

[image: Image]



Contents

Preface

Glossary of Terms

1 Microbiology of Heat Preserved Foods

1.1 A BRIEF HISTORY OF THE SCIENCE AND TECHNOLOGY OF THERMAL PROCESSING

1.2 FOOD MICROBIOLOGY

1.3 FACTORS THAT AFFECT THE GROWTH OF MICROORGANISMS

1.4 DESCRIPTION OF SOME MICROORGANISMS OF IMPORTANCE TO THERMAL PROCESSING

References

2 Hurdles to Microbial Growth

2.1 CONTROL OF THE MICROORGANISM LOADING

2.2 USE OF RESTRICTIVE pH LEVELS

2.3 ANAEROBIC ENVIRONMENT OR MODIFIED ATMOSPHERE ENVIRONMENT

2.4 LOW TEMPERATURES

2.5 DEHYDRATION OR LOW WATER ACTIVITY

2.6 CHEMICAL PRESERVATION

References

3 Low Acid Canned Foods

3.1 HISTORY OF THE CANNING INDUSTRY

3.2 PRODUCTION OF A THERMALLY PROCESSED FOOD

3.3 F03 STERILISATION PROCESSES

3.4 COMMERCIAL STERILISATION

3.5 MICROORGANISM DEATH KINETICS

3.6 LOG REDUCTIONS

References

4 Acid and High Acid Foods

4.1 BACKGROUND

4.2 THERMAL PROCESSING OF FRUIT

4.3 PACKAGING SELECTION

4.4 DETERMINING PROCESS RECOMMENDATIONS FOR ACID FOODS

4.5 INHIBITORY FACTORS TO MICROORGANISM GROWTH

4.6 P-VALUE GUIDELINES

4.7 GUIDELINES TO CRITICAL FACTORS IN THERMAL PROCESSING OF ACID FOODS

References

5 Acidified Foods

5.1 BACKGROUND

5.2 ACIDITY MEASUREMENT USING pH

5.3 THE CHEMISTRY OF pH

5.4 MEASUREMENT OF pH

5.5 ACIDIFICATION OF FOODS

5.6 PROCESSING ACIDIFIED FOODS

5.7 DESIGN OF PASTEURISATION PROCESSES

5.8 CRITICAL CONTROL POINTS IN THE PRODUCTION OF ACIDIFIED FOODS

References

6 Heat Preserved Chilled Foods

6.1 UNDERSTANDING MICROORGANISM BEHAVIOUR

6.2 METHODS OF MANUFACTURE

References

7 Processing Systems

7.1 IN-PACK PROCESSING: RETORT SYSTEMS

7.2 IN-LINE PROCESSING: HEAT EXCHANGERS

7.3 NEW THERMAL TECHNOLOGIES

References

8 Cook Values and Optimisation of Thermal Processes

8.1 MATHEMATICAL ANALYSIS OF COOKING

References

9 Measurement and Validation of Thermal Processes

9.1 SETTING THE TARGET PROCESS VALUE

9.2 VALIDATION METHODS: OBJECTIVES AND PRINCIPLES

9.3 TEMPERATURE MEASUREMENT APPROACHES

9.4 PROCESS ESTABLISHMENT METHODS

9.5 PROCESS CALCULATION METHODS

References

10 Cooling and Water Treatment

10.1 CHLORINE

10.2 BROMINE

10.3 OZONE

10.4 ULTRAVIOLET LIGHT

10.5 MEMBRANE FILTRATION

References

11 Handling Processing Deviations

11.1 WHAT CONSTITUTES A PROCESS DEVIATION

11.2 WHAT CAN GO WRONG

11.3 ACTIONS REQUIRED

12 Packaging Options for Heat Preserved Foods

12.1 METAL CONTAINERS

12.2 CAN CONSTRUCTION AND HANDLING

12.3 GLASS

12.4 PLASTICS, FLEXIBLES AND LAMINATES

References

13 Incubation Testing

13.1 PURPOSE OF INCUBATION TESTS

13.2 CAUSES OF SPOILAGE

13.3 DESCRIPTIVE TERMS FOR CANNED FOOD SPOILAGE

13.4 METHODS FOR INCUBATION TESTING

13.5 BIOTESTING

References

14 Critical Factors in Thermal Processing

14.1 BACKGROUND

14.2 KEY ASPECTS OF HYGIENE CONTROL SYSTEMS FOR FOOD PROCESSING (FROM CODEX ALIMENTARIUS)

14.3 IDENTIFYING CRITICAL CONTROL POINTS IN THERMAL PROCESSING

References

15 Environmental Aspects of Thermal Processing

15.1 LIFECYCLE ASSESSMENT (LCA)

15.2 GREENHOUSE GAS EMISSIONS

References

Color plates

Food Science and Technology

Index




[image: Image]







This edition first published 2011 © 2011 Blackwell Publishing Ltd.

Blackwell Publishing was acquired by John Wiley & Sons in February 2007. Blackwell’s publishing programme has been merged with Wiley’s global Scientific, Technical, and Medical business to form Wiley-Blackwell.

Registered Office

John Wiley & Sons Ltd, The Atrium, Southern Gate, Chichester, West Sussex, PO19 8SQ, UK

Editorial Offices

9600 Garsington Road, Oxford, OX4 2DQ, UK

The Atrium, Southern Gate, Chichester, West Sussex, PO19 8SQ, UK 2121 State Avenue, Ames, Iowa 50014–8300, USA

For details of our global editorial offices, for customer services and for information about how to apply for permission to reuse the copyright material in this book please see our website at www.wiley.com/wiley-blackwell.

The right of the author to be identified as the author of this work has been asserted in accordance with the UK Copyright, Designs and Patents Act 1988.

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, recording or otherwise, except as permitted by the UK Copyright, Designs and Patents Act 1988, without the prior permission of the publisher.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print may not be available in electronic books.

Designations used by companies to distinguish their products are often claimed as trademarks. All brand names and product names used in this book are trade names, service marks, trademarks or registered trademarks of their respective owners. The publisher is not associated with any product or vendor mentioned in this book. This publication is designed to provide accurate and authoritative information in regard to the subject matter covered. It is sold on the understanding that the publisher is not engaged in rendering professional services. If professional advice or other expert assistance is required, the services of a competent professional should be sought.

Library of Congress Cataloging-in-Publication Data

Tucker, Gary.

Essentials of thermal processing/Gary Tucker, Susan Featherstone.

p. cm.

Includes bibliographical references and index.

ISBN 978-1-4051-9058-9 (hardback: alk. paper) 1. Food-Effect of heat on. 2. Food-Preservation.

3. Food-Microbiology. I. Featherstone, Susan. II. Title.

TP371.T83 2011

664'.028-dc22

2010014042

A catalogue record for this book is available from the British Library.

This book is published in the following electronic formats: ePDF (9781444328639); Wiley Online Library (9781444328622)

Set in 11/13pt Times by SPi Publisher Services, Pondicherry, India





Preface

Essentials of Thermal Processing is written by two authors with many years’ experience of thermal processing practice, one gained in the northern hemisphere and one in the southern hemisphere. This gives the book a unique appeal. It covers all aspects of thermal processing from its beginnings in 1795 with Nicolas Appert through to modern day computer controlled processing systems and electronic data capture. The intention was to write a book of practical use to students studying food science and technology as well as for their lecturers, but also for individuals in companies and research centres that have a need to understand thermal processing principles.

The book starts with the basic microbiological principles that govern microorganism growth and death, including the use of hurdles to control their growth. When a combination of two or more food preservation factors is used, generally each factor can be used at a slightly lower level. Using more than one food preservation factor or hurdle is termed hurdle technology.

The next chapters take the reader through the different food categories that present their unique challenges for thermal processing. This includes the traditional sector of low acid foods in which the familiar F03 concept was derived from heat resistance studies originally undertaken by Esty and Meyer in 1922. Low acid foods are a group of foods that do not contain any preservation hurdles to microorganism growth and rely on the heat process to control microorganism numbers in the food and a hermetically sealed package to prevent recontamination.

The two chapters that follow, on acid and high acid foods and on acidified foods, were considered to be sufficiently different that separate chapters were required to describe the categories and the types of thermal processes that are applied. The last of the chapters that deals with a specific food group is on heat preserved chilled foods, which is one of the most rapidly growing sectors in Europe. This includes the ready meal concept and ready-to-eat meat, fish and poultry products. Shelf-life requires refrigerated storage and is typically up to 10 days when a very mild process is used or it can be extended beyond this with more severe treatments.

The next chapter describes the processing methods that can be used for manufacturing heat preserved foods, which is divided into in-pack or in-line systems, often known as retorts and continuous systems. It does not go into the detail of each commercial system, of which there are many, but describes the operating principles. The main types of retort are described, for example steam, steam-air, water immersion, raining and sprayed water, also included are the in-pack continuous retorts such as hydrostatic and reel & spiral cooker-cooler systems. Equipment choice for a continuous or in-line system depends mostly on the food viscosity and whether the flow behaviour is laminar or turbulent.

Thermal processing of foods has a dual purpose, which is to commercially sterilise the product and to cook it to an acceptable level. The chapter on cooking and process optimisation addresses the challenges of maximising a specific quality attribute without damaging the thermal processing effect on microbial reduction. Examples are given on the different quality parameters appropriate to heat preserved foods and how these can be mathematically analysed with the aim of adjusting processes so that maximum quantities of a nutrient, such as a vitamin, are retained.

Techniques for measuring thermal processes are described in the next chapter together with the process calculation methods used to establish safe times and temperatures. Measurement techniques for in-pack processes include temperature sensors of various types and log reduction methods that can be either microbiological or biochemical. Process calculation techniques are introduced, which allow process conditions to be calculated from the temperature measurements and analysis of deviations to be carried out. Differences in the techniques required for batch (in-pack) and continuous (in-flow) heat processes are described.

Cooling of packs is discussed in the chapter on cooling water. Almost all types of microorganisms can be found in water, and water is most often the vehicle of transmission for these organisms. Inadequate cooling is arguably the single most significant cause of public health issues of the last century from canned foods. Examples of spoilage incidents caused by cooling issues are dealt with in several chapters and so this chapter solely describes the different methods of disinfecting cooling water.

Despite the best efforts to control all aspects of a thermal processing operation, all factories will experience process deviations from time to time. A chapter is dedicated to process deviations and describes methods to assess whether a process deviation has made a critical impact on the commercial sterility or safety of a product. Methods to assess a deviation are many and include calculation methods as well as experimentally recreating the deviation using retort simulators.

Packaging of the product also demanded its own chapter. Understanding packaging options and the way they work together with the product is critical to the success of any food packaging system. The functions of packaging are to contain, protect, preserve, portion, inform, promote and make foods portable. Packaging options for thermally processed foods are many and include metal (mainly tinplate, but some aluminium), glass, cartons and specific plastics (laminates and composites). Primary packaging must be able to hold a hermetic seal, withstand the process temperature, provide a physical barrier, withstand the physical stresses during processing, transport, storage and distribution, and must not react adversely with the food.

Incubation of processed packs is commonplace in the food industry; however, a variety of incubation practices occur, which suggests that there is no standardised approach. The chapter on incubation describes the objectives of incubation together with some recommendations for times and temperatures that different types of microorganism require. It includes suggestions for sample size and methods for interpretation of results.

The penultimate chapter is about the HACCP (Hazard Analysis Critical Control Points) system. HACCP is a tool to assess hazards and establish control systems that focus on prevention rather than relying mainly on end-product testing. Examples are given of CCPs of relevance to thermal processing.

The final chapter presents a different focus for thermal processing in that it deals with environmental aspects and presents a positive case for thermal processing. As a technology for preserving food it can be environmentally beneficial because the goods are stored ambient, thus avoiding the need for refrigeration, and allows agricultural products to be processed close to where they are grown, thus avoiding transportation emissions and forcing crops to grow out of season. An example of a carbon footprint assessment is given in this chapter for a bottled apple juice.

Gary S. Tucker

Susan Featherstone

The authors during a practical training course session in Cape Town.
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Glossary of Terms



	
Acid Food

	
A food that has a natural pH of 4.6 or below (in Europe it is common to use pH 4.5 as the upper limit).




	
Acidified Low-Acid Food 

	
A food that has been treated so as to attain an equilibrium pH of 4.6 (or 4.5 in Europe) or lower after heat processing.




	
Adverse Conditions

	
Those conditions that may result in physical damage to and/or contamination of a container or its contents, rendering the food unsuitable for human consumption.




	
Aerobic

	
Presence of oxygen.




	
Anaerobic

	
Absence of oxygen.




	
Annealing

	
Heating process used in tinplate manufacture to soften the steel strip after cold rolling and to impart the required hardness; the process can either be continuous (continuous annealing or CA) or in batches (batch annealing or BA).




	
Aseptic Processing and Packaging

	
The filling of a commercially sterile product into sterilised containers followed by hermetical sealing with a sterilised closure in an atmosphere free from microorganisms.




	
Beads, Beading

	
Corrugations rolled into can walls to give added strength to the can body.




	
Bleeders

	
Small orifices through which steam and other gases escape from the retort throughout the entire heat process.




	
Broken Heating Curve

	
A heating curve that shows a distinct change in the rate of heat transfer, such that the curve may be represented by two or more distinct straight lines.




	
Canned Food

	
Commercially sterile food in hermetically sealed containers.




	
Cleaning

	
The removal of soil, food residues, dirt, grease or other objectionable matter from the external surface of the container and for the purposes of this code may be extended to the removal of rust and other products of corrosion.




	
Come-up Time

	
The time, including venting time, which elapses between the introduction of the heating medium into the closed retort and the time when the temperature in the retort reaches the required sterilisation temperatures.




	
Commercial Sterility

	
The condition achieved by application of heat, sufficient, alone or in combination with other appropriate treatments, to render the food free from microorganisms capable of growing in the food at normal non-refrigerated conditions at which the food is likely to be held during distribution and storage.




	
Contamination

	
The presence of any objectionable material on the surface of a container, or in a food.




	
Corrosion

	
Chemical action of dissolving the surface of a metal (e.g. tin in food medium).




	
Corrosion Accelerator

	
Chemical species with the ability to accept electrons, which will increase the rate of a corrosion reaction.




	
Critical Factor

	
Any property, characteristic, condition, aspect or other parameter, variation of which may affect the scheduled process delivered and thus the commercial sterility of the product. This does not include factors that are controlled by the processor solely for purposes of product appearance, quality and other reasons that are not of public health significance.




	
Detinning

	
The process of corrosion, where the internally plain tin coating is slowly dissolved by the food medium; rapid detinning refers to abnormally fast tin dissolution, caused by the presence of corrosion accelerators.




	
Disinfection

	
The reduction, without adversely affecting the food, by means of hygienically satisfactory chemical agents and/or physical methods, of the number of microorganisms to a level that will not lead to harmful contamination of food.




	
Disposal

	
An action (e.g. incineration, burial, conversion to animal feed, etc.), which will prevent a contaminated product from being sold or distributed for human consumption.




	
Dr Tinplate

	
‘Double Reduced’ tinplate where a second rolling is used to reduce steel thickness in order to produce a thinner but stronger product.




	
Electrolyte

	
A substance that dissociates into ions when dissolved in a suitable medium; hence a tin-rich electrolyte is used in tinplate manufacture.




	
Embossing

	
Use of a die to stamp a product code or manufacturing date into a can end.




	
Equilibrium pH

	
The pH of the macerated heat processed food product.




	
Fermented Food

	
A food preserved by the growth of acid-producing microorganisms in the food, which lowers the pH to 4.6 (4.5 in Europe) or less.




	
Fill Temperature

	
Temperature at which the food is filled into the container.




	
Fill Weight

	
The weight of the product particulates before processing, excluding the weight of the container or covering liquid.




	
Filler

	
Machine used to automatically fill a container with the desired weight or volume of food.




	
Flexible Container

	
A container where the shape or contours of the filled, sealed container are affected by the enclosed product.




	
Food Acids

	
Organic acids, naturally occurring in foods, especially in fruits and vegetables; also used to impart flavour and to modify the pH of foods.




	
Headspace

	
Space left in the top of the container after filling and end sealing, in order to allow for product expansion during thermal processing/the volume in a container not occupied by the food.




	
Heating Curve

	
A graphical representation of the rate of temperature change in the food throughout the heat process; this is usually plotted on semi-log graph paper so that the temperature on an inverted log scale is plotted against time on a linear scale.




	
Hermetically Sealed Container

	
A container that is designed and intended to be secure against the entry of microorganisms and to maintain the commercial sterility of its contents during and after processing (e.g. tinplate or aluminium can, glass jar, or pouch).




	
Incubation Tests

	
Tests in which the heat processed product is kept at a specific temperature for a specified period of time in order to determine if out-growth of microorganisms occurs under these conditions.




	
Initial Temperature

	
The temperature of the contents of the coldest container to be processed at the time the sterilising cycle begins, as specified in the scheduled process.




	
Inject Coding

	
Use of an ink jet to print a product code or manufacturing date on the package.




	
Kw

	
Kw is an equilibrium constant for the chemical reaction that describes the ionisation of water. It is referred to as the ionisation constant or the ionic product. It has the units mol2 dm-6.




	
Lacquers

	
Inert organic coatings used to give additional protection to tinplate; usually applied in liquid form and ‘cured’ at high temperatures.




	
Low-Acid Food

	
Any food (other than alcoholic beverages) with a finished equilibrium pH greater than 4.6 (4.5 in Europe) and a water activity greater than 0.85, excluding tomatoes and tomato products having a finished equilibrium pH less than 4.7.




	
Nesting

	
Containers that fit within one another when stacked.




	
Pack Testing

	
Storage and regular sampling of canned foods under controlled temperature conditions to determine internal corrosion characteristics and potential shelf-life.




	
Packing Medium

	
The liquid or other medium in which the low-acid or acidified product is packed.




	
pH

	
A measure of acidity.




	
Plain Cans

	
Cans made from tinplate without any additional lacquer coating.




	
Potable Water

	
Water fit for human consumption.




	
Process Authority

	
The person or organisation that scientifically establishes thermal processes for low acid canned foods or processing requirements for acidified foods. The processes are based on scientifically obtained data relating to heat or acid resistance of public health and spoilage bacteria and/or upon data pertaining to heat penetration in canned foods. The process authority must have expert scientific knowledge of thermal and/or acidification processing requirements and have adequate experience and facilities for making such determinations.




	
Process Temperature

	
The calculated temperature at a particular time (process time) for which a specific container size and food product need to be heated in order to achieve commercial sterility.




	
Process Time

	
The calculated time at a particular temperature (process temperature) for which a specific container size and food product need to be heated in order to achieve commercial sterility.




	
Recanning

	
The transfer and sealing of a product into a new hermetically sealable container followed by a scheduled process.




	
Reconditioning

	
The cleaning of sound containers and may include disinfection.




	
Reducing Environment

	
Conditions expected inside a plain processed food container, whereby the contents are protected from oxidative reactions such as colour change.




	
Reprocessing

	
The treatment of a canned food in its original container recovered in a salvage operation followed by a scheduled process.




	
Retort

	
A pressure vessel designed for thermal processing of food packed in hermetically sealed containers.




	
Rigid Container

	
A container whereby the shape or contours of the filled and sealed container are neither affected by the enclosed product nor deformed by an external mechanical pressure of up to 0.7 kg/cm2 (10 psig) (i.e. normal firm finger pressure).




	
Sacrificial Anode

	
A metal that slowly dissolves in a corrosion reaction and, in so doing, protects a second metal from corrosion (e.g. tin behaving as the sacrificial anode to protect the coupled steel base).




	
Salvage

	
Any appropriate process or procedure by which food is recovered from a suspect lot of canned food and by which its safety and fitness for consumption is ensured.




	
Scheduled Process

	
The thermal process chosen by the processor for a given product and container size to achieve at least commercial sterility.




	
Seals

	
Those parts (of a semi-rigid container and lid or flexible container) that are fused together in order to close the container.




	
Semi-Rigid Container

	
A container whereby the shape or contours of the filled, sealed container are not affected by the enclosed product under normal atmospheric temperature and pressure but can be deformed by an external mechanical pressure of less than 0.7 kg/cm2 (10 psig) (i.e. normal firm finger pressure).




	
Shelf-Life

	
The expected acceptable commercial life of any canned food.




	
Sidestripe

	
A thin band of lacquer designed to protect the weld of a can body from corrosion.




	
Steam Exhausting

	
Passing filled containers through a tunnel of steam, prior to sealing, to assist in oxygen removal from the product and headspace.




	
Sterilisation Temperature

	
The temperature maintained throughout the thermal process as specified in the scheduled process.




	
Sterilisation Time

	
The time between the moment when sterilisation temperature is achieved and the moment when cooling started.




	
Sterilising Value (F0)

	
The number of minutes at a reference temperature of 250°F Fahrenheit (121.1°C) required to kill a known population of microorganisms with a z value of 18°F (10°C).




	
Sulphide Staining

	
Where naturally occurring sulphur compounds in foods react with the tinplate surface to form a purple-black stain of tin sulphide or black iron sulphide.




	
Suspect Lot

	
A group of containers that is suspected of being contaminated as a result of exposure to adverse conditions and may include a part of, the whole of, or a number of code lots.




	
Thermal Process

	
The application of heat to food, either before or after sealing in a hermetically sealed container, for a period of time and at a temperature scientifically determined to achieve a condition of commercial sterility.




	
Venting

	
The thorough removal of the air from steam retorts by steam prior to a scheduled process.




	
Water Activity (aw)

	
A measure of the free moisture in a product. It is the quotient of the water vapour pressure of the substance divided by the vapour pressure of pure water at the same temperature.









1

Microbiology of Heat Preserved Foods

Microbiology refers to the study of life and organisms that are too small to be seen with the naked eye. This includes eukaryotes such as fungi, and prokaryotes such as bacteria. Microbiology is researched actively, and the field is advancing continually. We have probably only studied and understand a very small percentage of all of the microorganisms on Earth. Although microorganisms were first observed over 300 years ago, the science of microbiology is in its infancy.

1.1 A BRIEF HISTORY OF THE SCIENCE AND TECHNOLOGY OF THERMAL PROCESSING

The early Greeks believed in ‘spontaneous generation’ (that living things could originate from non-living matter). Although Aristotle discarded this notion, he still believed that animals could arise spontaneously from other unlike organisms or from soil. His influence regarding this concept of spontaneous generation was still felt as late as the seventeenth century. Towards the end of the seventeenth century, a chain of observations, experiments and arguments began that disproved the belief that life could be generated from non-life. Microbiology, as a science, can be said to have begun with the development of the microscope. In the midseventeenth century, although not the inventor of the microscope, Antonie van Leeuwenhoek (1632–1723) (Fig. 1.1), a Dutch draper, ground his own lenses and made small microscopes that could magnify up to 500 times. He had exceptional attention to detail and was the first to provide proper descriptions of his observations, which included protozoans from the guts of animals and bacteria from teeth scrapings. His descriptions and drawings were excellent and he conveyed his findings in a series of letters to the British Royal Society during the mid-1670s. Although the observation of his ‘animalcules’ stimulated much interest, it remained as an oddity until the eighteenth century.

Fig. 1.1 Antonie van Leeuwenhoek, painting by Jan Verkolje.
[image: c01_image001.jpg]

In 1795, the French government offered a cash award of 12 000 francs to any inventor who could devise a cheap and effective method of preserving large amounts of food. The larger armies of the period required increased, regular supplies of quality food. Limited food availability was among the factors limiting military campaigns. After many years of experimentation, French confectioner and brewer, Nicolas Appert (1752–1841) (Fig. 1.2), developed a method of sealing and heating food in glass jars, where the food did not spoil unless the seals leaked. He tested his experiments in 1795 and in 1904 founded a cannery at Massy, following successful public tests of his bottled foods aboard ships at Brest.

In 1810, Appert published his findings in a book entitled Le Livre de Tous les Ménages ou L’Art de Conserver Pendant Plusiers Années Toutes les Substances Animales et Végétales (The Book for All Households or The Art of Preserving Animal and Vegetable Substances for Many Years), and was awarded his cash prize. In his book he described the following steps in the canning process:

Fig. 1.2 Nicolas Appert, drawing by unknown.
[image: c01_image002.jpg]

	Enclose, in bottles, the food to be preserved.
	Cork the bottle carefully.
	Submit the bottles to the action of boiling water for various lengths of time, depending on the food.
	Remove the bottles and allow them to cool.


The reason for lack of spoilage was unknown at the time, since it would be another 50 years before Louis Pasteur demonstrated the role of microorganisms in food spoilage.

There were many other people working on methods of food preservation at the time, including the Englishmen, Donkin and Saddington (who, in 1807, were awarded 5 guineas for their method of using heat to preserve fruits without using sugar).

Glass jars were soon largely replaced in commercial canneries with cylindrical tin or wrought-iron canisters (later shortened to ‘cans’), following the work of Peter Durand in 1810. The cans were cheaper and quicker to make, and much less fragile than glass jars. The firm of Donkin and Hall manufactured large quantities of ‘canisters’, some of which were taken on expeditions to Baffin Bay in 1814 and on Arctic explorations in 1815.

Fig. 1.3 Louis Pasteur, painting by A. Edelfeldt (1885).
[image: c01_image003.jpg]

Appert’s book was translated into many languages, with an English version published in 1811, followed by a second edition in 1812 (Appert, 1810). Appert continued developing his canning processes and published a fourth edition in 1831, when he was almost 80 years old.

Many scientific and technological advances occurred over the next few decades. In 1859, Louis Pasteur (Fig. 1.3) did some work on ‘spontaneous generation’. Pasteur first drew the necks of glass flasks out so that they remained open to the air, but were bent so that air could only enter by a curved path. He added broth and boiled it to destroy contaminating microorganisms. The flasks were then incubated and observed for months. The logic was that if there were microorganisms in the air that could contaminate the sterile broth, these microorganisms would be trapped on the sides of the thin glass necks before they reached the sterile broth. No growth occurred, so he tilted the flasks to allow the broth to reach the valley in the neck and back again. After another incubation period the broth turned murky. This proved his theory that there were microorganisms in the air that could spoil the broth. Pasteur made several other discoveries including vaccinations for several diseases, such as rabies (a viral vaccine). In 1862 he did a series of experiments that proved that heat treating beverages such as milk, beer and wine could stop them from spoiling. This process became known as pasteurisation.

Fig. 1.4 Joseph Lister, painting by unknown.
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Joseph Lister (1827–1912) was an English surgeon who made the important development of antiseptic surgical practice for medicine and microbiology (Fig. 1.4). Lister searched for a way to keep bacteria out of wounds and incisions made by surgeons, as death from sepsis was frequent at the time. He read a paper by Louis Pasteur that described the growth of anaerobic bacteria and suggested killing them by heat, filtering or with chemicals. Carbolic acid (phenol) was known to deodorise sewage, so Lister soaked surgical dressings, and sprayed carbolic acid into the air of operating theatres. The protected wounds did not become infected and the patients recovered quickly. The success of this technique was so remarkable that aseptic surgical practice was soon established worldwide.

Robert Koch (1843–1910) isolated the Bacillus bacteria responsible for tuberculosis and the one for anthrax. He also isolated the bacteria responsible for cholera, Vibrio cholera. In his work with anthrax he noticed that when the bacteria were exposed to unfavourable conditions, they went into a dormant state, forming internal spores that could survive for extended periods in the soil, causing outbreaks of the disease at opportune times. More of Koch’s contributions to microbiology were in the areas of culturing bacteria and examining them. He developed solid culture media by adding gelatine and other solidifying agents to liquid media in order to obtain isolated growths of microorganisms. These isolated growths were called ‘colonies’ and were found to contain millions of individual microorganisms packed tightly together. He noted that the colonies were visible to the naked eye, whereas the individual cells were not. Koch also found that, by adding dyes to microorganisms smeared onto a glass slide, individual cells could be seen more clearly with a microscope.

In about 1860, Isaac Solomon, a canner in Baltimore in the USA, added calcium chloride to the cooking water enabling it to ‘boil’ at 116°C instead of 100°C, and thus reducing the cooking times from in the region of 6 hours to about 30 minutes.

In the twentieth and twenty-first centuries, our knowledge and understanding of microbiology has increased exponentially. The development of stronger microscopes, better aseptic techniques, computers, biotechnology tools and sophisticated analytical instruments have all contributed to unravelling the many conundrums caused by microorganisms in the field of medicine and food science. Two of the most important advances were the invention of the retort by A.K. Shriver in 1875, and publication of time temperature requirements of canned foods by Underwood and Prescott. William Lyman Underwood was a canner who wanted to understand what caused canned food spoilage (Fig. 1.5). Together with Samuel Cate Prescott, they studied many cases of food spoilage over many years. They demonstrated that spoilage could be caused by inoculation and that the proper temperature time combinations could prevent spoilage. They showed that bacteria were the causative agents of canned food spoilage, the importance of heat penetration in processing canned foods, the importance of cooling of canned foods and they were also the first to recommend incubation of canned foods. The significance of their work cannot be overemphasised; canning passed from an individual skill to a scientific discipline.

1.2 FOOD MICROBIOLOGY

Ever since man has been gathering food, he has had the problem of preserving it. Very soon after food is harvested or slaughtered it starts deteriorating. Food microbiology is concerned with the organisms that cause loss of food quality and safety, as well as those organisms that help to preserve the food and keep other organisms at bay (Frazier, 1958; Kay, 1992). The microorganisms of importance in the food industry are fungi and bacteria. Figure 1.6 shows the size of animal cells relative to mould, yeast and bacteria.

Fig. 1.5 Underwood and Prescott (courtesy of the MIT Museum).
[image: c01_image005.jpg]

Fig. 1.6 Diagram showing relative size of bacteria, yeast and mould.
[image: c01_image006.jpg]

1.2.1 Fungi

Fungi are an interesting group of eukaryotic organisms that are neither plant nor animal. Like plants they possess a cell wall and can reproduce both asexually and sexually. But like animals they do not contain chlorophyll and are heterotrophic organisms. The majority of fungal species grow as multicellular filaments, called hyphae, forming a mycelium (mould). Some fungal species also grow as single cells (yeasts). Sexual and asexual reproduction of the fungi is commonly via spores, often produced on specialised structures or in fruiting bodies. The discipline of biology devoted to the study of fungi is known as mycology.

The use of fungi for food preservation is extensive. Yeasts are required for fermentation of beer, wine and bread, and moulds are used in the production of cheese and soy sauce. Some fungi are also used for antibiotic production. Many fungi produce biologically active compounds, several of which are toxic and are therefore called mycotoxins. Of particular relevance to humans are those mycotoxins that are produced by moulds causing food spoilage, an example being the aflatoxins, which are liver toxins and carcinogenic metabolites.

1.2.1.1 Moulds

Moulds include all species of microscopic fungi that grow in the form of multicellular filaments, the hyphae. The individual mould structures, single hypha or spores, can only be seen under a microscope. The term ‘mould’ describes the mass of mycelium, made up from many hyphae, that is visible as a colony with the naked eye. They are widely distributed in Nature, in both the soil and in the air. Under suitable conditions (e.g. moisture, temperature and oxygen), they can grow on almost any food source. They can grow at many extremes, highly acidic or very salty, low temperature and on carbon sources that are not generally considered to be food (e.g. ceilings, walls, books). One important feature of mould metabolism that is important to note is the ability to consume acids, thus raising the pH of a foodstuff, and potentially allowing microorganisms to grow that were otherwise inhibited by the low pH. All moulds are aerobic, but some can grow in relatively low oxygen concentrations. Generally, moulds are not very heat resistant, but some spores can survive heating to about 90°C for a few minutes. Mature spores (ones that have had several days to mature) are generally more resistant. These present problems for fruit canning where the process severity is limited by the breakdown in fruit texture caused by heat.

Food safety risks from mould contamination are limited to mycotoxins, which are secondary metabolites produced by moulds. The name ‘mycotoxin’ comes from the Greek words, mykes (mould) and toxicum (poison). There are many known types of mycotoxins and they can contaminate a wide variety of food and animal feeds. Examples of common mycotoxins include Aflatoxin, Ocratoxin A, Patulin, Fusarin, Fumonisin, deoxynivalenol (DON) and Zearalenone. Mycotoxins are not essential to maintaining the life of the mould in a primary way (i.e. obtaining energy or synthesising structural components, etc.). They are chemical compounds that give the mould a competitive advantage over other moulds or bacterial species in their environment. They are almost all cytotoxic, disrupting various cellular structures such as membranes and interfering with vital cellular processes such as RNA and DNA synthesis.

The consumption of mycotoxin contaminated food is related to several acute and chronic diseases in humans and animals. An example of a serious food related problem caused directly by mycotoxins occurred in 1960, where 100 000 turkey poults died after eating peanut meal that was contaminated with aflatoxins. Aflatoxins are a group of toxins produced by Aspergillus spp that have a similar structure and form highly oxygenated heterocyclic compounds. There are four major aflatoxins: B1, B2, G1 and G2. Aflatoxins have a potent carcinogenic effect. Aflatoxins occur in crops (most commonly corn, peanuts and cottonseed) post harvesting if the moisture levels in the foodstuff is allowed to exceed the critical values for mould growth. They can also be found in milk, cheese and eggs, if the animals are fed contaminated feed.

Patulin is a mycotoxin that is produced by certain species of Penicillium, Aspergillus and Byssochylamys moulds. The moulds that produce patulin grow on a variety of foods, including fruit (e.g. apples, grapes and pears), vegetables, grains (e.g. flour and malt) and cheese. However, given the nature of the food (e.g. pH, protein amino acid composition, etc.), the manufacturing processes, or consumption practices for many foods, patulin does not appear to pose a public safety concern, with the exception of apple juice. Patulin is relatively stable in acid solutions, but is susceptible to alkaline hydrolysis and is destroyed by fermentation, which means it is not found in either alcoholic fruit beverages or vinegar produced by fruit juices, but will survive a pasteurisation process.

Ocratoxin (sp) A is a mycotoxin produced by Apergillus ochraceus and a few other moulds, for example Penicillium viridicatum and Penicillium verrucosum. It has both antibiotic and toxic (carcinogenic, teratogenic and nephrotoxic) properties.

1.2.1.2 Yeasts

Yeasts are heterotrophs that use organic compounds as a source of energy and do not require sunlight to grow. The main source of carbon is from hexose sugars such as glucose and fructose, or disaccharides such as sucrose and maltose, although some species can metabolise pentose sugars (e.g. ribose), alcohols and organic acids. Yeasts are either obligate aerobes or are facultative anaerobes. Unlike bacteria, there are no known yeast species that grow only anaerobically (obligate anaerobes). Yeasts grow best in a neutral or slightly acidic pH environment. They will grow over a temperature range of 10 to 37°C, with an optimal temperature range of 30 to 37°C, depending on the type of species. Above 37°C, yeast cells become stressed and above 50°C most will die. The cells can survive freezing under certain conditions, with viability decreasing over time. Although yeasts are substantially larger than bacteria they are only visible with the naked eye as colonies, and must be viewed through a microscope.

Although they are very useful in the food industry – they are used for bread, beer and wine manufacture and as a vitamin source – they can spoil some food because they have certain traits that enable them to opportunistically infect and spoil food. These are the ability to grow at low pH (or in high acid conditions below pH 4.0) and the ability to grow at high sugar concentrations (or low water activity down to 0.62 aw). These characteristics make yeasts ideal candidates for food spoilage in fruit products (e.g. juices, canned fruits and jams) and other high acid foods such as pickles and yoghurt. Yeasts actively produce carbon dioxide gas in their metabolism, which can cause destructive spoilage (especially in products in sealed containers).

1.2.2 Bacteria

Bacteria are a large group of prokaryotic, unicellular microorganisms that are very important to the food processor. They are typically only a few micrometres (10−6 m) in length (Fig. 1.6). In contrast to higher organisms, bacteria exhibit an extremely wide variety of metabolic types, as highlighted in Table 1.1.

Bacteria are ubiquitous; growing in soil, acidic hot springs, radioactive waste, water, deep in the Earth’s crust, as well as on organic matter and the bodies of living plants and animals.

Most bacteria are harmless to humans, but some can secrete enzymes that can cause changes in food or toxins that can contaminate food. Intimate knowledge of food poisoning and food spoilage organisms is critical to the food processor, as this knowledge can assist in controlling microbial outbreaks and contamination.

Microscopic examination is a quick tool used to identify bacteria. Characteristics such as their shape, size, aggregation, structure and staining reactions (e.g. Gram stain) all are typical to certain groups of bacteria. Colonies of bacteria comprise millions of cells and are visible with the naked eye.

Table 1.1 Nutritional types in bacterial metabolism.
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Bacteria are found in a wide range of shapes, such as spheres, rods and spirals. Certain species of bacteria are motile, propelling themselves using tails called flagellae. Some bacteria produce external slime (or capsules). Some species of bacteria, such as Bacillus and Clostridium, can form (internal) highly resistant, dormant structures called endospores. Endospores have a central core of cytoplasm containing DNA and ribosomes, which is protected by an impermeable and rigid coat. They show no detectable metabolism and can survive extreme physical and chemical stresses, such as high levels of UV light, gamma radiation, detergents, disinfectants, heat, pressure and desiccation. In this dormant state, bacteria may remain viable for thousands of years, and can even survive exposure to the vacuum and radiation in space. Endospore-forming bacteria are often implicated in diseases and food poisoning, for example anthrax can be contracted by the inhalation of Bacillus anthracis endospores, and botulism can be caused by the consumption of the toxin formed by Clostridium botulinum endospore outgrowth in canned food.

1.2.2.1 Growth and reproduction of bacteria

Unlike multicellular organisms, bacteria grow to a fixed size and then reproduce through binary fission (a form of asexual reproduction). Under optimal conditions, bacteria can grow and divide extremely rapidly, and bacterial populations can double as quickly as every 10 minutes. In this sort of cell division, two identical clone daughter cells are produced.

Fig. 1.7 Growth rate versus time for the various phases of microbial growth.
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A typical growth cycle of bacteria is shown graphically in Fig. 1.7. When introduced into a food, the bacteria require some time to adapt to their new surroundings, during which very little cell multiplication takes place (called a lag phase). Once adapted, cell division occurs at an exponential rate (called the log phase), during which time cell numbers increase dramatically. When certain factors become limiting (such as the food source and space) and the amount of waste products produced by the bacteria build-up, cell division slows down again (called the stationary phase) and eventually cells stop dividing, resulting in their death. The time taken for the population of cells to double is known as the generation time. The generation time of a microorganism will depend on the type and its environment. Typically, under favourable conditions bacteria have a generation time of 20 to 30 minutes. Thus, every hour, the population can double two or three times over (Table 1.2).

If binary fission growth is not limited, the population can amount to a staggering figure of over 2.8 × 1015 in just 24 hours. Fortunately, while rapid growth of bacteria and other microorganisms is a reality there are always factors that do limit the growth, so these sorts of numbers do not occur.

Understanding the growth of microorganisms is important because they can multiply very rapidly. Once accustomed to their environment, in the presence of optimal growth conditions, if the numbers are high to start with then adaptation is quicker and numbers will increase faster and spoilage will occur sooner.

Table 1.2 Theoretical increase in population of bacteria under ideal conditions.


	
Time

	
Theoretical number of bacteria

	




	
Start
	
1

	
0 × 100




	
30 min

	
2

	
2.0 × 100




	
1 h

	
4

	
4.0 × 100




	
2 h

	
16

	
1.6 × 101




	
5 h

	
1024

	
1.0 × 103




	
6 h

	
4096

	
4.1 × 103




	
8 h

	
65 536

	
6.5 × 104




	
12 h

	
1 677 216

	
1.6 × 107




	
24 h

	
281 474 976 710 656

	
2.8 × 1015





1.3 FACTORS THAT AFFECT THE GROWTH OF MICROORGANISMS

There are a number of factors that affect microbial growth and it is important that these are understood in order to be able to control the microorganism numbers (Prescott et al., 1996). In the list below, the first six are called intrinsic factors and are Nature’s ways of protecting foods from microorganisms, and the last three are called extrinsic factors and are properties of the storage environment that foods are kept in:

(i) pH;

(ii) moisture;

(iii) nutrients;

(iv) redox potential;

(v) antimicrobial resistance;

(vi) biological structures;

(vii) relative humidity;

(viii) oxygen content/gases in the environment;

(ix) temperature.

1.3.1 pH

The pH is a measure of the solution’s acidity and refers to the hydrogen ion concentration of a solution. It is defined as the negative logarithm of the concentration of H+ ions, as given in Equation 1.1:

(1.1)[image: c01_image011.jpg]

where [H+] is the concentration of H+ ions in moles per litre.

Fig. 1.8 pH growth ranges of microorganisms.
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The pH scale ranges from 0 to 14, with 7 being the pH of pure water and is regarded as neutral. Less than 7 is acidic and greater than 7 is alkaline. Most microorganisms grow best at neutral pH and only a few are able to grow pH < 4.0. Most foods are acidic (pH 3-7). Chapters 4 and 5 deal with acid and acidified foods in greater detail, as well as the theory of acidity measurement using pH.

Bacteria are more selective about their pH requirements than yeasts and moulds. The fact that pH can limit microbial growth is one of the basic principles of food preservation and has been used for thousands of years. For example, fermentation and pickling have been used to extend the shelf-life of food products by lowering the pH. The fact that no known spore-forming pathogenic bacteria can grow at pH<4.6 is the basis for the food sterilisation principle for low acid and acid foods. Figure 1.8 gives some examples of the pH growth ranges of various microorganisms.

Although each microorganism will have an optimum pH, most can grow over a fairly wide range. The kind of acid used to change the pH will also affect the ability of microorganisms to grow (refer to Chapter 5 for details). It is important to note that on either side of the optimum pH the lag phase of the growth curve will be extended while the microorganism is adapting to the conditions, so a delay in growth does not necessarily mean no growth.

Some microorganisms can survive in adverse pH conditions, but not exhibit growth. Other microorganisms can alter the pH of a substrate (due to the metabolites they produce). This can cause other microorganisms to thrive, which were previously only just surviving.

Many microorganisms produce acids and lower the pH of a substrate (this is the basis for preserving food by pickling). It is important to realise that the pH can also be increased by the growth of certain microorganisms. For example, the pH of a substrate can be raised when Clostridium acetobutylicum metabolises butyric acid and Enterobacter aerogenes metabolises pyruvic acid during growth. This pH increase can allow other organisms that are kept dormant by the lower pH to grow.

Other environmental factors also interact with pH, for example the pH of a substrate increases as the temperature increases (albeit slightly).

1.3.2 Moisture

Microorganisms cannot grow in a water-free environment, because enzyme activity is absent, and most chemical reactions are greatly slowed down. Fresh vegetables, fruit, meat and fish naturally have a high moisture content, which averages about 80%. This effect is used in drying, which is one of the oldest methods of food preservation. Drying reduces the availability of the moisture, thereby limiting the numbers and types of microorganisms that can grow and reduces the rate at which they can do so. A measure of this parameter is called water activity and is defined by the ratio of the water vapour pressure in the food substrate to the vapour pressure of pure water at the same temperature and is denoted by the term aw, as given in Equation 1.2:
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where p is the vapour pressure of the solution (food), Pa, and po is the vapour pressure of pure water, Pa.

Water activity is a measure of the water that is available to the microorganisms. Pure water has a water activity of 1.0, while most fresh foods have a water activity of about 0.99 to 0.98. The growth of most microorganisms is confined to the aw range above 0.90, but some organisms that are of great importance in food preservation and food spoilage can grow at lower levels. These are termed halophiles, xerophiles and osmophiles. Halophiles are unable to grow in environments with no salt (NaCl) and often require substantial amounts of salt to grow. Xerophiles are organisms that can grow in relatively dry (low aw) conditions. Osmophiles can grow in environments where the osmotic pressure is high, for example in high sugar solution (e.g. jams and glacéed fruit).

In general, bacteria require an environment with a higher aw than yeasts and moulds. Most spoilage bacteria cannot grow at aw < 0.90. The minimum aw value for a halophilic bacterial growth is 0.75. C. botulinum has a minimum growth level of aw 0.94, whereas the salt tolerant organism Staphylococcus aureus can grow at aw values as low as 0.84.

Fungi (yeasts and moulds) are more resistant to low moisture conditions than bacteria. Most spoilage moulds cannot grow at aw < 0.80, although the minimum aw for xerophilic mould growth is 0.61. Most spoilage yeasts can grow in a minimum of aw 0.88, although osmophilic yeasts can grow at aw as low as 0.61.

1.3.3 Nutrients

To be able to grow and function normally, microorganisms require water, a source of energy, a source of nitrogen, vitamins and other growth factors and minerals. Food is made up from water, proteins, fats, carbohydrates and a host of vitamins and minerals. Some microorganisms are better suited to food spoilage using specific nutrients than others.

Carbohydrates are organic compounds that contain carbon, oxygen and hydrogen. They can be simple sugars or complex molecules. They have the general formula Cn(H2O)n. Food carbohydrates include monosaccharides (e.g. glucose), disaccharides (e.g. lactose, sucrose) and polysaccharides (e.g. dextrins, starches, celluloses, pectins). Monosaccharides and disaccharides are also referred to as sugars. They are readily digested and metabolised by the human body to supply energy, but can also be easily metabolised (fermented) by microorganisms.

Fats are the second most important source of energy in the microorganism’s diet, after carbohydrates. The yield of energy from fats is more efficient, with fats yielding more than double the amount of energy as an equivalent amount of carbohydrate. They are also an essential part of the diet, and are utilised in membrane, cell, tissue and organ structures. Fats or oils (triglycerides) are a group of naturally occurring organic compounds (esters) comprised of three molecules of fatty acids covalently bonded to one molecule of glycerol. The properties of the fat are determined by the type and length of fatty acids that are bonded to the glycerol molecule.

Fats are designated as saturated or unsaturated, depending on whether the chemical bonds between the carbon atoms of the fatty acid molecule contain all the hydrogen atoms they are capable of holding (saturated), or whether they have capacity for additional hydrogen atoms (unsaturated). Saturated fats generally are solid at room temperature, and unsaturated and polyunsaturated fats are liquids. Unsaturated fats may be converted to saturated fats by adding hydrogen atoms (hydrogenation).

Proteins are the most abundant molecules in cells, making up about 50% of the dry mass. Protein molecules range from soluble globules that can pass through cell membranes and set off metabolic reactions (e.g. enzymes and hormones) to the long, insoluble fibres that make up connective tissue and hair. Proteins are made up from amino acids, of which 20 are used by living organisms. Each amino acid has specific properties, depending on its structure, and when they combine together to form a protein, a unique complex molecule is formed. All proteins have unique shapes that allow them to carry out a particular function in the cell. All amino acids are organic compounds that contain both an amino (NH2) and a carboxyl (COOH) group. Proteins are very important foods, both nutritionally and as functional ingredients, because proteins in the diet serve primarily to build and maintain cells, but their chemical breakdown also provides energy, yielding almost the same as carbohydrates.

In addition to the main groups of carbohydrates, fats and proteins, living organism need countless numbers of minerals and trace elements for them to be able to function adequately. Among these are calcium, iodine, iron, magnesium, manganese, phosphorus, selenium and zinc.

1.3.4 Oxidation-reduction potential

The oxidation-reduction (redox or O/R) potential is the tendency of a substance to acquire electrons and thereby convert to its reduced state. O/R potential is measured in millivolts (mV) or Eh (1 Eh = 1 mV) relative to the standard hydrogen electrode (SHE), which is arbitrarily given a potential of 0.00 volts. Different foods have their own intrinsic reduction potential; the more positive the potential, the greater the affinity for electrons and tendency to be reduced. Microorganisms display varying degrees of sensitivity towards the redox potential.

As microorganisms grow, they can affect the Eh of their environment. The Eh of the food is also affected by the characteristic O/R of the food, the resistance to change exhibited by the food, the oxygen in the atmosphere and the aeration of the foodstuff. Generally, aerobic microorganisms prefer positive Eh for growth (oxidised), while anaerobic microorganisms prefer negative Eh values (reduced).

1.3.5 Antimicrobial resistance

Some foods have inherent antimicrobial activity, that is, they contain naturally occurring substances that restrict microbial growth. Some examples include essential oils (e.g. allicin in garlic, eugenol in cloves, and thymol in sage) and enzymes (e.g. lysozyme in eggs). These only have a minor role in thermal processing and will not be considered in detail.

1.3.6 Biological structures

The natural covering of some foods (e.g. skins and shells) provides a natural physical barrier to prevent ingress to the moist, nutrient rich, fleshier parts of the plant or animal. Thermal processing usually requires these protective barriers to be removed during preparation, and it is after this point that the foods are at their most vulnerable to microbiological growth and cross contamination.

1.3.7 Relative humidity

Relative humidity (RH) is a term used to describe the amount of water vapour that exists in a gaseous mixture of air and water, as given in Equation 1.3:
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where RH is the relative humidity of the mixture being considered, ρ(H2O) is the partial pressure of water vapour in the mixture, Pa, and ρ*(H2O) is the saturated vapour pressure of water at the mixture temperature, Pa.

The RH of the storage environment is important for microbial growth, because it can affect the water activity of the food. Foods and microbial hosts can pick up or lose moisture to the environment as a direct result of the relative humidity, as well as allow growth of microorganisms on the surface of foods if the RH is high enough. Foods with low water activity will pick up moisture from the atmosphere until equilibrium is reached.

The use of RH as a hurdle to microbial growth is considered in greater detail in Chapter 2.

1.3.8 Oxygen content/concentration of gases in the environment

Controlling the availability of free oxygen is one means of controlling microbial activity within a food. Although oxygen is essential to carry out metabolic activities that support all forms of life, some microorganisms use free atmospheric oxygen, while others metabolise the oxygen (reduced form) that is bound to other compounds such as carbohydrates.

Microorganisms can be broadly classified into two groups aerobic and anaerobic. Aerobes grow in the presence of atmospheric oxygen, while anaerobes grow in the absence of atmospheric oxygen. In between these two extremes are the facultative anaerobes, which can adapt and grow in either the absence or presence of atmospheric oxygen and microaerophilic organisms, which grow in the presence of reduced amounts of atmospheric oxygen. Microorganisms have very specific oxygen requirements and can be classified as:

	obligate aerobes (need oxygen);
	obligate anaerobes (need an absence of oxygen);
	facultative anaerobes (grow in the absence or presence of oxygen).


The gaseous composition of the environment will therefore affect the growth rates of specific microorganisms. Modified atmosphere packaging describes the practice of modifying the composition of the internal atmosphere of a food package in order to improve the shelf-life. The modification process lowers the amount of oxygen (O2) in order to slow down the growth of aerobic organisms and the speed of oxidation reactions. The removed oxygen can be replaced with nitrogen (N2), or carbon dioxide (CO2), which can lower the pH and/or inhibit the growth of bacteria.

1.3.9 Temperature

Microorganisms grow over a wide temperature range, with the lowest reported being −34°C and the highest close to the boiling point of water (100°C). All microorganisms do, however, have an optimum temperature range in which they will grow best. This preference for temperature forms the basis of dividing microorganisms into groups, for example:

	Psychrophiles have an optimum between 12 and 15°C, but can grow up to 20°C.
	Psychrotrophs have an optimum between 20 and 30°C, but can grow as low as 0°C.
	Mesophiles have an optimum between 30 and 42°C, but can grow between 15 and 47°C.
	Thermophiles grow optimally between 55 and 65°C, but can grow between 40 and 90°C.


Just as moulds are able to grow over a wide range of pH values and moisture conditions, they can also tolerate a wider temperature range than bacteria. Yeasts are not usually found growing in the thermophilic temperature range, but prefer psychrophilic and mesophilic temperatures. Some bacteria produce very heat resistant endospores, and even though most vegetative cells of yeast, mould or bacteria are destroyed at 65°C, the bacterial spores can persist for many minutes at high temperatures (e.g. 121.1°C).

1.4 DESCRIPTION OF SOME MICROORGANISMS OF IMPORTANCE TO THERMAL PROCESSING

All food poisoning microorganisms are of concern in any prepared foods, but for sterilised processed foods, those that can form heat resistant spores are of particular interest as they can potentially survive the thermal process (Stumbo, 1965). Some thermophilic bacteria can form spores that are extremely heat resistant (e.g. spores of Clostridium thermosaccarolyticum have been recorded with D-values as high as 195 minutes at 121°C). Fungi are less of a concern to sterilised products as even the most heat resistant fungi cannot survive about 95 to 100°C and subsequently are more of a problem for pasteurised foods or as a result of post processing contamination.

For commercially produced foods, safety is of the utmost importance, but stability of the products is also very important, because food that is spoilt cannot be sold (Goldblith, 1971, 1972). Commercial sterility of thermally processed foods means the condition achieved by the application of heat, which renders the food free from microorganisms capable of reproducing in the food under ambient (i.e. normal non-refrigerated) conditions of storage and distribution as well as any viable microorganisms, including spores, of public health significance. Below is a list of many of the microorganisms that can affect the commercial sterility of thermally processed foods.

1.4.1 Moulds

Vegetative mould filaments (hyphae) are destroyed by relatively mild heat (65°C). Moulds of greatest importance in foods multiply by zygospores, conidia or ascospores that are all more heat resistant than the vegetative organisms. Ascospores in particular can be highly heat resistant (e.g. Byssochlamys fulva produces ascospores that have a D-value at 90°C of between 1 and 12 minutes). Although rarely implicated in food poisoning incidents with thermally processed foods, as mentioned previously, some moulds produce mycotoxins that can cause food poisoning or illness. Some of the moulds found associated with food spoilage are listed below:

	Byssochlamys spp. can cause spoilage in canned fruit as a result of its heat resistant ascospores and the pectinases that they produce. They produce mycotoxins.
	Rhizopus stolonifer is readily killed by heating, but can produce heat-stable pectinases that can persist and cause soft rot that makes even canned fruit or vegetables soft and mushy.
	Aspergillus has been implicated in the spoilage of a large number of foods including bacon, bread, peanuts, fish, etc. They produce mycotoxins.
	Fusarium spp. have extensive mycelium with tinges of brown, red, purple and pink. They cause brown rot on citrus fruit and pineapples, and can grow on cereal crops. They produce mycotoxins.
	Penicillium moulds typically spoil fruits, causing blue and bluegreen colouration. They produce many different mycotoxins.


1.4.2 Yeasts

Yeasts can grow over a wide pH range and also exhibit tolerance to compounds traditionally used in food preservation. For example, some can grow in up to 18% alcohol and others in up to 60% sucrose, 24% NaCl or in aw solutions as low as 0.65. Yeasts are not very heat resistant and are generally destroyed at 60 to 65°C, but can cause food spoilage as a result of organisms entering leaking containers post-process.

Some examples of yeasts that can cause food spoilage include the following:

	Rhodotorula is a diverse organism that can grow in high sugar concentrations and is implicated in the spoilage of jams, jellies and candies. It can grow well at refrigerator temperatures as well as on the surface of butter.
	Zygosaccharomyces spp. can grow in high sugar concentrations and can cause spoilage of jams and jellies. Z. rouxii can grow at pH values as low as 1.8 and water activity as low as 0.62.
	Brettanomyces spp. produces acetic acid from glucose under aerobic conditions and can cause spoilage in beer, wine and other fermented products.
	Debaryomyces spp. can grow in 25% NaCl and at water activities as low as 0.65. It has been found to cause a slimy growth on salted meats, cheeses and in brines. It is also one of the causes of spoilage of yogurt.
	Saccharomyces bailii is a spoilage yeast causing spoilage in mayonnaise, tomato sauce, fruit drinks and wine. It is resistant to benzoate and sorbate preservatives.


1.4.3 Bacteria

Bacteria are the most import group of food poisoning and food spoilage organisms that must be considered in heat processed foods (Pflug, 2003). Bacteria can be divided into groups depending on the temperature at which they grow, as indicated in the temperature classification earlier in this chapter. Table 1.3 presents some heat resistance data for spores of various bacteria that are important in thermal processing. Note that the terms D- and z-value are described in Chapter 3, which discusses the mathematical basis for thermal process calculations. However, the D-value is a measure of the heat resistance of a microorganism and the z-value provides information on how this heat resistance changes with temperature.

1.4.3.1 Thermophiles

C. thermosaccharolyticum is one of the most heat resistant microorganisms that food processes come into contact with. It is a Gram positive, rod-shaped anaerobic bacterium. These bacteria are saccharolytic, and produce large quantities of CO2 and H2 (which causes blowing of the cans). They are not tolerant to high levels of acidity but are important in products of moderate acidity. Where these organisms are implicated in spoilage, they are usually introduced to the product with the raw materials, because conditions for their proliferation in the plant and processing equipment seldom exist (the bacteria being anaerobic).

Table 1.3 Typical heat resistance of spores of some bacteria.
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* Most commonly used for thermal process calculations

G. stearothermophilus (used to be Bacillus stearothermophilus) is a rod-shaped, Gram-positive bacterium. It is a thermophile and is widely distributed in soil, hot springs, ocean sediment, and is a cause of spoilage in food products by producing various organic acids. No gas is formed and it produces ‘flat sour’ spoilage in canned foods. It will grow within a temperature range of 30 to 75°C but optimally at 55°C. Spores of G. stearothermophilus may enter a cannery in soil, on raw foods, and in ingredients such as spices, sugar, soya meal, flour and starches. Populations may increase at any point where proper environmental conditions exist (i.e. food handling equipment in a canning line that is operated within the thermophilic growth range, such as blanchers). Their presence in some processed containers of commercially sterile low-acid foods may be considered normal and not of particular concern because, although G. stearothermophilus can grow at temperatures as low as 30 to 45°C, the spores will not develop if the product is stored at temperatures below 43°C. Therefore proper cooling after thermal processing and the avoidance of high temperatures during warehouse storage and distribution are essential in controlling its outgrowth.

D. nigrificans is a strict anaerobic thermophile. These bacteria can cause the so-called ‘sulphide stinker’ spoilage. They produce hydrogen sulphide (H2S) in the product, resulting in a bad odour (resembling the odour of rotten eggs). The H2S dissolves in the contents of the containers, and the containers often remain ‘flat’. In cans, the H2S interacts with the iron in the containers, resulting in the contents discolouring to black. This bacterium used to be classified as a Clostridia, and is still referred to as Clostridium nigrificans in some textbooks.

Alicyclobacillus acidoterrestris is a thermoacidophilic, nonpathogenic, spore-forming bacterium. A. acidoterrestris spores are resistant to low pH pasteurisation and they can germinate and grow causing spoilage, characterised by a medicinal or disinfectant smell attributed to a chemical guaiacol (o-dihydroxybenzene) that the organism produces. It is an unusual organism in that it is almost the only thermophilic organism that can tolerate high acid conditions. It is found in soils of fruit orchards and enters processing environments as a contaminant of raw materials.

1.4.3.2 Mesophiles – spore-forming bacteria

Food poisoning incidents that result in fatalities are incredibly rare. However, one bacterium that can cause death is C. botulinum. The botulinum toxin is one of the most potent neurotoxins known, to the extent that it is used in biological warfare. Food contaminated with only a few nano grams (10−9 g) can be toxic. For this reason, while fairly uncommon, the risk is taken very seriously by all producers of products packed in an anaerobic environment and stored for an extended period of time (e.g. canned and vacuum packed food). All low acid food processes are designed with organisms such C. botulinum in mind (Rees and Bettison, 1991).

C. botulinum are Gram-positive, obligate anaerobe, sporeforming bacteria. They are commonly found in soils throughout the world, in any region. Since they are found in the soil, they contaminate vegetables cultivated in or on the soil and will colonise the gastro-intestinal tract of fish, birds and mammals.

C. botulinum are classified as a single species of bacteria but includes at least three genetically distinguishable groups of organisms that have been recognised to be toxic for humans (C. botulinum, C. baratii and C. butyricum). These organisms share the ability to produce the neurotoxins. The toxin types are classified as A, B, C, D, E, F and G. Human botulism has been described with the strains of C. botulinum that produce toxin type A, B and E.

C. botulinum bacteria produce spores that are heat resistant and cannot be killed simply by boiling. Canned food sterilisation processes are specifically designed so as to eliminate the possibility of any spores surviving. The toxin is, however, more heat sensitive and heating at 80°C for 30 minutes or 100°C for 10 minutes will destroy the active toxin.

Factors that limit the growth of C. botulinum include the following:

	Low pH: C. botulinum will not produce toxin in acid or acidified foods (i.e. below pH 4.6).
	Low water activity: A minimum aw of 0.94 is needed to support bacterial growth and toxin production. This water activity corresponds to a 10% salt (NaCl) solution, which is why salting is sometimes used as a method of preservation.
	Temperature: Most strains grow optimally at 40°C, but some of the psychophilic strains can grow at temperatures as low as 3°C.
	Food preservatives: Many preservatives (nitrite, sorbic acid, phenolic antioxidants, polyphosphates, etc.) inhibit C. botulinum growth.
	Competing microorganisms.


There are a number of other mesophilic bacteria of importance in thermal processing. The main ones are described below, and will feature in other places in this book (FDA Bad Bug Book).

B. coagulans are thermoduric and acid-tolerant bacteria that have been isolated from canned tomato products, where they cause a reduction in the pH of spoilt products by acid production without CO2 formation. The ends of the spoilt containers therefore remain flat, and the bacteria can also be termed ‘flat-sour’ bacteria. Optimal growth is between 37 and 45°C and at pH levels between 5.0 and 7.0. B. coagulans is not as heat-resistant as G. stearothermophilus but can grow at lower pH values (e.g. down to pH 4.2).

C. butyricum is a Gram positive, spore-forming, anaerobe. These bacteria spoil moderately acid food such as canned peaches and other fruit with pH values above 4.0, as well as canned vegetables (e.g. peas, potatoes) and other products of low acidity. Butyric acid and gas are produced during their metabolism.

C. perfringens are Gram-positive, spore-forming, anaerobic rod-shaped bacteria. They are widely distributed in Nature and also found associated with the intestines of animals and humans. The spores are not particularly heat resistant (when compared with spores of C. botulinum) and food poisoning from this organism is usually associated with cooked foods that have been inadequately cooled and held for several hours before consumption. This organism produces a toxin that causes intense abdominal cramps and diarrhoea.

B. cereus are Gram-positive, facultative aerobic, spore-forming rod-shaped bacteria. The spores of this organism are also not particularly heat resistant. Presence of this organism in large numbers can result in two types of food poisoning illnesses: A protein toxin that causes diarrhoeal symptoms, similar to that caused by C. perfringens, and a heat stable peptide that causes vomiting symptoms, similar to that caused by Staphylococcus aureus. The diarrhoeal type of illness has been diagnosed after consumption of a variety of foods (e.g. milk, meat, fish and vegetables), while the vomiting type is associated with consumption of rice products and other starchy foods such as potatoes and pasta. Puddings, soups, casseroles, pastries and salads have all been implicated with food poisoning by this bacterium.

1.4.3.3 Mesophiles - non-spore forming pathogenic and spoilage bacteria

Salmonella spp. are Gram-negative, rod shaped, motile bacteria that do not form spores. They are widespread in occurrence, being found for example in fresh and salt water, soil and animal faeces. Various foods have been found to be associated with Salmonellosis, the illness caused by the Salmonella spp., including raw meat, poultry and seafood, raw eggs and foods made from raw eggs, dried gelatine, cocoa, chocolate, peanut butter, yeast and coconut. Salmonellosis is caused by infection with the organism and extremely low doses (levels as low as 15 cells) can cause the disease.

Staphylococcus aureus are Gram-positive, small round bacteria (cocci) that can produce a heat stable toxin. Less than 1 μg of toxin can cause illness. S. aureus are found everywhere, but the most common source of contamination of food is via humans, i.e. food handlers. Staphylococci are found in the nasal passages, throats, on the skin and hair of more than half of healthy people. Intoxication is cause by contaminated food being held either not hot enough (i.e. < 60°C) or not cold enough (i.e. > 8°C), which allows the organism to grow and produce its toxin. The symptoms (nausea, vomiting, cramping) of Staphylococcal food poisoning are very fast (a few hours) and usually acute.

Escherichia coli are Gram-negative bacteria that are found in the intestines of all mammals, including humans. E. coli produce toxins that can cause four different classes of illnesses that are of concern to the food industry. The first class is enterovirulent (EEC) that causes gastroenteritis; this class includes E. coli 0157:H7 (EHEC), which is enterohaemorrhagic. The second type is referred to as enterotoxigenic (ETEC), the third is enteropathogenic (EPEC) and the fourth is enteroinvasive (EIEC). Outbreaks of food poisoning due to E. coli are usually associated with faecal contamination of water by food handlers or due to unprocessed or under-processed (and undercooked) foods. The recent interest in organic food production systems has enabled E. coli to grow and contaminate fruit and vegetable raw materials, resulting in outbreaks in pasteurised apple juice.

Lactic acid bacteria are a large diverse group comprising of bacteria from Lactobacillus, Lactococcus, Leuconostoc, Pediococcus, Streptococcus, etc. These bacteria are commonly involved with fermentation reactions that are desirable, but can also cause spoilage by acid and gas formation in some products. Post-process recontamination is the most likely cause, if a spoilage incident is attributed to lactic acid bacteria. This is because these bacteria are not at all heat resistant.

1.4.3.4 Psychrophiles

There are very few psychrophiles of concern in thermal processing; however, one of the few that can cause problems with cook-chill foods is Pseudomonas spp. This is a large group of Gram-negative rod-shaped bacteria that are responsible for spoil-age of many refrigerated proteinaceous products (e.g. meat, fish, eggs). Some strains produce blue-green pigments. They are implicated in many food spoilage conditions (e.g. green rot, black rot, pink rot and red rot). They have very varied nutritional requirements and can even cause spoilage of bottled water.
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Cola 2.24%10% 4.66x 1012 2.65
Grape juice 5.62% 10 178 x 1071 3.25
Seven Up 3.55% 10 2.82x 10" 3.45
Schiltz beer 7.95x 10 1.26 x 100 410
Pure water 1.00x 107 1.00 x 107 7.00
Tap water 478x10° 2.09 x 107 8.32

Milk of Magnesia ~ 7.94 x 101 1.26x 104 10.10
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Product pH P-value (minutes)
Lemon juice 25 0.1

Plums 28 02
Gooseberries 30 05
Pickled vegefables 30 05
Greengages 32 08
Rhuborb 32 02-04
Mandarins 32-34 1.0-20
Grapefruit juice 32 02-04
Apricos 32-40 1.0-80
Apples 33 02-06
Blackberries 33

Orange juice 3538 02-06
Pineapples 35 06-08
Strawberries 23-40 08

Joms 35 08

Sour cherries 35 02-04
Saverkraut 3539 05
Pickled gherkins 3538 035-1.0
Bilberries 37 05
Sweel cherries 38 06-25
Guavas 38 08
Neciarines 40 15-80
Peaches 40 15-80
Pears 40 13-100
Sweet and sour gherkins 3.6-41 05-1.0
Tomatoes 42-45 2.0-100
Tomalo poste 42-45 1.0-5.0
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Heating

Heating temperature D-valve  z-value

Organism substrate (°c) (minutes)  (°C)
B. cereus Buffer (pH7.0) 100 8.0 105
B. coagulans Buffer (pH 4.0) 98.9 95 -
B. coagulans Buffer (pH 4.5) 110 064-146 -
B. coagulans Boffer (pH 4.2) 110 056-106 -
B. coagulans Red pepper [pH 4.5] 100 55 -
B. coagulans Buffer 106 6373
B. licheniformis Buffer (pH 4.0) 100 1.05

105 019

110 0.12
B. licheniformis Buffer (pH7.0) 100 429 81

105 098

110 027
B. polymyxa Buffer (pH7.0) 100 18 (approx] -
B. subiils Boffer (pH 6.8) 121 057 9.8
C. botulinum Boffer (pH7.0) 822 323 697
non-profeolytic type B
C. botulinum Water 80 33 9.4
non-proteolytic type E
C. buiyricum Boffer (pH7.0) 85 23 -
C. buiyricum Peach 90 112 15
C. pasteurianum Buffer (pH 4.5) 95 395 -
C. iyrobutyricum Buffer (pH 7.0) 90 18 -
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Heating Heating Dovalue  z-valve

Organism substrate  temperature (‘C) (minutes) (°C)
Byssochlamys fulva Gropedrink 93 5.0 78
Saccharomyces Buffer (pH 4.5) 60 225 55
cerevisice [ascospores]

Zygosaccharomyces  Buffer (4.5) 60 04 39
bailii (vegefofive cells)

Z.baili (oscospores)  Buffer (4.5) 60 142 39
Z. baili foscospores)  Broth 60 8.1 50
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Heating Heating Dovalve  z-value
Organism substrate  temperature (°C) (minutes)  (°C)
Enferococcus (Sirep]  Fish 60 157 67
faecalis
E. coli Broth 56 45 49
lactobacillus planterum  Tomalo juice 70 n 125
L planiarum Buffer (pH 4.0) 50 181 6.45
L planiarum Buffer (pH7.0) 55 364 61

60 020

65 005

70 002
Listerio monocylogenes  Carrot 70 027 67
Pseudomonas Broth 60 32 75
fuorescens
Solmonella senfienberg  Pea soup 60 106 57
S. aureus Pea soup 60 104 46
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Spore-forming organism T, (°C) D, (minutes)  z(°C)
C. botulinum 1211 811
C. sporogenes 1211 911
B. siearothermophilus 1211 812
B. subiilis 1211 10
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Psychrotrophic Heating Temp Dvalve zvalue

strain substrate (C)  (minutes) (°C) Reference
C. botulinum Cod 90 110 9 Goze and
iypeB Brown, 1991
. botulinum Tona in oil 822 66 6.1 Bohrer
iypeE etal. 1973
C. botulinum Crob meat 822 116 638 lynt

iypeF etal. 1979
C. botulinum Crob meat 944 29 85 Peferson
iypeB etal. 1997
C. botvlinum Phosphate buffer 90 18.1 76 Peck ef ol.
iypeB with added lysozyme 1993

C. botvlinum Phosphate buffer 90 12.6 83 Peck ef ol
iypeE with added lysozyme 1993

C. botvlinum 90 15 ECFF, 1996
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Heaing  Temp Dvalue  zvalue

Organism substrate  (°C)  (minutes)  (*C) Reference

B coreus [emefic Buffer, pH7 85  32.1-106  6.9-13.9  Johnson ef ol.

and diarrhoeal (mean 45.4) (mean 8.9) (1982)

strains)

B cereus spores  Tryplicasesoy 90 5.07.1 - Membre ef al.

psychrofrophic  broth, pH 6.0 (2006)

strain

B. cereus Buffer, pH7.0 90 71 9.8 Goepfert et al.
(1972)

B. cereus Buffer, pH7.0 100 8.0 105 Molin and Smygg
(1967)

B. cereus Phosphate 90 033050 - Kamat ef al.

vegelative cells  buffer (1989)

B. cereus spores  Phosphate 90 815 - Kamat ef al.

buffer (1989)

B. cereus Buffer, pH7 85 220 9.8 Goepfert ef al.
(1972)

B. cereus spores,  Sterile 90 <15 - Choma ef al.

psychrofrophic  distilled water (2000)

strains

B. cereus spores, Sterile 90 0959 - Choma ef al.

unable fo growth distiled water (2000]

of <10°C

B. cereus spores, Sterile 90 3232326 - Sarrias efal.

isolated from  distiled water (2002)

Spanish rice

B. cereus spores, Honey 105 1721 - Efoa and

two sirains Adegoke (1996)
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Ingredient  APC lacics  PSRC  ANPC  ASC ANSC
Rice 1.20E403 5.00E+00 <5 5906402 <5 5.00E+00
Prowns 230E+03 2.27E+02 <5 1.90E+02 3.00E+01 6.50E+01
Tomoloes  5.00E+00 <5 <5 <5 <5 <5
Cream <5 <5 <5 200E+01 <5 <5
Honey 2.18E+02 4.00E+01 100E+O1 7.50E+01 185E402 5.00E+0l
Tomalo puree <5 <5 <5 <5 <5 <5

Bufter 5.00E+00 <5 <5 <5 <5 <5
Starch T1.00E+01 <5 <5 <5 <5 1.00E+01
Sunflower ol 5.00E400 <5 <5 5.00E+00 <5 <5
Lemon juice <5 <5 <5 <5 <5 <5
Ginger puree <5 <5 <5 <5 <5 <5
Fresh 550406 1.20E403 1.50E+01 9.80E+05 6.00E+02 5.00E+O1
Coriander

Paprika 8.00E+01 <5 <5 1.00E+01  1.90E+02 3.00E+01
Salt <5 <5 <5 <5 <5 <5
Gorlic puree  7.80E+04 7.00E+03 2.00E+01 1.90E+04 5.10E+04 1.50E+04
Ground 5096402 1.00E402 <5 1.81E+02 1.20E+02 1.40E+02
Coriander

Curry powder  291E402 <5 <5 5.00E+00 9.65E402 1.00E+01
Cumin T.10E+02 1.50E+01 <5 5506401 1.60E+02 1.00E+O1
Chill 800E+01 1.00E+01 1.00E+01 <5 7506401 1.00E+01
Cardomom ~ 5.10E+03  4.45E+02 4.00E+O1 4.50E+03 1.30E+03 1.20E+03
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