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ABSTRACT

HIGH HYDROSTATIC PRESSURE INDUCED INACTIVATION
KINETICS OF E. COLI O157:H7 AND S. AUREUSIN CARROT JUICE
AND ANALYSIS OF CELL VOLUME CHANGE

Pilavtepe, Mutlu
Ph.D., Department of Food Engineering
Supervisor: Assoc. Prof. Dr. Hami Alpas
Co-Supervisor: Prof. Dr. Faruk BoZa

December 2007, 182 pages

The main objective of this study was to determine the pressure emhduc
inactivation mechanism of pressure-resistastherichia coliO157:H7 933 and

Staphylococcus aureds5 in a low acid food.

Firstly, inactivation curves of pathogens were obtained at 200 to £20av140°C

in peptone water and carrot juice. First-order and Weibull models fitesd and
Weibull model described the inactivation curves of both pathogens more
accurately than first-order model, revealing that food systemlisl @xhibit either
protective or sensitizing effect on microorganisms. Carragjliad a protective

effect onE. coliO157:H7 whereas it had a sensitizing effectSomureusdue to



the naturally occurring constituents or phytoalexins in carrot thatscould have
a toxic effect

Secondly, scanning electron microscopy (SEM) and fluorescent migps
images of studied pathogens were taken. Developed software wia® @selyze
SEM images to calculate the change in the view area and vodtdinecells.

Membrane integrity of pressurized cells was also examined dkingescent

microscopy images.

The increase in average values of the view area and volumelopatitogens

was significant for the highest pressure levels studied.. Theasera volume

and the view area could be explained by the modification of membrane properties,
i.e., disruption or increase in permeability, lack of membrane ityegri
denaturation of membrane-bound proteins and pressure-induced phase transition
of membrane lipid bilayer. The change in volume and the view afea
microorganisms added another dimension to the understanding of inantivat

mechanisms of microbial cells by HHP.

Keywords: High Hydrostatic Pressure, Escherichia coli O157:H7,

Staphylococcus aurep®/eibull Model, Image Analysis.



Oz

E. COLI 0157:H7 VE S. AUREUSUN HAVUC SUYUNDA YUKSEK
H DROSTAT K BASINCA BA LI NAKT VASYON K NET VE
HUCRESEL HAC M DE KL ANAL Z

Pilavtepe, Mutlu
Doktora, G da Muhendisli Bolumu
Tez Yoneticisi: Dog. Dr. Hami Alpas
Ortak Tez Yoneticisi: Prof. Dr. Faruk BoZa

Aral k 2007, 182 sayfa

Bu tezin ana amac, basnca diren@scherichia coli O157:H7 933 ve
Staphylococcus aureys35’ in di Uk asitli bir g dada bas nca Hainaktivasyon

kineti ini ve mekanizmas n belirlemektir.

Cal man n birinci bélimunde, callan patojenlerin inaktivasyon gleri 200-
400 MPa ve 40°C’de peptonlu su ve havug¢ suyunda elde ettilnMikrobiyal
inaktivasyon, birinci derece reaksiyon kinetive Weibull dalm ile
modellenmitir. Weibull da | m n n inaktivasyon erilerini daha iyi betimledii
belirlenmi tir. Havug suyunurk. coli O157:H7 tzerine koruyucu etkisi varkeéh,
aureus Uzerine inhibe edici etkisi oldu gozlenmitir. Bu etkinin, havug

koklerinde doal olarak bulunan biléklerin veya fitoaleksinlerinS. aureus

Vi



Uzerindeki toksik etkisinden kaynaklanabilecbulunmutur. Yuksek hidrostatik
bas n¢ (YHB) ve fitoaleksinlerin kombine kullan m, bas nca dir8¢laureusre

di er Gram- pozitif bakterilere karpotansiyel antibakteriyel uygulama olabilir.

Cal man n ikinci bélumunde, farkl bas n¢ uygulamalar nda her iki patojenin
taramal elektron ve floresans mikroskopu ile gorunttleri elde editmSEM
mikrografikleri kullan larak géruntt analizi metodu ile bakteri hieniain yizey
alann ve hacmini hesaplamak icin bir bilgisayar program tidhni tir.
Bas n¢lanm hicrelerin membran buttnli de floresans mikroskopu goéruntileri

ile incelenmitir.

Her iki patojenin ylzey alan ve hacmi ¢cdhn en yuksek bas n¢ derlerinde
onemli bir art gostermitir. E. coli O157:H7 hicreleri 200 MPa bas n¢ dande
de ylzey alan ve hacim olarak énemli bir agdstermitir. Bu bas nc¢lar alt nda
ylzey alan ve hacimdeki atiar membran n yap s ndaki bir tak m daklikler,
orne in, gecirgenliin kaybolmas veya artmas, membran bUtidhiin
bozulmas, membrana Ha proteinlerin denatlirasyonu ve membran ya
tabakas ndaki faz deimi ile a¢ klanabilmektedir. Mikroorganizmalar n ylzey
alan ve hacimlerindeki de ikliklerin hesaplanarak basn¢ inaktivasyon

mekanizmas n n irdelenmesi literatlre yeni bir boyut eklemi

Anahtar Kelimeler: Yuksek Hidrostatik Bas ngEscherichia coliO157:H7,

Staphylococcus aureusWeibull Modeli, Goruntl Analizi.
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CHAPTER 1

INTRODUCTION

The effectiveness of most of the food processing and preservaiginods
currently used were recognized well before 2000 B.C. without any knowtédge
the basic principles and the role of foodborne microorganisms in tHaggpaind
health hazards of food origin. These methods include heating, low riaomee
drying, controlling water activity (g and oxidation-reduction potential, low pH,
and the use of some antimicrobial chemicals. Once the association of
microorganisms with food spoilage and foodborne diseases was recognized
specific techniques to destroy them as well as to prevent orerdéldeic growth

were developed in the early ®@entury. The increase in urbanization and
changes in the socio-economic pattern in developed countries desittethe
dependence of a large population to various processed foods with exshetfed

life (Ray et al., 2001). Today’s consumers are also making ¢heices on the

guality and safety of food products (Hogan et al., 2005).

Prolonged shelf-life in foods has traditionally been associated thérmal
processing, alone or in combination with chemical or biochemical rpegsm
methods (Ohlsson, 2002). Commercial food sterilization and preservation
methods often result in a number of undesired changes in foods, suck at los
color, flavor, texture and nutritional value i.e., a reduction in the appar
freshness and quality of the final product (Hogan et al., 2005). In @udihe

cumulative effect of consuming many additives has not been studiede are



growing suspicions that some of these could be hazardous, espeéaetly long-
term usage. The health conscious consumers are interested irtHabdse less
processed, almost natural and with no or very little preseevéi®ay et al., 2001).
Therefore, alternative or novel food processing technologies hesre éxplored
and implemented to provide safe, fresh-tasting nutritive footsout the use of
heat or chemical preservatives (Hogan et al., 2005).

Novel processing methods are also called as minimal progetsthnologies
where they ‘minimally influence the quality characteristicedbod whilst, at the
same time, giving the food sufficient shelf-life during storagd distribution’.
An even more precise definition, describe them as techniqueptbaérve foods
but also retain to a greater extent their nutritional quality aedsory
characteristics by reducing the reliance on heat as the maeryagve action’
(Ohlsson, 2002).

High hydrostatic pressure (HHP), ultrasound, pulsed electridsfiebsmotic
dehydration, thermal membrane processes, high intensity pulsed lighd, radi
frequency electric fields, irradiation and new chemical and biod®murdles as
nisin, lactoferrin, ozone and others, can minimally or non-thermaibcess-
preserve foods. In the search of new processing methods, the applicatibif® of
processing has shown considerable potential as an alterrextiveotogy to heat
treatments, in terms of assuring safety and quality attributes (Hoghnz005).

1.1 History of HHP

The technology of HHP processing has been known (e.g. Hite, 1899) to be a

potential preservation technique for more than a century (Butz and hEausc



2002). Hite designed and constructed a high-pressure machineotictreach
pressures of about 700 MPa and he and his co-workers examined the pasential
of HHP processing for a wide range of foods and beverages, imglube
pressure inactivation of viruses. In 1899, Hite reported that pressanasd 450
MPa or greater could improve the keeping the quality of milk. In 1914, he showed
that yeasts and lactic acid bacteria associated with swpetfruit were more
susceptible to pressure than other microorganisms, especiallsspdracteria
associated with vegetables (Hogan et al., 2005). In 1914, Bridgmaibdesitre
coagulation of egg white as a consequence of HHP treatment. In 1&23&tBnd
Machebouf studied the sensitivity of various living organisms laiotbgical
compounds and showed that it was impossible to destroy bacterias.spbee
reason why microorganisms were affected by HHP was not catpldear. In
1994, Hayakawa developed a theory about the inactivation. Researchalsoare
trying to describe pressure-induced phenomena at the moleculb(Beviicco
and Spilimbergo, 2001).

Although the potential for HHP processing of foods has been knowntbiedate
nineteenth century, its application has only recently been recogiizeduse of

HHP as a food preservation technique has gained momentum throughout the
world as an alternative to traditional heat- based methods dteriggt decade in

some areas (Hogan et al., 2005).

1.2 Working Principle of HHP

HHP processing involves exposing a packaged liquid or solid food sgbdhim
a liquid (pressure- transmitting medium) or a liquid food in a dagember to

pressure between 100 and 800 MPa for a desirable period of tandesirable



temperature. This makes the process uniquely three-dimensionale(Raly,
2001).

There are two general scientific principles of direct relevariadke use of high
pressure in food processing. The first is the “Le Chateligot#iciple, which

applies to all physical processes and states that, when a systeuonlidorium is

disturbed the system responds in a way that tends to minimizestiebdince.

This means that HHP stimulates reactions that result icreakse in volume but
opposes reactions that involve an increase in volume. Secondly, “Gstatis

Rule” states that pressure is instantaneously and uniforamgrtritted throughout
the sample under pressure, whether it is in direct contact withpribgsure
medium or hermetically sealed in a flexible package thatstné#a pressure
(Hogan et al., 2005).

1.3 HHP Systems

The main components of a HHP system are a high-pressure slieércthe
sample to be treated, a high-pressure generating system, aaemgeontroller,

and a loading system for the material to be treated (FigureVitiBn the samples

are inserted in the container, it is filled with a fluid thansmits the pressure
(Bertucco and Spilimbergo, 2001). Water may be used as the pressure-
transmitting fluid, but water containing castor oil, silicone alliam benzoate,
ethanol or glycol is also used. The ability of the pressure-tigtimgnfluid to
protect the inner vessel surface from corrosion, the specific sifdém being
used, the process temperature range and the viscosity of the fluidpnesisure

are some of the factors involved in selection of the fluid (Hogan et al., 2005).
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Figure 1.1 A typical high-pressure processing system for treating prkaged
foods (Adapted from Olsson, 1995)

High pressures can be generated by direct or indirect compressignheating

the pressure-transmitting medium. In direct compres@iogure 1.2), a piston

coaxial with the container is required and the compressiongaatieularly fast.
This method is employed only in laboratory-scale equipments because of t
leakage problem between the piston and the internal surface ofefiselv

(Bertucco and Spilimbergo, 2001).
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Figure 1.2Direct pressure generator (Adapted from Deplace, 1995)

Indirect method: (Figure 1.3) is a more widespread method in which the

pressurization fluid is pumped from the pressure medium tank tpréssure
vessel by means of an intensifier. The purpose of such an inter{sifipossibly
of a high-pressure pump) is to increase the pressure in thaigregssel by
compressing the fluid and the product to be pressurized. The liquid igepum
from the pressure-medium tank to the cell, until the desiresspre values is

reached (Deplace, 1995; Bertucco and Spilimbergo, 2001).
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Figure 1.3Indirect pressure generator (Adapted from Deplace, 1995)

Industrial HHP treatment is currently a batch or semi-contisymocess. The
selection of equipment depends on the kind of food product to be processed and to
the process parameters. Solid food products or foods with largeadiides can
only be treated in batch mode. Liquids, slurries and other pumpable @ bdwet

the additional option of semi-continuous production (Hogan et al., 2005).

Batch processesare necessary for packaged foods. Most HHP systems in

industrial use for food processing are batch systems, whereby tHacpris

placed in a high-pressure chamber and the vessel is closedl witle pressure-
transmitting medium and pressurized either by pumping medium intcetselv
or by reducing the volume of the pressure chamber. Once the desssdrpris
reached, the pump or piston is stopped, the valves are closed andshaelis

maintained without further energy input. After the required hold tiageelapsed,



the system is depressurized, the vessel is opened and the prashicaded. The
system is then reloaded with product, by either operators or mactiépes)ding
on the degree of automation possible. The total time for pressomizholding
and depressurization is referred to as the ‘cycle time’. Inomnwercial
application, with this sort of batch process, a short holding time unessipe is
desirable in order to maximize throughput of the product.

Direct introduction of the liquid to be processed into the high-pressummber
has been seen as a promising alternative to batch processas, B thas been
achieved industrially only in a semi-continugusde, which means that the liquid
to be treated is introduced periodically into the HHP chamber (MprE205).

Current semi-continuous systems for treating liquids use a peegsssel with a
free piston to compress liquid foods. A low-pressure food pump is uséidiie
pressure vessel and, as the vessel is filled, the free pistispisced. When
filled, the inlet port is closed and high-pressure process water is introduuged be
the free piston to compress the liquid food. After an appropriate holithrey
releasing the pressure on the high-pressure process water desswmaptiee
system. The treated liquid is discharged from the pressurel vesssterile hold
tank through a discharge port. A low-pressure water pump is used totheove
free piston towards the discharge port. The treated liquid food cdiildae
aseptically into pre-sterilized containers (Hogan et al., 2005).

The combination of multiple cells, which work sequentially and whicHeddy

a central high-pressure compressor, can be seen to produce goaatauity in
the process. This has been achieved in the Japanese WakayamdoPlant
tangerine treatment. Another Japanese plant built for Pokka Corpotegsts
600 It/h of grapefruit juice. More chambers could be coupled togathgnown in
Figure 1.4 (Moreau, 1995).



Regardless of the method and system utilized to compress the fotil, H
treatments are conducted in cycles of three differentiable. stepgitial time,
designated as come-up time, is required to reach the selecteshgvprkissure.
Pressure is then maintained for a selected time (holding,tiaf&r which
pressure is usually released in a few seconds (release Tie come-up, holding

and release times, the selected maximum pressure, the prieasamitting
medium composition, and the initial temperature of the food and pressure

transmitting medium, are the process engineering variables afocamtHHP

processing technology (Rodriguez, 2003).
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Figure 1.4 A multivessel arrangement for semi-continuous high-pressure

processing (Adapted from Moreau, 1995)



1.4 Commercial Applications of HHP

Investigations on the applications of HHP for food processing gtarteentury
ago. Serious attempts to apply HHP to food preservation werataaditin the
1980s by the Japanese Ministry of Agriculture, Forestry, and rigshén
collaboration with several food industries. Close to this developmeat, th
European Union initiated a collaborative program for the development of
equipment for the processing. HHP treatment has been shown to psbailice
stable foods with a pH of 4.2 or lower and extended shelf lifeefoigerated
foods. In the early 1990s high pressure processed fruit jams andrgitajogde
appeared in the Japanese market, representing commercial applichtthe
process (Venugopal, 2006). A range of pressure- treated products {THbleas
already been introduced into the markets of the Japan, France, SgauSa
(Butz and Tauscher, 2002). Currently HHP processed products are IdwipH
juices (grapefruit juice, mandarin juice, apple and orange juemaj,jjellies, fruit
dressing, avocado, yoghurt, salted raw squid, fish sausages, oystehese
foods, the major interest was to destroy pathogens, molds, yeabtsells of
some aciduric bacteria. At present, the effectiveness of niethod for the
destruction and growth inhibition of yeasts and molds and their sporéstidiac
cells and spores, parasites and protozoa and viruses in low pHl as \Wwigh pH
foods are being studied to produce high quality foods with enhanced &helfidi
safety (Ohlsson, 2002).

HHP has potential applications in other food commodities also, whidhdanc
improvement of tenderness of pre-rigor beef muscle, removal @frr@ss in
orange juice, selective removal oflactoglobulin from whey concentrates, and

acceleration of bovine milk curdling by rennet (Venugopal, 2006). Starch

1C



molecules are similarly opened and partially degraded, to produceasect
sweetness and susceptibility to amylase activity. Otheargsdas found that the
appearance, odor, texture and taste of soybeans and rice did not eftange
processing, whereas root vegetables, including potato and swee, [hateame

softer, more pliable, sweeter and more transparent ( Ohlsson, 2002).
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Table 1.1Current Applications of HHP (Ohlsson, 2002; Hogan et al., 2005)

Product Manufacturer Country

Jams, fruit dressing, fruit sauce  Meidi-ya Company Japan
topping, yoghurt, fruit jelly

Grapefruit juice Pokka Corp. Japan
Mandarin juice Wakayama Food Ind. Japan
Non-frozen tropical fruits Nishin Oil Mills Japan
Tenderized beef Fuji Ciku Mutterham Japan
Avocado puree, salsa dips, Avomex USA
ready meals and fruit juices

Orange juice UltiFruit France
Bread ready pre-sliced meats Hormel Foods Corp. USA
(Ham, Turkey, Beef)

Salsa Simply Fresco USA
Hummus Hannah International USA
Fruit and vegetable juices Odwalla USA
Processed poultry products Purdue Farms USA
Oysters Motivatit Seafoods USA
Oysters Goose Point Oysters USA
Oysters Joey Oysters USA
Fruit juices Pampryl France
Apple Juice Frubaca Portugal
Sliced ham and tapas Espuna Spain
Fruit juices and smoothies Orchard House UK

Broccoli- Apple Juice

Organic apple juice and cider

Food Res. Inst. Prague

Lovitt Fresh

Czech Republic

USA

12



1.5 Effect of HHP on Molecules

HHP only affects non-covalent bonds (the ionic, hydrophobic and H-bonds),
leaving covalent bonds intact and consequently, induces alteratiorise in
structure of secondary- and tertiary-bonded molecules (Ross 20@8). These
changes cause the macromolecules to unfold. Especially proteins do#olth
disruption of weak bonds during pressurization and refold in different
configurations following release of pressure. Large carbohydratecmiet also
undergo, to some extent, similar changes (Ray et al., 2001). It hagdmerally
known that HHP has very little effect on low molecular weigtinpounds such

as flavor compounds, vitamins and pigments compared to thermal psocesse

(Pandrangi and Balasubramaniam, 2005).

1.5.1 Effect of HHP on Proteins

Pressure effects on molecular systems are governed simghg lpyinciple of Le
Chatelier, which states that a pressure increase will ahgitven equilibrium to

the side that occupies the smallest volume (Meersman et al., 2006).

The effects of HHP on proteins can be described at differeelslesf the
molecular structure, i.e. primary, secondary, tertiary and quayestarctural
levels (Tauc et al., 2002). Primary level is the sequence aicaatids in the
polypeptide chain. There is no report in the literature on the effgmiessure on
the covalent bonds. The secondary structure is formed by hydrogen bonds within
and between the peptide chains. In general one expects a diabilizthese
structures by pressure. The specific packing of the secondarystutdrms the

tertiary level and several compact structures may asseémfdem the quaternary

13



structure (Heremans, 1995). The interactions between amino acid sesidhe
tertiary and quaternary structures of proteins are similar (van der Wezds and
those of electrostatic nature), and similar responses to pressuegpected. The
non-covalent interactions between the subunits are therefore sgumsitive to

pressure (Silva and Weber, 1993).

When hydrostatic pressure is applied, the protein- solvent systelves toward
the global configuration that occupies the least volume. Since imrtfedded
state the excluded volume of packing defects is eliminated andeshand
hydrophobic residues are exposed to solvation, it is this form girtitein that is
favored by pressure. Based on the criteria of intrinsic packinghgdchtion,
denatured protein species can be conceptually divided into threesclasmpact
intermediate states (such as molten globules), partially unfdtdes, and the
fully unfolded state. The volume of the protein- solvent system itransition
state (molten globule- like) is significantly larger than in timéolded state and
somewhat larger than in the folded state. It is reasonabledxpiiet the large
increase in volume between unfolded and transition states as nmgsutim
collapse of the unfolded polypeptide chain to a loosely packed globute fro
which solvent is excluded. The decrease in volume observed betiveen
transition state and the folded state most likely arises mame efficient packing
in the final folded structure (Vidugiris et al., 1995; Chalikian, 2003).

Based on studies of the transfer of small hydrophobic compounds to vkater, t
volume change of unfolding proteins is predicted to be negative andavgey
The volume change for this transfer will become positive witbreasing
pressure.This contradiction is called the protein volume paradox: “the dqui
hydrocarbon model fails almost completely when one attempts to dktenthe

effects of pressure on protein denaturatigMeersman et al., 2006).
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Enzyme activity is an important parameter affecting quapgyrticularly of cut

fruits and vegetables. Since enzymes are proteins, it is expected tizdtagpbf
pressure changes the structural conformation and may sometirdes lleas of
activity. Exposure to high pressure may inactivate or daetieamzymes. Most
work related to the effect of HHP on enzyme activity has hj@rformed with
respect to pectin esterase (PE) and polygalacturonase (PGladh, icut and
pureed vegetables and juices. It was reported that the pressure- tempanafese

that inactivate tomato PG were between 300 and 600 MPa and 5 and 50°C.
However, PE activity in diced tomatoes markedly increaseld application of

400 MPa pressure at 45 °C (Pandrangi and Balasubramaniam, 2005).

1.5.2 Effect of HHP on Lipids

The primary effects of pressure on phospholipids can be observed on the
temperatures of the transitions. Pressure favors the cnystatkite, as a result of
the Le Chatelier principle (Heremans, 1995). As pressure incraasamstant
temperature, the lipid bilayer adapts by changing its conforma#owmariety of
pressure-induced phase transformations has been observed suphdamgel
transition and gel-to-interdigitated gel transition. In contrast.¢ Chatelier’s
principle, the volume of the lipid bilayer in liquid- to- gel tramsitincreases with

an increase in the fatty acyl chains (R-groups) length of the phgspko
Pressures of 50-200 MPa cause the transition from the liquid-cirystedigel. At
higher pressures (above 200 MPa), a second pressure-induced phasentransit
called interdigitated phase, is observed, and the bilayer volume siesiga 5%,
accompanied by a decrease in its thickness (Kato and Hayashi, \12%&@y,
2001).

15



A more complex situation is encountered in biomembranes. It has dg®oh that
the physical state of the lipids that surround the membrane proteyssaptaucial
role in the activity of membrane- bound enzymes (Heremans, 1995)ipidhe
bilayer exists as a liquid state as a requirement for “optifiiotogical function
of membranes (Chong and Weber, 1983). Phase transition is from thral nat
liquid crystalline phase to an initially reversible gel phased finally to an
irreversible integrated phase, together with a reduction irthickness of the

bilayers (Kalchayanand et al., 2002).

1.5.3 Effect of HHP on Starch

The stability and functionality of starch is determined by higiijered structural
components: crystalline and amorphous lamellae that form the tngsigdowth

ring and amorphous growth rings. The crystallinity is classiéigdA-type or B-
type dependent on the configuration of the unit cell of the double btlike

polysaccharides. Cereal starches (rice, corn, waxy corn, wheairetnost of the
cases, show the A-pattern. Potato is an example for the B-pgdiiniknorr et

al., 2006).

The disruption of this structure by heat is usually referred tgettinization.
This process is essential in all kinds of industrial and culinaliyatton of starch
and is characterized by a loss in crystallinity by a solubilization ofae@yand by
irreversible swelling of the granules. There has been conblderderest in the
use of high hydrostatic pressure (HHP) treatment for physincalification of
starch, because HHP-treated starch shows unique gelatinizatimh
retrogradation properties. For example, pressure-gelatinized stetioltains its
granular structure, and shows a lower quantity of released amgiaséower

initial rate of enzymatic reactivity than heat gelatinizete. In addition, it is

16



reported that retrogradation can be observed immediately aftertididiPnent.
Although retrogradation is understood to be a typical quality loss of starchy foods,
it is of interest to use HHP-treated starch as resistanthsin recent years.
Physical modification of starch—water mixtures with HHP trestimhas often
been investigated in terms of treatment pressure, treatmeper@ore, and
holding time. At a constant temperature and time, degree of raeddion of
starch—water mixtures increases with increase in treatpmessure and decrease
in starch content (Kawai et al., 2007). The application of presapras400 MPa
revealed that pressure has an impact on the gelatinizationregompen the case
of wheat and potato starch. More recent studies confirmed thesagBntbr
wheat and rice also presenting elaborated pressure—temperatseetiamesition

diagrams for those starches (Knorr et al., 2006).

Under HHP, the side by side dissociation and helix unwinding might be
suppressed because van der Waals and hydrogen bonds are statiiicied
should favor the helix structure. Consequently, starch gelatinizatiaterrupted
because the disintegration of the crystalline regions remains incontpdete 690
MPa treatment at ambient temperature, it has been found thatdarts of the
crystalline regions are retained. Interestingly, A-staralmegerwent changes in
the crystallinity pattern from A to the B- isomorph which obvigus favored by
pressure because of the higher number of associated wateul@slstabilizing

the helix structure by van der Waals forces (Knorr et al., 2006).

1.5.4 Effect of HHP on Water
Several properties of water are modified under HHP. Water bas |

compressibility; however, at 100 MPa, 400 MPa, and 600 MPa water is
compressed approximately 4, 12, and 15% respectively. Therefore, fodthsha
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relatively high water and low gas content should have compresstiinilar to

that of water. The ionic dissociation of water is increased unéssyre because

of the electrorestriction phenomenon. Electrorestriction occurs asypeecauses

the separation of electrical charges because the chargédseotganize water
molecules around them (due to dipole- dipole interactions and hydrogen bonding),
resulting in a decrease in total volume. The increase in theat@mmzof water and
other weak acids causes a drop in the pH of 0.2 to 0.5 pH units per 100 MPa
Depending on initial temperature and rate of compression, presgurindwater

also leads to temperature increases of 2 to 3° C per 100 MPamilr si
temperature decrease is caused upon pressure release (Larsen, 2000).

This adiabatic temperature change is very predictable. All casipte
substances change temperature during physical compression, an unavoidable
thermodynamic effect. The magnitude of this change depends mainligeon t
compressibility of the substance and its specific heat. Liquids as water are

far less compressible. As a result, the change in temperatute dampression,

even at very high pressures, is relatively low. Since watarmain ingredient in

most foods, the compression of most foods exhibits adiabatic temperature changes
(Table 1.2) very similar to that of water (Ting et al., 2002).
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Table 1.2 Temperature change due to adiabatic compression for selected
substances (Adapted from Buzrul et al., 2008; Ting et al., 2002)

Substance at 25°C Temperature change per 100 MPa (°C)
Water ~3.0
Mashed Potato ~3.0
Orange Juice ~3.0
Tomato Salsa ~3.0
Whole milk ~3.0
Skim milk ~3.0
2%- Fat Milk ~3.0
Salmon ~3.2
Chicken Fat ~4.5
Water Glycol (50/50) From 4.8 to <3.7
Ethanol ~12.8
Ethylene Glycol ~4.5
Beef Fat ~6.3
Olive Oil From 8.7 to <6.3
Soy QOil From 9.1 to <6.2

@Substances exhibited decreasing T as pressure increased

1.6 Effect of HHP on Microorganisms

Effectiveness of HHP for the destruction and growth inhibition ofstgeand

molds and their spores, bacterial cells and spores, parasitgsr@ondoa and
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viruses in low pH as well as high pH foods are being studied to prduigt
quality foods and to enhance their shelf- life and safety (Ray et al., 2001).

1.6.1 Bacterial Cells

One of the primary considerations in evaluating the effectsengf any
preservation treatment is its ability to eradicate pathogeriooorganisms and
thus ensure product safety (Ritz et al., 2000). As high- pressugets,
microorganisms may be usefully categorized, first into those dhase food
poisoning and those that cause food spoilage, and secondly into thoaeethat
relatively pressure sensitive and those that are presssistant (Gould, 1995).
Infectious pathogens such a&ssteria, Salmonellaand verotoxigenicE. coli
should be absent in foods. Consequently, inactivation of these orgaisissms
prerequisite to microbiological safety. Toxigenic pathogens h sugs
Staphylococcus aureusnd Clostridium botulinumare not infectious themselves
and, if they are prevented from growing, they do not form a toxin in Sotklt
et al., 1998).

Food processors who wish to use HHP to preserve foods would beosfitaf
specified limited number of pressure-time combinations. These patidis
would be proven to inactivate the "pertinent microorganism” (mcsstaat
microorganism of public health significance that is likely to ogouhe juice and

is the pathogen that one must target for) by %.o8y choosing the most
resistant pathogen as target, it is also possible to ttregbroduct for all other
pathogens that are less resistant to the extent of the ér@atAnonymous, 2004).
According to Juice HACCP Hazards and Controls Guidance, low acid juicés, suc
as carrot juice, are not subjected to the Low Acid Canned Foodktieg and

they need to be distributed under refrigeration. Therefore, selemtipressure
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resistant strains of foodborne pathogens, sudb. a®li O157:H7,Listeria spp.,

Salmonellaspp., orStaphylococcuspp., will also apply for carrot juice.

Bactericidal efficiency of several combinations of hydrostptessure (107 MPa

to 483 MPa), pressurization temperature (25° to 60°C), and pressurizaeofbti

to 30 min) was studied against eight bacterial species. Tdteriah species used
include both spoilage and pathogenic bacteria from Gram-positiveetisas
Gram-negative groups Ligteria monocytogenes, Staphlylococcus aureus,
Salmonella typhimurium, Escherichia coli, Leuconostoc mesenteroides,
Lactobacillus sake, Pseudomonas fluorescens and Serratia liquifaciens
Increasing pressure keeping other conditions unchanged increaseiktitiey

loss of eight strains. Viability loss also increased byeasing the pressurization
temperature, whereas increasing pressurization time did noasectke viability
loss in all eight species. The results of this study showedirtbggad of using
higher pressure (>600 MPa at 25°C), moderate pressure and tengp¢Batoir
MPa at 50°C) could be used to obtain high levels of inactivation adpioterial
cells (Ray et al., 2001)

The influences of several other variables were also studiegeneral, (i) Gram-
negative bacterial cells are more sensitive to pressure than Gramepbaitierial

cells, (ii) rods are more sensitive than cocci, and ¢gijs from early stationary
phase are more resistant than cells from exponential phase dhd@Adpas et al.,

2000; Ray et al., 2001).

The species and strains in a species also differ in sétystovpressure. It was
demonstrated that the pressure resistance of certain naolates ofE. coli
0157:H7 varied greatly. It is of concern that certaircoli O157:H7 strains are

among the most pressure-resistant vegetative bacteria knovis. thierefore
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critically important to characterize the innate HHP resistain these strains
(Robey et al.,, 2001). Among the pathogenic non-spore forming gram-positive
bacteria,L. monocytogeneand S. aureusare the two well-studied pathogens
regarding the use of HHP processi8g.aureusappears to have a high resistance
to pressure (Anonymous, 2000). Patterson and Kilpait@88) applied HHP for

E. coli O157:H7 NCTC 12079 anfl. aureusNCTC 10652 in milk and poultry.
Their findings showed a practical necessity for combined use sbyree and
elevated temperatures (400 MPa, 50°C, 15 mirEfocoli O157:H7, 500 MPa,
50°C, 15 min foS. aureu} resulting in 5- to 6-log (cfu g*) reduction in poultry
meat and milk. Alone, neither treatment displayed effective iwamn (< one
logip) of the pathogens. Investigations wiEhcoli O157:H7 NCTC 12709 in milk
showed that pressure treatment of 600 MPa and 30 min at 20°C revegled onl

two-logigreduction (Rademacher et al., 1998).

1.6.2 Bacterial Spores

Spores of foodborne spoilage and pathogenic bacteria are not a majenpnobl
low pH or high acid (pH< 4.6) foods as most fail to germinate. hass helped
the commercialization of several hydrostatic pressure processedcid foods.
In high pH or low acid foods (pH 4.6), efficient destruction of bacterial spores
(e.g.,Clostridium botulinum, Bacillus cereuss necessary to obtain commercial
sterility by HHP (Ray et al., 2001). However, the major bafoerthe effective
use of HHP for sterilization of products is the strong resistavfc bacterial
endospores to pressurization (Herdegen and Vogel, 1998). Vegeteliveofc
bacteria and yeast are inactivated around pressures of 300 to 40Q MPiaient
temperatures. Bacterial spores, however, can survive higheugesnd they
are unlikely to be killed by HHP treatment at room temperatQte and Moon,

2003). Therefore, the sterilizing effects of hydrostatic pressugacterial spores
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in combination with heat, irradiation, low pH and bacteriocins suchsas Imave
been studied (Furukawa et al., 2003).

The inactivation of bacterial spores through HHP, unlike the inaictivaif
vegetative bacteria, occurs in two steps: (i) high pressueesec spore
germination, and (ii) high temperatures inactivate the germingietes The
synergistic effect of high pressure and high temperature iaéesivspores (Oh
and Moon, 2003). In general, low pressures up to 200 MPa can enhance the
germination of endospores whereas higher pressures lead to anati@ctiAn

ideal germination oBacillus subtilisspores was achieved between 60 and 150
MPa. Only an alternating pressure between 60 and 500 MPa in 30 mualsiter
for an overall treatment of 180 min at 50°C led to a complete va#iom of
spores. Regarding commercial aspects of the high pressure techrloésgy
parameters would need overall processing times that are tomdbng to be cost
effective. Therefore, it was necessary to find a treatroeiiHP to inactivate
endospore forming bacteria with very short processing times andnéth very

low use of energy and without additives (Herdegen and Vogel, 1998). It was
considered that the reciprocal compression decompression (reciprocal
pressurization, RP) could increase the inactivation and injury oérecspores
compared with continuous pressurization (CP), and, as a result, &Rdne was
more effective for inactivating bacterial spores than GRttnent. Sporicidal
mechanism in RP treatment was considered as follows: hydcogtassure
treatment initiated the germination of bacterial spores, angbroeal rapid
decompression caused the disruption, injury and inactivation of gerchsadees
(Furukawa et al., 2003).
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1.6.3 Fungi

Fungi can be divided into two groups based on their vegetative usgsict
unicellular fungi (yeasts) and those producing hyphae (moulds, mushrooms, etc.)
Yeasts are an important group of spoilage microorganisms, butaeeatly not

food pathogens, although toxic mould growth may be a safety concesnds. f
Treatment at pressures less than 400 MPa for a few minuws#fisient to
inactivate most yeast. It was reported that, at about 100 MPanubtlear
membranes of yeasts was affected and that at more than 400- 60furtiea
alteration occurred in the mitochondria and the cytoplasm. Mouldsgeelial

fungi and many of these organisms are important industrially, e.goad
spoilage, food fermentations and biodegradation processes. Presstwegn

300 and 600 MPa can inactivate moulds. It was demonstrated that H&§IP wa
effective for inactivation ofPenicillium roqueforti spores in cheese systems
(Hogan et al., 2005).

1.6.4 Viruses

Viruses have a high degree of structural diversity, which results inearenge of
pressure resistances. There are two potential applicationsssupgenactivation

of viruses: vaccine development and virus sterilization. Pressiorizinactivates
viruses but preserves their immunogenic properties, becausky usumes not
markedly change viral structure (Mor-Mur and Yuste, 2005). The swamon
human enteric viruses are Norwalk- like viruses, hepatiti®tyvirus and human
astrovirus. Complete inactivation of suspensions of felineiealis (a Norwalk-

like virus surrogate), adenovirus and hepatitis A can be achigve@édiment at

275 MPa for 5 minutes, 400 MPa for 15 minutes and at 450 MPa for 5 minutes,
respectively (Hogan et al., 2005).
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1.7 Mechanisms of Microbial Inactivation by HHP

HHP induced inactivation of microorganisms has been investigatedsively
during the last decade. It is known that microorganisms aretedfé®y increasing
pressure, leading to sublethal injury of the membrane at low le¥&l80 MPa,
and to lethal effects at 800 MPa. The pathways for inactivationndepe the
organisms and their environment, and are subject to ongoing regeartimann
et al., 2006).

1.7.1 HHP Effects on Cell Morphology

Electron microscopy has been employed to characterize prasswiced
morphological changes in microorganisms in order to understand the events
leading to cell inactivation. Using scanning electron microscoplgM(S
morphological changes irLeuconostoc mesenteroidesells after pressure
treatment at 345 MPa were evaluated. It was reported that theileell size,
shape, and surface structure of inactivated cells were notediff'om those of
living cells immediately after pressure treatment, celklygas observed after 2 h
storage at 4° C (Kaletung et al., 2004).

SEM examinations otListeria monocytogenesells before and after pressure
treatment (400 MPa in citrate buffer, pH 5.6, for 10 min at 20ré8@aled that
pressure treatment induced the occurrence of bud scars as pimplesellings

on the surface of cells. These observations suggest thatethwar wall or
membrane could be the target of high-pressure treatment. In addtivi,
examination showed that the 400 MPa treatments could induce some cell

disruptions. Similar results were observed wiid@monella typhimuriuncells in

25



different suspension buffers (Tholozan et al., 2000). This study dentedst&ra
progressive increase in cell invaginations regardless of thgession buffer.
These results show that even if the pressure treatmentttettal inactivation of
the microbial population, individual cells may retain their morphological
characteristics (Ritz et al., 2002; Tholozan et al., 2000).

Cell compression, with partial irreversibility upon return to @gpheric pressure,
was also reported as one of the morphological changes under HHM{Mand
Yuste, 2005). Perrier-Cornet et al. (1995) developed a new opticaled&vic
observeSaccharomyces cerevisiaells under high pressure treatment, and an
image analysis system was connected with the light microscomedsure cell
volume variation during the high pressure application. An average deaéas
35% of the initial cell volume was observed for a pressuréntesd of 250 MPa-
15 min. Tholazan et al. (2000) measured the intracellular volume.. of
monocytogenesand S. typhimurium cells with radioactive- labeled probes.
Intracellular volume values df. monocytogenes phosphate buffer (pH= 7.0)
were 2.48+ 0.08 ul mg protétrfor reference and 10.99+ 0.25 pl mg protefior
600 MPa- 10 min- 20°C. Reference volumesofyphimuriumwas 1.24+ 0.17 pl
mg proteift and its volume was 1.41+ 0.06 ul mg protein 400 MPa- 10 min-
20°C in phosphate buffer (pH= 7.0).

1.7.2 HHP Effects on Cellular Components
A large number of studies were reported on the destruction mechariism
foodborne bacterial cells by HHP (Ray et al., 2001). Pressure indheades in

several structural and functional components of vegetative micralalinclude

loss of functions of the cell wall and cell membrane, dissociatiqmrotein and
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ribosomal subunit structures, and loss of activity of some erz{iachayanand
et al., 2002).

Modification of membrane properties can be explained by, disruption rease

in permeability, lack of membrane integrity, denaturation of mensbound
proteins and pressure-induced phase transition of membrane lipid lfP&yger-
Cornet et al., 1995; Hartmann et al., 2006). The major HHP-induced chamge ha
been firstly suspected to be associated with the phase warditnembrane lipid
bilayers above 35°C (Chong and Weber 1983). This change, in tysairsm
many functions of the membrane, namely loss of permeability andptort of
nutrients, and transmembrane proton gradient and proton motive foraaglead
loss of ATP synthesis. HHP-induced cell death as well as kablejury, as a
result of the structural and functional changes, but at differentlsleve
(Kalchayanand et al., 2002). Alpas et al.,, (2003) used differential scanning
calorimetry (DSC) to evaluate the relative HHP resistances of bactstriains

from S. aureusandE. coli O157:H7 in vivo. The total apparent enthalpy change
and thermal stability were two DSC parameters used to ceniyaaterial strains

of untreated control and pressure-treated bacteria. DSC thermogrdiceted

that ribosomal denaturation appears to be a major factor in ceh ¢y both

thermal and high pressure treatments.

Pressure also induces mechanical stresses on the celhddiirectional proteins
attached or embedded in the membrane, which, in turn is attached tallfheen
associated with the bilayer of phospholipid might be affected by theshanical
stresses (Hartmann et al., 2006; Kato and Hayashi, 1999). Thisaftecs as an
inhibition of protein synthesis and reversible protein denaturation witken
pressure range of 20-180 MPa; loss of cell viability begites &80 MPa with an
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exponentially increasing inactivation rate with pressure. It ibW@d by the
irreversible protein denaturation above 300 MPa (Lado and Yousef, 2002).

1.8 Injury due to HHP

HHP treatment not only kills bacterial cells, some survivatso become
sublethally injured (Ray et al., 2001). Bacterial cells exposedferelt physical

and chemical treatments suffer injury that could be reversibfead materials
during storage. Injury has been observed for many bacterial €aksinjured

cells repair in a medium containing the necessary nutrients under the conditions of
optimum pH and temperature leading to outbreaks of foodborne diseassodnd f
spoilage. Specific studies have shown that, the metabolic pescdssang injury
repair vary with the nature of stress and involve the synthesis of ATP, RNA, DN
and mycopeptides. The structural and functional components known to be
damaged by sublethal stresses are the cell wall, cytoplasemtbrane, ribosomal

RNA and DNA, as well as some enzymes.

Injured bacteria may be repaired during storage, which could taffex
microbiological quality of foodstuffs with an important safety cdesation
especially in low acid food products. On the other hand, HHP induced tgary
be advantageous in high acid foods, where lower pressure can be usatltze pr
injured cells that could not repair in acidic medium. If celtsiajured, they time
for adaptation (lag time) before they resume growth. Extensidagofime will
result in a considerable delay in time to spoilage and hence ¢tdifghwill be
extended (Smelt et al., 1998).
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A recent study (Bozdu et al., 2004) in milk (HHP-T-t conditions) indicated two
types of injury, (11) and (12), for all the pathogemhss{eria monocytogeneSA,
Staphylococcus aureud85, Escherichia coliO157:H7 933 andSalmonella
enteritidisFDA) studied. i) primary injury (I11): can form visible colonies non-
selective agar but not on selective agar and; ii) secondary [fi)rycan not form
visible colonies either on non-selective or selective agara$t igported that 12
type injury is a major injury and after its repair (12 to 11), ttedls can form
colonies on non-selective but not on selective agar. The formationarfie®lon
both selective and non-selective agar occurs only after full eeg@f injury (11
to AC). The results presented in this study show that even if thpeks are not
detected immediately after HHP treatment, 12 type injury cdddpotentially
present in food system. Therefore, it is imperative that sielstudies must be
conducted over a period of time for potential repair of 12 tygery either to
detectible injury (I11) or to active cells (AC) to ascertaiicnobiological safety of

especially low acid food products like milk, carrot juice etc.

1.9 The Hurdle Concept

In general, the magnitude of death was directly proportionatdssure and time

of pressurization, but for the destruction of more than eight lopsyaf some
pathogens, namelye. coli O157:H7 andS. aureusin phosphate buffer,
pressurization at 20°C at 700 MPa for 15 min was necessary. Sugih@éssure

to obtain a desirable inactivation of pathogens cannot be usedderye foods
without altering their texture and color. It will thus be necessar a
commercially successful pressure pasteurization to employ lonessure yet to
obtain high levels of destruction of foodborne pathogens. A ‘Hurdle Concept’
could be useful to obtain this objective (Alpas and Bozoglu, 2000).
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The hurdle concept is a minimal processing technique that explmtrgistic
interactions between traditional preservation treatments. Accotditige hurdle
concept, preservation treatments combined at lower individual inesngitive
additive or even synergistic antimicrobial effects, whilertlmipact on sensory
and nutritive properties of the food is minimized. In a similahifasg it is
possible that combining two or more nonthermal technologies and camadnti
preservative techniques will produce synergistic antimicrobi®cts while

reducing the energy input and treatment intensities required (Ross et al., 2003).

1.9.1 HHP and Low pH

When combined with certain nonthermal processes, acidic conditionsesay
in greater inactivation of vegetative bacteria than at negirhl The greater
inactivation of vegetative cells is presumably due to stresdfahges in the
cytoplasmic pH combined with loss of membrane functionality and atékr

damage caused by the nonthermal processing hurdles.

1.9.2 HHP and Antimicrobial Agents

In low acid products, vegetative bacteria are much more pressistang, and
pasteurization requires much higher pressures that are tassnacally feasible.
An approach to increase bacterial inactivation at moderate peegst600 MPa)
at room temperature is to add antimicrobial peptides (Masschakk, €001).
Combination of high hydrostatic pressure and antimicrobials would inctease
death rate because cells surviving pressurization also besdvtethally injured
and may be killed by bacteriocins (Garriga et al., 2002). Intagestkamples of
synergistic inactivation between HHP and natural antimicrqi@atides, such as

nisin, lysozyme and pediocin have been documented (Masschalck et al., 2001).
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1.9.3 HHP and Mild Heat

Nonthermal processing technologies were designed to eliminateistheof
elevated temperatures during processing and to avoid the aé¥iexss of heat
on the flavor, appearance and nutritive value of foods. Heat reemspowerful
and reliable hurdle whenever microbial inactivation is desired. Tipes of
40 to 70°C applied during HHP, PEF, manosonication and irradiation have been
shown to cause significantly greater inactivation of vegagatiicroorganisms in
foods, compared with treatments at ambient temperatures (Rads 2003).
Pressurizations is more effective at inactivating micraoigms when it is
combined with mild heat treatment, since membrane repair afyseesrduced
pores would be harder to accomplish if intermolecular forcesvaekened by

warming (Russell, 2002).

1.9.4 HHP and Water Activity (ay)

The magnitude and direction of the shift of water activitynif,aas a function of
pressure have not been reported. However, it was showed that aamdofcti
water activity (measured at one atmosphere) from 0.98-1.0 to 0.94-818&:de
in a marked reduction in inactivation rates for microbes suspendadfoond.
Reducing the water activity appears to protect microbes stgaiactivation by
HPP; however, it is to be expected that microbes may be sublathared by
pressure, and recovery of sublethally injured cells can be inhitytéow water
activity. Consequently, the net effect of water activityyrba difficult to predict
(Anonymous, 2000).
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1.10 Effect of HHP on Microorganisms in Food System

Different food constituents and ingredients can play a protectile against
pressure. Carbohydrates are generally more baroprotectiveahsnThe effect

of fat content was not clear: in some cases, either ther@avhaaroprotection or
increasing fat content did not result in increasing baroprote¢iior-Mur and
Yuste, 2005). In general, under similar pressurization conditions,olpmatr
destruction is lower in a food system than in a buffer or baatgita! medium
(Ray et al., 2001). Pressure treatment of 375 MPa for 20 min at 20°Cdnaluce
decrease of 6-7 log cfu/ml in phosphate buffer. In buffer with an aduedesof
protein, carbohydrates or fat, counts were reduced by 3.5-5.5, 4.5-6 and 5-6 log
cfu/ml, respectively. From that point of view, two facts ¢gseaetermine the
microbiological safety and stability of food: the effect of tfewd during
treatment and after treatment and during recovery of microorganiherefore,

the results of studies in suspensions or model food systems candoediby
extrapolated to real foods (Mor-Mur and Yuste, 2005). In this respecegral
authors reported that bacteria are more resilient in a compéxxnas milk or
meat compared to a buffer at the same pH. A strong baropretesffiect of
whole UHT milk onYersinia enterocoliticavas demonstrated. Inactivation levels
were 3.5-4.5 logs lower than in phosphate buffer when treated at 350-450 MPa/
22°C for 10 min. Authors reported 1.12-3.46 log units less inactivation of
Carnobacterium  piscicola LMG2739, Enterococcus faecium CTC492,
Lactobacillus sakeiCTC494 and CTC746lLeuconostoc carnosunCTC747,
Listeria innocuaCTC1014,Pediococcus acidilactick, Staphylococcus carnosus
LTH2102, ancE. coli CTC1007 and CTC1023 in cooked ham homogenized with
water (3:1) than in phosphate buffer after 500 MPa/ 40°C/ 10 min &pa{ivian
Opstal et al., 2005).
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The efficiency of HHP treatment for destruction laf monocytogenes goat
cheese from raw milk was also studied. The findings of this stodwed that
450 MPa/ 10 min or 500 MPa/ 5 min treatments achieved more thamgbudiits
of reduction of this microorganism without significantly affectisgnsory

characteristics of cheese (Trujillo et al., 2002).

1.11 HHP Inactivation Kinetics of Microorganisms

Although the inactivation kinetics of microorganisms using heat beesn
extensively studied, information on the inactivation kinetics of migaasms
under HHP is limited. Predicting the effectiveness of HHP gBsing against
foodborne pathogens based on accurate inactivation kinetics is d4sep&anit
establishment of safe processing conditions and critical forefisctive

application in food preservation.

1.11.1 First-order Model

The inactivation of microorganisms by heat and other processethgoas has
been traditionally assumed to follow first-order kinetics. It assuthat all the
cells or spores in a population have equal resistance to leth#ingnts, which
results in a linear relationship between the logarithm of the nuofbsurvivors
and treatment time (Chen and Hoover, 2003):

Log,[N/N,] = - kt (1.1)

where;N = number of surviving microorganisms after pressure tredttmae ()
in min, Np number of microorganisms at timte= 0 min andk = reaction rate

constant (mif). k values can be obtained from the regressioa@d [N/ N, ]
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vs. time as negative slope. Decimal reduction timeD-ealue, defined as the
pressure treatment time required for 90% destruction of initial ptopol at a

specific pressure-level can be computed from the following equation:

D =[2.303/K] (1.2)

The pressure sensitivity parameteralue, is the pressure range between which
theD value changes 10-fold. Mathematically:

Log[D,/D,] =[P, - R]/z, (1.3)

where;P, andP; were pressures corresponding to decimal reduction peasd

D respectively. The, value can be obtained as the negative reciprocal slope of
the regression line representing 19D vs. P relationship. To analyze the pressure
sensitivity ofD values,z, (pressurez-values) must be estimated using a pressure
death time (PDT) concept, which is analogous to the thermal deah(TDT)
concept in thermal processing applications (Basak et al., 2002; Dogan and
Erkmen, 2004).

The influence of pressure on the reaction rate may be descrilibd Inansition
state theory; the rate constant of a reaction in a liquid pegseportional to the
equilibrium constant for the formation of the active reactantsedBam this
assumption, it iseported that at constant temperature, the pressure dependence of

the reaction velocity constant (k) is due to the volume chang®:(

(dInk/cP), =-DV*/RT (1.4)

where; P is the pressure (MPa), R is the gas aun&a314 crni¥ MPa/ K/ mol),
and T is temperature (K). The positive slope oladifrom the plots of pressure

34



inactivation rates (In k) vs. pressure and theeefar - V*; indicates that a
decrease in volume is related to the microbial timatton process. The V*
indicates the volume variation between the actovatmmplex and initial states of

the bacterial pressure inactivation reaction.

A negative V* represents a reaction favored by increased presso a reaction
with a greater absoluteV* value indicates that increments in pressure can
accelerate the response on microbial inactivatae. it is very difficult to give a
precise physical meaning to thev* found. The calculated V* may be
considered as the sum of several changes sucleasaah, conformational, intra-
molecular and inter-molecular interactions and &dwn. The changes can also
occur at different levels and places in the miablwell and account for the
bacterial inactivation (Erkmen and Dan, 2004). To account for these changes,
recently it was reported that pressure treatmer#t5at and 500 MPa produced
morphological changes on the surface and intertnattsire of theLeuconostoc
mesenteroidesells with these changes being observed by SEM HaM.
Dechaining of cells and blister formation on thefate of cells increased with
pressure as observed in SEM micrographs. TEM stughiewed that cytoplasmic
components of the cells were also affected by Hi¢Btinent (Kaletung et al.,
2004). The calculation of an apparenV* can be useful to describe the pressure

and medium dependence of microbial inactivatioagat

Calculation of k and D values are based on the mapital death phase and
maintain an inverse relationship. Therefor®* and pressure z value, which are
calculated from the logarithmic relation of k onith pressure, also maintain an
inverse relation. A greateV* value corresponds to a lower pressure z value. A
traditionally used in thermal kinetic analysis, @nbination of D and z can be
used to determine pressure processing conditiong does not fully define the
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microbial pressure resistance due to the depend#nideetic parameters on the
pressure interval evaluated. The fact that pressaetivation evaluation took

place at different pressures is an indication dfetence in the response of
bacterial cells to pressure treatments. A thermanya approach may help to
explain the pressure resistance of microorganisines; V* describes the overall

pressure and medium dependence of the inactivatmeess (Erkmen and Dogan,
2004).

Smelt and Rijke (1992) reported first-order kingtfor HHP inactivation oE.
coli in a physiological saline solution, with D valuefs25.9, 8.0, 2.5 and 0.8 min
for treatments at 200, 250, 300 and 350 MPa, réispéc Do an and Erkmen
(2004) reported that the z values were 465, 440 586 MPa for aerobic bacteria
in milk, peach juice and orange juice, respectivélyey were 578, 480, 506 and
576 MPa forlisteria monocytogenasa broth, milk, peach juice and orange juice,

respectively.

1.11.2 Non- linear Models

The inactivation of microorganisms by heat and ofw®cessing methods has
been traditionally assumed to follow first-ordenddics. However, significant
deviations from linearity have frequently been mpd and different kinds of

deviations have been observed as curves with alddrouailing and sigmoid

shape for HHP applications as shown in Figure Ib.®rder to describe the non-
linear kinetics of HHP-induced microbial inactivati appropriate functions such
as log-logistic, modified Gompertz, Weibull, Ferari Baranyi have been applied
to the inactivation curves (Buzrul and Alpas, 20@hen, 2007; Koseki and
Yamamoto; 2007).

36



logyg Sit)
logyg S(t)

time time

Figure 1.5 Commonly observed types of survival curves. Lédtt:pLinear [A],
Downward concave [B], Upward concave [C] and biphf3]. Right plot: Linear
with a preceding shoulder [E], Sigmoidal | — stagtwith a downward concavity
and ending up with an upward concavity [F], Signabitl — starting with a
upward concavity and ending up with an downwardcewity [G], Linear with
tailing [H] (Adapted from Xiong et al., 1999; Pe]&P03; Geeraerd et al., 2005)

Among these Weibull model has been successfullg ursedescribing the non-
linear inactivation of different microorganisms @ndvarious experimental
conditions. The Weibull model assumes that celts gpores in a population have
different resistances, and a survival curve is jill cumulative form of a
distribution of lethal agents. The cumulative faofthe Weibull distribution is as

follows:

b

Log,,S(t) =- (1.5)

t
a
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where; S(t) is the survival ratio,S(t) = N(t)/ N,, N(t) = number of surviving
microorganisms after pressure treatment titnen min, N, number of

microorganisms at time £ O min, and are the scale and shape factors,
respectively (Van Boekel, 2002).

Different forms of the Weibull model were presentedliterature. However,
decimal logarithm form, Eqg. (1.5), seems suitableces its parameters have
physical significance (Buzrul, 2007). Parameter which has the simple
dimension of time, can be called time of first deai reduction D). This is
distinguished from the conventiorialvalue, which is derived from the first-order
kinetics and represents the time of decimal redag¢tiegardless of the time of
heating, the significance of thevalue is restricted to first decimal reduction of
surviving spores or cells fromy to No/10 (Mafart et al., 2002). Such a model
presents the main advantage of remaining very sinapld being sufficiently
robust to describe both downward concavelj and upward concave survival
curves (<1). The model also includes the traditional caseer® the survival

curve is linear (=1) (Peleg and Cole, 1998).

This model, without further modifications, presetw® major drawbacks: first,
assessment of parameters requires a nonlinearssagne Secondly,, which is a

shape parameter, is structurally strongly corrdlatgéh value. That is to say,
both parameters are dependent: an error will be balanced by an error onin

the same way. Such an autocorrelation causes aircémstability of parameter
estimates (Mafart et al., 2002). In addition, theibll model, Eq. 1.5, with one
more parameter, is intrinsically more complex thae traditional first-order
model, Eqg. 1.1. The concept of D and z values isonger valid in these non-

linear cases. Thus, it seems worthwhile to fixalue characteristic to a strain for
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the overall data (whole set of kinetic for each nmozganism), so thdD; values
can be estimated from a linear regression. Thezefeq. 1.6 was proposed for
non-linear survival curves of microorganisms. Thapdified Weibull Model is
shown as:

b fixed

Log,,S(t) =- (1.6)

t
a
where sixeqiS @ constant (Buzrul, 2007; Chen and Hoover, 2004

Analogous to the traditional z value used in thedr model, zvalue was defined
as the increase in pressure that results in orienanease of values. It provides
information on the pressure sensitivity ofvalues. The values were pressure
dependent, and as pressure increase@jues increased. Assuming thavalues
had a linear relationship with pressure, the negatlope of the pressure (MPa)
vs. regression line will providepzvalue for simplified Weibull Model (Chen
and Hoover, 2004).

The survival curves oYersinia enterocoliticBATCC 35669 inactivated by high
hydrostatic pressure were obtained at differentsqunee levels in sodium
phosphate buffer and UHT whole milk. A linear modeld three nonlinear
models (log-logistic equation, modified Gompertaaipn and Weibull model)
were fitted to these data and the performancefedet models were compared.
Among the studied models, log-logistic equation aldibull model allowed
more accurate predictions of the inactivation kogebdfY. enterocolitica85669 at
different pressure levels and substrates (CherHader, 2003).

Van Opstal et al. (2005) studied the inactivatiérEecherichia coliMG1655 at

different pressure and temperature combinatiortdepes—KOH buffer and fresh
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carrot juice. In carrot juice, all inactivation ges were accurately described by a
first order relationship. Opposed to what has beleserved in carrot juice, in
Hepes—KOH buffer, the Weibull model more accuratidgcribed the entire set of
inactivation curves oE. coli MG1655 compared to the log-linear or the biphasic

model.

Chen and Hoover (2004), obtained the survival cuofd.isteria monocytogenes
Scott A inactivated by high hydrostatic pressureeaten pressure levels in UHT
whole milk. Weibull model produced a reasonably adydib to all the survival

curves than the linear model.

1.12 Aim of the Study

The first part of the study aims to discuss theeaffof HHP on foodborne
pathogens in a low acid food and the inactivatiatiguns, while the second part
examines the morphological changes and pressureicedd inactivation
mechanism of microorganisms by using scanning re@eanicroscopy (SEM) and
fluorescent microscopy.

The efficacy of HHP treatments for inactivation a&getative bacteria in acidic
foods (fruit juices, yoghurt) has been demonstraretl commercialized. However
HHP-sterilized (i.e., shelf-stable) low-acid foofsilk, carrot juice, vegetable
purees esp. infant food) are not yet availablegiSet al.,, 2002). According to
Juice HACCP Hazards and Controls Guidance low agdies, such as carrot
juice, are not subjected to the Low Acid Canneddsoegulation and they need
to be distributed under refrigeration (Anonymou8042). Therefore, carrot juice
was selected as the low- acid food system for tudys Since carrot juice is not
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subjected to Low Acid Canned Foods, selection esgure resistant strains of
foodborne pathogens, suchEscoli O157:H7,Listeria spp.,Salmonellaspp., or
Staphylococcuspp., will also be applicable for the productidrsielf- stable and

safe products.

In the first part of the study, experiments wereaf@ened to obtain the
inactivation curves of two relatively pressure semit foodborne pathogeni. (
coli O157:H7 933 an®. aureugl85) in both carrot juice (pH= 6.22) and peptone
water (pH = 6.95). The effect of HHP on inactivativas determined by
comparison of the results.

The pressure treatment must ensure a satisfa@duogtion in the initial microbial
counts to increase microbial safety and stabilitfoods processed by HHP, thus
kinetic analysis and the pressure dependence afobid rates are necessary
(Do an and Erkmen, 2004). Although the number of kastudies on high-
pressure inactivation of microorganisms is steaitityeasing, information on the
inactivation kinetics of foodborne pathogens esgbcin low acid foods under
high pressure is still limited. Predicting the effeeness of high-pressure
processing against foodborne pathogens based anaéednactivation kinetics is
essential to permit the establishment of safe g conditions, critical for its

effective application in food preservation (Chend &voover, 2003).

In this study the followings were also among thesi(i) To model the survival
curves of these pathogens under HHP in carrot jugieg the traditional linear
and Weibull distribution models, (ii) To compares tharameters of both models
to demonstrate over- and under-processing of canad during HHP treatments,
(i) To determine the effects of pressure levetl @ubstrate on the shape of the
survival curves and (iv) To determine the effectppéssure on the values of
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model parameters and fit equations defining the ehquharameters, (scale

factor) as a function of pressure and shape factor,

Electron microscopy has been employed to charaetepressure-induced
morphological changes in microorganisms in orderutmlerstand the events
leading to cell inactivation. Among these, thereswao previous study on
calculation of cell volume and view area changeugsdi by HHP using SEM

micrographs.

In the second part of the study, scanning eleatrmnoscopy (SEM) was used for
the determination of changes on cellular morphologlpced by HHP. The view
area was also calculated and a method was devetopmadculate the volume of
S. aureus485 andE. coli O157:H7 933 before and after HHP application by

image analysis.
The membrane integrity of the pressurized cellsaasupplemental means to

characterize the physiological status of the iwvatéid cells with fluorescence

microscopy was also studied.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Materials

2.1.1 High Hydrostatic Pressure (HHP) Equipment

Preliminary HHP treatments were performed in thePHeboratory (Middle East
Technical University, Food Engineering Departmewi)h a laboratory scale
pressure system with 10 ml sampling capacity. Trennparts of the HHP
equipment were a cylindrically designed pressuresek a pressure pump,
temperature control device and other system cantrbémperature inside the
vessel was controlled at the intervals of 10®@My the temperature control
device. The liquid inside the vessel was warmedrpio pressurization to the
desired temperature. A pressure up to 250-300 M&aareated in the pressure
vessel. The rate of pressure increase was apprtetin8 MPa/sec, and pressure
come-down time is 15 sec. An automatic device oistthe pressure level and

the temperature of pressurization.

HHP treatments for larger samples were performed ihigh-pressure food
processor with a 2 L sample capaciQuintus QFP6; Flow Pressure Systems,
WA, USA). For ideal applications, pressures should not batgréhan 350 MPa,
to reduce the capital investmetsts of HHP processddordan et al., 2001).
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Accordingly the maximum pressure was selected & Mi®a at a constant

moderate temperature (40 °C) in this study.

A water/propylene glycol (Houghton-Safe 620-TY, Kdbton Int., Inc., Valley
Forge, PA) mixture (1:1, vol/vol) was used as thespure transmitting fluid. The
initial temperature of the pressure transmittingdiwas controlled to account for
compression heating (3 to 4°C/100 MPa). The waieket temperature was also
maintained at the treatment temperature to reaehfittal temperature during
pressurization. The rate of pressure increase wpsogimately 400 MPa mih
and pressure release time was less than 20 seal temperature of the medium,
temperature changes during compression and decssigpre and the final
temperature were monitored with a thermocouplerieden the pressure chamber.
The pressure level, time and temperature of pression were set manually and
controlled during the treatment by a remote coletrol

2.1.2 Cultures and Media

The pathogens used wekescherichia coliO157:H7 933 (from M. Doyle,
University of Georgia, Griffin, GA, USA) an8taphylococcus aureut85 (from
FDA Food Microbiology Laboratory, Washington, D.OSA). Selected bacteria
were all involved in foodborne diseases and toloat Previous work had
shown these strains to be relatively more presmsistant (Alpas et al., 1999).
The strains were cultivated in tryptic soy brotlpgemented with 0.6% yeast
extract (TSBYE, Merck, Darmstadt, Germany) at°@7for 16-18 h and

transferred to fresh broth every 48 h.
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2.1.3 Raw Material

Carrots were purchased from a local market, wasbigdtap water and peeled.
They were sliced and strained in a juice extra¢doulinex, Spain) prior to
experiments in order to obtain fresh carrot juletchased carrots were stored at

4°C before sample preparation.

2.2 Methods

2.2.1 Determination of Early Stationary Growth Phase

E. coliO157:H7 933 an. aureust85 were grown in TSBYE at 3Z overnight
and 100 pul of both culture broth was inoculated 2560 ml TSBYE in triplicate.
Triplicate samples of each culture broth were takem the incubator every hour
to measure the Optical Density at 600 nm §gD,,) using a UV- VIS
spectrophotometer (UV1201, Shimadzu, Japan). Thiegolure was repeated
until a constant OB nm reading is observed. Plate counts were also peedor
every two hour, parallel with Qfgy nm measurements, on Tryptic Soy Agar
supplemented with 0.6% Yeast Extract, (TSAYE; Merlarmstadt, Germany)
as a non-selective agar medium. 0.1 mL portionthefselected dilutions were
surface plated in duplicate on prepoured non-seecgar media plates. The
plates were incubated at &7 for 48 h and plates containing 25-250 cfu mL
were selected for enumeration. Each experimentpsgermed twice on separate
days, and the average results are presented.
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Growth curves were plotted for each strain as @@@Dy, \m Measurements
versus time of incubation, and log number of swalév(cfu mL*) versus time of
incubation (Appendix A). The time of early statiopgphase of growth was
determined for each strain by using the respecfioaith curve. This information
was used in the subsequent studies to obtainatelheir early stationary phase of
growth before HHP treatments.

2.2.2 Preparation and Inoculation of Carrot Juice and Model System

Fresh carrot juice was heat treated at 80°C fanitRto minimize the initial load.
0.1% peptone water (Merck, Darmstadt, Germany) aadot juice were
inoculated with pure cultures at their early stadicy phases to obtain about’10
colony forming units (cfu mt) per sample. Each sample was then aseptically
transferred to a sterile stomacher bag (Fishem8fie Pittsburgh, Pa.) in 2 mL
portions, vacuum packaged and heat-sealed. Thewsgsplaced inside a second
sterile stomacher bag and heat-sealed under vatmymevent contamination of
the high-pressure unit if the primary package weréail. After packaging, the

samples were kept in ice-water until pressurization
2.2.3 Determination of pH
After sterilization, pH values of peptone water aagrot juice were measured by

a pH- meter (MP 220, Mettler Toledo Internationat.). pH measurements were

performed triplicate on separate days and averesydts are presented.
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2.2.4 HHP Treatment

E. coli 0O157:H7 933 cells inoculated in peptone water aadot juice were
subjected to HHP at 200, 250 MPa for 0- 40 min @éptpne water and carrot
juice, at 275, 300 and 325 MPa for 0- 10 min intpep water, and 0- 15 min in
carrot juice at 40°C. F@. aureugt85, HHP conditions were 200, 250 MPa for O-
40 min in peptone water, 300, 350, and 400 MP&#at5 min 40°C in peptone
water and carrot juice. Pressurization times ditlincdude the pressure increase
and release times. Duplicate bags were used for teeatment. Immediately after
pressurization the bags were removed, cooled iitamath for enumeration of
viable cells (cfu mL). A control was held in ice bath at atmospherispuire.

2.2.5 Enumeration of Viable Cells

Pressurized and control cell suspensions werellgedduted in 0.1% sterile
peptone water. The non-selective agar medium fdin pathogens was Tryptic
Soy Agar supplemented with 0.6% Yeast Extract (TEA¥lerck, Darmstadt,
Germany). From the selected dilutions, 0.1 mL podiwere surface plated in
duplicate on prepoured non-selective agar mediggld he total of four plates
(two bags x two plates) was incubated a&G7or 48 h and plates containing 25-
250 cfu mL* were selected for enumeration. Each experimerth wiplicate
bags for each strain, was performed twice on sépatays, and the average

results are presented (n=8).
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2.2.6 Modeling of the Inactivation Curves
2.2.6.1 First-order Kinetics

Integrated form of the first-order model that wasd to describe the microbial

inactivation as a function of time was:

Log,,S(t) =- (2.1)

t
D
where; S(t) is the survival ratio, S(t)= N(tyNN = number of surviving
microorganisms after pressure treatment timein min, Ny number of
microorganisms at time= 0 min, D is the decimal reduction time (Basak et al.,
2002). Logo S(t) versus time Was a straight line on a semi-log plot, so Eq.)(2.1

was used to fit linear survival curves and relddedalues for each pressure level
was calculated from the negative reciprocal sldpaeregression line.

2.2.6.2 Weibull Model

The cumulative form of the Weibull distribution thaas used to describe the

inactivation curves was:

b
t
Log,,S(t) =- 2 (2.2)

where and are the scale and shape factors, respectively Béakel, 2002).
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Logio S(t) versus time was plotted and the inactivation curves were olethifor
each pathogen studied. Model parameters were a#dculfrom the obtained
curves. Such a model presents the main advantagamaiining very simple and
being sufficiently robust to describe both downwaaohcave (>1) and upward
concave survival curves<£1). The model also includes the traditional cabene
the survival curve is linear £1) (Mafart et al., 2002; Peleg and Cole, 1998).

2.2.7 SEM Analysis

SEM analyses were performed right after pressuozadf E. coli O157:H7 933
and S. aureus485 to prevent the autolysis of injured and dealiscE. coli
0157:H7 933 cells were subjected to HHP at 200, 2%6, 300, and 325 MPa
for 1 min at 40°C in peptone water. Frraureust85, HHP conditions were 200,
250, 300, 350, and 400 MPa for 5 min at 40°C inqep water. These pressure-
time parameters were chosen specifically for eaabtdnium based on their
inactivation level. Time remained constant forrepressure treatment to observe
the changes in cell morphology and to compare tea and volume changes of
the cells with increasing pressure.

Cell pellets ofE. coli O157:H7 933 ands. aureus485 were prepared from
untreated and pressure-treated cell suspensioggriyifugation at 10 000 g for

10 min and washed twice with 0.1 M phosphate butgyH 7.4. Cell pellets were
then re-suspended in 1 ml of 0.1 M phosphate huSespended bacteria were
filtered (0.22mm Millipore, GSWP) and fixed on the membrane withril 3%
glutaraldehyde in 0.1 M phosphate buffer (pH 7H)atives were left in contact
with the cells overnight at’@. Membranes were then taken to glass vials, washed
3 times with buffer, after 10 min for each treatmemd post-fixed for 1h in 1%
osmium tetroxide. Membranes were rinsed with bufferce with 10 min
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intervals. They were dehydrated through a seriegtbnol (EtOH) solutions
(with increasing concentrations 50%, 70%, 80%, 6% 100%), rinsing with 10
ml ethanol at each concentration, and waiting forndin for each. Instead of
critical point drier hexamethyldisilazane (HMDS}ythg was used as a chemical
drying method. Membranes were washed with a sefidsMDS solutions (3:1
EtOH: HMDS 15 min, 1:1 EtOH: HMDS 15 min, 1:3 EtOHMDS 15 min,
100% HMDS 2x15 min) and dried in the hood overnighiter mounting the
dried specimens on stubs, they were sputter-corithca heavy metal (platinum,
gold or gold-palladium) for electrical conductivitand observed in SEM (FEI
Nova Nanosem 400, FEI Company, OR, USA).

2.2.8 Fluorescent Microscopy

Live/DEAD Backlight Bacterial Viability Kit (Invitogen, Molecular Probes,
Eugene, Oregon, USA) was used for fluorescent reoopy. 3.34 mM SYTO 9
Nucleic acid stain solution in DMSO is combiningthvilive cells. 20 mM
propidium iodide (PI) solution in DMSO is used he tnembrane permeable dye
and combines with only dead cells.

Cell pellets of selected pathogens were preparech funtreated and pressure-
treated cell suspensions with the same pressur@ ¢mmbinations as in SEM
analysis by centrifugation at 10 000 g for 10 miagshed twice with 0.1 M

phosphate buffer and resuspended in 1 ml bufferarfel SYTO 9 dyes were
added to the cell suspension and incubated for 2Oirmdark. Cell suspension
loaded with probes was transferred to microscopee slith cover slip and

examined with fluorescent microscopy (Olympus DP@mpus America Inc.,

NY, USA) equipped with a computer for image analysi
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2.2.9 Machine Vision Analysis

SEM images were used for calculation of the viesaaand volume. The SEM

image (Figure 2.1) wascleaned using Corel PhotoPaint 11 image editing
software. This involves erasing everything manublly the organisms that were
visible in full form (not partially blocked by oth@rganisms), not dividing, and

not touching the image edges. The scale line ofthel image was used as a size
reference square using the rectangle tool in GRinetoPaint 11 (assuming square
pixels, Figure 2.2). LenseEye version 7.5.1 softmars used to calculate the

view area of the organisms, taking the square shajgesize reference.

Figure 2.1 SEM micrograph of pressurized (325 MPa- 1 min- 40EC coli
0157:H7933
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Figure 2.2lIsolated organisms from Figure 1, with size refeeesquare

Volume calculation was based on the assumption ttiexe exists a “curve of
symmetry” (CS) of the two-dimensional image (Fig@r8). It was assumed that
the organism has a volume of revolution around@Be The curve of symmetry
was found from the “distance transform (DT)” fuwocti First, the perimeter
points of the image was identified, then the distanof each and every point
within the image to all the perimeter points ardcaated, and finally the

minimum distance was taken for each point so thiail result in a CS (Figure

2.3).
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Figure 2.3 An isolated organism, its perimeter and its cunfespmmetry

obtained by image analysis

Once the CS is defined, then perpendiculars topeérmeter were drawn at
regular intervals (Figure 2.4). Each slice was a&sia circular section. If the
slices are not perpendicular to the CS, then tbssesections of the slices will not
necessarily be circles, but ellipses. This will make calculations much more
complex. The perpendicular sections are shownguargi2.4. Circular portions of
this image were rotated around the symmetry axiegalt in a three-dimensional
solid of rotation. The volume of each slice canntlbe calculated by assuming
cylindrical cuts. In addition, the ends were coesadl as spherical cuts and their
volume were added to the total. In Figure 2.4, ¢amaters of the left and right
spherical caps are shown, as well as the CS, thgepdicular lines, and the
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circular approximations. The first line on the léfienoted by 1) represents the
spherical cut on the left, and the rightmost linepfesented by 19) shows the
spherical cut on the right.

Figure 2.4Volume calculation details for the organism in Freg3, with different

number of volume slices

The accuracy of the volume calculations dependshennumber of perimeter
points, the number of slices, and the angle ofaihject relative to the CS. The
effect of the variables on the calculated volume wevestigated by using a test
image developed with a known geometry and theréénoevn volume of rotation
(Figure 2.5). The typical error in calculating thi@lume was on the average less
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than 1% (Appendix B.1). This method of calculatv@ume seems quite stable,
independent of the angle of CS from the horizomtamber of perimeters taken,
and number of slices allowed. This suggests a tolbusthod of volume
estimation. Figure 2.6 shows details of volume wlakion of the cells using the
LensEye Software.

Figure 2.5Test image to confirm volume calculation accuracy

The effect of SEM magnification on the view areacells was also studied.
Average error was less than 2.5 % for four diffem@agnification levels on the
same microorganism (Appendix B.2).
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Object 2 Object 3

Object 4 Object 5

Figure 2.6 Volume calculation details for different organisms

2.2.10 Data Analysis

2.2.10.1 Model Evaluation

SigmaPlot 2000 Version 6.00 (Chicago, IL, USA) wased for linear and
nonlinear regression analysis and for determinagfaine first- order and Weibull

model parameters. The goodness-of-fit of the mo@ds assessed using adjusted

regression coefficient (ZR,,-) and root mean square error (RMSE) values. Table
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Curve 3D (Version 4.0 Systat Software Inc., CA, YSvas used to fit equations
and plot 3D graphs for the Weibull model parameters

2.2.10.2 Statistical Analysis

One-way ANOVA and Tukey’s pairwise comparisons destre performed to
determine the effect of pressure levels on volume #he view area of
microorganisms. MINITAB 13 for Windows was used fdinis purpose.

Calculated view area and volume values were predesd + standard deviation
(SD). Comparison tests were performed within thefidence interval of 95%

(p<0.05).
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Inactivation of Escherichia coli O157:H7 933 and
Staphylococcus aureud85 by High Hydrostatic Pressure (HHP)

in Carrot Juice

3.1.1 Pressure Inactivation Curves of Foodborne Pathogens

Inactivation curves okE. coli O157:H7 933 and5. aureus485 determined at
different pressure levels (200 to 400 MPa) at astaort temperature (40°C) in
peptone water (pH= 6.95) and carrot juice (pH= p&2 given in Figures 3.1 to
3.7. The rate of microbial inactivation increaseithvincreasing pressure in both
carrot juice and peptone water. However, the eftédreatment media varied:
more reduction was obtained in peptone water @gsylcfu mL?) than in carrot
juice (4.6-logg cfu mLY) for E. coli 0157:H7933. In case 0f. aureus485
higher reduction was obtained in carrot juice (5o cfu mL?) than in peptone

water (4.5-logo cfu mL?Y).
In general, Gram-negative bacterial cells are nme@ssitive to pressure than

Gram-positive bacterial cells (Alpas et al., 2000he same phenomenon was

observed in peptone water but not in carrot juitehis study. Furthermore, a
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classification scheme was suggested correlatingsspre sensitivity and

morphology of the bacteria. Corresponding to tlsisesne, a correlation with the
gram-type could not be observed. Most pressureitsendacteria are rod- or

spiral-shaped, whereas the most resistant onespaegical in shape. Concerning
the gram-type, it was concluded that the cell vitslf does not protect the
bacteria against high pressure (Hartmann et 20620
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Figure 3.1Inactivation curves dE. coliO157:H7933 for 200 MPa and 250 MPa
in peptone water (pH= 6.95) at 40 °C
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Figure 3.2 Inactivation curves oE. coli O157:H7 933 for 275 MPa, 300 MPa
and 325 MPa in peptone water (pH= 6.95) at 40 °C

.
.
< I’
o ¢ ¢
§ 19 . .
= o
L *
c o
o
2 5 o
o
2
3 o
o
O 31
¢ 200 MPa
& 250 MPa
'4 T T T
0 10 20 30 40
time (min’

Figure 3.3 Inactivation curves dk. coliO157:H7933 for 200 MPa and 250 MPa
in carrot juice (pH= 6.22) at 40 °C
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Figure 3.4 Inactivation curves oE. coli O157:H7 933 for 275 MPa, 300 MPa
and 325 MPa in carrot juice (pH= 6.22) at 40 °C
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Figure 3.5 Inactivation curves of. aureus485 for 200 MPa and 250 MPa in

peptone water (pH= 6.95) at 40 °C
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Figure 3.6 Inactivation curves o§. aureusA85 for 300 MPa, 350 MPa and 400

MPa in peptone water (pH= 6.95) at 40 °C
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Figure 3.7 Inactivation curves o%. aureus485 for 300 MPa, 350 MPa and 400

MPa in carrot juice (pH= 6.22) at 40 °C
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3.1.2 Modeling of Inactivation Kinetics

The fits of the Weibull model foE. coli O157:H7 933 andS. aureus485 are
shown in Figures 3.8 to 3.11. The fits of the fosler model and the regression
result sheets of both models are detailed in Appe@d The goodness-of-fit of
the Weibull and first-order models was comparedctyputing F%adj and RMSE
values (Table 3.1). zij measures how well a model fit to the data anddrighe
Rzad,- value, the better is the adequacy of the modelescribe the data. RMSE
measures the average deviation between the obsanaditted values. Small
RMSE value of a model indicates a better fit of tfaa for that model (Buzrul
and Alpas, 2004). Higherzgﬁj and smaller RMSE mean values were obtained for
almost all treatment conditions for the Weibull rehdvhich indicates better fit.
As the pressure increased (300 to 400 MPa) tharim®del had lower ‘E’dj and
higher RMSE values than Weibull model since thepskaof the inactivation
curves changed their pattern by a rapid initiapdrobacterial counts followed by
tailing. However, the Weibull model produced almdisiear fittings at low
pressure levels (200 and 250 MPa).
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Figure 3.8 Inactivation curves oE. coliO157:H7933 at different pressure levels

( , 200 MPa; , 250 MPa; , 275 MPa;V , 300 MPa;, 325 MPa) in peptone
water (pH= 6.95) at 4C modeled withVeibull distribution
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Figure 3.9 Inactivation curves oE. coliO157:H7933 at different pressure levels
( , 200 MPa; , 250 MPa; , 275 MPa;V/, 300 MPa) in carrot juice (pH= 6.22) at
40°C modeled with Weibull distribution
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Figure 3.10 Inactivation curves ofS. aureus485 at different pressure levels

( , 200 MPa; , 250 MPa; , 275 MPa; V¥ , 300 MPa;, 325 MPa) in peptone
water (pH= 6.95) at 4C modeled withWWeibull distribution
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Figure 3.11 Inactivation curves ofS. aureus485 at different pressure levels
( , 300 MPa; , 350 MPa; , 400 MPa) in carrot juice (pH= 6.22) at °4D

modeled withWeibull distribution
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Table 3.1 Comparison of the first-order and Weibull models ttee inactivation curves of foodborne pathogenpaptone
water (PW) and carrot juice (CJ) at 40°C

Bacterial Strain Medium Pressure (MPa) Weibull Distribution First-order kineti cs
R%¢®  RMSE® R’ RMSE
E. coli 0157:H7 933 PW 200 0.97 0.18 0.97 0.18
250 0.97 0.23 0.96 0.24
275 0.96 0.35 0.94 0.43
300 0.98 0.22 0.74 0.86
325 0.98 0.28 0.91 0.56
Mean 0.97 0.25 0.91 0.45
E. coli O157:H7 933 CJ 200 0.98 0.07 0.98 0.07
250 0.97 0.18 0.96 0.19
275 0.91 0.33 0.89 0.38
300 0.98 0.20 0.98 0.21
325 0.87 0.55 0.87 0.54
Mean 0.94 0.26 0.94 0.28
S. aureus485 PW 200 0.98 0.05 0.92 0.10
250 0.93 0.25 0.95 0.21
300 0.92 0.33 0.92 0.33
350 0.98 0.19 0.48 0.96
400 0.98 0.23 0.67 0.89
Mean 0.96 0.21 0.79 0.50
S. aureus485 CJ 300 0.95 0.37 0.96 0.34
350 0.99 0.20 0.58 1.06
400 0.99 0.17 0.02 1.89
Mean 0.98 0.24 0.59 0.95

@adjusted regression coefficient®™ Root mean square error



3.1.3 Parameters of the Models

Parameters and the standard errors of the Weibaodlein [scale factor () and
shape factor ()], and D-value of the first-order model are givermable 3.2. The
shape factors { of Weibull model indicated that survival curveg B. coli
0157:H7933 andS. aureusA85 in peptone water and carrot juice at 40°C were
both concave downward (>1) and concave upward €1). Among the studied
parameters, shape factor) (decreased with increasing pressure; howeverg ther
were some exceptional cases where it was greataglaer pressure levels. For
example; at 275 and 300 MPa, shape factorg.afoli O157:H7 933 in carrot
juice were greater (= 1.5 £ 0.3 and 1.2 + 0.1, respectively) than ¢hat 200
MPa ( = 1.0 £ 0.1). There was only one case where théoWenodel was
inappropriate to fit the data &. coli O157:H7933 in carrot juice (at 325 MPa,
see Table 3.1).

Although the Weibull model has an empirical natuadjnk can be made with
microbial inactivation as follows. Downward condgvi >1) indicates that
remaining members become increasingly damaged;eabarpward concavity (
<1) indicates that remaining members have thetaliti adapt to the applied
stress (van Boekel, 2002). Therefore, concave upwakl) survival curves of
the organisms fitted with this model can be intetpd as an evidence of weak or
sensitive members of the population that are dgstrat a relatively fast rate
leaving behind survivors of higher resistance (Buet al., 2005; Peleg, 2000).
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Table 3.2Parameters of the Weibull and first-order modelgaptone water (PW) and carrot juice (CJ) at 40°C

Bacterial Strain Medium Pressure (MPa) Weibull Distribution First-order kinetics
(D)® (min) ®) D- value (min)
E. coliO157:H7 933 PW 200 14.73+1.17 1.13+0.11 13.40+0.47
250 8.70+1.17 0.87+0.09 10.16+0.35
275 1.21+0.30 0.76+0.10 1.88+0.09
300 0.24+0.08 0.43+0.04 1.72+0.15
325 0.54+0.14 0.65+0.07 1.24+0.07
E. coliO157:H7 933 CJ 200 29.17+0.85 1.04+0.09 29.15+0.85
250 11.82+1.24 0.88+0.09 13.26+0.46
275 7.30£0.92 1.50+0.32 5.71+0.52
300 4.78+0.45 1.16+0.11 4.14+0.15
325 2.52+1.04 0.78+0.21 3.51+0.28
S. aureus485 PW 200 39.134+0.92 1.58+0.13 44.64+2.80
250 16.91+2.98 0.95+0.24 17.42+1.19
300 3.93+0.93 0.84+0.18 4.66+0.30
350 0.11+0.08 0.28+0.05 3.11+0.40
400 0.36+0.16 0.40+0.05 2.78+0.29
S. aureus485 CJ 300 3.30+£0.66 1.01+0.16 3.25+0.15
350 0.15+0.07 0.34+0.04 2.57+0.30
400 0.00+0.00 0.11+0.02 2.10+0.36

@ Scale factor (first decimal reduction time)® Shape factor



In the Weibull model, the scale parameter represents the first reduction time
(D) that leads to 10-fold reduction of the survivipgpulation (analogous to the
D-value) (Peleg, 1999; van Boekel, 2002). This peater can be compared with
the classical D-value of the first-order model, rewbough it has a different
meaning. When (D;) and D-values in Table 3.2 were compared, it wesenoved
that, except for some values (especially at preslewels lower than 250 MPa),
values were smaller than the D-values for both ooiganisms. This indicated
over-processing if first-order model had been usestiead of Weibull model.
There is also a risk of under-processing wheslue is greater than the D-value.
However, one log reduction is rarely a target indfrocessing, therefore it is
wise to compare the totgbrocess times for sterilization or pasteurization
depending on the food product. According to Juide€CigP Hazards and Controls
Guidancgd Anonymous, 2004), 5-lag pathogen reduction must be accomplished
for carrot juice; therefore it would be more usefotl accurate to compare 54¢g
reduction values of both models.

In order to calculate other log reductions, one wsal

t=D, =d"’a (3.1)

where (l) represents decades reduction of a microbial ptipaland is the time
of first decimal reduction (D) obtained from equation (2.2) (Buzrul, 2007; Peleg
1999).As a consequence of non-linear behavior, time reeémtes-log o reduction
for the Weibull model is not 5Dbut it is By. For instance, foE. coli O157:H7
933 in peptone water at 250 MPgL®b4.7 min, but 5D= 50.8 min. This indicates
under-processing if first-order model is used iagtef Weibull model when the

target is 5-log reduction.
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When By and 5D values in Table 3.3 were compared, onesagrthat for both
pathogens under-processing occurred in peptona Waté&reatments higher than
200 MPa if first-order model was used. In case afat juice both under- and
over-processing concepts were observed for botiogans at the pressure levels
studied.

Van Opstal et al. (2005) studied the inactivatidneo coli MG1655 in Hepes-
KOH buffer and in fresh carrot juice. In contradct to the results presented
here, a linear relationship between jlpgnactivation and holding time for all
pressure—temperature combinations were reportezhnmt juice. However, the
Weibull model described the entire set of inactortcurves ofE. coli MG1655
in Hepes—KOH buffer more accurately when compacethé log-linear or the
biphasic model.
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Table 3.3Process times calculated to accomplish Bdogduction in peptone water (PW) and carrot juicé)(at 40°C by
using Weibull distribution and first-order kinetics

Bacterial Strain Medium Pressure (MPa) Weibull Distribution First-order kinetics
Ds® (min) 50 (min)
E. coliO157:H7 933 PW 200 61.21 67.02
250 54.72 50.81
275 9.98 9.41
300 10.18 8.62
325 6.54 6.22
E. coli0157:H7 933 CJ 200 137.38 145.77
250 74.11 66.31
275 21.31 28.56
300 19.12 20.70
325 19.80 17.56
S. aureus485 PW 200 108.44 223.21
250 91.43 87.11
300 26.63 23.31
350 38.30 15.57
400 19.19 13.92
S. aureus485 CJ 300 16.15 16.23
350 17.03 12.88
400 7.82 10.52

@ ®)Time needed for 5-logoreduction



3.1.4PressureDependence of Model Parameters

Since Weibull model fitted well to all of the swai curves, the model was
further analyzed to determine the effect of pressur * * and ‘ ’ values. It was
obvious that the two parametersand , were pressure dependent. Although the
Weibull model describes non-linear survival curbester than the linear model,
with one more parameter, it is intrinsically moremplex. The model can be
simplified by fixing * ’ at an average value, but in this study the déifee
between ‘' values were large. It is also known that is structurally strongly
correlated with *’ values (Mafart et al., 2002; Chen and Hoover,£0&ince ‘’
could not be fixed at an average value in this ystual set of equations to
determine the pressure anddependency of the scale factorwas defined.

The Weibull model parameters (see Table 3.2) fahdeeatment were further
analyzed with Table Curve 3D. The software fitteyuaions and plotted 3D
graphs. Since approximately 100 equations for ¢@etiment (Appendix D) have
been obtained, one equation was selected accotdlitige R and Fit Standard
Error values. An effort was also made to selectsthepler forms of the equations
with high R (>0.90) and low Fit Standard Error values to bk &b explain the
mathematical relation of scale factor) (with pressure and shape factor).(
Related graphs are presented in Figures 3.12 tbv@th equations selected. The
data forS. aureus485 in carrot juice could not be analyzed as astléour data
points are required to plot a 3D graph by Tablev€@dD.
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30 Graph for E. coli O157:H7 933 PW
Rank 73 Egn 16 z=athx+oid+dy
r2=0 93587586 DF Adjri=-INF FiStdErr=31803154 Fatat=51122756
a=704592273 h=-0.42752956
c=0.0006205824 =4 7520339
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Figure 3.12 Dependence of scale factor) (on pressure (MPa) and shape factor
() for E. coliO157:H7 933 in peptone water
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30 Graph for E. coli O157:H7 933 C.J
Rank B0 Egn 16 z=a+hx+ox®+dy
r2=0 99365493 DF Adj ri=-INF FitStdErr=077366619 Fstat=253.13785
a=183.42326 h=-1.1311447

c=0.0017582625 d=1.4950997

a0

]
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o (=scale factar)

o (scale factar)

Figure 3.13 Dependence of scale factor) (on pressure (MPa) and shape factor
() for E. coliO157:H7 933 in carrot juice

E. coliO157:H7 933 in peptone water and carrot juice thedsame equation for
the 3D graph (Figures 3.12- 3.13). The equationSomlaureus485 in peptone
water is given in Figure 3.14. According to thesgiaions the scale factor’
had both direct and polynomial relationship witkegsure and a direct relationship
with shape factor foE. coli O157:H7 933. Polynomial effect of pressure was
very small relative to its direct effect. The negatsign for pressure also
indicated that as pressure increased scale faetoredsed as it was also the
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observed fact during experiments. The shape fast@s the only difference
between the equations 8f aureusA85 andE. coli O157:H7 933. The effect of
pressure remained the same where the scale faatbia inverse relationship
with shape factor fos. aureugt85.

30 Graph for 5. aureus 485 PV
Rank 86 Eqn 26 z=a+hx+oid+dfy
r2=099953855 DF Adjri=-INF FitStoErr=0.71202364 Fatat=722.50237
a=204 42636 b=-1 1453369

C=0.001:371395 d=1.1034346

40
B 40
g0 35
0 25 S
£ a0 —
o 20 4] I=
2 151 % s
3 10 4 I
5 15 &
0 & m @
5
0
B (shape factor)
3
5 P, Pa)
L 5?00 ey pfeﬁﬁ‘“e i

Figure 3.14 Dependence of scale factor) (on pressure (MPa) and shape factor
() for S. aureugl85 in peptone water
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3.1.5 Effect of External Factors on Inactivation Curves

The shapes of the inactivation curves of both pghe were very similar (See
Figures 3.1- 3.7). A treatment of 400 MPa for 2.k mt 40°C in carrot juice
reduced the microbial load & aureugt85 around 4-5 log; however, extending
the treatment time to 15 min increased the redndbyp an additional one leg
The results indicated that small populations oftéx@& were much more pressure
resistant than the rest of the population. Althotlghreason for this phenomenon
is not clearly understood, one possible explanati@y be the heterogeneous
sensitivities of the bacterial populations causgdlifferent physiological states.
Consequently, it is not desirable to extend treatntgne to increase pressure
inactivation of these pathogens. A more effectivay/vior the inactivation would
be to increase pressure level and/or temperatuthagotreatment time can be
substantially decreased (Chen, 2007; Bay nd il.e2006).

The kinetic data indicated that the pressure @stgt ofE. coliO157:H7 933 and
S. aureust85 depended on the pressurization medincoli O157:H7933 was
more pressure sensitive in peptone water than rirotcpiice whereas. aureus
485 suspended in peptone water was more pressaiséarg than in carrot juice.
Although, it was reported that the cells in foodtsyns are more resistant to
pressure than in buffer solutions (Alpas et alQ20hen and Hoover, 2003; Van
Opstal et al., 2005), the results of our study aéa that food systems can exhibit
either protective or sensitizing effect on micramigms. This may be due to the
naturally occurring constituents or phytoalexinscillular and vascular fluids
released as a result of rupturing carrot cells¢batd have a bactericidal effect on
S. aureusd85 Studies suggested that, the compound exertedxis éffect by
interacting with cell membranes and disturbing meanb associated functions
(Beuchat and Brackett, 1990).
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6- Methoxymellein was identified as a common phigeiaa produced by carrot
roots and had a broad antimicrobial spectrum. Rigkins were defined as the
low molecular weight antimicrobial compounds proeldiby plants in response to
the infection by microorganisms. These compoundsaacumulated at the site of
infection and were considered to be involved indbBense mechanism of plant to
potential plant pathogens. The ability of 6- meyragllein to inhibit the growth
of several fungi, yeasts and bacteria was repoiitedias found effective in
inhibiting the growth of several fungi. The antib&@l activities of 6-
methoxymellein are summarized in Table 3.4. In gané&ram-positive bacteria
were reported to be more sensitive to 6- methoxigmekthan Gram-negative
bacteria (Kurosaki and Nishi, 1983).

Table 3.4 Antibacterial activities o6- methoxymellein (Adapted from Kurosaki
and Nishi, 1983).

Inhibition (%)

Bacteria Incubation Concentration
Time (hour) 0.5mM

Gram-positive

Staphylococcus aureus 30 93
48 31

S. epidermis 12 59
24 33

Bacillus subtilis 12 73
24 65

Gram-negative

Salmonella typhimurium 12 20
24 15

Escherichia coli 24 21

Serratia marcescens 12 18
24 21

79



3.2Morphological Changes

The changes in cell morphology due to HHP treatmemtre examined by
scanning electron microscopy (SEM). SEM analysisfocoli 0157:H7 933 and
S. aureust85 were performed only in peptone water as tmstdoents of carrot
juice were blocking the cells on the membrane asdalization of the cells with

SEM was not possible.

It is known that microorganisms are gradually akecby increasing pressure
levels leading to sublethal injury of the membraheather low levels of pressure
(200 MPa) up to lethal effects at 800 MPa. The vindial pathways of the
inactivation depend on the organism and the enment and are still subject of
current research. Recent findings show that pregsumarily affects functions of
the cell membrane through denaturation of membbaumd proteins and

pressure-induced phase transitions of the lipiayel(Hartmann et al., 2006).

In this study, unpressurized cells exhibited a dmcarface appearance (Figures
3.15 and 3.21). SEM micrographs revealed that sertgppearance d. coli
0157:H7933 cells were not as smooth&saureust85 cells due to the cell wall
structure of gram-negative bacteria. The additiomater membrane of gram-
negative bacteria that contains protein, phosphidi@nd lipopolysaccharide
gives the uneven surface structure. However, gpositive bacteria have a more
even surface structure having a rigid peptidoglyaattayer (Ritz et al., 2000.
coli 0157:H7933 cells exposed to 200 MPa (Figure 3.16) had #mosurface
appearance and appeared larger than the untregitedTte surface oE. coli
0157:H7933 cellsafter 250 MPa treatment (Figures 3.17 to 3.20) evs®rted

with dimples and pinches.
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Figure 3.15SEM micrograph of unpressurizéd coli O157:H7933

Figure 3.16 SEM micrograph of pressurized (200 MPa- 1 min- 40EC coli
0157:H7933
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Figure 3.17 SEM micrograph of pressurized (250 MPa- 1 min- 40EC coli
0157:H7933

Figure 3.18 SEM micrograph of pressurized (275 MPa- 1 min- 40EC coli
O157:H7933
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Figure 3.19 SEM micrograph of pressurized (300 MPa- 1 min- 40EC coli
0157:H7933

Figure 3.20 SEM micrograph of pressurized (325 MPa- 1 min- 40EC coli
0157:H7933
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Figure 3.21SEM micrograph of unpressuriz&d aureugt85

In case ofS. aureust85, the cells pressurized at 200 MPa and 250 Méaat

show any significant change in the original smosthface and cocci shape
(Figures 3.22 and 3.23). The surface appearancant®aough and cracked
(Figures 3.24 to 3.26) when the cells were expasddgher pressure levels (300
MPa, 350 MPa and 400 MPd).was apparent th&. aureust85 cells were less
affected by higher pressure - time combinationaViS&icrograph also showed
that even if the pressure treatment leads to totadtivation of the population,

individual cells retained their morphological chagaistics.
These results are in agreement with the repotiudivig and Schreck (19977

stronger pressure sensitivity of slender rod- awishaped bacteria compared to

spherically shaped bacteria was also implied. kKample,P. aeruginosgslender
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rod-shaped) is more pressure sensitive tRarcoli (rod-shaped), where&S.
aureus (cocci) is the most resistant species amongst fldied in this
contribution. Corresponding to this scheme, mossgure sensitive bacteria are
rod- or spiral-shaped, whereas the most resistaes @re spheres. Medium
sensitive bacteria exhibit a mixed assortment om& between short rods and
cocci (pleomorphic shape). Concerning the gram;tjtp@as concluded that the

cell wall itself does not protect the bacteria agahigh pressure.

Figure 3.22SEM micrograph of pressurized (200 MPa- 5 min- @D 3. aureus
485
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Figure 3.23SEM micrograph of pressurized (250 MPa- 5 min- @D 3. aureus
485

Figure 3.24SEM micrograph of pressurized (300 MPa- 5 min- @D3. aureus
485
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Figure 3.25SEM micrograph of pressurized (350 MPa- 5 min- @D 3. aureus
485

Figure 3.26 SEM micrograph of pressurized (400 MPa- 5 min- @D 3. aureus
485
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3.3 Membrane Integrity

Fluorescent micrographs were taken for the sam&spre— time combinations as
in SEM experiments taompare the results of both analyses and are shmown
Figures 3.27 and 3.28. Green fluorescent illussrétee cells and red fluorescent

illustrates dead cells.

Membrane integrity examination is a supplementabmseto characterize the
physiological status of inactivated cells. It ha&ei suggested previously that the
cell membrane could be a target for high presswedisorganization of
membrane phospholipids (Ritz et al., 2002). Oureexpents with Live/DEAD
Backlight Bacterial Viability Kit showed that alhtreated (control) cells revealed
the green fluorescence of the SYTO9 stain, whighesented live or intact cells.
After 200 MPa pressure treatmeht, coli O157:H7933 cells were not observed
like dead or live cells. The cells had a yellowisiior due to the absorption of
both dyes. This revealed the injury of the outemiane.E. coli 0157:H7933
cells were divided into two different populationstiwregard to membrane
integrity after 250 MPa treatment. A small propmrtof E. coli O157:H7 933
cells were not stained by PI (green fluoresceniskelt lower pressure levels,
suggesting that their membranes were not serialestyaged. The other part of
the cell population was stained by PI (red fluoeescells) like dead cells and the
number of PI stained cells increased with increagiressure. Almost ak. coli
0157:H7933 cells were red fluoresceait325 MPa.
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Figure 3.27 Fluorecent microscopy image of (a) unpressurizgdssurized at

(b) 200 MPa- 1 min- 40°C, (c) 250 MPa- 1 min- 408f),275 MPa- 1 min- 40°C,
(e) 300 MPa- 5 min- 40°C, (f) 325 MPa- 5 min- 40BC¢oli 0157:H7933
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Figure 3.28 Fluorecent microscopy image of (a) unpressurizgdssurized at

(b) 200 MPa- 5 min- 40°C, (c) 250 MPa- 5 min- 40&4},300 MPa- 5 min- 40°C,
(e) 350 MPa- 5 min- 40°C, (f) 400 MPa- 5 min- 40Caureug!85

9(



S. aureu#l85 cells were also divided into two different plgpions with regard to
membrane integrity after pressure treatments aadchtimber of red fluorescent
cells increased with increasing pressure. The numibeed and green fluorescent
cells was still close to each other even at higisgure levels (400 MPa- 5 min).

This indicated the pressure resistanc&Sofureusd85 cells. For all conditions,
red fluorescent indicated that there was an alteradf outer membrane as an
increase in permeability of the pressure treatdts.c&hongbai et al. (2006)
observed similar changes in outer membrane of testyre- and pH- stressed
Salmonella typhimuriuntells exposed to cetylpyridinium chloride and misi
Overall, the results of the Backlight nucleic ac&lain correlate with
morphological changes from SEM. Generally, cell rheane appears to be one of
the main targets of high pressure treatments, asults in increased cell
permeabilization (Tholozan et al., 2000). Althoulglyh hydrostatic pressure
treatments are considered to be isostatic (i.ealggressure at every point of the
treatment vessel), this study showed that celldamage was not equally
withstood by all the cells, suggesting that mosestant or less damaged cells are
present in the pressurized cell population (Ritzlet2002).

3.4 Machine Vision Based Quantification of Bacterib Volume
Change with HHP

3.4.1 View Area and Volume Distributions with Pressure
Calculated view area and volume distributionsEofcoli O157:H7 933 andb.

aureus 485 that were analyzed from representative SEMgésaare given in
Figures 3.29 to 3.32 as histograms. Average valfiése view area and volume
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of E. coliO157:H7 933 an&. aureust85 cells calculated for each pressure levels
are also presented in Table 3.5. The calculatidetails are given in Appendix E.

Average values of the view area and volum& chureusi85 cells did not change
up to 350 MPa compared to control cells, whereadrbrease in average values
of the view area and volume was significant at Ma (p<0.05). Average values
of volume forE. coliO157:H7 933 cells did not change for pressurelsevie250,
275, 300, and 325 MPa compared to control cell® @). However, the increase
in average values of the view area was signifiea®25 MPa foE. coliO157:H7
933 cells (p<0.05). In contrast ®. aureus485 cells, the increase in average
values of the view area and volume were signific@n®00 MPa forE. coli
0157:H7 933 cells. Statistical analysis of sigrifit differences for the view area
and volume changes with pressure levels are givéppendix F.
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Figure 3.29 Area distributions ofE. coli O157:H7 933 cells under different
pressure treatments at 40°C
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Figure 3.30 Volume distributions oE. coli O157:H7 933 cells under different
pressure treatments at 40°C
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Figure 3.31 Area distributions ofS. aureus485 cells under different pressure
treatments at 40°C
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Figure 3.32Volume distributions of5. aureusi85 cells under different pressure
treatments at 40°C
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Table 3.5Average values of the view area and voluméotoli 0157:H7 933 an&. aureusA85 for each pressure
treatment at 40°C

Microorganism Pressure-time Number  Average volume (urf)  Average view area ()
combination of cells (n)
E. coliO157:H7 933  Control 25 0.469+ 0.110 0.938+ 0.177
200 MPa- 1 min 30 0.676+ 0.136 1.267+ 0.202
250 MPa- 1 min 39 0.544+ 0.152 1.052+ 0.214
275 MPa- 1 min 33 0.416+ 0.105 0.913+ 0.186
300 MPa- 1 min 31 0.430+0.075 0.904+0.123
325 MPa- 1 min 34 0.557+ 0.125 1.097+ 0.202
S. aureus485 Control a7 0.138+ 0.028 0.356+ 0.044
200 MPa- 5 min 48 0.138+ 0.022 0.364+ 0.038
250 MPa- 5 min 57 0.142+0.018 0.366+ 0.034
300 MPa- 5 min 53 0.144+ 0.024 0.368+ 0.043
350 MPa- 5 min 50 0.148+ 0.025 0.374+ 0.041
400 MPa- 5 min 70 0.154+ 0.028 0.383+ 0.042

+ Standard Deviation (SD)



Tholozan et al. (2000) measured the intracellulaslume of Listeria
monocytogenesind SalmonellaTyphimurium cells with radioactively- labeled
probes. Cell volume ol. monocytogenesvas unchanged up to a pressure
treatment of 325 MPa in citrate buffer (pH= 5.6)daip to 425 MPa in phosphate
buffer (pH= 7.0). Higher pressure treatments causiore than 3 log reduction

in the cell populations in both buffers led to arease in the calculated cell
volume up to fourfold. Cell volume of. Typhimurium suspensions was
unchanged whatever the pressure treatment or afffel suspension is used.

Perrier-Cornet et al. (1995) reported an in sitgeptation of yeast cells under
high hydrostatic pressureCell volume variations were measured for
Saccharomycopsi$ibuligera on fixed cells and on a population sample and
shrinkage in average cell volume was reported aftpressure treatment of 250
MPa. The observed compression rate (25%) undersymesand the partial
irreversibility of cell compression (10%) after wat to atmospheric pressure led
to the conclusion that mass transfer between cefl eultivation medium
occurred. This could be explained by a modificambmembrane properties, i.e.,
disruption or increase in permeability. The histogrof the initial yeast cell
volume had a normal distribution. During the pressapplication, the distribution
of cell volume kept the same form but clearly moved the left. This
displacement corresponded to an average decrea8&%fin volume. When
yeasts were observed after pressurization, popualdtistogram did not really
differ from that of under high pressure. It was doded that yeast cells did not
recover their initial volume after a treatment d02MPa for 15 min. This
observation has confirmed the hypothesis of arvensgble mass transfer that
occurred during pressure holding time.
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In this study, apressure increased, the view area and volume obrip@nisms
also increased for the highest pressure leveldeahmxcept folE. coli O157:H7
933 cells at 200 MPaOn the histograms, area and volume distributions of
pressurized cells shifted to the right (increasesize) compared to the control
distribution. The results are similar to those rggd by Tholazan et al. (2000).
For S. aureusA85 the results are similar with the study of Ref€ornet et al.
(1995) on yeast cells. This may be due to the anityl between the morphology
of cells (both are spherical in shape).

3.4.2 Volume Change Related Inactivation Mechanism

The increase in volume at high pressure levelsdcdid explained by mass
transfer between cell and culture medium. The cadshis transfer could be;
modification of membrane properties, i.e., disraptor increase in permeability,
lack of membrane integrity, denaturation of membrhound proteins and
pressure-induced phase transition of membrane bpayer (Perrier- Cornet et
al., 1995; Hartmann et al., 2006). The major HH&4ted change has been
suspected to be associated with the phase transifitnembrane lipid bilayer.
The lipid bilayer exists in liquid state as a requoient for “optimum” biological
functions of membranes (Chong and Weber, 1983)sd hransition is from the
natural liquid crystalline phase to an initiallywegsible gel phase, and finally to
an irreversible integrated phase, together witbduction in the thickness of the
bilayers (Kalchayanand et al., 2002). Pressureiathaces mechanical stresses on
the cell wall and functional proteins attached arbedded in the membrane,
which, in turn is attached to the wall, and asdediawith the bilayer of
phospholipid (Hartmann et al., 2006; Kato and Hayak999). This effectesults
as an inhibition of protein synthesis and reveesgiiotein denaturation within the
pressure range of 20-180 MPa; loss of cell vigbbiegins after 180 MPa with an
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exponentially increasing inactivation rate with ggere. It is finally followed by
the irreversible protein denaturation above 300 NMRao and Yousef, 2002).

Le Chatelier’s principle favors reduction of thestgm volume with an increase in
pressure (Monzhaev et al., 1996). As pressure aseeat constant temperature,
the lipid bilayer adapts by changing its conformati A variety of pressure-
induced phase transformations has been observédasuliquid-to-gel transition
and gel-to-interdigitated gel transition. In costréo Le Chatelier’s principle, the
volume of the lipid bilayer in liquid-to-gel trarigin increases with an increase in
the fatty acyl chains (R-groups) of the phosphdbpiPressures of 50-200 MPa
cause the transition from the liquid-crystallinege. At higher pressures (above
200 MPa), a second pressure-induced phase transiaitied interdigitated phase,
is observed, and the bilayer volume decreases hyabébmpanied by a decrease
in its thickness (Kato and Hayashi, 1999; Wint&QD).

When hydrostatic pressure is applied, the protwitvent system evolves toward
the global configuration that occupies the leadum®. Since in the unfolded
state, the excluded volume of packing defects imieated and charges and
hydrophobic residues are exposed to solvatios,this form of the protein that is
favored by pressure. Based on the criteria of rigici packing and hydration,
denatured protein species can be conceptuallyetividto three classes: compact
intermediate states (such as molten globules)jgtigrunfolded states, and the
fully unfolded state. The volume of the proteinivent system in the transition
state (molten globule- like) is significantly larghan the one in the unfolded
state and somewhat larger than in the folded sttes, it is reasonable to
interpret the large increase in volume betweenldatband transition states as a
result of the collapse of the unfolded polypeptotein to a loosely packed
globule from which solvent is excluded. The obsdnaecrease in volume
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between the transition state and the folded stadst rikely arises from more
efficient packing in the final folded structure (Migiris et al., 1995; Chalikian,
2003).

Based on studies of the transfer of small hydroghebmpounds to water, the
volume change of unfolding proteins is predictecbéonegative and very large.
The volume change for this transfer will become ifpas with increasing
pressureThis contradiction is called as the protein volupaeadox: “the liquid
hydrocarbon model fails almost completely when atiempts to extend it to the
effects of pressure on protein denaturatigMeersman et al., 2006).

The cell envelope of gram- negative bacteria hasee complex structure than
gram-positive bacteria with an additional membrasteucture, the outer

membrane or L-layer at the surface of the cell.sTeuiter membrane contains
substantial amounts of protein and phospholipidsiaraddition most or all of the

lipopolysaccharide of the cell envelope. It is destoated that this outer
membrane is more damaged under HHP than the cgtoplamembrane for

Salmonella typhimuriur(Ritz et al., 2000).

The increase in volume &. coliO157:H7 933 cells at 200 MPa can be explained
by the increase in volume of liquid-to-gel trarmitiof lipid bilayer, and the
denatured proteins in the transition state (molteke globules). A similar
increase fofS. aureug!85 cells at moderate pressures (<400 MPa) ishedrved
since the additional outer membrane does not agigt gram- negative cells.

At high pressure levels (400 MPa- 5 min faraureust85 and 325 MPa- 1 min

for E. coliO157:H7 933) volume increase is observed. Lethbggins above 200
MPa and irreversible protein denaturation occur®vab 300 MPa. Both
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inactivation level and the damage to the cell memeérincrease with increasing
pressure, membrane permeability begins to disrigilpwed by the loss of
membrane integrity and swellinig.is also predicted that the volume change upon

unfolding of proteins will become positive with neasing pressure.
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CHAPTER 4

CONCLUSIONS AND RECOMMENDATIONS

The results presented in this study indicated thgh hydrostatic pressure
combined with mild heat (40 °C) has the potentahtprove the safety of carrot
juice. However, there are considerable variationtiw the species studiedt.
coli O157:H7 933 was more pressure sensitive tBamaureus485 in peptone
water, whereasS. aureust85 was more pressure sensitive tBarcoli O157:H7
933 in carrot juice.

Most of the survival curves obtained in this studgre concave upward. The
tailing of the survival curves indicated that ttazhal first-order kinetics was not
appropriate for describing pressure inactivatiamelics of the relatively pressure
resistant foodborne pathogens in a low acid foodibil model allowed more

accurate description of the inactivation kineticé lmoth pathogens. The
development of accurate mathematical models to ridbescthe pressure
inactivation kinetics of microorganisms would berywdeneficial to the food

industry by developing safe processing conditiamsdfHP processing of foods.

This study also revealed that HHP and phytoalegmdd be used as a potent
bactericidal combination again§. aureus485; however, further research is
necessary to determine the effect of phytoalexombsned with HHP for other
Gram-positive bacteria.
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The change in volume and the view area of micrausgas added another
dimension to the understanding of inactivation na@i$ms of microbial cells by
HHP. Examining membrane integrity was a supplenientans to characterize
the physiological status of inactivated cells ameltesults supported the outcomes
of SEM analysis. However, more studies should beiech out for different
microorganisms and at different pressure levels htive more accurate

understanding of pressure on cell size.

SEM analysis showed that spherical shapes (cot¢wmyvsno morphological
changes, however rods do so in the form of dimples swelling. A study on
spherical structures and baker’s yeast revealestexdgeneous stress state in the
yeast cell wall and a hydrostatic stress statherniriterior part of the organism. As
further research, effect of cell geometry on defaion of cellular structures
could also be examined in terms of mechanical stiegnon-hydrostatic stresses
in the shell and hydrostatic stress in the core).
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APPENDIX A

GROWTH CURVES
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APPENDIX B

EFFECT OF VARIABLES ON MACHINE VISION ANALYSIS

B.1 Effect of Software Variables on Volume Calculabns

Figure B.1.1 Details of the volume calculation of test imagesr& degrees
rotation, 80 points on the perimeter, and 15 slices

Figure B.1.2 Details of the volume calculation of the test imaRotation angle

-5, 200 points on the perimeter, and 30 slices



Table B.1. 1Error analysis of the volume calculation of tesage

Points on perimeter 50 80 200 200 200

15 15 15 30 50
Angle Divisions Divisions Divisions Divisions Divisions

Volume of the test image

0 15.17 15.19 15.2 15.25 15.15
1 15.2 15.21 15.16 15.28 15.2
2 15.16 15.27 15.17 15.26 15.43
3 15.15 15.25 15.1 15.23 15.24
4 15.15 15.13 15.09 15.17 15.19
5 15.17 15.24 15.2 15.21 15.23
6 15.14 15.15 15.2 15.25 15.17
7 15.14 15.23 15.23 15.35 15.29
8 15.16 15.28 15.23 15.37 15.38
9 15.11 15.28 15.18 15.25 15.23
10 15.2 15.25 15.19 15.17 15.19
-1 15.14 15.19 15.27 15.2 15.26
-2 15.2 15.15 15.17 15.3 15.24
-3 15.22 15.11 15.1 15.23 15.21

-4 15.17 15.13 15.15 15.19 15.26
-5 15.24 15.19 15.27 15.23 15.25
-6 15.15 15.16 15.21 15.25 15.15
-7 15.28 15.21 15.18 15.28 15.2
-8 15.13 15.15 15.18 15.26 15.34
-9 15.27 15.16 15.22 15.25 15.21
-10 15.26 15.19 15.25 15.24 15.19

Average 15.18 15.20 15.19 15.25 15.24
St.Dev 0.05 0.05 0.05 0.05 0.07
% Error 0.77 0.68 0.73 0.34 0.40

11¢€



B.2 Effect of SEM Magnification on Calculation of Mew Area

Figure B.2.1 SEM micrograph of unpressurize®. aureus 485 with a
magnification of x 25 000

Figure B.2.2Isolated organisms from Figure B.2.1, with sizeerefce square
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Table B.2.1View area results o6. aureus485 cells calculated by LenseEye

Software from Fig. B.2.2

Object # View Area (pixels) View Area (user units)
1 35721 1.4400
2 11439 0.4611
3 8511 0.3431
4 8392 0.3383
5 11530 0.4648
6 8014 0.3231
7 10210 0.4116
8 8390 0.3382
9 8245 0.3324

Figure B.2.3 SEM micrograph of unpressurize®. aureus 485 with a

magnification of x 20 000
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Figure B.2.4lIsolated organisms from Figure B.2.3, with sizeerefhce square

Table B.2.2View area results 06. aureus485 cells calculated by LenseEye
Software from Fig. B.2.4

Object # View Area (pixels) View Area (user units)
1 35721 2.2500
2 6351 0.4000
3 6959 0.4383
4 5277 0.3324
5 5207 0.3280
6 7162 0.4511
7 5007 0.3154
8 6326 0.3985
9 5380 0.3389
10 5257 0.3311
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Figure B.2.5 SEM micrograph of unpressurize®. aureus 485 with a
magnification of x 15 000

Figure B.2.6Isolated organisms from Figure B.2.5, with sizeerefhce square
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Table B.2.3View area results 06. aureus485 cells calculated by LenseEye
Software from Fig. B.2.6

Object # View Area (pixels) View Area (user units)
1 35721 4.0000
2 3709 0.4153
3 4111 0.4603
4 3088 0.3456
5 3080 0.3449
6 4207 0.4711
7 2902 0.3250
8 3742 0.4190
9 3142 0.3518
10 3027 0.3390

Figure B.2.7 SEM micrograph of unpressurize®. aureus 485 with a

magnification of x 10 000
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Figure B.2.8lIsolated organisms from Figure B.2.7, with sizeerefce square

Table B.2.4View area results 06. aureus485 cells calculated by LenseEye
Software from Fig. B.2.8

Object # View Area (pixels) View Area (user units)
1 35721 9.0000
2 2045 0.5152
3 1671 0.4210
4 1877 0.4729
5 1406 0.3542
6 1388 0.3497
7 1908 0.4807
8 1344 0.3386
9 1662 0.4187

10 1394 0.3512
11 1356 0.3416
12 1548 0.3900
13 1582 0.3986
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Table B.2.5Error analysis of magnification level for the viemea calculations
(common cells at different magnification levels amdicated as bold in Tables
B.1.1-B.1.4)

Magnification Level

x25000 x20000 x15000 x10000

View View View View  Average Std. %Error

Area Area Area Area View Area  Dev.
0.4611 0.4383 0.4603 0.4729 0.4582 0.0144 3.15
0.3431 0.3324 0.3456 0.3542 0.3439 0.0090 2.62
0.3383 0.3280 0.3449 0.3497 0.3402 0.0094 2.76
0.4648 0.4511 0.4711 0.4807 0.4669 0.0124 2.66
0.3231 0.3154 0.3250 0.3386 0.3255 0.0097 2.97
0.4116 0.3985 0.4190 0.4187 0.4120 0.0096 2.34
0.3382 0.3389 0.3518 0.3512 0.3450 0.0075 2.17
0.3324 0.3311 0.3390 0.3416 0.3360 0.0051 1.51

Averages
0.3785 0.0096 2.52
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APPENDIX C

MODELING AND REGRESSION RESULTS

C.1 FIRST ORDER MODELING OF INACTIVATION
CURVES

logy0S(1)

0 1‘0 2‘0 36 40
time (min)
Figure C.1.1Inactivation curves oE. coli O157:H7933 in peptone water (0.1%

peptone, pH 6.95) at different pressure levels200 MPa; , 250 MPa; , 275
MPa;V , 300 MPa;, 325 MPa) at 4TC
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Figure C.1.2Inactivation curves oE. coliO157:H7933 in carrot juice (pH 6.22)

at different pressure levels,(200 MPa; , 250 MPa; , 275 MPa,)/ , 300 MPa;
, 325 MPa) at 4TC



log10S(Y)

0 10 20 30 40
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Figure C.1.3 Inactivation curves ofS. aureus485 in peptone water (0.1%
peptone, pH 6.95) at different pressure levels200 MPa; , 250 MPa; , 300
MPa;V , 350 MPa;, 400 MPa) at 4TC
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Figure C.1.4 Inactivation curves of5. aureus485 in carrot juice (pH 6.22) at
different pressure levels (300 MPa; , 350 MPa; ,400 MPa) at 4TC
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C.2 REGRESSION RESULTS OF FIRST ORDER AND
WEIBULL MODELS

Table C.2.1 Regression results from Sigma Plot #6r coli O157:H7 933 in
peptone water for first-order model at 200 MPa

R = 0.98487443 Rsqr = 0.96997764  Adj Rsqr = 0.98887

Standard Error of Estimate = 0.1844

Coefficient Std. Error t P

a -0.0746  0.0026 -28.9019 <0.0001

Analysis of Variance:

DF SS MS F P
Regression 0 8.7932 8.7932 258.4681 (NAN)
Residual 8 0.2722 0.0340
Total 8 9.0654 1.1332
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Table C.2.2 Regression results from Sigma Plot f6r coli O157:H7 933 in
peptone water for first-order model at 250 MPa

R =0.98186234 Rsqgr = 0.96405366  Adj Rsqr = 0.968865

Standard Error of Estimate = 0.2401

Coefficient Std. Error t P
a -0.0984 0.0034 -29.2812 <0.0001

Analysis of Variance:

DF SS MS F P
Regression 0 12.3650 12.3650 214.5539 (NAN)
Residual 8 0.4611 0.0576
Total 8 12.8261 1.6033

Table C.2.3 Regression results from Sigma Plot #6r coli O157:H7 933 in
peptone water for first-order model at 275 MPa

R =0.97144500 Rsqr = 0.94370539 Adj Rsqgr = 0.983%0

Standard Error of Estimate = 0.4345

Coefficient Std. Error t P
a -0.5314 0.0249 -21.3503 <0.0001

Analysis of Variance:

DF SS MS F P
Regression 0 22.1529 22.1529 117.3458 (NAN)
Residual 7 1.3215 0.1888
Total 7 234744 3.3535
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Table C.2.4 Regression results from Sigma Plot f6r coli O157:H7 933 in
peptone water for first-order model at 300 MPa

R =0.85824427 Rsqr = 0.73658322 Adj Rsqr = 0.73838

Standard Error of Estimate = 0.8592

Coefficient Std. Error t P
a -0.5802 0.0492 -11.7871 <0.0001

Analysis of Variance:

DF SS MS F P
Regression 0 14.4493 14.4493 19.5739 (NAN)
Residual 7 5.1674 0.7382
Total 7 19.6167 2.8024

Table C.2.5Regression results from Sigma Plot #6r coli O157:H7 933 in
peptone water for first-order model at 325 MPa

R = 0.95594666 Rsqr = 0.91383402  Adj Rsqr = 0.92883

Standard Error of Estimate = 0.5569

Coefficient Std. Error t P

a -0.8038 0.0467 -17.2111 <0.0001

Analysis of Variance:

DF SS MS F P
Regression 0 19.7333 19.7333 63.6331 (NAN)
Residual 6 1.8607 0.3101
Total 6 21.5940 3.5990
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Table C.2.6Regression results from Sigma Plot EorcoliO157:H7 933 in carrot
juice for first-order model at 200 MPa

R =0.98913962 Rsqr=0.97839718 Adj Rsqr = 0.97889

Standard Error of Estimate = 0.0693

Coefficient Std. Error t P
a -0.0343 0.0010 -35.3746 <0.0001

Analysis of Variance:

DF SS MS F P
Regression 0 1.7407 1.7407 362.3221 (NAN)
Residual 8 0.0384 0.0048
Total 8 1.7791 0.2224

Table C.2.7Regression results from Sigma Plot EorcoliO157:H7 933 in carrot
juice for first-order model at 250 MPa

R =0.98213727 Rsqr = 0.96459362 Adj Rsqr = 0.9688329

Standard Error of Estimate = 0.1867

Coefficient Std. Error t P
a -0.0754 0.0026 -28.8287 <0.0001

Analysis of Variance:

DF SS MS F P
Regression 0 7.5980 7.5980 217.9479 (NAN)
Residual 8 0.2789 0.0349
Total 8 7.8769 0.9846
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Table C.2.8Regression results from Sigma Plot EorcoliO157:H7 933 in carrot
juice for first-order model at 275 MPa

R =0.94150293 Rsqr = 0.88642776 Adj Rsqr = 0.88862

Standard Error of Estimate = 0.3767

Coefficient Std. Error t P
a -0.1751 0.0158 -11.0840 <0.0001

Analysis of Variance:

DF SS MS F P
Regression 0  6.6453 6.6453 46.8298 (NAN)
Residual 6 0.8514 0.1419
Total 6  7.4967 1.2494

Table C.2.9Regression results from Sigma Plot EorcoliO157:H7 933 in carrot
juice for first-order model at 300 MPa

R =0.98802182 Rsqr=0.97618711 Adj Rsqr = 0.97618

Standard Error of Estimate = 0.2147

Coefficient Std. Error t P
a -0.2416 0.0090 -26.8394 <0.0001

Analysis of Variance:

DF SS MS F P
Regression 0  11.3339 11.3339 245.9644 (NAN)
Residual 6 0.2765 0.0461
Total 6 11.6103 1.9351
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Table C.2.10Regression results from Sigma Plot tr coli O157:H7 933 in
carrot juice for first-order model at 325 MPa

R =0.93299324 Rsqr = 0.87047639 Adj Rsqr = 0.88697

Standard Error of Estimate = 0.5428

Coefficient Std. Error t P
a -0.2847 0.0228 -12.5100 <0.0001

Analysis of Variance:

DF SS MS F P
Regression 0 11.8819 11.8819 40.3236 (NAN)
Residual 6 1.7680 0.2947
Total 6 13.6499 2.2750

Table C.2.11Regression results from Sigma Plot tr coli 0157:H7 933 in
peptone water for Weibull model at 200 MPa

R = 0,98731859 Rsqr = 0,97479799  Adj Rsqr = 0,97709

Standard Error of Estimate = 0,1807

Coefficient  Std. Error t P
a 14,7313 1,1736 12,5523 <0,0001
b 1,1299 0,1112 10,1626 <0,0001

Analysis of Variance:

DF SS MS F P
Regression 1  8,8369 8,8369 270,7556 <01000
Residual 7 0,2285 0,0326
Total 8 19,0654 1,1332
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Table C.2.12Regression results from Sigma Plot r coli O157:H7 933 in
peptone water for Weibull model at 250 MPa

R = 0,98497913 Rsqr = 0,97018388  Adj Rsqr = 0,08882

Standard Error of Estimate = 0,2337

Coefficient  Std. Error t P
a 8,7045 1,1696 7,4426 0,0001
b 0,8755 0,0925 9,4632 <0,0001

Analysis of Variance:

DF SS M F P
Regression 1 12,4437 12,4437  22747%0,0001
Residual 7 0,3824 0,0546
Total 8 12,8261 1,6033

Table C.2.13Regression results from Sigma Plot r coli O157:H7 933 in
peptone water for Weibull model at 275 MPa

R =0,98437958 Rsqr = 0,96900316 Adj Rsqr = 0,98823

Standard Error of Estimate = 0,3482

Coefficient Std. Error t P
a 1,2122 0,3030 4,0012 0,0071
b 0,7633 0,1030 7,4086 0,0003

Analysis of Variance:

DF SS MS F P
Regression 1 22,7468 22,7468 187,568%0,0001
Residual 6 0,7276 0,1213
Total 7 23,4744 3,3535
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Table C.2.14Regression results from Sigma Plot r coli O157:H7 933 in
peptone water for Weibull model at 300 MPa

R = 0,99258086 Rsqr = 0,98521676 Adj Rsqr = 0,98885

Standard Error of Estimate = 0,2198

Coefficient  Std. Error t P
a 0,2401 0,0810 2,9658 0281
b 0,4295 0,0432 9,9407 ,0001

Analysis of Variance:

DF SS MS F P
Regression 1 19,3267 19,3267 399,8649 <0,0001
Residual 6 0,2900 0,0483
Total 7 19,6167 2,8024

Table C.2.15Regression results from Sigma Plot tr coli O157:H7 933 in
peptone water for Weibull model at 325 MPa

R =0,99060674 Rsqr =0,98130172 Adj Rsqr = 0,92036

Standard Error of Estimate = 0,2842

Coefficient Std. Error t P
a 0,5445 0,1383 3,9373 10
b 0,6473 0,0712 9,0863 00®

Analysis of Variance:

DF SS MS F P
Regression 1 21,1902 21,1902 262,4043 €010
Residual 5 0,4038 0,0808
Total 6 21,5940 3,5990




Table C.2.16 Regression results from Sigma Plot tr coli O157:H7 933 in
carrot juice for Weibull model at 200 MPa

R = 0,98938644 Rsqr = 0,97888554  Adj Rsqr = 0,99%86

Standard Error of Estimate = 0,0733

Coefficient  Std. Error t P
a 29,1741 0,8489 34,3684 <0,0001
b 1,0387 0,0927 11,2050 <0,0001

Analysis of Variance:

DF SS MS F P
Regression 1 1,7415 1,7415 324,5263 <0J000
Residual 7 0,0376 0,0054
Total 8 1,7791 0,2224

Table C.2.17Regression results from Sigma Plot tr coli 0157:H7 933 in
carrot juice for Weibull model at 250 MPa

R =0,98534860 Rsqr =0,97091187 Adj Rsqr = 0,96825

Standard Error of Estimate = 0,1809

Coefficient Std. Error t P
a 11,8217 1,2406 9,5289 <0,0001
b 0,8768 0,0937 9,3591 <0,0001

Analysis of Variance:

DF SS MS F P
Regression 1 7,6478 77,6478 233,6480 <01000
Residual 7 0,2291 0,0327
Total 8 7,8769 0,9846
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Table C.2.18Regression results from Sigma Plot r coli O157:H7 933 in
carrot juice for Weibull model at 275 MPa

R =0,96342586 Rsqr = 0,92818940 Adj Rsqr = 0,97282

Standard Error of Estimate = 0,3281

Coefficient Std. Error t P
a 7,3041 0,9189 7,9489 0,0005
b 1,5033 0,3167 47471 6100

Analysis of Variance:

DF SS MS F P
Regression 1  6,9583 6,9583 64,6276 0,0005
Residual 5 0,5383 0,1077
Total 6 7,4967 1,2494

Table C.2.19Regression results from Sigma Plot r coli O157:H7 933 in
carrot juice for Weibull model at 300 MPa

R = 0,99170681 Rsqr = 0,98348240  Adj Rsqr = 0,986887

Standard Error of Estimate = 0,1958

Coefficient Std. Error t P
a 47788 0,4538 10,5312 0,0001
b 1,1606 0,1143 10,1552 0,0002

Analysis of Variance:

DF SS MS F P
Regression 1 11,4186 11,4186 297507 <0,0001
Residual 5 0,1918 0,0384
Total 6 11,6103 1,9351
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Table C.2.20Regression results from Sigma Plot tr coli O157:H7 933 in
carrot juice for Weibull model at 325 MPa

R =0,94340895 Rsqr = 0,89002046 Adj Rsqr = 0,88862

Standard Error of Estimate = 0,5479

Coefficient Std. Error t P
a 2,5209 1,0411 2,4213 ,0600
b 0,7808 0,2126 3,6731 ,01@4

Analysis of Variance:

DF SS MS F P
Regression 1 12,1487 12,1487 40,4630 0040
Residual 5 1,5012 0,3002
Total 6 13,6499 2,2750

Table C.2.21Regression results from Sigma Plot far aureus485 in peptone
water for first-order model at 200 MPa

R =0.96000326 Rsqr = 0.92160626 Adj Rsqr = 0.98260

Standard Error of Estimate = 0.1024

Coefficient Std. Error t P
a -0.0224 0.0014 -15.6377 <0.0001

Analysis of Variance:

DF SS MS F P
Regression 0  0.9869 0.9869 94.0490 (NAN)
Residual 8 0.0840 0.0105
Total 8 1.0709 0.1339
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Table C.2.22Regression results from Sigma Plot far aureus485 in peptone
water for first-order model at 250 MPa

R = 0.97352496 Rsqr = 0.94775084  Adj Rsqr = 0.99845

Standard Error of Estimate = 0.2142

Coefficient  Std. Error t P
a -0.0574 0.0039 -14.6857 0100

Analysis of Variance:

DF SS MS F P
Regression 0 3.3292 3.3292 72356 (NAN)
Residual 4 0.1835 0.0459
Total 4 3.5127 0.8782

Table C.2.23Regression results from Sigma Plot far aureus485 in peptone
water for first-order model at 300 MPa

R =0.95913884 Rsqr =0.91994732 Adj Rsqgr = 0.97824

Standard Error of Estimate = 0.3292

Coefficient Std. Error t P
a -0.2145 0.0138 -15.5385 <0.0001

Analysis of Variance:

DF SS MS F P
Regression 0 7.4734 7.4734 68.9506 (NAN)

6

6

Residual 0.6503 0.1084
Total 8.1238 1.3540
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Table C.2.24Regression results from Sigma Plot far aureus485 in peptone
water for first-order model at 350 MPa

R =0.69177551 Rsqr = 0.47855335 Adj Rsqr = 0.43855

Standard Error of Estimate = 0.9605

Coefficient Std. Error t P
a -0.3211 0.0403 -7.9712 0.0002

Analysis of Variance:

DF SS MS F P
Regression 0 5.0804 5.0804 5.5065 (NAN)
Residual 6 5.5358 0.9226
Total 6 10.6162 1.7694

Table C.2.25Regression results from Sigma Plot far aureus485 in peptone
water for first-order model at 400 MPa

R = 0.82147412 Rsqr = 0.67481972  Adj Rsqr = 0.69781

Standard Error of Estimate = 0.8935

Coefficient Std. Error t P
a -0.3593 0.0375 -9.5895 <0.0001

Analysis of Variance:

DF SS MS F P
Regression 0 9.9414 9.9414 12.4513 (NAN)
Residual 6 4.7905 0.7984
Total 6 14.7319 2.4553
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Table C.2.26Regression results from Sigma Plot &raureust85 in carrot juice
for first-order model at 300 MPa

R = 0.97938265 Rsqr = 0.95919037  Adj Rsqr = 0.989T9

Standard Error of Estimate = 0.3402

Coefficient Std. Error t P
a -0.3081 0.0143 -21.5993 <0.0001

Analysis of Variance:

DF SS MS F P
Regression 0 16.3233 16.3233 141.0241 (NAN)
Residual 6 0.6945 0.1157
Total 6 17.0178 2.8363

Table C.2.27Regression results from Sigma Plot &raureugt85 in carrot juice
for first-order model at 350 MPa

R = 0.76271565 Rsqr = 0.58173516  Adj Rsqr = 0.581%3

Standard Error of Estimate = 1.0648

Coefficient Std. Error t P
a -0.3883 0.0446 -8.6969 0.0001

Analysis of Variance:

DF SS MS F P
Regression 0 9.4617 9.4617 8.3450 (NAN)
Residual 6 6.8029 1.1338
Total 6  16.2647 2.7108
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Table C.2.28Regression results from Sigma Plot &raureust85 in carrot juice
for first-order model at 400 MPa

R = 0.15238484 Rsqr = 0.02322114  Adj Rsqr = 0.02322

Standard Error of Estimate = 1.8954

Coefficient Std. Error t P
a -0.4753 0.0795 -5.9802 0.0010

Analysis of Variance:

DF SS MS F P
Regression 0 0.5125 0.5125 0.1426 (NAN)
Residual 6 21.5559 3.5927
Total 6 22.0684 3.6781

Table C.2.29Regression results from Sigma Plot far aureus485 in peptone
water for Weibull model at 200 MPa

R =0,99190080 Rsqr = 0,98386719 Adj Rsqr = 0,98566

Standard Error of Estimate = 0,0497

Coefficient Std. Error t P
a 39,1330 0,9186 42.6000<0,0001
b 1,5791 0,1285 12,2870<0,0001

Analysis of Variance:

DF SS MS F P
Regression 1 1,0536 1,0536 426,8984 <0100
Residual 7 0,0173 0,0025
Total 8 1,0709 0,1339
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Table C.2.30Regression results from Sigma Plot far aureus485 in peptone
water for Weibull model at 250 MPa

R =0,97389040 Rsqr = 0,94846252 Adj Rsqr = 0,93388

Standard Error of Estimate = 0,2457

Coefficient  Std. Error t P
a 16,9058 2,9786 5,6757 108
b 0,9535 0,2374 4,0165 02@7

Analysis of Variance:

DF SS MS F P
Regression 1 3,3317 3,3317 55,2101 0,0050
Residual 3 0,1810 0,0603
Total 4 3,5127 0,8782

Table C.2.31Regression results from Sigma Plot far aureus485 in peptone
water for Weibull model at 300 MPa

R =0,96489051 Rsqr = 0,93101370 Adj Rsqgr = 0,96421

Standard Error of Estimate = 0,3348

Coefficient Std. Error t P
a 3,9327 0,9288 4.2340 0082
b 0,8415 0,1800 46763 0085

Analysis of Variance:

F SS MS F P

Residual 0,5604 0,1121

D
Regression 1 7,5633 7,5633 67,4782 0400
5
Total 6 8,1238 1,3540
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Table C.2.32Regression results from Sigma Plot far aureus485 in peptone
water for Weibull model at 350 MPa

R =0,99109518 Rsqr = 0,98226967 Adj Rsqr = 0,93802

Standard Error of Estimate = 0,1940

Coefficient Std. Error t P
a 0,1143 0,0840 1,3614 033
b 0,2768 0,0462 5,9942 (0[¢)]0)

Analysis of Variance:

DF SS MS F P
Regression 1 10,4279 10,4279  277,0026  <01000
Residual 5 0,1882 0,0376
Total 6 10,6162 1,7694

Table C.2.33Regression results from Sigma Plot far aureus485 in peptone
water for Weibull model at 400 MPa

R =0,99067363 Rsqr = 0,98143424  Adj Rsqr = 0,97082

Standard Error of Estimate = 0,2339

Coefficient Std. Error t P

a 0,3561 0,1600 2,2261 0,0765
b 0,4037 0,0546 7,4004 000

Analysis of Variance:

DF SS MS F P
Regression 1 14,4584 14,4584 264,3129<0,0001
Residual 5 0,2735 0,0547
Total 6 14,7319 2,4553
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Table C.2.34Regression results from Sigma Plot $raureugt85 in carrot juice
for Weibull model at 300 MPa

R = 0,97941313 Rsqr = 0,95925008  Adj Rsqr = 0,95080

Standard Error of Estimate = 0,3724

Coefficient Std. Error t P
a 3,3014 0,6605 4.,9983 oap
b 1,0136 0,1560 6,4989 oe®

Analysis of Variance:

DF SS MS F P
Regression 1 16,3243 16,3243 1176599 0,0001
Residual 5 0,6935 0,1387
Total 6 17,0178 2,8363

Table C.2.35Regression results from Sigma Plot &raureust85 in carrot juice
for Weibull model at 350 MPa

R =0,99398604 Rsqr = 0,98800825 Adj Rsqgr = 0,98960

Standard Error of Estimate = 0,1975

Coefficient Std. Error t P
a 0,1527 0,0755 2,0222 0991
b 0,3414 0,0407 8,3902 0004

Analysis of Variance:

DF SS MS F P
Regression 1 16,0696 16,0696 411,95330,0001
Residual 5 0,1950 0,0390
Total 6 16,2647 2,7108




Table C.2.36Regression results from Sigma Plot &®raureugt85 in carrot juice
for Weibull model at 400 MPa

R = 0,99689606 Rsqr =0,99380175 Adj Rsqr = 0,99286

Standard Error of Estimate = 0,1654

Coefficient Std. Error t P
a 0,0000 0,0000 0,3043 87
b 0,1082 0,0234 4.6160 0,0058

Analysis of Variance:

DF SS MS F P
Regression 1 21,9316 21,9316 801,6788 <0,0001
Residual 5 0,1368 0,0274
Total 6 22,0684 3,6781

14¢



APPENDIX D

TABLE OF EQUATIONS

Table D.1 Table Curve 3D equation list f&. coli O157:H7 933 pressurized in

peptone water

Rank R Equation number Equation
1 1 302473022  z\(-1)=a+by”2+cy”\(2.5)+dy/Iny
2 1 302473025  z/\(-1)=a+by”2+cy”\(2.5)+d/Iny
3 0.9999999998 302467828 z4atpeN(x/wx)+cly™(1.5)+dIny/y"2
4 0.9999999995 302468540 z4@p(Inx)"2+c/x+dy"2
5 0.9999999989 302469029 z4@xphx/Inx+c/x™(1.5)+dy" 2
6 0.9999999988 302469849 z4@tplnx+c/x+dy”"3
7 0.9999999988 302470199 z4@tp/Inx+clnx/x+dy”2
8 0.9999999986 302472732 z4@xpylny+cy”™(2.5)+d(Iny)"2
9 0.9999999984 302470116 z4@xpinx+cy/Iny+diny/y~2
10 0.9999999981 302472336 z"@tpe\(-x)+cy"2+dy”(2.5)
11 0.9999999945 151243509 Inzyaw-cy”3+dy/Iny
12 0.9999999551 151243204 Inzeaf)+cy/Iny+de”(-y)
13 0.9999999418 151243228 Inzeaf)+c/Iny+de”(-y)
14 0.9999999402 151243222 Inzeafx)+c/Iny+d/y™(0.5)
15 0.9999999319 151243195 Inzeaf)+cy/Iny+dy”~(0.5)

14¢



Table D.1(Continued)

Rank R Equation number Equation

16 0.9999999216 151243206 Inzeaf)+cy~(0.5)+d/Iny

17 0.9999998778 151243512 Inzytwb-cy”3+d/Iny

18 0.9999998755 151243197 Inzeati)+cy/Iny+d/Iny

19 0.9999998364 151243198 Inzeaf)+cy/Iny+d/y™(0.5)
20 0.9999998071 151238484 Inzeapdwx)+cy”(2.5)+d/y™(0.5)
21 0.9999996703 302462187 z@tpy 2+cy"3

22 0.9999994762 302462259 z"@xpe \(y/wy)+ce’\(-y)

23 0.9999992994 302462186 z\@tpy2+cy”™(2.5)

24 0.9999992969 302462150 z@xpylny+cy”~2iny

25 0.9999986216 302462170 z@tpy\(1.5)+cy"3

26 0.9999982816 302462250 z"@tpe \(y/wy)+cy™(0.5)

27 0.9999970467 302462251 z" @) \(y/wy)+clny

28 0.9999958653 302462234 z@tpy"3+cy™(0.5)Iny

29 0.9999952924 302462218 z"@tpy\(2.5)+cy"3

30 0.9999947449 302462121 zatje\(-x)+c/y™(0.5)

31 0.9999907637 151233014 Inzea@gwy)+c/iny

32 0.9999867304 151233011 Inzea@dwy)+cy/Iny

33 0.9999644371 9187 a#se N (x/wx)+cy™N(1.5)+dy 2
34 0.99995876 151232882 IR (-X)+c/Iny

35 0.9999286044 151232876 Inzeafd)+ce”(y/iwy)

36 0.9999277734 151232879 Inzedftx)+cy/Iny

37 0.9999217599 9258 a-#se(x/wx)+cy”3+diny

38 0.999899947 9209 =a-ghe’N(x/wx)+cy2+dy”(0.5)Iny
39 0.9998741399 13552 +ohax/x"2+c/y™(0.5)+d/y*(1.5)




Table D.1(Continued)

Rank R Equation number Equation

40 0.9997611428 151232998 Inz=a+by"3ngy/

41 0.9997574203 151232531 Inz=a+be™(}hafny

42 0.9997520326 151233001 Inz=a+by" 3wcl/l

43 0.9997434092 13308 z=a+b/B)dc/y+d/y™(1.5)

44 0.9997335032 9192 z=a+befX)+cy”(1.5)+dy”(0.5)Iny
45 0.9997268337 151232528 Inz=a+be™(}heyIny

46 0.999622123 9252 z=a+efX)+cy”(2.5)+de’\(-y)
47 0.9994248513 9152 z=a+befX)+cy+dy”(2.5)

48 0.9991631675 2087 z=LORCUslK,c)*LORCUMY(1,d,c)
49 0.9991199109 13542 z=a+bixbciny+de”(-y)

50 0.9991104422 151232972 Inz=a+by"2tfiyny

51 0.9991023261 9243 z=a+befX)+cy”(2.5)+dy”(0.5)
52 0.999075517 162 z=a+bly+d/y"2

53 0.9983751826 2135 z=LDRK@*LDRY(1,d,c)

54 0.998100508 2111 z=SIGK@*SIGY(1,d,c)

55 0.9980833934 2099 z=LNCUMXc)*LNCUMY(1,d,c)
56 0.9979492053 2027 z=LOGNOR#b,c)*LOGNORMY(1,d,c)
57 0.9979164095 2075 z=GCUMK@*GCUMY(1,d,c)
58 0.9876374676 3734 z=a+hyy2t/Iny

59 0.987414581 3731 z=a+hyLcy/Iny

60 0.9794621311 3641 z=a+bg4ey/Iny

61 0.9768670568 3290 z=a+beX)+cy/iny

62 0.9766492975 3644 z=a+bg4¢/Iny

63 0.9762919445 3293 z=a+befX)x+c/iny

151



Table D.1(Continued)

Rank R Equation number Equation

64 0.9733450501 87 z=axbbty+d/y"2

65 0.9703070359 3773 z=a+hefy+cy/Iny
66 0.9688967846 3776 z=a+befc/iny
67 0.9649129072 3279 z=a+befX)}+ce”(-x)
68 0.9641007489 12 z=a+dy+d/y"2

69 0.9622249499 3635 z=a+bgtey"2Iny
70 0.9451064074 7 z=andhxy+d(Iny)"2
71 0.944893277 157 z=a+blxy+d(Iny)"2
72 0.9448197403 82 z=axbbiny+d(Iny)"2
73 0.9387886029 16 z=a#dxR2+dy

74 0.9385951212 21 z=a+bR2+dIny

75 0.9381795143 26 z=asdxR2+d/y

76 0.9357662135 6 z=ardyx-dy”"2

77 0.933699203 2151 z=a+byPK(c,d)

78 0.9328842784 2164 z=a+bxWP({c,d)

79 0.9309868008 151 Z=a+byx+

80 0.9289281547 156 z=a+blixy

81 0.9276916181 161 z=a+blfx+

82 0.9266475585 2161 z=POWX(EROWY(c,d)
83 0.9235924665 76 z=axbly

84 0.9229516999 2148 z=a+EXRR(EXPY(1,c)
85 0.918889865 81 z=axbtliny

86 0.9164614548 86 z=axbtty

87 0.9110894423 1 Z=aHdyx
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Table D.1(Continued)

Rank R Equation number Equation

88 0.9110894423 2169 z=a+bx+cyji’ None, Least Squares]

89 0.911089415 2152 z=a+bx+EXRY)

90 0.9010339274 6 z=a+bxy-cln

91 0.9001824428 2170 z=a+bx+cykad Low, Least Abs Deviation]
92 0.899562605 2163 z=a+by+POWWK(

93 0.895876318 11 z=a+bx+cly

94 0.8893846521 2172 z=a+bx+cyirkd High, PearsonVII Limit]
95 0.8893206595 2171 z=a+bx+cyirsd Medium, Lorentzian]
96 0.8889115086 2147 z=EXPX(a,lPE (1,b)

97 0.6214565972 2039 z=LOGISTICK@*LOGISTICY(1,d,c)
98 0.616196891 2015 z=LORX(9:1.ORY(1,d,c)

99 0.5942135679 2051 z=EXTRVALX(a)*EXTRVALY(1,d,c)
100 0.5304258721 2003 z=GAUSSX(#BAUSSY(1,d,c)

101 0.2178812618 2146 z=a+EXPX(IEXPY(1,d)

102 0.1646809597 2123 z=EXVCUMX(@EXVCUMY(1,d,c)
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Table D.2 Table Curve 3D equation list f&. coli O157:H7 933 pressurized in

carrot juice

Rank R Equation number Equation

1 0.9999999941 13018 z#&+tIny+diny/y*2

2 0.9999999256 12694 z#atla+cy/Iny+diny/y"2
3 0.9999994339 12994 z#rty/Iny+diny/y"2

4 0.9999986262 12718 zFatB+c/Iny+diny/y"2

5 0.9999975476 12369 z4&¥0.5)+cy/Iny+dIiny/y"2
6 0.9999951205 12018 z+#mxircy/Iny+diny/y"2

7 0.9999939627 13294 z+2i..5)+c/Iny+dIny/y"2
8 0.999993489 12393 #83(0.5)+c/Iny+dIny/y"2
9 0.9999902478 13270 z#24.5)+cy/Iny+diny/y"2
10 0.9999895247 12042 z=lmxbc/Iny+diny/y"2

11 0.999858993 3232 A»d8+ceN(x/wx)

12 0.9998561863 3197 Z25A¢D.5)+ceN(x/wx)

13 0.9998541227 3161 zxA2mx+ceN(x/wx)

14 0.9998531336 3124 z>A2bceN(x/wx)

15 0.9998498763 3086 z>A¢h.5)+ceN(x/wx)

16 0.9998474742 3047 Z=xdrpbrceN(x/wx)

17 0.9998464697 3007 z>eee™(X/wx)

18 0.999845531 3269 e tx/wx)+cex/Inx

19 0.9998438716 3267 z&Ao'wx)+cx(0.5)Inx
20 0.9998429868 3270 z=Ato'wx)+cx(0.5)

21 0.9998132284 176 Datc/x 2+dly

22 0.9998078439 171 Aa+c/x 2+diny

23 0.9998054583 166 bAat+c/x 2+dy
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Table D.2(Continued)

Rank R Equation number Equation

24 0.9998014461 151232470 Inz=a+bhre3(x/wx)

25 0.9998008628 151232482 Inz=a+bENB\2

26 0.9998002066 151232481 Inz=a+brY&/x"2

27 0.9997997298 2151 zyeHXPX(c,d)

28 0.9997986581 151232480 Inz=a+brNB8\(1.5)

29 0.9997969257 2146 z=6RPK(b,c)*EXPY(1,d)
30 0.9997965447 151232435 Inz=a+h¥)¢ce(X/wx)
31 0.999794444 151232479 Inz=aBkxMx

32 0.9997917662 151232478 Inz=a+bEYB/x

33 0.9997900558 151232447 Inz=a+b%)¢c/x 2

34 0.9997892181 2148 z=>6RPEK(b,c)*EXPY(1,c)
35 0.9997887101 151232446 Inz=a+h®)¢-clnx/x"2
36 0.9997879655 151232477 Inz=a+bgNB8\(0.5)

37 0.9997170735 2099 z=ILNX(a,b,c)*LNCUMY(1,d,c)
38 0.9997145542 2149 z=R¥Ph)+EXPY(c,d)
39 0.9996579562 101 Dtax+c(Inx)"2+dly

40 0.9995999262 96 +tax+c(Inx)"2+diny
41 0.9995430155 91 +xax+c(Inx)"2+dy

42 0.9995142706 2145 Z=KR¥EL)*EXPY(1,c)
43 0.9995095505 2147 z=R¥KEb)*EXPY(1,b)
44 0.9993362229 2161 z=PQa\b)+POWY/(c,d)
45 0.9992776782 2111 z=8H5b,c)*SIGY(1,d,c)
46 0.9992355594 302461672 z\(-1)x&¢h5)+cx 3
47 0.9992091894 2163 z35aHOWX(c,d)

15t



Table D.2 (Continued)

Rank R Equation number Equation

48 0.999204326 302461636 z/\(-1)=a+bxeZcx’3
49 0.9991839124 302461599 z/\(-1)=a+brx23

50 0.9991617119 26 z=a2+dly

51 0.9991410281 302461635 z/\(-1)=a+metx"(2.5)
52 0.9991321397 302461561 z/(-1)=a+h®)fcx"3
53 0.9991097709 302461598 z/(-1)=a+brX2(2.5)
54 0.9990975201 302461522  z/(-1)=a+bxtmR3

55 0.9990805278 302461482  z7(-1)=a+b3cx

56 0.9990754547 2015 z=LORK@*LORY(1,d,c)
57 0.9990653063 302461711 z/(-1)=a+brXAmx

58 0.9990458112 302461560 z°(-1)=a+h®)icx (2.5)

59 0.9989299683 21 z=a+xe2+dIny

60 0.9986849261 16 z=a+bxRp-+dy

61 0.9979415329 2027 z=LOGNORMDb,c)*LOGNORMY(L,d,c)
62 0.9975771331 2087 z=LORCU¥,c)*LORCUMY(1,d,c)
63 0.9970296298 2075 z=GCUMK@*GCUMY(1,d,c)

64 0.9955926978 2123 z=EXVCU¥,c)*EXVCUMY(1,d,c)
65 0.9813192827 152 7=a+byrely~2

66 0.9803497618 151 z=a+byx+

67 0.9800924638 156 z=a+bitxy

68 0.9799024489 161 z=a+bly+

69 0.9582010776 76 z=axbly

70 0.9576174961 2158 z=a+POWEPOWY(1,d)

71 0.9576174959 81 z=axbliny
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Table D.2(Continued)

Rank R  Equation number Equation

72 0.957160436 86 z=a+blriy+c

73 0.9280761608 2169 z=a+bx+cyikad None, Least Squares]
74 0.9280761608 1 z=a+bx+cy

75 0.9280761315 2152 z=a+bx+EXR¥)(c

76 0.9269387105 6 z=a+bxy-cln

77 0.9269072093 2164 z=a+bx+POWHj(c

78 0.9259886306 11 z=a+bx+cly

79 0.9198753055 2170 z=a+bx+cyblkd Low, Least Abs Deviation]
80 0.8873529592 2171 z=a+bx+cyirsd Medium, Lorentzian]

81 0.8846783152 2172 z=a+bx+cyirkd High, PearsonVII Limit]
82 0.5848981867 2039 z=LOGISTICK@*LOGISTICY(1,d,c)

83 0.5591057859 2051 z=EXTRVALX(a)*EXTRVALY(1,d,c)

84 0.4978922658 2003 z=GAUSSX@BAUSSY(1,d,c)

85 0.3533105825 2160 z=a+POWX{POWY(1,c)

86 0.1690800763 2159 z=POWX(a,D¥PY(1,b)




Table D.3Table Curve 3D equation list f&. aureust85 pressurized in peptone

water
Rank R Equation number Equation

1 1 302463575 (-Zf=a+bxinx+c/x(0.5)+d(Iny)"2
2 1 151243363 z=a+by+cy”(0.5)Iny+dy/Iny

3 1 151243366 zda+by+cy”(0.5)Iny+d/Iny

4 0.9999999995 151241275  Inz=a+b/bhxy+de”(-y)

5 0.9999999994 302465153  z/\(-1)=aZbxe”(-x)+dy”(1.5)

6 0.9999999988 302465760  z/\(-1)=a2bxt+c/x™(1.5)+d(Iny)"2
7 0.9999999987 151243848  Inz=at+by)dAmg+d/y™(0.5)

8 0.9999999981 302472730  z/\(-1)=amypyty”(2.5)+de”N(y/wy)
9 0.999999998 151243872  Inz=a+bygAPy+d/y™(0.5)

10 0.9999999977 151233867  Inz=a+bxhgytl/Iny

11 0.9999999944 302465094  z~\(-1)=a+bxf2\(1.5)+d(Iny)"2
12 0.9999999942 302464342  z/\(-1)=a+bX)¢-clnx/x+d(Iny)"2
13 0.9999999941 4145 z=a+BR¢@5)Inx+dIny

14 0.9999999931 302463751  z~\(-1)=a+butylny+dy”(2.5)

15 0.9999999928 302464367  z/\(-1)=a+b®)¢c/x+d(Iny)"2

16 0.9999999928 302463819  z/\(-1)=atbxiy”(2.5)+de”(y/wy)
17 0.9999999917 302462795  z~(-1)=a+bx%06.5)+d(Iny)"2

18 0.9999999893 9546 z=a+HBB)nx+clnx/x+dy”3

19 0.9999999803 151243559  Inz=a+bylyyng+d/y~(0.5)

20 0.9999999803 12767 z=a+dhtfg"2+de”\(-x)

21 0.9999999802 151240032  Inz=a+bx/bytay+d/Iny

22 0.999999978 151243583  Inz=a+bytriywy+d/y~(0.5)

23 0.9999999762 11421 Zz=a+bihxod/x"2+deN(y/wy)
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Table D.3(Continued)

Rank R Equation number Equation

24 0.9999999673 151244097  Inz=a+by)fzAny+d/y~(0.5)
25 0.9999999584 9432 z=a+0B){nx+cx™(0.5)+dy”(1.5)
26 0.9999999511 4367 z=a+x+ady”3

27 0.9999999183 11776 z=a+bfoix"(1.5)+de”(y/wy)
28 0.9999997446 9420 z=a+HB)nx+cx/Inx+de”(-y)
29 0.9999997331 4337 z=a+ee+dylny

30 0.9999997175 12467 z=a+btaihx/x"2+de”(-x)
31 0.9999980216 151233047  Inz=a+by/biyny

32 0.9999975482 302462243  z\(-1)=a+bgNB\(1.5)

33 0.9999975179 302462254  z/\(-1)=aHder()+cinyly

34 0.9999974129 302462214  z/\(-1)=a+hwrec/y™(1.5)

35 0.9999969548 302462122  z/\(-1)=a+b@rCinyly

36 0.9999961257 302462180  z/\(-1)=a+bg)tcly

37 0.9999954193 302462295  z/\(-1)=a+®yB)(-c/y™(0.5)
38 0.9999953712 302462162  z/\(-1)=aHpyiry

39 0.9999953478 302462256  z/\(-1)=anpeA()+c/y™(1.5)
40 0.9999952562 151233056  Inz=at+by)f@Any

41 0.9999951907 151233045 Inz=a+by/iyM0.5)

42 0.9999950181 302462276  z/\(-1)=awfrc/y™(0.5)
43 0.9999945102 302462197  z\(-1)=at+byip

44 0.9999808629 151232875  Inz=a+tbefty)3

45 0.9999777331 3641 z=a+hg+ty/Iny

46 0.9999387058 151232902  Inz=a+byyc/In

47 0.9999375172 151232899  Inz=a+byHgy/l
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Table D.3(Continued)

Rank R Equation number Equation

48 0.9999095125 3644 7=a+baae/Iny
49 0.9999037964 151233026 Inz=a+by NBy3)K/Iny
50 0.99990176 151233023 Inz=a+bg)(fy+cy/iny

51 0.999873303 2135 z=LDRK(@*LDRY(1,d,c)

52 0.9998732761 2027 z=LOGNOR#b,c)*LOGNORMY(1,d,c)
53 0.9998552392 2123 z=EXVCU@X,c)*EXVCUMY(1,d,c)
54 0.9998326013 151232876 Inz=a+bete)My/wy)

55 0.9996539836 2111 z=SIGK@ESIGY(1,d,c)

56 0.9995388533 26 z=asdxR2+d/y

57 0.9995016381 3334 z=a+h(1Bxcx/Inx

58 0.9994982172 3009 z=a+bbaxg(2

59 0.9994978647 3303 z=a+bB)(Ax+cx(0.5)

60 0.9994931017 3052 z=a+bxtinx

61 0.9994819065 3049 z=a+bxbfnx)"2

62 0.9994813722 3012 z=a+hmoecl

63 0.9994653488 3301 z=a+bB)(Bx+c(Inx)"2

64 0.9994583066 3367 z=a+hot/trinx

65 0.9992714789 151232513 Inz=a+be()rwix

66 0.999209666 91 z=axbt(Inx)"2+dy

67 0.9991965287 2075 z=GCUMK@*GCUMY(1,d,c)
68 0.9991932921 21 Z=a+hxX2+dIny

69 0.9989854937 96 z=axbt{lnx)"2+dIny

70 0.998943818 101 z=axblfinx)"2+d/y

71 0.9980293549 16 z=aixR2+dy

16C



Table D.3(Continued)

Rank R Equation number Equation

72 0.9967949452 2087 z=LORCUMX@M1.ORCUMY(1,d,c)
73 0.9949019467 176 z=a+b/x+2hdly

74 0.9946781822 171 z=a+b/x+2hdiny

75 0.9946123941 166 z=a+b/x+2Zhdy

76 0.9945448583 2151 z=a+by+EXRX(c

77 0.9945261593 2148 z=a+EXPXHEXPY(1,c)

78 0.9912679443 2163 z=a+by+POWX(c

79 0.9901028172 2147 z=EXPX(a,YPE (1,b)

80 0.9810182383 162 z=a+b/x+dly42

81 0.9751550417 2161 z=POWX(a,QWpY (c,d)

82 0.9666760954 2164 z=a+bx+POWHj(c

83 0.9584598456 2039 z=LOGISTICK@*LOGISTICY(1,d,c)

84 0.9409682039 161 z=a+b/x+cly
85 0.9404442165 151 z=a+b/x+cy
86 0.9399171597 156 z=a+b/x+clny

87 0.9348368157 2099 z=LNCUMX(@)1LNCUMY(1,d,c)
88 0.9170362279 2051 z=EXTRVALX(a)*EXTRVALY(1,d,c)

89 0.9113476988 76 z=a+blnx+cy
90 0.89875028 1 z=a+lyx+c
91 0.89875028 2169 z=a+bxiRglust None, Least Squares]

92 0.8981472326 2146 z=a+EXPX{EXPY(1,d)
93 0.8956320246 2170 z=a+bx+cyirkad Low, Least Abs Deviation]
94 0.8823677282 86 z=a+blny+c/
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Table D.3(Continued)

Rank R Equation number Equation

95 0.8810794331 81 z=a+blnrycl

96 0.8805139147 2171 z=a+bx+cyird Medium, Lorentzian]
97 0.872617373 2015  z=LORX(3#©ORY(1,d,c)

98 0.8661824525 2172 z=a+bx+cykd High, PearsonVII Limit]
99 0.8188555503 6 z=a+bx+clny

100 0.8079279139 11 z=a+bx+cly

101 0.7748433646 2003 z=GAUSSX(aalussY(1,d,c)

102 0.222766084 2145  z=EXPX(a,b)FEX1,c)
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Table D.4 Table Curve 3D equation list f@. aureus485 pressurized in carrot

juice
Rank R Equation number Equation
1 1 151239201 Inz=a+b(Inx)"2+clnx+dy”(0.5)Iny
2 0.9999999995 302469445 z"(-1)=xa¢d5)+c/x+dy”(0.5)Iny
3 0.9999999992 302462837 z7\(-1)=e-eix+dy
4 0.9999999942 302469386 z"(-1)=a¢5)+c/x"(0.5)+dy
5 0.9999999863 302468520 z7(-1) £y 2+cInx/x+dy”(0.5)Iny
6 0.9999999824 151232334 Inz=a+bX)@-c/x"(1.5)
7 0.9999999814 151232607 Inz=a+ott/x(0.5)
8 0.9999999811 151240521 Inz=a+birxx+dInx/x
9 0.9999999809 151239186 Inz=a-)rclnx+d/x"(0.5)
10 0.9999999808 151239185 Inz=a+hwcinx+d/Inx
11 0.9999999805 151240548 Inz=a+him¥0.5)+dInx/x
12 0.9999999802 151240522 Inz=a+bdrirx+d/x
13 0.9999999797 151240523 Inz=a+bdrirx+d/x"(1.5)
14 0.9999999796 151233108 Inz=a+bhwedx/Inx
15 0.9999999787 151233360 Inz=a+b&xs)Inx+dx/Inx
16 0.9999999756 151241655 Inz=a-+Ehodk+d/x(1.5)
17 0.9999999744 151232253 Inz=a+hx¢/xl
18 0.999999972 151232635 Inz=a+®X)¢-clnx
19 0.9999999661 302467990 z"(-1)=a¢m®)Inx+c/x"(0.5)+dy
20 0.9999999634 151232294 Inz=a+budrx
21 0.9999999614 151232606 Inz=a+btrinx
22 0.9999999561 151232293 Inz=a+bdixx/x
23 0.9999999234 151232252 Inz=a+bx¥6/5)
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Table D.4(Continued)

Rank R Equation number Equation

24 0.9999999125 151232542 Inz=a+h®){0x+clnx

25 0.9999999019 10283 z=aw)(2+cy"3+d/Iny

26 0.9999998761 11183 z=a{lX)+cy"3+d/Iny

27 0.9999997379 302470555 z7(-1)=&XP/5)+clnx/x+dy™(0.5)Iny
28 0.9999996891 302462200 z7\(-1)=azbyg/y"2

29 0.9999996576 302462165 ZMN(-1)=dmnc/y™2

30 0.9999996095 302462281 z™(-1)=bo®(2+c/y"2

31 0.9999996086 9787 z=&¥0X%)Inx+cy”3+d/Iny
32 0.9999996026 302462231 z7(-1)=a¢hp)+c/y™2

33 0.9999995812 302462183 z"\(-1)=a¢hp)+c/y"2

34 0.9999995665 14089 z=a€y¢2.5)+d/Iny

35 0.9999995607 11589 z=axbiy"3+d/Iny

36 0.9999995366 12329 z=ai9/%)+ce”(y/wy)+dy”™(0.5)
37 0.9999995335 14398 z=atbyp)+cy2Iny+d/Iny
38 0.9999993934 14669 z=azby+cy”(2.5)+d/Iny
39 0.9999993767 302462306 z7(-1)=ay-bt/y"(1.5)

40 0.9999993203 14413 z=atby)+cy”(2.5)+d/Iny
41 0.9999992275 302462304 z™(-1)=ay-btiny/y

42 0.9999989742 302462296 z\(-1)=a{@mp)+clnyly

43 0.9999989508 302462324 z™(-1)=ayMt-c/y™(1.5)

44 0.9999987747 10748 z=abotcy”3+d/Iny

45 0.9999986171 302462318 z"(-1)=@¥Bl5)+cly

46 0.9999976349 171 z4a+t/x"2+dIny

47 0.9999967199 302462344 z"(-1)=aehinx+dx"(0.5)Inx




Table D.4 Continued)

Rank R Equation number Equation

48 0.9999958517 302469786  z/\(-1)=a+hiix¥0.5)+dInx/x
49 0.999995761 302470164  z/\(-1)=abrix*(0.5)+dInx/x
50 0.999995435 302470542  z7(-1)=a+@/B)+cinx/x+d/x

51 0.9999944403 2149 z=EXPRYEEXPY(c,d)
52 0.9999882773 2135 z=LDRE@LDRY(L,d,c)

53 0.9999871124 151233009 Inz=a+be ey (0.5)Iny

54 0.9999799617 2111 z=SIGKE*SIGY(1,d,c)

55 0.9999644999 2075 z=GCUMN@*GCUMY(1,d,c)

56 0.9999630455 2027 z=LOGNORMDb,c)*LOGNORMY(L,d,c)
57 0.9999577643 2039 z=LOGISX{(a,b,c)*LOGISTICY(L,d,c)
58 0.9999532488 3760 z=a+byy@ny

59 0.999950908 3763 z=a+byMBy

60 0.9999259194 2161 z=POWREPOWY(c,d)

61 0.0998205564 3746 z=a+b@)ery/iny

62 0.9998082 3749 z=a¢Byp)+c/ny

63 0.9994042209 3739 z=a+hypetiny/y’2

64 0.9993519755 3740 z=a+hyp2t/y2

65 0.0992479724 3738 z=a+hyp2tly~(1.5)

66 0.0992351454 3736 z=a+hyp2tinyly

67 0.9990262825 3737 z=a+hyp2tly

68 0.9989897784 3730 z=a+hyp2t(Iny)"2

69 0.0982701175 2087 z=LORCUK,c)*LORCUMY(1,d,c)
70 0.9972002219 2123 Z=EXVCUMX,c)*EXVCUMY(1,d,c)
71 0.9898567036 2 z=ardysdy/2
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Table D.4(Continued)

Rank R Equation number Equation

72 0.9881821473 77 z=a+blnx-ehy\2

73 0.9872825933 152 z=a+b/x+gyed

74 0.9689586076 96 z=a+bink®»g(2+diny
75 0.9518459291 176 z=a+b/x+2hdYy

76 0.9407925907 101 z=a+blnxbg(t2+d/y

77 0.9328257221 26 z=a+bx+exifg

78 0.9263516597 7 z=a+bxyet(Iny)"2

79 0.9219982887 16 z=a+bx+eaxi\2

80 0.910790682 2164 z=a+bx+POwW)(

81 0.9103430595 11 z=a+bx+cly

82 0.8909855948 86 z=a+blny+c/

83 0.8848455147 2151 z=a+by+EXRX(c

84 0.8807974252 6 z=a+bxy-cln

85 0.8761270918 151 z=a+b/x+cy

86 0.8757829065 2163 z=a+by+POWHX(c

87 0.8722259141 81 z=a+blnrycl

88 0.8666201205 2148 z=a+EXPXHEXPY(1,c)
89 0.865727858 161 z=a+b/x+cly

90 0.8640345684 76 z=a+blnx+cy

91 0.8591687885 156 z=a+b/x+clny

92 0.838765792 1 z=a+bx+cy

93 0.838765792 2169 z=a+bx+ayl{isst None, Least Squares]
94 0.8348458351 2170 z=a+bx+cyikad Low, Least Abs Deviation]
95 0.8124809272 2147 z=EXPX(a,lPE (1,b)
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Table D.4(Continued)

Rank R Equation number Equation

96 0.7873833042 2171 z=a+bx+cyiRsd Medium, Lorentzian]

97 0.7857901012 2172 z=a+bxRubust High, PearsonVII Limit]
98 0.4779221756 2051 Z=EXTRW44&,b,c)*EXTRVALY(1,d,c)
99 0.3833097412 2015 z=LORK@*LORY(1,d,c)

100 0.2211151685 2003 z=GAUSIX@*GAUSSY(1,d,c)




APPENDIX E

VIEW AREA AND VOLUME CALCULATIONS

Figure E.1 SEM micrograph of unpressurizéd coliO157:H7 933
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Figure E.2 Isolated organisms of unpressurizéd coli O157:H7 933 as area

objects, with size reference square

Table E.1View area result&. coli 0157:H7 933 cells calculated by LenseEye
Software from Fig. E.2

Object # View Area (pixels) View Area (user units)

1 25600 4

2 8101 1.265781
3 5852 0.914375
4 5265 0.822656
5 7026 1.097813
6 5889 0.920156
7 4303 0.672344
8 5846 0.913438
9 7466 1.166563
10 6321 0.987656
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Figure E.3 Rotated (rotation angle= 0°) volume image of obfeftom Fig. E.2

Figure E.4 Rotated (rotation angle= -16°) volume image of cbgefrom Fig. E.2

Figure E.5 Rotated (rotation angle= -14°) volume image of obfefrom Fig. E.2

Figure E.6 Rotated (rotation angle= 10°) volume image of difjeitom Fig. E.2
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Table E.2 Volume results oE. coli O157:H7 933 cells calculated by LenseEye
Software from Fig. E.2

Object # Rotation Angle  Scale factor Cuts Scaletlve
2 0 80 15 0.6301
3 -16 80 15 0.4479
4 -14 80 15 0.3951
5 10 80 15 0.5812
6 -3 80 15 0.4202
7 3 80 15 0.3118
8 -24 80 15 0.4768
9 5 80 15 0.5649
10 0 80 15 0.5185

Figure E.7 SEM micrograph of pressurized (300 MPa- 5 min-G)(8. aureus
485
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Figure E.8 Isolated organisms of pressurized (300 MPa- 5 #¥C)S. aureus

485 as area objects, with size reference square

Table E.3 View area results of5. aureus485 cells calculated by LenseEye

Software from Fig. E.8

Object # View Area (pixels) View Area (user units)

1 25600 1

2 7050 0.275391
3 7670 0.299609
4 8813 0.344258
5 7766 0.303359
6 8163 0.318867
7 7566 0.295547
8 8584 0.335313
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Figure E.9 Rotated (rotation angle=5°) volume image of obfefrom Fig. E.8

Figure E.10 Rotated (rotation angle=1°) volume image of obgftbm Fig. E.8

Figure E.11 Rotated (rotation angle=17°) volume image of obfetbm Fig. E.8

Figure E.12 Rotated (rotation angle=14°) volume image of objetbm Fig. E.8
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Table E.4Volume results 06. aureul85 cells calculated by LenseEye Software
from Fig. E.8

Object # Rotation Angle  Scale factor Cuts Scaletlve
2 5 160 15 0.0964
3 1 160 15 0.1087
4 17 160 15 0.1404
5 14 160 15 0.1147
6 -16 160 15 0.1215
7 -21 160 15 0.1065
8 -20 160 15 0.1346
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APPENDIX F

ANOVA AND TUKEY'S COMPARISON TABLES

Table F.10ne-way ANOVA results for view area valuestofcoliO157:H7 933

Analysis of Variance for area

Source DF SS MS F P

Power level 5 2.7018 0.5404 16.10 0.000
Error 186 6.2428 0.0336
Total 191 8.9445

Individual 95% Cls for Mean
Based on Pooled StDev

Level N Mean StDev ——t + + +-
OMPa 25 0.9379 0.1772 (----*--)

200 MPa 29 1.2465 0.1700 (---*----)

250 MPa 38 1.0520 0.2141 (---*---)

275MPa 34 0.9126 0.1860 (--*--)
300 MPa 31 0.9041 0.1229 (---*----)

325 MPa 35 1.0967 0.2021 (---*---)
----- + + + +-
Pooled StDev = 0.1832 0.90 1.05 1.20 1.35
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Table F.2Tukey's pairwise comparisons for view area valdes.aoliO157:H7
933

Family error rate = 0.0500
Individual error rate = 0.00447
Critical value = 4.07
Intervals for (column level mean) - (row level mean)

0 MPa 200 MPa 250 MPa 275 MPa 300 MPa
200 MPa  -0.4524
-0.1647

250 MPa  -0.2499  0.0644
0.0217 0.3244

275MPa -0.1136 0.2006  0.0150
0.1642 0.4671  0.2639

300 MPa -0.1079 0.2061 0.0203 -0.1225
0.1755 0.4785 0.2755 0.1394

325 MPa -0.2968 0.0174 -0.1682 -0.3110 -0.3226
-0.0207 0.2822 0.0789 -0.0571 -0.0625

Table F.30ne-way ANOVA results for transformed volume (logume) values
of E. coliO157:H7 933

Analysis of Variance for log volume

Source DF SS MS F P

Power level 5 0.35361 0.07072 18.43 0.000
Error 185 0.70989 0.00384

Total 190 1.06350

Individual 95% Cls for Mean
Based on Pooled StDev

Level N Mean StDev + + +
OMPa 25 0.77002 0.06301 (----*----)

200 MPa 29 0.86750 0.05106 (----*---)

250 MPa 39 0.80765 0.07541 (---*--)

275 MPa 33 0.73916 0.06231 (---*---)
300 MPa 31 0.74981 0.04412 (---*---)
325 MPa 34 0.81584 0.06581 (--*---)
+ + +
Pooled StDev = 0.06195 0.750 0.800 0.850
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Table F.4Tukey's pairwise comparisons for transformed vaytag volume)
values ofE. coliO157:H7 933

Family error rate = 0.0500
Individual error rate = 0.00447
Critical value = 4.07
Intervals for (column level mean) - (row level mean)

0 MPa 200 MPa 250 MPa 275 MPa 300 MPa

200 MPa -0.14614
-0.04884

250 MPa -0.08331 0.01614
0.00804 0.10357

275 MPa -0.01641 0.08297 0.02632
0.07812 0.17372 0.11066

300 MPa -0.02772 0.07164 0.01494 -0.05524
0.06813 0.16375 0.10074 0.03394

325 MPa -0.09280 0.00660 -0.05002 -0.12025 -0.11030
0.00114 0.09672 0.03364 -0.03312 -0.02176

Table F.50ne-way ANOVA results for area values@faureugt85

Analysis of Variance for area

Source DF SS MS F P

Power level 5 0.02608 0.00522 3.22 0.007
Error 322 0.52131 0.00162
Total 327 0.54739

Individual 95% Cls for Mean
Based on Pooled StDev
Level N Mean StDev -+ + + S
O0MPa 47 0.35570 0.04392 (------- A )
200 MPa 48 0.36441 0.03754 (------- SRR )
250 MPa 58 0.36561 0.03369 (------ *o )
300 MPa 54 0.36761 0.04321 (------ LR )
350 MPa 50 0.37356 0.04083 (------ L J— )
400 MPa 71 0.38354 0.04157 (------ *emans)
-+ + + S—
Pooled StDev = 0.04024 0.345 0.360 0.375 0.390




Table F.6 Tukey's pairwise comparisons for area valueS.aureust85

Family error rate = 0.0500
Individual error rate = 0.00466
Critical value = 4.03
Intervals for (column level mean) - (row level mean)

0 MPa 200 MPa 250 MPa 300 MPa 350 MPa

200 MPa -0.03223
0.01482

250 MPa -0.03241 -0.02358
0.01260 0.02117

300 MPa -0.03478 -0.02595 -0.02368
0.01097 0.01955 0.01969

350 MPa -0.04115 -0.03232 -0.03008 -0.02846
0.00544 0.01402 0.01418 0.01655

400 MPa -0.04940 -0.04056 -0.03822 -0.03664 -0.03115
-0.00628 0.00229 0.00236 0.00477 0.01119

Table F.70ne-way ANOVA results for transformed volume (laguwme) values
of S. aureust85

Analysis of Variance for log volume

Source DF SS MS F P

Power level 5 0.004042 0.000808 3.47 0.005
Error 319 0.074267 0.000233
Total 324 0.078310

Individual 95% Cls for Mean
Based on Pooled StDev
Level N Mean StDev + + e
0OMPa 47 0.79972 0.01837 (------- s )
200 MPa 48 0.80046 0.01448 (-------- O )

250 MPa 57 0.80335 0.01158 (G K )

300 MPa 53 0.80409 0.01519 (------- L JR— )

350 MPa 50 0.80616 0.01546 (------- L JRRR— )

400 MPa 70 0.80981 0.01600 (- L J— )
+ + B

Pooled StDev = 0.01526 0.8000 0.8050 0.8100
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Table F.8 Tukey's pairwise comparisorfer transformed volume (log volume)
values ofS. aureust85

Family error rate = 0.0500
Individual error rate = 0.00466
Critical value = 4.03
Intervals for (column level mean) - (row level mean)

0 MPa 200 MPa 250 MPa 300 MPa 350 MPa

200 MPa -0.00965
0.00819

250 MPa -0.01219 -0.01141
0.00494 0.00563

300 MPa -0.01308 -0.01230 -0.00904
0.00435 0.00503 0.00756

350 MPa -0.01527 -0.01449 -0.01124 -0.01064
0.00240 0.00308 0.00561 0.00650

400 MPa -0.01828 -0.01750 -0.01421 -0.01363 -0.01170
-0.00188 -0.00120 0.00130 0.00220 0.00441

17¢



CURRICULUM VITAE

Name Surname : Mutlu Pilavtepe

Date of Birth . November 20, 1978
Nationality : Turkish

e-mail . mpilavtepe@gmail.com
Education

Doctor of Philosophy (Integrated Ph. D. Programapplying with a Bachelor's
degree) Food Engineering Department, Middle East Technitaliversity
(METU), Ankara, 2002- 2007

Bachelor of Science,Food Engineering Department, Hacettepe University,
Beytepe, Ankara, 1996-2000

Research Experience

* M.S. Student Food Engineering Department, Microbiology Lab, Hteme
University, Ankara, Beytepe, 2000-2001.

* Research Assistarffpod Engineering Department, METU, Ankara, 200207

» Research Scholakood Science and Human Nutrition Department, Usiter
of Florida, Gainesville, Florida, February- Aug@§t06, January- February 2007
(Supervised by Prof. Dr. M. O. Balaban).

18C



* Research Scholaf-ood Science and Technology Department, Ohio State
University, Columbus, Ohio, August 2006- Januar2(Supervised by Prof. Dr.
Ahmed Yousef).

Project Work

Effect of ultra high pressure (uhp), bacteriocinsd alow temperature on
preservation of low acid foods, M.E.T.U Researcmd-uProject, BAP-08-11-
DPT.2002K120510-GT-4, Researcher, 2003-2007.

Publications

1) Pilavtepe, M, Alpas, H., and Bozdu, F. Inactivation ofEscherichia coli
0157:H7 andStaphylococcus aureusy High Hydrostatic Pressure (HHP) in
Carrot Juice (Submitted to Journal of Food Safety).

2) Pilavtepe, M., Balaban, M. O., Alpas, H., and Yousef, A. E. MaghVision
Based Quantification of Bacterial Volume Changehwiiigh Hydrostatic

Pressure (Submitted to Journal of Food Science)

3) Pilavtepe, M, Alpas, H., and Bozdu, F., 2005. High hydrostatic pressure
(HHP) inactivation kinetics ofEscherichia coli O157:H7 and Listeria
monocytogeneis broth and low acid foods. TUBITAK *Minternational Food
and Nutrition Congress, Poster No. 54. 15-18 Jista@nbul, Turkey.

4) Pilavtepe, M, Alpas, H., and Bozdu, F., 2006. Effect of high hydrostatic
pressure (HHP) for sensitizingsteria monocytogenes carrot juice. IFT,

181



5)

6)

7

Annual Meeting and Food Expo, Poster Session (029)]-June 24th-28th,
Orlando, Florida, US.

Pilavtepe, M, Alpas, H., and Bozdu, F., 2006. Evaluation of structural
changes induced by high hydrostatic pressure (HidPpressure resistant
foodborne pathogens. IFT, Annual Meeting and FoadoE Poster Session
(039J- 22), June 24th-28th, Orlando, Florida, US.

Pilavtepe M., Balaban, M. O., and Alpas, H., 2007. Machine visimased

guantification of bacterial volume change with higjdrostatic pressure. IFT,
Annual Meeting and Food Expo, Oral Session (093; 0dly 28th- August

1st, Chicago, lllinois, US.

Pilavtepe M., Alpas, H., Bozolu, F., and Balaban, M. O., 2007. Use of
Weibull Model for the inactivation of foodborne pagens in carrot juice by
high hydrostatic pressure (HHP). JointS2AIRAPT and 48 EHRPG
International Conference on High Pressure SciendeTachnology, Catania,
Italy, September 17-21.

182



