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Preface

The quality of a food is defined from two perspec-
tives—scientific status and consumer preferences.
Scientific factors affecting the quality of a food
include: composition, spoilage, colorants, additives,
nutrients, flavorants, functional ingredients (affect-
ing health), contamination, general safety, etc.
Consumer preferences are linked directly to the
human senses—sight, touch, smell, taste, and
mouthfeel. Visual factors refer to color, moisture,
overall appearance, etc. Tactile factors refer to slim-
iness, elasticity, softness, hardness, etc. Factors
responsible for taste and smell cover many specific
chemicals. Mouthfeel refers to texture, softness, ten-
derness, chewy sensation, and so on. In the last 10
years or so, food quality has been defined by most
professionals to include “health” and “safety.”” The
nutrition and safety of foods has always been impor-
tant, especially since the seventies. The word
“health” now includes manipulating certain chemi-
cal components in food to increase food’s positive
impact on our health. “Safety” now refers to a whole
spectrum of new legal or recommended require-
ments for both fresh and processed foods. These
requirements are designed to exclude or prevent
undesirable agents (biological, chemical, physical,
environmental, and extraneous) in our foods.

For ease of reference, we can consider that the
quality of a food is the composite picture of many
factors. In the last five to ten years, many profes-
sional reference books have become available that
explore the relationship between such factors and
food quality. This book discusses the quality factors
of muscle foods (meat, poultry, and seafood). Each
professional reference treatise has its characteristics
and the users determine which one best suits their

purpose. From that perspective, we will describe the
major features of our book.

This book provides an initial discussion of basic
scientific factors responsible for the quality of mus-
cle foods, with a specific emphasis on sensory attrib-
utes and flavors. The remaining sections discuss fac-
tors affecting the quality of beef, pork, poultry, and
seafood. Under each muscle food, some or all of the
following factors affecting the quality will be dis-
cussed—additives, aroma, color, contaminants, fla-
vors, microbiology, moisture, mouthfeel, nutrition,
packaging, safety, sensory attributes, shelf-life, sta-
bility, tainting, texture, and water-activity. Each mus-
cle food discussed may be fresh, frozen, or processed.

This work is the result of the combined efforts of
more than 60 professionals from industry, govern-
ment, and academia worldwide. They represent
more than 16 countries with diverse expertise and
background in the quality of muscle foods. An inter-
national editorial team of 9 members from four
countries led these experts. Each contributor or edi-
tor was responsible for researching and reviewing
subjects of immense depth, breadth, and complexity.
Care and attention were paramount to ensure techni-
cal accuracy for each topic. It is our sincere hope
and expectation that it will serve as an essential ref-
erence on the quality of muscle foods for all profes-
sionals in government, industry, and academia.

The editorial team wishes to thank all the contrib-
utors for sharing their expertise throughout our jour-
ney. We also thank the reviewers for giving their
valuable comments on how to improve the contents
of each chapter. All these professionals are the ones
who made this book possible. We trust that you will
benefit from the fruits of their labor.

XV
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This book is relevant to many professionals in
industry, government, and academia and will be

most appreciated by the following users:

All libraries.

Research units in government, industry, and
academia specializing in one or more food
quality factors (color, flavor, microbiology,
packaging, sensory attributes, and so on).
Academic institutions: food science, food
technology, food engineering, animal science,
poultry science, cereal science, marine science,
etc.

Food industries of commodities covered.
Individuals with expertise in any of the food
quality factors discussed in the book.

Preface

We know firsthand how hard it is to develop the con-
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INTRODUCTION

The quality of a food is defined from two perspec-
tives: scientific status and consumer preferences.
Scientific factors affecting the quality of a food in-
clude composition, spoilage, colorants, additives,
nutrients, flavorants, functional ingredients (affect-
ing health), contamination, general safety, etc.
Consumer preferences are linked directly to the hu-
man senses such as sight, touch, smell, taste, and
mouthfeel. Visual factors include color, moisture,
overall appearance, etc. Tactile factors include slim-
iness, elasticity, softness, hardness, etc. Factors re-
sponsible for taste and smell cover many specific
chemicals. Mouthfeel refers to texture, softness, ten-
derness, chewy sensation, and so on. In the last 10
years or so, food quality has been defined by most
professionals to include “health” and “safety.” The
nutrition and safety of foods have always been im-
portant, especially so since the 1970s. The word
“health” now includes manipulating certain chemi-
cal components in food to increase the positive im-
pact of food on our health. “Safety” now refers to a

whole spectrum of new legal or recommended re-
quirements for both fresh and processed foods.
These requirements are designed to exclude or pre-
vent undesirable agents (biological, chemical, phys-
ical, environmental, and extraneous) in our foods.
For ease of reference, we can consider that the qual-
ity of muscle foods (meat, poultry, and seafood) is
the composite picture of many factors, and this
chapter provides a brief mention of some of them.

BIOLOGY AND GENETICS

Obviously, the quality of any muscle food depends
first and foremost on the genetics and biology of the
animal. The beef from a young animal is more ten-
der than that from an old animal. Due primarily to
biological reasons, muscle from some parts of beef
cattle is tastier and more tender than those from an-
other part. Chickens are more tender than turkey.
White meat is biologically different from dark meat.
Of course, the preference of a consumer varies with
regard to the two different kinds of meat. Saltwater
fish is different from freshwater fish. Some fish have
more bones than others. Western consumers prefer
fish with fewer bones while most often the opposite
is true for Asians.

NUTRITION

Recently, the nutrition of food has reached an all-
time high as far as its impact on our health is con-
cerned. There is no doubt the majority of Americans

3
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consider a quality food as one with high nutritional
value. Some salient points follow:

1. Meat and poultry are nutritious because of their
high source of protein, vitamins, and minerals.

2. The high content of fat and cholesterol in land
muscle foods is undesirable. Thus, “lean”
is in.

3. Fish and shellfish are an important part of a
healthy diet. Fish and shellfish contain high-
quality protein and other essential nutrients, are
low in saturated fat, and contain omega-3 fatty
acids. A well-balanced diet that includes a vari-
ety of fish and shellfish can contribute to heart
health and children’s proper growth and devel-
opment.

FLAVORS AND AROMA

One major reason, among many, that we like to eat
is because food tastes good, which equates to flavor
and aroma. Extensive research over the past 25 to 30
years has identified more than 1,000 flavor com-
pounds in meats. However, a single compound or
group of compounds responsible for “meaty flavor”
has not and perhaps never will be identified due to
the overall complexity of meat flavor. Meat flavor is
dependent on the pool of flavor precursors in the
meat tissue and the chemical reactions that occur
during processing. Processing and subsequent stor-
age contribute to the development of the characteris-
tic flavors of meats. Because the precise flavor pre-
cursors vary between and within species, beef, pork,
lamb, and poultry each have distinctive flavor char-
acteristics. The quality of meat and poultry is to a
large extent defined by its flavor and aroma.

In general, fresh saltwater fish are almost odorless
because they contain a small quantity of volatiles
while freshwater fish give off pyrrolidine and other
earthy-odor compounds.

The compounds responsible for the development
of flavor during seafood cooking can be classified in
two groups. One, which represents the pleasant cu-
cumber/green, almond/nutty, and potato aroma notes,
consists of highly volatile, low molecular weight
compounds belonging to various chemical classes
such as aldehydes, ketones, alcohols, esters, nitrogen,
phenols, and sulfur-containing compounds. The sec-
ond is due to water soluble, low molecular weight
free amino acids (taurine, glutamic acid, glycine), nu-

cleotides (purine derivatives), organic acids (lactic
acid), and inorganic salts (Na, K, CI).

Biogenic amines are nitrogen-containing com-
pounds, which are present at very low levels in fresh
fish. However, during storage and deterioration, bio-
genic amines can be produced by amino acid decar-
boxylation from bacterial enzymes. Among biogenic
amines formed, putrescine and cadaverine have a pu-
trid flavor while histamine and phenylethylamine
have a pungent and fishy flavor, respectively. Bio-
genic amines are thermally stable and, therefore, have
been used as indices to determine fish freshness.
Volatile amines such as trimethylamine (TMA) or di-
methylamine (DMA) are formed from trimethyl-
amine oxide (IMAQ), and these compounds also
serve as a quality index for marine fish.

COLOR

The first impression that a consumer receives con-
cerning a food product is established visually, and
among the properties observed are color, form, and
surface characteristics.

Color is the main aspect that defines a food’s
quality, and a product may be rejected simply be-
cause of its color, even before other properties, such
as aroma, texture, and taste, can be evaluated. This is
why the appearance (optical properties, physical
form, and presentation) of meat and poultry prod-
ucts at the point of sale is of such importance for the
industry. Regarding the specific characteristics that
contribute to the physical appearance of meat and
poultry, color is the quality that most influences con-
sumer choice.

Food technologists have a special interest in the
color of food for several reasons. First, because of
the need to maintain a uniform color throughout
processing; second, to prevent any external or inter-
nal agent from acting on the product during proces-
sing, storage, and display; third, to improve or opti-
mize a product’s color and appearance; and, last, to
attempt to bring the product’s color into line with
what the consumer expects.

Put simply, the color of meat is determined by the
pigments present. These can be classified into the
following four types:

* Biological (carotenes and haemopigments),
which are accumulated or synthesized in the
organism antemortem
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» Pigments produced as a result of damage during
manipulation or inadequate processing
conditions

+ Pigments produced postmortem (through
enzymatic or nonenzymatic reactions)

 Those resulting from the addition of natural or
artificial colorants

As a quality parameter, color has been widely
studied in fresh meat and cooked products. Dry-
cured meat products have received less attention be-
cause in this type of product, color formation takes
place during the different processing stages.
Recently, new haempigment has been identified in
this type of product.

From a practical point of view, color plays a fun-
damental role in the animal production sector, espe-
cially in meat production (primarily beef and poul-
try,) since in many countries of the European Union,
paleness receives a wholesale premium.

MICROBIOLOGY AND SAFETY

All foods contain microorganisms, some beneficial
to and some with potential harm for mankind. With
muscle foods, the beneficial ones are responsible for
fermented meat and fish. Those potential pathogens
are of concern. In the last 25 years, government
records show that pathogenic organisms in meat,
poultry, and seafood have been responsible for many
deaths and injuries. Also, marine toxins pose big
threats to our well-being considering that most of us
enjoy eating fish and shellfish. It is not surprising
that a quality muscle food must also be a safe one.

In view of potential hazards from the consump-
tion of muscle foods, state and federal agencies have
developed and implemented stringent safety re-
quirements in the processing of meat, poultry, and
seafood.

PROCESSING

The quality of any muscle food is obviously affected
by the way it is processed.

Why do we want to process food? At present,
there are many modern reasons why foods are pro-
cessed, e.g., adding value to a food, improving the
visual appeal, convenience. However, traditionally,
the single most important reason that we wish to
process food is to make them last longer without

spoiling. Probably the oldest methods of achieving
this goal are the salting of meat and fish, fermenting
of milk, and pickling of vegetables.

Foods are made from natural materials, and like
any living matter, will deteriorate in time. The dete-
rioration of food, or food spoilage, is the natural way
of recycling, restoring carbon, phosphorus, and ni-
trogenous matters to the good earth. However, putre-
faction (spoilage) will modify the quality of foods
resulting in poor appearance (discoloration), offen-
sive smell, and inferior taste. Food spoilage can be
caused by a number of factors, chiefly by biological
factors, but also by chemical and physical factors.
Consumption of spoiled foods can cause sickness
and even death. There is no doubt none of us con-
sider spoiled foods as having quality.

Selected examples will illustrate how food pro-
cessing can affect the quality of a food product:

 Heat application. All of us know that over-
heating tender meat and chicken usually means
toughness. The same is especially true for
seafood.

» Heat removal or cold preservation. Freezing is a
good example. Most of us are familiar with
freezer-burn of meat, chicken, fish, shellfish, or
other products left in the freezer over extended
periods of time.

* Evaporation and dehydration. Food drying has
been popular since the beginning of time.
Destruction of nutrients, especially vitamins, is
one drawback to this method of preservation.

* Fermentation. In general, of meat, poultry, and
fish products, fermented meat such as sausages is
most popular. The quality of a sausage is to a
large extent determined by the consumer, e.g.,
dry, sweet, salty, and pickled. Each method
affects the quality in terms of nutrients, hardness,
tenderness, and flavor.

» New technology. There are numerous new
technologies in food processing such as
irradiation, microwaving, and ohmic heating.
Each method affects the quality of a food in
various ways.

The finished product requires packaging. The ob-
vious reason for packaging a food product, muscle
foods or other, is to protect the food so it will not be
exposed to the elements until it is ready to be pre-
pared and consumed. The quality and shelf life of a
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food, especially a muscle food, depends very much
on the way it is packaged.

SENSORY ATTRIBUTES
AND THE CONSUMER

The sensory attributes of muscle foods are related to
the senses of taste, smell, sight, feel, and sound. Of
all the foods consumed, muscle foods have the low-
est tolerance for complete sensorial acceptability. A
muscle food is either acceptable or unacceptable
with little in between. Predominately, the consumer
visually assesses the color and surface texture of the
muscle. The preparation technique of consumer
choice is utilized, thereby altering the sensory attrib-
utes (usually completely). The consumer cooks or
prepares the muscle food as they prefer, changing
the surface color, appearance, and texture. The inter-
nal altering of texture and flavor is a result of the
preparation or cooking process as well. This will
vary depending on the many methods applied. For
instance, the muscle may be grilled, baked, broiled,
or otherwise prepared, all with different fluctuating
end results. Consumption of muscle foods is one of
the most pleasurable eating experiences. The satiety
value applied by the consumption of a muscle food
is great when comparing the satisfying effect of

foods in general. This is why the sensorial properties
of muscle foods can be viewed as often more impor-
tant than that of other foods.

GOVERNMENT STANDARDS
AND SPECIFICATIONS

The technical information in this book is applicable
to food scientists and technologists worldwide.
However, users from the United States will be very
interested in the current government standards and
specifications for muscle foods (meat, poultry, and
seafood) since such documents usually include qual-
ity factors. Since many countries use the United
States as an example in formulating their standards
and specifications for muscle foods, scientists, tech-
nologists, and engineers from the international com-
munity may also benefit from information included
in the appendix.

SUMMARY

This chapter provides a short introduction to the fac-
tors affecting the quality of foods, especially muscle
foods. More details on most of the factors will be
provided throughout the book.
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INTRODUCTION

Nearly 25 years ago, the United States Food and
Drug Administration (FDA) started the approach of
using umbrella regulations to help the food indus-
tries to produce wholesome food as required by the
Federal Food, Drug, Cosmetic Act (The Act). In
1986, the FDA promulgated the first umbrella regu-
lations under the title of Good Manufacturing
Practice Regulations (GMPR). Since then, many as-
pects of the regulations have been revised.
Traditionally, industry and regulators have de-
pended on spot-checks of manufacturing conditions
and random sampling of final products to ensure
safe food. The Current Good Manufacturing
Practice Regulations (CGMPR) form the basis on
which the FDA will inform a food manufacturer

about deficiencies in its operations. This approach,
however, tends to be reactive, rather than preventive,
and can definitely be improved.

For more than 35 years, FDA has been regulating
the low-acid canned food (LACF) industries with a
special set of regulations, many of which are preven-
tive in nature. This action aims at preventing botu-
lism. In the last 35 years, threats from other biological
pathogens have increased tremendously. Between
1980 and 1995, the FDA studied the approach of us-
ing Hazard Analysis and Critical Control Points
(HACCP) programs.

For this approach, FDA uses the LACF regula-
tions as a partial guide. Since 1995, the FDA has is-
sued HACCP regulations (HACCPR) for the manu-
facture or production of seafood, among others.

In the last two decades, increasing death and in-
juries associated with contaminated meat and poul-
try have prompted new safety measures for these
two muscle foods. Currently, the Food Safety and
Inspection Service (FSIS) of the United States
Department of Agriculture (USDA) have issued reg-
ulations implementing HACCP for the processing of
meat and poultry.

CURRENT GOOD
MANUFACTURING PRACTICE
REGULATIONS

The Current Good Manufacturing Practice Regula-
tions (CGMPR) cover the topics listed in Table 2.1.
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These regulations cover essential practices to prevent
food from being contaminated with biological,
chemical and physical hazards, and foreign objects,
such as the following:

Personnel: Use a hair net.

Plants and grounds: Use proper containers and
locations for garbage.

Sanitation operations: Keep processed ingredi-
ents away from raw ingredients.

Sanitary facilities and controls: Maintain rest
rooms and remove water that collects on the
floor of processing areas.

Equipment and utensils: Clean vats daily.

Warehouse and distribution: Reduce the pres-
ence of rodents; do not transport food ingre-
dients in a truck that has not been sanitized
after transporting pesticides.

It is obvious that a careful food processor will be-
come familiar with these regulations to make sure
that their products are safe for public consumption.
With this understanding, this chapter will not pro-
vide more details on this topic. Rather, our discus-
sion will concentrate on HACCP because one of its
objectives is to make sure that food processors im-

plement CGMPR.

HAZARD ANALYSIS CRITICAL
CONTROL POINTS
REGULATIONS OR PROGRAMS

In 1997, the FDA adopted a food safety program that
was developed nearly 30 years ago for astronauts and
is now applying it to seafood, and fruit and vegetable
juices. The agency intends to eventually use it for
much of the U.S. food supply. The program for the
astronauts focuses on preventing hazards that could
cause food-borne illnesses by applying science-
based controls, from raw material to finished prod-
ucts. The FDA’s new system will do the same.

Many principles of this new system now called
(HACCP) are already in place in the FDA-regulated
LACF industry. Since 1997, the FDA has mandated
HACCP for the processing of seafood, among oth-
ers. The FDA has also incorporated HACCP into its
Food Code, a document that gives guidance to and
serves as model legislation for state and territorial
agencies that license and inspect food service estab-
lishments, retail food stores, and food vending oper-
ations in the United States.

Table 2.1. Current good manufacturing prac-
tices regulations as stated in 21 CFR 110
(Title 21, United States Code of Federal
Regulations, Part 110).

21 CFR 110.3 Definitions.

21 CFR 110.5 Current good manufacturing
practice.

21 CFR 110.10 Personnel.

21 CFR 110.19 Exclusions.

21 CFR 110.20
21 CFR 110.35
21 CFR 110.37
21 CFR 110.40
21 CFR 110.80
21 CFR 110.93

Plant and grounds.

Sanitary operations.

Sanitary facilities and controls.
Equipment and utensils.
Processes and controls.
Warehousing and distribution.

The USDA has developed HACCP programs for
meat, poultry, and other land muscle foods. It is im-
portant to realize that the underlying principles are
the same, no matter what the manufacturing process.
The same principles apply to the processing of meat,
poultry, and seafood. The details vary. The discus-
sion in this chapter will concentrate on the princi-
ples, citing specific examples for meat, poultry, and
seafood.

Please note that the word “shall” in a legal docu-
ment means mandatory and is used routinely in USDA
FDA regulations published in the U.S. In this chapter,
the words “should” and “must” are used to make for
smoother reading. However, this in no way diminishes
the legal impact of the original regulations.

WHAT 1s HACCP?
HACCP involves the following seven principles:

1. Analyze hazards. Potential hazards associated
with a food and measures to control those haz-
ards are identified. The hazard could be biolog-
ical, such as a microbe; chemical, such as a
toxin; or physical, such as ground glass or
metal fragments.

2. Identify critical control points. These are points
in a food's production—from its raw state
through processing and shipping to consump-
tion by the consumer—at which the potential
hazard can be controlled or eliminated.
Examples are cooking, cooling, packaging, and
metal detection.
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3. Establish preventive measures with critical lim-
its for each control point. For a cooked food,
for example, this might include setting the min-
imum cooking temperature and time required
to ensure the elimination of any harmful mi-
crobes.

4. Establish procedures to monitor the critical
control points. Such procedures might include
determining how and by whom cooking time
and temperature should be monitored.

5. Establish corrective actions to be taken when
monitoring shows that a critical limit has not
been met—for example, reprocessing or dis-
posing of food if the minimum cooking tem-
perature is not met.

6. FEstablish procedures to verify that the system
is working properly—for example, testing time
and temperature recording devices to verify
that a cooking unit is working properly.

7. Establish effective record keeping to document
the HACCP system. This would include
records of hazards and their control methods,
the monitoring of safety requirements and ac-
tion taken to correct potential problems.

Each of these principles must be backed by sound
scientific knowledge such as published microbiolog-
ical studies on time and temperature factors for con-
trolling food-borne pathogens.

THE NEED FOR HACCP

New challenges to the U.S. food supply have
prompted the USDA and FDA to consider adopting
an HACCP-based food safety system on a wider ba-
sis. One of the most important challenges is the in-
creasing number of new food pathogens. There also
is increasing public health concern about chemical
contamination of food, for example, the effects of
lead in food on the nervous system.

Another important factor is that the size of the
food industry and the diversity of products and pro-
cesses have grown tremendously, in the amount of
domestic food manufactured and the number and
kinds of foods imported. At the same time, federal,
state, and local agencies have the same limited level
of resources to ensure food safety. The need for
HACCP in the United States, particularly in the
MUSCLE food industries, is further fueled by the
growing trend in international trade for worldwide

equivalence of food products and the Codex
Alimentarius Commission’s adoption of HACCP as
the international standard for food safety.

ADVANTAGES AND PLANS

HACCP offers a number of advantages over previ-
ous systems. Most importantly, HACCP:

1. focuses on identifying and preventing hazards
from contaminating food.

2. is based on sound science.

3. permits more efficient and effective govern-
ment oversight, primarily because the record
keeping allows investigators to see how well a
firm is complying with food safety laws over a
period rather than how well it is doing on any
given day.

4. places responsibility for ensuring food safety
appropriately on the food manufacturer or dis-
tributor.

5. helps food companies compete more effec-
tively in the world market.

6. reduces barriers to international trade.

The seven steps used in HACCP plan develop-
ment follow:

1. Preliminary Steps

a. General information

b. Describe the food

c. Describe the method of distribution and
storage

d. Identify the intended use and consumer

e. Develop a flow diagram

2. Hazard Analysis Worksheet

a. Set up the Hazard Analysis Worksheet

b. Identify the potential species-related
hazards

c. Identify the potential process-related
hazards

d. Complete the Hazard Analysis Worksheet

e. Understand the potential hazard

f. Determine if the potential hazard is signifi-
cant

g. Identify the critical control points (CCP)

3. HACCP Plan Form

a. Complete the HACCP Plan Form
b. Set the critical limits (CL)
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4. Establish Monitoring Procedures
. What

How
. Frequency

Who

5. Establish Corrective Action Procedures
Establish a Record Keeping System
7. Establish Verification Procedures

oo o

S

It is important to remember that apart from HAC-
CPR promulgated for seafood and juices, the imple-
mentation of HACCP by other categories of food
processing is voluntary. However, the FDA and var-
ious types of food processors are working together
so that eventually HACCPR will become available
for many other food processing systems under FDA
jurisdiction. Using the HACCPR for seafood pro-
cessing as a guide, the following discussion for an
HACCP plan applies to all categories of food prod-
ucts being processed in the United States.

HAZARD ANALYSIS

Every processor should conduct a hazard analysis to
determine whether there are food safety hazards that
are reasonably likely to occur for each kind of prod-
uct processed by that processor and to identify the
preventive measures that the processor can apply to
control those hazards. Such food safety hazards can
be introduced both within and outside the proces-
sing plant environment, including food safety haz-
ards that can occur before, during, and after harvest.
A food safety hazard that is reasonably likely to oc-
cur is one for which a prudent processor would es-
tablish controls because experience, illness data, sci-
entific reports, or other information provide a basis
to conclude that there is a reasonable possibility that
it will occur in the particular type of product being
processed in the absence of those controls.

THeE HACCP PLAN

Every processor should have and implement a writ-
ten HACCP plan whenever a hazard analysis reveals
one or more food safety hazards that are reasonably
likely to occur. An HACCP plan should be specific
to the following:

1. Each location where products are processed by
that processor.
2. Each kind of product processed by the processor.

The plan may group kinds of products together, or
group kinds of production methods together, if the
food safety hazards, CCPs, CLs, and procedures that
are required to be identified and performed are iden-
tical for all products so grouped or for all production
methods so grouped.

The Contents of the HACCP Plan
The HACCP plan should, at a minimum:

List the food safety hazards that are reasonably
likely to occur, as identified, and that thus must be
controlled for each product. Consideration should
be given to whether any food safety hazards are
reasonably likely to occur as a result of the follow-
ing: natural toxins; microbiological contamination;
chemical contamination; pesticides; drug residues;
decomposition in products where a food safety haz-
ard has been associated with decomposition; para-
sites, where the processor has knowledge that the
parasite-containing product will be consumed with-
out a process sufficient to kill the parasites; unap-
proved use of direct or indirect food or color addi-
tives; and physical hazards;

List the critical control points for each of the
identified food safety hazards, including as appro-
priate: critical control points designed to control
food safety hazards that could be introduced in the
processing plant environment; and critical control
points designed to control food safety hazards in-
troduced outside the processing plant environment,
including food safety hazards that occur before,
during, and after harvest;

List the critical limits that must be met at each
of the critical control points;

List the procedures, and frequency thereof, that
will be used to monitor each of the critical control
points to ensure compliance with the critical limits;

Include any corrective action plans that have
been developed to be followed in response to devi-
ations from critical limits at critical control points;

List the verification procedures, and frequency
thereof, that the processor will use;

Provide for a record keeping system that docu-
ments the monitoring of the critical control points.
The records should contain the actual values and
observations obtained during monitoring.

Signing and Dating the HACCP Plan

The HACCP plan should be signed and dated either
by the most responsible individual on site at the pro-
cessing facility or by a higher-level official of the
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processor. This signature should signify that the
HACCP plan has been accepted for implementation
by the firm.

It should be signed and dated upon initial accep-
tance; upon any modification; and upon verification
of the plan.

SANITATION

Sanitation controls (3) may be included in the
HACCP plan. However, to the extent that they are
otherwise monitored, they need not be included in

the HACCP plan.

IMPLEMENTATION

This book is not the proper forum to discuss in detail
the implementation of HACCPR. Readers interested

in additional information on HACCP should visit
the FDA HACCP website http://vm.cfsan.fda.gov/
that lists all of the currently available documents on
the subject.
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INTRODUCTION

Sensory evaluation is a scientific discipline used to
evoke, measure, analyze, and interpret reactions to
those characteristics of foods and materials as they
are perceived by the senses of sight, smell, taste,
touch, and hearing (Anonymous 1975). This defini-
tion verifies that sensory evaluation encompasses not
only taste but all of the senses (Stone and Sidel 1993).
Sensory evaluation of food products has been con-
ducted as long as human beings have been evaluating
the goodness and badness of food (Meilgaard and
others 1991) and is currently crucial in the field of
food science for two separate but important purposes.
First, consumer testing is crucial since acceptability is
the number one determinant of whether a consumer
will purchase a product (Ramirez and others 2001).
Second, objective quality measurements must be per-
formed in order to relate the consumer’s acceptance
of a product to laboratory data. Munoz and Chambers

(1993) reported that relating consumer data to labora-
tory data (instrumental and/or trained panelists) ad-
dresses the limitations of consumer panels. This is be-
cause only consumers can provide information on a
product’s acceptance or its perceived integrated at-
tributes, and only laboratory methods can provide the
technical, precise, and reliable information re-
searchers need regarding product attributes.

The principles of sensory evaluation originated
from physiology and psychology, and sensory sci-
ence is currently an interdisciplinary science includ-
ing these fields along with food science, biochemis-
try, statistics, nutrition, and others. Because of the
utilization of live human panelists, sensory experi-
mentation is much more complex than research
where instrumentation is used and requires much
greater care in experimental design and interpretation
of results. Meilgaard and others (1991) reported that
we perceive attributes of a food item in the order of
appearance, odor, texture, and flavor. Appearance is
generally the only attribute on which consumers base
a decision to purchase or consume a food product and
includes but is not exclusive of color, size, shape, and
surface texture. Odor refers to the sensation that oc-
curs when volatiles from a product enter the nasal
passage and are perceived by the olfactometry sys-
tem, and these sensations are most often associated
with the formulation of compounds during the cook-
ing process. Texture can be defined as the sensory
and functional manifestation of the structural and

15
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mechanical properties of foods, detected through the
senses of vision, hearing, touch, and kinesthetics
(Szczesniak 1963) and consists of hardness, cohe-
siveness, adhesiveness, denseness, springiness, per-
ception of particles, and perception of water. These
attributes are perceived by sensors in the mouth both
before and after chewing and have been described
extensively (Brandt and others 1963; Szczesniak
1963; Szczesniak and others 1975). Flavor includes
aromatics, tastes, and chemical feelings. Aromatics
consist of olfactometry perceptions caused by
volatile substances released from a product in the
mouth. Tastes consist of salty, sweet, sour, and bitter
perceptions caused by soluble substances in the
mouth, and chemical feelings include astringency,
spice heat, cooling, and metallic flavor. Flavor is
crucial in the acceptance of food, and the use of
flavor-related words is a very important aspect of
marketing (Amerine and others 1965). The National
Research Council (1988) reported that the three
most important factors that consumers look for in
meat products are nutrition, price, and taste. How-
ever, if taste is not acceptable, then nutrition and
price are irrelevant.

Stone and others (1991) have reported that thou-
sands of new products are unsuccessfully introduced
to the retail market every year. With the continued
influx of new products into the market, sensory eval-
uation has become increasingly important to food
companies in the creation of new food products as
well as in determining the quality attributes of prod-
ucts within a competition category. Marketing and
sensory evaluation departments must work together
to bring the appropriate new product to market. Both
groups have equally important roles that must be un-
derstood by each other as well as by upper manage-
ment to perform the appropriate market research,
trained panel sensory evaluations, and consumer
testing. This book will provide an in-depth look at
the sensory characteristics of all muscle foods from
both a trained panel and a consumer panel perspec-
tive through discussing the important sensory attrib-
utes as well as the sensory methods utilized to eval-
uate beef, pork, poultry, seafood, processed muscle
foods, as well as lamb, venison, bison, and equine.

HISTORY OF MUSCLE FOODS

Muscle foods or meats can be defined as flesh from
animals that is suitable for consumption (Kinsman

and others 1994), and first became a steady food
source in the diet between 10,000 and 16,000 years
ago as animals were domesticated and people be-
came less nomadic in nature (Kinsman 1994).
Refer-ences have been made in the [liad and in the
Old Testament to meat consumption that has been
carbon dated back greater than 3,000 years, and the
meat industry in the United States evolved from
Columbus and Cortez bringing cattle, hogs, and
sheep to North America in 1493 and 1519, respec-
tively. The history of the meat industry will not be
discussed in this chapter, but an informative per-
spective on the history of this exciting industry can
be found in Kinsman (1994). The seafood industry
also has an exciting history in which large human
populations tended to settle near seas or large river
systems where fish and shellfish were readily abun-
dant as food. References to fishing have also been
made in the Old and New Testament of the Bible
carbon dating back thousands of years. As time pro-
gressed, larger fish were desired and fishermen built
boats to travel further from shore. Quite often fishing
was the reason for discovering new lands, and the ex-
cellent fishing possibilities in the North Atlantic
Ocean lured fishermen to North America from
Europe leading to commercial fishing becoming the
first industry in the New World (Martin 1990). The
history of this diverse industry will not be discussed
in detail, but there is an excellent account of this his-
tory in Martin (1990).

U.S. meat and poultry products consumption has
fluctuated between 87 and 100 kilograms (kg) per
capita consumption between 1980 and 2001, respec-
tively (American Meat Institute [AMI] 2003), and
seafood products consumption has held steady at 5
to 7 kg per capita between 1960 and 2002 (AMI
1993; NMFS 2002). This demonstrates the staying
power of meat products in the food industry. Meals
will continue to be planned around meat products
for two reasons. First, muscle foods are the most
naturally occurring nutrient-dense foodstuff (Kins-
man 1994). Second, meat products are of vital im-
portance in providing high quality proteins, miner-
als, vitamins, and a high satiety value (Price and
Schweigert 1987). With the high percentage of two-
parent wage earners, there will be a greater need and
demand for more table-ready and microwaveable
foods that require minimum preparation time
(Kinsman 1994). This will lead to an increased im-
portance of sensory testing since all meat products
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of these types must be evaluated for sensory quality
(appearance, odor, texture, and flavor).

HISTORY, BACKGROUND, AND
DEVELOPMENT OF SENSORY
EVALUATION

Much literature has been reported pertaining to the
evolution of sensory evaluation into the complex
science that it is currently. Likewise, the practice of
using a trained panel to relate product attributes to
consumer acceptability in the successful develop-
ment of food products is well documented. The prin-
cipal sources behind the science of sensory evalua-
tion as it is studied today are psychology, physiology,
sociology, and statistics (Peryam 1990). The psy-
chophysical roots for sensory evaluation can be
traced to the work of Weber, a German physiologist
(Boring 1950), but it was Fechner, a German psy-
chologist, who built on the observations of Weber in
order to demonstrate a link between the physical and
psychological worlds. Weber found that difference
thresholds, the extent of changes in stimuli neces-
sary to produce noticeable differences, increase in
proportion to the initial perceived stimulus intensity
at which they are measured. Fechner then utilized
the findings of Weber to demonstrate that perceived
magnitude may be related to the change in intensity
and absolute intensity of a sensation. The combined
efforts of these two scientists laid much of the
groundwork during the late nineteenth century for
the field of psychometrics that deals with the mathe-
matical explanation of psychological phenomena.
The development of statistical methods (during
the nineteenth century) that are currently utilized in
sensory evaluation was also essential in the founda-
tion of this discipline. When sensory evaluation
started to show life in the 1930s, many statistical
procedures including analysis of variance were al-
ready in place to describe the variation in perception
and behavior of people evaluating food products
(Peryam 1990). The evolution of sensory science as
it is practiced today originated in the 1930s around
the time of the organization of the Institute of Food
Technologists. During this time, sensory informa-
tion was largely confined to recording opinions of
one or two experts evaluating the quality of a spe-
cific commodity in order to provide quality control
for their organization’s products (Pangborn 1964).
The problem with this type of sensory evaluation

was that it did not necessarily reflect consumer atti-
tudes. In a regional environment, utilizing one or
two experts was extremely helpful in determining
product quality, but Hinreiner (1956) stated that cer-
tain values on scorecards can become fixed in the
expert’s minds as acceptable to consumers that do
not necessarily reflect consumer attitudes. Stone and
Sidel (1993) stated that though this approach is
common in quality control, its prevalence in sensory
evaluation reflects a basic lack of understanding of
human behavior or the wistful desire of some to re-
duce response behavior to some simplistic level.
Platt (1931) recommended that critical experts be
eliminated, and that judges be selected for participa-
tion on sensory panels on the basis of being able to
predict public preference. Platt understood the im-
portance of meeting the needs and wants of the con-
sumer, but the consumer testing and trained panel
testing necessary to accomplish this goal was not yet
available to the industry.

Dove (1947) reported that food acceptance re-
search was a result of rationing of foods to the
troops in World War II. Rations were tested for qual-
ity specifications on a nutritional basis. However,
the soldier-consumer refused to eat some rations,
which ended up in storage dumps. This occurrence
led to an official directive to determine causes of un-
acceptance. These food products had been tested for
nutrition, tenderness, viscosity, compression, flavor,
and quality, or had been tested by scorecard ratings.
These methods had all been applied, and the food
was still rejected. In this objective approach, mea-
surements are directed toward the food. However,
the subjective test deals with an individual’s physio-
logical or psychological response. These occurrences
led to an impetus in sensory evaluation development
through the U.S. Army Quartermaster Food and
Container Institute, an organization that supported
research in the acceptance of food products con-
sumed by the armed forces (Peryam 1990). During
this time period, the U.S. Army Quarter-master
Food and Container Institute made many great con-
tributions to sensory evaluation research. The most
well-known contribution was the “invention” of the
9-point hedonic scale (Peryam and Pilgrim 1957).
Another outstanding contribution of the Institute
was undoubtedly the collaboration between psy-
chologists, food technologists, and statisticians.
This multidisciplinary collaboration is a good model
for the scientists that should be working together to
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perform sensory evaluation on all foods, including
muscle foods. The importance of sensory accep-
tance was then quickly forgotten by the federal gov-
ernment as they initiated their “War on Hunger” and
“Food from the Sea” programs (Stone and Sidel
1993) in which the government’s intention was to
feed starving and malnourished people even though
no research was performed on whether the products
being provided were acceptable to the targeted
groups.

During a similar time period, many developments
were occurring in the private sector relating to the
use of both affective testing as well as trained pan-
elists to explain the quality of food products. In the
late 1940s, the Kroger company started performing
affective consumer tests by sending samples to
housewives (Peryam 1990). This innovative idea
was very informal but provided an impetus toward
consumer tests that are utilized today. The duo-trio
tests and triangle tests were also developed during
the 1930s and 1940s by Seagram Distillers and re-
searchers in Europe (Peryam 1990) in order to main-
tain uniform quality in standard products. This was
the beginning of the development of trained panel
methods that are currently used. In the 1950s, the
flavor profile analysis was first developed by Arthur
D. Little in Cambridge, Massachusetts, to provide
information about the complexities of perception of
flavor characteristics and their relation to the physi-
cal components of food products (Cairncross and
Sjostrom 1950). This methodology led others to in-
troduce texture profile analysis (Brandt and others
1963; Szczesniak 1963) and quantitative descriptive
analysis (Stone and others 1974), respectively. Cross
and others (1978) adapted this methodology into a
descriptive analysis method that is now commonly
utilized in muscle foods (AMSA 1995).

During this time period, former departments of
dairy science, meat science, and other food products
merged into departments of food science and tech-
nology, and researchers began to relate sensory eval-
uation or subjective testing to objective tests such as
the Instron and gas chromatograph (GC) (Pangborn
1989). Academic endeavors in evaluating sensory
properties of foods date back to the mid-1930s. The
University of California at Davis has contributed
greatly to the scientific community from an academic
viewpoint. Maynard Amerine and his associates
were followed by Rose Marie Pangborn and her
coworkers utilizing the best techniques available

and developing new techniques and effective varia-
tions of tests (Peryam 1990). Currently, sensory
evaluation is taught in connection with many food
science and nutrition curricula, and many universi-
ties now offer a Ph.D. in sensory science with an ar-
ray of multidisciplinary courses. Pangborn (1989)
stated that the industrial demand for well-trained
sensory professionals at the B.S., M.S., and Ph.D.
levels greatly exceeds the supply, a statement that is
still true today. Another development that has made
a huge impact on sensory science in recent years
(1969-1988) is the development of journals such as
Journal of Texture Studies, Chemical Senses,
Journal of Food Quality, Appetite, Journal of
Sensory Studies, and Food Quality Preference
(Pangborn 1989). These journals have improved the
level of applied sensory science by providing both
increased avenues for scientists to share their find-
ings and method developments with the scientific
community. Sensory evaluation has now evolved
into testing that can use complicated multivariate
analysis as well as mathematical modeling and other
statistical analyses to evaluate data. This has al-
lowed for excellent connections between trained
sensory panels and consumer data. However, no
matter how complicated the analysis, it is crucial
that the sensory design be set up appropriately, or
the data will be meaningless. This is of increased
importance when dealing with human subjects.
Human panelists are more sensitive than instruments
but are also more variable.

OBJECTIVES

The objectives of sensory evaluation can be divided
into two categories. The first can be viewed as the
purpose of sensory evaluation. This purpose is to de-
termine product quality and ultimately provide the
consumer with the products that they desire. The
second category can be viewed as the actual objec-
tives that must be followed in conducting sensory
testing that are both specific and nonspecific to mus-
cle foods.

DETERMINING QUALITY AND CONSUMER
ACCEPTABILITY

The objective of providing the consumer with de-
sired products requires two kinds of information—
sensory descriptive and preference (quality) judg-



3 History, Background, and Objectives of Sensory Evaluation in Muscle Foods 19

ments. The former are usually obtained from a
trained panel and the latter are obtained from appro-
priately recruited and qualified consumers (Stone
and others 1993). These two goals can be broken
down further into four types of tests, each with their
own objective. These tests include affective, dis-
criminative, descriptive, and quality tests (Sidel and
others 1981). Affective tests are generally utilized to
indicate preference or acceptance of products
through selecting, ranking, or scoring samples by
panelists that represent the target consumer popula-
tion. Discrimination tests are utilized to test whether
samples are different from one another and should
usually be run with trained panels. Some discrimina-
tion tests such as triangle tests can also be utilized in
panel selection for descriptive tests. Descriptive
tests describe sensory properties and measure the
perceived intensity of those properties. The two
most popular descriptive methods include classical
and modified flavor profile (Cairncross and Sjostrom
1950), texture profile (Brandt and others 1963), and
quantitative descriptive analysis (Stone and others
1974). Cross and others (1978) later adapted these
methods in the creation of a descriptive attribute
panel intended for the evaluation of meat products.
The Spectrum method published by Meilgaard and
others (1991) further enhances descriptive testing by
adapting the test to the product being evaluated
through the use of reference points. These are indi-
cated by intensities of descriptors in specific com-
mercially available foods. This scale prevents pan-
elists from avoiding the ends of the scale, which is a
major problem with fixed scales. The fourth type of
testing utilized is quality testing in which one or two
experts are utilized to test a product to determine if it
meets quality specifications. This method can work
well when it is solely used to see if a product meets
specifications, but it should not be assumed that
these judgments by trained experts directly relate to
consumer preference or acceptance of food prod-
ucts. Typically, physical and chemical instrumental
measurements should also be incorporated in testing
to relate instrumental measurements of quality to
sensory perceptions of quality. Therefore, it can be
stated that the ultimate objective of sensory evalua-
tion is to predict consumer acceptability, but this
cannot be done without trained sensory panels and
instrumental measures to relate to preference test-
ing. This objective can be accomplished through dif-
ferent means, but the company that has this capabil-

ity and is able to exploit this knowledge has
achieved a major accomplishment (Stone and Sidel

1993).

PRrACTICAL OBJECTIVES OF SENSORY
EVALUATION

In dealing with a subject’s sensory responses, there
is a three-step mechanism (Meilgaard and others
1991). First, a sensation results from a stimulus that
is detected by a sense organ and travels to the brain
as a nerve signal. The brain is then utilized to trans-
pose the sensations into perceptions, and lastly, a
response is formulated based on the subject’s per-
ceptions (Carlson 1998). This causes much greater
variability when utilizing humans as instruments
since this three-step process exists in comparison to
a one-step process that exists in other instrumental
tests. The complexity of sensory evaluation makes
it imperative that a specific process be taken in
the design of sensory evaluation experiments.
Pangborn (1979) states that there are three common
problems to sensory evaluation that include lack of
test objective, adherence to a single test method re-
gardless of application, and improper subject selec-
tion procedures. These three details must be ad-
dressed in all sensory analyses. Erhardt (1978)
reports that there is a specific role of the sensory an-
alyst that can be broken down into seven tasks. The
following is a paraphrased version of these seven
steps that are discussed in detail in that paper. The
first step in conducting a sensory experiment is to
determine the project objective. The next step is to
determine the test objective to assure that the result-
ing data will be relevant to the overall objective of
the sensory project. The third step for the analyst is
to screen samples. This allows the analyst to be-
come familiar with the responses that might be ex-
pected, minimizes the evaluation of obviously dif-
ferent samples, and helps the analyst to design the
test. The next step for the sensory analyst is to de-
sign the test. The correct time to consider experi-
mental design and statistical analyses is after a test
is planned and not at the conclusion of the work.
The next step is to conduct the test. When conduct-
ing a test, it is imperative that the procedures are
strictly adhered to in order to prevent nontest vari-
ables from influencing panelist responses and/or
perception. The last two responsibilities of the sen-
sory analyst are to analyze data according to the
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predetermined statistical analyses and to report the
results to the entity that requested the research. The
analyst must make it clear to the requester what test
results mean, the conclusion that can be drawn from
the results, and the next step to take based on the
initial project objective.

SENSORY EVALUATION SPECIFIC
TO MUSCLE FOODS

Sensory evaluation as it is currently practiced for
muscle foods is documented by the American Meat
Science Association (AMSA 1995). Through the use
of sophisticated panel training and method selec-
tion, sensory evaluation can provide accurate and re-
peatable data. Sensory factors in meat include ten-
derness, juiciness, flavor and aroma, and color
(Cross 1987). Cross and others (1978) originated the
most commonly utilized method for descriptive
analysis in the testing of meat products. This is the
most referenced method for descriptive testing in
muscle foods, thus implying that it is also the most
utilized method. Consumer testing of meat products
is generally performed with affective tests of accep-
tance or preference that are utilized for all food
products. Those tests that were termed consumer
guidance tests in Griffin (1999) should be utilized
along with market research tests in the development
of food products in the industry. There is a clear dis-
tinction between the two types of testing, and it is
the sensory scientist’s responsibility to help upper
management understand this in order to provide
products to the consumer that will be successful for
the company (Griffin 1999).

TRAINED PANELS

Trained panels are utilized to provide accurate and
repeatable data pertaining to the quality of meat
products. Cross and others (1978) reported four
steps that should be taken in the selection of a
trained panel including recruitment, screening,
training, and performance evaluation. A sensory
study should only be initiated after all of these steps
have been taken (AMSA 1995; Cross and others
1978). Trained tests in muscle foods include ranking
and scaling of samples, magnitude estimation, and
descriptive sensory analysis. The second of these
methods has limitless applications. It has been uti-

lized to relate to physical and chemical analyses,
product formulations, preferences, and other kinds
of consumer measures of concepts, pricing, and so
forth (Stone and Sidel 1998). Descriptive analyses
are very important to the meat industry since they
are useful in investigating treatment differences,
monitoring ingredient process control criteria, and
defining sensory properties of a target product (Bett
1993).

CONSUMER PANELS

Kauffman (1993) stated that meat quality includes
seven variables: wholesomeness, nutrition, proces-
sing yield, convenience, consistency, appearance,
and palatability. Palatability has five components:
tenderness, texture, juiciness, and flavor (odor and
taste) (Kauffman and others 1990). Booth (1990)
stated that people eat foods they like, including
meat, and sensory properties impact those likes.
However, Logue and Smith (1986) reported that lik-
ing fresh meat was not related to liking fish, and nei-
ther of those was related to liking restructured meat
products. This demonstrates that consumers expect
and emphasize different sensory characteristics for
various meat products (Chambers and Bowers
1993). For example, consumer studies have revealed
that tenderness is the most important attribute of
beef (AMSA 1978) and chicken, but this attribute is
not as important in other species since it is not as
variable. This has led to researchers determining the
relationship between consumer acceptability and
objective measurements of tenderness in meat prod-
ucts (Lyon and others 1990; Schilling and others
2003). These factors are measured objectively, but
the most important perception is evaluated by sen-
sory panels. Since meat cookery has a significant in-
fluence on sensory characteristics, its selection is an
integral part of sensory evaluation (Cross 1987). The
sensory properties that consumers want depend on
species as well as whether the food is being pur-
chased, stored, cooked, or eaten (Chambers and
Bowers 1993). To fully understand consumer ac-
ceptability testing in meat products, it must be un-
derstood what attributes are important to consumers
for each particular study. Objectives will often be
similar when testing different muscle food products,
but quality attributes that are important to con-
sumers may differ among different muscle food
products.
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RELATIONSHIP OF CONSUMER
PANELS TO TRAINED PANELS

Elrod (1978) reported that many companies are
structured so that trained panels are utilized to de-
sign products and then the marketing department is
responsible for consumer testing if it is performed.
To produce the best possible product, it is imperative
for marketing and research and development depart-
ments to relate all market research, consumer test-
ing, and trained sensory evaluation. Munoz and
Chambers (1993) describe a model for relating de-
scriptive analysis techniques and objective testing to
consumer acceptability. These authors report that
this approach can provide the following useful
pieces of information. First, actionable product
guidance will be provided that is based on attributes
for product formulation and reformulation to
achieve high consumer acceptance. Second, the at-
tributes that affect consumer acceptability can be de-
termined. Third, laboratory data can be used to pre-
dict consumer response and determine its usefulness
in explaining consumer responses. Fourth, appropri-
ate marketing terms can be identified that coincide
with consumers desires, and lastly, it allows re-
searchers to interpret and understand consumer ter-
minology.

QUALITY CHARACTERISTICS

In general, it has been reported that tenderness, a
component of texture, is the most important at-
tribute of fresh meat products, and has thus been
studied more with consumers than other properties.
This may be in part due to the broad range in ten-
derness of products not seen in other quality charac-
teristics. Cross and Stanfield (1976) and Diamant
and others (1976) have reported that tenderness was
the most important attribute in determining accept-
ability in restructured beef steaks and cooked pork
chops, respectively. If a product is not tender, it is
automatically deemed unacceptable. Textural char-
acteristics of muscle food products are often evalu-
ated using trained texture profile analyses. This
methodology is most often utilized in processed
meat products and the characteristics studied are
generally hardness, springiness, chewiness, gummi-
ness, and cohesiveness.

Color is one of the most important characteristics
of meat since it is the primary attribute by which

both fresh and cured meats are judged by the con-
sumer before purchase (Fox 1987). Two common
examples of this are the preference of purchasing
beef that is cherry red in color and the lack of con-
sumer acceptability for pork and poultry products
that are pale in color (Kropf 1980).

Flavor is a very important sensory attribute in
muscle foods, but this attribute cannot be explained
well by consumers since their vocabulary is insuffi-
cient to describe the complex flavors found in most
meat products (Chambers and Bowers 1993). For
this reason, flavor intensity and off-flavor are usu-
ally the only flavor characteristics determined in
consumer studies. However, these variables may not
be well understood by consumers. Chambers and
others (1992) concluded that off-flavor as described
by consumers was characterized as soapy by a de-
scriptive panel. This reveals that the consumers were
not really distinguishing off-flavors at all. They were
really distinguishing the soapy flavor that can be a
function of phosphate addition in processed meat
products. In trained panels, descriptive analysis pro-
cedures have been utilized to accurately characterize
meat flavor from different species as well as pro-
cessed meat products. Volatiles extracted from meat
products that are responsible for these {lavors have
been characterized utilizing gas chromatography
(GC), GC-mass spectrometry (GC-MS), and GC-
olfactometry (GC-0).

Sensory evaluation is commonly utilized in deter-
mining the shelf life of muscle food products. Both
analytical and affective testing can be effective in
determining shelf life, and the simultaneous use of
both tests allows the best determination of how long
the product will have acceptable quality (Dethmers
1979). This testing will allow for determinations of
expiration, freshness or quality assurance, and pack
dates. A product’s shelf-life is determined by bacter-
ial or enzymatic spoilage, loss of aesthetic qualities,
physical changes such as moisture evaporation,
chemical reactions such as oxidation, contamination
from storage environment, loss of nutritive value,
and interactions between product and package con-
ditions (IFT 1974). Sensory evaluation will allow
for determination of manufacturing, packaging, and
storing conditions that will minimize these deterio-
rations from occurring. Such shelf life determina-
tions follow a similar pattern to the relationships be-
tween consumer and trained sensory panels as
described by Mufoz and Chambers (1993).
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NOVEL USES OF STATISTICAL METHODS

Four novel methods that have come to fruition over
the last 10 to 15 years include response surface
methodology, principal components analysis, princi-
pal factor analysis, and logistic regression. The po-
tential for the relation of trained sensory panels to
objective measurements and consumer acceptability
is very exciting. Also, the possibility for building
flavor languages for food products based on brand,
region, or other appropriate attributes will allow for
the determination of consumers’ desires in regions
as well as allow for increased communication
among researchers working in different parts of the
country. Novel approaches to statistical design of
sensory experiments and analysis of sensory data
are being developed or adapted to this discipline all
of the time. These novel statistical methods are valu-
able tools, but they should never take the place of
common sense and clearly understanding the objec-
tive of the study. Utilizing computers has also in-
creased the number of possibilities available for an-
alyzing sensory data. This is excellent in that it
makes it much easier to run complicated regression
and multivariate analyses. However, utilizing com-
puter programs can also be dangerous since they
will give you incorrect results if you do not under-
stand the experimental design and/or the computer
program. Substitution of statistical programs for
practical knowledge of sensory evaluation and data
analysis is a danger that must be avoided. The possi-
bilities and applications of logistic regression and
various multivariate analyses are limitless in their
application as far as relating trained data to con-
sumer data, in determining shelf life, and in product
development. Proper use of these experimental de-
signs and statistical packages will help contribute to
a company providing products that are desired by
consumers.

CONCLUSION AND FUTURE OF
SENSORY EVALUATION

As food technology becomes more complex, the ba-
sics of sensory evaluation need to be remembered.
The goal of sensory evaluation is to explain the con-
sumer acceptability of food products. This can only
be done through utilization of the four sensory
methodologies listed in this chapter and working to-
gether with the market research department to make

sure that the appropriate questions and problems are
being answered and solved. Education on appropri-
ate utilization of sensory analysis must be contin-
ued. It is clear that most companies are utilizing sen-
sory analysis, but quite often, the wrong methods are
being utilized for the stated objectives of the studies
(Stone and Sidel 1993). This book will provide a ba-
sic understanding of sensory properties and evalua-
tion as they relate to muscle foods.

REFERENCES

American Meat Institute. 1993. Meat Facts. American
Meat Institute, Washington, DC.

American Meat Institute. 2003. Overview of U.S. Meat
and Poultry Production and Consumption. AMI Fact
Sheet. www.meatami.com.

Amerine, MA, RM Pangborn, and EB Roessler. 1965.
Principles of sensory evaluation of food. New York:
Academic Press, p. 602.

AMSA. 1978. Guidelines for Cookery and Sensory
Evaluation of Meat. Am. Meat Sci. Assoc. and Natl.
Live Stock and Meat Board, Chicago, I11.

AMSA. 1995. Research Guidelines for Cookery,
Sensory Evaluation and Instrumental Tenderness
Measurements of Fresh Meat. Am. Meat Sci. Assoc.
and Natl. Live Stock and Meat Board. Chicago, II1.

Anonymous. 1975. Minutes of Division Business
Meeting. Institute of Food Technologists, Sensory
Evaluation Division, [FT, Chicago, [llinois.

Bett, KL. 1993. Measuring sensory properties of meat
in the laboratory. Food Technol, 47(11), pp. 121-2,
124-6.

Booth, DA. 1990. Sensory influences on food intake.
Nut Rev, 48(2), pp. 71-7.

Boring, EG. 1950. A History of Experimental
Psychology. 2nd ed. Appleton, New York.

Brandt, MA, E Skinner, and J Coleman. 1963. Texture
profile method. J Food Sci, 28, pp. 404-10.

Cairncross, WE, and LB Sjostrom. 1950. Flavor pro-
file—a new approach to flavor problems. Food
Technol, 4, pp. 308-11.

Carlson, NR. 1998. Physiology of Behavior. 6th ed.,
Boston, Massachusetts: Allyn and Bacon Inc., p.
736.

Chambers, E, and JR Bowers. 1993. Consumer percep-
tion of sensory qualities in muscle foods. Food
Technol, 47(11), pp. 116-20.

Chambers, L, E Chambers, [V, and JR Bowers. 1992.
Consumer acceptability of cooked stored ground
turkey patties with differing levels of phosphate. J
Food Sci, 57, pp. 1026-8.



3 History, Background, and Objectives of Sensory Evaluation in Muscle Foods 23

Cross, HR. 1987. Sensory Characteristics of Meat. Part
1 - Sensory Factors and Evaluation. In: Price, JF, BS
Schweigert, editors. The Science of Meat and Meat
Products. 3rd ed. Westport, Connecticut: Food and
Nutrition Press, Inc. pp. 307-27.

Cross, HR, R Moen, and MS Stanfield. 1978. Training
and testing of judges for sensory analysis of meat
quality. Food Technol., 32, pp. 48-52, 54.

Cross, HR, and MS Stanfield. 1976. Consumer evalua-
tion of restructured beef steaks. J Food Sci, 41, pp.
1257-8.

Dethmers, AE. 1979. Utilizing sensory evaluation to
determine product shelf life. Food Technol, 33(9),
pp- 40-2.

Diamant, R, BM Watts, and RL Cliplef. 1976.
Consumer criteria for pork related to sensory, physi-
cal, and descriptive attributes. Can Inst Food Sci and
Technol J, 9(3), pp. 151-4.

Dove, WF. 1947. Food acceptability; Its determination
and evaluation. Food Technol, 1, pp. 39-50.

Elrod, J. 1978. Bridging the gap between laboratory
and consumer tests. Food Technol, 32(11), p. 63.

Erhardt, JP. 1978. The role of the sensory analyst in
product development. Food Technol, 32(11), pp. 57—
60.

Fox, JB. 1987. The Pigments of Meat. In: Price, JF, and
BS Schweigert, editors. The Science of Meat and
Meat Products. 3rd ed. Westport, Connecticut: Food
and Nutrition Press, Inc., pp. 193-216.

Griffin, RW. 1999. Applied sensory science and con-
sumer testing in the industry: history and future.
Food Testing and Analysis, 5(2), pp. 9-13, 28.

Hinreiner, EH. 1956. Organoleptic evaluation by indus-
try panels—the cutting bee. Food Technol, 10, pp.
62-7.

IFT. 1974. Shelf life of foods. Institute of Food
Technologists expert panel on food safety and nutri-
tion. J Food Sci, 39, p. 861.

Kauffman, RG. 1993. Opportunities for the meat indus-
try in consumer satisfaction. Food Technol, 47(11),
pp- 132-4.

Kauffman, RG, W Sybesma, and G Eikelenboom.
1990. In search of quality. J Inst Can Sci Technol
Aliment, 23, pp. 160-164.

Kinsman, DM. 1994. Historical Perspective and
Current Status. In: Kinsman, DM, AW Kotula, and
BC Breidenstein, editors. Muscle Foods. New York:
Chapman & Hall, pp. 1-24.

Kinsman, DM, AW Kotula, and BC Breidenstein. 1994.
Muscle Foods. New York: Chapman & Hall, p. 573.

Kropf, DH. 1980. Effects of retail display conditions
on meat color. In: American Meat Science

Association. Proc. 33rd Reciprocal Meat Confer-
ence. June 20-25, West Lafayette, Indiana, pp. 15—
32.

Logue, AW, and ME Smith. 1986. Predictors of food
preferences in adult humans. Appetite, 7, pp. 109-
25.

Lyon, CE, and BG Lyon. 1990. The relationship of ob-
jective shear values and sensory tests to changes in
tenderness of broiler breast meat. Poultry Sci, 69, pp.
329-40.

Martin, RE. 1990. A history of the seafood industry. In:
Martin, RE, and GJ Flick, editors. The Seafood
Industry. New York: Van Nostrand Reinhold, pp. 1-16.

Meilgaard, M, GV Civile, and Carr BT. 1991. Sensory
Evaluation Techniques. 2nd ed., Boca Raton,
Florida: CRC Press, p. 354.

Munoz, AM, and E Chambers, IV. 1993. Relating mea-
surements of sensory properties to consumer accep-
tance of meat products. Food Technol, 47(11), pp.
128-31, 134.

National Marine Fisheries Service. http://www.nmfs
.noaa.gov/trade/default.html.

National Research Council. 1988. Consumer concerns
and animal product options. In: National Research
Council, editors. Designing Foods. Washington, DC:
National Academy Press, pp. 63-97.

Pangborn, RM. 1964. Sensory evaluation of foods: A
look backward and forward. Food Technol, 18(9),
pp- 63-7.

Pangborn, RM. 1979. Physiological and psychological
misadventures. Sensory measurement or the croco-
diles are coming. In: Johnsen, MR, editor. Sensory
Evaluation Methods for the Practicing Food
Technologists. Chicago, [llinois: Inst Food Technol,
p. 210-211.

Pangborn, RM. 1989. The evolution of sensory science
and its interaction with IFT. Food Technol, 43(9), pp.
248-56, 307.

Peryam, DR. 1990. Sensory evaluation—the early
days. Food Technol, 44(1), pp. 86-8, 91.

Peryam, DR, and FJ Pilgrim. 1957. Hedonic scale
method of measuring food preferences. Food Tech-
nol, 11(9), pp. 9-14.

Platt, W. 1931. Scoring food products. Food Ind, 3, pp.
108.

Price, JF, and BS Schweigert. 1987. Introduction. In:
Price, JF, and BS Schweigert, editors. The Science
of Meat and Meat Products. 3rd ed. Westport,
Connecticut: Food and Nutrition Press, Inc., pp.
1-9.

Ramirez, G, G Hough, and A Contarini. 2001.
Influence of temperature and light exposure on



24 Part II: Sensory Attributes of Muscle Foods

sensory shelf-life of a commercial sunflower oil. J
Food Quality, 24, pp. 195-204.

Schilling, MW, JK Schilling, JR Claus, NG Marriott,
SE Duncan, and H Wang. 2003. Instrumental tex-
ture assessment and consumer acceptability of
cooked broiler breasts evaluated using a geometri-
cally uniform-shaped sample. ] Musc Foods, 14,
pp.- 11-23.

Sidel, JS, H Stone, and J Bloomquist. 1981. Use and
misuse of sensory evaluation in research and quality
control. J Dairy Sci, 64, pp. 1296-1302.

Stone, H, B] McDermott, and JL. Sidel. 1991. The im-
portance of sensory analysis for the evaluation of
quality. Food Technol, 45(8), pp. 88, 90, 92-5.

Stone, H, and JL Sidel. 1998. Quantitative descriptive
analysis: developments, applications and the future.
Food Technol, 52(8), pp. 48-52.

Stone, H, and JS Sidel. 1993. Sensory Evaluation
Practices. 2nd ed. Orlando, Florida: Academic Press,
p. 327.

Stone, H, JS Sidel, S Oliver, A Woolsey, and RC
Singleton. 1974. Sensory evaluation by quantitative
descriptive analysis. Food Technol, 28(11), pp. 24-34.

Szczesniak, AS. 1963. Classification of textural charac-
teristics. J Food Sci, 28, pp. 385-9.

Szczesniak, AS, BJ Loew, and EZ Skinner. 1975.
Consumer texture profile technique. J Food Sci, 40,
pp- 1253-6.



4

Handbook of Meat, Poultry and Seafood Quality
Edited by Leo M. L. Nollet
Copyright © 2007 by Blackwell Publishing

Chemical and Biochemical Aspects

of Color in Muscle Foods
J. A. Pérez-Alvarez and J. Fernandez-Lopez

General Aspects of Muscle-Based Food Color
Chemical and Biochemical Aspects of Muscle-Based Food
Color
Carotenes
Hemoproteins
Structure of Myoglobin
Chemical Properties of Myoglobin
Cytochromes
Color Characteristics of Blood
Fat Color
Alterations in Muscle-Based Food Color
Pink Color of Uncured Meat Products
Melanosis
Fish Skin Discoloration
Premature Browning
Color and Shelf Life of Muscle-Based Foods
Microorganisms and Muscle-Based Food Color
References

GENERAL ASPECTS OF MUSCLE-
BASED FOOD COLOR

The first impression that a consumer receives con-
cerning a food product is established visually, and
among the properties observed are color, form, and
surface characteristics. Color is the main aspect that
defines a food’s quality, and a product may be re-
jected simply because of its color, even before other
properties, such as aroma, texture, and taste, can be
evaluated. This is why the appearance (optical prop-
erties, physical form, and presentation) of muscle-
based products at the sales point is of such impor-
tance (Lanari et al. 2002).

Regarding the specific characteristics that con-
tribute to the physical appearance of meat, color is

the quality that most influences consumer choice
(Krammer 1994). The relationship between meat
color and quality has been the subject of study since
the 1950s, indeed, since Urbain (1952) described
how consumers had learned through experience that
the color of fresh meat is bright red, and any devia-
tion from this color (nonuniform or anomalous col-
oring) is unacceptable (Diestre 1992). The color of
fresh meat and associated adipose tissue is, then, of
great importance for its commercial acceptability,
especially in the cases of beef and lamb (Cornforth
1994) and in certain countries, for example, the
United States and Canada, and there have been
many studies to identify the factors controlling its
stability. Adams and Huffman (1972) affirmed that
consumers relate the color of meat to its freshness.
In poultry, the consumers of many countries also as-
sociate meat color with the way in which the animal
was raised (intensive or extensive) and fed (cereals,
animal feed, etc.).

Color as a quality factor for meat can be appreci-
ated in different ways in different countries; for ex-
ample, in Denmark, pork meat color holds fifth
place among qualities that affect consumers’ pur-
chase decisions (Bryhni et al. 2002). The sensorial
quality, especially color and appearance (Brewer
and Mckeith 1999), of meat can be affected by both
internal and external factors. In the case of internal
factors, in fish, for example, a particular problem
that has been encountered in rearing some Pargus
species is the darkening of the body after the capture
of wild fish and during farming. During farming and
marketing, the skin color (silver-red) turns dark gray
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(especially the tail and fins) (Kentouri et al. 1995, Lin
et al. 1998). In the case of farmed salmon, too, feed-
ing fish with carotenoid pigments is regarded as the
most important management practice for marketing
(Moe 1990) because without them, flesh and skin
color would be less visually attractive, and therefore
would be less valued as a food (Baker 2002).

Food technologists, especially those concerned
with the meat industry, have a special interest in the
color of food for several reasons—first, because of
the need to maintain a uniform color throughout
processing; second, to prevent any external or inter-
nal agent from acting on the product during its pro-
cessing, storage, and display; third, to improve or
optimize a product’s color and appearance; and,
lastly, to attempt to bring the product’s color into
line with what the consumer expects. Put simply, the
color of meat is determined by the pigments present
in it. These can be classified into four types: (1) bio-
logical pigments (carotenes and hemopigments),
which are accumulated or synthesized in the organ-
ism antemortem (Lanari et al. 2002); (2) pigments
produced as a result of damage during manipulation
or inadequate processing conditions; (3) pigments
produced postmortem (through enzymatic or nonen-
zymatic reactions) (Montero et al. 2001, Klomklao
et al. 2006); and (4) pigments resulting from the ad-
dition of natural or artificial colorants (Fernandez-
Lépez et al. 2002).

As a quality parameter, color has been widely stud-
ied in fresh meat (MacDougall 1982, Cassens et al.
1995, Faustman et al. 1996) and cooked products
(Anderson et al. 1990, Fernandez-Ginés et al. 2003,
Ferndndez-1.6pez et al. 2003). However, dry-cured
meat products have received less attention (Pérez-
Alvarez 1996, Pagan-Moreno et al. 1998, Aleson et
al. 2003) because in this type of product, color forma-
tion takes place during the different processing stages
(Pérez-Alvarez et al. 1997, Fernandez-L6pez et al.
2000); recently, a new heme pigment has been identi-
fied in this type of product (Parolari et al. 2003,
Wakamatsu et al. 2004a,b). From a practical point of
view, color plays a fundamental role in the animal
production sector, especially in meat production (beef
and poultry, basically) (Zhou etal. 1993, Esteve 1994,
Verdoes et al. 1999, Irie 2001), since in many coun-
tries of the Furopean Union (e.g., Spain and Holland)
paleness receives a wholesale premium.

For fish, skin and flesh discoloration is a very im-
portant problem, especially in highly appreciated

species. Since the skin and flesh color must be very
vivid, many efforts have been directed at improving
color, mainly through dietary control (carotene-en-
riched diets) (Fujita etal. 1983, Mori 1993). Without
these pigments, the aquaculture industry would find
it hard to undertake the production of some species
because fish demand is driven through consumer de-
mand for quality products (Baker 2002). In fish,
consumer preference is often influenced by body
pigmentation. Fish flesh color is an important qual-
ity parameter for most farmed fish, especially with
salmonids (salmon, rainbow trout), (Francis 1995,
Hyun et al. 1999), in which the pink or red color of
fillets is an important feature (Sigurgisladottir et al.
1994, Sigurgisladottir et al. 1997). For example, a
uniform red color in rainbow trout is considered to
indicate a high-quality product and is a reason for its
acceptability, while for the tuna fish industry, it is
very important to avoid discoloration in fresh and
processed meat and to increase its shelf life
(Goodrick et al. 1991, Tze et al. 2001). Fish nutri-
tion has an important impact on several parameters
that directly influence the quality of fish, some of
which are color and appearance. The color of
salmonid flesh is one of the most important quality
parameters because consumers have a preference for
red- or pink-colored products in the case of
salmonids. This is the reason for using carotenoids
in aquaculture.

CHEMICAL AND BIOCHEMICAL
ASPECTS OF MUSCLE-BASED
FOOD COLOR

Of the major components of meat, proteins are the
most important since they are only provided by es-
sential amino acids, which are very important for the
organism’s correct functioning; proteins also make a
technological contribution during processing, and
some are responsible for such important attributes as
color. These are the so-called chromoproteins, and
they are mainly composed of a porphyrinic group
conjugated with a transition metal, principally iron
metalloporphyrin, which forms conjugation com-
plexes (heme groups) (Whitaker 1972) that are re-
sponsible for color. However, carotenes and caroteno-
proteins (organic compounds with isoprenoid-type
conjugated systems) exist alongside chromoproteins
and also play an important part in meat color. There
are also some enzymatic systems whose coenzymes
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or prosthetic groups possess chromophoric proper-
ties (peroxidases, cytochromes, and flavins) (Faust-
man et al. 1996). However, their contribution to
meat color is slight. Below, the principal characteris-
tics of the major compounds that impart color to
meat are described.

CAROTENES

Carotenes are responsible for the color of beef fat,
poultry meat and skin, fish, and shellfish; in the last
two cases, these are of great economic importance.
The color of the fat is also important in carcass grad-
ing. Furthermore, carotenoids can be used as muscle-
based food coloring agents (Verdoes et al. 1999). An
important factor to be taken into account with these
compounds is that they not synthesized by the live
animal but are obtained by assimilation (Pérez-
Alvarez et al. 2000), for instance, in the diet.
Salmonids, for example, obtain carotenes in the wild
in their preys, but in intensive fish culture,
carotenoids must be added to the diet. Farmed fish,
especially colored fish (salmon and rainbow trout,
for example), are now a major industry. For exam-
ple, Norway exports a great part of its salmon pro-
duction. Carotenoid pigments have been used in
aquafeed for many years in order to impart the de-
sired flesh color in farmed salmonids (Baker 2002).
Astaxanthin has been the main flesh-coloring pig-
ment of choice in most trout and salmon farming in-
dustries. The type of carotene used in animal feed is
very important because the fish farmer may find that
pigmentation takes on a heterogeneous appearance,
which is contrary to general consumer acceptance
(Yanar et al. 2006). The preferred pigments used in
the Canadian aquaculture industry are synthetic can-
thaxanthin (Cx) and synthetic astaxanthin (Ax)
(Higgs et al. 1995). In fats, the fatty acid composi-
tion can affect their color. When the ratio of cis-
monounsaturated to saturated fatty acids is high, the
fat exhibits a greater yellow color (Zhou et al. 1993).
In the case of the carotenes present in fish tissues,
these come from the ingestion of zooplankton, algae,
and crustacean wastes (Ostemeyer and Schmidt
2004), and the levels are sometimes very high. This
is possible because fish have the capacity to trans-
port and deposit this pigment to specific sites in their
muscles (Baker 2002). The deposition of Ax is higher
in dark muscle than in light muscle (Ingemansson et
al. 1993). The shells of many crustaceans, for exam-

ple, lobster (Panilurus argus), also contain these
compounds. Carotenoids have been extracted from
crustacean wastes with organic solvents, but in
many of the methods pigment degradation occurs
(Charest et al. 2001).

The pigments responsible for color in fish, partic-
ularly salmonids (trout and salmon, among others),
are Ax and Cx, although they are also present in tu-
nids and are one of the most important natural pig-
ments of marine origin. In the case of shellfish, their
color depends on the so-called carotenoproteins,
which are proteins with a prostetic group that may
contain various types of carotene (Minguez-
Mosquera 1997), which are themselves water solu-
ble (Shahidi and Matusalach-Brown 1998). Henmi
and coworkers (1990a) reported that carotenoid-
protein interaction in the salmon muscle is weak,
and that Ax and Cx have a trans configuration in
vivo. Henmi and coworkers (1990b) also reported
that the actomyosins from salmonids showed a
higher affinity for ketocarotenoids than those of
other fish, except common mackerel. These authors
also described correlations between the surface hy-
drophobicity of actomyosins and the combination of
Ax and/or canthaxanthin with actomyosins. From a
chemical point of view, astaxanthin or canthaxan-
thin bind via a beta-ionone ring to a hydrophobic
binding site on actomyosin; the hydroxyl and keto
end groups of the beta-end group of carotenoids in-
tensify binding to actomyosin. Salmon actomyosin
forms complexes with free Ax, astaxanthin mono-
ester, canthaxanthin, echinenone, zeaxanthin, and
beta-carotene, but not astaxanthin diester (in which
a long-chain fatty acid residue may cause steric hin-
drance). The lipids in the actomyosin complex have
no effect on the binding of carotenoids (Henmi et al.
1989). They are distributed in different amounts in
the flesh, head, and carapace of crustaceans, for ex-
ample, astaxanthin and its esters are the major
carotenoids found in the extracts from different
species of shrimp (Penaeus monodon, Penaeus indi-
cus, Metapenaeus dobsonii, Parapen aeopsis stylif-
era) (Sachindra et al. 2005a), but there are different
types of carotene, depending on whether the crus-
taceans are marine or fresh water (Sachindra et al.
2005b). Another difference is that the concentration
of unsaturated fatty acids in its carotenoid extracts
was found to be higher than that of saturated fatty
acids. In raw muscle, the main carotenoid concen-
tration was strongly correlated with some color
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attributes (hue, chroma, and lightness) (Choubert et
al. 1992). Torrisen and coworkers (1989) reported
that a level of 4 milligrams per kilogram (mg/kg) in
fish fillets is regarded as a minimum acceptable
carotenoid concentration in marketable-farmed
salmon. Sex also affects carotene concentration: fe-
male muscles, which contain much more carotenoid,
are more strongly colored than male muscles (Norris
and Cunningham 2004).

As suggested by Torrisen and coworkers (1989), the
rate of carotenoid deposition in salmonids is curvilin-
ear throughout the life of the fish. As the growth rate is
obviously under strong genetic control, the genetic
correlation between the growth rate and color is high.
[t must be taken into account that carotenoids migrate
from the muscle to the gonads. Carotene type deposi-
tion in salmonid species differs; for example, Ax is
more efficiently deposited than Cx in rainbow trout
(Store-bakken and Choubert 1991, Torrissen 1986),
but this pattern is not the same for Atlantic salmon.
These differences may be due to genetic background
and/or environment (Baker 2002). Choubert et al.
(1997) reported that in rainbow trout there is an un-
equal distribution of carotenoids so that the color of
the muscle lightens from the head toward the tail and
from the midline of the fish toward the dorsal and ven-
tral external area of the fish.

From a chemical point of view, carotenoids are
organic molecules that contain a conjugated carbon-
carbon double bond system, which is responsible for
their color. But this can be a problem during proces-
sing, because a high number of conjugated double
bonds may be subject to oxidation, which can lead
to discoloration of the carotenoids (Liaaen-Jensen
1971, Choubert and Baccaunaud 2006). As carot-
enoids are lipid soluble compounds, it might be
thought that increasing dietary fat would increase
carotene absorption and deposition, but this is not
necessarily the case for all salmonids. The retention
of carotenoids in the flesh is relatively poor, with
only 10-18% of pigment obtained from the diet be-
ing retained (Nickell and Bromage 1998).
Astaxanthin can be found in its free, mono-, or dies-
terified forms. In processed shrimps, eicosapen-
taenoic acid (EPA) and docosahexaenoic acid
(DHA) are the principal fatty acids esterified with
the portion of astaxanthin linked to chitin in the
carapace (Guillou et al. 1995). B-carotene and Ax
are fat-soluble pigments found in squid oil. How-

ever, technological processes, such as refining, can
remove Ax completely (Hwei and Min 1994).

In fish-derived products, the carotene content has
previously been used as a quality parameter on its
own; however, it has been demonstrated that this is
not appropriate, and that other characteristics may
influence color (Little et al. 1979). The carotene
content and its influence on color is perhaps one of
the characteristics that has received most attention
(Swatland 1995). In the case of meat, especially
beef, an excess of carotenes may actually lower the
quality (Irie 2001), as occurs sometimes when clas-
sifying carcasses. The Japanese system for beef car-
cass classification identifies acceptable fats as white,
slightly off-white, or slightly reddish white in color,
while pink-yellowish and dark yellow are unaccept-
able (Irie 2001). It is precisely the carotenes that are
responsible for these last two colorations. However,
in other animal species, such as chicken (Castaneda
et al. 2005), the opposite effect is observed, since a
high carotene (xantophile) concentration is much
appreciated by consumers (Fsteve 1994), yellow be-
ing associated with traditional or “home-reared”
feeding (Pérez-Alvarez et al. 2000). The use of the
carotenoid canthaxanthin as a coloring agent in
poultry feeds is designed to result in the desired col-
oration of poultry meat skins. The carotenoids used
include citranaxanthin, capsanthin, and capsorubin,
but Cx shows superior pigmenting properties and
stability during processing and storage (Blanch
1999). To improve its color and brilliance, 0.004-
0.04 weight percent (wt%) proanthocyanidin is
added to fish feed containing carotenoids (Sakiura
2001). For rainbow trout carotenoid concentrations
could be 10.7 or 73 parts per million (ppm) Cx, or
47 or 53 ppm Ax.

HEMOPROTEINS

Of the hemoproteins present, postmortem in the
muscle, myoglobin (Mb) is the one mainly responsi-
ble for color, since hemoglobin (Hb) arises from the
red cells that are not eliminated during the bleeding
process and are retained in the vascular system, ba-
sically in the capillaries (incomplete exsanguina-
tion; the average amount of blood remaining in meat
joints is 0.3%) (Warris and Rodes 1977). However,
the contribution of red cells to color does not usually
exceed 5% (Swatland 1995). There is wide variation
in the amounts of hemoglobin from muscle tissue of
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bled and unbled fish. Myoglobin content is minimal
compared with the hemoglobin content in fish light
muscle and white fish whole muscle. Hemoglobin
made up 65 and 56% by weight of the total heme
protein in dark muscle from unbled and bled fish, re-
spectively (Richards and Hultin 2002). Myoglobin,
on average, represents 1.5% by weight of the pro-
teins of the skeletal muscle, while Hb represents
about 0.5%, the same as the cytochromes and flavo-
proteins combined. Myoglobin is an intracellular
(sarcoplasmic) pigment apparently distributed uni-
formly within muscles (Ledwar 1992, Kanner
1994). It is red in color and water soluble, and it is
found in the red fibers of both vertebrates and inver-
tebrates (Knipe 1993, Park and Morrisey 1994),
where it fulfills the physiological role of intervening
in the oxidative phosphorylization chain in the mus-

cle (Moss 1992).

STRUCTURE OF MYOGLOBIN

Structurally, Mb can be described as a monomeric
globular protein with a very compact, well-ordered
structure that is specifically, almost triangularly,
folded and bound to a heme group (Whitaker 1972).
It is structurally composed of two groups: a pro-
teinaceous group and a heme group. The protein
group has only one polypeptidic chain composed of
140-160 amino acid residues, measuring 3.6
nanometer (nm) and weighing 16,900 Daltons in
vertebrates (Lehningher 1981). It is composed of
eight relatively straight segments (where 70% of the
amino acids are found), separated by curvatures
caused by the incorporation into the chain of proline
and other amino acids that do not form alpha-helices
(such as serine and isoleukin). Fach segment is com-
posed of a portion of alpha-helix, the largest of 23
amino acids and the shortest of seven amino acids,
all dextrogyrating. Myoglobin’s high helicoidal con-
tent (forming an ellipsoid of 44 X 44 X 25 A) and
lack of disulphide bonds (there is no cysteine) make
it an atypical globular protein. The absence of these
groups makes the molecule highly stable (Whitaker
1972). Although the three-dimensional structure
seems irregular and asymmetric, it is not totally an-
archic, and all the molecules of Mb have the same
conformation. One very important aspect of the pro-
tein part of Mb is its lack of color. However, the
variations presented by its primary structure and the
amino acid composition of the different animal and

fish species destined for human consumption are the
cause of the different colorations of meat and their
stability when the meats are displayed in the same
retail illumination conditions (Lorient 1982, Lee et
al. 2003). The heme group of Mb (as in Hb and other
proteins) is, as mentioned above, a metallopor-
phyrin. These molecules are characterized by their
high degree of coloration as a result of their conju-
gated cyclic tetrapyrrolic structure (Kalyanasun-
daram 1992). The heme group is composed of a
complex, organic annular structure, protoporphyrin,
to which an iron atom in ferrous state is united (Fe
IT). This atom has six coordination bonds, four with
the flat protoporphyrin molecule (forming a flat
square complex) and two perpendicular to it. The
sixth bond is open and acts as a binding site for the
oxygen molecule.

Protoporphyrin is a system with a voluminous flat
ring composed of four pyrrolic units connected by
methyl bridges (=C-). The Fe atom, with a coordi-
nation number of 6, lies at the center of the
tetrapyrrol ring and is complexed to four pyrrolic ni-
trogens. The heme group is complexed to the
polypeptidic chain (globin) through a specific histi-
dine residue (imadazolic ring) occupying the fifth
position of the Fe atom (Davidson and Henry 1978).
The heme group is bound to the molecule by hydro-
gen bridges, which are formed between the propy-
onic acid side chains and other side chains. Other
aromatic rings exist near, and almost parallel to the
heme group, which may also form pi (x) bonds
(Stauton-West et al. 1969).

The Hb contains a porphyrinic heme group identi-
cal to that of Mb and equally capable of undergoing
reversible oxygenation and deoxygenation. Indeed,
is functionally and structurally paired with Mb, and
its molecular weight is four times greater since it
contains four peptidic chains and four heme groups.
The Hb, like Mb, has its fifth ligand occupied by the
imidazol group of a histidine residue, while the sixth
ligand may or may not be occupied. It should be
mentioned that positions 5 and 6 of other hemopro-
teins (cytochromes) are occupied by R groups of
specific amino acid residues of the proteins and
therefore cannot bind to oxygen (O,), carbon
monoxide (CO), or cyanide (CN-), except a3, which,
in its biological role, usually binds to oxygen.

One of the main differences between fish and
mammalian Mb is that fish Mb have two distinct
endothermic peaks, indicating multiple states of
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structural unfolding, whereas mammalian Mb fol-
lowed a two-state unfolding process. Changes in alpha-
helix content and tryptophan fluorescence intensity
with temperature are greater for fish Mb than for
mammalian Mb. Fish Mb shows labile structural fold-
ing, suggesting greater susceptibility to heat denatura-
tion than that of mammalian Mb (Saksit et al. 1996).
The helical contents of frozen-thawed Mb were
practically the same as those of unfrozen Mb, re-
gardless of pH. Frozen-thawed Mb showed a higher
autoxidation rate than unfrozen Mb. During freezing
and thawing, Mb suffered some conformational
changes in the nonhelical region, resulting in a
higher susceptibility to both unfolding and autoxida-
tion (Chow et al. 1989). In tuna fish, Mb stability
followed the order bluefin tuna (Thunnus thynnus)
> vyellowfin tuna (Thunnus albacares) > bigeye
tuna (Thunnus obesus); autoxidation rates were in
the reverse order. The pH dependency of Mb from
skipjack tuna (Katsuwonus pelamis) and mackerel
(Scomber scombrus) were similar. Lower Mb stabil-
ity was associated with higher autoxidation rates

(Chow 1991).

CHEMICAL PROPERTIES OF MYOGLOBIN

The chemical properties of Mb center on its ability
to form ionic and covalent groups with other mole-
cules. Its interaction with several gases and water
depends on the oxidation state of the Fe of the heme
group (Fox 1966), since this may be in either its fer-
rous (Fe II) or its ferric (Fe IlI) state. Upon oxida-
tion, the Fe of the heme group takes on a positive
charge (Kanner 1994) and, typically, binds with neg-
atively charged ligands, such as nitrites, the agents
responsible for the nitrosation reactions in cured
meat products.

When the sixth coordination ligand is free Mb is
usually denominated deoxymyoglobin (DMb),
which is purple in color. However, when this site is
occupied by oxygen, the oxygen and the Mb form a
noncovalent complex, denominated oxymyoglobin
(OMb), which is cherry or bright red (Lanari and
Cassens 1991). When the oxidation state of the iron
atom is modified to the ferric state and the sixth po-
sition is occupied by a molecule of water, the Mb is
denominated metmyoglobin (MMb), which is
brown. There are several possible causes for MMb
generation, and these may include the ways in which
tunids, meat, and meat products are obtained, trans-

formed, or stored (MacDougall 1982, Lee et al.
2003, Mancini et al. 2003). Among the most impor-
tant factors are low pH, the presence of ions, and
high temperatures during processing (Osborn et al.
2003); the growth and/or formation of metabolites
from the microbiota (Renerre 1990); the activity of
endogenous reducing enzymes (Arihara et al. 1995,
Osborn et al. 2003); and the levels of endogenous
(Lanari et al. 2002) or exogenous antioxidants, such
as ascorbic acid or its salts, tocopherols (Irie et al.
1999), or plant extracts (Xin and Shun 1993,
Fernandez-L.6pez et al. 2003, Sanchez-Escalante et
al. 2003). The pH, which may be altered depending
on postslaughter metabolism and on ingredient addi-
tion, can affect the stability of the central iron atom
in myoglobin and hemoglobin. At high pH, the
heme iron is predominantly in the Fe*" state; low
pH accelerates Fe®" conversion to Fe** (Zhu and
Brewer 2002, 2003). While oxygen can bind to Fe®*
only, many other ligands (CN, nitric oxide [NO],
CO) can bind to either Fe?" or Fe** so producing a
variety of colors. This change in the oxidation state
of the heme group will result in the group being un-
able to bind with the oxygen molecule (Arihara et al.
1995). DMb is able to react with other molecules to
form colored complexes, many of which are of great
economic relevance for the meat industry. The most
characteristic example is the reaction of DMb with
nitrite, since its incorporation generates a series of
compounds with distinctive colors: red in dry-cured
meat products or pink in heat-treated products. The
products resulting from the incorporation of nitrite
are denominated cured, and such products are of
enormous economic importance worldwide (Pérez-
Alvarez 1996). The reaction mechanism is based on
the propensity of nitric oxide (NO, generated in the
reaction of nitrite in acid medium, readily gives up
electrons) to form strong coordinated covalent
bonds; it forms an iron complex with the DMb heme
group independent of the oxidation state of the heme
structure. The compound formed after the nitrifica-
tion reaction is denominated nitrosomyoglobin
(NOMBD). As mentioned above, the presence of re-
ducing agents such as hydrogen sulfide acid (H,S)
and ascorbates lead to the formation of undesirable
pigments in both meat and meat products. These
green pigments are called sulphomyoglobin (SMb)
and colemyoglobin (ColeMb), respectively, and are
formed as a result of bacterial activity and an excess
of reducing agents in the medium. The formation of
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SMb is reversible, but that of ColeMb is an irre-
versible mechanism, since it is rapidly oxidized be-
tween pH 5 and 7, releasing the different parts of the
Mb (globin, iron, and the tetrapyrrolic ring).

From a chemical point of view, it should be borne
in mind that the color of Mb, and therefore of the
meat or meat products, not only depends on the mol-
ecule that occupies the sixth coordination site, but
also on the oxidation state of the iron atom (ferrous
or ferric), the type of bond formed between the li-
gand and the heme group (coordinated covalent,
ionic, or none), and the state of the protein (native or
denatured form), not to mention the state of the por-
phyrin of the heme group (intact, substituted, or de-
graded) (Pérez-Alvarez 1996).

During the heat treatment of fish flesh, the aggre-
gation of denatured fish proteins is generally accom-
panied by changes in light-scattering intensity.
Results demonstrate changes in relative light-
scattering intensity can be used for studying struc-
tural unfolding and aggregation of proteins under
thermal denaturation (Saksit et al. 1998). When fatty
fish meat like Trachurus japonicus was heat treated,
the MMb content increased linearly, and the per-
centages of denatured myoglobin and apomyoglobin
increased rapidly when mince was exposed to heat,
but when the temperature reached 60°C the linearity
was broken. The results indicated that MMb color
stability was higher than that of Mb and that the
thermal stability of heme was higher than that of
apomyoglobin (Hui et al. 1998). Both Mb and fer-
rous iron accelerated the lipid oxidation of cooked,
water-extracted fish meat. EDTA (ethylenedi-
aminetetraacetic acid) inhibited the lipid oxidation
accelerated by ferrous iron, but not that accelerated
by Mb. Also, with cooked, nonextracted mackerel
meat, EDTA noticeably inhibited lipid oxidation.
Nonheme iron catalysis seemed to be related in part
to lipid oxidation in cooked mackerel meat. The ad-
dition of nitrite in combination with ascorbate re-
sulted in a marked inhibition of lipid oxidation in
the cooked mackerel meat. From these results, it was
postulated that nitric oxide ferrohemochromogen,
formed from added nitrite and Mb (present in the
mackerel meat) in the presence of a reducing agent,
possesses an antioxidant activity, which is attribut-
able in part to its function as a metal chelator
(Ohshima et al. 1988).

Tuna fish meat color can be improved when the
flesh is treated or packaged with a modified atmos-

phere in which CO is included. Normally, the rate of
penetration of CO or carbon dioxide (CO,) in fish
meat such as tuna, cod, or salmon, under different
packaging conditions, is measured by monitoring
pressure changes in a closed constant volume cham-
ber with constant volume and temperature. Alterna-
tively, however, the specific absorption spectrum of
carboxymyoglobin (MbCQ), within the visible
range, can be obtained and used as an indicator of
MbCO formation. Mb extracts from tuna muscle
treated with CO exhibited higher absorbance at 570
than at 580 nm. Therefore, the relationship between
absorbance at 570 nm and absorbance at 580 nm
could be used to determine the extent of CO penetra-
tion of tuna steaks placed in a modified atmosphere
in which CO was included. The penetration of CO
into tuna muscle was very slow. After approximately
1-4 hours, CO had penetrated 2-4 mm under the
surface, and after 8 hours, CO had penetrated 4-6
mm (Chau et al. 1997).

In products with added nitrite or nitrate the com-
plex nitrosylmyoglobin (MbFe[I[]NO) is the main
contributor to the characteristic color of cooked
cured ham, and brine-cured and dry-cured meat
products. Meat and meat products without nitrite/
nitrate addition will normally attain a dull brown
color or a gray color in heated products, which influ-
ences consumer acceptance negatively (Adamsen et
al. 2005). In dry-cured meat products such as Parma
ham produced without nitrite or nitrate addition, the
characteristic bright red color (Wakamatsu et al.
2004a) is caused by Zn-protoporphyrin IX (ZPP)
complex, a heme derivative. Adamsen et al. (2005)
showed that the use of nitrite as a curing ingredient
inhibits the formation of Zn-pp. In the same work
the author described that this color compound is pre-
sent in other meat products like Iberian ham, al-
though in a lower concentration.

Virgili et al. (1999) reported that this color may
be due to the action of low-molecular weight com-
pounds containing electron-donating atoms, formed
during maturation, in particular basic peptides or
amino acids resulting from an external proteolysis,
which may play a role as Fe ligands in Mb.
Wakamatsu and coworkers (2004b) reported that
anaerobic conditions favor the formation of Zn-pp
and that endogenous enzymes as well as microor-
ganisms may also be involved. There are several hy-
potheses that try to explain the formation of this
compound. Wakamatsu et al. (2004b) described
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three possible substitution patterns: (i) a nonenzy-
matic reaction in which Zn(II) substitutes Fe(II) un-
der anaerobic conditions, with concomitant dissoci-
ation of the heme; (ii) a bacterial enzymatic
reaction, whereby bacterial growths naturally de-
grade the meat proteins including the pigment; or
(iii) an enzymatic reaction where an endogenous
ferrochelatase interchanges the two metals. How-
ever, Adamsen et al. (2005) described this process as
having the three following mechanisms to explain
the metal substation: (i) a nonenzymatic enzymatic
reaction driven by binding of iron in the high chlo-
ride meat matrix; (ii) a bacterial enzymatic reaction;
or (iii) an endogenous enzymatic reaction.

Also spectroscopic studies of Parma ham during
processing revealed a gradual transformation of
muscle myoglobin, initiated by salting and continu-
ing during aging. Using electron spin resonance
spectroscopy, Moller and coworkers (2003) have
shown that the Parma ham pigment is different from
MbFe(I)NO and is not a nitric oxide complex such
as that found in brine-cured ham and Spanish
Serrano hams. These authors also establish that the
heme moiety is present in the acetone-water extract
and that Parma ham pigment is gradually trans-
formed from a myoglobin derivative into a nonpro-
tein heme complex, which is thermally stable in an
acetone-water solution. Adamsen et al. (2003) also
demonstrated that the heme moieties of Parma ham
pigments have antioxidative properties. Pigments
became increasingly lipophilic during processing,
suggesting that a combination of drying and matur-
ing yields a stable red color (Parolari et al. 2003).

CYTOCHROMES

Cytochromes are metalloproteins with a prostetic
heme group, whose putative role in meat coloration
is undergoing revision (Boyle et al. 1994, Faustman
etal. 1996). Initially, they were not thought to play a
very important role (Ledwar 1984). These com-
pounds are found in low concentrations in the skele-
tal muscle, and in poultry, they do not represent
more than 4.23% of the total hemeoproteins present
(Pikul et al. 1986). It has now been shown that the
role of cytochrome (especially its concentration) in
poultry meat color is fundamental, when the animal
has been previously exposed to stress (Ngoka and
Froning 1982, Pikul et al. 1986). Cytochromes are

most concentrated in cardiac muscle so that when
this organ is included in meat products, heart contri-
bution to color, not to mention the reactions that take
place during elaboration processes, must be taken
into consideration (Pérez-Alvarez et al. 2000).

COLOR CHARACTERISTICS
OF BLOOD

Animal blood is little used in the food industry be-
cause of the dark color it imparts to the products to
which it is added. For solving the negative aspects of
blood incorporation, specifically food color-related
problems, several different processes and means
have been employed, but they are not always com-
pletely satisfactory. The addition of 12% blood
plasma to meat sausages leads to pale-colored prod-
ucts. Addition of discolored whole blood or globin
{from which the hemoglobin’s heme group has been
eliminated) has also been used to address color
problems. Natural red pigments can be obtained
from blood without using coloring agents such as ni-
trous acid salts; these pigments have zinc protopor-
phyrin as the metalloporphyrin moiety and can be
used to produce favorably colored beef products,
whale meat products, and fish products (including
fish pastes) (Numata and Wakamatsu 2003). There
was wide variation in amounts of haemoglobin ex-
tracted from the muscle tissue of bled and unbled
fish, and the residual level in the muscle of bled fish
was substantial. Myoglobin content was minimal as
compared with hemoglobin content in mackerel
light muscle and trout whole muscle. Hemoglobin
made up 65 and 56% by weight of the total heme
protein in dark muscle from unbled and bled mack-
erel, respectively. The blood-mediated lipid oxida-
tion in fish muscle depends on various factors, in-
cluding hemoglobin concentration, hemoglobin
type, plasma volume, and erythrocyte integrity
(Richards and Hultin 2002). The presence of blood,
Hb, Mb, Fe™?, Fe™®, or Cu*? can stimulate lipid ox-
idation in the fillets of icefish (Rehbein and Orlick
1990, Richards and Li 2004). Kanner and coworkers
(1987) reported that hemoglobin, myoglobin, cop-
per, and iron have the potential to promote lipid oxi-
dation in muscle foods. Since iron can be released
from hemoglobin during storage, it is difficult to as-
certain whether the intact heme protein, dissociated
heme, or released iron is responsible for the bulk of
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lipid oxidation that occurs during storage. For this
reason, Svingen and coworkers (1979) used the term
low molecular weight iron instead of free iron since
iron binds to other low molecular weight com-
pounds to gain solubility and hence potential reac-
tivity. Ferrous and ferric forms of iron can promote
lipid oxidation processes (Gutteridge 1986, Tadolini
and Hakim 1996). Iron shows a high reactivity with
reactants such as hydrogen peroxide and lipid per-
oxides (Kanner and Harel 1987).

Mitochondria are a source of reactive oxygen
species that could confound lipid oxidation reac-
tions due to added hemoglobin. During fish proces-
sing (e.g., tuna fish), the loss of redness can be a
good indicator that lipid oxidation processes medi-
ated by hemoglobin (Hb) are progressing. Just after
death, Hb in muscle tissue is primarily in the re-
duced state (i.e., oxyhemoglobin [oxyHb] and de-
oxyhemoglobin [deoxyHb]).

This mixture of oxyHb and deoxyHb has a red
color. With increased postmortem aging, Hb autoox-
idizes to methemoglobin [metHb], a brown pigment.
MetHb is considered more prooxidative than re-
duced Hb due to its less tightly bound heme group
and its reactivity with hydrogen peroxide and lipid
peroxides to form hypervalent Hb catalysts (Everse
and Hsia 1997).

From a technological point of view, during meat
or fish processing, rapid chilling may alter oxygen
solubility in tissues resulting in less available oxy-
gen to oxygenate either oxymyoglobin or hemoglo-
bin. The conversion of oxymyoglobin to metmyo-
globin, which is brown and unattractive, occurs
under conditions of very low oxygen tension as well
(Nicolalde et al. 2005).

Field and coworkers (1978) describe how bone
marrow is high in hemoglobin, while muscle has a
high myoglobin content. As with other meats, its color
and hemoglobin stability depend on packaging and
storage conditions. Good temperature control and
modified atmosphere packaging (MAP) with high
oxygen atmospheres (80%) are often used to extend
both microbiological and color shelf life (Nicolalde et
al. 2005).

FAT COLOR

From a technological point of view, fat fulfills sev-
eral functions, although, regarding color, its princi-

pal role is in the brightness of meat products. Pro-
cesses such as “afinado” during the elaboration of
dry-cured ham involve temperatures at which fat
melts so that it infiltrates the muscle mass and in-
creases its brilliance (Sayas 1997). When the fat is
finely chopped, it “dilutes” the red components of
the color, thus decreasing the color intensity of the
finished product (Pérez-Alvarez et al. 2000). How-
ever, fats do not play such an important role in fine
pastes since, after emulsification, the fat is masked
by the matrix effect of the emulsion so that it con-
tributes very little to the final color. The color of fat
basically depends on the feed that the live animal re-
ceived (Esteve 1994, Irie 2001). In the case of
chicken and ostrich, the fat has a “white” appear-
ance (common in Europe) when the animal has been
fed with “white” cereals or other ingredients not
containing xanthophylls, since these are accumu-
lated in subcutaneous fat and other fatty deposits.
However, when the same species are fed maize (rich
in xanthophylls), the fatty deposits take on a yellow
color. Beef or veal fat, that is dark, hard (or soft), ex-
cessively bright, or shiny lowers the carcass and cut
price. Fat with a yellowish color in healthy animals
reflects a diet containing beta-carotene (Swatland
1988). While fat color evaluation has traditionally
been a subjective process, modern methods include
such techniques as optical fiber spectrophotometry
(Irie 2001). Another factor influencing fat color is
the concentration of the Hb retained in the capillar-
ies of the adipose tissues (Swatland 1995). As in
meat, the different states of Hb may influence the
color of the meat cut. OMb is responsible for the
yellowish appearance of fat, since it affects different
color components (yellow-blue and red-green).

The different states of hemoglobin present in adi-
pose tissue may react in a similar way to those in
meat so that fat color should be measured as soon as
possible to avoid possible color alterations. When
the Hb in the adipose tissue reacts with nitrite incor-
porated in the form of salt, nitrosohemoglobin
(NOHD), a pigment that imparts a pink color to fat,
is generated. This phenomenon occurs principally in
dry-cured meat products with a degree of anatomi-
cal integrity, such as dry-cured ham or shoulder
(Sayas 1997). When fat color is measured, its com-
position should be borne in mind since its relation
with fatty acids modifies its characteristics, making
it more brilliant or duller in appearance. The fat con-
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tent of the conjunctive tissue must also be borne in
mind—collagen may present a glassy appearance
because, at acidic pH, it is “swollen,” imparting a
transparent aspect to the product.

ALTERATIONS IN MUSCLE-
BASED FOOD COLOR

The color of meat and meat products may be altered
by several factors, including exposure to light
(source and intensity), microbial growth, rancidity,
and exposure to oxygen. Despite the different alter-
ations in color that may take place, only a few have
been studied; these include the pink color of boiled
uncured products, premature browning, fish skin
discoloration, and melanosis in crustaceans.

PINK COLOR OF UNCURED
MEAT PRODUCTS

The normal color of a meat product that has been
heat treated but not cured is “brown,” although it has
recently been observed that these products show an
anomalous coloration (red or pink) (Hunt and Kropf
1987). This problem is of great economic importance
in “grilled” products since this type of color is not
considered desirable. This defect may occur both in
meats with a high hemoprotein content, such as beef
and lamb (red); and in those with a low hemoprotein
concentration, including chicken and turkey (pink)
(Conforth et al. 1986). One of the principal causes of
this defect is the use of water rich in nitrates, which
are reduced to nitrites by nitrate-reducing bacteria,
which react with the Mb in meat to form NOMb
(Nash et al. 1985). The same defect may occur in
meat products containing paprika, which according
to Fernandez-1.6pez (1998), contains nitrates that,
once incorporated in the product, may be similarly
reduced by microorganisms. Conforth et al. (1991)
mention that several nitrogen oxides may be gener-
ated in gas and electric ovens used for cooking ham
and that these nitrogen oxides will react with the Mb
to generate nitrosohemopigments. CO is also pro-
duced in ovens, which reacts with Mb during thermal
treatment to form a pink-colored pigment, carboxy-
hemochrome. It has also been described how the use
of adhesives formed from starchy substances pro-
duces the same undesirable pink color in cooked
products (Scriven et al. 1987). The same anomalous
pink color may be generated when the pH of the

meat is high (because of the addition of egg albumin
to the ingredients) (Froning et al. 1968) and when the
cooking temperature during processing is too low.
These conditions favor the development of a reduc-
ing environment that maintains the iron of the Mb in
its ferrous form, imparting a reddish/pink color (as a
function of the concentration of hemopigments) in-
stead of the typical grayish brown color of heat-
treated, uncured meat products.

Cooking uncured meat products, such as roast
beef, at low temperatures (less than 60°C) may pro-
duce a reddish color inside the product, which some
consumers may like. This internal coloring is not re-
lated to the formation of nitrosopigments, but results
from the formation of OMb, a phenomenon that oc-
curs because there exist in the muscle MMb-
reducing enzymatic systems that are activated at
temperatures below 60°C (Osborn et al. 2003).
Microbial growth may also cause the formation of a
pink color in cooked meats since these reduce the
oxidoreduction potential of the product during their
growth. This is important when the microorganisms
that develop in the medium are anaerobes, since they
may generate reducing substances that decrease the
heme iron. When extracts of Pseudomonas cultures
are applied, the MMb may be reduced to Mb
(Faustman et al. 1990).

MELANOSIS

Melanosis, or blackspot, involving the appearance
of a dark, even black, color, may develop post-
mortem in certain shellfish during chilled and frozen
storage (Slattery et al. 1995). Melanosis is of huge
economic importance since the coloration may sug-
gest a priori in the eyes of the consumer that the
product is in bad condition, despite the fact that the
formation of the pigments responsible involves no
health risk. Melanosis is an undesirable surface dis-
coloration of such high value shellfish as lobsters
that takes place immediately after harvesting since it
starts with oxygen contact (L.6pez-Caballero et al.
2006). Blackspot is caused by enzymic formation of
the precursors of phenolic pigments (Williams et al.
2003). Blackspot is a process regulated by a com-
plex biochemical mechanism, whereby the phenols
present in a food are oxidized to quinones in a series
of enzymatic reactions caused by polyphenol oxi-
dase (PPO) (Ogawa et al. 1984). This is followed
by a polymerization reaction, which produces pig-
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ments of a high molecular weight and dark color.
Melanosis is produced in the exoskeleton of crus-
taceans, first in the head and gradually spreading to-
ward the tail. Melanosis of shell and hyperdermal
tissue in some shellfish, such as lobsters, has been
related to stage of molt, since the molting fluid is
considered to be the source of the natural activa-
tor(s) of pro-PPO.

Polyphenol oxidase (catechol oxidase) can be iso-
lated from shellfish cuticle (Ali et al. 1994) and is
still active during iced or refrigerated storage. Some
authors have found a connection between melanosis
and microbial growth in crustaceans. Thus, color
formation (melanin) due to strains of F fragi may
occur if prawns are not properly chilled (Chini-
vasagam et al. 1998). In this respect, Ldpez-
Caballero et al. (2006) reported that the presence of
microorganisms (e.g., Proteus spp., Pseudomonas,
etc.) and the H,S produced reacted with metals of
the lobster shell resulting in melanosis. Sulphites
can be used to control the process (Ferrer et al. 1989,
Gomez-Guillen et al. 2005), although their use is
prohibited in many countries. It is well known that
the inhibitory effect of blackspot is specific for each
species, requiring adequate doses and formulations
(Montero et al. 2001). The effective dose of 4-hexyl-
resorcinol differs depending on the physiological
state, season, method of application, etc., although
the species being treated is one of the most impor-
tant of these factors. Montero et al. (2004) and
Lépez-Caballero et al. (2006) found that, regardless
of the season, a concentration of 0.25% 4-hexyl-
resorcinol was effective in extending the shelf life
of pink shrimp. Ficin (Taoukis et al. 1990) and 4-
hexylresorcinol also functioned as a blackspot in-
hibitor, alone and in combination with L-lactic acid
(Benner et al. 1994).

FISH SKIN DISCOLORATION

In fish and other vertebrates, in which the pigmenta-
tion of the skin can be changed by hormonal stimula-
tion, the color of the background and illumination are
determining factors for the intensity and/or the pat-
tern of skin fish pigmentation (Sugimoto 1997, Duray
et al. 1996, Crook 1997, Healey 1999, Papoutsoglou
etal. 2000, Rotllant et al. 2003). In addition, tempera-
ture may also have an impact on color (Fernandez and
Bagnara 1991). In some types of fish, especially those
with a red skin, the color tone becomes dark immedi-

ately after killing, reducing the commercial value of
the fish. Most of the color changes in fish are often
related to stress. [t is generally accepted that
melanophores play an important role in the rapid
color change of certain fish (Fujii 1969). These
changes are related to hormonal (x-melanocyte-
stimulating hormones) responses causing dispersion
of the melanin granules in melanophores and are re-
sponsible for skin darkening (Green and Baker 1991,
Lamers et al. 1992, Groneveld et al. 1995, Arends et
al. 2000, Burton and Vokey 2000).

In the case of Red Sea Bream, the rapid skin color
changes after killing of cultured fish is thought to be
mainly due to the rapid dispersion of chromato-
somes in melanophores elicited by handling and
killing stresses. Potassium ions through the nor-
adrenaline pathway can induce aggregation of chro-
matosomes in melanophores (Kumazawa and Fujii
1984). In fish skin, besides melanophores there are
other chromatophores, such as xanthophores and
erythrophores, the latter mainly contributing to the
red color of the fish skin.

PREMATURE BROWNING

Hard-to-cook patties show persistent internal red
color and are associated with high pH (>6) raw
meat. Pigment concentration affects red color inten-
sity after cooking (residual undenatured myoglo-
bin), so this phenomenon is often linked to high pH
dark cutting meat from older animals. Premature
browning is a condition in which ground beef
{(mince) looks well done at a lower than expected
temperature (Warren et al. 1996). Premature brown-
ing (PMB) of ground beef is a condition in which
myoglobin denaturation appears to occur on cook-
ing at a temperature lower than expected; it may in-
dicate falsely that an appropriate internal core tem-
perature of 71°C has been achieved (Suman et al.
2004). The relationship between cooked color and
internal temperature of beef muscle is inconsistent
and depends on pH and animal maturity. Increasing
the pH may be of benefit in preventing premature
browning, but it may increase the incidence of red
color in well-cooked meat (cooked over an internal
temperature of 71.1°C) (Berry 1997). When pale,
soft, exudative (PSE) meat was used in patty proces-
sing, patties containing OMb easily exhibited pre-
mature browning. One reason for this behavior is
that the percentage of Mb denaturation increased as
cooking temperature rose (Lien et al. 2002).
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COLOR AND SHELF LIFE OF
MUSCLE-BASED FOODS

Meat and meat products are susceptible to degrada-
tion during storage and throughout the retail process.
In this respect, color is one of the most important
quality attributes for indicating the state of preserva-
tion in meat. Any energy received by food can initi-
ate its degradation, but the rate of any reaction de-
pends on the exact composition of the product
(Jensen et al. 1998), environmental factors (light,
temperature, presence of oxygen), and the presence
of additives. Transition metals such as copper and
iron are very important in the oxidative/ antioxidative
balance of meat. When the free ions of these two
metals interact, they reduce the action of certain
agents, such as cysteine, ascorbate, and alpha-
tocopherol, oxidizing them and significantly reduc-
ing the antioxidant capacity in muscle (Zanardi et al.
1998). Traditionally, researchers have determined the
discoloration of meat using as criterion the brown
color of the product, calculated as percent MMb
(Mancini et al. 2003). These authors demonstrated
that in the estimation of the shelf life of beef or veal
(considered as discoloration of the product), the
diminution in the percent of OMb is a better tool than
the increase in percentage of MMb. Occasionally,
when the meat cut contains bone (especially in pork
and beef), the hemopigments (mainly Hb) present in
the medulla lose color because the erythrocytes are
broken during cutting and accumulate on the surface
of the bone hemoglobin. When exposed to light and
air, the color of the Hb changes from the bright red
{oxyhemoglobin [Ohb]), the characteristic of blood,
to brown (methemoglobin [MHb]) or even black
(Gill 1996). This discoloration basically takes place
during long periods of storage, especially during
shelf life display (Mancini et al. 2004). This charac-
teristic is aggravated if the product is kept in a modi-
fied atmosphere rich in oxygen (Lanari et al. 1995).
These authors also point out that the effect of bone
marrow discoloration is minimized by the effect of
bacterial growth in modified atmosphere packaging.
As in the case of fresh meat, the shelf life of meat
products is limited by discoloration (Mancini et al.
2004). This phenomenon is important in this type of
product because they are normally displayed in illu-
minated cabinets. Consequently, the possibility of
photooxidation of nitrosomyoglobin (NOMb) needs
to be taken into account.

During this process, the molecule is activated be-
cause it absorbs light; this may subsequently deacti-
vate the NOMb and give the free electrons to the
oxygen to generate MMb and free nitrite. In model
systems of NOMb photooxidation, the addition of
solutions of dextrose, an important component of
the salts used for curing cooked products and in
meat emulsions, can diminish the effect of NOMb
photooxidation. When a meat product is exposed to
light or is stored in darkness, the use of ascorbic acid
or its salts may help stabilize the product’s color.
Such behavior has been described both in model
systems of NOMb (Walsh and Rose 1956) and in
dry-cured meat products (e.g., longanizas, Spanish
dry-fermented sausage). However, when sodium
isoascorbate or erythorbate is used in longanizas
production, color stability is much reduced during
the retail process (Ruiz-Peluffo et al. 1994).

The discoloration of white meats such as turkey is
characterized by color changes that go from pink-
yellow to yellow-brown, while in veal and beef, the
changes go from purple to grayish brown. In turkey,
it has been demonstrated that the presence or ab-
sence of lipid oxidation depends on, among other
things, the concentration of vitamin E in the tissues.
The color and lipid oxidation are interrelated since it
has been seen that lipid oxidation in red and white
muscle depends on the predominant form of catalyz-
ing iron, Mb, or free iron (Mercier et al. 1998).
Compared with red meat, tuna flesh tends to un-
dergo more rapid discoloration during the refriger-
ated storage. Discoloration due to the oxidation of
Mb in red fish presented a problem, even at low tem-
peratures. This low color stability might be related
to the lower activity or poorer stability of MMb re-
ductase in tuna flesh (Ching et al. 2000). Another
reason for the low color stability is that aldehydes
produced during lipid oxidation can accelerate tuna
OMDb oxidation in vitro (Lee et al. 2003). Tuna flesh
could be immersed in an MMb reductase solution to
extend the color stability of tuna fish. Also, the use
of this enzyme can reduce MMb formation during
refrigerated storage of tuna (Tze et al. 2001).
Yellowtail (Seriola quinqueradiata) fillets stored in
gas barrier film packs filled with nitrogen (N,) and
placed in cold storage at 0-5°C, stayed fresh for 4-7
days. N, or CO, packaging did not prevent discol-
oration in frozen tuna fillets; better results were
achieved by thawing the frozen tuna meat in an O,
atmosphere (Oka 1989). Packaging in atmospheres
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containing 4 or 9% O, was inferior to packaging in
air, as these atmospheres promoted MMb formation.
Packaging in 70% O, maintained the fresh red color
of tuna dorsal muscle for storage periods less than 3
days (Tanaka et al. 1996). To change the dark brown
color to a bright red color, processors sometimes
treat tuna with 100% carbon monoxide (CO) during
modified atmosphere packaging. Since Mb can react
with CO rapidly even at low CO concentrations (Chi
et al. 2001), modified atmosphere packaging with
100% CO may result in high CO residues in the
flesh, which may cause health problems.

MICROORGANISMS AND
MUSCLE-BASED FOOD COLOR

Although the real limiting factor in the shelf life of
fresh meat is the microbial load, consumers choose
fresh meat according to its color. The bacterial load
is usually the most important cause of discoloration
in fresh meat and meat products (sausages and other
cooked products), and slaughter, cutting, and pack-
aging must be strictly controlled. Bacterial contami-
nation decisively affects the biochemical mecha-
nisms responsible for the deterioration of meat
(Renerre 1990). Is it important to take into account
that, just as with the bacterial load, the effect of dis-
coloration on meat is more pronounced in meats that
are more strongly pigmented (beef) than in less pig-
mented meats such as pork and chicken (Gobantes
and Oliver 2000). Another variable affecting color
stability in meat is the quantity of microorganisms
present (Houben et al. 1998); concentrations in ex-
cess of 10%/gram (g) have a strong effect. Although
antioxidants, such as ascorbic acid, slow lipid oxida-
tion and consequently improve color stability, these
substances have little effect when bacterial growth is
a problem (Zerby et al. 1999).
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Smell is a phylogenetically primitive form of sensa-
tion associated with brain regions that control both
emotion and memory. The olfactory system of pri-
mates, including that of humans, is allometrically
reduced in size in comparison with that of macros-
matic mammals, but appears to be similarly orga-
nized (Gloor 1997). In fact, olfaction has an impor-
tant impact on social behaviors, even in humans
(Kandel et al. 2000).

The phylogenetic history of olfaction suggests
that this sense modality was singled out in early
mammalian evolution to subserve the role of relat-
ing olfactory stimuli to experiences of great signifi-
cance to the animal’s behavior and survival as, for
example, procreation and various forms of inter-
course, and protection from poisons and dangerous
predators. Olfactory stimuli quickly form strong as-
sociations that are very enduring. This role of olfac-
tion may be less obvious in humans, but it survives
(Gloor 1997).

In humans, odors are reputed to have a particu-
larly potent ability to evoke old memories of events

or situations that usually occurred in a socio-affective
context of which that odor was a part. Memories
evoked by such odors are said to have an immediacy
and vividness that are rarely matched by those
evoked by other sensory stimuli. Olfactory memo-
ries have some peculiarities that indeed set them
apart from other types of memory. The usual testing
of human memory, for example, visual memory, of-
ten relies on verbal cues. By contrast, olfactory
memories are poorly described by verbal labels,
even those that are familiar.

The neural systems controlling smell and taste are
remarkably sensitive and highly influenced by learn-
ing (Stockhorst and Pietrowsky 2004). The associa-
tion of all the events stimulated by aromas—memo-
ries, emotions, and learning—causes human beings
to strongly react to odors. We are very particular
about the aroma and flavor of our juice, wine, and
even bubble gum. This explains the large amount of
human and financial resources applied every year by
the food industry to flavor chemistry research.

In addition, there has been an increased interest in
understanding the role of olfactory dysfunction in
several neurological disorders. Patients with tempo-
ral lobe epilepsy (I'LE) not only have difficulty in
odor discrimination and memory, but may also have
olfactory hallucinations as part of their seizures;
these are often described as unpleasant odors.
Anosmia and other types of olfactory dysfunction
are frequent and often severe in neurodegenerative
diseases such as Parkinson's disease and Alzheimer-
type dementia. In fact some authors indicate that the
absence of olfactory dysfunction virtually excludes
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the diagnosis of idiopathic Parkinson's disease
(Hawkes 2003).

The last decade has brought exciting advances in
the knowledge of mechanisms associated with the
detection and processing of odors, although several
aspects are still unknown. The aim of this chapter is
to present current concepts and leading tendencies
in research on odor detection and processing by hu-
mans, using a language easily understandable and
hopefully enjoyable by flavor chemists.

THE CONCEPT OF FLAVOR

Flavor perception rises from the simultaneous stimu-
lation of the sense of taste (gustation), the sense of
smell (olfaction), and the trigeminal nerve (chemes-
thesis). It represents the sum of sensations generated
by the taste receptors located in the mouth; by the ol-
factory receptors located in the nasal olfactory mu-
cosa, and the trigeminal nerve, located in the human
mouth and nose (Lawless and Heymann 1999,
Kandel et al. 2000, Nelson and Cox 2000).

Thus, it is inadequate to use the word “taste” to
signify “flavor” because flavor is the sum of numer-
ous different sensations, such as:

1. The basic taste sensations: sweet, salty, sour, bit-
ter and possibly umami generated by the stimu-
lation of the taste receptors by soluble molecules
released in the mouth during food mastication.

2. The thousands of different aroma sensations:
toasted, floral, fruity, putrid, etc., provoked by
volatile compounds that rise from the food dur-
ing mastication and reach the olfactory receptors
in the nose by aretro nasal pass way located in
the back of the human mouth.

3. The perceptions of astringency, spice heat, tem-
perature, etc., that stimulate the trigeminal nerve
terminals present in the human mouth and nose.

According to the concepts covered so far, a full
understating of flavor involves the knowledge of
both the senses of taste and smell, as well as their in-
teraction with the whole human nervous system.
However, it is unquestionable that the largest contri-
bution to a food flavor comes from the volatile com-
pounds present in the product. This explains why
flavor chemists usually aim to identify the volatile
compounds rather than the nonvolatile molecules to
understand a food flavor. Therefore, this chapter will
focus on the sense of smell.

THE ANATOMY AND
PHYSIOLOGY OF HUMAN
OLFACTION

The olfactory epithelium is comprised of six mor-
phologically and biochemically distinct cell types of
which only one, the bipolar sensory receptor neuron,
has a chemosensory function. The other cell types,
mainly the supporting and the microvillar cells, have
supporting functions like regulating the composition
of the mucus, releasing xenobiotic-metabolizing
enzyme, or supporting the regeneration of receptor
cells (Kandel et al. 2000).

The initial events in olfactory perception occur in
the sensory receptor neurons. They are located in the
olfactory epithelium, a region about 5 square cen-
timeters (sz) in size, in the back of the human
nasal cavity (Figure 5.1). They have an average life
span ranging from 30 to 60 days, being continuously
replaced. The primary job of the olfactory neurons
are to transform chemical energy from a volatile
molecule into an electrical signal, also referred to as
action potential, in a process known as transduction.
Electrical signals generated by the olfactory recep-
tors are transmitted to the brain through a bundle of
neurons, which form the human nervous system.
The brain interprets the signals as odor (Goldstein
1989, Kandel et al. 2000, Nelson and Cox 2000).

Each olfactory neuron possesses in one end, 5 to
20 cilia (0.1 to 0.2 micrometer [pm] diameter) pro-
jecting down out of the olfactory epithelium into a
mucous layer, which is about 60 microns thick
(Figure 5.1). The cilia have specific receptors known
as odorant receptors (OR), where the odorant mole-
cules interact and sensory transduction, the genera-
tion of electrical signal/action potential, occurs, be-
ginning the process of odor perception. Each OR
expresses only one OR gene, and until very recently,
it was mostly reported by the scientific community
the existence of about 1,000 different types of mam-
malian OR (Buck and Axel 1991, Ressler et al.
1993, Mombaerts et al. 1996, Kandel et al. 2000,
Firestein 2001, Glusman et al. 2001, Yoshihiro et al.
2001, Young and Trask 2002, Nimura and Nei 2003,
Man et al. 2004). In fact, Glusman and others (2001)
estimated the existence of over 900 human OR
genes and pseudogenes, but recent results reported
by Malnic and others (2004) argue against the pro-
posed number. The latter authors proposed the exis-
tence of 636 OR genes, 339 of which are intact and,
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Figure 5.1. The human olfactory tract.

furthermore, likely to encode functional OR in the
human nose. In agreement with Malnic and others
(2004), the most recent publications are reporting
the existence of roughly 350 functional human ORs
(Friedrich, 2004).

The mucous secretion (Figure 5.1), which bathes
the cilia, contains mucopolysaccharides, immuno-
globulins, proteins such as lysozyme and several en-
zymes such as peptidases. It has been proposed that
odorants first dissolve in the aqueous-lipid environ-
ment of the epithelium mucous and bind to proteins
called odorant-binding proteins. These proteins facil-

itate the transfer of the odorant molecules to the ORs
on the cilia of the olfactory sensory neurons. It has
also been proposed that these proteins could con-
tribute to the degradation of odorants that are already
bound to the receptors, allowing other molecules to
interact with them. Another proposed role for these
proteins is to prevent excessive amounts of molecules
from reaching the ORs. The mucous secretion is pro-
duced by supporting cells of the olfactory epithelium
and by the Bowman'’s glands (Tegoni et al. 2000,
Kandel et al. 2000, Nelson and Cox 2000,
Leffingwell 2002, Young and Trask 2002).
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Within the epithelium, each olfactory neuron pos-
sesses a single axon, which bundles together in
groups of 10 to 100 to penetrate through the bone
plate above the nasal cavity, reaching the olfactory
bulbs, where they converge forming structures
named glomerulus (Figure 5.1). The olfactory bulbs
are paired structures located just above the nasal
cavities, inside the cranium at the encephala base.

The human nasal epithelium contains about 10
million olfactory neurons spread out through four
zones. Olfactory neurons expressing the same OR
type, concentrate in one zone of the olfactory epithe-
lium, but they are scattered throughout that zone,
along with other neurons expressing different types
of OR. However, axons from the same type of OR
synapse onto a few glomeruli in the olfactory bulb
(Figure 5.1). Thus, electrical signals generated by
the same type of OR spread out throughout the ol-
factory epithelium, are summed up together at the
glomeruli level. Physiologically, this convergence
possibly increases the sensitivity of the signals sent
to the brain. On the other hand, the dispersion of
ORs throughout the olfactory epithelium helps to
preserve one'’s sense of smell, if a portion of his/her
epithelium is damaged by infection, accident, etc. It
also increases the likelihood of odor compounds in-
haled with whiffs of air interacting with the cognate
receptors through their trajectory in the nasal cavity.
Glomeruli that receive inputs from a specific type of
OR are closely located in the olfactory bulb (Mom-
baerts et al. 1996, Kandel et al. 2000, Mombaerts
2001, Firestein 2001, Yoshihiro et al. 2001, Young
and Trask 2002).

The glomerulus structures converge into the mi-
tral and into the tufted cells (Figure 5.1). The axons
of mitral and tufted cells project into the olfactory
tract and then into the olfactory cortex without
synapsing with the thalamus.

The primary olfactory cortex (Figure 5.2) is di-
vided into five parts: (1) the anterior olfactory nu-
cleus, which connects the two olfactory bulbs
through a portion of the anterior commissure; (2) the
olfactory tubercule; (3) the pyriform cortex, which
is the main olfactory discrimination region; (4) the
cortical nucleus of the amygdala; and (5) the en-
torhinal area, which in turn projects to the hip-
pocampus (Kandel et al. 2000).

The pyriform cortex, also called the primary ol-
factory cortex (Figure 5.2), is an old and primitive
structure, which is thought to be responsible for the

perception and discrimination of odor quality. The
sense of smell is unique among the sensory systems
in that its central connections first project into the
archicortex before reaching the thalamus and the
neocortex. The fact that the sensory olfactory infor-
mation reaches the primary olfactory cortex directly,
without passing through the thalamus first, distin-
guishes the sense of smell from all the other sensory
systems.

The primary olfactory cortex projects into the me-
dial dorsal nucleus of the thalamus, hypothalamus,
the nucleus basalis of Meynert, the hippocampus,
the septal region, the substantia innominata, the
mesencephalic reticular system and the orbitofrontal
cortex, which are involved in the further processing
of olfactory impulses (Figure 5.2). The amygdala,
the hippocampus, and the hypothalamus are thought
to be involved with the memories, and the motiva-
tional, the emotional and behavioral aspects of odors
(Stockhorst and Pietrowsky 2004).

A number of studies indicate that the orbitofrontal
cortex may be more important for higher olfactory
functions than the “primary olfactory cortex” lo-
cated in the medial part of the temporal lobe. How-
ever, although the orbitofrontal cortex may rank
higher in the hierarchy of olfactory areas of the
brain, it is absolutely dependent on the olfactory
processing taking place in the medial temporal lobe
areas (Gloor 1997).

ODORANT RECEPTORS

Figure 5.3 shows an illustration of an OR positioned
in the cilia of an olfactory sensory receptor neuron.
As can be seen, ORs are contained in the mem-
branes of the olfactory neurons, which consist of
fluid phospholipid bilayers of about 5 nm in thick-
ness, and which include proteins and cholesterol in
their structure, as well as phospholipids. These
membranes are impermeable to large and charged
ionic molecules.

Figure 5.3 also shows an OR at the membrane of
an olfactory sensory receptor cell as proposed by
Buck and Axel (1991). The portion of OR within the
membrane consists of an amino acid sequence con-
taining seven hydrophobic regions. This structure is
known as a transmembranal 7-helical receptor pro-
tein, for obvious reasons. Four of the helices are
nearly perpendicular to the membrane, and the other
three are tilted, overlapping in the projection.
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Figure 5.2. The human olfactory cortex and related brain areas.

Linking the seven-transmembrane domains (hy-
drophobic regions), there are three extracellular
loops that alternate with three intracellular loops, as
detailed in Figure 5.3 (Lancet and Ben-Arie 1993,
Baldwin 1994, Mombaerts 1999, Firestein 2001,
Mombaerts 2001, Man et al. 2004).

Among different ORs, the transmembranal recep-
tor proteins show a similar general structure, with
common patterns of amino acid sequence. In fact,
this is the reason these transmembrane proteins are
referred to as a family, since current classification
defines the amino acid sequences sharing more than
40% identity as a family (Ngai et al. 1993, Lancet
and Ben-Arie 1993). Nonetheless, there is some di-
versity among transmembrane receptor proteins in

relation to their amino acid sequence. This diversity
might provide different mechanisms of interaction
between the receptor proteins and the odorants con-
taining different functional groups, chemical affin-
ity, size, shape, etc., explaining why humans can
discriminate thousands of distinct odors and detect
more than 10,000 structurally distinct odorous com-
pounds. In fact, minor alterations in the molecular
structure of an odorant are capable of significantly
changing its odor quality (Buck and Axel 1991).
The family of olfactory proteins can be seg-
mented into as many as 172 different subfamilies
(Malnic et al. 2004), in which the divergences in
amino acid sequences are restricted to a small num-
ber of residues (== 60% identity). Based on this,
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Figure 5.3. Odorant receptor (OR) at the cilia of an olfactory receptor cell with details of the seven hydrophobic re-
gions of an OR inside the membrane of an olfactory receptor cell.

Buck and Axel (1991) and Malnic and others (2004)
hypothesized that while members of different fami-
lies must associate with odorants showing large dif-
ferences in their molecular structures, the members
of a subfamily can recognize odorants with related
structures and identify more subtle variations among
them such as differences in the substitute group in a
benzene derivative molecule, i.e., benzene, toluene,
xylene, or phenol.

The divergence in amino acid sequence among the
olfactory transmembranes, as proposed by Buck and
Axel (1991) and sustained by several authors, appears
to concentrate in the third, fourth, and fifth transmem-
brane domains (Figure 5.3), suggesting that these seg-
ments are potential regions for direct contact and
recognition of odorants. In three-dimensional mod-
els, these three alpha-helical barrels seem to face
each other and form a pocket, which several scien-
tists believe is the probable binding site for ligands
(Baldwin 1994, Afshar et al. 1998, Floriano et al.
2000, Singer 2000, Firestein 2001, Vaidehi et al. 2002,
Man et al. 2004). This subject will be discussed later
in this chapter.

At its base (Figure 5.3), the transmembranal 7-
helical receptor protein is coupled to a heterotrimetric
GTP-binding protein, usually referred to as G-protein.
This structure is located inside the receptor neuron cell
and is called G-protein because it binds guanosine
triphosphate (GTP). G-proteins are comprised of three
subunits: an alpha, considered the active portion, and
beta and gamma subunits. At rest, the alpha unit binds
GDP (guanosine diphosphate).

It is believed that when an odorant molecule binds
to an odorant receptor protein as shown in Figure 5.3,
it possibly causes the transmembrane receptor pro-
tein to change shape and trigger the G-protein. The
GTP then replaces the GDP in the alpha subunit,
causing its dissociation from the beta and gamma
subunits, and to associate with the enzyme adenylyl
cyclase, activating it. Once activated, the enzyme
breaks adenosine triphosphate (ATP) down into
cyclic adenosine monophosphate (cAMP), which
causes channels in the membrane of the olfactory
neuron to open, allowing the flow of extracellular in-
organic ions (Ca™™) to enter the cell. The influx of
Ca™ " activates the chloride channels causing them to
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open and the CI” ions leave the cell through these
channels. One activated receptor activates in turn
tens of G-proteins, each of which will activate a cy-
clase molecule capable of producing thousands of
cAMP per second. Three cAMP molecules are re-
quired to open a channel, but hundreds of thousands
of ions cross the membrane through just one open
channel. These occurrences cause the membrane
charge to change from approximately 65 millivolts
(mV) to approximately —35 mV, generating an ac-
tion potential (electrical signal) that represents the
transduction (Pace et al. 1985, Sklar et al. 1986,
Firestein 2001). These signals travel down to the re-
ceptor axon, and from there, to the brain, as de-
scribed earlier.

As intracellular calcium increases during the odor
response, it decreases the sensitivity of the ion chan-
nels to cAMP, leading to odor adaptation and re-
quirements for stronger odor stimulus to produce
enough cAMP to open the ion channels (Liu et al.
1994, Firestein 2001). Additional mechanisms to ex-
plain the olfactory adaptation to odorants appear to
involve both the existence of a protein (regulator of
G-protein signaling) that decreases the adenylyl cy-
clase activity (Sinnarajah et al. 2001), and a kinase,
that phosphorylates activated receptors desensitiz-
ing them (Dawson et al. 1993).

Recently it has been reported that signal transduc-
tion occurs in certain mammals involving IP3 (inosi-
tol 1,4,5-trisphosphate), cyclic guanosine monophos-
phate (GMP) and carbon monoxide, but the
mechanisms associated with these events are only be-
ginning to be explored.

PREDICTIONS OF ODORANTS’
BINDING SITES AND THREE-
DIMENSIONAL STRUCTURES

Since Buck and Axel (1991) sequenced OR proteins
and reported that the transmembrane helices 3 to 6
(TM3 to TM8) (Figure 5.3) showed the highest vari-
ability and, as a consequence, they were good candi-
dates to participate in odorant binding, several stud-
ies have been conducted with the aim of predicting
odorants’ binding sites and their three-dimensional
(3-D) structures.

The most recent work of Man and others (2004)
reported 22 amino acids positioned on TMs 2 to 7
and on the second extra-cellular loop (EL2) (Figure
5.3), which may play a major role as odorant bind-
ing sites of the OR protein super family. Of these 22

positions, one was at TM2, seven at TM3, one at
TM4, four at TM5, two at TMB6, three at TM 7, and
two at EL.2. According to the authors, the TM posi-
tions were all clustered around a pocket-shaped re-
gion and were all located in the extra-cellular two-
thirds of TM helices 2 to 7, where ligands are known
to be bound in other G-protein-coupled receptors,
similar to previous reports of Baldwin (1994) and
Pilpel and Lancet (1999). All the 22 amino acid
residues predicted by Man and others (2004) as the
binding sites of ORs, have been previously proposed
by Afshar and others (1998), Floriano and others
(2000), Singer (2000), and Vaidehi and others
(2002).

Besides finding odorant binding sites, several
studies have focused on predicting the 3-D structure
of ORs. These studies usually employ a sequence of
software programs that estimate not only the OR 3-
D structure, but also, the location and affinities of
the binding sites. Using such an approach, Floriano
and others (2004) predicted the binding sites, affini-
ties, and 3-D structures of six mouse olfactory re-
ceptors involved in the detection of 6 aliphatic alco-
hols (C4-C9), 12 acids (from butyric to azelaic
acid), and 6 bromo acids. The binding sites of odor-
ants on all six ORs were located between TM3 and
TMBS, positioned 10A below the extra-cellular loops
of the helical barrel. Two ORs (S18, S19) recog-
nized both acids and alcohols while one OR (S46)
recognized only acids. The differences among them
were found at position TM3-9. In S19 and S18, it
was occupied by phenylalanine and in S46 by threo-
nine. Several amino acids patterns associated with
the recognition of short aliphatic alcohols and
monoacids were proposed in this research. Vaidehi
and others (2002) and Hall and others (2004) devel-
oped similar studies, in addition to the authors al-
ready cited in this section.

THE HUMAN OLFACTORY CODE
FOR ODOR DISCRIMINATION

In 1999, Linda Buck's group—2004 Nobel Prize
winners—conducted an enlightening study to ana-
lyze the OR ligand specificities for a series of
aliphatic odorants with related structures but varied
odors (Malnic et al. 1999). Twenty-four odorants
were studied: six aliphatic alcohols—butanol, pen-
tanol, hexanol, heptanol, octanol, and nonanol—and
the corresponding carboxylic acids, bromocar-
boxylic acids, and dicarboxylic acids. The authors
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verified that a single OR could recognize multiple
odorants. On average, each OR recognized four test
odorants. The length of the chain appeared to be im-
portant for OR recognition; for example, five spe-
cific ORs only recognized odorants with seven,
eight, or nine carbon atoms, while one OR only rec-
ognized C5-C6 odorants. In addition aliphatic alco-
hols of increasing carbon chain length were recog-
nized by increasing numbers of ORs. This was an
interesting finding, since, as pointed out by Malnic
and others (1999), the detection threshold for
aliphatic alcohols decreases with increasing carbon
length (Cain, 1988). Thus they pointed out that the
larger the size or complexity of an odor code, the
higher the cumulative intensity of signals transmit-
ted to the olfactory cortex, and the easier the odor-
ant’s olfactory detection.

Malnic and others (1999) also reported that the
functional groups seemed to influence OR recogni-
tion. Some ORs recognized only one of the four
classes of odorants; others recognized odorants from
two or three classes, but no OR recognized odorants
from all four classes. Comparisons of ORs that rec-
ognized acids and alcohols with the same carbon
chain showed that though some ORs recognized
both classes, invariably different classes were recog-
nized by different combinations of OR. The dicar-
boxylic acids were recognized by fewer ORs than
the remaining classes of odorant.

Overall, one of the most interesting findings of
this study was perhaps the fact that different odor-
ants were recognized by different combinations of
OR. A number of odorants were recognized by over-
lapping but never by identical sets of OR.

In addition, the results obtained by Malnic and
others (1999) suggested that changes in odorant
concentrations could also result in a change in the
OR:s code. This supports the fact that for some odor-
ants, changes in concentration imply differences in
odor quality.

Based on all the above findings, Linda Buck’s
group proposed that: (i) each OR recognizes multi-
ple odorants and, in turn, different odorants are rec-
ognized by several ORs, but each odorant is recog-
nized by a unique combination of Ors, and (ii) the
human olfactory system possibly uses a combinator-
ial coding scheme to discriminate odorants, by
“reading” the combinational responses of the ORs
triggered by the odorant molecules in the olfactory
epithelium. Considering the hundreds of OR genes

present in the human genome, this combinatory re-
ceptor coding allows for the discrimination of a very
large set of distinct odorants by the human olfactory
system (Malnic et al. 1999).

Recent work from Linda Buck’s group (Malnic et
al. 2004) continues to support the idea that ORs that
are =60% identical, as occurs in ORs subfamilies,
can recognize odorants with related structures, al-
lowing for the fine discrimination of odorants with
highly related structures. The findings of Kajiya and
others (2001) also support a model in which each
OR subfamily recognizes a particular class of odor-
ant structures or structural features.

MOLECULAR THEORIES
OF OLFACTION

The relationship between a volatile molecular fea-
ture and its odor quality has always interested flavor
chemists, physiologists, and several other groups of
scientists. In the early 1950s, Amoore (1952, 1963a,
1963b) proposed the existence of seven primary
odors: camphor, musk, floral, peppermint, ether,
pungent, and putrid. According to Amoore’s stereo-
chemical theory, the volatile molecules showed
seven general shapes, which could be recognized by
seven correspondingly shaped olfactory receptors,
generating each of the seven cited odor qualities.
This theory was very appealing and stimulated sev-
eral debates, however, solid evidence to support it
never appeared and it was soon dropped.

Currently, the molecular basis of odor remains
unclear. Nonetheless, several studies relating odor-
ants’ structural properties with OR activation have
been developed. Using 70 different odorants to
study the specificity of mouse OR912-93, Gaillard
and others (2002) verified that this receptor was only
activated by ketones and aldehydes with carbon
chain length = 4, with preferential activation for ke-
tones with the carbonyl group located in position C2
or C3.

Bieri and others (2004) studied the activation pro-
file of rat ORs to sandalwood oil, to three synthetic
sandalwood odorants showing an electron-rich struc-
tural feature similar to that of sandalwood oil and to
one sandalwood odorant with a slightly different
structure. Two control odorants were comparatively
tested: octanal and 5-alpha-androst-16-3n-ol (urine-
like odor). Sixteen types of OR were activated by the
structurally similar sandalwood odorants, natural
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and synthetic. Fach sandalwood odorant activated a
particular set of ORs generating a specific “finger-
print” of that odorant. None of the 16 above-
mentioned Ors responded to the controls or to the
structurally distinct sandalwood odorant. This was
the first study showing that an important class of
perfume compounds slightly different in their mo-
lecular structures, activated specific ORs. It supports
the existence of a relation between a molecule’s
structure and its odor quality. Previous studies con-
ducted by Katoh and others (1993), Mori and
Yoshihara (1995), and Mori and Shepherd (1994)
also supported the assumption that both the stereo-
chemical structure and the type and position of the
attached functional(s) group(s) of the odorant might
explain the molecule odor.

Recently, Turin (1996), based on the earlier pos-
tulations of Dyson (1938) and Wright (1977), pro-
posed that the molecular feature related to odor
quality was the molecule’s vibrational spectra rather
than its structure or shape. For Turin (1996), each
OR operates as a spectrometer, which detects a sin-
gle well-defined energy F that he expresses in terms
of wave number (1eV = 23.06 kcal/mole = 8,066
em™ ) and is liberated when a molecule with a par-
ticular vibrational energy £ interacts with it. Thus
each OR responds to one or a few vibrational bands
ranging from 0 to 4,000 cm ™!, explaining why each
OR responds to one or a few odorants. Evidence sup-
porting the vibrational spectra theory comes from the
results of an experiment conducted by Firestein and
others (1993) where salamander olfactory neurons
were exposed to three odorants: isoamyl acetate,
cineole, and acetophenone. Some cells responded
only to cineole, others to both acetophenone and
isoamyl acetate, and others to all three odorants.
After calculating each odorant’s vibrational spectra
in the range from 0 to 4,000 cm™*, Turin (1996) pro-
posed that the ORs responding to cineole were tuned
to the band of 1,200 cm ™!, which he found to be ab-
sent in the remaining odorants. The ORs responding
to all three molecules, were tuned to the band 1,000
cm™ ! present in all three compounds, and finally, the
OR:s responding to acetophenone and isoamyl were
tuned to the band of 1,800 cm ™', associated to the
C=0 group present only in these two molecules.

One very interesting approach made by Turin (1996)
to support the vibrational spectra theory was his expla-
nation of how a mixture of guaiacol (phenolic-like)
and ethylbenzaldehyde (bitter almond-like) pro-

duced a vanilla-like odor. Although each compound
possesses different predicted convolved spectra, the
sum of the spectra of guaiacol and benzaldehyde is
very similar to the spectra of vanillin.

According to Turin’s analysis, the vibrational
spectra theory accounts for several occurrences re-
lating to molecules and their odors: (1) it explains
why several structurally distinct odorants such as ce-
dramber, karanal, Jeger's ketal, and timberol, pos-
sess very similar ambergris-like odors—the pre-
dicted convolved spectra of the compounds are very
similar; (2) it also explains why very structurally
similar molecules such as 2-undecanone and 6-
undecanone possess different odors—their predicted
convolved spectra show large differences at bands =
550 cm ™, 650 cm ™, 1,000 cm ™, and 1,200 cm™;
and (3) it accounts for odor differences between
enantiomers such as S-carvone (mint-like) and R-
carvone (caraway-like)—when the molecule binds
to the OR, the carbonyl group of S-carvone is unfa-
vorably arranged, so the group is detected less in-
tensely or it is not detected at all. Several other in-
triguing occurrences among molecules and their
odors were explained by Turin (1996) using his vi-
brational spectra theory.

To provide convincing evidence for the vibra-
tional spectra theory of olfaction, Haffenden and
others (2001) generated three isotopes with identical
molecular structures but different vibrational spectra
from benzaldehyde, and tested the sensory and spec-
tral differences between benzaldehyde and each of
the three isotopes: °Cy(ring)-benzaldehyde, *CHO-
benzaldehyde, and benzaldehyde-dg. Molecular
modeling studies confirmed that the shape of the
molecule was retained in each isotope and its vol-
ume increased less than 1%. Sensory analyses indi-
cated that benzaldehyde-dg, the only isotope to sig-
nificantly differ (p=0.002) from benzaldehyde, was
the molecule that experienced the most drastic shift
in absorption frequencies of the aromatic and alde-
hydic C-H stretching bands. The smallest shifts oc-
curred for the 13CHO—benzaldehyde, which failed to
show significant odor differences (p = 0.05) in rela-
tion to benzaldehyde. These results strengthen the
support for the vibrational spectra theory.

Contradicting Turin’s predictions, sensory studies
conducted by Keller and Vosshal (2004) failed to
corroborate that the smell of a mixture of guaiacol
and benzaldehyde produces a vanilla-like odor not
found in its individual components. Additionally,



54 Part II: Sensory Attributes of Muscle Foods

Keller and Vosshal (2004) did not confirm that iso-
topes with identical molecular structures but differ-
ent vibrational spectra, such as acetophenone and
completely deuterated acetophenone, possess differ-
ent odors, as found by Haffenden and others (2001)
for deuterated and regular benzaldehyde. Keller and
Vosshal (2004) demonstrated skepticism regarding
Turin's vibrational theory and concluded that alone,
it cannot explain the relationship between a mole-
cule feature and its odor quality.

Despite all the advances relating to molecular fea-
tures and OR activation, one must remember that
what ultimately counts from a coding perspective, is
how the human brain decodes OR responses. In this
sense, studies involving odorants and brain imaging
are of fundamental importance and will certainly
dominate the olfaction research field in the next
decade.

NEUROIMAGING AND
NEUROPHYSIOLOGICAL
STUDIES OF OLFACTORY
EVENTS

Knowledge of how the human brain processes the
signals generated by the olfactory receptors (OR)
improved greatly after the advances made in neu-
roimaging and neurophysiological techniques in the
last decade. Nowadays two classes of noninvasive
technique are used in brain research involving olfac-
tion: (i) those that measure electromagnetic events,
such as electroencephalography (EEG) and magne-
toencephalography (MEG), and (ii) those that mea-
sure changes in the regional cerebral blood flow
(RCBF) in order to estimate neural activity in the
brain, such as functional magnetic resonance imag-
ing (fMRI) (Royet and Plailly 2004).

Measurement of brain activity evoked by olfactory
events using EEG can be made with extra-cellular
electrodes that sense action potentials in brain neu-
rons. Extra-cellular recording detects the synchro-
nized activity of large numbers of neurons; such sig-
nals are called field potentials. EEG represents a set
of field potentials as recorded by multiple electrodes
on the surface of an individual scalp. Thus the elec-
trical activity of EEG is an attenuated measurement
of the extra-cellular current flow from the summated
activity of many neurons close to the EEG electrode
(Kandel et al. 2000).

The set of locations for electrodes placed on the
scalp is called a montage. It may be a referential
montage (also called monopolar montage) in which
each electrode records the electrical activity at a site
(active electrode) relative to a distant site (“indiffer-
ent” or referential electrode), or a bipolar montage,
where pairs of electrodes are interconnected in line
and thus measure the potential difference between
them (Kandel et al. 2000). It must be understood
that EEG does not measure the “absolute” fluctua-
tion of the electrical activity of the brain. It always
measures the difference in voltage between two
points (two electrodes), and it is therefore always a
relative measure. For example, if, in a given situa-
tion, two electrodes (A and B) have the same poten-
tial, there will be no activity in the channel record-
ing the EEG between A and B, even though
electrical activity is present in both electrodes.

Scalp EEG recordings have excellent temporal
resolution (a few milliseconds) but poor spatial reso-
lution. The electrodes reflect the activity of a large
number of neurons close to the skull, making this
technique unsuitable to monitor the activity of small
olfactory areas located deep in the brain such as the
pyriform cortex, enthorinal cortex, and hippocam-
pus, which are related to odor discrimination and
memory (Kandel et al. 2000, Royet and Plailly
2004).

A normal human EEG shows activity in the range
of 1-30 Hz, which for brain observational purposes,
is divided into the following groups: alpha (8-13
hertz [Hz]), beta (13-30 Hz), delta (0.5-4 Hz), and
theta (4-7 Hz). Moncrieff (1962) was one of the first
researchers to report a decrease in alpha activity
when subjects were presented with several odorants.
Measurements of EEG changes in the frontal and
temporal regions of the brain associated with he-
donic responses to olfactory stimuli (Kobal et al.
1992, Brauchli et al. 1995, Roscher et al. 1998,
Kline et al. 2000, Owen and Patterson 2002) and to
the subjects’ age, gender, and health conditions
(Aufferman et al. 1993, Murphy et al. 1994, Evans
et al. 1995, Pause et al. 1996) appear to be the main
focus of EEG olfactory research.

Even though EEG shows reasonable test-retest
reliability for measuring chemosensory events, with
correlations ranging between 0.40 and 0.75 (Welge-
Lussen et al. 2003), the use of EEG in olfactory
research is limited. [t mostly informs us if the brain
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processes odors differently or not, but it cannot
satisfactorily identify which region of the brain is
associated with which odor-event (Lorig 2000).
This is one of the main reasons why neuroimaging
techniques such as fMRI are rapidly gaining enor-
mous popularity among brain researchers.

In fMRI, the assessment of the functional status
of different regions in the brain occurs by measuring
changes in the blood oxygen level dependent signal.
fMRI is noninvasive and does not involve radiation,
thus subjects can be scanned several times, improv-
ing the data analyses. Additionally, it is less expen-
sive, simpler, quicker to perform, and usually more
available than other neuroimaging techniques, such
as positron emission tomography (PET) (Zald and
Pardo 2000). Measurements generated by fMRI
have also proved to be very reliable for quantitative
analyses.

Studies by Levy and others (1997) involving
fMRI and olfaction showed quantitative brain acti-
vation due to subjects’ olfactory stimulation. This
study was one of the earliest in the area and involved
17 normal subjects from 22 to 41 years old. The
stimuli consisted of amyl acetate (banana-like), |-
menthone (peppermint-like) and pyridine (very pun-
gent). The authors reported uniform activation no-
tably in the orbitofrontal and entorhinal cortex and
cingulate gyrus. Activation was also present, but less
intense, in the hippocampal region, amygdaloid
complex and pyriform cortex (Figure 5.2). Gender
differences were quantitatively detected with
women showing lower responsiveness than men to
all three stimuli in all afore-mentioned brain sec-
tions. Nonetheless, no differences in response local-
ization were observed between men and women.
Kobal and Kettenman (2000) confirmed some of
these findings by relating human brain activation to
odorous stimulation using fMRI. They concluded
that fMRI allows the identification not only of the
primary areas involved in olfactory processing, but
also the secondary and tertiary areas.

The chemosensory systems are distinct from the
other systems in the sense that the intensity of the
stimulus can be dissociated from the stimulus va-
lence (pleasantness). Anderson and others (2003)
took advantage of this and analyzed the fMRI re-
sponses of 16 subjects to the stimulation by four
stimuli: citral (pleasant lemon-like odor) at low and
high concentrations and valeric acid (unpleasant

sweaty/rancid odor-like) at low and high concentra-
tions. The authors observed that amygdala activation
(Figure 5.2) was associated with odor intensity but
not valence. The amygdala pattern of activation to
low concentrations of valeric acid (still reported as
unpleasant) was lower than that generated by high
concentrations of citral (still a pleasant odor). By
contrast, the highest amygdala activation was ob-
served for both high-intensity stimuli: the unpleas-
ant (valeric acid) and the pleasant (citral) ones.
Assessing the orbitofrontal cortex, the authors veri-
fied that activation of the medial orbifrontal gyrus
was greater for pleasant than for unpleasant odors at
their highest and lowest concentrations. Comparisons
of regions of interest (ROI) and activation profiles
with clean air confirmed all cited results.

Neuroimaging of human responses to odorants
may provide useful information not only for rapid ad-
vances regarding OR signal processing in the brain,
but also to assess areas in the brain related to pleasant-
ness of aroma and flavor (Araujo et al. 2003, Rolls et
al. 2003), odor-memory (Herz et al. 2004), hunger and
satisfaction (Tataranni and DelParigi 2003), and be-
tween subject differences due to age, gender, and
health conditons (Kareken et al. 2003, Ferdon and
Murphy 2003). However, brain researchers must be
aware that the patterns of activation of an individual s
cortical areas to different odorants are somewhat vari-
able. Thus, if the experimental design fails to identify
and control all of the significant effects, the effect of
the main variable might erroneously be confounded
with unknown factors, leading to incorrect conclu-
sions. For example:

1. Odorants can stimulate three different systems,
depending upon the nature of the molecule: the
olfactory, the trigeminal, and the vomeronasal
systems. For example, vanillin, a unimodal
odorant, was found to activate the amygdala and
pyriform cortex on both sides of the brain
(Figure 5.2), whereas acetone, a bimodal odor-
ant, only activated a minor portion of these re-
gions, showing an accentuated stimulation of the
areas also activated by painful stimuli (Yousem
etal. 1997, Savic et al. 2000, Savic 2002).

2. Odorants have the unique ability to elicit associa-
tive responses related to memory and to hedonic
and emotional feelings, as well as judgments of
intensity and familiarity, among others.
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Different odorants elicit different associative re-
sponses. For instance, unpleasant odors activate
the left orbitofrontal cortex and the left amyg-
dala significantly more than pleasant odors (Zald
and Pardo 1997, Royet et al. 1999). Depending
on the task performed by the subject, such as re-
porting odor intensity, quality, or recognition,
different regions of the brain are activated (Savic
etal. 2000). So, brain-imaging studies associ-
ated with odors must be rigorously accompanied
by knowledge of the odorant and control mea-
sures: the nature of the odorant, the associative
responses it provokes in the tested subjects, and
all the tasks the individuals perform.

On the other hand, in studies involving odorants,
it is well known that the human perception, memory,
behavior, acuity, and discrimination toward the same
odor stimuli, and possibly brain activated patterns,
show great variability among subjects, depending on
age (Murphy 1983, Doty et al. 1984, Stevens and
Cain 1985, Evans et al. 1995, Kaneda et al. 2000,
Choudhury et al. 2003) and gender (Doty et al.
1984, Choudhury et al. 2003). Variation between
subjects is especially present in the evaluation of a
large set of odorants using a continuous-flow olfac-
tometer (Da Silva et al. 1994, Garrudi et al. 2003).
As a consequence, studies associating an individ-
ual’s brain activation with olfactory stimulation
must concomitantly conduct a series of sensory tests
in order to assess each subject’s capabilities toward
odor detection, identification, discrimination, recog-
nition, and memory (Doty et al. 1995, Martzke et al.
1997, Kobal et al. 2000), to guarantee independence
among experimental variables.

Finally, airflow rates (as occur during sniffing) may
well obscure the subject fMRI responses to the odor-
ants (Sobel et al. 1998). Pulsatile and gross movement
artifacts can also make it difficult to image the brain,
especially in olfactory studies, due to their link with
respiration. Thus, while the application of fMRI to ol-
factory studies may well generate new exciting infor-
mation, a research group applying this technique is
first challenged to overcome the cited difficulties by
the careful development of suitable imaging method-
ology (Cerf-Ducastel and Murphy 2004).

Keywords: human olfaction, olfaction physiol-
ogy, olfactory receptor, odorant receptor, olfactory
code, theories of olfaction, odor discrimination.
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INTRODUCTION TO SENSORY
EVALUATION

Sensory testing has been defined as predominantly
evaluating the attributes of any consumed product
(Meilgaard et al. 1991). Measuring the sensory
properties of products and being able to determine
the importance of them is a major accomplishment
for sensory evaluation. Food companies exploiting
this knowledge and applying it to their in-house
quality maintenance and/or marketing program are
utilizing a valuable research tool that will ultimately
enhance overall perception of the products pro-
duced. The information that applied sensory evalua-
tion provides is invaluable to a company. Without
complete product acceptance from the end con-
sumer, a company could encounter financial difficul-
ties that could otherwise be avoided.

There has long been a need for a more detailed
approach to sensory evaluation practices within the
corporate environment of muscle foods companies.
Muscle foods often fall fate to a detrimental percep-
tion by the American consumer who demands fresh,
high quality products for consumption. [t can be said
that the muscle foods sector of the food industry has
a greatly reduced quality acceptance range than
other natural foods. The typical American consumer
will not accept a muscle food that is not “perfect” in
their opinion. This aspect makes determination of
quality and acceptance sometimes difficult to deci-
pher due to biases of the consumer as well as inher-
ent differences within the muscle food product.

61
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SENSORY ATTRIBUTES

According to Civille, we are apt to perceive sensory
characteristics of a food item in the following order:
appearance, odor/aroma/fragrance, consistency and
texture, and flavor. However, most of these overlap,
and the subject will have a simultaneous sensory im-
pression. Without proper training and experience in
sensory methodology aspects, the subject will find it
more difficult to distinguish between each attribute
(Meilgaard et al. 1991). Sensory evaluation, as well
as the consumer, has matured in the last decade. With
this in mind, it is important for the muscle foods in-
dustry to realize that consumers are much more so-
phisticated in their tastes, and ability to detect differ-
ences overall, as well as what they are willing to
accept as a quality muscle food product. Sensory at-
tributes are defined as appearance, odor/aroma/fra-
grance, flavor, texture, and specific feeling/chemical
factors.

APPEARANCE

Appearance is the visual properties of a product in-
cluding size, shape, color, texture, gloss, transparency,
cloudiness, and so on (Lawless and Heymann 1998).
It is often the only attribute on which one can base a
decision to purchase or consume a product. One be-
comes comfortable and trained in doing this; panelists
will do the same in a test booth. General appearance
characteristics include:

* Color involves both physical and psychological
components and is commonly expressed in terms
of hue, value, and chroma of the Munsell color
system. The evenness of color as opposed to
uneven or blotchy appearance is important.
Deterioration of food is often accompanied by a
color change.

¢ Size and shape include length, thickness, width,
particle size, geometric shape, distribution of
pieces; and size and shape as indication of defects.

* Surface texture includes the dullness or shininess
of a surface, and the roughness versus evenness.
Does the surface appear wet or dry, soft or hard,
crisp or tough?

¢ Clarity includes the haze or opacity of trans-
parent liquids or solids, and the presence or
absence of particles of visible size (Seibert et al.
1981, McDougall 1988).

¢ Carbonation, for carbonated beverages, involves
the degree of effervescence observed upon
pouring (Meilgaard et al. 1991).

The effects of appearance on flavor perception are
sometimes overruling. Human beings are a visually
driven species. In many societies with mature culi-
nary arts, the visual presentation of a food is as im-
portant as its flavor and texture characteristics
(Lawless and Heymann 1998).

Visual appearance is a key factor that influences
consumers when they are assessing the quality and
palatability of meat and meat products. Certain col-
ors influence food acceptance, although the color of
the meat itself may be influenced by its moisture and
fat content and also by the content of hemoprotein,
particularly myoglobin and its relationship with the
surrounding environment. The development of the
characteristic color of fermented products is the re-
sult of the action of nitrite with myoglobin, produc-
ing the red color (Hui et al. 2001).

ODOR/AROMA/FRAGRANCE

Odor is the characteristic smell of a substance
(Lawless and Heymann 1998). As defined by Civille
(Meilgaard et al. 1991), the odor of a product is de-
tected when its volatiles enter the nasal passage and
are perceived by the olfactory system. Odor is sniffing
of volatiles through the nose. Aroma is the odor of a
food product most often associated with applied heat
or thermal property, and fragrance is the odor of a
perfume, a cosmetic, or natural plant extractives. The
amount of volatiles that escape from a product is af-
fected by the temperature and by the nature of the
compounds. Volatility is also influenced by the condi-
tion of a surface (Meilgaard et al. 1991).

Many volatile compounds have been identified in
fermented products belonging to the following classes:
alkanes, alkenes, aldehydes, ketones, alcohols, aro-
matic hydrocarbons, carboxylic acids, esters, terpenes,
sulfur compounds, furans, pyrazines, amines, and
chloride compounds. Different pathways are responsi-
ble for the formation of these volatile compounds.
However, the impact of an odor component on the to-
tal aroma depends on a number of factors, such as
odor threshold, concentration, solubility in water or
fat, and temperature as reported for dry-cured ham fla-
vor (Hui et al. 2001).
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CONSISTENCY AND TEXTURE

Consistency, texture, and viscosity are attributes that
are perceived by sensors in the mouth other than
taste and chemical feelings. Consistency can also be
measured by sensory evaluation; in practice, some
standardization is possible by the aid of consistome-
ters. Texture is defined by Civille as the sensory
manifestation of the structure or inner makeup of
products in terms of their reaction to stress and tac-
tile feel properties. Viscosity refers to the rate of
flow of liquids under some force, such as gravity
(Meilgaard et al. 1991).

The International Organization for Standardiza-
tion (ISO) defines the texture of a food product as all
the rheological and structural (geometric and sur-
face) attributes of the product perceptible by means
of mechanical, tactile, and where appropriate, visual
and auditory receptors (ISO, 1981). The texture of a
product is perceived by the senses of sight (visual
texture), touch (tactile texture), and sound (auditory
texture) (Bourne 1982). In many products, one of
these texture definitions may be used to describe a
product’s texture, whereas in others, all definitions
could be applied. Ball and coworkers (1957) were
pioneers in distinguishing between sight/visual and
feel/tactile definitions of texture. Their studies on
muscle foods greatly influenced how quality of meat
is scientifically perceived today. One important dis-
covery is how visual texture is a determination of
product quality and freshness. Also, visual texture
creates expectations of mouthfeel, which to the con-
sumer is also an indicator of quality and/or fresh-
ness. Many surface characteristics of a food product
not only affect the perceived appearance of the prod-
uct but also the perception of the texture (Lawless
and Heymann 1998). For example, the surface
roughness of a biscuit can be assessed visually as
well as orally; the viscosity of gravy can be assessed
visually by pouring as well as orally. Tactile texture
can be divided into oral tactile texture, mouthfeel
characteristics, phase changes in the oral cavity, and
the tactile texture perceived when manipulating by
hand (Lawless and Heymann 1998). Oral tactile tex-
ture is often a measurement of size and shape,
mouthfeel, phase change, as well as tensile strength.
Oral tactile texture is an important measurement of
the texture of a muscle food. For instance, if a piece
of meat is mushy or soft, a negative perception could

possibly form. Handheld tactile is most often used in
evaluating certain consumer and/or personal care
products. However, it is still of importance in the
texture measurement of muscle foods, especially
luncheon meats and meat sticks.

FLAVOR

Flavor, as an attribute of foods, has been defined as
the perceptions resulting from stimulation of the
sense ends that are grouped together at the entrance
of the alimentary and respiratory tracts (Meilgaard
et al. 1991). It is a complex group of sensations
comprising of olfactory, taste, and other chemical
sensations, such as irritation or chemical heat
(Lawless and Heymann 1998). Flavor includes:

* The aromatics caused by volatile substances
released in the mouth via the posterior nares

¢ The tastes caused by soluble substances in the
mouth

* The chemical feeling factors, which stimulate
nerve ends in the soft membranes of the buccal
and nasal cavities (Meilgaard et al. 1991)

Meat flavor is derived from many different
sources. Fresh uncooked meat has a metallic and
blood-like flavor. Cooked meat, dependent upon the
length of cooking cycle, and process, can vary in fla-
vor as well. Fermented meats have yet another inter-
esting flavor. The characteristic flavor of fermented
sausages mainly originates from the breakdown of
carbohydrates, lipids, and proteins through the ac-
tion of microbial and endogenous meat enzymes.
But other substances added to the sausage, such as
salt and spices, should be taken into account because
of their important contribution to flavor. Addition-
ally, there are other pathways, such as autooxida-
tion, that form flavor compounds without direct en-
zymatic participation (Hui et al. 2001).

The carbohydrate fermentation is responsible for
the typical tangy or sour taste. The interactions be-
tween carbohydrate and protein metabolism during
meat fermentation determine the rate of pH decline
and flavor development. During carbohydrate fermen-
tation, significant amounts of acetic acid, besides lac-
tic acid, are generated. On the other hand, pH is par-
tially neutralized during drying as the result of further
ammonia and free amino acids generation. All of these
compounds have an impact on flavor (Hui et al. 2001).
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There are internal and external parameters that in-
fluence flavor. The internal parameters are chemical
(added sugars or spices) or microbiological (starter
cultures); external parameters are physical, such as
the temperature and humidity during the process
(Hui et al. 2001).

SENSORY EVALUATION
PERFORMANCE

A sensory evaluation study involves several steps.
Sensory studies are difficult and time consuming to
perform. Following is a guide for sensory evaluation
studies.

PROJECT OBJECTIVE

As with all research and any project, an objective
must first be defined. Often many questions must be
answered prior to the start of a project. If the project
objective is not clearly defined, the appropriate test
is unlikely to be used and the data gathered could
possibly not answer the questions at hand about the
product.

TEST OBJECTIVE

The test objective is defined once the project has
been determined and an objective established. The
type of sensory study is then defined at this point.
For example, the project objective may be to iden-
tify a less costly flavor-masking agent for the soy ad-
ditive in a meat binder formulation that a meat com-
pany purchases from a seasoning supplier. Knowing
this information and how it will be ultimately used is
beneficial because it not only identifies the specific
test objective but also alerts sensory evaluation to
the potential of additional testing and to the fact that
current production is the target (Stone and Sidel

1993).

SAMPLE SCREENING

While determining the project and test objectives,
all sensory properties of the samples to be tested
should be examined. Biases inherent or otherwise
can be determined at this point.

This issue precedes a decision that the test is war-
ranted and most often arises during the initial stages
of sensory evaluation. At this time, any samples with

significant differences may be weeded out, because
it would be redundant to test such samples.

Pretest screening also will enable sensory evalua-
tion to clarify any special requirements related to
preparation and serving and to identify any addi-
tional background material required as it relates to
the product or the test (Stone and Sidel 1993).

TEST DESIGN

Designing the sensory methodology that will be uti-
lized and the correct number of panelists, trained or
untrained, must then be decided. The use of a prop-
erly designed score sheet is of extreme importance
as to the outcome of the test results and data ob-
tained.

Selection of the specific test method can be chal-
lenging. Industry personnel often are familiar with
one particular sensory method and utilize that
method for all of the work with which they are in-
volved. This can be a “death sentence” to an internal
sensory program or any other area of the company.
In cases such as this, outsourcing is often necessary
for objective opinions.

Sensory evaluation must first consider product
and objective before reaching a decision about the
most appropriate method for that problem. All dis-
crimination methods have the same basic goal and
all are essentially different forms of the two-sample
choice situation. Consumer studies likewise have an
end goal; define what the consumer likes or wants,
for example.

Test method selection is the result of a series of
probing questions and answers by the sensory profes-
sional. The focus is on test objective, type and avail-
ability of product, preparation procedures, product
sensory characteristics, test method capabilities, avail-
ability of qualified subjects, and the use of the results.
Such an approach leads to a much higher quality data-
base, and also provides more reliable and valid prod-
uct information (Stone and Sidel 1993).

TEST CONDUCTING

The evaluation should be performed in a con-
trolled setting and a professional environment
maintained at all times. Biases should always be
kept to a minimum and control implemented at all
times. Professionalism is a must in sensory evalua-
tion studies.
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DATA ANALYSIS

The necessary statistical programs should be used
when the study is complete. The data should be ana-
lyzed according to the procedure decided upon at
the test design stage. The data should be examined
for the main treatment effect as well as other test
variables.

INTERPRETATION OF RESULTS

The original objectives of the project and test should
enable the sensory analyst to review the analyzed re-
sults of the data and come to a conclusion about a
range of variables. The analyst can then express the
results in terms of the stated objectives and make
recommendations for the product (Meilgaard et al.

1991).

STUDY CONTROL

When performing a sensory test, many variables
must be controlled. These variables include test con-
trols, product controls, and panel controls, to men-
tion a few (Meilgaard et al. 1991).

TEST CONTROLS
The Booth or Divided Table Setting

Sensory testing booths are desirable, but not all
companies have an internal sensory program or test-
ing booths. If formal booths are not available, di-
vided areas of a table or other secluded areas have
been used with few problems. Booths may be
arranged side by side, in an L shape, or with two sets
of three to four booths facing each other across the
serving area. Dividers between the booths should
extend 18 inches above the countertops to provide
privacy between panelists. A small stainless steel
sink and water faucet can be included for rinsing.
However, many scientists opt to exclude the sink
and provide water in cups for drinking and an addi-
tional set of cups for rinsing and expectoration if
necessary. Sinks can harbor odors if not properly
maintained so thought must be given as to whether
or not the utilization of sinks is of that importance. A
signal system is frequently used to let the techni-
cians know when the panelist is ready or has a ques-
tion. This is usually accomplished using a form of a
switch in each booth that will trigger a signal light

(Meilgaard et al. 1991). However, there are other
ways of administering contact between panelists and
technician if necessary or if there are questions.

The booths and the surrounding area should be
odor-free and easy to clean. The ventilation for this
room and especially for the booths is critical. Meat
companies tend to have a great deal of different
odors and aromas filtering through the research and
development area. Meat samples are cooked for var-
ious studies and the smoking of meats can infiltrate
a facility. For these reasons, the entire booth, or test-
ing area should have a slight positive pressure rela-
tive to other areas.

Facing each panelist seated at a booth will be a
small door, referred to as a “sample pass-through
door” allowing samples to be passed to the subject.
The most commonly used door type is the “bread-
box” design. The bread box is so constructed that
when one side is open, the other is closed. This min-
imizes the likelihood of the subject having any view
of the preparation area. Major disadvantages of the
bread box include the increased amount of space re-
quired on the subject’s side when the door is down,
the height of the box relative to serving containers,
and the inability to easily communicate with sub-
jects (Stone and Sidel 1993).

Descriptive Evaluation and Training Area

A large conference style room is recommended for
expert panels and descriptive evaluation. Several ta-
bles work well because they can be arranged as nec-
essary by the size and objective of the group.
Audiovisual equipment may be useful. Separate
preparation facilities may also be used for reference
samples. When working with muscle foods or meats
in general, use of a descriptive panel is of most im-
portance.

Preparation Area

The preparation area should permit preparation of
all test samples of any kind that is anticipated. The
laboratory should be equipped with the necessary
equipment that will meet the needs of the evalua-
tions performed.

General Design Factors

Color and lighting should be provided to give ade-
quate viewing of the sample, but should also minimize



66 Part II: Sensory Attributes of Muscle Foods

distractions. Walls should be an off-white color; the
absence of hues of any color will prevent unwanted
difference in appearance. Many panel booths have
colored lighting (red, green, and/or blue) at low in-
tensity obtained through the use of colored bulbs or
special filters. These lights are used to hide individ-
ual differences between samples in difference tests
to determine by taste which samples are identical
(Meilgaard et al. 1991).

When performing studies with meats, the red
lights are very useful at hiding small color differ-
ences that could be a result of smoking or fermenta-
tion procedure(s).

Propuct CONTROLS

Equipment that is used to handle samples should be
controlled in order to reduce biases being introduced
to the product. An example is the limitation on the
use of plastics as food storage containers and in
some cases, food-serving containers. Controlled
preparation of products requires careful regulation
and monitoring of procedures used. All aspects of
the test must be kept “constant” to ensure that the re-
sponses reflect only the variable being evaluated.
Always keep in mind that the subjects are “looking”
for something to be different with the test products.

TYPES OF TESTS

The tests discussed are for use with any food. How-
ever, the focus in this chapter is muscle foods and/or
meat. [t is important for the muscle foods expert to
realize when a particular type of test should be uti-
lized. The following sections provide a brief
overview of the different types of tests available for
use in sensory evaluation.

DISCRIMINATION TESTING

There are many different methods for consumer test-
ing. The different tests available are divided into two
categories: discrimination testing and affective test-
ing. Discrimination testing represents one of the
most useful tools available for sensory analysis
(Stone and Sidel 1993). This class of sensory testing
compares two products or stimuli ultimately looking
for differentiation on a sensory basis (Lawless and
Heymann 1998). Methods include triangle tests,
paired comparison, duo-trio, and other lesser-known

tests. However, all the methods are intended to answer
a seemingly simple question, “Are these products per-
ceived as different?” (Stone and Sidel 1993).

Triangle Test

The triangle test is a discrimination test in which
three samples are presented, two being the same and
a third that is a different version of the variable un-
der investigation. The judge’s task is to choose the
item that is most different from the other two
(Lawless and Heymann 1998). Larmond (1982) rec-
ommended a simple but accurate method utilizing a
statistical chart in which the task is to count the
number of correct replies and refer to a chart for in-
terpretation. This is probably the most widely used
application for determination of statistically signi-
ficant differences when using a difference test
method.

This method should be used when the test objec-
tive is to determine whether a sensory difference ex-
ists between two products. It is especially useful in
situations where treatment effects may have pro-
duced product changes, which cannot be character-
ized simply by one or two attributes. The triangle
test is statistically more efficient than the paired
comparison and duo-trio methods. However, it has
limited use with products that involve sensory fa-
tigue, carryover, or adaptation, and with subjects
who find that testing three samples is too confusing.
This method is effective when determining whether
product differences result from a change in ingredi-
ents, processing, packaging, or storage and whether
an overall difference exists, where no specific at-
tribute can be identified as having been affected. It is
also useful when selecting and monitoring panelists
for the ability to discriminate given differences
(Meilgaard et al. 1991).

Paired Comparison Tests

There are two sensory tests of this type. One is the
directional paired comparison method (the two-
alternative forced choice method) and the other is
the difference paired comparison (simple difference
test). With the former, the panelist is presented with
two samples and asked to determine whether they
differ in a specific attribute, such as sweetness,
crispness, etc. With the latter method, the panelist is
presented with two samples and asked simply
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whether or not the samples differ (Lawless and
Heymann 1998). If the sensory analyst knows that
the two samples differ in a specific sensory charac-
teristic, then the two-alternative forced choice
method is used. It is always more efficient and pow-
erful to use a directional paired comparison test
specifying the sensory attribute in which the sam-
ples differ than to ask the panelists to indicate the
different sample. However, if the sensory analyst
does not know if or how the sensory characteristics
of the product differ, then the simple difference test
may be more useful (Lawless and Heymann 1998).

Duo-Trio Test

In this test, the panelist receives three samples si-
multaneously. Two of these are the same and the
other is different. On the duplicate samples is
marked “reference.” The panelist is then asked to
identify which sample corresponds or matches the
reference sample. These tests allow the sensory ana-
lyst to determine if two samples are perceptibly dif-
ferent, but the analyst will not know in which attrib-
utes the samples differed.

A-Not-A Test

This test is essentially a sequential paired differ-
ence test or simple difference test. The panelist
evaluates the first sample then it is removed. The
panelist does the same with the second sample. The
panelist is asked to determine whether the two sam-
ples were perceived to be the same or different. The
results of this test, again, will tell the analyst whether
the panelists could significantly discriminate between
the samples when they are not presented simultane-
ously. This test is useful when the experimenter can-
not make the two formulations have exactly the same
color, shape, or size, yet these characteristics are not
relevant to the objective of the study.

AFFECTIVE TESTING

Affective tests assess the acceptability of products
or the relative preference among a set of products
(Lawless and Heymann 1998). These tests usually
follow discrimination and descriptive tests, which
have reduced the number of product alternatives to
some limited subset, and precedes larger scale test-
ing done outside of research and development by

others, such as marketing research (Stone and Sidel
1993). Affective testing includes preference tests,
acceptance tests, and assessing individual attributes.

Preference Tests

If the project is specifically designed to compare one
product directly against another in situations such as
product improvement or parity with competition,
then a preference test is indicated. The preference
test forces a choice of one item over another or oth-
ers. However, it does not indicate whether any of the
products are liked or disliked. Preference tests can
include paired preference test with two samples (one
sample is chosen over another, A-B); ranked prefer-
ence test with three or more samples (samples are
ranked in a relative order, A-B-C-D); multiple
paired preference test with three or more samples (a
series of paired samples with all samples paired with
all others, A-B, A-C, A-D, B-C, B-D, C-D); and
multiple paired preference test with three or more
samples (a series of paired samples with one or two
select samples [e.g., control] paired with two or
more [not paired with each other], A-C, A-D, A-E,
B-C, B-D, B-E) (Meilgaard et al. 1991).

Acceptance Tests

When a product researcher needs to determine how
well a product is liked by consumers, an acceptance
test is the correct choice. The product is compared to
a well-liked company product or that of a competi-
tor, and a hedonic scale is used to indicate degrees of
unacceptable to acceptable, or dislike to like
(Meilgaard et al. 1991).

Attribute Assessment

As part of a consumer test, researchers may want to
determine the reasons for any preference or rejec-
tion by asking additional questions about the sen-
sory attributes (Meilgaard et al. 1991). Questions
may be asked regarding how intense an attribute is
or how well they like a specific characteristic.

DESCRIPTIVE ANALYSIS TECHNIQUES

Descriptive analyses are the most complex methods
in sensory evaluation. These tests are useful when a
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detailed description of the innate and added attrib-
utes of any given product is needed.

Descriptive analyses utilize a developed language
for determination of a product attributes’ descrip-
tion. There are three types of language: commonly
used or “everyday,” lexical, and scientific. Com-
monly used or “everyday” language is applied in
daily conversations and varies in cultural aspects
such as regions or countries. Lexical language is
found in the dictionary and may also be used in
common or “everyday” language conversations
(Lawless and Heymann 1998). Scientific language is
for technical work and is very specific and is for-
mally applied (Civille and Lyon 1996).

Descriptive analyses require a training phase for
the development of a descriptive language by the
panelists. A unique scientific language is thereby
created for the product of study. This scientific lan-
guage can often be formed into a lexical language if
the situation allows. The goal of descriptive analyses
is to have all trained panelists use the same concepts
developed to describe a given attribute of a product.

Descriptors developed for a product should be
singular rather than combinations of several terms.
Combination or holistic terms such as “thick,”
“slimey,” “hard,” and “dirty,” are complex and
should be avoided. Terms such as these are impossi-
ble to describe and mean different things to different
panelists. Terms such as these should be assimilated
into their primary, analytical/technical, or elemental
components. Panelists can use suitable descriptors
with reliability and repeatability.

There are several descriptive analyses techniques.
These include the Flavor Profile® method trade-
marked to Arthur D. Little company; Quantitative
Descriptive Analysis”®, developed during the 1970s
by Stone and Sidel; Texture Profile® method, cre-
ated by scientists employed by General Foods dur-
ing the 1960s; Sensory Spectrum® method, created
by Civille; Generic Descriptive Analysis, in which
techniques have been adapted to meet the needs of a
particular situation; and Free Choice Profiling, cre-
ated in the 1980s by British scientists.

Regardless of the method of descriptive analysis
chosen for sensory evaluation studies of a given prod-
uct, it is of greatest importance to ensure the develop-
ment of a descriptive language to be as complete as
possible. This ensures an excellent instrument avail-
able for description of the product in question and
builds quality and reliability into the trained panel.

CONCLUSION

Sensory evaluation has proven to be invaluable to
the muscle foods industry. All of the mentioned ap-
plications, procedures, and methods are exception-
ally useful in the muscle foods area and should be
utilized on a broader scale. Consumer demand
drives this need, and the industry as a whole thrives
on consumer perception. With this in mind, any
company that does not utilize sensory evaluation
techniques to their fullest extent in the evaluation of
the food product(s) that it produces should expect
failure of their product(s) in the marketplace sooner
than later. Sensory evaluation is a tool that if used
properly can solve problems before they arise. There
is a depth of information that can be obtained from
the proper utilization of sensory methodology.

The meat industry and muscle foods in general
often have it somewhat more difficult than other in-
dustries and products in maintaining certain key at-
tributes in the food (muscle). Sensory evaluation
should not be overlooked because it is an invaluable
tool in assisting in the control and monitoring of
many of these key attributes.
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INTRODUCTION

This chapter will review a number of objective mea-
surements, or instrumental techniques, that can be
used either in combination with other traditional
sensory measurements to further explain differences

or used to simulate traditional sensory techniques.
Consumer preferences for meat quality from a sen-
sory standpoint are influenced by appearance, tex-
ture (tenderness), flavor, and juiciness (Resurreccion
2003). The primary meat quality factors that can be
measured currently are appearance, predominantly
color and discoloration, aroma or odor, flavor, juici-
ness, and meat texture, which is primarily meat ten-
derness in nonprocessed meats. For each of the indi-
vidual objective sensory measurements discussed, a
brief overview of the technique will be discussed and
each technique’s relevance. The instrumental tech-
niques discussed in this chapter are briefly summa-
rized in tabular form with a reference in Table 7.1.

For most analytical measurement techniques of
meat products, the primary factor that affects mea-
surement accuracy is in obtaining a representative
sample. Care should always be taken in selection of
samples regardless of the means to be used for eval-
uating the sample. Sample selection and preparation
requires standardized procedures that are repeatable
and reproducible. Samples should always be han-
dled in exactly the same manner to reduce variabil-
ity and inaccuracy. The instrument being used for
measurements should be calibrated by the manufac-
turer once a year when possible. When possible, in-
struments should be standardized and calibration/
proper working order should be verified. It is impor-
tant that when measurements are made that mea-
surements be accurate and reproducible; for exam-
ple, certified weights should be used to verify that
scales are working properly. In general, good scien-
tific methods should be employed at all times.

71
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Table 7.1. Major instrumental techniques used for and in combination with sensory evaluation of

meat and meat products.

Typical Test Number of
Method/Measurement Product Samples Citation
Color Methods

Hunter & CIE L, a, and Fresh & Processed 2 or more AMSA 1991

b values
Saturation index (Chroma) Fresh & Processed 2 or more AMSA 1991

and hue angle
Reflectance data to determine Fresh & Processed 2 or more Krzywicki 1979

pigment %
Pigment extraction Fresh & Processed at least 1 AMSA 1991
TBARS (oxidation and Fresh & Processed at least 1 Tarladgis et al. 1960

peroxidation)

Odor and Aroma Methods

GC Fresh & Processed at least 1 Sheldon et al. 1997
GC/MS Fresh & Processed at least 1 Vercellotti et al. 1987
HRGC/MS Fresh & Processed at least 1 Guth and Grosch 1994
GC/Sniffer port analysis Fresh & Processed at least 1 Bett and Grimm 1994
Flectric Nose Fresh & Processed at least 1 Arnold and Senter 1998
TBARS (oxidation and Fresh & Processed at least 1 Tarladgis et al. 1960

peroxidation)

Flavor Methods

GC Fresh & Processed at least 1 Sheldon et al. 1997
GC/MS Fresh & Processed at least 1 Vercellotti et al. 1987
HRGC/MS Fresh & Processed at least 1 Guth and Grosch 1994
GC/Sniffer port analysis Fresh & Processed  atleast 1 Bett and Grimm 1994
Flectric Nose Fresh & Processed at least 1 Arnold and Senter 1998
TBARS (oxidation and Fresh & Processed  atleast 1 Tarladgis et al. 1960

peroxidation)
HPLC Fresh & Processed at least 1 Bett and Grimm 1994
LC/MS Fresh & Processed at least 1 NA

Juiciness Methods

Drip loss Fresh & Processed  atleast 2 NA
Purge Fresh & Processed 1 NA
Cook loss Fresh & Processed 1 NA

WHC—Electron microscopy

& X-ray diffraction
WHC—Ailter paper press method
Muscle pH

Fresh & Processed at least 1
Fresh & Processed at least 2
Fresh & Processed at least 1

Diesbourg et al. 1988

Wierbicki and Deatherage 1958
NA
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Table 7.1. Continued

Typical Test Number of
Method/Measurement Product Samples Citation
Texture (Tenderness) Methods
Warner-Bratzler Shear Force Fresh & Processed 6-10 AMSA 1995
Slice Shear Force Fresh 1 Shackelford et al. 1999
Star Probe (Puncture Probe) Fresh & Processed at least 2 Cain et al. 2003
Hardness, springiness, Processed 10 Bourne 1978
cohesiveness, gumminess,
& chewiness
Sarcomere length Fresh & Processed 25 Cross et al. 1981
Collagen content Fresh & Processed  at least 1 Goll et al. 1963
SDS-Page Whole Muscle & 1 Laemmli 1970
Processed
SDS-Page & Western Blot Whole Muscle & 1 Huff-Lonergan et al. 1996
Processed
MEFT (Myofibrillar Index) Fresh Culler et al. 1978
MFL (Myofibrillar Length) Fresh 10 Heinze and Bruggemann 1994
Calpain & calpastatin Fresh Koohmaraie 1990, Geesink

enzyme activity

and Koohmaraie 1999

NA = Not Applicable

MEAT APPEARANCE (COLOR)

The appearance of fresh meat color strongly influ-
ences consumer quality assessment of the meat
product (Chan and Decker 1994). Visual appraisal of
meat products by consumers and sensory panels can
lead to highly variable and sometimes nonrepro-
ducible results, which is why instrumental objective
measurements can lead to much more accurate and
reproducible results. However, areas within a given
muscle can vary in color, discoloration, marbling
amount, or connective tissue. When this occurs, it is
important to determine the proportion of the surface
each section represents and to measure each sepa-
rately. When measuring meat appearance, it is impor-
tant that samples are thick enough to be opaque and
any backing used should be white rather than black
(AMSA 1991). Additionally, the type of film or pack-
aging that over wraps the sample can influence read-
ings, thus each instrument should be standardized for
each packaging used. Suggested sample preparation
techniques for instrumental methodology techniques
to appraise meat appearance are outlined in the
American Meat Science Association (AMSA)
Guidelines for Meat Color Evaluation (1991).

COLORIMETER DATA

Color of meat is due to a balance between oxymyo-
globin oxidation and metmyoglobin reduction
(Faustman and Cassens 1990, Chan and others
1998). The development of discoloration (typically
a brown color or a darkening in color will signifi-
cantly reduce consumer acceptability of meat prod-
ucts and especially fresh meat products) is due to the
oxidation of deoxymyoglobin to metmyoglobin
(Faustman and Cassens 1990). The two types of in-
strumental methodologies used to measure meat
color are color reflectance or pigment extraction.
The two reflectance scales typically used for meat
products are the Hunter Lab values or Commission
Internationale de I’ Eclairage (CIE) values (known as
L* a* b*). In addition, Munsell, tristimulus values,
and reflectance at specific wavelengths all have been
used to express color data. L and L* values are in-
dicative of lean whiteness, a and a* values are in-
dicative of lean redness (positive values), while b
and b* values are indicative of lean yellowness (pos-
itive values). Currently, most researchers use the L*,
a*, and b* values to document treatment effects on
color while L, a, and b values were used in older
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color data. Additional reflectance data collected in-
clude hue angle, a measurement where a vector radi-
ates into the red-yellow quadrant, and Chroma
(color saturation index).

Hue angle = arctangent (b*/a*) X [360°/(2 X 3.14)]
Chroma (Color Saturation Index) = (a* 2 + b* 9°°

(Minolta 1993)

Reflectance values have been used to indicate color
changes and to quantify myoglobin forms. The two
major types of machines used to collect reflectance
data are the Minolta chromameter (Osaka, Japan) or
the HunterLab Colorimeter (Hunter Associates Lab-
oratory, Inc., Reston, VA; see Figure 7.1). Reflectance
data measurements tend to be very precise and can in-
dicate treatment differences in color prior to sensory
panel differences or consumer panel measurements.
For measurements of meat color factors, L-, a-, b-
values, saturation index, and hue angle, the instru-
mental measurement guidelines explained by AMSA
(1991), should be followed. Typically, illuminant C
or Dgs lighting conditions are used. Colorimeters
should be calibrated prior to use each time by read-
ing calibration plates wrapped in the same packag-
ing materials as the meat samples (typically a white,
black, and green calibration plate are used although
a variety of other calibration plates such as red,
brown, orange, or light purple may be used). Typical
measurement aperture openings are approximately
0.5 cm’ to several square centimeters for colorime-
ters with spectrophotometric capabilities (Swatland

1995). The CIE Lab and Hunter scales are essen-
tially parallel with differences between the scales
tending to occur due to variation in aperture diame-
ter within and among instruments. Meat browning is
seen in the CIE Lab system in the effect of change of
C* (chroma; saturation index) and hue angle, h*.

PIGMENT EXTRACTION

Extraction techniques give sharp peaks and better
separation than reflectance measurements in indicat-
ing the quantity of myoglobin, but extraction proce-
dures overestimate oxymyoglobin and metmyoglo-
bin and underestimate deoxymyoglobin because of
changes that occur during extraction and measure-
ment (AMSA 1991). Obtaining a representative
sample for extraction techniques is difficult because
myoglobin forms vary at the meat surface compared
to internal regions, thus, grinding an entire sample
will lead to inaccurate evaluation values. Because
extraction techniques do not prevent the conversion
of one myoglobin form to another and provide no re-
liable information on pigment form stability (AMSA
1991, Krzywicki 1982), extraction procedures are
mainly helpful in the determination of myoglobin
pigment. There are a number of different extraction
techniques that can be used to quantify meat pig-
ments. Fach use a thin (1- to 2-mm) slice of the sam-
ple at the surface. Methods include a cyanometmyo-
globin derivative method in which samples are
homogenized and filtered and activity determined by

Figure 7.1. Handheld colorimeters, Hunter and Minolta.
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measuring absorbance (Hagler et al. 1979, Warriss
1979). A less toxic reagent method (Karlsson and
Lundstrém 1990), and high performance liquid chro-
matography (HPLC) methods (Oellingrath et al.
1990) have also been described. The Hornsey
method (Hornsey 1956) can be used in determining
pigment quantities in cured meat products.

PIGMENT ESTIMATION WITH REFLECTANCE
DAta

Estimation of deoxymyoglobin, oxymyoglobin, and
metmyoglobin pigment quantities are possible
through reflectance data because two or more of the
pigments have the same reflectance at 474, 525, 572,
and 610 nanometer (nm) (see Figure 7.2). The oxi-
dation of oxymyoglobin to metmyoglobin is accom-
panied by a loss of absorbance at 578 nm relative to
absorbance at 542 nm (Krzywicki 1979). The re-
flectance data at specific wavelengths are converted
to K/S values (K = absorbance coefficient; S =
scattering coefficient) that then are put into equa-

tions requiring standard values to calculate the pig-
ment quantities (1 to 100%) being calculated as ex-
plained by Judd and Wyszecki (1963) and modified
by Krzywicki (1979).

When cured meat products are displayed in
lighted cases, a tan to brownish tinge may develop.
Color fading can be measured as decreases in a-values
and increases in b-values. Because a- and b-values
tend to be most affected in cured meats, hue angle
and saturation index are typically more indicative of
color changes than separate individual measure-
ments. In cooked meats, degree of doneness can sig-
nificantly affect reflectance measurements. Reflec-
tance ratios and differences correlated well to degree
of doneness scores (Flores et al. 1985). As degree of
doneness increases, a-values and meat redness
should decrease. However, Howe and others (1982)
reported that hue angle was the most useful re-
flectance measurement in monitoring color changes
in cooked pork samples. Because brown color is
difficult to measure directly compared to the loss
of redness in cooked samples, the percentage of
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Figure 7.2. Reflectance spectra of deoxymyoglobin (DMB), oxymyoglobin (OMB), and metmyoglobin (MMB) modi-

fied from Snyder 1965 and AMSA 1991.
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denatured pigment may be useful in color evalua-
tions of cooked meat (AMSA 1991).

Lipid oxidation and pigment oxidation in skeletal
muscle occurs initially at the membrane level
(Whang et al. 1986). The thiobarbituric acid reactive
substance (TBARS) method can be used as a mea-
surement of meat oxidation (although predomi-
nantly lipid oxidation and peroxide formation).
Because oxidation of deoxymyoglobin or oxymyo-
globin to metmyoglobin lead to a brown color,
TBARS measurement can be indicative of the total
oxidation process. Additional instrumental color
techniques that have been reported include an image
processing system (Sony) that measures surface
metmyoglobin (Demos et al. 1996) and other on-
line color measurement systems that measure car-
cass color and marbling (Swatland 1995) and near-
infrared reflectance (Leroy et al. 2003).

MEAT ODOR AND AROMA

Historically, qualitative assessment of meat odors was
conducted by human panelists who were presented se-
rial dilutions of air samples. However, use of sensory
panels is labor intensive (requiring a number of pan-
elists), time consuming, expensive, prone to errors, and
generally problematic. Qualitative characterization
was next instrumentally measured for specific organic
compounds by analytical procedures to characterize
aromas or odors. The major instrumental techniques
used to measure meat odor include gas chromatogra-
phy (GC), mass spectrometry (MS), the electric nose,
and TBARS. For each of these methodologies, each
procedure will vary by laboratory due to differences in
equipment, techniques, columns, and the like. For each
specific procedure, it is suggested that individual re-
searchers reference the exact procedure being utilized
in each of their own laboratories. Because odor greatly
affects the senses of flavor, many of the processes and
sample preparation for flavor analysis and odor/aroma
analysis are similar if not the same. Fach instrumental
procedure listed typically involves the use of blanks
and a range of reference standards either to produce a
standard curve for reference and/or to verify calibration
of equipment and proper working of the equipment.
When chromatography techniques are implemented in
which samples are run through the same machine and
column for analysis, it is important that a clean up step
occur between samples so that there is no carry-over
affect between samples.

GAS CHROMATOGRAPHY AND SNIFFER PORT

The compounds responsible for odor development
and perception must first be released from the muscle
matrix and then transported to the olfactory receptors
in the nose. The compounds generated in meat that
contribute to odor and flavor are typically referred to
as volatile compounds, and will contribute to aroma
depending on their concentrations, odor thresholds,
and interactions with other food components
(Gianelli et al. 2003). Odor volatiles of meat from
different species or from animals with different nutri-
tional treatments typically are similar in quality but
may vary quantitatively. A detailed GC analysis may
result in hundreds of peaks (Gasser and Grosch
1988) and can be grouped into categories. One way
is grouping by compound type while another ap-
proach is the use of statistical data-grouping tech-
niques. Cluster analysis, discriminate analysis, prin-
cipal component analysis, and factor analysis are all
statistical methods that may be used (Bett and
Grimm 1994) depending on study objectives.

The first step in chromatographic analysis of meat
samples is the sample preparation for the collection of
volatile compounds. Typically, heat, water, organic
solvent, or gases are used to denature and remove
odor volatiles. A shortcoming of all these processes is
the potential for new odor/flavor compounds to be
formed during sample preparation. In steam distilla-
tion, the volatiles are steam distilled from an aqueous
meat sample, and a solvent may be used to capture the
volatiles. The steam distillate is brought into contact
with a nonpolar solvent and the odor/flavor compo-
nents partition between the two phases; this leads to a
rather indiscriminate and relatively large quantity of
undesirable compounds being carried over (Bett and
Grimm 1994). Solvent extraction is another sample
preparation method in which volatiles are extracted
using common solvents (hexane, methylene chloride,
ethanol, methanol, diethylether, pentane, water, and
mixtures of each).

Gas chromatography techniques are the most of-
ten used instrumental technique to identify the
volatiles contributing to meat odor/aroma as well as
flavor. Headspace gas analysis involves use of a
gaseous phase above a sample in a sealed container
(Sheldon et al. 1997). Dynamic headspace analysis
continually removes the headspace gases by running
a carrier gas through the sample and collecting on a
trap or cryofocusing at the head of a capillary col-
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umn (Bett and Grimm 1994). This is a very typical
method for meat analysis, where a purge-trap appa-
ratus is used in combination with a GC, because it is
ideal for analysis of lighter more volatile com-
pounds. Additionally, a “supercritical fluid extrac-
tion” method may be used in which carbon dioxide
is used as the solvent and remains in neither a
gaseous nor liquid phase. Determination of the sam-
ple preparation to be used should be based on the
equipment available and the compounds of interest.
The two types of columns used for GC analysis in-
clude a packed column or capillary column. Another
method of determination that can be used with a GC
is the use of a sniffer port. In sniffer port techniques,
a portion of the sample on the GC column is routed
through a port to be sniffed by a human subject for
quantitative evaluation (Bett and Grimm 1994). The
human nose at the sniffer port can be more sensitive
than instrumental detectors.

MASS SPECTROMETRY

Mass spectrometry is commonly used in combina-
tion with a GC to identify organic volatile com-
pounds. The GC-MS combination with a purge and
trap apparatus is widely used in odor analysis of
meat samples to identify and quantify volatile com-
pounds (Vercellotti et al. 1987). Also, high-resolu-
tion gas chromatography (HRGC) in combination
with an MS has been used to identify small quanti-
ties of volatiles such as thiols (Guth and Grosch
1994, Specht and Baltes 1994, Kerscher and Grosch
1998).

ELECTRIC NOSE

Digital aroma technology, or the electric nose, uses a
semiconductor multisensorial system to detect odors.
The electric nose system is designed to mimic biolog-
ical olfactory functions of sensory panels by absorb-
ing and desorbing the volatile compounds at the sur-
face of sensors, which causes changes in electrical
resistance (Arnold and Senter 1998). The electric
nose functions to classify odors based on previous
readings and information. The sensitivity and dis-
criminating ability of the instrument improves as
more data points are collected and processed (Arnold
and Senter 1998). The electric nose has been used in
the analysis of ham aroma (Otero et al. 2003) and for
meat “warmed-over flavor” (O’Sullivan et al. 2003).
To compare GC analysis and the electric nose, the GC

separates headspace volatiles into volatile peaks
while the electric nose integrates measurements of the
total headspace compounds as they cross the array of
sensors (Hodgins and Simmonds 1995, Arnold and
Senter 1998).

Lirip OX1pATION (TBARS)

The TBARS method in which samples are homoge-
nized, centrifuged, and distilled and read at approxi-
mately 531-538 nm on a spectrophotometer is used
in a wide variety of experiments as an indication of
lipid oxidation and peroxidation formation through
analysis for malondialdehyde (mg/kg of samples;
Tarladgis et al. 1960).

Because numerous data can be collected on a
number of volatile compounds, data interpretation is
very important. Concerning which volatiles are of
importance Ulrich and Grosch (1987) and Grosch
(1990) presented a screening procedure for impor-
tant volatile odor compounds called aroma extract
dilution analysis. Specht and Baltes (1994) identi-
fied pleasant and unpleasant volatiles with high
aroma values (Table 7.2) in cooked beef samples.
The majority of compounds with high aroma values
are responsible for fatty, sweet, or roasted aroma/fla-
vor qualities that contribute to typical roasted meat
(Specht and Baltes 1994). Odor thresholds for major
meat aromas have also been reported which allow
researchers to determine if the quantity of a specific
volatile compound is contributing to the odor/aroma
being evaluated (Sutherland and Ames 1996). Pro-
cessing and cooking parameters will affect aroma
such that different cooked odor/flavor compounds
are based on different cooking methods. There are a
number of different volatiles that typically occur in
meat as either leading to a normal aroma or to off
odors (see Table 7.2).

MEAT FLAVOR

Flavor as a sensory attribute of meat has been de-
fined as the impressions perceived via the chemical
senses from meat in the mouth (Meilgaard et al.
1991). The chemical senses include (1) the detection
of the four basic mouth sensations on the tongue
(salty, sweet, sour, and bitter); (2) the olfactory per-
ceptions caused by aromatic volatile compounds re-
leased from the meat in the mouth; and (3) the
chemical feeling factors in the mouth for example,



78

Table 7.2. Aroma and flavor compounds with high aromal/flavor profiles and

sensory descriptions.

Compound

Sensory Description

1,8-cineole
2-Acetyl-1-pyrroline
2-Acetylthiazole
2-Acetylthiophene
2-Methyl-3-(methylthio)furan
2-Methylfuran-3-thiol
3-Acetyl-2-5-dimethylthiophene
3-methyl butanoic acid
5-Methylthiophene-2-carboxyaldehyde
A deca-2, 4-dienal (not E,E)
Allyl isothiocyanate
Benzothiaxole

Benzylthiol

benonol
bis(2-methyl-3-furyl)disulphide
Butanoic acid
Cinnamaldehyde
Deca-2(E), 4(E)-dienal
Decan-2-one

Dimethyl sulfide

Dimethyl disulfide
Dimethyl trisulphide
Dodecan-2-one

Eugenol

Hept-2(E)-enal
Heptan-2-one

Heptanal

Hex-2(E)-enal

Hexanal

L-carvone

Linalool

Menthol

Methional

Non-2(E)-enal

Nona-2(E), 6(Z)-dienal
Nona-2(E), 4(E)-dienal
Nonan-2-one

Nonanal

Oct-1-en-3-0l
Oct-1-en-3-one
Oct-2(E)enal
Octa-1,5(Z)-dien-3-one
Octan-2-one
Phenylacetaldehyde
Thymol

Tridecan-2-one
Undecan-2-one

Eucalyptus, mint

Roasted, sweet

Roasted

Sulphurous, sweet
Sulphurous

Meaty, sweet, sulphurous
Sulphurous

Rotten peas, excrement, cheese
Moldy, sulphurous

Fatty

Sulfurous, sewer, cheese
Pyridine, metallic
Sulphurous

Violets

Meaty

Fruity

Cinnamon

Fatty, fried potato

Musty, fruity

Onion, garlic

Fermented, plastic, onion, garlic
Cabbage, sulphurous
Musty, fruity

Spicy, cloves

Fatty, tallowy

Fruity, musty

Green, fatty, oily (Unpleasant)
Green

Green

Mint, chewing gum
Orange, flower, licorice
Mint, mint sweets

Cooked potatoes, grassy (Pleasant)
Tallowy, fatty

Cucumber

Fatty

Fruity, musty

Tallowy, green (Unpleasant)
Mushroom

Mushroom

Fruity, fatty, tallowy
Geranium, metallic

Fruity, musty

Honey, sweet (Pleasant)
Thyme, eucalyptus

Rancid, fruity, tallowy
Tallowy, fruity

Adapted from Golovjna and Rothe 1980, Gasser and Grosch 1988, Specht and Baltes 1994,

Guillard and others 1997.
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astringency, spice heat, cooling, bite, and metallic
flavor (Meilgaard et al. 1991). The total sensation of
flavor is a combination of taste and smell stimuli
that stimulate flow of saliva and gastric secretions.
Thus, meat aroma and flavor are intertwined with
aroma significantly affecting what is perceived as
flavor. Total intensity of flavor is a measure of the
overall flavor impact that includes the aroma, tastes,
and feelings factors contributing to flavor.

F1.AvOR AND ODOR METHODS (HPLC)

As analytical methodologies and instrumentation
have improved, the identification of new flavor-
active compounds contributing at threshold levels
has become possible. The breakdown of muscle by
applying heat during cooking results in the release
of flavorous juices and volatile aroma compounds
that are responsible for the characteristic flavor of
meat (Cross et al. 1986). Processing of meat such as
curing, cooking, and smoking brings about charac-
teristic flavors in each meat product. Thus, meaty
flavor compounds are typically water-soluble com-
ponents of muscle tissue. Because aroma and flavor
are very related and often result from the same
volatiles the same instrumental techniques used for
aroma/odor determination are used for flavor deter-
mination and include GC, GC/MS, HRGC/MS,
GCl/sniffer port, and the electric nose (for further in-
formation on these instrumental techniques please
see the section above). As with aroma, TBARS can
be used to measure meat rancidity flavor that in-

volves lipid peroxidation sometimes due to transi-
tional metal ions such as iron and copper.

While volatile flavors are readily analyzed by GC,
other compounds such as sugars, amino acids, fatty
acids, and other fat soluble compounds must first be
derivatized prior to analysis. Liquid chromatogra-
phy (LC), which is performed at ambient tempera-
tures, permits the analysis of compounds but with
somewhat less separation efficiency than gas chro-
matography (Bett and Grimm 1994). This has led to
the use of high performance liquid chromatography
(HPLC) for analysis of flavor contributing com-
pounds (see Figure 7.3). Another difference between
the GC and LC methods is that sample fractions of
compounds can be collected for further investigation
(for example on a GC/MS system). HPLC machines
have a wide variety of detectors available that will
be somewhat specific for the type of compounds be-
ing investigated and lead to a typical detection limit of
compounds in parts per thousands to parts per mil-
lion. However, new methods using an LC/MS (see
Figure 7.4 for an example) combination are gaining
popularity in analyzing flavor compounds with accu-
racy as GC/MS instrumental techniques.

MEAT JUICINESS

Prediction of meat juiciness can be somewhat difficult.
There is not a significant or consistent relationship be-
tween juiciness or muscle moisture or fat content.
Juiciness scores tend to be more related to water
release on cooking (cook loss), drip loss, or water-

Mass Directed System

Figure 7.3. High performance liquid chromatography (HPLC) with collection equipment.
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Figure 7.4. Liquid chromatography/mass spectrometry
(LC/MS) equipment.

holding capacity. Water within meat exists in the
bound, immobilized, and free forms. Because water
molecules are charged molecules, they associate with
electrically charged reactive groups of muscle pro-
teins. About 5% are located to charged muscle pro-
teins, and are referred to as bound water. This moisture
remains tightly bound after the application of severe
mechanical force. Other molecules are attracted to the
bound molecules in layers that become successively
weaker as the distance from the reactive group on the
protein becomes greater (Judge et al. 1989). Such wa-
ter is termed immobilized water, and water held on by
weak surface forces is known as free water.

Drip Loss, PURGE, AND COOKING Loss

Drip loss can be measured on wholesale cuts or parts
of cuts (small meat samples or steaks). For repeatable
data, it is advisable to use samples with a defined
weight and shape because drip loss is affected by sur-
face area. For wholesale cuts, purge can be measured
by weighing cuts in packaging (e.g., vacuum) prior to
removal and after removal and expressing the water
loss as a percentage. For drip loss measurements, the
fiber direction can impact measurements. If small
samples are used (not steak samples), a cube sample
of 30 to 100 g size should be used. Samples should
be suspended by means of a net, thread, or hook in-
side a plastic pouch or plastic container and sealed
under atmospheric pressure. Samples should be held
at 0 to 4°C for at least 24 hours with a 48-hour dura-

tion and longer decreasing variability and improving
correlations to juiciness scores especially in aged
meat. Pouches or containers should be utilized in a
manner in which meat exudates and is not in contact
with meat samples. Drip loss can be expressed as
milligrams per gram (mg/g) of sample or as a per-
centage. Because pH can greatly affect moisture
binding in meat, it is always suggested that the pH
of samples be collected. An additional technique
that is associated with drip loss and is related to
juiciness scores is cooking loss, which is measured
by weighing samples at consistent temperatures be-
fore and after cooking.

WATER-HOLDING CAPACITY METHODS

Water-holding capacity (WHC) is the ability of meat
to hold its water during application of forces. Fresh
meat typically contains 70 to 75% water (moisture).
The typical method or measurement of WHC is via a
filter paper press method originally described by
Wierbicki and Deatherage (1958). The method is a
simple and rapid method in which fresh, ground,
water-added, and cooked meat samples can be ana-
lyzed. However, the method is not accurate with
high fat products or meat products with added salt.
In the method by Wierbicki and Deatherage (1958),
a 0.5-g sample of muscle tissue is placed on filter
paper and pressed between two Plexiglass plates to a
thin film. The meat free water is squeezed out and
absorbed by the filter paper. The area of the ring of
fluid, which is obtained by subtracting the area of
meat film from the total area, is proportional to the
percent free water. Percent bound water is calculated
as 100 minus the percent free water, and the percent
immobilized water is the percent bound water minus
the percent free water.

Electron microscopy and X-ray diffraction have
been used to determine WHC of meat (Diesbourg
et al. 1988, Irving et al. 1989). This is an exacting
technique that requires carefully dissected slips of
muscles and exposure times of several hours, but it
does provide a superior method of establishing the
WHC of the filament matrix (Swatland 1995).

MEAT TEXTURE (TENDERNESS)

MEAT COOKERY

For meat texture measurements, meat cookery can
have profound effects if samples are raw samples.
Degree of doneness greatly affects texture scores by
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sensory panels as well as instrumental readings
(Machlik and Draudt 1963, Schmidt and Parrish
1971). Because of this, it is important that all samples
within an experiment be cooked uniformly with the
same cooking equipment starting at the same temper-
ature (typically 0-4°C) and ending at the same final
temperature (typically 71°C). If samples are cooked
with a cooking method where one side of the sample
is cooked at a time, then samples are typically flipped
one time at approximately 40°C. Temperatures
should be measured using a thermocouple when pos-
sible to minimize disrupting the muscle structure.
Once samples are cooked, they are typically cooled
down to a consistent temperature, room temperature
(approximately 25°C) or refrigerated temperature (0-
4°C overnight) prior to textural measurements. For a
full outline of cooking procedures, please review the
cookery guidelines in AMSA (1995).

WARNER-BRATZLER SHEAR FORCE

There are a variety of different instrumental tech-
niques that can be used to measure meat tenderness.
The method most often used is Warner-Bratzler

shear force (WBST). For WBSF 2.5-cm steaks are
cooked, and at least six 1.27-cm round cores ob-
tained parallel to the muscle fiber. Cores should be
removed by hand or by using a machine drill core
and should be uniform in diameter and free of sig-
nificant connective tissue. Shearing is conducted
perpendicular to the longitudinal orientation of the
muscle fibers (AMSA 1995). Two types of machines
are used to shear the cores—the Warner-Bratzler
shear machine (Figure 7.5) or an electric universal
testing machine (e.g., Instron) with an attached
WBSF head. With universal testing machines, a
WBSF attachment is used with a recommended
crosshead speed between 200 and 250 mm/min.
Procedures for WBSF testing are outlined in AMSA
(1995). The shear force of the six or more cores per
sample are typically colleted in kg of peak shear
force, although pounds and newtons are used. The
six shear force measurements per sample are then
averaged to produce an average peak shear force
mean. Wheeler and others (1996) reported that the
repeatability of mean WBSF values did not signifi-
cantly increase with the use of more than five cores
in longissimus samples. However, more than six

Figure 7.5. Warner-Bratzler shear force machine and shear force blade.
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cores may be necessary if steak samples are from
larger or more variable muscles. For ground beef
patties or processed samples (e.g., ham), at least 10
strip samples 2.5-cm wide should be taken per for-
mulation. Fach sample should be sheared three
times with a straight-edged WBSF attachment on a
universal testing machine. For these measurements,
a crosshead speed of 250 millimeters per minute
(mm/min) is typically used. Sensory panel scores
for tenderness and WBSF correlations vary from ex-
periment to experiment and by product type but a
correlation of r=—0.60 or more (Caine et al. 2003,
Platter et al. 2003, Rhee et al. 2004) should be
expected (WBSF values increase indicating more
resistance or toughness). Some researchers may in-
dicate that WBSF is a variable indicator of meat
tenderness. However, Lorenzen and others (2003)
reported that sensory panel tenderness scores had a
moderate correlation (r=0.34) to consumer panel
tenderness scores in longissimus steaks and lower
correlations in other muscles.

SLICE SHEAR FORCE

As a means to reduce variability in WBSF measure-
ments and to produce a method that could be used on-
line, Shackelford and others (1999a) created a slice
shear force. Procedures were later defined further in
Shackelford and others (1999b). Slice shear force as-
sessment involves cooking a 2.5-cm thick steak and
then removing a 1-cm-wide by 5-cm-long slice paral-

Figure 7.6. Slice shear blade attached to a universal
testing machine.

lel to the muscle fibers. The slices are then sheared
once with a flat, blunt end blade using a universal test-
ing machine at a crosshead speed of 500 mm/min
(Figure 7.6). Slice shear force values correlated well
with sensory panel tenderness values (r=—0.76) and
with WBSF values (r=0.80; Shackelford et al.
1999b).

STAR PROBE MEASUREMENTS

Caine and others (2003) and Huff-Lonergan and
others (2002) reported using a star-shaped probe or
cherry-pitter probe (Instron) to measure shear resis-
tance. The probe is attached to an electric universal
testing machine, such as the Instron. Samples are
aligned so that the star probe punctures the samples
perpendicular to the muscle fiber orientation, and
each sample is compressed twice at 80% with a
crosshead speed of 200 mm/min. This method is
also useful for small muscle samples where collec-
tion of 2.5-cm steaks or at least six cores is impossi-
ble. In the study by Caine and others (2003), the star
probe correlated to beef tenderness sensory panel
scores very well (r=—0.64) and proved to be a bet-
ter indicator of panel scores than WBSF values,
whereas Huff-Lonergan and others (2002) reported
the star probe had a correlation of r=-—0.54 to pork
tenderness scores.

COMPRESSION MEASUREMENTS

Hardness, springiness (originally referred to as elas-
ticity), cohesiveness, gumminess, and chewiness can
be determined for ground beef and processed meat
products according to the procedures of Bourne
(1978). One core, 2.54 cm in diameter, should be re-
moved from the center of at least 10 samples from the
same formulation and compressed twice at 70% of
the original sample height. Hardness, which is an in-
dication of first bite, is the peak force during this
compression. Cohesiveness is a ratio of peak force
area during the second and first compression cycles
(the first area is the denominator). Springiness is the
amount of height that the sample recovers between
the two compression cycles. Gumminess is the prod-
uct of hardness and cohesiveness measurement, while
chewiness is the product of gumminess and springi-
ness. A cross head speed of 100 mm/min is used for
these measurements. Hardness and chewiness tend to
correlate well with initial panel tenderness scores
while the other measurements are important in ex-
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plaining other texture profiles of meat products (Cain
etal. 2003).

SARCOMERE LENGTH

Sarcomere length has been reported to be related to
tenderness, with shorter sarcomere lengths being re-
lated to tougher meat (Wheeler and Koohmaraie
1994, Koohmaraie et al. 1996). Rhee and others
(2004) reported that sarcomere length across 11 dif-
ferent beef muscles had a correlation to panel ten-
derness scores of r=0.68, while WBSF correlated to
panel tenderness scores at r=0.73. Cross and others
(1981) compared a number of methods for measur-
ing sarcomere length including a laser diffraction
method, filar micrometer method, and Shearicon
size analyzer method. While all three methods were
found to be equal, the laser diffraction method is the
one typically used. In the laser diffraction method,
samples are fixed in a glutaeraldehyde solution and
sarcomere length is measured using a helium laser
with a microscope slide placed on a stage under-
neath and a measuring screen underneath (see
Figure 7.7). This method is fairly rapid, although
sample preparation should occur at least 1 day prior
to sarcomere length measurement. After fixation of
the samples, 25 individual fibers are teased from the
muscle bundle and placed on a microscope slide
with a drop of solution. Slides are placed horizon-
tally in the path of the vertically oriented laser beam
to give an array of diffraction bands on the beam,
which are perpendicular to the axis of the fibers
(Cross et al. 1981).

COLLAGEN PROTEIN DETERMINATION
(HYDROXYPROLINE ANALYSIS)

Collagen is a protein typically found in muscle tis-
sues with a quantity that varies by muscle, species,
and age of animals. Collagen in meat is of concern
because it leads to meat toughness in fresh meat and
is of concern in processed samples because of
shrinkage and conversion to gelatin upon heating.
To determine collagen content samples are hy-
drolyzed in acid, filtered and brought to volume. A
portion of the diluted sample is reacted with a solu-
tion, for development of a yellow to red color.
Samples are then read on a spectrophotometer and
compared to standards (Goll et al. 1963). Sample
preparation may also include separation by HPLC
(Wheeler et al. 2000).

Figure 7.7. Helium laser for measuring sarcomere
length.

SDS-PAGE AND WESTERN BLOTS

One of the most effective ways of improving fresh
meat tenderness is through postmortem aging.
Myofibrillar proteolysis, as a result of the intracellu-
lar calcium-binding proteases, w-calpain and m-
calpain, has been shown to enhance meat tenderness
(Koohmaraie et al. 1987). The calpains degrade
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myofibrillar proteins such as nebulin, titin, vinculin,
desmin, dystrophin, and troponin-T, at or near the Z-
line of muscle sarcomeres, leading to postmortem
tenderization of beef (Koohmaraie 1992, Taylor et
al. 1995, Koohmaraie et al. 1996). Wheeler and
Koohmaraie (1994) reported the relationship be-
tween WBSF and postmortem aging, in which
WRBSF decreased primarily due to myofibrillar pro-
teolysis during the aging period after rigor mortis
(see Figure 7.8). Because myofibrillar proteolysis
can have a profound effect on meat tenderness, a
number of techniques explained below are typically
used in conjunction with sensory panel ratings
and/or instrumental techniques.

One of the most often used methods to look at
degradation of myofibrillar proteins is protein elec-
trophoresis with polyacrylamide gel (PAGE).
Procedures will vary from laboratory to laboratory
and vary based on the myofibrillar proteins of inter-
est. Basically, meat samples are homogenized in a
sodium dodecyl sulphate (SDS) solution and then
samples are separated by molecular weight on an
SDS-PAGE gel over an electric field (see Figure
7.9). The system was first described by Laemmli
(1970) and a number of changes for meat samples
were proposed by Thomas (1978). While these tech-
niques are useful in describing postmortem changes
to myofibrillar proteins, the methods are considered

more qualitative in nature. Some researchers will
use an imaging computer package to determine dif-
ferences in pixels at specific locations to add more
of a quantitative nature. This is possible when an in-
ternal control is used on each gel with a protein at
the molecular weight of interest.

Although SDS-PAGE gels are a useful tool, it can
be practical to use Western blotting procedures to
look at specific myofibrillar proteins of interest. In
this procedure, SDS-PAGE gels are transferred to a
polyvinylidene chloride (PYDC) membrane via an
electric current. The membrane is next blocked with
a protein (milk proteins, for example) to minimize
nonspecific binding, then with a primary antibody
and a second antibody that will react with some sort
of detection protocol (e.g., radioactive label or
chemiluminescence). The detector is then trans-
ferred to film in a darkroom. These procedures allow
for excellent detection of intact and degraded pro-
teins. The major problem with the procedure is that
only one specific myofibrillar protein can be de-
tected at a time from each SDS-PAGE gel. Thus, if a
researcher is interested in three different myofibril-
lar proteins per meat sample, then three SDS-PAGE
gels will need to be run as well as three different
Western-blots. For an excellent example of Western-
blotting techniques, see the procedures described by
Huff-Lonergan and others (1996).
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Figure 7.8. Changes in Warner-Bratzler shear force of lamb longissimus during
postmortem aging, modified from Wheeler and Koohmaraie (1994).
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Figure 7.9. 15% SDS-PAGE gel of aged beef longissimus muscle showing the migration positions of the major my-

ofibrillar proteins.

MYOFIBRILLAR FRAGMENTATION INDEX

Myofibril fragmentation that occurs during post-
mortem aging can account for a high percentage of
the variation in tenderness of steaks. The myofibril
fragmentation index (MFI) is a measurement of
fragmentation of the myofibril that offers the ability
to objectively measure tenderness. The MFI proce-
dure predominantly measures the degradation of the
myofibrillar protein troponin T into an approximate
28,000- to 30,000-dalton component. The correla-
tion between MFI and WBSF has been shown to be
as high as r=—0.72 and the correlation between
MFI and sensory panel tenderness was r=0.75
(Culler et al. 1978). The procedures used typically
are the procedures of Olson and others (1976) as
modified by Culler and others (1978). The proce-
dures involve homogenization of 4 g of raw muscle
tissue, brief purification steps, determination of the
extracted protein concentration, and then reaction
with biuret reagent and reading on a Spec 20 at 540
nm. Proteins are quantified by the biuret reaction
(Layne 1957). Things to note are that samples must
be shaken just prior to reading. Some laboratories
will use spectrophotometers other than the Spec 20.
Myofibril length (MFL) has also been measured as
an indication of fragmentation due to proteolysis
(Heinze and Bruggemann 1994). In the MFL proce-

dure, the same initial sample preparation as in Culler
and others (1978) is used, and samples are read us-
ing an automated computer image analysis system
for myofibril lengths.

CALPAIN AND CALPASTATIN

Koohmaraie and others (1987) were one of the first
researchers to identify that the calcium-activated cal-
pain system played a major role in the effects on meat
tenderness during postmortem aging. The calpain
system represents p-calpain (micro-molar calcium
requiring), m-calpain (milli-molar calcium requir-
ing), and their inhibitor calpastatin. Koohmaraie
(1990) developed a procedure, involving hydrophobic
and ion-exchange chromatography, that isolates .-
calpain, m-calpain, and calpastatin. Shackelford and
others (1994) developed a shorter procedure for cal-
pastatin measurement, referred to as heated calpas-
tatin, while Doumit and others (1996) developed the
first enzyme-linked immunosorbent assay (ELISA) to
quantify bovine skeletal muscle calpastatin. In addi-
tion, Geesink and Koohmaraie (1999) developed a
two-step method gradient procedure where calpas-
tatin activity is subtracted prior to heat inactivity of .-
calpain. The stepwise gradient method does not re-
quire use of a fraction collector or pump as in the
continuous gradient method. Calpastatin activity has
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been shown to correlate to WBSF (r=0.41) while cal-
pain activity accounted for 41% of the variation in
beef WBSF values (Johnson et al. 1990, Shackelford
et al. 1991). Thus, calpain and calpastatin measure-
ment techniques can help to explain some of the vari-
ation in meat tenderness.
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INTRODUCTION

The sensory attributes of muscle foods are related to
the senses of taste, smell, sight, feel, and sound. Of
all the foods consumed, muscle foods have the low-
est tolerance for complete sensorial acceptability. A
muscle food is either acceptable or unacceptable
with little in between. Predominately, the consumer
assesses visually the color and surface texture of the
muscle. The preparation technique of consumer
choice is utilized, thereby altering the sensory attri-
butes, usually completely. The consumer cooks or
prepares the muscle food as they prefer, changing

the surface color, appearance, and texture. The inter-
nal altering of texture and flavor is a result of the
preparation or cooking process as well. This of course
varies depending on the many methods applied. For
instance, the muscle may be grilled, baked, broiled, or
otherwise prepared, all with different fluctuating end
results. Consumption of muscle foods is one of the
most pleasurable eating experiences. The satiety
value applied by the consumption of a muscle food is
great when comparing food(s) satisfying effect in
general. This is why the sensorial properties of mus-
cle foods can be viewed as often more important than
that of other foods.

There are many different flavors associated with
the sensory evaluation of muscle foods in general.
Each, of course, is dependent on the type of muscle
food evaluated. To evaluate the basic flavor scenario,
we must first begin with a discussion of the innate
taste parameters in most all of us.

The basic tastes of salty, sweet, bitter, sour, and
umami can be identified in all muscle foods. These
basic tastes can vary depending on the cut of a par-
ticular muscle, the muscle in general, or the source
of the muscle food. For instance, the basic tastes are
slightly different when comparing fresh beef to that
of fresh mutton.

Smell is a very important sensory property. It is
typically the second sensory attribute that is depicted.
Fresh uncooked meat is evaluated by smell threshold,
whereas cooked meat is evaluated by aroma thres-
hold. Meat that is old, unfresh, or borderline, whether
cooked or uncooked may be evaluated by odor
threshold. The detection of aromatics and/or odors by
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the olfactory nerve comprises what is acceptable or
unacceptable in all types of muscle food aroma.

Texture of food influences perceptions and ac-
ceptability. Tenderness of muscle foods affects con-
sumer acceptability. Tenderness is the third sensory
attribute that must be acceptable to the consumer.
This attribute is of course dependent on the type of
meat and the cut of that particular meat. For in-
stance, a rib eye steak is anticipated and expected to
be much more tender than a flank steak, even though
taken from the same meat source. Of course, prepa-
ration and processing and/or treatment technique
have a great deal to do with the end result and ac-
ceptability of a muscle food. A particular cut or
source of meat has a perception acceptance value.
Another influence on perception and acceptability of
a muscle food is mouth coating, which can be resid-
ual, fat, or substance in the mouth and throat after
the consumption of high fat meat products. If one
eats a rib eye steak, there will be little mouth coating
or fat residual in the mouth and throat. However, if
lamb is considered, there is a great deal of mouth
and throat coating (Miller 1994).

Quality characteristics of muscle foods are influ-
enced by muscle appearance, color, surface texture,
internal texture, tenderness, juiciness, mouthfeel
characteristics, fat content, connective tissue, mus-
cle fiber characteristics, and storage temperature to
mention a few. These innate quality characteristics
are of course dependent on many predetermining
factors that affected the animal prior to its function
as a muscle food.

The sections following will depict a brief sum-
mary of the “generic” quality characteristics of mus-
cle foods in general. Muscle foods will be discussed
as a category and not singled out by breed, unless
otherwise noted.

APPEARANCE

The general appearance of a muscle food, regardless
of originating species, is the first sensory attribute
viewed by a consumer. Appearance is therefore per-
haps the most important attribute. Entailed in ap-
pearance is muscle color. The consumer is looking
for that “bright cherry red” color that industry has
deemed and trained the consumer to appreciate and
demand. Any skewing from what is typically ex-
pected can result in a nonacceptance of the muscle
food in question.

Appearance also intakes inherent parameters such
as marbling, connective tissue visibility, fat pockets,
in some cases “stringiness,” moistness of surface,
and a perception of moisture level within the mus-
cle. There are many other factors that can affect per-
ception and the general view of the appearance of
the muscle food. The attributes mentioned, with the
exception of the “bright cherry red” color, would
pertain to all muscle foods.

COLOR

The color of a muscle food is dependent on several
factors. The species of the muscle food, the inherent
characteristics of various treatments (i.e., vitamin
A) applied to the animal from which the muscle
food was derived, the food source of the animal, the
postslaughter processing and/or treatment methods,
the length of time the muscle is kept either frozen or
refrigerated prior to packaging and sale, the type of
packaging the food is placed in for sale, the envi-
ronment the package endures (i.e., light source), as
well as the length of time on the meat market shelf.
There are of course inherent variables that influence
color as well. These will be discussed later in this
section.

Color reflects or emits a specific amount of energy
at wavelengths able to stimulate the retina in the eye.
The characteristic red color of meat is due to the
heme pigments contained in the muscle. Colors of
muscle foods vary depending on species, muscle
function within the animal, age of the animal, and
storage conditions to name a few variables that influ-
ence color. The range of color for muscle foods is in-
fluenced predominately by the content of myoglobin.
Myoglobin is one of the major proteins in the
sacroplasm, and is the main pigment in meat. It ac-
counts for 90-95% of the heme proteins. At increased
levels of myoglobin, the color intensity of the muscle
ranges from white to pink to very dark red.

The heme pigments take up oxygen to produce
“bloom” of fresh meats, but other characteristics are
important because of the more widely varied condi-
tions to which muscle tissue is exposed. The protein
and heme structures are affected by oxidation, heat,
acidity, and chemicals thereby affecting color. Not
only do these pigments serve as indicators of fresh-
ness, since they turn brown with age, but they also in-
dicate physical and chemical contaminations (Fox
1987). Therefore, this adds importance to the weight
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that color and appearance provides as a sensory at-
tribute (Table 8.1).

As has been previously mentioned, beef color is
expected to be “bright cherry red” as compared to
other muscle foods’ ranges of color. Higher myoglo-
bin content in beef muscle is the major factor that
differentiates the bright cherry red color of beef
when compared to the lighter color of pork or poul-
try meat. As the animals within the species increase
in age, myoglobin content increases within the mus-
cle tissue, and thus muscle from mature animals is
darker than muscle from younger animals (Tarladgis
1962a, 1962b).

Meat color, although strongly influenced by myo-
globin concentration, is also affected by handling and
storage. The anaerobic environment created during
vacuum packaged storage versus the use of modified
atmosphere packaging where oxygen, nitrogen, and
carbon dioxide can be used as the storage environ-
ment affects the meat color. The lack of oxygen in
vacuum packaged meat systems causes beef exposed
to the atmosphere to change from a bright cherry red
color to a purplish color in the vacuum package
(Castro 1971).

As previously mentioned, the sensory attributes of
muscle foods change drastically during the cooking or
heating process. This process is one that the end con-
sumer will indeed perform and the end result color
greatly affects overall perceptions and acceptability.

The brown pigments produced from proteins and
sugars at cooking temperatures also alter color in mus-
cle foods. These dark brown pigments are formed
through interactions of deposits from smoke on the
meat surface as well as endogenous compounds.

Table 8.1. The colors of meat.

Other brown hues are observed in fat, which contains
a number of endogenous compounds with color hues
ranging from yellow to bronze red (Fox et al. 1967).

CoLOR OF CURED MEAT

Sensory acceptance of cured meat is somewhat dif-
ferent than that of fresh meat. The overall sensory
profile of a cured meat product is changed from that
of a profile for fresh meat. The curing process alters
the appearance, color, texture, flavor, basic taste(s),
and possibly acceptance. For instance, a cured meat
product can pass for acceptable, regardless of age,
cooking, packaging, or other pertinent variables.
But, a fresh meat product might be found unaccept-
able due to one or more of these variables.

The color of cured meats is dependent on three
factors: (1) the concentration of pigment in the tis-
sues, (2) the degree of conversion into nitrosyl pig-
ment, and (3) the proteins in the meat. In fermented
beef products, the color is a deep dark red, partly be-
cause the tissue proteins are largely denatured
(George and Stratmann 1952).

The color of the surface of cured meats is the re-
sult of browning reactions or possibly smoking.
Smoked meats develop surface colors due to interac-
tion of phenols, aldehydes, and acids (Zimmerman
and Snyder 1969).

COLOR OF FROZEN MEATS

The color of fresh frozen meats is similar to that of
chilled meats. However, over time, the muscle will
change to more of a brown color. This is accelerated

Pigment Color Source Comments
Hemes Purple Reducing conditions Interior of fresh meats,
Myoglobin exclusion of air
Hemoglobin
Oxymyoglobin Red Oxygenation Surface of fresh
Meat, exposed to
air, “bloom”
Metmyoglobin Brown Oxidation Old meat, low
Oxygen pressures
Cytochromes Red Very low
Concentrations

(Zimmerman and Snyder 1969).
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if the type of packaging used is not suitable for mus-
cle food frozen storage.

In general, the quality of frozen muscle foods de-
creases with storage and age in the freezer.
Appearance, predominately color, is the first thing
the consumer views upon making the decision on
whether to purchase a muscle food. However, the
consumer’s acceptance of frozen meat products is
not as dependent upon color as that for fresh muscle
food.

AROMA (VOLATILES)

Aroma is the sensory attribute that develops the de-
sire for one to want to consume the cooked or pre-
pared muscle food.

Nearly 1,000 compounds have so far been identi-
fied in the volatile constituents of meat from beef,
chicken, pork, and sheep. Shahidi (1998) provides a
list of volatiles responsible for flavor and believes
that sulfurous and carbonyl-containing volatiles are
the predominant contribution to aroma.

The chemical nature of many flavor volatiles of
meat from different species is similar qualitatively;
however, there are quantitative differences. While
most of the sulfurous volatiles of meat exhibit a
pleasant meaty aroma at concentrations present in
meat, at high levels, their odor is objectionable.
Therefore, both qualitative and quantitative aspects
of volatiles have to be considered when assessing
the flavor quality of muscle foods (Shahidi 1998).

Nonvolatile precursors of meat flavor include
amino acids, peptides, reducing sugars, vitamins, and
nucleotides.

In the evaluation of flavor quality of meat, the
contribution by amino acids, peptides, and nucleo-
tides are important. These compounds not only in-
teract with other compounds to produce flavor
volatiles but also contribute to sweet, salty, bitter,
sour, and umami sensations of muscle foods.

REACTIONS LEADING TO MEAT AROMA

Many different temperature conditions exist during
meat cookery and preparation. Based on these differ-
ent temperature conditions, a wide range of different
flavor sensations is perceived in cooked meats.

The primary reactions occurring on heating that
can lead to meat flavor include pyrolysis of amino

acids and peptides, caramelization of carbohydrates,
degradation of ribonucleotides, thiamine degrada-
tion, interaction of sugars with amino acids or pep-
tides, and thermal degradation of lipid. The thermal
decomposition of amino acids and peptides and the
caramelization of sugars normally require tempera-
tures over 150°C before aroma compounds are
formed. Such temperatures are higher than those,
which are normally encountered during the cooking
of the meat (Mottram 1998).

FLAVOR

Flavor is one of the most important components of
the eating quality of muscle foods. A tremendous
amount of research has been applied to the under-
standing of the analysis and chemistry of meat/mus-
cle food flavor. In general, meat flavor depends on
the stimulation of the senses of taste and smell.
While most of the sensory research and chemistry
applied in this area has focused on the volatile com-
pounds that contribute to aroma, there is ongoing re-
search on the contribution of nonvolatile compounds
and their relationship with taste sensations.

There are many different compounds that con-
tribute to and provide meat flavor. However, the de-
sirable quality attribute that is perceived as meat {la-
vor cannot be attributed to a single compound or
group of compounds. (See Table 8.2.)

The flavor of uncooked meat is “bloodlike” and
metallic. The flavor that cooking imparts is unique
and dependent upon the length and procedure used.
It can vary, and each individual has a preferred way
of consuming prepared cooked meat.

Flavor is the result of compounds stimulating the
olfactory and taste receptors in the oral and nasal
cavity. The muscle system can be divided into the
lean portion and the lipid or fat portion, with each
component contributing to meat flavor. According to
Miller (1994a and 1994b),

Meat flavor is composed of: 1) Meat like flavor de-
rived from water-soluble reducing sugars and
amino acids, 2) Species-specific flavors which are
due to differences in fatty acid composition and
aromatic, water-soluble compounds that are stored
in lipid depots of the animal, 3) Off-flavor develop-
ment as the result of oxidation of lipid double
bonds, defined as lipid oxidation or auto oxidation,
and other degradation processes.
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Table 8.2. Summary of commonly used product quality attributes used in the evaluation of

muscle foods.

Quality Attribute Description of the Quality Attribute
APPEARANCE / VISUAL
Color The perception by the eye of light waves that include blue (400-500nm),
green, and yellow (500-600nm) can be defined by hue, value, and
chroma. Color can be defined by the overall color or an estimation of
positive and negative color attributes.
Texture A visual evaluation of the texture attributes of a product such as surface

smoothness, consistency of texture.

Fat content

An estimation of the amount of internal or external fat content of a mus-

cle food, such as marbling, subcutaneous fat trim level, or amount of

The volatile compounds detected within the nasal passage by the

olfactory system; perceived by smelling (drawing air into the nasal

The basic tastes of salty, sweet, sour and bitter that are perceived by

gustation through stimulation of taste buds mainly located on the sur-
face of the tongue by water-soluble compounds in the mouth.

steam fat.
Aroma
and oral cavities).
Taste
MOUTHFEEL/FEELING
FACTORS

The perception of senses in the mucosa of the eyes, nose, and mouth
through the stimulation of the trigemenal nerves such as perception of

heat, burn, cold, metallic, and astringency.

(Miller 1994a and 1994b)

Natural flavor compounds are either fat-soluble or
water-soluble. Fat can also serve as a solvent for
aroma compounds, or a carrier for flavor com-
pounds. Fat can however mask certain flavors or
volatiles (Hornstein and Wasserman 1987, Mottram
1998). To evaluate meat in a semisensory manner,
the meat from the older animals is more intense in
flavor than the meat from younger animals.
Cowy/grainy and serumy/bloody flavor aromatics
and metallic descriptors have been associated with
increased levels of myoglobin in meat from older
animals. The traditional mutton flavor associated
with meat from mature sheep is a classic example of
how some flavor attributes concentrate in meat from
older animals. Diet can also contribute to flavor dif-
ferences in meat from young versus older animals
(Miller 1994a and 1994b).

The terms lamb and mutton flavor are used inter-
changeably and refer to the characteristic flavor of
all sheep meat, regardless of age. Terms like “lamb”
and “wooly” have been used for cooked lamb. Fat-
rich mutton broths were “lamb-like,” “sweet,”
“oily,” and “barny” (Young and Braggins 1998).

Lirip (FAT) CONTRIBUTION TO MEAT FLAVOR

The sensory profile of meat depends largely upon the
contribution of fat to the overall flavor complexity.

Lipids can contribute both desirable and undesir-
able flavors to meats. During cooking, the lipids un-
dergo thermally induced oxidation to give a range of
volatiles that contribute to meat aroma. Lipids may
also react with the components from the lean tissue
to give other flavor compounds. In addition, they
may act as a solvent for aroma compounds accumu-
lated during production, processing, and cooking of
meat.

Lipids not only impart flavor volatiles by oxida-
tion, but their oxidation products can enter the
Maillard reaction, resulting in additional volatiles
that are not formed by lean meat precursors. For the
most part, the phospholipids of meat rather than
triglycerols contribute the fatty acids that interact
with Maillard reactions.

According to Miller (1994a and 1994b) most of
the volatiles derived from Maillard interactions have
a higher boiling point than most of the volatiles
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identified in the meat flavor. The possibility exists
that some of these compounds might have a meaty
odor that is species specific.

MAILLARD REACTION

According to research done by Bailey (1994), the
Maillard reaction (nonenzymatic browning) in-
volves the reaction of aldehydes with amines and
through numerous reactions; food flavor compounds
and dark pigments (melanoidins) are formed.
Factors affecting the progress of the Maillard reac-
tion include temperature, time, moisture content,
pH, concentration, and nature of the reactants. The
Maillard reaction between reducing sugars and
amino compounds does not require the very high
temperatures associated with sugar caramelization
and protein pyrolysis and readily produces aroma
compounds at the temperatures associated with the
cooking of food (Mottram 1994).

SuLrFUR COMPOUNDS

According to Mottram (1994), meat would have an
entirely different flavor in the absence of sulfur
compounds. Large quantities of hydrogen sulfide are
produced during the heating of the meat. Under
these conditions, concentration of hydrogen sulfide
is very prominent. Sulfur compounds are the most
important volatiles formed during meat cookery, and
sulfur precursors are used in essentially all meat fla-
vor mixtures.

Even though sulfur is not considered one of the
pleasant flavor compounds, its very existence defines
perceived quality and acceptance of many foods (i.e.,
sharp cheddar cheese) including muscle foods.

UMAMI FLAVOR OF MEAT

Meat is known to possess a sensory property that
many say is one of the innate basic tastes of humans.
There has been some argument to this proposed the-
ory, but it is indeed a unique taste sensation, which
some can detect while others cannot.

The term “umami” was first proposed by Tkeda
(1909). Umami means “deliciousness” in Japanese.
Umami can be defined as the taste properties result-
ing from the natural occurrence or intentional addi-
tion of compounds such as monosodium glutamate

(MSG) and certain 5'-nucleotides such as 5'-inosine
monophosphate (IMP) and 5’'-guanosine monophos-
phate (GMP). These nucleotides have also been re-
ferred to respectively as inosinic and guanylic acids,
5'-inosine and 5'-guanylic acids or disodium 5’-
guanylate (Maga 1998).

Umami compounds have an ability to act syner-
gistically when used in combination with each other.
According to Maga (1983), if MSG is assigned a
umami intensity of 1.0, the addition of an equal
amount of GMP increases the flavor intensity 30
times. Even addition of as little as 1% GMP to MSG
significantly increases flavor intensity.

Intentional addition of MSG and nucleotides sig-
nificantly modifies meat flavor perception. For ex-
ample, the addition of MSG to a variety of pro-
cessed meats resulted in products that were
preferred over the same products to which MSG was
not added (Girardot and Peryam 1954).

The addition of either MSG or the nucleotides,
thus providing the “umami” taste sensation, greatly
enhances the acceptance as well as the preference of
select meat items, whether utilized in an emulsion
system, or directly applied to the muscle surface
during cooking.

TENDERNESS

Tenderness is one of the most important sensory at-
tributes when discussing the acceptance of a muscle
food. Tenderness entails many parameters to the con-
sumer. The more tender a muscle food is, the better
perception of freshness and quality resides in the
mind. However, muscle foods’ experts know that
this is not always the case.

Tenderness of meat may be simply defined as the
ease of teeth to cut meat fibers during mastication.
For intact or noncomminuted meat, tenderness to
toughness is determined by two groups of meat
components: the connective tissues and the muscle
fibers (Koohmaraie et al. 1988). Tenderness of mus-
cle foods strongly influences and drives consumer’s
perceptions of acceptability and quality of muscle
foods. Muscle tenderness can be segmented into the
influence of connective tissue and muscle fiber
characteristics. Total amount of connective tissue
from within different muscles of the same animal
affects tenderness between muscles. For example, the
muscles from the round that are used in movement
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are higher in connective tissue content than muscles
from the loin that are mainly used for structural
support. Muscles have been generally classified into
tender, intermediate, and tough categories. Between
animals, the age associated increase in collagen sol-
ubility significantly affects muscle tenderness. As
animals increase in age, their meat is tougher.
Identification or measurement of animal age, either
through ossification of the verbal column of an ani-
mal, identification of dentition, or evaluation of ani-
mal chronological age has been used as a bench-
mark for the effect of connective tissue on meat
quality between animals (Cross 1987).

CONNECTIVE TISSUE

Connective tissue is a fibrous structure composed of
primarily collagen fibrils. There are three types of
connective tissue in meat: epimysium, perimysium,
and endomysium. The epimysium is a thick sheath
of connective tissue surrounding the entire muscle;
the perimysium is a thin layer enveloping muscle
bundles or muscle fibers (myofibers). The perimy-
sium and endomysium connective tissues present a
realistic toughness problem to meat and meat prod-
ucts. The specific influence of both connective tis-
sues depends upon their thickness (i.e., the amount
of collagen present, as well as the density and type of
cross linkages between collagen fibrils). Muscles
of movement contain larger quantities of connective
tissue than muscles that support the structure
(Koohmaraie et al. 1988).

Muscles in mature animals have higher contents
of collagen cross-links than the same muscles from
young animals. The type of collagen cross-links is
also different; as the animal’s age increases, many of
the collagen cross-links are transformed from a sol-
uble type to an insoluble type, resulting in increased
toughness of meat (Koohmaraie et al. 1988).

MYOFIBERS

Myofibers regulate meat tenderness in several as-
pects. Collagen in the connective tissue experi-
ences minimal chemical and biochemical changes
and exhibits little structural changes other than
slight improvement in solubility (Koohmaraie et
al. 1988).

JUICINESS

Juiciness is a sensory term, which refers to mouth-
feel of the moisture released from food during mas-
tication. Thus, juiciness is indicative of the moisture
content in meat, which is critically affected by the
water-holding capacity as well as the hydration abil-
ity of the meat. Water in meat is confined via capil-
larity in the spaces between myofilaments, between
the myofibrils, and outside the fibers (cells). Myo-
fibril proteins are believed to be largely responsible
for water immobilization in meat. The hydration is
attributed to the expansion of the interfilamental
spaces within the myofibrils and is facilitated by
mechanical actions such as massaging and tumbling

(Cross 1987).

TEXTURAL PROPERTIES

According to Kauffman and Marsh (1987), texture
is an important characteristic of muscle foods es-
pecially for processed meats that require some
degree of comminution. For intact meat, texture of
muscle refers to the definition and fineness of muscle
fibers and the amount and distribution of fat in the
muscle. In intact meat, the texture is determined by
the age of the animal, the type of muscle, gender, and
the growth condition. In comminuted meats, how-
ever, textural properties are characterized by
smoothness and homogeneity of the product,
which can be visualized, as well as by the
rheological properties (hardness, deformability,
elasticity, etc.) and cohesiveness of the bind
formed between meat particles. These texture-
related attributes are closely related to the func-
tionality of muscle proteins particularly their gel-
forming and emulsification properties.

CONCLUSION

In general, the sensory attributes of muscle food
products provide great satisfaction in eating and sati-
ety to the end consumer. Acceptance is the predomi-
nant factor applied to all of the sensory attributes of
muscle foods. The attributes of appearance, aroma,
flavor, juiciness, tenderness, and texture, to mention
a few, must all be found acceptable when a muscle
food is consumed. Muscle foods, unlike other foods,
are completely scrutinized by the end consumer and
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there is very little, if any, tolerance for any deviation
of complete perception of quality for all the perti-
nent sensory attributes. Sensory evaluation of mus-
cle foods can be one of the most difficult analyses to
perform due to the inherent differences of the mus-
cle(s). However, it is one of the most important
functions the industry utilizes to determine esti-
mates of perception(s) ultimately to be derived by
the end consumer.

FURTHER READING

Cassens, RG. 1987. Structure of Muscle. In: The
Science of Meat and Meat Products, 3rd edition.
Food and Nutrition Press, Westport, Connecticut
06880.

Chen, J, and CT Ho. 1998. The Flavour of Pork. In:
Flavor of Meat, Meat Products, and Seafoods. 2nd
ed. Blackie Academic and Professional. London,
UK.

Farmer, L], and RLS Patterson. 1991. Compounds con-
tributing to meat flavor. Food Chem, 40, pp. 201-
205.

Lanier, TC, JA Carpenter, and RT Toledo. 1977. Effects
of cold storage environment on color of lean beef
surfaces. J. Food Sci, 42, p. 860.

MacLeod, G. 1986. The scientific and technological
basis of meat flavours. In: Developments in Food
Flavours, GG Birch and MG Lindley, Eds. Elsevier,
London.

Macl.eod, G. 1998. The flavour of beef. In: Flavor of
Meat, Meat Products, and Seafoods. 2nd ed. Blackie
Academic and Professional. London, UK.

Nicol, AM, and KT Jagusch. 1971. The effect of differ-
ent types of pasture on the organoleptic qualities of
lambs. J. Sci. Food Agric, 22, pp. 464-466.

Randall, CJ, and PW Voisey. 1977. Effect of meat
protein fractions on textural characteristics of meat
emulsions. J. Inst. Can. Sci. Techol. Aliment, 10(2),
p- 88.

Sink, JD. 1979. Factors influencing the flavor of mus-
cle foods. J. Food Sci, 44, p. 1.

Wasserman, AE. 1979. Chemical basis for meat flavor.
A review. J. Food Sci, 44, p. 6.

REFERENCES

Bailey, ME. 1994. Maillard Reactions and Meat
Flavour Development. In: Flavor of Meat and Meat
Products. Shahidi, F, Ed. 1st ed. Blackie Academic
and Professional. London, UK.

Castro, CE. 1971. Theory of hemeprotein reactivity. J.
Theor. Bio, 33, p. 475.

Cross, HR. 1987. Sensory Characteristics of Meat. Part
1. Sensory Factors an Evaluation. In: The Science of
Meat and Meat Products, 3rd edition. Food and
Nutrition Press, Westport, Connecticut 06880.

Fox, JB, WE Townsend, SA Ackerman, and CE Swift.
1967. Cured color development during frankfurter
processing. Food Tech. 21 (3a), p. 68a.

Fox, JB. 1987. The Pigments of Meat. In: The Science
of Meat and Meat Products, 3rd edition. Food and
Nutrition Press, Westport, Connecticut 06880.

George, P, and CJ Stratmann. 1952. The oxidation of
myoglobin to metmyoglobin by oxygen. Biochem.
J., 51, p. 103.

Girardot, NF, and DR Peryam. 1954. MSG's power to
perk up foods. Food Eng. 26(12), pp. 71-74.

Hornstein, I, and A Wasserman. 1987. Part 2—
Chemistry of Meat Flavor. In: The Science of Meat
and Meat Products, 3rd edition. Food and Nutrition
Press, Westport, Connecticut 06880.

Ikeda, K. 1909. On a new seasoning. J. Tokyo Chem,
34, pp. 751-755.

Kauffman, RG, and BB Marsh. 1987. Quality
Characteristics of Muscle as Food. In: The Science
of Meat and Meat Products, 3rd edition. Food and
Nutrition Press, Westport, Connecticut 06880.

Koohmaraie, M, AS Babiker, AL Shroeder, RA Merkel,
and TR Dutson. 1988. Factors associated with the
tenderness of three bovine muscles. J. Food Sci, 53,
p. 407.

Maga, JA. 1983. Flavor potentiators. CRC Crit. Rev.
Food Sci. Nutr, 18, pp. 231-32.

Maga, JA. 1998. Umami flavour of meat. In: Flavor of
Meat, Meat Products, and Seafoods. 2nd ed. Blackie
Academic and Professional. London, UK.

Miller, RK. 1994a. Sensory Methods to Evaluate
Muscle Foods. In: Muscle Foods, Meat, Poultry and
Seafood Technology. Kinsman, DM, Kotula, AW,
Breidenstein, BC, Eds. Chapman & Hall, New York,
New York 10001.

Miller, RK. 1994b. Quality Characteristics. In: Muscle
Foods, Meat, Poultry and Seafood Technology.
Kinsman, DM, Kotula, AW, Breidenstein, BC, Eds.
Chapman & Hall, New York, New York 10001.

Mottram, DS. 1994. Some aspects of the chemistry of
meat flavour. In: Flavor of Meat and Meat Products.
Shahidi, F, Ed. 1st ed. Blackie Academic and Pro-
fessional. London, UK.

Mottram, DS. 1998. The chemistry of meat flavor. In:
Flavor of Meat, Meat Products, and Seafoods. 2nd ed.
Blackie Academic and Professional. LLondon, UK.



8 Attributes of Muscle Foods: Color, Texture, Flavor 97

Shahidi, F. 1998. Flavor of Muscle Foods—an Over- Young, OA, and TJ Braggins. 1998. Sheepmeat odour

view. In: Flavor of Meat, Meat Products, and Sea- and flavour. In: Flavor of Meat, Meat Products, and
foods. 2nd ed. Blackie Academic and Professional. Seafoods. 2nd ed. Blackie Academic and Profes-
London, UK. sional. London, UK.

Tarladgis, BG. 1962a. An interpretation of the spectra Zimmerman, GL, and HE Snyder. 1969. Meat pigment
of meat pigments. I. Cooked meats. J. Sci. Food changes in intact beef samples. J. Food Sci, 34,
Agric, 13, p. 481. p. 258.

Tarladgis, BG. 1962b. Interpretation of the spectra of
meat pigments. II. Cured meats. The mechanism of
color fading. J. Sci. Food Agric, 13, p. 485.



Handbook of Meat, Poultry and Seafood Quality
Edited by Leo M. L. Nollet
Copyright © 2007 by Blackwell Publishing

Part 111
Flavors



9

Handbook of Meat, Poultry and Seafood Quality
Edited by Leo M. L. Nollet
Copyright © 2007 by Blackwell Publishing

Sensory Characterization
Karen L. Bett-Garber

Descriptive Flavor Analysis
The Flavor Profile
Quantitative Descriptive Analysis
The Spectrum Descriptive Analysis Method
Free-Choice Profiling
Chemical Nature of Flavor Characteristics
Isolation and Extraction of Compounds
Sensory Issues with GC-O
Intensity Rating Methods for GC-O
Relating the Compounds of GC-O to Food Aroma
References

Flavor, according to Amerine et al. (1965), is an at-
tribute of foods, beverages, and seasonings resulting
from stimulation of the sensory receptors that are
grouped together at the entrance of the alimentary
and respiratory tracts, and includes odor and taste.
Caul (1957) restricted flavor to the impressions per-
ceived via the chemical senses from a product in the
mouth. This would include aromatic compounds per-
ceived retronasally or volatile substances released
from product in the mouth via the posterior nares,
gustatory perceptions (tastes) caused by soluble sub-
stances in the mouth and chemical feeling factors,
which stimulate nerve ends in the soft membranes of
the buccal and nasal cavities (Meilgaard and others
1999). For the purpose of this chapter, flavor will in-
clude aroma/odor inhaled through the nose in addi-
tion to flavor-by-mouth and taste. The underlying
principle is that flavor must be perceived by a human
to be flavor. This chapter will discuss methods of
measuring flavor characters using human beings, as
well as methods of defining flavor characteristics.
Flavor results when chemical compounds are per-
ceived by the human senses. Gas chromatographs
(GC) and mass spectrometers (MS) can monitor

volatile compounds that may or may not invoke a
human response. Therefore, they can be used to
measure quantities of compounds that contribute to
flavor. But, these instruments cannot confirm if com-
pounds are perceivable by humans. Gas chromatog-
raphy-olfactometry (GC-Q) is a method of configur-
ing a gas chromatograph that splits the flow of
compounds into two portions. One portion goes to
the instrumental detector such as a flame ionization
detector or mass spectrometer and the other portion
goes to a port where a human smells the effluent
laden with molecules. GC-O methods for character-
izing flavor will be discussed later in this chapter.
Early in the study of human olfaction, the idea
was that odors could be classified or grouped. The
search for the grouping system that universally
worked was not fully successful. Humans learn from
an early age to classify colors, but aroma classifica-
tions are not discussed at a young age in the fashion
that color is (Ishii and others 1997). Early efforts to
classify odors served to indicate the complexity of
odors (Doty 1991). In 1956, Wenger and others con-
cluded that there was not an adequate classification
of odors. Ishii and others (1997) found that judges
categorizing odors over several sessions did not
reach consistency over 8 to 10 sessions. Use of the
perfume industry’s categories did not come natu-
rally, but needed considerable training. But, as the
cues were increased, judges began to sort closer and
closer to the perfume industry’s category system
(Ishii and others 1997). Within an industry, such as
perfume, wine, beer, and drinking water, classifica-
tion systems have simplified the description of
odors, but classification has not helped with eluci-
dating basic mechanisms of the olfactory system
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(Doty 1991). There is a classic review on aroma
classification (Harper and others 1968), and this
subject will not be discussed further in this chapter.

Sensory evaluation is the use of humans to evalu-
ate a product using one or more of the five senses
(smell, taste, feel, sight, sound). Descriptive flavor
evaluation is a sensory evaluation method that de-
scribes individual flavor characters and gives an in-
tensity rating to each descriptor. This chapter will
contrast the various methods of descriptive flavor
analysis and contrast the methods used to determine
descriptions of flavors. Panelists are selected on nor-
mal abilities to taste and smell and are trained in the
methods before data collection takes place. The se-
lection and training process will not be reviewed in
the scope of this chapter, but is available in the refer-
ences cited for each method.

DESCRIPTIVE FLAVOR ANALYSIS

The birth of descriptive flavor analysis resulted from
the development of a laboratory method of analyz-
ing flavor comparable to the expert taster in indus-
trial quality control, namely in the wine, tea, and
coffee industries (Caul 1957). The laboratory panels
needed to consist of multiple persons (5 to 20) and
needed to be versatile for work on multiple products
that may be dissimilar. Methods for selecting and
training new panelists needed to be documented so
that panels could continue operation by incorporat-
ing new panelists after attrition of original members.
The Flavor Profile was developed in the 1940s at
Arthur D. Little, Inc. (Cambridge, Massachusetts) to
meet the growing analytical needs of sensory evalua-
tion in the food industry (and in some cases, nonfood
industries) (Cairncross and Sjostrom 1950, Caul
1957). This method was distinct from expert tasters
in quality control, because it made no direct judg-
ment about consumer acceptance (Stone and Sidel
2004). Subsequently, new methods have emerged
from these ideas and their applications have grown
substantially (Stone and others 1974, Meilgaard and
others 1999). These methods differ in their ideolo-
gies about characterizing flavor and will be discussed
in this chapter.

THE FLAVOR PROFILE

The method originated from the concept that flavor
consists of identifiable attributes of taste, aroma, fla-

vor, and chemical feeling factors. The attributes
were called “character notes” and were labeled with
descriptive or associative terms. For example, eggy,
rubbery, cabbage-like, or skunky terms were used to
describe sulfury notes (Cairncross and Sjostrom
1950, Caul 1957). The terms were objective terms
like “vanilla” and not subjective like “good” (Keane
1992). When a specific chemical compound was
identified to be associated with the character note, it
was used as the reference. For example, pheny-
lacetic acid has represented the “horsy” note in beer
(Caul 1957). When necessary, a character note could
be further characterized, such as chemical-sweet
and sugar-sweet (Caul 1957) or localized, such as
dry mouth, cheek puckering, tongue coating, or
tooth roughing for wvariations of astringency
(Cairncross and Sjostrom 1950). During character
note development, panelists start with a blank sheet
and record all aromas, flavors, tastes, and aftertastes
they perceive in the product. Then they discuss and
develop an agreed upon list and duplication of a note
under different descriptions is eliminated. It may take
two to four sessions to finalize the composite list that
completely describes the product and that all panelists
agree with (Neilson and others 1988). Reference stan-
dards are obtained to represent the notes. It is essen-
tial that all panelists understand the scope and conno-
tation of each note in the study. The panel members,
who are selected according to their abilities to dis-
criminate odor and flavor differences and communi-
cate their perceptions, develop the character notes
(Caul 1957).

Within a sample, the character notes are perceived
in a specific order. Adding seasoning to the product
can affect the order. For example, monosodium glu-
tamate alters the order of appearance of character
notes. In a flavor profile, the character notes are
listed in the order they appear and any changes in or-
der are noted (Caul 1957). When using standardized
evaluation techniques for smelling and tasting, the
order of appearance for character notes is influenced
by location of taste buds on the tongue, volatility of
aromatics, and texture of the product (Keane 1992).

Intensity is noted on a 5-point scale [0 = not pres-
ent, just recognizable, or threshold, 1 = slight, 2 =
moderate, and 3 = strong]. The panelists evaluate
the intensity of the observable character notes indi-
vidually. Upon completion of all samples, they dis-
cuss their scores and arrive at a consensus for the in-
tensity of each note in the sample. The panel session
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is not complete until all panelists in attendance
agree individually and as a unit that the consensus
represents the sample (Cairncross and Sjostrém 1950,
Caul 1957). The Flavor Profile was not designed as a
numerical system for statistical analysis of data but
as a consensus or composite of profile terms and in-
tensities in the final product (Keane 1992). Some
variations have emerged that make the Flavor Profile
method statistically friendly (Miller 1978), but these
are not as widely accepted as some of the newer de-
scriptive methods.

Quantitative Descriptive Analysis

As the food industry expanded, and moved further
away from the expert taster concept, a need arose for
data that could be analyzed statistically. Scientists at
Stanford Research Institute developed the Quanti-
tative Descriptive Analysis (QDA) method (Stone
and others 1974, Stone and Sidel 2004). This
method screened panelists with discrimination tests,
used descriptors developed by the panel, used re-
peated evaluations in sensory booths to avoid group
judgments, and used analysis of variance and graph-
ing of means to interpret data (Zook and Pearce
1988).

QDA starts with panelists that are selected based
on their product usage and familiarity, discrimina-
tion ability within the product or product category,
and task comprehension. During the training pro-
cess, panelists develop descriptive language, group
the attributes (terms) by modality (appearance,
aroma, and so on), list them by occurrence, develop
definitions for each attribute, identify helpful refer-
ences, and familiarize themselves with the scoring
procedure. The panelists work individually and as a
group to ensure that the attributes are fully under-
stood and that all of the product characteristics are
fully accounted for. Within the QDA philosophy, the
panels develop their own language, without being
influenced by the information given them by a panel
leader. The group of panelists must decide to include
or exclude an attribute. They are encouraged to use
their own words, provided they are common every-
day language. The meaning of each word-sensation
experience is defined so the entire group will be fa-
miliar with the word and the meaning. Numerous at-
tributes/terms are encouraged, because having too
few may limit panelists” ability to differentiate prod-
uct differences. Statistical analysis is used to deter-

mine which terms/attributes differentiate the sam-
ples. Distinct concepts assigned to each attribute are
not considered critical, because a magically correct
set of independent descriptors may not fully de-
scribe the sensory properties. Panelists also become
familiar with the order of occurrence of each sensa-
tion. References are not necessary, but useful for
training and retraining; and can help panelists relate
to a particular sensation that is not easily detected or
described. The references should not introduce addi-
tional fatigue or significantly increase training time
and should only be used during language develop-
ment and not in the initial sessions (Stone 1992,
Stone and Sidel 2004).

Relative intensity is measured with a 6-inch or
15-cm open line scale to provide an infinite number
of possible options and to avoid number biases.
Word anchors are placed one-half inch or 1.5 cm
from each end. Low intensity is on the left end, and
high intensity is on the right end. To be more confi-
dent about reliable results, multiple replicates are
evaluated. For most products, four replicates result
in the desired sensitivity. Results are analyzed by
analysis of variance. Replication allows for charac-
terizing reliability of response patterns and does not
generalize the results to a population (Stone 1992,
Stone and Sidel 2004).

The Spectrum Descriptive Analysis Method

The Spectrum method was developed by G.V.
Civille in collaboration with a number of companies
that were looking for a method to obtain repro-
ducible and repeatable sensory analysis of products
(Meilgaard and others 1999). It is flexible enough to
evaluate one to all sensory modalities and to evalu-
ate an array of products, including foods, beverages,
personal care, home care, paper, and other products.
A Spectrum panel describes accurately and in detail
the characteristics/parameters of appearance, flavor,
and texture and allows statistical treatment of data
(Mufioz and Civille 1992, Meilgaard and others
1999). The Spectrum method utilizes a broad selec-
tion of references for describing the sensory attri-
butes and for evaluating intensity (Rutledge and
Hudson 1990).

To develop descriptors (terms), trained panelists
(after being exposed to underlying principles of ap-
pearance, flavor, and texture) start by evaluating a
broad array of products (commercial brands, pilot
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plant runs, etc.) that define the product category
(Mufioz and Civille 1992, Meilgaard and others
1999). A few sessions are devoted to this process.
Panelists individually develop lists of terms that ad-
equately describe the attributes in the product cate-
gory. The group discusses their lists and the panel
leader, in conjunction with the panelists, records and
organizes the terms provided by the individuals. The
organization is based on the underlying structure of
flavor categories. After a few sessions of this type of
activity, the panel is led to establish the list of terms
that describe the sensory attributes of the product
category that will be evaluated. This process in-
cludes using references to help all panelists under-
stand each term in the same way. The list of descrip-
tors should be comprehensive, but not overlapping.
Several sessions may be required to complete a bal-
lot (Mufioz and Civille 1992, Meilgaard and others
1999). Panel leaders can glean descriptor terms and
definitions from the literature to suggest references
to complete the ballot. The panel is frequently re-
minded that the truth is always in the sample(s). A
good source of descriptors is ASTM International’s
book and diskette titled Aroma and Flavor Lexicon
for Sensory Evaluation: Terms, Definitions, Refer-
ences and FExamples (Civille and Lyon 1996).

Panelists generally use a 0- to 15-point scale,
numbered in tenths, for rating intensity of most fla-
vor descriptors. However, panelists may indicate
higher intensities (greater than 15) for very strong
stimuli. Panelists may also use a line scale with an-
chors at each end indicating direction (Mufioz and
Civille 1992). Extensive use of intensity reference
points and specific reference samples are derived
from the collective data from several panels at sepa-
rate locations over several replicates (Meilgaard and
others 1999). Training is never over, since panelists
keep adding to their knowledge of the product and
evaluating their responses. An internal standard or
control that is available from a consistent supply of
product can be used as a reference for comparison to
experimental samples (Rutledge and Hudson 1990).
A variety of uni- and multivariate data analysis tech-
niques are used in the many applications of Spectrum
descriptive data.

Free-choice Profiling

Free-choice Profiling is a method developed by
Williams and Arnold (1984) in the United Kingdom

that allows untrained panelists to invent and use as
many terms as they need to describe the sensory
characteristics of the product. The use of the gener-
alized Procrustes analysis method makes it possible
to reduce the variation in terminology (Williams and
Langron 1984). The centroid of each assessor’s data
space is rotated, expanded, and shrunk until each as-
sessor is made to match as closely as possible to the
other assessors, but maintaining each assessor’s in-
tersample relationships. A consensus configuration
is obtained. These configurations (axes) are then re-
lated to external factors (Williams and Langron
1984). All of this depends on the individual asses-
sors’ ability to precisely and consistently use the
terms they generate. Inexperience and isolation from
other panelists results in inadequate vocabulary that
may be improved by allowing more time for vocab-
ulary development (Piggott and Watson 1992).
Rodriguez and others (2000) found that trained pan-
elists using Free-choice Profiling were more accu-
rate than untrained panelists. Guerrero and others
(1997) demonstrated that trained panelists were
more efficient in generating terms than semitrained
panelists. Gilbert and Heymann (1995) observed
that Free-choice Profiling allowed for quick genera-
tion of descriptive terms without the need for exten-
sive training; however, interpretation of results was
not as straightforward as descriptive analysis meth-
ods and was not recommended for use with un-
trained panelists. Heymann (1994) reported that
terms generated by sensory-savvy panelists were
more likely to discriminate among samples. In the
end, the experimenter/sensory analyst decides what
the terms for each parameter mean (Meilgaard and
others 1999). Therefore, this method has undergone
changes that cause it to approximate the other de-
scriptive methods (Stone and Sidel 2003).

All of these methods place emphasis on determin-
ing the full range of variation in the product during
generation of terms for describing flavor. The Flavor
Profile method and profile derivatives (e.g., the
Spectrum method) use a language that tends to be
more technical in nature (developed by a technically
trained group) and provide technical guidance to the
product developer. The QDA method takes the per-
spective that the panel should represent consumers
and the language should reflect consumer language
yet be descriptive (Mufioz and Bleibaum 2001). All
of these methods develop definitions for the gener-
ated terms except Free-choice Profiling. Flavor
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Profile and Spectrum incorporate extensive use of
flavor references for both the terms and intensities.
Having definitions for descriptive terms allows oth-
ers outside the panel to understand what is meant by
the terms.

CHEMICAL NATURE OF FLAVOR
CHARACTERISTICS

There has been much effort devoted to relating fla-
vor compounds to specific flavors. Basic tastes and
chemical feeling factors tend to be less complicated
to relate to compounds, but natural aromas can be
quite complex. To determine the influence of chemi-
cal compounds on flavor, the gas chromatograph has
been coupled with an olfactometry (GC-O) device
for sniffing the compounds after they are separated
from each other. There are three main uses: (1) to
determine the odor qualities of single compounds;
(2) to detect odor-active compounds in complex fla-
vor extracts; and (3) to quantify the odor contribu-
tion of individual compounds in flavor systems
(Dattatreya et al. 2002). Kim and others (2003) de-
vised a method for determining if the aroma of the
combined extracted volatiles resembled the aroma
of the original sample. The trapped volatiles were
injected (splitless mode) into a 0.5-m column at
200°C and evaluated at the sniffing port. If the efflu-
ent aroma resembled the original product’s aroma,
then the essence of the total aroma is being evalu-
ated. If it does not resemble the product’s aroma,
then one can conclude that key volatiles were lost
during the extraction process (Kim and others
2003). There are extraction issues and sensory is-
sues to keep in mind pertaining to GC-O methods.

Isolation and Extraction of Compounds

Numerous techniques are employed to extract aro-
matic compounds from the various sample matrices.
The extraction technique will influence the volatile
profiles. Common methods are solvent extraction,
static headspace sampling, solid-phase microextrac-
tion, simultaneous steam distillation/extraction, and
supercritical fluid extraction. A review by Peppard
(1999) describes the methods. Some of these methods
work better for GC-O than others. Solvent extraction
uses organic solvents such as methylene chloride,
various pentane/diethyl ether mixtures, or other sol-
vents to extract the flavor compounds from the food

or beverage sample. Water-soluble compounds may
be incompletely extracted. Flavor compounds are typ-
ically present in small amounts and require solvent
removal for detection. Concentration of the extract
prior to injection may result in loss of some volatiles.
Extraction of volatiles from solid particles can be
time consuming. Static headspace involves equilibrat-
ing the headspace above a sample in a sealed vial un-
der controlled conditions and sampling with a sy-
ringe. Headspace sampling is effective for highly
volatile flavor compounds. Compounds with low
volatility pose a problem and quantitation can be
complicated. Dynamic headspace sampling involves
passing an inert gas such as helium through or over a
sample, then trapping on a charcoal or a Tenax” trap.
Volatiles are eluted from the trap with a solvent or
desorbed with heat. This is an excellent qualitative
method of extracting flavor compounds having a wide
range of volatility from difficult-to-extract matrices,
but reliable quantitation is difficult due to incomplete
extraction. Solid-phase microextraction (SPME) uses
a short length of fused silica fiber coated with a thin
layer of absorptive material. Several types of coated
fiber are available with differing selectivities. SPME
can be used in static headspace or the fiber can be in-
serted into a liquid substance. This extraction method
and the subsequent gas chromatography can detect
flavor compounds at lower concentrations than tradi-
tional static headspace sampling. It is simple, rapid,
and requires no solvents. Selectivity depends on the
fiber coating. Reliable quantification requires appro-
priate and consistent care. Simultaneous steam distil-
lation/extraction (Likens-Nickerson) is a steam dis-
tillaton method with simultaneous extraction of
refluxing vapors by a refluxing solvent, such as meth-
ylene chloride. It is used with samples that are high in
fat or other solvent extractable material. This method
is time consuming and requires specific glassware.
Only steam distillable volatiles are extracted. High
and low volatile and polar compounds are poorly
trapped. Extracts tend to contain artifacts due to oxi-
dation, thermal breakdown, and hydrolysis. Super-
critical fluid extraction is a powerful method of ex-
tracting volatiles from dry, finely ground samples.
Liquid or wet samples can be used if the sample is
immobilized. Carbon dioxide (CO,) is pressurized
sufficiently to be in the supercritical state so that it has
the extracting capabilities of an organic solvent.
Adjusting the temperature and/or pressure can change
the selectivity by controlling the density of the CO,.
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Using adsorbents and CO, modifiers, such as
methanol, enhance selectivity and aid in capturing fla-
vor compounds (Peppard 1999). After preparation,
samples should be analyzed as soon as possible. Cold
on-column injection can avoid thermal induced de-
composition of some compounds. Certain thiols
dimerize in diethyl ether upon refrigerated storage.
Therefore, storage of concentrate should be in pen-
tane at —30°C under inert gas (Blank 1997).

Sensory Issues with GC-O

According to Sell (2000), a majority of the pub-
lished odor descriptions of compounds were done
on mixtures rather than on single compounds. These
mixtures include trace impurities, unresolved peaks
on chromatograms, the presence of isomers, etc.
Historical data need to be substantiated with recent
technologies in chiral capillary gas chromatography
coupled with olfactometry to confirm descriptions
of compounds (Sell 2000).

Threshold concentration varies among compounds,
sometimes as much as 11 orders of magnitude
(Weyerstahl 1994). Within a single compound, sub-
jects’ relative sensitivities to enantiomers (e.g., B-
ionone) diverge widely. For example, some panelists
were more sensitive to (+)— than to (—)-B-ionone
and vice versa. The threshold ratios can vary by four
orders of magnitude between the two enantiomers
(Weyerstahl 1994). These ranges differ from com-
pound to compound.

There are several factors affecting perception other
than concentration. Humidity can affect perception
and consequently should be controlled. Adaptation {or
fatigue) can affect perception. Cross adaptation can af-
fect perception of odor for succeeding compounds
{Sell 2000). Time between breaths that may be longer
than the compound elution can result in incomplete
experiences (Hanaoka and others 2001). Subjects that
breathe more rapidly detected odors more often than
subjects that breathe slower (Hanaoka and others
2001). The dilution at which the GC-O is carried out
affects the sensory detection of compounds, which
could be improved via running multiple concentra-
tions for each sample (Ferreira and others 2001).
Enantiomeric form can affect flavor. Carvone is a clas-
sic example, the (+) —5 carvone has a typical caraway
odor and the (—)—5 form has a spearmint odor. Other
compounds, such as camphor, have both enantiomeric
forms smelling alike (Ohloff 1986).

Intensity Rating Methods for GC-O

In 1957, Patton and Josephson proposed the idea of
odor activity value (OAV). This occurred soon after
the introduction of the gas chromatograph. The idea
was to relate concentration of a compound to its sen-
sory threshold. This early work demonstrated that the
most abundant volatiles may have little if any odor
significance in a food. These techniques have been in-
valuable for determining off odors in foods.
Unfortunately, the original ideology has resulted in
limited success in flavor duplication (Mistry and oth-
ers 1997). From this early work, four methods have
emerged, dilution analysis method Aroma Extract
Dilution Analysis (AEDA) (Ullrich and Grosch
1987), Charm Analysis (Acree and others 1984), the
detection frequency method (Linssen and others
1993), and Osme (McDaniel and others 1990).

The AEDA techniques utilize step-wise diluted
extracts of volatile compounds, which reveal the
most intense flavor compounds in the extract. This
results in D-values (lowest dilution at which a sub-
stance is still smelled) that are proportional to the
aroma values (Ullrich and Grosch 1987). In Charm
Analysis, the beginning and end of each odor are
recorded. It uses computerized data collection and a
sensory procedure based on odor-detection thresh-
olds rather than psychological estimations of stimu-
lus intensity. The dimensionless measure of odor in-
tensity is called charm (Acree and others 1984, van
Ruth and O’Conner 2001a). The charm response
chromatogram is essentially a plot of a function of
the dilution factor and number of responses at a
given dilution factor versus retention index (Acree
and others 1984). The detection frequency method
monitors nasal impact frequency. Six to eight asses-
sors sniff the headspace of a single dilution of a rep-
resentative sample. The time it takes the aroma to
come through the port is monitored. Nasal impact
frequency of 100% means the odorant was detected
by all the assessors. Peak intensities are not related
to aroma intensities, but to their detection frequen-
cies (Pollien and others 1997).

Osme is a quantitative bioassay method used to
measure the perceived odor intensity of a compound
eluting from a GC olfactometer. The subject rates the
intensity of a compound’s odor by using a time-inten-
sity device, providing an odor peak similar to a chro-
matogram. Verbal descriptions are given for each
peak recorded (Miranda-Lopez and others 1992).
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A comparison of three ideologies was done by
van Ruth and O’Conner (2001a, 2001b). They found
similar results with Osme (intensity) and nasal im-
pact frequency (detection frequency). The charm
(dilution) method correlated only slightly with the
other two methods. This may have been due to large
dilution steps used to cover the range of thresholds
for the mixture of compounds. They did find a large
variability between assessors’ thresholds. Charm
also required numerous GC runs. In the intensity
method (Osme), large quantities of volatile com-
pounds do not necessarily relate to high odor inten-
sities, as this property is due to a difference in
thresholds and differences in intensity/concentration
relationships. Detection frequencies are limited to
the concentration at which the maximum frequency
possible is attained and measured by the number of
assessors that perceive the aroma. Dilution methods
have a large variability due to differences in thresh-
olds (up to a factor of 200) and response criteria of
assessors. Van Ruth and O’Conner (2001a) recom-
mend using a number of assessors and not relying
on one or two judges to achieve reliable GC-O
analysis independent of the method used. Both as-
sessors’ qualities (e.g., alertness) and analytical con-
ditions clearly influenced the GC-QO data and, there-
fore, require optimization (van Ruth and O’Conner
2001b).

There are inherent problems that occur when pan-
elists try to evaluate aromas that result from a single
compound whether it be in a food system or from a
GC-0O run. In some work done on catfish samples
spiked with geosmin or 2-methylisoborneol, the au-
thor and colleagues (Bett and Johnsen 1996) found
that trained descriptive panelists could distinguish in-
tensity differences in concentration of 2-methyliso-
borneol within a sensory session, but could not deter-
mine intensity differences between sessions on
different days. Meanwhile, they were able to evalu-
ate flavor intensities made up of multiple com-
pounds, such as the chickeny flavor of catfish. These
authors, Bett, and Dionigi (1997) have also reported
that panelists had greater standard deviations when
evaluating the off flavor from one compound
(geosmin or 2-methyliosborneol) than they had
when evaluating flavors containing multiple com-
pounds, such as chickeny and nutty descriptors.
When the author worked with sensory panelists to
rate intensities of compounds coming through the
GC-0, the same phenomena was observed (unpub-

lished data). We concluded that measuring intensity
of a single compound is difficult. Detection thresh-
olds vary from day to day and among panelists.
Adaptation, fatigue, and enhancement or suppres-
sion by other factors affect repeatability. We have
determined that using GC-0 is most suited for two
purposes: (1) determining compounds with aroma
impact and (2) describing the aromas of individual
compounds eluting from the GC-O.

Relating the Compounds of GC-O
to Food Aroma

One purpose of GC-0 is to distinguish odor-active
compounds from those volatiles without odor im-
pact. GC-O allows one to determine the odor-
significant compounds so the scientist can focus on
these compounds and can work on their chemical
origin or olfactory differences. Correlating GC-O
responses to descriptive sensory responses has its
limitations. Threshold concentration does not neces-
sarily correlate with aroma intensity. Thresholds can
vary with experimental conditions, and the intensity
function changes due to concentration differences
among volatile compounds. Ideally, intensity ratings
of GC-0O compounds would correlate better with de-
scriptive aroma (Blank 1997). Kamath and others
(2001) compared descriptive analysis of essential oils
with GC-O evaluations and found that many descrip-
tors developed in descriptive analysis did not overlap
with GC-O descriptors. Generally, only three or four
descriptors {(out of six to seven descriptive analysis
descriptors) were used by both the descriptor panel
and the GC-O panel. Meanwhile more descriptors
were generated by the GC-O panel than the descrip-
tive analysis panel (Kamath and others 2001). Van
Ruth and Roozen (1994) found 10 similar descriptors
between GC-O and sensory analysis in rehydrated
bell peppers. Meanwhile, there were still 10 GC-O
descriptions that did not relate to sensory analysis de-
scriptors (van Ruth and Roozen (1994). Le Fur and
others (2003) developed nine aroma categories for
French Chardonnay wines. Descriptive panelists and
GC-0 panelists described aromas for six wines, and
all the terms were placed in the nine categories.
Correspondence Analysis was used to plot the two
sets of data (six samples and nine descriptors).
Generalized Procrustes Analysis was used for com-
parison of the two spatial configurations (six wines
and nine descriptor classes). They identified major
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aroma compounds but could not account for the dis-
tinctive sensory profiles of the wines. The deficiency
occurred when the descriptive panel observed a
spicy character in each wine that was not character-
ized in the GC-O analysis. Compounds eluted that
had an herbaceous character in the GC-O analysis
but no herbaceous character was described by the
descriptive analysis panel. Therefore, a relationship
between herbaceous smelling compounds and the
flavor descriptors could not be determined (Le Fur
and others 2003).

GC-0O has advanced the understanding of com-
pounds that contribute to flavor, but it has not yet
made it possible to determine the chemical make-up
of common food flavors. Some off-flavors, consist-
ing of few compounds have had their chemical com-
position identified, but deciphering flavors such as
peanutty flavor has not been successful.

In the last half of the twentieth century, many
strides were made in understanding flavor character-
ization. The developments in descriptive sensory
methods and advances in the GC-O methods have
advanced the understanding of flavor and aroma.
Descriptive sensory analysis has made it possible to
characterize the many flavor attributes in a product
or product line. Flavor intensity rating methods have
made it possible to compare flavor differences due
to various treatments, ingredients, and processes.
GC-0O has made it possible to determine aroma ac-
tive compounds eluting from the column. It has
helped with identification of compounds that make
up some flavors, but has shown more success in the
identification of off-flavor compounds than in deter-
mining compounds responsible for desirable flavors.
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INTRODUCTION

Because of the complexity of food matrices and the
low concentration of flavor compounds within them,
to characterize the flavor of a particular food, one has
to first isolate and/or concentrate flavor compounds.
Methods for isolation of flavor compounds include ex-
traction with a solvent, distillation, headspace collec-
tion, etc. (Da Costa and Fri 2004). When using these
methods, it is important to keep in mind that instru-
mental analysis will provide a true picture about flavor
profile of a food only if the flavor of the isolate/con-
centrate resembles that of the starting material.

After a flavor has been isolated and concentrated,
it is ready for chemical characterization. Several

techniques can be employed to determine the chem-
ical composition of flavor isolates. They include
mass spectrometry (MS), infrared spectroscopy
(IR), and nuclear magnetic resonance spectroscopy
(NMR). These principles can be used to identify the
structure of most pure organic molecules. However,
in flavor work, we are invariably dealing with chem-
ical mixtures. For that reason, MS and IR have been
coupled with separatory techniques, namely gas
chromatography (GC) and liquid chromatography
(LC), to form a powerful tool in dissecting and char-
acterizing these mixtures. This chapter will outline
the main techniques available to the analyst for char-
acterizing flavor chemicals.

GAS CHROMATOGRAPHY
PRINCIPLE

The flavor of a food can contain from several hun-
dred to over 1,000 chemicals. To obtain structural
information about each flavor chemical in a mixture,
they need to be separated. Gas chromatography has
been successfully used for separation of volatile fla-
vor compounds for decades. In this technique, flavor
chemicals are introduced into a gas chromatograph
through the injection port and carried by a carrier
gas such as hydrogen, helium, or nitrogen through
the analytical column to the detector. The GC col-
umn contains a polymeric stationary phase that ab-
sorbs and subsequently releases flavor compounds.
The carrier gas is inert so it is not absorbed by the
column, and it does not react with the flavor
volatiles. Compounds entering a gas chromatograph
get separated due to differences in partitioning be-
havior between the mobile phase (carrier gas) and
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stationary phase. Depending on the concentration
and thermal stability of the sample, different types
of GC introduction systems can be used (e.g.,
split/splitless injector, on-column injection system,
programmed temperature injector). Injection vol-
umes usually range from 0.1 to 5 microliters (wL),
depending on the concentration of the flavor sample.
Due to different affinities of flavor compounds for
the column’s stationary phase, some compounds are
retained longer than others. When compounds get
released from the column, they are carried by the
carrier gas toward the detector. Once they reach the
detector, a signal is generated and their presence is
recorded in a form of a “peak” whose area is propor-
tional to the amount of the compound in the sample.
The data are represented as a chromatogram, which
is an x, y plot where the x-axis represents retention
time (minutes) and the y-axis represents intensity of
the signal (Figure 10.1). The detection of a com-
pound can be based on several different principles;
hence, there are several types of detectors.

DETECTORS

Due to its universality and low limit of detection
{(minimum detection level 5 picograms [pg] of
Carbon/second [C/s]), the most common detector

Part III: Flavors

used for flavor analysis is the Flame lonization
Detector (FID). As its name says, this detector re-
sponds to molecules that ionize in an air-hydrogen
flame. The sensitivity of detection by FID is depen-
dent on the number of carbon atoms—the more car-
bon atoms in the molecule of the compound, the bet-
ter its detection. To compensate for the difference in
detection, response factors that take into account
carbon atoms and molecular weight of the molecule
can be used. The disadvantage of FID is that com-
pounds that contain large numbers of sulfur, nitro-
gen, or oxygen atoms can be undetected. This is es-
pecially important in the case of sulfur- and
nitrogen-containing compounds that are among the
most powerful flavor chemicals and are often pre-
sent in trace amounts in foods. Fortunately, there are
several selective detectors that can be employed for
detection of sulfur and nitrogen compounds. Since
these detectors can be tuned so that they respond
only to sulfur or nitrogen atoms, they can also pro-
vide valuable information toward identification of
compounds in a mixture (Westmoreland and Rhodes
1989, Mussinan 1993).

Most commonly used for sulfur compound detec-
tion (such as thiophenes, mercaptans, thiols, thioesters)
are the Flame Photometric Detector (FPD) (detection
limit 20 pg of sulfur[S]/second, and 0.9 pg of phospho-
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rus [Pl/second), Sulfur Chemiluminescence Detector
(SCD), and Atomic Emission Detector (AED) (detec-
tion limit 0.1 pg to 1 nanogram [ng]). The most com-
mon detectors employed for nitrogen compounds
(such as pyrazines, pyridines, pyrroles, amides,
amines) are Nitrogen-Phosphorus Detector (NPD) (de-
tection limit 0.4 pg of nitrogen [N]/second, and 0.2 pg
of P/second), and AED. Since an AED can be tuned for
any element, it can also be used for selectively detect-
ing compounds that contain oxygen (alcohols, aldehy-
des, etc.) (Mussinan 1993). Figures 10.1 and 10.2 show
chromatograms of fried shrimp steam distillate ob-
tained by GC-FID and GC-AED, respectively.

GAS CHROMATOGRAPHY-OLFACTOMETRY

Soon after the invention of gas chromatography, fla-
vor chemists started “sniffing” the effluents coming
out from a GC column. This technique, called gas
chromatography-olfactometry (GC-Q), is still a very
valuable tool in the identification of flavor mole-
cules. In a standard setup, a gas chromatograph is
fitted with an FID and an odor port. The end of the
GC column is attached to a “splitter” or Y-connector,
which splits the effluent between the FID and odor
port. The odor port is also connected to a small wa-

ter reservoir to humidify the effluent and prevent
drying out of nasal passages. In the past, the sample
was passed through a thermal conductivity detector
(TCD), which was nondestructive and allowed
100% of the effluent to pass through to the odor
port. However, this detector was not as sensitive as
the destructive FID.

An experienced flavorist sits by the GC and sniffs
the carrier gas as it flows from the column. The odor
of each component is recorded and makes the basis
for creating an “aromagram.” At the same time, the
FID records a regular chromatogram that can be
compared with the “aromagram” to identify areas
that contain odor-active compounds. If the results of
a GC-0O analysis are used in conjunction with GC-
MS analysis, the analyst can focus further on identi-
fying the chemicals that are odor-active. The GC-O
technique has also been used to identify odor thresh-
olds of flavor compounds by analyzing a series of
dilutions (Drawert and Christoph 1984, Leland and
others 2001, van Ruth 2001).

RETENTION TIMES

So far, we have shown that gas chromatography can
be used for the separation and detection of volatile
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compounds. However, gas chromatography can also
provide valuable information toward the identifica-
tion of flavor compounds. Upon introduction to a
GC, volatiles spend a finite period of time on the GC
column before being detected. If the conditions un-
der which the GC is operated remain constant, the
retention time of a compound will remain constant
as well. The retention time can therefore be used to-
ward identification of a compound. If a standard of
the suspected compound is available, it can be ana-
lyzed under the same conditions and should elute at
the same time as the unknown. Due to the differ-
ences between individual GC instruments and also
the length of a GC column (if a GC column gets
moved from instrument to instrument, it may be cut
a little bit each time), this retention time can be
slightly different even if the GC conditions are the
same. To overcome that, relative retention times (re—
tention indices) that relate the retention time of a
compound to that of a standard compound or a se-
ries of standard compounds have been employed.
Most commonly used for that purpose is an n-paraf-
fin standard mixture, which is used for calculation of
Kovats indices (Kovats 1958), and McReynolds con-
stants (McReynolds 1966, Jennings and Shibamoto
1980). Another example of the standard mixture is an
ethyl esters mixture (Mussinan 1993).

As mentioned before, a GC column retains volatiles
based on their affinity for the column'’s polymeric sta-
tionary phase. Stationary phases can have different
functionalities. Most commonly used for flavor work
are methylsilicone based, nonpolar phases such as
OV-1, and polyethylene glycol based, polar phases
such as Carbowax. The basis for separation on these
two phases is quite different. While a nonpolar phase
separates volatiles based primarily on their boiling
point (the highest boiling compounds elute last),
volatiles are separated on polar columns primarily ac-
cording to their polarity (the most polar compounds
elute last). To make use of these two different separa-
tion principles, it is standard practice to analyze flavor
samples on both columns. That way, co-elutions on a
nonpolar phase can be resolved on a polar phase and
vice versa. For example, polar compounds such as
acids do not elute well on nonpolar columns; they tend
to broaden and cover the surrounding peaks. On polar
columns, acids form nice, sharp peaks. Moreover, the
peaks that were in the vicinity of the acid in question
on a nonpolar column most probably elute in a com-
pletely different place on a polar column. The number

of detected compounds is often much higher when
two analyses are combined as compared to the analy-
sis obtained by using only one phase.

With a few exceptions, the standard retention in-
dex of a particular compound is rarely the same for
polar and nonpolar columns. For identification pur-
poses, both values are used. To unambiguously iden-
tify an unknown compound, in addition to mass
spectrometric identification, both retention indices
have to match that of a standard. The retention in-
dices can be very helpful in cases where two differ-
ent compounds have very similar mass spectra or in
the case of cis and trans isomers. The retention in-
dex then provides crucial evidence for confirmation
of the identity of an unknown.

Another example of using GC for identification
purposes would be if we already suspect the identity
of the compound in a sample. In this case, we can
“spike” the sample with the standard of that com-
pound and reanalyze it. If the peak area of the un-
known becomes larger on polar and nonpolar
columns, there is a pretty good chance that the com-
pound in question is indeed the one we suspected.

CHIRAL SEPARATIONS

Chiral compounds are compounds whose molecules
contain one or more chiral carbon atoms (i.e., a car-
bon atom connected to four different substituents).
For each chiral carbon atom present, chiral com-
pounds have two forms (enantiomers), which differ in
the direction in which they rotate plane-polarized
light and are nonsuperimposable mirror images of
each other.

The importance of chiral compounds in flavor
work lies in the fact that enantiomeric pairs can have
different organoleptic properties. The best example
is carvone, where d-carvone smells like caraway and
l-carvone smells like spearmint. It is also possible
that enantiomers have the same odor description but
different strengths (Pickenhagen 1989).

The ability to resolve enantiomers of a particular
chemical can be very helpful in proving authenticity.
Most natural materials contain mostly one enan-
tiomer of the chiral compound while synthetic
chemicals generally contain a racemic mixture com-
prising of equal amounts of d- and l-isomers.

Two enantiomers of the same compound elute at
the same time on a normal GC capillary column. To
resolve them, a special chiral column is needed. It is
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also possible to make diastereoisomeric derivatives
that can be analyzed by achiral columns (Konig
1984, Allenmark 1988). Other nonchromatographic
methods that can be used for resolving enantiomers
are optical rotation measurements, differential scan-
ning calorimetry, isotope dilution, and NMR spec-
troscopy (Mussinan 1993).

MULTIDIMENSIONAL GAS CHROMATOGRAPHY

If the mixture contains many components that are
hard to separate, or many trace components, an ana-
lyst may use a technique called multidimensional
gas chromatography (MDGC) or GC-GC (Schomburg
and others 1984, Cronin and Caplan 1987). In this
technique, the GC contains two columns, which
usually differ in polarity. Selected fractions from the
first column are directed onto the second column (a
technique called “heartcutting”), which can provide
better resolution of the compounds within that frac-
tion. Also, if multiple injections are performed, trace
components can be significantly enriched on a sec-
ond column and thus the possibility for their identi-
fication by MS increased.

A new version of the multidimensional gas chro-
matography, called comprehensive two-dimensional
gas chromatography (GCxGC), has recently been
developed. With this technique, instead of transfer-
ring only specific fractions of the chromatogram
from the first to the second column, the entire efflu-
ent from the first column is reanalyzed by the sec-
ond, short GC column (second “dimension” is fast
GC). The interface between the two columns is a
modulator that increases the amplitude of the signal
that goes from the first column into the second one.
The modulator traps and releases signal in portions.
Each fraction is analyzed on the second column sep-
arately. By this approach, peak capacity becomes
significantly increased and a better picture of com-
plex mixtures can be obtained (Dimandja 2003,
Dimandja and others 2003).

PREPARATIVE GAS CHROMATOGRAPHY

In addition to MS and IR, it is often the case that
NMR analysis is needed to confirm the structure of
the compound. For NMR analysis, the compound
needs to be as pure as possible. Unfortunately, the
amount needed for the analysis is usually many
times more than the amount present in an extract.

If an unknown component is found at a significant
concentration within an extract, and it is well sepa-
rated from neighboring compounds, it may be possi-
ble to use preparatory gas chromatography to isolate
enough of a pure component to perform a proton
NMR. The preparatory process involves injecting
large amounts of a sample into a GC column and col-
lecting the fraction of interest from multiple runs. In
a typical setup, the column effluent is split in such a
way that one part goes to the FID and the other part
can be collected for further analysis. The analyst can
monitor the GC display indicating the peak elutions
and attach a glass capillary tube (with some sort of
cooling involved) to the column outlet at the point at
which the unknown elutes. After the unknown stops
eluting, the tube is removed from the outlet.
Repeating this exercise several times in the same
glass tube would usually yield enough sample to
rinse with deuterated solvent into an NMR tube and
hence determine the structure. This manual process
has been made easier by automated preparatory-GC
instruments, which can collect the same fraction
from many runs with great reproducibility. For other
aspects of gas chromatography not described in this
section, the reader is encouraged to choose among
many books and papers describing GC methods and
applications (Grob 1985, Mosandl 1992).

GAS CHROMATOGRAPHY-MASS
SPECTROMETRY

PRINCIPLE

In gas chromatography-mass spectrometry (GC-
MS), compounds are separated on a GC column and
subsequently introduced into a mass spectrometer. A
mass spectrometer consists of three parts: an ion
source, a mass analyzer, and an ion detector. Upon
introduction to the mass spectrometer, molecules
enter an ion source. There, due to the input of en-
ergy, the molecules are fragmented into ions. Each
ion has a mass and a charge and therefore its charac-
teristic mass-to-charge ratio (m/z). Based on their
mass-to-charge ratios, generated ionic fragments are
separated by the mass analyzer and focused toward
the ion detector. Several types of mass analyzers
available nowadays (i.e., quadrupole, time of flight,
ion trap, double focusing magnetic/electrostatic
field analyzers) differ in the way they separate the
ions (i.e., by radio frequency, by magnetic field, etc.)
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and subsequently in their sensitivity and resolution.
Once ions reach the detector, a signal that provides a
measure of the abundance of the fragments (ions) is
produced. At the end of a mass spectrometry run, a
Total Ion Chromatogram (TIC), which looks like a
gas chromatogram, is generated. Each peak in the
TIC, however, contains not only information about
the abundance of the compound eluting at a certain
time, but its fragmentation fingerprint (mass spec-
trum) as well. A mass spectrum is a representation
of the ions observed by the mass spectrometer. The
spectrum is normalized so that the most abundant
fragment has 100% intensity. It could be in the form
of a written report or a graphic representation (a bar
graph where x-axis is the mass-to-charge ratio and
the y-axis is the intensity scale). Figure 10.3 shows a
graphic representation of a mass spectrum of the
monoterpene, carvone.

Due to the fact that organic compounds have a
characteristic fragmentation pattern by which they
can be recognized, mass spectrometry can be used
for identification purposes. Libraries containing
mass spectra of organic compounds are commer-
cially available. Most of the flavor volatiles can be
identified by comparing individual spectra with
those in a reference spectrum library. If a compound
has cis and trans isomers, a retention index will
come in handy. If, however, the mass spectrum of
the unknown cannot be found in the library, its
structure has to be deduced using knowledge about
the rules that govern fragmentation (MclLafferty and
Turecek 1993, Kitson and others 1996, Lee 1998).

ELECTRON IoNIZATION (EI)

There are two ionization techniques used in mass
spectrometry, namely electron ionization and chem-
ical ionization. The most common ionization tech-
nique is electron ionization. In this ionization mode,
molecules in an ion source are bombarded by a
stream of electrons having energy of 70 electron
volts (V). Due to such high-energy input, this tech-
nique produces many fragments and therefore, each
compound has a very detailed “fingerprint” that is
used for identification purposes (commercially
available libraries are EI spectra libraries).

However, with the use of EI, some compounds
may undergo extensive fragmentation and may lack
their molecular ion in the spectrum. This is often the
case with long chain aliphatic compounds. When an
EI-MS spectrum cannot provide information about
molecular weight, a different, softer ionization tech-
nique called chemical ionization (CI) can be em-
ployed.

CHEMICAL IONIZATION

In chemical ionization (CI), instead of high-energy
electrons, the sample is bombarded with ions of a
reagent gas such as ammonia, methane, or isobutene,
which are initially ionized by high-energy electrons.
During the collision, reagent gas molecules can trans-
fer a proton to the molecule or take a proton from
them (depending on the molecule and the reagent
gas), hence positive ion and negative ion chemical
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ionization. In positive ion CI, the molecular frag-
ment produced is a protonized molecular ion having
molecular weight increased by 1 (M+1). The frag-
mentation of the molecules in CI is significantly re-
duced when compared to that occurring when EI is
used. Therefore, Cl spectra can provide useful infor-
mation about the molecular weight of the compound
but much less about its structure. Note that methane
is a more energetic molecule than isobutane and
when used in CI tends to cause more fragmentation
than isobutane, but less than in El.

Figures 10.4, 10.5, and 10.6 show the mass spec-
tra of lavandulyl acetate as obtained by El and by CI
using ammonia and isobutane as reagent gases, re-
spectively. For more information about the use of
mass spectrometry in flavor characterization and
specific applications, please refer to the many excel-
lent books and papers published on this subject
(Cronin and Caplan 1987, Gilbert 1987, Herderich
1999).

TANDEM MASS SPECTROMETRY

In tandem mass spectrometry (MS-MS), two or
more mass analyzers are coupled together. The first
mass analyzer separates the ions produced in the ion
source of mass spectrometer and provides a mass
spectrum of the mixture. After selecting one ion of

interest, the first mass analyzer is set to pass only
that ion. The selected ion (parent ion) travels to the
collision chamber where it undergoes collisionally
activated dissociation (CAD) and produces “daugh-
ter ions.” Daughter ions get separated by a second
mass analyzer and subsequently recorded. The
daughter ions spectrum can be used to identify the
compounds by comparison to reference spectra. An
advantage of this technique is that it can be used for
the analysis of mixtures without prior separation of
flavor compounds, since fragment ions derived from
a parent ion can be recorded without interference
from other ions in the primary spectrum. In addition
to structural elucidation, this technique is very use-
ful when looking for a specific compound in the
mixture (for example in stability studies). Moreover,
MS-MS could be helpful for the functional group
analysis by looking at the losses of specific neutral
molecules from the parent ion (Startin 1987).

HIGH PERFORMANCE LIQUID
CHROMATOGRAPHY AND
LIQUID CHROMATOGRAPHY-
MASS SPECTROMETRY

So far, we have described instrumental methods
used for characterization of volatile compounds.
However, nonvolatile compounds such as sugars,
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Ammonia CI Spectra
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proteins, and fats play an important role in the per-
ception of food flavor. The identification techniques
used for characterization of nonvolatile compounds
include the ones described for volatiles (MS, IR,
NMR). The difference is in the technique used to
separate nonvolatiles before their detection. For that
purpose, the technique of choice is generally high
performance liquid chromatography (HPLC). As in
gas chromatography, a sample is introduced onto a
column and carried toward the detector, except in

HPLC it is carried by a liquid phase (solvent or mix-
ture of solvents) rather than a gas phase. The detec-
tors used for HPLC are generally nondestructive
(such as ultraviolet-visible [UV-VIS] detector) in
which case fractions of the sample can be collected
after detection and used for sensory evaluation and
spectroscopic identification. By using standard dilu-
tions of known compounds, it is possible to deter-
mine the concentration of these compounds in food.
If, however, we need the identification of an un-
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known compound, mass spectrometry coupled with
HPLC (known as LC-MS) would be the method of
choice (Games 1987).

In addition to the determination of nonvolatiles,
HPLC and LC-MS are often used for identification
and quantitation of very polar or semivolatile com-
pounds (such as vanillin, maltol, furaneol). These
compounds do not extract well into a nonpolar sol-
vent during sample preparation for GC analysis.
Also, they are usually under detected by a flame ion-
ization detector or in the case of vanillin can subli-
mate in the column reappearing in subsequent runs.

Due to the high temperatures used for volatiliza-
tion in GC injector port, thermally labile compounds
could break down. For characterization of these
compounds, in addition to the on-column injection,
HPLC and LC-MS may be the methods of choice
(Hartman and others 1989).

INFRARED SPECTROSCOPY AND
GAS CHROMATOGRAPHY-
INFRARED SPECTROSCOPY

Infrared spectroscopy has been a valuable technique
to the analytical chemist for many decades. In this
technique, IR radiation is passed through a sample
so that when the frequency of the radiation delivered
and absorbed corresponds to that of a vibrational
mode of a molecule, an IR band in the spectrum is
produced. The spectrum usually consists of a plot of
wavelength versus transmittance or absorbance.
Commercial libraries are available for matching

against (Sadtler Standard Spectra). The develop-
ment of Fourier Transform Infrared (FTIR) has led
to faster and better quality spectra. FTIR refers to a
fairly recent development in the manner in which
the data are collected and converted from an inter-
ference pattern to a spectrum.

Infrared spectroscopy gives important informa-
tion about the functional groups attached to any
given molecule. It is able to determine the presence
of alcohols, amines, carbonyl compounds, etc., as
well as differentiate between aldehydes and ketones
and cis and trans isomers, which is not always pos-
sible by mass spectrometry. Figure 10.7 shows an
FTIR spectrum of the monoterpene, carvone.

To get a clean interpretable spectrum, a pure sub-
stance is usually required. Mixtures are difficult if
not impossible to interpret. The sample may be run
on a spectrophotometer in several ways. Tradition-
ally, potassium bromide (KBr) plates were used for
running liquid samples. This material had few if any
interfering bands in the infrared region. A drop ap-
plied between two plates produced a perfect spec-
trum. Solids were similarly handled by forming a
thin paste or “mull” using nujol, organic oil. How-
ever, this gave interfering bands in the IR spectrum.
A more convenient technique for solids is a KBr
disc. A small amount of sample is ground into a fine
powder with crystalline KBr and poured into a small
die within a press. Physical pressure is applied and
reduced gas pressure removes any low boiling va-
pors and moisture. Practice is required to produce a
fine translucent disk, which gives a clean spectrum.
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Figure 10.7. FTIR spectrum of 1-carvone.
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More recently, IR has been combined with GC
and even MS to give a more powerful technique for
analysis of mixtures. In these techniques, all spectra
obtained are vapor-phase spectra. They still give im-
portant molecular data, but tend to be less detailed
than liquid or solid spectra. When compared to mass
spectroscopy, a much higher concentration of sam-
ple is required to give detailed spectra. However, the
technique is nondestructive thus enabling recovery

]

CH

Lo [H O

-
487 | H L

w

of the sample for further use (Idstein and Schreier

1985).

NUCLEAR MAGNETIC
RESONANCE SPECTROSCOPY

NMR is a technique that makes use of the fact that
nuclei of a material placed in a strong magnetic field
absorb radio waves supplied by a transmitter at par-
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ticular frequencies. The energy of the radio-fre-
quency photons is used to promote the nucleus from
a low-energy state, in which the nuclear spin is
aligned parallel to the strong magnetic field, to a
higher-energy state in which the spin is opposed to
the field. When the source of the radio waves is
turned off, many nuclei will revert to the lower en-
ergy state by emitting photons at characteristic reso-
nance frequencies, thus providing information about
the sample structure.

NMR, like X-ray crystallography, can determine
the absolute structure of an unknown molecule. In
its main mode of operation, it yields information
about the position of the hydrogen 'H and carbon
13C atoms in a molecule (Kubeczka and Formacek
1984). NMR is generally used to identify pure un-
knowns since, unlike IR and MS, there are no cur-
rent commercial instruments available that link

NMR with GC. The time required to obtain sensitive
and detailed NMR spectra is too long for normal GC
techniques. However, NMR has been successfully
coupled with liquid chromatography. Fourier trans-
form application to data acquisition has greatly en-
hanced this technique.

Like IR, NMR is also a nondestructive technique
enabling the sample to be used for further tests.
Solvent is required for each sample and that can
cause interfering bands and peaks. Solvents most of-
ten used are deuterated chloroform, methylene chlo-
ride and dimethyl sulfoxide. In practice about 20 pg
of sample is required for proton NMR and 300 pg
for carbon NMR. Figures 10.8 and 10.9 show proton
and carbon spectra of carvone in deuterated chloro-
form (CDCly), respectively. Figure 10.10 shows the
135° Distortionless Enhancement by Polarization
Transfer (DEPT) spectrum of carvone. DEPT is a



122

Part III: Flavors

E 2 e % =2
I | | 1 | ) | | ] ) I | I
220 200 180 160 140 120 100 80 60 40 20 ppm

Figure 10.10. DEPT spectrum of carvone.

Fourier transform data processed spectrum technique
that shows all methyl (CH3) and methine (CH) protons
above the baseline, all methylenes (CH,) below the
baseline and quaternary carbons disappear altogether.
Thus, it provides valuable information about molecu-
lar structure. Figure 10.11 shows a 2-D proton COSY
(Correlation Spectroscopy) spectrum of carvone. A 2-
D proton and carbon correlation spectrum, which
shows which protons are directly linked with which
carbons in a molecule, is also obtainable.

Carbon-13 and deuterium are the most common
nuclei from which NMR spectra are generated. How-

ever, by using a multinuclear probe, it is also possible
to generate similar spectra for compounds containing
BN, 170, °F and *'P (Brown and others 1988).

A recent development in NMR techniques is Site
Specific Natural Isotope Fractionation (SNIF-
NMR). This technique has been used to determine
the authenticity of foods and natural materials such
as wines, fruit juices, and vanilla extracts. It is de-
pendent upon the natural abundance and distribution
of deuterium atoms within a molecule. The distribu-
tion of deuterium atoms has been found to differ de-
pending upon the source of the molecule. Therefore,
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an isotopic fingerprint can give information about
origin of the sample. A drawback is the relatively
large amount of sample required for the analysis.
The technique is described in greater detail by
Martin and Martin (1999a, 1999b).
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INTRODUCTION

Food flavoring substances are a unique class of food
ingredients being an essential element in practically
all foodstuffs whether prepared fresh or processed
for sale in the marketplace. Whether we accept or re-
ject food depends mainly on its flavor, which plays a
very important role in the palpability of food and is

one of the key parameters determining the overall
quality of a food product. Flavor is defined as the
combined perception of mouthfeel (texture), taste,
and aroma (odor) (Ney 1988). It is a multidimen-
sional attribute, which needs to be studied from var-
ious aspects including (a) analytical, synthetic, and
organic chemistry of flavor compounds, (b) bio-
chemistry of flavor formation, and (c) biology of fla-
vor perception. Schrankel and others (2002) defined
flavor as the sum total of the sensory responses of
taste and aroma combined with the general tactile
and temperature responses to substances placed in
the mouth, and further stated that flavor can also
mean any individual substance or combination of
substances used for the principal purpose of eliciting
these responses. The perception by the human sen-
sory system and the measurement of this phenome-
non are of interest not only to food scientists but also
to manufacturers since it drives the consumer’s pref-
erence for a product. Creation of a flavor that smells
and tastes close to nature has been an ongoing chal-
lenge for decades. Flavorists strive to imitate nature
in creating flavors that mimic the fresh, juicy, green,
and ripe aroma and taste of the original food, spice,
or herb. In the past, creation of “natural-like” flavors
was not possible because of various technical chal-
lenges. These included the lack of sophisticated ana-
Iytical instruments and techniques that could iden-
tify the true drivers needed to help flavorists
re-create nature. The dilemma flavorists often faced
was that their noses could identify aromas but the in-
strumentation was not capable of identifying those
chemicals accurately. This prevented flavorists from
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128 Part III: Flavors

identifying those key ingredients and synthesizing
the molecules that occur in nature.

Flavor compounds, substances stimulating taste
and smell, are extremely important for food, animal
feed, cosmetics, and pharmaceutical industries. The
global food market is considerable and amounts to
approximately 25% of the total food-additive mar-
ket. Throughout history, men have sought to make
their food more appetizing, first by using spices and
herbs, and then by the spirits of fruits and aromatic
plants or by essential oils. Supply of these com-
modities was obviously limited in terms of both
availability and quality, especially as the size of
markets increased in the nineteenth century with the
growth of modern consumerism. Then, as a result of
advances in chemical analysis and synthetic organic
chemistry, came an increasing number of nature-
identical and synthetic flavor chemicals, which al-
lowed improved fidelity to the original materials and
greater flavor intensity, stability, and reproducibility.
Around 1985, a range of natural flavors chemically
produced by enzymatic, microbial, or mild chemical
processes became available so that good quality fla-
vor formulations can be made whose compositions
closely resemble the analysis of natural extracts of
the fruit. A big advantage of this approach is that a
range of new raw materials can be utilized that may
be cheaper and more available than the traditional
raw materials used to manufacture flavors. A main
challenge in this approach remains the development
of high-yielding and cost-effective processes. More
recently, chemically synthesized flavors have made
their appearance. Synthetic flavor substances are
compounds that have not yet been identified in
plant or animal products for human consumption.
Alcohols, aldehydes, ketones, esters, and lactones
are classes of compounds that are represented most
frequently in natural and artificial fragrances. The
need for synthetically prepared flavor compounds
arises from the fact that during the storage of food-
stuffs a certain loss of flavor is inevitable. These
losses can be compensated for by adding syntheti-
cally produced flavor compounds. Besides this, syn-
thetic flavor compounds have the great advantage of
being available in the required quantity and quality
irrespective of crop variation and season. A constant
quality permits standardization of the flavorings.
Synthetically produced compounds make it possible
to vary the proportions of single components and
thereby create new flavor notes.

The International Organization of the Flavor
Industry (IOFI 2003) founded in 1969, in Brussels,
Belgium, represents the global flavor industry and
provides the industry, its customers, government
agencies, and consumers with sound scientific infor-
mation, education, and training to promote the bene-
fits and safe use of flavors. The Global Scientific
Manage-ment Committee (GSMC) of IOFI is re-
sponsible for the science program. One of its main
objectives is in the area of science in which it main-
tains and supports a consistent global approach,
based on sound science, for the safety assessment of
flavoring ingredients. IOFT collects confidential in-
formation on a worldwide basis on the identity and
use levels of flavoring substances and collects data
on safety studies that are provided to scientific bod-
ies such as the Joint FAO/WHO Expert Committee
on Food Additives (JECFA) for use in evaluating the
safety of flavorings.

SYNTHETIC FLAVOR
COMPOUNDS

Synthetic flavor compounds (i.e., nature identical
products) cover the whole range of organic sub-
stances but no obvious relationship has been estab-
lished between structure and flavor properties. Some
components of similar structure have broadly simi-
lar odors but there are many exceptions. One of the
many possible ways to describe flavor substances or
ingredients used in the process of flavor composition
is to classify them in groups with parent flavor char-
acteristics. Many key flavor notes are associated
with a high-impact aroma chemical as shown in the
flavor wheel (Figure 11.1). The same component
that belongs to a typical group may be used in quite
different flavors. This flavor wheel is not always rep-
resentative since every flavorist has his own subjec-
tive perception of flavor notes.

There are approximately 2,500 chemically de-
fined flavoring substances in use either in Europe or
the U.S. Of these substances, approximately 1,500
have been evaluated by the Flavor and Extract
Manufacturers Association (FEMA) Expert Panel
and are legally recognized by the U.S. Food and
Drug Administration (FDA) to be Generally
Recognized As Safe (GRAS) substances, meaning
that they are considered safe for their intended use.
The majority of flavoring substances have simple,
well-characterized structures with a single func-
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tional group and low molecular weight (<300
grams per mole [g/mol]). More than 700 of the
1,323 chemically defined flavoring substances used
in food in the U.S. are simple aliphatic acyclic and
alicyclic alcohols, aldehydes, ketones, carboxylic
acids, and related esters, lactones, ketals, and ac-
etals. Other structural categories include aromatic
(e.g., cinnamaldehydes and anthranilates), het-
eroaromatic (e.g., pyrazines and pyrroles), and hete-
rocyclic (e.g., furanones and alicyclic sulfides) sub-
stances with characteristic organoleptic properties.
Incremental changes in carbon chain length and the
position of a functional group or hydrocarbon chain
typically describe the structural variation within
groups of related flavoring substances. Within struc-
tural groups of flavoring substances, many sub-
stances have considerable toxicology data; repeat
dose studies exist for many substances or their meta-
bolic products, and several representative members
of structural groups have chronic toxicity studies. At
the 46th and 49th meetings of JECFA, the
Committee (JECFA 1997, 1998) was able to use in-
formation on metabolism, toxicity, and intake of in-
dividual substances within a group to evaluate 263
flavoring substances.

The flavor wheel is a pictorial illustration of some
basic flavor relations. At the center is the flavor ma-
irix, which represents the body of the flavor to be cre-
ated. It contains all the ingredients needed to support,
dilute, enhance, and protect the single flavor compo-
nents, which cannot be applied in a pure state. The
flavor has sweet and fruity notes as well as savory and
alliaceous notes. The range of chemical functionali-
ties is also wide, with sulphur-containing molecules
particularly prominent. The odor of the wheel is not
random; the east-west division is largely between
sweet and savory. Clockwise from mushroom to veg-
etable, the materials are formed by biogenesis in
plants, and so are of particular importance in creating
the flavors of fresh fruits and vegetables. By contrast,
most of the others are commonly found as Maillard
reaction products, and hence are of most interest in
flavors for cooked foods. The material in the Eastern
sector of the wheel, from green grassy to smoky are
of interest to the perfumer as well.

GREEN GRASSY FLAVOR

Substances representing this class are short chain un-
saturated aldehydes and alcohols such as trans-2-

hexenal (leaf aldehyde) and cis-3 hexenol (leaf alco-
hol) with odor thresholds of 17 and 70 parts per bil-
lion (ppb), respectively. Many other compounds like
esters, acids, and terpenoids could be placed in this
group (e.g., hexyl 2-methyl-butyrate, a-pinene). A
fresh greenness is also associated with the more
odorous 2-isobutylthiazole (e.g., tomatoes with an
odor threshold of 3 ppb). A stereospecific synthesis
of cis-3-hexen-1-ol starts with the ethylation of
sodium acetylide to 1-butyne, which is reacted with
ethylene oxide to give 3-hexyn-1-ol. Selective hydro-
genation of the triple bond in the presence of palla-
dium catalysts yields cis-3-hexen-1-ol. Leaf alcohol
is used to obtain natural green notes. The annual
world consumption is estimated to be about 8,000
pounds, much of it going into the production of es-
ters, such as the acetate. Trans-2-hexenal is the sim-
plest straight chain unsaturated aldehyde of interest
for flavors. It occurs in essential oils obtained from
green leaves of many plants. [t is a colorless, sharp,
herbal green-smelling liquid with a slight acrolein-
like pungency. Upon dilution, however, it smells
pleasantly green and apple like. It is commonly used
in flavor compounding because of its stability and
commercial availability. The aldehyde can be synthe-
sized by reacting butanal with vinyl ethyl ether in the
presence of boron trifluoride, followed by hydrolysis
of the reaction product with dilute sulfuric acid
(Figure 11.2). It has an intense odor and is used in
fruit flavors for green nuances (Union Carbide 1953).

Fruity FLAVOR

Typical ingredients representing this group are es-
ters and lactones, but ketones, ethers and acetals are
also involved. The fruity ester-like compounds have
low odor thresholds (ethyl butyrate 1 ppb, ethyl
isobutyrate 0.1 ppb, ethyl 2-methylbutyrate 0.1 ppb,
ethyl hexanoate 1-3 ppb). Isoamyl acetate is a
strongly fruity-smelling liquid and has been identi-
fied in many fruit aromas. It is the main componert
of banana aroma and is, therefore, also used in ba-
nana flavors. 3-methylthioproponic acid esters are
characteristic for pineapple. A particularly impor-
tant flavor component of pears is 2-trans-4-cis-deca-
dienoic acid ethyl ester. 1-p-Hydroxyphenylbutan-3-
one, which has a flavor threshold of 5 pg/kg, gives
raspberries its characteristic flavor. 4-Hydroxy-2,5-
dimethylfuran-3-one and cis-3-hexenol are impor-
tant in determining strawberry flavor. Also contribut-
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ing are methylbutanoate, ethyl 2-methylbutanoate,
methyl-2-methylbutanoate, etic acid, 2,3-butane-
dione, and methyl and ethyl cinnamates. Various
sulfur-containing flavor chemicals give the charac-
teristic flavor of black currant. Examples are cat ke-
tone (4-thio-4-methylpentan-2-one), black currant
mercaptan  (4-methoxy-2-methyl-2-butanethiol),
and particularly 8-thio-p-menthan-3-one. Passion
fruit and durian have shown the presence of many
powerful sulphur compounds. The best known is
tropathiane, 2-methyl-4-propyl-1,3-oxathiane (odor
threshold approximately 3 ppb); 3 mercapto-1-hexa-
nol and a number of acetylated derivatives.
Sesquiterpene (K)-nootkatone has a potent grape-
fruit flavor character with a quite low odor threshold
of 1 pg/l. More recently, it has been discovered that
a quite different chemical, (R)-(+)-p-1-menthene-8-
thiol (grapefruit mercaptan) also gives grapefruit
character and has a remarkably low threshold of
0.00002 pg/l. Ethyl 2-trans-4-cis-decadienoate has
been identified in pears and has the typical aroma of
pears. It is believed to be produced in the fruit from
linoleic acid by 3-oxidation, isomerization of a dou-
ble bond and further B-oxidation, following desatu-
ration and esterification with ethanol. Synthesis of
ethyl 2-trans-4-cis-decadienoate starts from cis-1-
heptenyl bromide, which is converted into a 1-hep-
tenyllithium cuprate complex with lithium and cop-
per iodide. Reaction with ethyl propionate yields a
mixture of 95% ethyl 2-trans-4-cis and 5% ethyl 2-
trans-4-trans-decadienoate.

Anapear® is a new powerful odorant with a fruity
green pear note. It is synthesized by an orthoester
Claisen rearrangement of hexa-1,5-dien-3-ol as out-
lined in Figure 11.3 a (Kaiser 1995).

In peaches, the main flavor character is provided
by lactones, especially +y-decalactones, and also
other Cg4 to Cy, y-lactones and C;q and C;, d-lac-
tones. The lactones are intermolecular esters of cor-
responding hydroxyl fatty acids. They are ubiqui-
tous in nature and have been isolated from all major
food systems. Due to their mostly low order thresh-
olds averaging about 0.1 ppm, lactones often have a
high flavor value. The naturally occurring sensorily
important lactones generally have y- or 8-lactone
structures while a few are macrocyclic. The macro-
cyclic esters hold a special position among the in-
dustrially produced lactone fragrance compounds.
v-lactones tend to occur preferentially in plants, &-
lactones are mainly found in animal products.
Precise odor description for these lactones is oily-
peachy, creamy, fruity, nut like, coconut, honey, but-
ter, and so on. The vy-lactones can be prepared in
good yield in a one-step process by radical addition
of 1-octanol to acrylic acid using di-tert-butyl per-
oxide as catalyst (Figure 11.3 b) (Ube Industries
1975). Another simple and efficient synthesis of -
undecalactone is by treating undecylenic acid with
70-80% sulfuric acid. This causes shifting and hy-
dration of double bond and subsequent lactonization
of 4-oxyundecylic acid (Figure 11.3 ¢).

o
Mo Me

Anapear

OH MeC (OMe)3

M =

H

Figure 11.3 (a). Synthesis of Anapear® (Pear odorant).
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CITRUS FLAVOR

Among the acyclic terpene aldehydes, citral holds the
key position as fragrance and flavor chemical, as well
as starting material for the synthesis of other ter-
penoids. Besides natural citral, which is frequently
preferred for its harmony, standardized synthetic cit-
ral is generally used when large amounts and low
costs are needed. Citral, which is a mixture of the two
stereoisomers geranial and neral, is an important syn-
thetic ingredient with an annual production of thou-
sands of tons in the United States. Since citral is an «,
B unsaturated aldehyde with an additional double
bond, it is highly reactive and may undergo reactions
such as cyclization and polymerization. Geraniol, cit-
ronellol, and 3,7-dimethyloctan-1-ol can be obtained
from citral by stepwise hydrogenation. The condensa-
tion of citral with active methylene groups is used on
an industrial scale in the synthesis of pseudoionones,
which are starting material for ionones and vitamins.
Figure 11.4 shows a technical synthesis of citral. 3-
Methyl-3-buten-1-ol, obtained from isobutene and
formaldehyde, isomerizes to form 3-methyl-2-buten-
1-ol. However, it is also converted into 3-methyl-2-
butenal by dehydrogenation and subsequent isomer-
ization. Under azeotropic conditions in the presence
of nitric acid, 3-methyl-2-buten-1-ol and 3-methyl-2-
butenal form an acetal, which eliminates one mole-
cule of 3-methyl-2-buten-1-ol at higher temperatures.
The intermediate enol ether undergoes Claisen re-

arrangement followed by Cope rearrangement to give
citral (Nissen et al. 1981).

MINT FLAVOR

In flavor chemistry, terpenoid hydrocarbons are of
great importance. These compounds, which are
found in so many of the essential oils, form a very
distinctive group of chemicals that have carbon
skeletons comprising isoprene units joined together
in a regular head-to-tail configuration called iso-
prene rule. They may be open or closed chain or
cyclic compounds. The compounds may be satu-
rated or unsaturated. Cyclic terpene hydrocarbons
occur in essential oils, sometimes in large amounts.
Of various types of monocyclic terpene hydrocar-
bons, those with the p-menthadiene structure are the
most important (e.g., Limolene, «-Terpinene, ~y-
Terpinene, and Terpinolene). Of the bicyclic terpene
hydrocarbons, the pinenes are by far the most im-
portant industrially.

Cyclic terpene alcohols occur widely in nature,
few have the physiological properties that make
them important fragrance or flavor compounds. (—)
Menthol is the isomer that occurs most widely in na-
ture. Peppermint and cornmint oil are by far the
most important since they contain large percentages
of Fmenthol. It has three asymmetric carbon atoms
in its cyclohexane ring and, therefore occurs as four
pairs of optical isomers. The configuration of four of
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these isomers is given below (Figure 11.5); the other
four are their mirror images. It is estimated that
nearly 10 million pounds of menthol are used annu-
ally throughout the world. I-menthol is economi-
cally the most important synthetic ingredient; the
main quantity is being used in nonfood applications.
In most applications, I-menthol is the preferred iso-
mer of menthyl alcohols.

In Figure 11.6, an industrial synthesis of Imen-
thol is shown, which produces specifically the de-
sired isomer. The crucial step is the enantio selective
isomerization of geranyl diethyl amine with a ho-
mogenous asymmetric rhodium catalyst (Noyori
and Kitamura 1989). First, the triene is converted in
a region and stereoselective manner to diethylger-

anylamine by lithium catalyzed addition of diethy-
lamine. The key step is the subsequent BINAP-Rh
(I) catalyzed enantioselective isomerization of the
allylic amine in THF giving (R)-citronellal enamine.
Enantiomeric purity of the chiral aldehyde obtained
by hydrolysis is much higher than the natural prod-
uct, at most approximately 80%. Sterioselective cy-
clization of (R)-citronellal promoted by zinc bro-
mide, giving isopulegol, followed by catalytic
hydrogenation completes the synthesis of menthol.

FLORAL SWEET FLAVOR

The floral flavor can be defined as the odors emitted
by flowers and contain sweet, green, fruity, and

S,

(-) - Menthol (+) - Neomenthol

Figure 11.5. Menthol isomers.

(+) - Isomenthol

OH OH

(+) - Neoisomenthol
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Figure 11.6. Synthesis of -menthol.
herbaceous characters. Phenylethanol, geraniol,

B-ionone and some esters (benzyl acetate, linalyl ac-
etate) are important compounds in this group.
Geraniol is an acyclic, doubly unsaturated alcohol.
It can undergo a number of reactions, such as re-
arrangement and cyclization. Rearrangement in the
presence of copper catalysts yields citronellal. In the
presence of mineral acids, it cyclizes to form mono-
cyclic terpene hydrocarbons, cyclogeraniol being
obtained if the hydroxyl function is protected.
Partial hydrogenation leads to citronellol, and com-
plete hydrogenation of the double bonds yields 3,7-
dimethyloctan-1-ol. Linalyl acetate is used exten-
sively in perfumery. It is an excellent fragrance
material. Smaller amounts are used in other citrus
products. Since linalyl acetate is fairly stable toward
alkali, it can also be employed in soaps and deter-
gents. Figure 11.7 shows synthetic procedures for
linalyl acetate and -ionone based on methylhep-
tenone, which is another very large volume com-
modity (Bedoukian 1986, Mayer and Isler 1971,

Saucy and Marbeth 1967). In the acetylene process,
dehydrolinalool (DLL) is acetylated and the pure es-
ter, which is free of any isomeric alcohol esters, is
partially hydrogenated to yield pure linalyl acetate.
The elongation of DLL with a C3-unit makes use of
a modified Claisen rearrangement. Isomerization of
the allenic systems and acid catalyzed cyclization
conclude the synthesis of B-ionone.

Seicy HERBACEOUS FLAVOR

Spices encompass a huge range of taste and odor
sensations, achieved using an equally wide range of
chemicals. Aromatic aldehydes, alcohols, and phe-
nolic derivatives are typical constituents with their
strong flavor effect. Many impact character chemi-
cals: dihydrocapsaicin (peppers), sotolone (fenu-
greek curry), zingerone (ginger), trans-2-dodecenal
(coriander), 1,8-cymene (rosemary, cardomon, all-
spice and sage), methyl charvicol (basil), fenchone
and anethole (fennel), anthranilic acid ester (man-
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Figure 11.7. Synthesis procedures for (a) linalyl acetate and (b) g-ionone.

darin), a-phellandrene (dill), cinnamaldehyde, es-
tragole, eugenol (clove and cinnamon), d-carvone
and thymol, etc. The largest item used is cin-
namaldehyde, which is synthetically produced on an
industrial scale almost exclusively by alkaline con-
densation of benzaldehyde and acetaldehyde (Figure
11.8a). Self decomposition of acetaldehyde can be
avoided by using an excess of benzaldehyde and by
slowly adding acetaldehyde. The concentration of
base solution may vary between 2 and 4% without
affecting the yield. Contact with iron should be re-
duced to a minimum to avoid discolorations and
polymerizations. Cinnamaldehyde is used in many
compositions for creating spicy and oriental notes. It
is the main component of artificial cinnamon oil.
Some spices and some spicy odorants also pos-
sess sweet aspects, close to vanilla. Methyl Diantilis
(derivative of vanillin) with its clove-carnation-pow-
dery note is one example. It is synthesized as pre-
sented in Figure 11.8 (b), by hydrogenation of ethyl

vanillin and methylation of the benzylic hydroxyl
function formed in intermediate (Ochsner 1985),
and possess the sweet odor characteristic.

Wooby SMOKY FLAVOR

Woody smoky flavors are characterized by substi-
tuted phenols (guaiacol), methylated ionone deriva-
tives (methylionone) and by some aldehydes (trans-
2-nonenal). 4-Ethyl- and 4-methylguaiacols have
rather phenolic, medicinal odors with threshold
value of 90 and 50 ppb, respectively, but the more
important guaiacol is 4-vinylguaicol (2-methoxy-4-
vinylphenol, MVP). This has a spicy, clove-like
smokiness particularly associated with smoked ham
and a low odor threshold of only 3 ppb. The
methylionones are among the most important fra-
grance substances and exist as a-, 3, and y-isomers.
They are structurally very similar to the carotene
degradation products, the ionones. The synthesis of
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Figure 11.8 (a). Synthesis of cinnamaldehyde.

OH

trans-cinnamaldehyde

ionones involves two fundamental steps: the prepa-
ration of pseudoionone or pseudomethylionone and
its cyclization to the ionones. In the methylionone
synthesis, condensation of citral with methyl ethyl
ketone results in a mixture of n-methyl- and
isomethylpseudoionone, each of which may occur
as one of four possible cis trans isomers. The ratio
of major isomers in the mixture depends on the con-
ditions, catalysts, and the reaction conditions (The
Givaudan Index 1962) (Figure 11.9).

RoASTY BURNT FLAVOR

For roasted and burnt notes, derivatives of furfuryl
mercaptan are paramount. The mercaptan itself,
with an odor threshold of 0.005 ppb, was the first
high impact aroma chemical. At low concentration
(0.01-0.5 ppb) the material has roasted coffee
aroma, becoming burnt and sulphurous in the range
1-10 ppb. The roasty burnt flavor is also associated
with pyrazines. They are a class of nitrogen contain-
ing, six-membered ring heterocyclic compounds.
They play an important role as intermediates for per-
fumes, pharmaceuticals, and agricultural chemicals
because of their occurrence in nature and their
unique odor characteristics at extremely low con-

centrations. Different substitution by alkyl, acyl,
or alkoxy and combinations thereof induces a great
diversity impression. Within this group of the roasty
burnt flavor notes, alkyl and acetyl substituted
pyrazines are the most important. 2-ethyl-3-methoxy
pyrazine has been found effective in enhancing the
flavor of dehydrated potatoes. 2-ethyl-2,5-dimethyl
pyrazine is one component in the aroma of baked
potatoes. Pyrazines also contribute to the nutty
roasted aroma of cooked meat. 2,3-dimethyl pyrazine
is useful in roasty meaty flavors, and 2,5-dimethyl
pyrazine in chicken broth, grilled meat, and beef fla-
vors. 2-acetyl pyrazines are desirable flavoring agents,
imparting a popcorn-like flavor to food systems.
2-isobutyl-3-methoxy pyrazine is utilized whenever a
fresh pepper note is desired.

Pyrazines can be prepared by the complex inter-
action of amino acids and sugar, or sugar degrada-
tion products. For example, five alkyl pyrazines
were obtained by heating glucose with cysteine
(Kato et al. 1973). Pyrolysis of alpha hydroxyl
amino acids gave pyrazines and various alkylated
derivatives (Wand and Odell 1973). Okada found,
for the first time, that pyrazine compounds can be
produced by the catalytic reaction of diamines with
diols in a vapor-phase reaction in the presence of

Pd/C
OEt

OH
OH

Figure 11.8 (b). Synthesis of Methyl Diantilis.
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granular alumina (Okada 1974). Catalytic systems
such as copper-chromium (Koei Chemical Co. 1978),
copper-zinc-chromium (Korea Res. Inst. 1993), zinc-
phosphoric acid-manganese (Tokai Electro-Chemical
Co. 1980), and silver (Koei Chemical Co. 1997) are
also patented as catalysts for preparation of 2-
methylpyrazine (MP) from ethylene diamine (ED)
and propylene glycol (PG) (Figure 11.10 a).

It is also possible to obtain pyrazines from con-
densation reaction of diamines and epoxides, con-
densation reaction between alkanolamines or cy-
clodehydrogenation of N-(-hydroxyalkyl) alkyl
diamine on the same catalysts. In the presence of

Table 11.1. Pyrazine condensation reactions.

copper-zinc catalysts, dehydrogenation of piper-
azines gives corresponding pyrazines with high
yield (Table 11.1).

Nippon Soda Co. (1986) established an industrial
manufacturing process for the preparation of

NH2 HO

NH2 HO

CH3 N CH3
/
N

Figure 11.10 (a). Synthesis of 2-methylpyrazine.
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Figure 11.10 (b). Synthesis of Methylpyrazine.
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pyrazines from diaminomaleonitrile (DAMN).
Tetramerization of hydrogen cyanide yields DAMN.
Pyrazines are produced from DAMN and glyoxals
in the presence of oxalic acid. These cyano-substi-
tuted pyrazines play important roles as industrial in-
termediates because they are easily functionalized to
amino, carboxyl, or amide group. Forni et al. (1991)
studied the mechanism of the cyclization of ED and
PG to give MP on zinc-chromium catalyst by means
of TPD-TPR-MS (temperature programmed desorp-
tion-temperature programmed reaction-mass spec-
trometry) technique. They propose a mechanism
that involves an intermediate (methylpyperazine)
formation between adsorbed PG and gaseous ED,
which in turn carry out dehydrogenation and aroma-
tization to give methylpyrazine (Figure 11.10 b).

CARAMEL NUTTY FLAVOR

The furanones and pyranones are oxygen-contain-
ing heterocyclic compounds associated with both
caramelized and non-enzymatic browning (NEB) fla-
vors. Besides corleone, maltol, furonol, etc., a special
range of components like vanillin, ethylvanillin, ben-
zaldehyde, phenylacetic acid, cinnamic alcohol, de-

hydrocoumarin, and trimethylpyrazine also belong to
this group. They are characterized by a common struc-
tural unit, namely a cyclic enolone system, and also by
a common flavor profile. These cyclic enolones are
most valuable compounds for their strong impact
character and for their distinct flavor-enhancing effect.
These compounds are used in roasted and fruit flavors
applications as well as flavor compositions with
caramel, coffee, meat, or bread character. The ubiqui-
tous hydroxydimethylfuranone has a sweet, cotton-
candy aroma and a low odor threshold of 0.04 ppb. 2-
Methyltetrahydrofuran-3-one (coffee furanone) is less
odorous but has a very pleasant, sweet caramel charac-
ter. The nuttiness is particularly associated with the
higher pyrazines such as methyldihydrocyclopen-
tapyrazine (Maple lactone pyrazine) and 5,6,7,8-
tetrahydroquinoxaline (THQ). The synthetic concept
for homofuronol allows easy variation of the starting
materials so that with the same reaction sequence,
other homologues can be prepared. Homofuronol can
be prepared by the condensation of 2-pentene nitrile
with ethyl lactate followed by oxidation of the in-
termediate  4-cyano-5-ethyl-2-methyldihydro-3 (2H)-
furanone with monoperoxy-sulfate (Huber and Wild

1977) (Figure 11.11).

OH HO 0
OH 0 CN 0 CN
/k NN KHSO, T
—_— _—
—HCN
coogr  NM o 0 o

Figure 11.11. Synthesis of homofuronol.
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Figure 11.12. Synthesis of sulfurol.
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BouiLLON HYDROLYZED VEGETABLE
PROTEIN FLAVOR

The hydrolyzed vegetable protein (HVP) bouillon
type flavors are complex and diffuse meat flavors that
cannot easily be described in terms of a few flavor
chemicals and that have a “warm” salty and spicy
sensation. 5-Methyltetrahydrothiophene-3-thiol and
2-methyltetrahydrothiophene-3-thiol are top notes.
Other flavor chemicals include 5-ethyl-4-methyl-3-
hydroxy-2(5H)-furanone, methional and 3-hydroxy-
4,5-dimethyl-2 (9H)-furanone, which gives a meaty,
savory character. The most common aroma chemical
associated with this HVP flavor is 4-methylthiazole-
5-ethanole (sulfurol). The role of sulfurol is particu-
larly interesting, as it has a relatively high flavor
threshold of 10 mg/l, but the sulfurol note often in-
creases in intensity with storage. The related mole-
cule 2-methyltetrahydrofuran-3-thiol may contribute
to this, as it has a much lower flavor threshold, and
may be formed from sulfurol during cooking.
Hantzsch’s procedure is the most versatile for the
preparation of thiazoles from alpha halocarbonyls and
leads to a wide variety of thiazoles derivatives.
Buchman (1936) obtained sulfurol (4-methyl-5-
thiazole ethanol) by condensing 3-chloro-3-aceto
propyl alcohol with thioformamide (Figure 11.12).

MEATY FLAVOR

Sulphur-containing components (mercaptans, thio-
zoles, thiophene, etc.) as well as nitrogen heterocy-
cles (pyrazines, pyrroles, pyridines, oxazoles, etc.)
are the most widely distributed heterocyclic com-
pounds and find application in the formulation of
both flavors and fragrances. They are present in
traces in a variety of foods, but because of their
powerful, strong odor and low threshold, play an im-
portant role in enhancing the basic aroma of flavors

to which they add a natural character. These com-
pounds have been found to possess a strong meat
like odor. Nonvolatile derivatives of nucleotides and
peptides as well as minerals are also responsible for
typical meat mouthfeel. The compound 2-methylfu-
ran-3-thiol (MFT) itself initially has a rather chemi-
cal odor, becoming more meaty on dilution. The
thiol, its disulphide, mixed disulphide and thioether
have all been found in beef. The odor threshold of
the disulphide has been reported as being as low as
2x10°° ppb. Other high impact chemicals, such as
mercaptopropanone dimer, has an intense chicken
broth odor and the unsaturated aldehyde trans-2-
trans-4-decadienal is very reminiscent of chicken
fat. Another compound with excellent pork charac-
ter is pyrazineethanethiol, which has not been re-
ported in nature. Figure 11.13 shows the chemical
synthesis of 2,4,5-trimethylthiamine (3-thioacetone)
by trimerization of acetone in the presence of hydro-
gen sulfide. It has been identified in meat aroma
(Wilson et al. 1973) and chicken flavor. It occurs as
a liquid having a very strong repulsive sulfurous
odor and can be used in the formation of meat flavor.

FarTY AND CHEESY RANCID FLAVOR

Fattiness is a key character in foodstuffs in terms of
both flavor and mouthfeel. Cream and butter flavor
depends greatly on free fatty acids and &-lactones.

3 CH,COCH, +H,5

2,4,6-trimethyl 1,3,5-trithiane

Figure 11.13. Synthesis of 3-thioacetone.
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Figure 11.14. Synthesis of trans-2-nonenal.
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The most potent fatty rancid flavors are butyric and
isobutyric acids. Medium chain methyl branched
fatty acids such as 4-methyl octanoic and nonanoic
acids are responsible for off flavors of mutton fat.
Aldehydes have very fatty notes, in particular trans-
2-nonenal and trans-2-trans-4-decadienal with its
specifically fatty odor character is indispensable in
chicken meat flavor compositions. Free fatty acids
make a great contribution to cheese flavors. Cheesy
rancid flavor is associated with short chain fatty
acids such as valeric acid. Unsaturated acids such as
trans-2-hexonic acid have more powerful, acrid
odors. Simple thioesters such as methyl thiobutyrate
and methyl (2-methyl) thiobutyrate also have an in-
tense cheesy-sweet-fruity odor. Synthesis of «, 3-
unsaturated aldehyde trans-2-nonenal is outlined in
Figure 11.14 (Tressl et al. 1981).

DAIRY BUTTERY FLAVOR

The dairy buttery flavor note varies from typical
buttery notes (diacetyl, acetoin, pentadione) to sweet
creamy fermented notes (acetoacetate, 8-decalactone,
v-octalactone). For instance, 6-cis-6-dodecene-y-
lactone is an important flavor component of butter.
Several aliphatic aldehydes and acids generated by
lipid oxidation reactions also contribute to the full
flavor sensation. Acetoin (3-Hydroxy-2-butanone) is
synthesized by partial oxidation of 2,3-butanediol
and is obtained as a by-product in the fermentation
of molasses. Diacetyl (2,3-Butanedione) is a con-
stituent of many fruit and food aromas and also a
constituent of butter. Many methods are known for
its manufacture, e.g., dehydrogenation of 2,3-bu-
tanediol with a copper chromite catalyst. It is

mainly used in aromas for butter and for flavoring
margarine.

A number of methods of preparing gamma lac-
tones are known. Many of them depend upon the
formation of unsaturated or hydroxyl acids that are
converted to the lactones by treatment with various
reagents. Gamma lactones can be routinely synthe-
sized as follows (Ohloff 1969) (Figure 11.15).

MUSHROOM AND EARTHY FLAVOR

The mushroom earthy flavor is mainly represented
by 1-octen-3-ol, with an odor threshold of only 1
ppb and very characteristic of mushroom, which is
reminiscent of a typical mushroom flavor and by
geosmin, representing the earthy part. However, 1-
octen-3-one has a threshold some 200 times lower at
only 0.05 ppb and has a very fresh wild mushroom
aroma. A range of Cg components, saturated and un-
saturated alcohols and carbonyl are also responsible
for typical mushroom flavor. Other synthetic ingre-
dients like 2-octen-4-one and 1-pentyl pyrrole are
known to possess mushroom-like flavor notes.
Earthiness is associated with some pyrazines, espe-
cially 2-methyl-3-methoxypyrazine. 4-Terpinenol,
2-ethyl-3-methylthiopyrazine, and resorcinol di-
methyl ether also have earthy characters. Saito et al.
(1996) reported an asymmetric synthesis of (-)
geosmin via highly diasteroselective reduction of
the enantiomerically pure title ketone [{+)-oc-
talone]. Diisobutylaminum hydride reduction of
(+)-octalone in a mixed solvent of tetrahydrofuran
and 1,2-dimethoxyethane led to allylic alcohol. This
was then converted to (-)-geosmin through a five-
step reaction sequence (Figure 11.16).

AU C00H

Figure 11.15. Synthesis of y-octalactone.
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CELERY FLAVOR

Celery flavor note is described as a warm, spicy, rooty
odor. Butylidene phthalide, butyl phthalide, 4,5-
dimethyl-3-hydroxy-2[5H]-furanone, dihydrojasmone
(3-methyl-2-pentyl-2-cyclopenten-1-one) and cis-
jasmone are typical components of this flavor. A pre-
ferred method for the synthesis of dihydrojasmone is
intramolecular aldol condensation of 2,5-undecane-
dione, which can be prepared from heptanal and 3-
buten-2-one in the presence of thiazolium salt, such
as 5-(2-hydroxyethyl)-4-methyl-3-benzylthiazolium
chloride (Bayer 1974) (Figure 11.17 a & b).

A patented method for the synthesis for cis-jas-
mone3-methyl-2-(2-cis-penten-1-yl)-2-cyclopenten-
1-one involves alkylation of 3-methyl-2-cyclopenten-

1-one with cis-2-pentenyl chloride in an alkaline
medium in the presence of a phase-transfer catalyst
(e.g., tricaprylmethylammonium chloride) (Interna-
tional Flavors & Fragrances 1976).

THE SULFUROUS FLAVOR

Volatile organic sulfur compounds contribute to the
aroma of many vegetables, fruits, and food products.
In general, thiols and sulfides belong to the most in-
tense and characteristic aroma substances, with sul-
fury, vegetable-like, and fruity notes perceived at
low concentrations. The identification of thiols and
sulfides is generally a challenging task due to their
instability and low concentration. Therefore, sulfur
compounds can easily be overlooked in complex

H,

H,CCOCH=CH, + OHC(CH,);CH; —
H

Figure 11.17a.
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Figure 11.17b. Synthesis of (a) dihydrojasmone (b) cis-jasmone.

0

mixtures. The sensory relevance of such odorants is
due to their low threshold values. For example, (2,
35)-3-mercapto-2-methylpentan-1-ol, a character-
impact constituent of fresh onions, shows an odor
threshold of 0.03 wg/kg of water. They need very
special handling because they often show instability
(e.g., oxidation) and interactive reactions with other
compounds in the flavor mixture. Cooked onion fla-
vor is given by dipropyl disulfide, and cis- and
trans-2-propenylpropyl disulfides, which have odor
thresholds of 3.2 and 2.0 g/l, respectively, and also
by various other sulfides such as trisulfides. In fried
onions the characteristic flavor chemicals formed
are 2-(propyldithio) dimethylthiophenes, which
have odor thresholds of 0.01-0.05 pg/l (Kuo and Ho
1992). Garlic flavors are based on sulphur com-
pounds such as allyl disulphide, mercaptan, trisul-

phides, mixed disulphide (allyl methyl disulphide),
and (di) allyl disulfide (di-[2-propenyl] disulfide),
which constitutes 90% of the active flavor of garlic
oil. It is produced from the precursor alliin (s-allyl-
L-cystein sulfoxide), via the intermediate allicin, by
allinase enzyme, which is only released when the
vegetable tissue is crushed. Vermeulen and cowork-
ers (2001, 2005) and Vermeulen and Collin (2002)
have prepared a series of sulfur-containing odorants
by reacting various precursors. They synthesized
mercaptoaldehyde by continuous bubbling of hydro-
gen sulfide through «,B-unsaturated aldehyde/
piperidine/THF mixture (Figure 11.18a). In the sec-
ond procedure, mixing of pure thioacetic acid with
o,B-unsaturated aldehydes led to thioesters, subse-
quently subjected to basic hydrolysis to thiols and
acetic acid (Figure 11.18b).

in THF
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Figure 11.18. Synthesis of (a) mercaptoaldehyde and (b) thiols.
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FLAVOR QUALITY

The purity of synthetic flavorants is a very important
quality attribute. Chemicals are rarely so pure that
they have simple odor and flavor profiles. Most con-
tain sufficient trace impurities, stemming either
from the start materials or processing conditions
used in their manufacture, to display a spectrum of
perceptible character notes. Sometimes it is the pres-
ence of these notes that characterize the compound
and make it far more acceptable as a flavorant than
the pure material itself. It is the complex odor and
flavor characters that are recognized as normal and
that lead to the chemically pure material being rated
as unacceptable. From a quality point of view, the
purchasing of synthetic organic flavoring materials
calls for precise analysis of their physical characters,
particularly the refractive index and specific gravity,
coupled with a critical appraisal of their odor and
flavor under controlled conditions against an accept-
able reference sample. This latter evaluation is of far
greater value in determining the suitability for use
than insistence on rigid compliance with specified
physical standards. The two methods of assessment
should always be considered together and the
organoleptic results given the greater emphasis in
deciding acceptance or otherwise.

The evaluation of synthetic compounds to be used
in flavorings calls for considerable care because of
their extremely powerful aromatic effects. Flavor
quality is comparatively easy to assess, although the
detection and identification of individual flavor mol-
ecules present at very low concentrations can be
challenging. Sensory evaluation is a widely used
technique for identification and measurement of
odor. For the assessment of the flavor profile, the
chemical should be first diluted in a food-acceptable
solvent such as propylene glycol or ethanol; with a
bulking agent, such as maltodextrins, or even mi-
croencapsulated, such as cyclodextrins. Any com-
parative reference sample should be similarly di-
luted at the same time. Whatever comparison
method is used it must be meaningful in terms of ac-
ceptability for use of the material under test and re-
producible on successive occasions. For highly aro-
matic compounds, the material should be first
diluted to a level at which the nose and palate are not
swamped causing temporary anosmia. Secondly,
sufficient time should be allowed between repeat
tests for the senses to recover their initial acuity, and

the tests should be repeated in reverse order of pre-
sentation to eliminate, or at least minimize, any
carry over effects.

The advances in analytical methodology made
possible the identification of numerous compounds
with known flavor properties. In an increasingly
competitive commercial environment, the food in-
dustry must satisfy consumer demands for high
quality, palatable food and must strive to minimize
adverse consumer reactions. The perceived quality
and intensity of a flavor depends on the environment
in which it is presented, its temperature, shear-
forces during chewing, diffusion of molecules, bind-
ing, pH of the solution, and solubility of the flavor
molecules. The studies on interaction of food con-
stituents with flavor molecules have been done in
model systems wherein one-to-one interactions are
given more thrust. The effect of protein solutions on
flavor release shows that as the protein concentra-
tion increases, the headspace concentrations of both
allyl isothiocyanate and diacetyl decrease; and that
different protein have different effects, presumably
because they bind the flavor molecules to different
extents. A particularly big influence comes from the
fat content of the food, because of the ability of fla-
vors to partition between the water and fat phases to
different extents depending on their lipophilicity/hy-
drophilicity, requiring rebalancing of the flavor for-
mulations to give the taste required by consumers.
In-depth study of effects of all the factors on the per-
ception of released and bound flavor molecules, un-
der varying physicochemical conditions, will be
useful for product development., Currently, the focus
is on the combined instrumental and sensory ap-
proach. The potency of odorants in food extracts can
be determined by Aroma Extract Dilution Analysis
(AEDA), a quantitative gas chromatography-olfac-
tometry (GC-0) method. The importance of a flavor
compound in a particular food is expressed as the
odor activity value (QAV) calculated as the ratio of
concentration to threshold. Stable isotope dilution
assays have been developed for most of the odorants
by adopting techniques of high performance liquid
chromatography (HPLC), capillary gas chromatog-
raphy (GC), and GC-mass spectrometry (MS).
Odorants with high OAVs are considered as indica-
tor substances for the objective determination of fla-
vor differences in foods.

Despite the developments in analytical equip-
ment, sensory techniques, and data processing, qual-
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itative and quantitative flavor analyses still remains
a challenging area. Therefore, only in-depth studies
utilizing a combination of sensory and analytical
techniques along with greater focus on the various
aspects of release and perception will eventually
help in formulating products for ultimate consumer
preference.

SAFETY

Safety is an important aspect of flavor manufacture.
Flavoring substances in food formulations do not
merit the same degree of attention as other food in-
gredients because of low exposure, innocuous sim-
ple structures, low toxicity, natural occurrence, and
the large number of individual substances with these
characteristics and thus, are exempt from specific la-
beling by name. They are labeled generically as ei-
ther “contains flavor” or “contains flavoring.” Lists
of approved flavoring substances have been com-
plied in the United States since 1959. According to
the American Federal Food, Drug, and Cosmetic Act,
every artificial flavoring substance has to be ap-
proved by the U.S. FDA or a reliable expert panel.
Lists of approved and Generally Recognized As Safe
(GRAS) flavor substances are published in the Code
of Federal Regulations (CFR) of the U.S. Govern-
ment Printing Office, Washington, DC and by the
Flavor and FExtract Manufacturers Association
(FEMA) of the United States, 1620 Eye Street, NW,
Washington, DC. Several safety assessment proce-
dures have developed and are currently in place to as-
sure regulators and consumers that food additives fla-
voring agents are safe for human consumption
(JECFA 1968, 1996, 1998, 1999, 2000; NAS 1970,
1980; Oser and Hall 1977; FSC 1980; FDA 1982,
1993; WHO 1987; SCF 1991; Hallagan and Hall
1995; Munro et al. 1999). One new approach to en-
suring the safety of foods is through the control and
monitoring of the production processes using Hazard
Analysis and Critical Control Points (HACCP)
(Ropkins and Beck 2000).

JECFA Safety Evaluation Procedure
for Flavoring Substances

The Joint Food and Agricultural Organization/
World Health Organization (FAO/WHO) Expert
Committee on Food Additive (JECFA 1997) applied
a new safety evaluation procedure to the evaluation

of flavoring substances based in part on the scientific
principles laid down by Munro and others (1999).
The procedure is a series of steps-wise sequential
decision trees (Figure 11.19) beginning with the
placement of the substance under evaluation in one
of three structural classes, I, I or II1, based on struc-
tural characteristics and metabolism (Cramer et al.
1978, Munro et al. 1999). Class I is the presump-
tively least toxic. Class III is the presumptively most
toxic, or least confidently classified, with no lower
limit for no-observed-effect levels (NOEL). Class II
is smaller, narrower, and intermediate in its span of
NOELs.

The safety evaluation sequence contains a number
of questions on structure, metabolism, in-take data,
and toxicity and provides an integrated mechanism
to evaluate the safety of flavor ingredient. The effec-
tive application of this safety evaluation procedure
depends on a substantial knowledge of toxicology,
chemistry, metabolism, and intake of flavoring sub-
stances. It can be applied most effectively when
groups of structurally related flavoring substances
are evaluated together. For example, the results of
the evaluation for butyl butyrate should be consis-
tent with results for other esters formed from
aliphatic acyclic linear saturated alcohols and acids
having similar levels of intake. In the first step of the
safety evaluation procedure, assign a decision tree
structure class (Cramer et al. 1978) to the substance,
followed by a question on metabolic fate. This ques-
tion identifies those substances that are anticipated
to be efficiently metabolized to innocuous products
(e.g., 1-butanol) versus those that are transformed to
more toxic metabolites (e.g., estragole) or have lim-
ited information on which to predict confidently the
metabolic fate (e.g., 2-phenyl-3-carbethoxy furan).
Once a substance has been sorted according to struc-
ture class and knowledge of metabolic fate, the next
question compares the substance’s daily intake from
use as a flavor ingredient to the human exposure
threshold for the same structure class. If the sub-
stance is metabolized to innocuous products (Step
No. 2) and has an intake less than the human expo-
sure threshold for the structure class (Step No. A3),
the substance is considered safe (e.g., 1-octanol). If
the intake is greater than the human exposure thresh-
old (Step No. A3) and the substance or its metabo-
lites are endogenous (Step No. A4), the substance is
also considered safe, even though the intake is
greater than the human exposure threshold (e.g., bu-
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Figure 11.19. Safety evaluation sequence.

tyric acid). If the substance is not endogenous, then
the substance or related substances must have a
NOEL (Step No. A5) significantly greater than the
intake of the substance in order to be considered safe
(e.g., citral). If no such data exist or the NOEL is not
significantly greater than the intake for the sub-
stance, then additional data are required to complete

the safety evaluation. If metabolic fate cannot be
confidently predicted and the intake (Step No. 2) is
greater than the human exposure threshold (Step No.
B3), additional data on metabolic fate or toxicity on
the substance or structurally related substances are
required to complete the safety evaluation (e.g., di-
hydrocoumarin). If the intake is less than the thresh-
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old of concern for the structural class, the substance
or structurally related substances must have a NOEL
that provides an adequate margin of safety under con-
ditions of intended use (Step No. B4) for the sub-
stance to be considered safe (e.g. 2-ethyl-4-hydroxy-
3[2H]-furanone). If an adequate toxicity study is not
available and the substance has an intake less than
1.5 pg/day (Step No.B5), the substance is considered
not to present a safety concern (e.g., 3-acetyl-2,5-
dimethylthiophene). Otherwise additional data are
required to complete the safety evaluation (e.g., 2-
ethylfuran). The principal objective of the safety
evaluation procedure is to identify two groups of fla-
voring substances: (1) those substances whose struc-
ture, metabolism, and relevant toxicity data clearly
indicate that the substance would be expected not to
be a safety concern under current conditions of in-
tended use; and (2) those substances that may re-
quire additional data to perform an adequate safety
evaluation.

The adoption and application of the above safety
evaluation method resulted in a practical and effi-
cient scientific procedure for the evaluation of large
numbers of flavoring substances, and it uses criteria
similar to those used by the FEMA Expert Panel. To
date, JECFA has evaluated 1,282 or 76% of the
FEMA GRAS chemically identified materials
(through GRAS list 21) using the procedure adopted
at their 44th Meeting, and further revised at their
46th and 49th Meetings. It is anticipated that JECFA
evaluated approximately 400 flavoring substances at
the 2004 meeting. The goal of the safety evaluations
is to obtain a JECFA-approved global positive list of
flavoring substances that can be adopted by Codex
and included in the General Standard for Food
Additives (GSFA). Codex is currently focusing on
food additives in the GSFA but will eventually in-
corporate approved flavoring substances that can be
used by all Codex member states.

Safety Evaluation of Flavoring Substances in
the U.S and European Union

The Food Additives Amendment in the US in 1958
introduced the concept of generally recognized as
safe (GRAS) by an independent panel of qualified
experts in the field of flavor safety assessment. The
U.S. FDA recognizes all of the FEMA GRAS sub-
stances as permitted substances (Federal Kegister
1997). The GRAS assessment performed by the

Expert Panel includes a rigorous evaluation of all
the available data on flavor ingredients and struc-
turally related substances. The analyses include a
comprehensive evaluation of the potential exposure
to the flavor ingredients through food compared
with toxicologic and pharmacokinetic characteris-
tics. Between 1965 and 1985, the first comprehen-
sive and systematic scientific literature reviews
(SLR) of flavoring substances were completed by
FEMA. These SLRs served as the basis for a com-
prehensive review of substances already designated
as FEMA GRAS. This GRAS status reassessment
program was known as “GRAS affirmation” or
“GRASa” and was completed in 1985. In 1994, the
Expert Panel initiated a second comprehensive re-
assessment program known as “GRAS reaffirma-
tion” or “GRASr.” This reaffirmation program was
completed in 2005. As part of the GRASr program,
the Expert Panel regularly publishes key scientific
data on structurally related groups of flavoring sub-
stances on which GRAS decisions are based. FEMA
GRAS assessments of alicyclic substances, furfural,
lactones, and trans-anethole have been published as
part of the GRASr program. The fifth in the series,
on pyrazine compounds, and the sixth, on methyl
eugenol and estragole, have been accepted for publi-
cation (Adams et al. 1996, 1997, 1998; Newberne et
al. 1999; Smith et al. 2002a,b). To date, information
on 21 GRAS lists comprising 2,058 substances have
been approved by the FEMA Expert Panel, provided
to the FDA, and published by FEMA (Smith et al.
2003). The work of the Expert Panel continues by
not only reevaluating substances and reaffirming
their GRAS status as new data become available, but
also evaluating new substances and adding to the list
of approved flavoring substances in the U.S.

At the European Union level, the Scientific
Committee on Food (SCF) established in 1974 (EC
1974) provided scientific advice on matters of pro-
tection of public health and safety to the European
(EU) Commission. When the Commission reorga-
nized its Scientific Committees in 1997, one of the
eight new committees was the Scientific Committee
on Food, which was given the mandate to “Provide
advice on scientific and technical questions concern-
ing consumer health and food safety associated with
the consumption of food products, and in particular,
questions relating to toxicology and hygiene in the
entire food production chain, nutrition, and applica-
tions of agri-food technologies, as well as those
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relating to materials coming in contact with food-
stuffs, such as packaging” (EU Commission 1997).
The European Council took the first step toward a
EU harmonized approach to the regulation of flavor-
ing substances in 1988 with the publication of EC
Directive 88/388 (European Council 1988). By
October 1996, the EU had decided upon a positive
list approach and detailed its requirements in
Regulation (EC) No. 2232/96 of the European
Parliament and of the Council laying down a
Community procedure for flavoring substances used
or intended for use in or on foodstuffs (European
Parliament and Council 1996). This regulation con-
sisted of several phases: (1) compilation of a register
of flavoring substances that may be used in or on
foodstuffs marketed within the EU; (2) request for a
recommendation for a safety evaluation procedure
that should be carried out by the SCF although it
would be left to the Commission to determine the
procedure to be adopted; (3) safety evaluations
would be carried out by the SCF; and (4) a positive
list of flavoring substances permitted at the exclu-
sion of all others would be established 5 years after
the establishment of a safety evaluation program. In
1999 the EU Commission adopted a register of fla-
voring substances to be used in or on foodstuffs.
After amendment, the final register contains all
FEMA GRAS substances (Furopean Commission
2000b). Also in 1999, the SCF published its opinion
on a program for the evaluation of flavoring sub-
stances (SCF 1999), and the program was adopted
by the European Commission in 2000 (2000a). The
Commission showed wisdom in its adoption of an
evaluation program by stating that there would be no
unnecessary duplication of the evaluations of flavor-
ing substances carried out by the Joint FAO/WHO
Expert Committee of Food Additives (JECFA) (EC
1565/2000). Other substances previously evaluated
and accepted by the Council of Europe and the SCF
were deemed acceptable without further evaluation
(EC 1565/2000). Due to the concern about food
safety and the need to regain the confidence of con-
sumers that the food supply is safe, the European
Parliament and Council (2002) established the
European Food Safety Authority (EFSA), which has
responsibility for all matters of food safety. Under
EFSA, it is the Scientific Committee and permanent
Scientific Panels that are responsible for providing
the scientific opinions of EFSA. The Scientific
Committee is composed of the chairs of the eight

Scientific Panels and six independent scientific ex-
perts who do not belong to any of the Scientific
Panels. Finally, it is the Panel on Food Additives,
Flavorings, Processing Aids and Materials in
Contact with Food, under the chairmanship that will
carry out the final phase of Regulation (EC) No.
2232/96 in cooperation with the member states with
the aim of establishing a positive list of approved
flavoring substances in 2005.

Issues and Challenges

However, safety evaluation is not a static process; it
is dynamic and must take into account new scientific
developments that may improve and facilitate the
assessment process. The important issue is how best
to assess exposure to food flavor materials, and
clearly this remains a matter of debate. For estab-
lishing “margins of safety,” it is essential to have re-
liable and robust data on levels of exposure. Over
the years, several procedures have been proposed
and utilized: (a) disappearance from the market
place; (b) food surveys; (c) stochastic approaches;
and (d) theoretical average maximum daily intake
(TAMDI) and possible average daily intake (PADI).
There remains debate as to which provide the best
estimates of exposure. What may best be said at this
point is that quite probably all approaches are con-
servative in approach and generate “over-estimates”
of intakes. One reason for this is that they all fail to
take into account the actual “losses” that can occur
during exposure and whether or not there is an “ad-
ditive effect” when several flavors of the same struc-
tural class are consumed together and may therefore
reduce the calculated margins of safety. It is also
needed to give consideration to the existence of pop-
ulation subgroups and whether or not the margins of
safety established for the population at large are ad-
equate for these special groups.
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INTRODUCTION

Process flavor is a food flavoring manufactured by
heating various precursors together under controlled
reaction conditions, such as temperature, reaction
time, pH, and moisture content, which mimic con-
ventional cooking process. The term “reaction fla-
vor” (instead of “process flavor”) has been widely
used since its introduction to the food industry.
However, process flavor is a more preferred term in
the flavor industry because it is more related to a
thermal process than to chemical synthesis or to
reaction chemistry (Manley and Ahmedi 1995). Pro-
cess flavoring, thermal process flavoring, and pro-
cessed flavor (flavoring) are also interchangeably

used (May 1991). The International Organization of
the Flavor Industry (I0OFI) defines process flavor asa
thermal process flavoring prepared for its flavoring
properties by heating food ingredients and/or ingre-
dients permitted for use in foodstuffs or in process
flavorings. The basic theory involved in process fla-
vor is a Maillard reaction. In addition to browning,
reduction in nutritional value (for example, loss of
lysine), toxicity, and antioxidant properties, this re-
action is of great significance in food processing re-
garding flavor generation. Reaction mechanism and
application of this reaction to the process flavor have
been the main topics in food processing (Macl.eod
1986, Nagodawithana 1995). In general, the term
“process flavor” is used in describing flavors pro-
duced by (1) processing (for example, cocoa/choco-
late), (2) enzymatic modification or fermentation, or
(3) Maillard reaction (Heath and Reineccius 1986,
Manley 1994).

Numerous reviews on process flavors have already
been published (Heath and Reineccius 1986,
Macleod 1986, May 1991, Manley 1994, Manley and
Ahmedi 1995, Nagodawithana 1995, Weenen and de
Rooij 1998, Manley and others 1999). Process flavor
is important in imparting savory or meaty flavor to
ready-to-eat foods. Meat process flavors are manufac-
tured by reacting precursors, hydrolyzed vegetable
protein (HVP), meat extracts, and yeast extracts under
controlled conditions, and then by adding spices and
flavor enhancers. Enzymatically hydrolyzed vegetable
protein (EVP) is used as an alternative to HVP due to
possible concern on monochloropropanediols MCPD)
or dichloropro-panols (DCP). Process flavor can be
developed by heating EVP (Aaslyng and others
1999a, 1999b; Wu and others 2000). Inexpensive
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protein sources from seafood by-products can also be
used as precursors to develop process flavor (Baek and
Cadwallader 1995, 1999).

Enzymatic modification of butter, coffee, chocolate,
cereal products, and roasted nuts are also considered
process flavors, but meat flavor is the most important
among the process flavors. In this chapter, meat flavors
will be discussed extensively because the flavors of
cooked meats are typical examples of process flavor.

AROMA-ACTIVE COMPOUNDS
FOUND IN MEATS AND PROCESS
FLAVORS

To date, many hundreds of volatile flavor com-
pounds have been identified in beef, pork, chicken,
and lamb (Mottram 1991, Shahidi 1998). Early re-
search on volatile flavor compounds of cooked
meats was not successful in characterizing the
meaty flavor because these compounds do not nec-
essarily represent the character-impact compounds
or aroma-active compounds of cooked meats. Most
important meaty flavors were in low thresholds,
which made them difficult to be identified as potent
aroma compounds by instrument analysis. Recent
development of gas chromatography-olfactometry
(GC-0) techniques revealed important aroma-active
compounds from cooked meats (Gasser and Grosch
1988, 1990; Guth and Grosch 1994; Kerscher and
Grosch 1997). Flavor chemistry of meat flavors has
recently been reviewed intensively (Shahidi 1998).
Lists of significant aroma-active components fre-

quently found in cooked meats and meatlike process
flavors are given in Tables 12.1 and 12.2. Sulfur- and
nitrogen-containing (or heterocyclic) compounds as
well as furanones and lipid-derived compounds are
important in meats and process flavors. Of these,
sulfur-containing compounds contribute most sig-
nificantly to process flavors. Classes of heterocyclic
aroma-active compounds found in meats and pro-
cess flavors are shown in Figure 12.1.

SULFUR-CONTAINING COMPOUNDS

Sulfur-containing (or heterocyclic) compounds are
most important in cooked meat flavors (Mussinan
and Keelan 1994). Sulfur-containing aroma-active
compounds found in beef, chicken, and process fla-
vors are listed in Table 12.1. MacLeod (1986) found
that most meaty aromas were sulfur-containing
compounds. 2-Methyl-3-furanthiol (2-MF), 2-fur-
furylthiol, and 2,5-dimethyl-3-furanthiol were iden-
tified as primary odorants of chicken broth (Gasser
and Grosch 1990). 2-MF and its oxidative dimer bis-
(2-methyl-3-furyl) disulfide play very important
roles in cooked beef (Gasser and Grosch 1988).
These compounds are formed by thiamine degrada-
tion and reactions involving cysteine (Zhang and Ho
1991b, Hofmann and Schieberle 1995a). These sul-
fur-containing compounds have been identified from
process flavors made from enzyme-hydrolyzed soy-
bean protein (Baek and others 2001, Wu and
Cadwallader 2002). Odor thresholds of 2-MF and bis-
(2-methyl-3-furyl) disulfide were known to be 0.005-

Table 12.1. Potent sulfur-containing aroma-active compounds found in
cooked meats and meatlike process flavors.

Compounds Occurrence Reference
2-methyl-3-furanthiol B,C,P 2-4,6-9
3-mercapto-2-pentanone B,P 2-4,6,9
dimethyl trisulfide B,C,P 2,5-8
2-furfurylthiol B,C,P 2-5,7,9
methional B,C,P 1,3-9
2,5-dimethyl-3-furanthiol C 9
2-acetylthiazole B,P 1,2,8,9
2-acetyl-2-thiazoline B,C,P 1-5, 17,
bis- (2-methyl-3-furyl) disulfide B, P 2,4,9

B = beef, C = chicken, P = process flavor

References: 1: Cerny and Grosch 1992; 2: Hofmann and Schieberle 1995a; 3: Wu and
Cadwallader 2002; 4: Kerscher and Grosch 1997; 5: Guth and Grosch 1994; 6: Baek and oth-
ers 2001; 7: Kerler and Grosch 1997; 8: Gasser and Grosch 1988; 9: Gasser and Grosch 1990.
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Table 12.2. Potent aroma-active compounds frequently found in
cooked meats and meatlike process flavors.

Compounds Occurrence Reference
3-methylbutanal B,C,P 3,4,5,7
2,3-butanedione B,P 1-6
Hexanal B,C,P 1,3-5,7
1-octen-3-one B,C,P 1,3-5,7
2-acetyl-1-pyrroline B,P 3,4
(E.E)-2,4-decadienal B, C 1,4,5,7
4-hydroxy-2,5-dimethyl-3(2 H)-furanone B,C,P 1-5,7
3-hydroxy-4,5-dimethyl-2 (5 H)-furanone B,C,P 1,2,4,5,7
v-dodecalactone C 9

B = beef, C = chicken, P = process flavor

References: 1: Cerny and Grosch 1992; 2: Hofmann and Schieberle 1995a; 3: Wu and
Cadwallader 2002; 4: Kerscher and Grosch 1997; 5: Guth and Grosch 1994; 6: Baek and
others 2001; 7: Kerler and Grosch 1997; 8: Gasser and Grosch 1988; 9: Gasser and

Grosch 1990.

0.01 and 0.00002 ppb, respectively (Gasser and
Grosch 1988, Buttery 1999). Furans with a sulfur
atom at the 3- or 4-position are known to have a par-
ticularly strong meat character (Weenen and de Rooij
1998). A number of sulfur-containing furans have
been previously identified in yeast extracts (Ames
and MacLeod 1985, Ames 1994).

The aroma difference between beef and chicken
might be explained by the fact that bis-(2-methyl-3-
furyl) disulfide and methional predominated in beef
whereas lipid-derived (F,E)-2,4-decadienal and y-do-
decalactone were more potent in chicken (Gasser and
Grosch 1990).

2-Acetyl-2-thiazoline is considered to be a key
contributor to meat process flavors with roasty and
popcorn-like aroma-note (Hofmann and Schieberle
1995b). This heterocyclic compound has also been
identified as a potent aroma-active compound in
beef, chicken, and process flavors.

NITROGEN-CONTAINING COMPOUNDS

Pyrazines are one of the major groups of nitrogen-con-
taining volatile compounds generated by Maillard re-
action, which are responsible for the roasted aroma of
meats. These compounds also contribute to the roasted
aroma note of process flavors. Few pyrazines includ-
ing 2-ethyl-3,5-dimethylpyrazine have been identified
in process flavors from enzyme hydrolyzed soybean
protein (Wu and others 2000, Baek and others 2001).
2-Ethyl-3,5-dimethylpyrazine and 2-ethyl-3,6-di-

methylpyrazine have odor thresholds of 0.04 ppb and
8.6 ppb, respectively (Buttery and Ling 1997).

2-Acetyl-1-pyrroline (2-AP) is an important
aroma-active compound in heated foods. L-Proline
is a responsible precursor for this compound
(Roberts and Acree 1994). The formation of 2-AP
from L-proline was affected by pH, which prefers
neutral and slightly alkaline conditions (Blank and
others 2003).

FURANONES

Furanones, such as 4-hydroxy-2,5-dimethyl-3(2H)-
furanone (HDMF) and 3-hydroxy-4,5-dimethyl-
2(5H)-furanone (sotolon), were identified as key
aroma-active compounds of stewed beef (Guth and
Grosch 1994). Enolones, such as maltol, cyclotene,
and furanones, are important contributors to meat fla-
vors to give rise to sweet and caramel-like aromas
(Belitz and Grosch 1999). 4-Hydroxy-5-methyl-
3(2H)-furanone (HMF) and HDMF were first isolated
from beef broth (Tonsbeek and others 1968). These
two furanones play an important role in meat flavor as
precursors for beef flavor (Shu and others 1985, Shu
and Ho 1988, Whitfield and Mottram 1999).

Lipip-DERIVED COMPOUNDS

The Maillard reaction products can be classified into
four groups, which include sulfur-, oxygen-, and ni-
trogen-containing heterocyclic compounds, cyclic
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Figure 12.1. Classes of heterocyclic aroma-active compounds found in meats and process flavors.

enolones, polycarbonyls, and monocarbonyls, de-
pending on their aroma types, chemical structures,
molecular shapes, and processing parameters (Heath
and Reineccius 1986). Fat degradation products ap-
pear to determine the species-specific flavor of meat.
(£,£)-2,4-Decadienal, which is formed by autoxida-
tion of linoleic acid, is known to be a characteristic
aroma of chicken (Gasser and Grosch 1990, Chen
and Ho 1998b). However, this lipid-derived com-
pound was of minor importance in beef broth
(Gasser and Grosch 1990).

Regardless of meat species, characteristic meaty
aroma is associated with all meats. Species-specific

aroma-active compounds of meats are believed to be
derived from lipid sources. 12-Methyltridecanal has
been identified as a species-specific odorant of
stewed beef (Guth and Grosch 1993).

OTHER VOLATILE COMPOUNDS
FOUND IN MEATS AND PROCESS
FLAVOR

Thiophenes, thiazoles, thiazolines, dithianes, dithi-
olanes, trithiolanes, and trithianes are other impor-
tant meat volatiles found in meat flavors or process
flavors (Shu and others 1986, Mottram 1991, Zhang
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and Ho 1991b, Chen and Ho 1998a). These sulfur-
containing heterocyclic compounds are considered
to contribute to the meat aroma. Of these 3-thio-
phenethiol having meaty aroma note plays an im-
portant role in meat flavor. Thiophenes with long
alkyl chains are believed to arise from lipid sources
or phospholipids by the reaction of hydrogen sul-
fide with unsaturated fatty acids (Whitfield and oth-
ers 1988, Ho and others 1989). Large numbers of
thiazoles have been identified from cooked meat
flavors (Mottram 1991). Of these, 2-acetylthiazole
was identified as an aroma-active compound of
meats.

Oxazoles and oxazolines have been found in
boiled beef, pork, and fried chicken (Mottram
1991). Although 2,4,5-trimethyl-3-oxazoline and
other alkyl substituted oxazoles are found in meats,
the contribution of these oxygen-containing hetero-
cyclic compounds to meat aroma is probably not as
important as sulfur- and nitrogen-containing hetero-
cyclic compounds. Some important heterocyclic
compounds of cooked meats and meatlike process
flavors are shown in Figure 12.1.

Heterocyclic compounds with long-chain alkyl sub-
stitution are formed from the reaction of lipid or lipid
oxidation products, for which the formation mecha-
nism has been proposed (Ho and others 1989). The
formation of 2,5-dimethyl-3-pentylpyrazine can be
explained by the reaction of 2,5-dimethyldihydropy-
razine with pentanal. 2-Pentylpyridine is formed by
the interaction of 2,4-decadienal and amino acids.

PRECURSORS USED IN THE
MANUFACTURE OF PROCESS
FLAVORS

Water-soluble components from meat extracts con-
tain a complex mixture of precursors including nu-
cleic acids, nucleotides, peptides, amino acids, sug-
ars, lipids, and vitamins. When these precursors
reacted, meat flavor would be theoretically well du-
plicated. However, because of the cost, availability, or
labeling restrictions, other precursors have also been
considered.

AMINO AcIDS

Amino acid is the most important factor determining
aroma property for process flavor. Lane and Nursten
(1983) reported that thermally generated aromas are
basically the same for each particular amino acid on

the basis of the assessment of aroma properties gen-
erated from more than 400 model systems.

Cysteine is the most important amino acid as a
source of sulfur in the generation of meat flavor
(Figure 12.2). Precursor mixtures used in the indus-
trial production of process flavors usually contain
cysteine. Numerous research has proved that this
amino acid is essential in the production of process
flavors (Hofmann and Schieberle 1995a; Schieberle
and Hofmann 1996, 1998; Wu and others 2000).
More than 200 volatile compounds have been identi-
fied from the reaction of cysteine and reducing sugar
(Schieberle and Hofmann 1998). Cysteine reacted
with ribose to produce meat flavor comprising mainly
furanthiols (Hofmann and Schieberle 1995a).

Other sulfur-containing amino acids, such as me-
thionine and cystine, and glutathione (Glu-Cys-Gly)
are also important precursors. From a practical point
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Figure 12.2. The formation of sulfur-containing hetero-
cyclic compounds via Strecker degradation of cysteine.
(Adapted from Nagodawithana 1995)
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of view, cysteine is the most satisfactory sulfur com-
pound in manufacturing process flavor.

Proline, which is an amino acid, reacts with reduc-
ing sugars to produce 2-acetyl-1-pyrroline (Roberts
and Acree 1994). Proline does not produce pyrazines
because this amino acid cannot release ammonia in
Strecker degradation (Nursten 1986). Maillard reac-
tion products differ depending on 1,2- and 2,3-eno-
lization, which is dependent on pH. At lower pH, 1,2
enolization occurs, and at higher pH, 2,3-enolization
occurs. In contrast, hydroxyamino acids, such as ser-
ine and threonine, produce pyrazines (Nursten 1986).
Glutamic acid and monosodium glutamate (MSG)
are also known for their ability to serve as precursors
for process flavors as well as flavor enhancer (Nago-
dawithana 1995).

REDUCING SUGARS

Ribose and ribose-5-phosphate increased during ag-
ing from inosine-5'-monophosphate (IMP) decom-
position. The most significant loss occurred for cys-
teine and ribose during heating of meats, which led
to the first process flavor patent by Morton and oth-
ers (1960). A reaction mixture of cysteine and ribose
is generally accepted to produce meat flavor.
Previously it is known that overall odor of
Maillard reaction products is not influenced by
sugar moiety (Lane and Nursten 1983). However,
recently it was reported that the sugar moiety signif-
icantly influenced the volatile pattern formed
(Hofmann and Schieberle 1997, 1998; Schieberle
and Hofmann 1998). When cysteine is reacted with
different reducing sugars, specific aroma-active
compounds are formed depending on the source of
reducing sugar. For example, thamnose produced 5-
methyl-2-furfurylthiol and 3-hydroxy-6-methyl-
2(2H) pyranone, whereas 2-(1-mercaptoethyl) furan
was exclusively formed from glucose. In addition to
monosaccharides, reducing disaccharides, such as
maltose and lactose, can participate in Maillard re-
action (Hurrel 1982). Pentoses are more reactive
than hexose with xylose being the most reactive.

THIAMINE

Thiamine (vitamin B1) is a very important non-
volatile flavor precursor, which decomposes ther-
mally to give rise to sulfur-containing compounds
important to meat flavor. Reaction mechanism of

thermal degradation of thiamine can be found else-
where (MacLeod 1986, Nagodawithana 1995,
Weenen and de Rooij 1998). Thermal degradation of
thiamine depends on pH (Figure 12.3). Thermal
degradation at neutral or slightly alkaline pH ap-
pears to favor the breakdown of thiazole ring, which
leads to the formation of H,S. Breakdown of the
methylene bridge is predominant under acidic con-
ditions (Nagodawithana 1995).

RIBONUCLEOTIDES

Ribonucleotides are known to serve as a source of
ribose as well as flavor enhancers. Nucleotides, such
as IMP, which is formed from adenosine-5’-triphos-
phate (ATP) during aging, are the most important
aroma precursors in the development of cooked
meat flavor.

IMP increased the meaty note of process flavor by
thermal reaction (Zhang and Ho 1991b, Farmer and
others 1996). The role of IMP is more than just a
ribose source. By thermal reaction of cysteine and
IMP, a lot of sulfur-containing compounds including
2-methyl-3-furanthiol and 2-furfurylthiol were
formed (Zhang and Ho 1991b). IMP is considered as
an important precursor to generate sulfur-containing
compounds responsible for meat flavor. Possible
mechanism for the formation of 2-methyl-3-furan-
thiol from thermal reaction of IMP with cysteine has
been proposed (Zhang and Ho 1991b). The major
compounds were furfural and 2-furfurylthiol, indi-
cating that liberation of ribose from IMP is the main
pathway and these sulfur compounds were subse-
quently produced by dehydration and oxidation at
acidic conditions.

PHOSPHOLIPID

Mottram and Edwards (1983) reported that the char-
acteristic aroma of cooked meat disappeared by the
removal of phospholipid from meat, indicating that
phospholipids played a significant role in the gener-
ation of cooked meat flavor. Phospholipids con-
tribute to the aroma of cooked meat through ther-
mally induced lipid oxidation and interaction of
lipid with Maillard reaction products (Farmer and
Mottram 1990; Mottram and Whitfield 1995a,
1995b). Phospholipid inhibited the formation of het-
erocyclic compounds, such as alkylpyrazines, by
participating in Maillard reaction in the aqueous
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system (Whitfield and others 1988, Farmer and oth-
ers 1989). Sulfur-containing compounds, such as
methylthio-substituted furans and thiophenes, were
generated by the addition of phospholipid in non-
aqueous systems (Mottram and Whitfield 1995a).
Water contents also influenced volatiles produced in
Maillard reaction systems with phospholipid (Mot-
tram and Whitfield 1995b).

Aromas generated by thermal degradation of phos-
pholipids are mainly due to lipid-derived volatiles,
such as trans-4,5-epoxy-(E)-decenal and (F,E)-2,4-
decadienal (Lin and Blank 2003). Recently, it was hy-
pothesized that molecular organization of phospho-
lipids played an important role in thermal generation
of aromas (Vauthey and others 2000, Lin and others
2004).

OTHERS

Meat extracts, which contain precursor amino acids,
are usually major ingredients in many process fla-
vors. Protein hydrolysates are good sources of
amino acids for process flavors. HVP is an econom-
ical source; however, the use of HVP has decreased
in light of safety concerns. Flavors without HVP
have been regarded as “clean-label” flavors in the
United States (Manley and others 1999). EVP can
be used as an alternative to HVP. Autolyzed yeast
extract is a very useful reactant in creating process
flavors. Yeast extract generates sulfur-containing
compounds, such as 2-methyl-3-furanthiol and bis-
(2-methyl-3-furyl) disulfide, which impart meatlike
aroma (Ames and MacLeod 1985). Glutathione is
also a good source for process flavor (Zhang and Ho
1991a).

Peptides can react with reducing sugars via com-
plex reactions. Taking into consideration the raw
material price, meat by-products are good sources
of amino acids and peptides. Protein hydrolysates
from plants or animal origins provide a good nitro-
gen source to process flavor. HVP and autolyzed
yeast extract are widely used as nitrogen sources.
Incorporation of fats into the mixture before reac-
tion gives species-specific process flavors, such as,
mutton, chicken, and pork.

HMF and HDMF are considered to be involved in
the meaty flavors through their reactions with either
hydrogen sulfide or sulfur-containing amino acids
(Shu and others 1986, Shu and Ho 1988, Whitfield
and Mottram 1999). 3,5-Dimethyl-1,2,4-trithiolane

and other heterocyclic compounds described as
roasted and meaty were formed by the thermal reac-
tion of HDMF and cysteine. The formation of
HDMEF from rhamnose has been proposed.

Maillard reaction intermediates, such as acetalde-
hyde, pyruvaldehyde (2-oxopropanal), and 2,3-bu-
tanedione, have been used as precursors for the devel-
opment of process flavors (Macl.eod 1986).

FORMATION MECHANISM

Numerous reviews on the formation mechanisms of
meat flavor have been published (Macl.eod 1986,
Nursten 1986, Nagodawithana 1995). Since sulfur-
containing compounds play a critical role in the per-
ception of meat flavor, a possible source of sulfur-con-
taining compounds and their formation mechanisms
have been extensively reviewed (Mussinan and
Keelan 1994). Hydrogen sulfide evolved from
Strecker degradation of cysteine plays a central role in
the generation of meaty flavor. In addition, mercap-
toacetaldehyde, acetaldehyde, and ammonia produced
from Strecker degradation of cysteine serve as inter-
mediates in the generation of sulfur-containing hetero-
cyclic compounds, such as 2-acetyl-2-thiazoline and
2-acetylthiazole (Figure 12.2).

Basic chemistry of process flavors has been re-
viewed in recent articles (Mottram 1998, Weenen and
de Rooij 1998, Manley and others 1999). The most im-
portant reactions involved in process flavor are
Maillard reaction, Strecker degradation, sugar degrada-
tion/fragmentation, thermal degradation of thiamine,
and lipid oxidation (Nagodawithana 1995, Macl.eod
1986). Formation mechanism relating to process flavor
has been reviewed elsewhere (Nagodawithana 1995,
Macleod 1986). Figure 12.3 shows the thermal degra-
dation of thiamine at different pHs to generate aroma-
active compounds important to process flavors, such as
2-methyl-3-furanthiol, 2-methyl-3-(methylthio) furan,
2-methyl-3-(methyldithio) furan, and bis-(2-methyl-3-
furyl) disulfide.

Thermal breakdown mechanisms of sugars and
amino acids have been described in detail (Scarpellino
and Soukup 1993). 5-Hydroxymethyl-2-furfural and
2-furfural are formed under acidic conditions
through 1,2-enolization of Amadori compounds de-
rived from thermal breakdown of pentose and hex-
ose, respectively. Under alkaline conditions, the for-
mation of HMF and HDMF are through
2,3-enolization of Amadori compounds derived
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from the thermal breakdown of pentose and hexose,
respectively. Sulfur substituted furans and thio-
phenes were formed as main volatile compounds
from the reaction of HMF and hydrogen sulfide (van
den Ouweland and Peer 1975). Amino acids are
thermally degraded through Strecker degradation,
which is a reaction of an amino acid with a dicar-
bonyl to produce Strecker aldehyde that has one less
carbon than original amino acid. Strecker aldehydes
play important roles in process flavors as aroma-
active compounds as well as precursors for further
reactions.

REACTION PARAMETERS

The aroma property of process flavor depends on (1)
the nature and ratio of amino acids/protein and re-
ducing sugars present, (2) the time/temperature con-
ditions of the reaction, and (3) the nature of any
thermal degradation reactions. Free amino acids are
presumably more important than peptides or pro-
teins. Of these, temperature has the greatest influ-
ence on the reaction.

Lipid oxidation products play an important role in
the development of some thermally generated aro-
mas as described by Ho and others (1989).

Moisture content is one of the important reaction
parameters in the generation of aromas from process
flavors. Volatile profiles of process flavors showed
significantly different patterns depending on mois-
ture contents of reactants. Dry heating of precursor
mixtures generated higher yield of aroma-active
compounds than heating under the aqueous system
(Schieberle and Hofmann 1998). Some odorants
increased in dry heating, whereas some decreased
under dry heating. For example, 2-furfurylthiol, 3-
mercapto-2-pentanone, 2-methyl-3-furanthiol, and
5-acetyl-2,3-dihydro-1,4-thiazine were the most
intense odorant generated in aqueous solution
(Hofmann and Schieberle 1995a). 2-Furfurylthiol
and 2-acetyl-2-thiazoline were considered the most
potent aroma-active compounds in dry heated mix-
ture, whereas 5-acetyl-2,3-dihydro-1,4-thiazine and
3-mercapto-2-pentanone  significantly  decreased
{Schieberle and Hofmann 1998). Also, a comparison
has been made in dry heated and the aqueous rham-
nose/cysteine system (Hofmann and Schieberle
1997). Caramel- and seasoning-like aroma notes
prevailed in the aqueous system, whereas roasty
note predominated in dry heated.

The pH effect on the volatile formation in process
flavors is important. Cysteine produces meat flavor
with the reaction of ribose at acidic pH. In the reac-
tion of cysteine-ribose, pH remarkably influenced
the overall aroma (Schieberle and Hofmann 1996).
As pH increased from 3.0 to 7.0, 2-methyl-3-furan-
thiol and 2-furfurylthiol decreased significantly,
whereas the 4-hydroxy-2,5-dimethyl-3(2H)-fura-
none (furaneol) and 3-hydroxy-4,5-dimethyl-2 (5H)-
furanone (sotolon) increased, which resulted in sig-
nificant changes of overall aroma. pH plays a key
role in manipulating the volatile compositions in
producing process flavors. The production of sulfur-
substituted furans with meatlike aromas from the re-
action of cysteine is dependent on pH, which is fa-
vored at acidic pH (Zhang and Ho 1991a, 1991b;
Whitfield and Mottram 1999). pH influenced the
volatile formation from the reaction of cysteine and
4-hydroxy-2,5-dimethyl-3(2H)-furanone with the
generation of the best meat flavor at pH 2.2 (Shu and
Ho 1988). The formation of pyrazines was favored
at alkaline pH due to the increased reactivity of
amino groups (Hwang and others 1994). In general,
browning is more favored at alkaline pH.

SAFETY CONCERN

Heterocyclic amines formed by heat treatment and
monochloropropanediols (MCPD) or dichloro-
propanols (DCP) in HVP are the major concern of
safety in process flavors. However, these harmful
materials can be reduced by processing conditions
and technological achievements. Furthermore, the
levels of process flavors used in foods are below lev-
els of safety concern.

Recently, acrylamide has been detected in heated
foodstuffs including potato chips and meats.
Moderate levels of acrylamide (5-50 wg/kg) were
measured in heated protein-rich foods, such as
boiled beef, whereas higher contents (150-4,000
ng/kg) were measured in carbohydrate-rich foods
(Tareke and others 2002). Acrylamide is formed by
the reaction of asparagines and glucose (Yaylayan
and others 2003). However, process flavor is used as
an ingredient in small amounts, normally less than
2%, so it does not seem to be harmful to food. Pro-
cess flavors are on the list of generally recognized as
safe (GRAS) (Manley and others 1999).

The IOFI guideline defines process flavor as
a product or a mixture prepared for its flavoring
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properties and which is produced from ingredients
or mixtures of ingredients that are permitted for use
in foodstuffs, or are present naturally in foodstuffs,
or are permitted for use specifically in process fla-
vorings by a process used for the preparation of
foods for human consumption. The ingredients can
include (a) a protein nitrogen source, (b) a carbohy-
drate source, {(c) a fat or fatty acid source, and (d)
other ingredients including herbs and spices; thi-
amine; organic acids; sodium chloride; and lecithin.
The processing conditions should not exceed 15
minutes at 180°C or proportionately longer at lower
temperatures. The pH should not exceed 8.0.
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Savory tasting food like meat and fish form a sub-
stantial part of our diet and are important nutrient
sources for biologically high-grade proteins, iron,
and vitamins. Vegetables add minerals, vitamins, di-
etary fibers, and antioxidants to our diet. The plea-
sure of eating savory dishes depends on good quality
of the foodstuffs as well as on a well-balanced and
stimulating recipe and finally on the perfectly exe-
cuted preparation and cooking. The resulting flavor
is not caused by a single compound or a single com-
pound class, but by the sensory impression stimu-
lated by a multitude of differently structured chemi-
cals. These components can be divided into three
categories (Dwivedi and Snell 1975):

* Aroma compounds, which are volatile and
perceived by the sense of smell through the
olfactory receptors in the nasal mucosa

* Nonvolatile compounds, which contribute the
five basic tastes (sweet, sour, salty, bitter, and
umami) as well as tactile properties by
interacting with receptors in the oral cavity

* Synergistic compounds intensifying the effect of
other flavor sensations

More than 7,000 volatiles have been identified in
food to date (Boelens 2000), whereof only a fraction

actually contributes to the aroma. Analytical tech-
niques, which combine instrumental analysis with
sensory methods, are suitable to distinguish the
aroma-active volatiles from the others. Most of these
techniques are based on the aroma value concept
(Rothe and Thomas 1963) and use gas chromatogra-
phy-olfactometry (GC-0O). Aroma extract dilution
analysis (AEDA) is a further development of GC-O
(Gasser and Grosch 1988). Successively diluted
aroma extracts are analyzed by GC-O until the odor
is no longer perceived. The flavor dilution (FD) fac-
tor indicates the highest dilution at which a com-
pound is still detected at the sniffing port. The aroma
value or odor activity value (OAV) is defined as the
quotient of concentration and odor threshold of a
compound in a given matrix.

Table 13.1 compares the identified volatiles in
boiled beef (Boelens 2000) with the aroma impact
compounds (Gasser and Grosch 1988, Konopka and
Grosch 1991, Kerscher and Grosch 1997, Kerscher
and Grosch 1998, Kerscher 2000). It becomes obvi-
ous that the volatiles outnumber the aroma-active
ones among them and that not all chemical classes
are equally important. The objective of this chapter
is to concentrate the discussion on the aroma-active
volatiles, and in addition on the nonvolatiles that
contribute to the taste of meat, fish, and seafood.

MEAT FLAVOR

Meat flavor has been the subject of many review ar-
ticles (Dwivedi and Snell 1975, Ohloff and Flament
1978, Macleod and others 1981, Baines and
Milotkiewicz 1984, Werkhoff and others 1993,
Mottram 1998) and books dedicated to this subject
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Table 13.1. Identified volatiles and aroma
compounds in boiled beef.

Aroma
Volatiles® compounds”
Hydrocarbons 73 0
Alcohols 32 1
Aldehydes 57 20
Ketones 49 11
Acids 9 5
Esters and lactones 11 0
Bases 91 1
Sulfur compounds 124 19
Ethers 5 0
Halogens 6 0
Nitriles and amides 1 0
Phenols 3 3
Furans 22 2
Oxazoles 5 0

*Number of identified volatiles according to Boelens
(Boelens 2000).

"Number of aroma-active compounds identified by GC-
O (Gasser and Grosch 1988; Konopka and Grosch 1991;
Kerscher and Grosch 1997, 1998; Kerscher 2000).

(Shahidi 1994, 1998). The most popular and most
commonly produced meats worldwide are pork (86
million tons per year), poultry (58 million tons),
beef (54 million tons), and lamb (7 million tons)
(Belitz and others 1999).

The precursors responsible for the basic aroma of
meat are generally water-soluble and found in the
lean part of the meat, whereas the species-specific
aroma compounds stem mainly from the lipids
(Hornstein and Crowe 1960, Hornstein and others
1963). Table 13.2 shows the concentrations of po-
tential water-soluble aroma precursors in beef (top
round) meat. Besides the species of the meat, the
way of cooking has a great influence on the aroma.
While, for example, acetaldehyde, methylpropanal,
methional, octanal, nonanal, and 2(Z)-nonenal dom-
inate the aroma of roasted chicken meat (Kerscher
2000), the odor of boiled chicken is caused mainly
by 2-furfurylthiol, hexanal, 2(E)-nonenal, 2,4(E,E)-
nonadienal, 2,4(E,E)-decadienal, and 2,4(E,Z)-
decadienal (Kerler and Grosch 1997). In chicken
skin, 3-mercapto-2-pentanone, acetaldehyde, methyl-
propanal, 2-methylbutanal, 3-methylbutanal, and me-
thional show the highest OAVs (Kerscher 2000).
Methanthiol is a key aroma compound in all three

types of chicken aroma. The cooking time equally
affects the formation of aroma compounds. The con-
centration of 4-hydroxy-2,5-dimethyl-3(2H)-fura-
none (HDMF) in beef increases continuously up to
1.6 mg/kg during 15 minutes of roasting, and even
reaches 11.6 mg/kg when stewed for 4 hours
(Grosch and others 1993).

BEEF

Table 13.3 lists the volatiles that have been shown
by GC-O methods to be aroma-active in roasted,
boiled, and stewed beef, respectively. Figure 13.1
shows some of their structures. The quantitative data
were obtained by stable isotope dilution assay
(Sweeley and others 1966, Schieberle and Grosch
1987), which is a reliable method to analyze delicate

Table 13.2. Free amino acids, thiamine, and
sugars in beef.

Beef (mg/kg)™"®

Alanine 313
Arginine 76
Aspartic acid 7
Cysteine 37
Glutamic acid 103
Glycine 96
Histidine 48
Isoleucine 44
Leucine 80
Lysine 56
Methionine 23
Phenylalanine 52
Proline 39
Serine 48
Threonine 32
Tyrosine 48
Valine 80
Glutamine 706
Thiamine 0.8°
Glucose-6-phosphate 1,834
Glucose 1,072
Fructose-6-phosphate 503
Fructose 283

*Based on moist mass of raw meat; beef: top round;
chicken: breast.

"Grosch and coworkers (Grosch and others 1993).

“Zeiler-Hilgart (Zeiler-Hilgart 1994).



Table 13.3. Aroma-active compounds in beef, chicken, and pork.

Beef Chicken Pork
No. Roasted®* Boiled® Stewed® Boiled® Roasted® Boiled® Stewed®
Aldehydes
9  Acetaldehyde +h 1,817 6,400 4,700 3,815 3,953 1,500
11 Methylpropanal + 117 39 83 90
13 2-Methylbutanal + +
12 3-Methylbutanal 16 26 10 5 17 27 21
6  Methional 9-33 36 13 15 53 11 23
15 Phenylacetaldeyhde + + + +
Pentanal +
23  Hexanal 269 + 72 1,506 283 15
2(E)-Hexenal +
Heptanal + + +
2(E)-Heptenal + +
25  Octanal + 382 + 148 190 154 +
2(E)-Octenal +
26 Nonanal + 1,262 + + 534 643
27 2(E)-Nonenal 42 32 + 75 23 15
2(Z)-Nonenal + 6 + 6 1 +
3(Z)-Nonenal +
28  2,4(E,E)-Nonadienal + + + 57
30 2,6(E,Z)-Nonadienal + + 3
Decanal + +
2(E)-Decenal +
2(Z)-Decenal +
4,5-Epoxy-2(E)-decenal 1.5 + + +
31  2,4(E,E)-Decadienal + 12 302 11 7 10
2,4(E,Z)-Decadienal 27 31 7
2-Undecenal +
2(E)-Dodecenal +
32 12-Methyltridecanal 962 52
Ketones
14 2,3-Butanedione + + 46 38
2,3-Pentanedione +
2-Heptanone +
2-Octanone +
33  1-Octen-3-one + 9 + 6 7 5 +
34 1,5(Z)-Octadien-3-one + + +
2-Nonanone +
1-Nonen-3-one +
2-Decanone +
2-Undecanone +
2-Dodecanone +
2-Tridecanone +
-Tonone + +
(Continues)
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Table 13.3. Continued

Beef Chicken Pork
No. Roasted® Boiled” Stewed® Boiled? Roasted® Boiled' Stewed?
Alcohols
1-Octen-3-ol +
Tridecanol +
Acids/Phenols
Acetic acid + + 200,000 22,100 270,000
Butyric acid + 7,074 6,100 3,800 §,119 17,200 3,900
2-/3-Methylbutyric acid + 74 + 95
Valeric acid +
Phenylacetic acid +
Guaiacol 2-8 + +
p-Cresol + +
p-Vinylguaiacol + +
Vanilline +
Sulfur compounds
Hydrogen sulfide + 290
3 Methanthiol + 311 300 1,456 202 278 500
4 Dimethylsulfide + 105
5  Dimethyl trisulfide + + + 0.8 +
1 2-Methyl-3-furanthiol 7-28 1-5 0.4-4 6-9
2,5-Dimethyl-3-furanthiol +
2-Methyl-3-(methylthio)furan + +
2-Methyl-3(methyltrithio)furan +
8  3-Mercapto-2-pentanone 55-73  + 23-100 27-31 66-117
7 2-Mercapto-3-pentanone 20-44 2-13  0.5-34 11-14
2 Furfurylthiol 13-42 0.5 0.4-5 0.1-1.9 8-10 06
Benzyl mercaptane +
Bis(2-methyl-3-furyl)disulfide + +
Bis(2-furfuryl)disulfide +
2-Methylthiophene +
2-Formylthiophene +
2-Formyl-5-methylthiophene + +
2-Acetylthiophene + +
3-Acetyl-2,5-dimethylthiophene +
2,4,6-Trimethyltetrahydro-1,3, +
5-thiadiazine
3,5-Dimethyl-1,2,4-trithiolane +
5,6-Dihydro-2,4,6-trimethyl- +
4H-1,3,5-dithiazine
Lactones
v-Octalactone +
v-Decalactone +
v-Dodecalactone + +
17 4,5-Dimethyl-3-hydroxy-2 9 + 5 5 3

(5H)-furanone
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Table 13.3. Continued

Beef Chicken Pork
No. Roasted®  Boiled” Stewed® Boiled® Roasted® Boiled" Stewed?
Other Heterocycles
Trimethylpyrazine +
20  2-Ethyl-3,5-dimethylpyrazine  2-5 + +
21 2,3-Diethyl-5-methylpyrazine 1-27 + +
2-Acetylthiazole + + +
19  2-Acetyl-2-thiazoline 12-28 + 1 14 5
2,4,5-Trimethylthiazole +
Benzothiazole +
18  2-Acetyl-1-pyrroline + + + +
Indol +
16 2,5-Dimethyl-4-hydroxy-3- £59-1,108 9,075 8,000 1,232 50 2,170 2,700
(2H)-furanone
4-Hydroxy-5-methyl-3(2H)- +

furanone

*Literature data

"Literature data

‘Literature data

9L iterature data
ers 1997).

Guth and Grosch 1993, 1994, 1995).

Cerny and Grosch 1992, 1993; Kerler and Grosch 1996).
Gasser and Grosch 1988; Kerscher and Grosch 1997, 1998; Kerscher 2000).

Kerscher and Grosch 1997, 1998; Gasser and Grosch 1990; Farmer and others 2000; Farkas and oth-

“Literature data (Kerscher and Grosch 1998; Kerscher 2000).

fLiterature data (Kerscher and Grosch 1998; Kerscher 2000).

€L iterature data (Guth and Grosch 1995).

h«

aroma compounds, which are unstable or occur just
in minute concentrations.

Sulfur-containing compounds have been thought
to contribute to the meaty character of cooked beef
(Wilson and others 1973), in particular sulfides like
2-methyl-3-furanthiol (compound 1 in Figure 13.1),
2-furfurylthiol (2) and methanthiol (3) (Gasser and
Grosch 1988, Guth and Grosch 1994). According
to van den QOuweland and coworkers (van den
Ouweland and others 1989), compounds with meaty
character possess a five-membered ring, a double
bond, and a methyl and a thiol group. While the role
of sulfur compounds for the aroma of boiled beef is
important, roasted beef is more dominated by
roasted notes deriving from certain pyrazines to-
gether with aldehydes from lipid degradation (Cerny
and Grosch 1992, Kerler and Grosch 1996).

Key reactions for the generation of 1 and 2 in meat
are, on the one hand, the Maillard reaction between
the amino acid cysteine and the reducing sugar ribose
(Farmer and others 1989, Farmer and Mottram 1990),

+”: detected by GC-olfactometry; concentration in (pg/kg), as determined by isotope dilution analysis (IDA).

and on the other hand, the degradation of thiamine
(Arnold and others 1969, Dwivedi and Arnold 1973,
van der Linde and others 1979). Aldehydes are
mainly formed via oxidation of unsaturated fatty
acids like oleic, linoleic, and linolenic acid present in
the lipid fraction. Strecker degradation of valine,
isoleucine, leucine, methionine, and phenylalanine
causes the formation of methylpropanal (11), 2-
methylbutanal (13), 3-methylbutanal (12), methional
(6), and phenylacetaldehyde (15). The long-chain
branched aldehyde 12-methyltridecanal (32) was
considered a species-specific aroma compound in
boiled and stewed beef (Guth and Grosch 1993). The
compound 32 occurs also in higher concentrations in
lamb, springbok, and deer, but only at a very low level
in pork and chicken, and hence seems to be character-
istic for ruminant animals. Possibly it is formed by
the rumen micro flora, absorbed, and later incorpo-
rated into the plasmalogens of the muscle membranes
from where it is released during longer cooking (Guth
and Grosch 1993).
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Figure 13.1. Chemical structure of some key aroma compounds of meat, fish and seafood.
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Kerscher (2000) has, based on the concentrations
of the key aroma compounds found in boiled beef,
prepared a synthetic recombination model mixture
of the aroma (Table 13.4) and found it highly similar
compared to the original beef sample. In subsequent
omission tests, the absence of 32 did not change the
aroma character significantly indicating that its con-
tribution to beef flavor is much lower than previ-
ously assumed (Kerscher 2000).

CHICKEN

Chicken meat has in general a higher fat content
than beef (Belitz and others 1999). Chicken fat con-
tains more unsaturated fatty acids, especially
linoleic acid (19.5%) than both beef (3.1%) and
pork fat (9.5%) (United States Department of
Agriculture 2003). The fatty acids, which are pres-
ent in chicken fat and in the phospholipids in
chicken meat, undergo partial oxidation during
cooking. Aldehydes and ketones belong to the major
volatiles formed. Consequently, numerous review
articles have assigned carbonyl compounds an im-
portant role in chicken aroma (Wilson and Katz
1972, Schliemann and others 1988, Shi and Ho
1994), together with sulfur-containing compounds,
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which are believed to be another important chemical
class.

Sulfur-containing compounds are more important
for the aroma of boiled chicken than for roasted
chicken. The concentrations of 1-3 and 3-mercapto-
2-pentanone (8) are overall higher in boiled chicken
(1-5 ng/kg; 0.4-5 ng/kg: 1,456 pg/kg: 23-100
ng/kg) than in roasted chicken meat (0.4-4 ng/kg;
0.1-1.9 pg/kg; 202 ng/kg; 27-31 pg/kg) (Kerscher
and Grosch 1998, Kerscher 2000). When compared
to boiled beef, the concentrations of 1 and 2 are gen-
erally lower in boiled chicken (See Table 13.3).

Compounds 23 and 31 belong to the primary
volatile products that are formed by autoxidation of
linoleic acid at elevated temperatures (Grosch
1987). While 23 results from the breakdown of the
corresponding 13-monohydroperoxide, 31 stems
from the degradation of the 9-monohydroperoxide.
Due to their low odor thresholds (23: 10 wg/L. water;
31: 0.2 pg/LL water) (Grosch and others 1993) both
compounds contribute to the flavor of boiled and
roasted chicken. Pippen and Nonaka (1958) recog-
nized the contribution of decadienal to chicken fla-
vor. Roasted chicken skin, which is much more
greasy, contains even higher levels than the meat
with a concentration of 893 versus 283 wg/kg for 23

Table 13.4. Recombination model mixture of boiled beef aroma (Kerscher 2000)?.

No.” Odorant Odor ng'kg Odor activity value®
32 12-Methyltridecanal tallowy, fatty 962 9,620
1 2-Methyl-3-furanthiol meaty 24 3,429
2 2-Furfurylthiol sulfury, roasted 29 2,900
3 Methanthiol sulfury, rotten 311 1,555
26 Nonanal fatty 1,262 1,262
16 4-Hydroxy-2,5-dimethyl-3(2H)-furanone ~ caramel 9,075 908
25 Octanal citrus 382 546
4 Dimethylsulfide cooked asparagus 105 350
2(Z)-Nonenal fatty, green 6 310
33 1-Octen-3-one mushroom 9 188
9 Acetaldehyde fruity, pungent 1,817 182
6 Methional boiled potato 36 180
11 Methylpropanal malty 117 167
31 2,4(E,E)-Decadienal fatty, fried 27 135
27 2(F)-Nonenal fatty, cardboard 32 128
8 3-Mercapto-2-pentanone sulfury, catty 69 99

*Values taken from Kerscher 2000.
"Numbering corresponds to Figure 13.1.

“Odor activity values were calculated by dividing the concentration of the odorants by their nasal odor threshold in water.



170 Part III: Flavors

and a content of 711 wversus 11 pg/kg for 31
(Kerscher 2000). Other volatiles with high impact
on chicken aroma include the oleic acid degradation
compounds heptanal, octanal (25), nonanal (26), the
linoleic and arachidonic acid oxidation products
2(F)-nonenal (27), 2,4(E,E)-nonadienal (28), 1-
octen-3-one (33), and 2,4(E,Z)-decadienal as well as
2,6(E,Z)-nonadienal (30) and 1,5(Z)-octadien-3-one
(34), which originate from linolenic acid oxidation.

Besides carbonyls from lipid autoxidation and
sulfur compounds from Maillard reaction, aldehy-
des from the Strecker degradation of valine, leucine,
isoleucine, and methionine contribute with high
odor activity values to the aroma of chicken: 6 and
11-13. Gasser and Grosch (Gasser and Grosch
1990) identified 14 primary odor compounds in
chicken broth by aroma extract dilution analysis
(AEDA): 1, 2, 6, 26-28, 31, 2,4,5-trimethylthiazole,
2-formyl-5-methylthiophene, p-cresol, 2-undecenal,
[B-ionone, +vy-decalactone and vy-dodecalactone.
Kerler (Kerler and Grosch 1997) who quantified
chicken volatiles and determined their OAVs found
additionally 23, 25, 33, 34, acetic acid, butyric acid,
2/3-methylbutyric acid, 2,4(E,Z)-decadienal, 2-
acetyl-2-thiazoline (19), 4-hydroxy-2,5-dimethyl-
3(2H)-furanone (16), and 3-hydroxy-4,5-dimethyl-
2(5H)-furanone (17), as well as the very volatile
odorants hydrogen sulfide, methanthiol and ac-
etaldehyde to be contributing to chicken flavor. The
key odorants in roasted chicken skin were analyzed
by Kerscher (2000), who prepared a model solution
of 20 aroma compounds with high odor activity val-
ues in oil/water emulsion, which agreed well with
the aroma of the original chicken skin (See Table
13.5). Volatile trithiolane derivatives, which have
been identified in chicken flavor by different authors
(Tang and others 1983, Hartman and others 1984),
did not show up as aroma impact compounds in
Kerscher's study. As with beef aroma, the very
volatile compounds methanthiol and acetaldehyde
had a high impact on the aroma of chicken.

Pork

Pork is the most consumed meat worldwide, partic-
ularly in China (Belitz and others 1999), with negli-
gible consumption in countries with a large Muslim
or Jewish population. Nonetheless, its aroma has
been studied much less than beef. While fat degrada-
tion products form the majority of the volatile frac-

tion of ground pork meat (Mottram 1982), on the
other side pyrazines are dominating in grilled pork.

Gasser and Grosch (1991) found compounds 1
and 2 to be key aroma compounds of boiled pork,
and the earthy, roasted smelling 2,4-dimethyl-5-eth-
ylthiazole to be a pork-specific odorant. Later,
Kerscher (2000) confirmed the importance of 1 and
2, and added 3, 9, 11, 16, 25, 26, 33, and 2,4(E,7Z)-
decadienal as key odorants. Pork aroma lacks the
beef-specific aldehyde 32, but apart from that, dif-
ferences between beef and pork aroma are more
due to differences in the concentration of Maillard
reaction products (Kerscher 2000). The differences
in the aroma of braised pork and beef can be as-
cribed to the absence of 32 in pork and a consider-
ably higher concentration of 16 in stewed beef (Guth
and Grosch 1995).

In cured pork, the concentration of carbonyl com-
pounds in the volatile fraction is drastically reduced
versus uncured pork, for example hexanal occurring
at 12.66 mg/kg versus 0.03 mg/kg (Ramarathnam
and others 1991). The typical aroma note of cured
pork is not the result of a single odorant, but the in-
teraction of several aroma compounds. In Parma-
type ham, 6, 15-18, 27, p-cresol, and phenylacetic
acid belong to the relevant aroma compounds
(Blank and others 2001). Interestingly, thiols like 1
and 2 as well as the fatty smelling lipid degradation
product 31 did not seem to play a role for this flavor.
Stahnke (2000) identified earlier the heterocyclic,
popcorn-like smelling odorant 2-acetyl-1-pyrroline
(18) in several sausages. She could show that the
molded surface of sausages contained higher
amounts than the center indicating that the com-
pound was microbially formed.

SHEEP

In many countries sheep meat has a low consumer
acceptance due to an objectionable smell. Branched
and unsaturated fatty acids with 8-10 carbon atoms
have been identified in cooked mutton mince, and,
because of their odor properties were thought to
contribute to the undesirable flavor (Wong and oth-
ers 1975). Metabolic processes in the rumen of the
animals are probably involved in their formation.
These acids include 4-methyloctanoic and 4-ethyl-
octanoic acids, both of which possess low odor
thresholds and were therefore regarded as important
contributors of sheep flavor (Brennand and Lindsay
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Table 13.5. Recombination model mixture of chicken skin aroma?®.

No.” Odorant Odor ng/kg Odor activity value®
9 Acetaldehyde fruity, pungent 3,287 14,941
3 Methanthiol sulfury, rotten 164 2,733
6 Methional boiled potato 97 485
13 2-Methylbutanal malty 455 207
11 Methylpropanal malty 538 158
8 3-Mercapto-2-pentanone sulfury, catty 27 142
12 3-Methylbutanal malty 668 124
18 2-Acetyl-1-pyrroline roasted 2.9 29
16 4-Hydroxy-2,5-dimethyl-3(2H)-furanone caramel 395 16
25 Octanal citrus 535 9.6
17 3-Hydroxy-4,5-dimethyl-3(2H)-furanone seasoning-like 1.9 9.5
2-Propionyl-1-pyrroline ¢ roasted 0.8 8
1 2-Methyl-3-furanthiol meaty 4.1 7.3
21 2,3-Diethyl-5-methylpyrazine roasted 2.5 5
2 2-Furfurylthiol sulfury, roasted 1.9 4.8
28 2,4(E,E)-Decadienal fatty, fried 711 4
19 2-Acetyl-2-thiazoline roasted 5.8 3.2
20 2-Ethyl-3,5-dimethylpyrazine roasted 4.3 2
26 Nonanal fatty 832 <1
27 2(E)-Nonenal fatty, cardboard 147 <1

*Values and odor descriptors taken from Kerscher 2000.
"Numbering corresponds to Figure 13.1.

“Odor activity values were calculated by dividing the concentration of the odorants by their nasal odor threshold in water.
92 -Propionyl-1-pyrroline was substituted by 2-acetyl-1-pyrroline on the basis of odor activity values.

1992, Brennand and others 1989). Sutherland and
Ames (1996) analyzed the level of branched-chain
fatty acids in the adipose tissue of lambs and found
3-5 mg/kg 4-methyloctanoic acid. Ha and Lindsay
(1990) made the higher level of 4-ethyloctanoic acid
in the meat of older animals responsible for the
stronger characteristic mutton odor. Other authors
suggest aldehydes and ketones, which were identi-
fied in the neutral volatile fraction of ovine adipose
tissue, as important contributors to mutton flavor
(Caporaso and others 1977). Buttery and others
(1977) suspect alkyl pyridines, found in roasted
lamb fat, to be the reason for its rejection by some
consumers.

A more recent study (Schieberle and Rota 2003)
analyzed raw and cooked sheep meat using GC-O
and isotope dilution analysis to quantify the aroma-
relevant compounds. According to their OAVs, com-
pounds 3 and 34 contribute most to the aroma of the
cooked meat. Compound 34 was already present be-
fore cooking and was, together with nonanal, the
most potent odorant of the raw meat. Interestingly,

the level of the lipid degradation-derived aroma
compounds did not change significantly during
cooking. The role of the intensely sheep-like
smelling 4-methyloctanoic and 4-ethyloctanoic
acids could be confirmed. Both acids, which are lo-
cated in the membrane lipids, are already present in
the raw meat.

FISH AND SEAFOOD FLAVOR
FisH

Fish has a high nutritional value because it is rich
in polyunsaturated fatty acids (PUFA), especially
w-3-fatty acids, has high value protein and iodine
(50-200 wg/100 g in seafish, also known as saltwa-
ter fish), and in general contains less fat than meat.
Raw fresh fish usually has a green, seaweed-like
aroma (Josephson 1983). In the headspace of fresh
whitefish 2(E)-nonenal (27), 2,6(F,Z)-nonadienal
(30), 6-nonen-1-ol, 1-octen-3-0l, 1-octen-3-one
(33), 1,5-octadien-3-ol, 1,5-octadien-3-one (34),
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2,5-octadien-1-ol, and other compounds were identi-
fied by GC-O. The single compounds were described
as having cucumber, melon-like, mushroom-like,
and plant-like aromas (Josephson 1983). Hirano and
others (1992) analyzed the aroma of fresh Ayu fish, a
small Japanese river trout. GC-O analysis revealed
27, 30, and 3,6-nonadien-1-ol to be important for the
cucumber and melon-like flavor of the fish. Another
unsaturated aldehyde, 4(Z)-heptenal (24), was found
to be important for the aroma of cold-stored cod
(McGill 1974, 1977). The authors explained its for-
mation by the oxidation of PUFA present in the fish
phospholipid fraction. The 12-lipoxygenase, present
in fish tissues, essentially in gills, is able to generate
carbonyl compounds from arachidonic and eicos-
apentaenoic acids (Hsieh and Kinsella 1989) yield-
ing 1-octen-3-ol, 2-octenal, 2-nonenal, 2,6-nonadi-
enal, 1,5-octadien-3-ol, and 2,5-octadien-1-0l as the
main volatiles. Distinct differences in flavor exist be-
tween different fish species and even between fish of
the same species but different geographic origin
(Prell and Sawyer 1988). Sérot and others (2001)
could show that the diet also affected the aroma
composition of carnivore fish. Turbot under a high
PUFA diet contained more 30, 2(F)-pentenal, and
1,3,5(E,E,Z)-octatriene, whereas a vegetable oil diet
resulted in a higher hexanal and decanal level in the
fish. Trimethylamine has often been related to fish
odor, especially to the amine-like note. However, it is
less present in fresh fish, but formed by bacterial
spoilage from its N-oxide at temperatures above 0°C.
The precursor trimethylamine oxide level in the
serum of marine fishes is between 0.2 and 47 mil-
limols per liter (mmol/L), depending on the species
(Shibamoto and Horiuchi 1997).

Cooking changes the flavor profile of fish. Milo
and coworkers have carried out several studies to
identify and quantify the volatile compounds that
are relevant for the aroma of boiled salmon, cod, and
trout (Milo and Grosch 1993, 1995, 1996, 1997;
Milo 1994). Their data are summarized in Table
13.6. The most important aroma compounds in
cooked salmon are 34 (OAV 750), 30 (OAV 485), 10
(OAV 240), 9 (OAV 230), 6 (OAV 200), and 31
(OAV 120) (Milo and Grosch 1996, Milo 1994).

The key odorants of cooked salmon, with the ex-
ception of 3,6(Z,7)-nonadienal are already present
in the raw fish. The concentration of 6 increases by a
factor of 2-3, the concentration of compounds 23
and 24 doubles. Compound 10 is reduced to half its

concentration, but the other odorants are less af-
fected. Most of the important aroma compounds in
trout are also found in salmon. Exceptions are 31,
which adds less to the aroma of trout, but is impor-
tant for the fatty note of salmon, and 12 (OAV 400),
which plays a major role in trout flavor (Milo and
Grosch 1993, 1995; Milo 1994). The sulfur com-
pounds 3 (OAV 50) and 4 (OAV 39) are involved in
the aroma of boiled cod but not of salmon or trout, in
addition to 6 (OAV 275), 34 (OAV 250), 30 (OAV
175), 12 (OAV 204), and 9 (OAV 130). Recombina-
tion studies have shown that already an aqueous so-
lution containing only two aroma compounds,
namely 6 (10 wg/kg) and 34 (0.16 pg/kg), has the
ability to evoke a fresh fish-like odor, along with
potato and geranium-like notes (Belitz and others
1999). Thiols such as 1 and 2, which represent key
odorants of boiled meat, seem to be unimportant for
the aroma of fish. Only tuna, which contains 1, is an
exception in this respect (Withycombe and
Mussinan 1988).

The most potent aroma compounds in ripened an-
chovy are 6, 9, 11, 12, and 34 (Triqui and Guth
1997). In addition to these, Cha and coworkers
(1997) found high odor values in salt-fermented an-
chovy for 6, 24, 30, and 34, as well as miscellaneous
esters and 3-methyl-1-butanol and 2-phenylethanol,
which obviously stem from fermentation.

SEAFOOD

Crustaceans and mollusks are rich in protein. Crab,
lobster, and crayfish, respectively, contain 15-19%
protein; this is more than 80% of the dry matter con-
tent. Table 13.7 lists the relevant aroma compounds
in cooked crab, crayfish, and lobster, which have
been identified by the research group of Cadwal-
lader (Chung and Cadwallader 1994, Cadwallader
and others 1995, Chung and others 1995, Cad-
wallader and Baek 1998, Lee and others 2001) using
GC-0. Similar to most fish, degradation products of
PUFA, contribute to the aroma of seafood. On the
other hand, 2-acetyl-1-pyrroline (18), a known
Maillard degradation product of the amino acid pro-
line with a cracker-like odor, is an important aroma
impact compound and plays a major role for the
aroma of seafood products, which is not the case
with fish.

Together with 6, 14, and 24, 18 was found to be
the most important odorant in cooked crabmeat



Table 13.6. Aroma-active compounds in cooked fish.

No. Salmon (boiled)® Cod (boiled)® Trout (boiled)®
Aldehydes
9 Acetaldehyde 2,300 1,300 3,600
10 Propionanldehyde 1,700 2,300
11 Methylpropanal 27
13 2-Methylbutanal 20
12 3-Methylbutanal 51 100
6 Methional 1 11 6
23 Hexanal 58 115 37
25 Octanal 44 +
3(Z)-Hexenal 4 1 2
24 (Z)-Heptenal 1 2 3
2(E)-Octenal +
27 (E)-Nonenal 2.7 3
2(Z)-Nonenal + +
4,5-Epoxy-2(E)-decenal + + +
2,4(F,E)-Heptadienal +
28 2 ,4(E,E)-Nonadienal 3 3 5
30 2,6(E,Z)-Nonadienal 10 4 8
29 3,6(Z,Z)-Nonadienal 6 1 +
31 2,4(E,E)-Decadienal 6 4
2,4(E,Z)-Decadienal +
34 1 5(Z) Octadien-3-one 0.3 0.1 0.4
3-Methylnonane-2,4-dione +
Ketones
14 2,3-Butanedione 52 200 268
2,3-Pentanedione 234 86 140
33 1-Octen-3-one 0.4 0.7 0.6
Acids
Butyric acid 1,137
2-/3-Methylbutyric acid 122
Sulfur compounds
3 Methanthiol 100
4 Dimethylsulfide 77
5 Dimethyl trisulfide + 0.2
Dimethyl tetrasulfide +
Heterocycles
19 2-Acetyl-2-thiazoline +
18 2-Acetyl-1-pyrroline + + +

*Literature data (Milo and Grosch 1996; Milo 1994).

" iterature data (Milo and Grosch 1995; Milo and Grosch 1996; Milo 1994).
“Literature data (Milo and Grosch 1993; Milo and Grosch 1995; Milo 1994).
+: detected by GC-olfactometry; concentration in (ug/kg), as determined by isotope dilution analysis.
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(Cadwallader and others 1995, Chung and
Cadwallader 1994). Likewise, in crayfish 18 and 6
dominate the aroma, together with 19, 28, 30, and
31 (Cadwallader and Baek 1998). In the headspace
above the cooked crayfish tail meat, 3, 33, 34, hy-
drogen sulfide, trimethylamine, and dimethyltrisul-
fide were detected as aroma-active compounds.

In cooked lobster meat, again 18 was the most in-
tense odorant (Cadwallader and others 1995). Other
dominant aroma compounds are 6, 14, 24, 33, 2-
acetyl-3-methylpyrazine, and trimethylamine. The
authors held the latter three volatiles responsible for
a negative impact on lobster aroma. Lee and
coworkers (2001) confirmed the role of 6, 14, 18,
and 33 for lobster aroma. In addition 12, 33, 34, and
the very volatile sulfur compounds 3 and 4 belonged
to the predominant odorants of lobster.

TASTE COMPOUNDS

Taste compounds, molecules that cause a taste sen-
sation when interacting with receptors on the tongue
and in the mouth cavity, are in general nonvolatile,
polar, and water-soluble. The existence of five basic
tastes is broadly agreed: sweet, sour, salty, bitter,
and umami. The word “umami” originates from the
Japanese language and means “delicious.” Umami
taste can be described as glutamate-like or bouillon-
like. A short time ago, a corresponding receptor was
identified in tongue tissue thereby confirming that
the umami is actually a basic taste (Chaudhari and
others 2000). As with aroma compounds, the analy-
sis of taste compounds requires a combination of

instrumental and sensory methods. A systematic
approach uses the quantification of potentially taste-
active water-soluble compounds in the respective
food, recombination trials, and sensorial comparison
with the original food to verify if all major taste
compounds are included, followed by omission tests
to narrow down the number of relevant tastants
(Hayashi and others 1981, Warendorf and others
1992, Warmke and others 2004, Schlichtherle-Cerny
and Grosch 1998).

Amino acids and peptides are regarded as impor-
tant taste compounds in meat (van den Ouweland and
others 1978, Mabrouk 1976). They show a ternary
synergism—that is, they have no characteristic taste
on their own, but enhance the basic taste in combina-
tion with other compounds like glutamic acid and 5’-
nucleotides. Alongside amino acids, other organic
acids play an essential role (van den Ouweland and
others 1978). Warendorf and coworkers (1992) ana-
lyzed taste-active compounds in a beef bouillon and
found that only low-molecular compounds (<500
dalton [Da]) were taste active, the most important
ones being glutamic acid (39), 5 -adenosine
monophosphate (45, AMP), 5’-inosine monophos-
phate (48, IMP), aspartic acid (40), the dipeptides
carnosine (42) and anserine, lactic acid (43), carnitine
and sodium, potassium, magnesium, calcium, chlo-
ride, and phosphate ions. In beef juice only 47 low-
molecular weight compounds were taste-active
{Schlichtherle-Cerny and Grosch 1998). Their num-
ber could be narrowed down by screening trials to 17
compounds, which are listed in Table 13.8. Figure
13.2 shows the corresponding chemical structures.

Table 13.7. Aroma-active compounds of cooked seafood.

No. Crab (cooked)®  Crayfish (cooked)® Lobster (cooked)®
Aldehydes
9 Acetaldehyde +d +
11 Methylpropanal + +
13 2-Methylbutanal +
12 3-Methylbutanal + +
6 Methional + + +
23 Hexanal +
Heptanal +
24 4(Z)-Heptenal + + +
25  Octanal +
2(E)-Octenal + +
27  2(E)-Nonenal + +

4(F)-Decenal



Table 13.7. Continued

No. Crab (cooked)® Crayfish (cooked)®  Lobster (cooked)

28 24FEE
30 2,6(R,7
29 36(Z.7
31 24EE

-Nonadienal +
-Nonadienal +
-Nonadienal

-Decadienal +

+ o+ +

Ketones
14 2,3-Butanedione + +
2-Heptanone
1-Hexen-3-one
33 1-Octen-3-one +
34 1,5(Z)-Octadien-3-one +
B-Damascenone
o-Aminoacetophenone
3-Methyl-1-butanol
2-Methylisoborneol +

e

Phenols, amines
Guaiacol +
p-Cresol +
Trimethylamine + +

+

Sulfur compounds
Hydrogen sulfide +
3 Methanthiol +
Dimethylsulfide
5 Dimethyl trisulfide
Dimethyl tetrasulfide
1 2-Methyl-3-furanthiol

.
+ o+t
R

Heterocycles
Trimethylpyrazine
20 2-Ethyl-3,5-dimethylpyrazine
2-Acetylpyrazine
22 2-Acetyl-3-methylpyrazine
2-Acetylpyridine
2,4,6-Trimethylpyridine
2-Acetylthiazole
19 2-Acetyl-2-thiazoline +
2,4,5-Trimethylthiazole
Benzothiazole
18  2-Acetyl-1-pyrroline + +
Pyrrolidine +
3-Methylindol +
Benzothiophene
16 2,5-Dimethyl-4-hydroxy-3-(2H)-furanone
* jterature data (Chung and Cadwallader 1994; Chung and others 1995).
" iterature data (Cadwallader and Baek 1998).
“[iterature data (Cadwallader and others 1995; Lee and others 2001).
4“1 detected by GC-olfactometry.

s

+ o+t

+ o+ 1+
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Table 13.8. Taste-active compounds in beef juice and boiled crab extract.

No. Concentration in mg/kg Stewed beef juice® Boiled crab extract”
35 Glycine 6,230
36 Glycine betaine 3,570
37 Alanine 840 1,870
38 Arginine 5,790
39 Glutamic acid 250 190
40 Aspartic acid 20
11 Cysteine 60
42 Carnosine 5,280
43 L-Lactic acid 14,000
44 Succinic acid 260
45 5-AMP 240 320
46 5'-CMP 60
47 5'-GMP 40
48 5'-IMP 2,800
49 Creatinine 4,900
50 Creatine 3,030
51 Hypoxanthine 500
K* 6,020 1,971
Na* 940 993
Mg** 410
PO4* 5,670 2,169
Cr 670 1,946

*Literature data (Schlichtherle-Cerny and Grosch 1998).
°Literature data (Hayashi and others 1981; Konosu and Yamaguchi 1987).

The two 5'-nucleotides 45 (240 mg/kg) and 48
(2,800 mg/kg), 39 (250 mg/kg), and 40 (20 mg/kg)
were responsible for the bigger part of the brothy,
umami taste of beef juice. Compound 39 had been
already identified in 1908 by lkeda (1909) as the
taste-active principle in Konbu seaweed (l.aminaria
Jjaponica). It is present in relatively high concentra-
tions in Parmesan cheese (12,000 mg/kg), peas
(2,000 mg/kg), tomatoes (1,400 mg/kg), and cured
ham (3,370 mg/kg) ((Loeliger 2000, Ninomiya
2002). Compound 48 was for the first time isolated
from dried bonito (Katsuobushi) by Kodama (1913).
It shows synergism with 39 (Kuninaka 1960), small
amounts of 48 (1-10%) relative to 39 already pro-
voking strong taste enhancement (Yamaguchi
1967). The 5’-guanosin monophosphate (47, GMP),
which has a similar effect as 48, is even 2.3 times
more potent (Yamaguchi and others 1971).
Examples of foods rich in 5'-nucleotides are tuna
(2,860 mg/kg IMP), pork (2,000 mg/kg IMP),
chicken (2,010 mg/kg IMP), and dried shiitake
mushrooms (1,500 mg/kg GMP) (Ninomiya 1998).

The group of 43 and 44, potassium, sodium,
magnesium, chloride, and phosphate salts con-
tributed to the umami, salty, and sour taste of beef
juice (Schlichtherle-Cerny and Grosch 1998).
Sodium succinate on its own tastes glutamic acid-
like, but also bitter and salty at the same time
(Velisek and others 1978). The dipeptide 42 adds
sourness and mouthfeel to beef juice. At a pH value
of 5.7, which corresponds to the pH in meat, carno-
sine has a distinct sour note, whereas at higher val-
ues of 6.8 to 7.6, its taste becomes sweet and shows
stronger mouthfeel (Suyama and Shimizu 1982).
Creatine (50), creatinine (49), hypoxanthine (51),
alanine (37), and cysteine (41) have less impact on
the taste of beef juice than the other tastants
mentioned above. Compounds 49-51 have a bitter
taste, 37 a sweet savor, and 41 a meaty note
(Schlichtherle-Cerny and Grosch 1998). Recently
the new compound alapyridaine (52) was identified
in beef broth (Ottinger and Hofmann 2003). It is
claimed to enhance both sweet and umami charac-
ter in beef broth.
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The taste-relevant compounds in snow crab ex-
tract have been investigated by Hayashi, Konosu,
and Yamaguchi (Hayashi and others 1981, Konosu
and Yamaguchi 1987). They quantified 44 non-
volatiles and, using sensory studies including omis-
sion tests, found only 12 of these compounds to con-
tribute to the characteristic taste (See Table 13.8):
35-39, 45-47, potassium, sodium, chloride, and
phosphate ions. A synthetic extract of the 12 com-
pounds simulated fairly well the taste profile of the
original extract. Omission of 35 led to reduced
sweet and umami taste. Umami taste was largely
lost without 39, as well as sweetness. When the nu-
cleotides were left out, the umami taste also de-
creased distinctively, the taste became flat, and the
boiled crab taste disappeared completely. Likewise,
without 38, the recombination solution tasted flatter
and less crab-like. Omission of the minerals caused
a decrease in the overall taste, sweetness, and
umami and resulted in an inharmonic taste.
Interestingly, already with a recombination of the
taste compounds alone, the typical crabmeat charac-
ter could be perceived, which underlines the impor-
tance of taste compounds for the flavor of a food.
Most probably, due to better and more readily avail-
able analytical methods, such as high performance
liquid chromatography coupled with tandem mass
spectrometry  (LLC-MS/MS), more taste-relevant
compounds will be identified in our food.
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