: ofjuavon pe Péon to Keg pathway; n.m.: pn cvpeavia ovsiog pe kodud Bipitodniknc.
5: Sti, i, iii: maptida ympic voioroyikn yhopidag (“oteipo”) 1,2, kot 3; 8 NCag.15: maptido pe puotoloyuc yhopida
(“pvoikd empolvopéva’) otoug 2, 8, kar 15°C; 7: Ha: Hafnia alvei otoug 4 xon 10°C; &: Sl: Serratia liquefaciens
otovg 4, 10°C
—: otofepn; T: avénon;|: peiowon katd ™ cvvepnon; T1: avéndnke péypt tovg 6.5-7.0 logl 0CFU/g yuo Ty OMX
Kot peténerta petmbnke péypt to téhog g meptddov amobkevong
*: Zratiotikd onpavtikd (p<0.05); **: toatiotikd onpavtiko (p<0.01)
(-): pe e€aipeon ™ cvvripnon ot 10" nuépa;
apywés Twéc pH: pH_NC: 5.72+0.08, pH_Ha: 5.64+0.06 , pH_SI: 5.59+0.01, pH_Sti:, 5.58+0.02, pH_Stii, 5.6,
pH_Stiii: 5.55+0.11
Table S4.2: Growth parameters of microbial population measured in this study
8T .
Microorganism 2T *Mmax ‘lag >Yo ®Yend °RMSE R? ("c:rg')"
2 0.06%0.01 3.30 3.44 9.97 0.43 0.94
TVC? 8 0.18+0.05 3.36+0.46  3.32+0.05 8.91 0.43+0.02 0.95 -2.95
15 0.66+0.14  10.21+0.48 3.92+0.41 9.32+0.08 0.35+0.08 0.96
. 0.04+0.00 50.45+11.42 2.34+0.06 n.d. 0.36%+0.13 0.98
H. alvei B295 -0.3
10 0.12+0.03 16.331+1.35 2.43+0.14 9.48+0.8 0.27+0.06 0.99
S. liquefaciens 4 0.05+0.00 88.56+30.91 2.62+0.11 9.84 0.36+0.03 0.99 01
B293 10 0.10+0.00 6.54+0.00 2.30+0.08 9.57+0.08 0.46+0.05 0.98 .

INC: Naturally contaminated beef fillets; 2T: tested temperature (°C), 3umax: maximum specific growth rate (h%), 4, lag time (h), 56: yo: predicted

initial and final concentration, & RMSE: root mean square error (log10CFU/g),’R% coefficient of determinate; 2T min: cardinal temperature, n.a.d.:

not available data
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Table S4.3: Parameters for growth prediction of representative indicators using the polynomial equation:
y=a*t3+b*t2+c*t+d (a, b, ¢, d: model constants)

T
Compound (°C) a b c d R? rmse

2-butanone 15 11.06 181.93 -28238.89 389640.70 0.95  235.77
2-pentanone 15 29.59 -979.65 18908.36 167639.50 0.98  303.12
2-heptanone 15 224942.00  -1914.58 4345730 506836629.00 0.94  153.33

8 1.95 -251.59 9859.54 -5176.84 0.69  145.95
2-nonanone 15 24.45 -2096.35 45769.76 -121063.25 0.91  194.02

8 5.14 -631.13 19641.71 -42513.74 0.90  138.76
3-methyl-1-butanol 15 29.59 -979.65 18908.33 167639.90 0.98  303.12
3-methyl-1-butanol, Ha | 10 3.30 -665.98 32580.47 -111292.07 0.99  304.01
2-methyl-1-butanol 15 10.58 -463.42 8722.71 66132.52 0.99 80.69
3-methyl-1-butanal 15 8.31 -745.46 21917.19 -12027.00 0.84  128.81
3-methyl-1-butanal 8 1.96 -212.52 5998.57 -8747.04 0.91 41.39
2-methyl-1-butanal 15  5407.00 -392.71 8182.79 -2141.66  0.90 32.17
2-methyl-1-butanal 8 0.15 21.45 -1370.12 20723.04 0.90 36.69
2-methyl-1-propanol 15 -0.56 81.86 -470.26 38319.89 0.78 38.79
2-pentanone,4-methyl 15 2.27 -192.61 4289.38 4471.77 0.86 24.02
undecene 15 13.64 -1159.01  25381.92 -78850.65 0.87  132.28
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Fig. S.3.1: Observed and Predicted growth kinetics of TVC in aerobically stored horse fillets at 0-15°C.
(circles:15°C; boxes: 10°C; triangles: 5°C; rhombus: 0°C)
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Fig. S3.2: Predictions of the estimated Suboptimal Ratkowsky square-root model using observed
TVC values from beef (Data collected from Combase)
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Fig. S3.3: Observed vs. predicted values for Total Viable Counts (TVC) during rbf-SVM regression
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Fig. S3.4. Distribution fitting based on microbiological dataset range of the analyzed samples with
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Fig S4.1: Observed and estimated growth curves for the two utilized strains (data points:
observed, solid lines: estimated values)
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ARTICLE INFO ABSTRACT
Eeywonds: Beed, pork and mixed (70% beef and 30% pork) minced meat samples were obtained from a meat processing
Machine leaming plant in Athens during a two-year survey amd amalyzed both microbiclogically and by headspace solid-phase
Dilscriminaiion mécr iom in bination with gas chr graphy-mass spectrometry (HS-SPMEGC MS). A validabed
m methad for the discrimination of minced meat was developed based on the wolatils Argerprints. Unsupervissd
{PCA) and supervised (PL3-DA) multivariate statistical methods were applied to visualize, group and classify the
Metat i samples. The data-set was divided 7% for model @libration and 30% for mode] prediciion. During model
Microbial qulity calibration 99, 100 and 100% of the samples were correctly classified as beef, pork amd mixed meat samples,

nespectively, while for mode] prediction the respective peroentages wene 100, 100 and 95%: respectively. In both
datasets, the overall cormect classification mie amounted to 9998 on average. Among the wolatile compounds
identified, heptanal, octanal, butamal, pentapal, hexamol, odanol, 1-penten-3-ol, 2-octen-1-ol, Thydroxy-2-ba-
tanone, -buanone amd 2-beptanone were positively correlated with beefl samples. Furthermore, pentanal,
hexamal, decanal, nonanal, b |d=hyde, trans-2-k l, trans-2-bey I, trans-2-cctenal and 1-octen-3-ane
wene positively comelated with pork. Lasily, the aboohols, 2-butanol and 1-octen-3-ol showed positive correlation
with mixed samples. The resulis indicated that the volatibomics approach employed in this siedy could be used as
an altermative method for robust amd reliable discrimination and dassification of meat simples in an off-line
maode.
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ARTICLE INFO ABSTRACT

Keywords: The aim of this work was 1o investigate the microbial association of horse fillets during aerobic storage at
Horsemeal spollage isothermal conditions (0-15 “C). Samples were analyzed microbiologically, and in parallel the metabolic profile
M"-'mmli" assClallon of the samples was quantified by HS-SPMEAGC-MS and HPLC-PDA-RL Considering HPLC results, the con-
Metabolomlics

Sheli-l1fe

Predictive microblology

Machine learmning

2vvédpia
1.

centration of propionic, formic, lactic and suceinic acids decreased during aerobic storage of horse fillets,
conirary o acefie, citrie, butyric and isobutyric acids, which increased. As far as the volatilome formation during
aerobic storage is concerned, pentanal, hexanal, octanal, nonanal, decanal, were correlated with fresh samples,
while diacetyl, acetoin, 2-heptanone, 2-octanone, hexanoic acid, 3-methyl-butanol, 2-methy-butznol and 3-
methyl-butanal detected in spoiled ones. Herein, a support vector machine regression model using data from 0, 5
and 15 “C predicted the responses of the dataset at 10 °C with a correlation coefficient 0,915 and 0,910 for
training and testing, respectively.

Pavlidis, D.E., Panagou, E.Z. and Nychas, G.-J. (2019) Shelf Life Estimation of
Horse Fillets during Aerobic Storage, IAFP 15th European Symposium on Food
Safety, Nantes, France

Pavlidis, D.E., Mauroudis, E.Z. and Nychas, G.-J. (2019) Spoilage Potential of
Hafnia Alvei B295 and Serratia Liquefaciens B293 in Sterile Beef Meat, IAFP 15th
European Symposium on Food Safety, Nantes, France

Pavlidis, D.E., Panagou, E. Z. and Nychas G.-J.. (2017) Rapid detection of microbial
condition of raw minced beef through Electronic nose with multivariate analysis and
validation with independent datasets. 10th International Conference of Predictive
Modelling in Food (ICPMF10) — Cérdoba. Oral presentation

Pavlidis, D.E., Haroutounian, S., Panagou, E.Z. and Nychas, G.-J. (2017)
Volatilomics-Approach through GC/MS and e-Nose for the Detection of Minced
Beef Adulteration with Horse Meat. IAFP 13th European Symposium on Food
Safety, Brussels, Belgium

Pavlidis, D.E., Tsakanikas, P., Mallouchos, A., Haroutounian, S., Panagou, E.Z.,
Nychas, G.-J. (2017) Microbial Metabolome Evolution in Aerobically Stored
Naturally Contaminated Beef Fillets. IAFP 13th European Symposium on Food
Safety, Brussels, Belgium

Pavlidis, D.E., Haroutounian, S., Panagou, E.Z. and Nychas, G.-J. (2017) Microbial
metabolome evolution in aerobically stored naturally contaminated beef fillets,
[MaveAdqvio Zuvédpio To Kpéag kat ta [Tpoidvta tov, Osccarov, 3-5 Defpovapiov
2017, ®scorovikn, EALGSa. TTpopopikn TTapovsioon

147



10.

11.

12.

13.

14.

Pavlidis, D.E., Chondodimou, O.1, Ropodi A.1, Panagou E.Z.1, Nychas G.J. (2017)
The microbiological condition of minced meat end-products from an Athenian meat
processing plant, 7" National MicroBioKosmos (MBK) Conference, Athens, Greece
Pavlidis, D.E., Malouchos, A., Panagou, E. Z. and Nychas, G.-J.E. (2016) Microbial
Quality of mixed pork/beef minced meat using HS-SPME GC/MS in tandem with
bioinformatics. The Food Factor I, Barcelona Conference, Barcelona, Spain
Pavlidis, D.E., Malouchos, A., Panagou, E. Z. and Nychas, G.-J.E. (2016)
Microbiological Quality Management using e-nose and data analysis. The Food
Factor | Barcelona Conference, Barcelona, Spain

Pavlidis, D.E., Tsakanikas, P., Panagou, E.Z. and Nychas, G.-J. (2016) GC/MS
fingerprint for discrimination of beef and pork minced meat and identification of
adulteration. 1st International Conference, First Food Chemistry Conference -
Shaping the Future of Food Quality, Health and Safety, Amsterdam, Holland
Pavlidis, D.E., Panagou, E.Z. and Nychas, G.-J. (2016) Potential of Electronic nose
in tandem with artificial neural networks to determine microbial spoilage, 26™
International ICFMH Conference - FoodMicro 2016, Cardiff, Wales

Pavlidis, D.E., Panagou, E., Mallouchos, A., Haroutounian, S. and Nychas, G.-J.
(2016) Integrated Quality Management (IQM) in Meat Plant Through HS-SPME
GC/MS, IAFP 12" European Symposium on Food Safety, Athens-Greece

Pavlidis, D.E., Panagou, E.Z., Nychas, G-J. E. (2015) Monitoring the volatilome of
minced beef during storage using Headspace Solid Phase Microextraction
(HS/SPME) GC/MS, 29" European Federation of Food Science and Technology
(EFFoST) International Conference, Athens-Greece,

Pavlidis, D.E., Panagou, E. Z. and Nychas, G.-J.E. (2014) Trace back on minced
meat’s history using metabolomics, 24" International ICFMH Conference
FoodMicro 2014, Nantes, France

148



