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Foreword 
The ACS Symposium Series was first published in 1974 to pro

vide a mechanism for publishing symposia quickly in book form. The 
purpose of the series is to publish timely, comprehensive books devel
oped from A C S sponsored symposia based on current scientific re
search. Occasionally, books are developed from symposia sponsored by 
other organizations when the topic is of keen interest to the chemistry 
audience. 

Before agreeing to publish a book, the proposed table of con
tents is reviewed for appropriate and comprehensive coverage and for 
interest to the audience. Some papers may be excluded to better focus 
the book; others may be added to provide comprehensiveness. When 
appropriate, overview or introductory chapters are added. Drafts of 
chapters are peer-reviewed prior to final acceptance or rejection, and 
manuscripts are prepared in camera-ready format. 

As a rule, only original research papers and original review 
papers are included in the volumes. Verbatim reproductions of previ
ously published papers are not accepted. 

ACS Books Department 
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Preface 

In the past, the stability of milk and milk products was the 
primary consideration in dairy research, but this is no longer the 
principal objective due to the evolution of modern sanitary practices 
and effective pasteurization processes. Today, the manufacture of 
dairy products with consistently good flavor and texture has greater 
emphasis. In previous flavor studies, researchers had identified 
hundreds of volatile corn-pounds, with little or no attention paid to 
their sensory contribution to the overall flavor of dairy products. The 
availability of powerful chrom-atographic separation techniques such 
as high-resolution gas chrom-atography in combination with mass 
spectrometry and olfactory detection ports has revolutionized the 
work on characterization of dairy flavor. Additionally, recent 
developments in sensory methods and our increased knowledge 
about the genomics of dairy culture organisms have allowed great 
advancements in our understanding of dairy flavor chemistry. 

This book was developed from the symposium Chemistry and 
Flavor of Dairy Products, which was held at the 228th American 
Chemical Society (ACS) National Meeting in Philadelphia, 
Pennsylvania, August 22-26, 2004. It reports the latest developments 
in the evolution of dairy flavor research and presents updated 
information in the areas of instrumental analysis, biochemistry, 
processing, and shelf-life issues related to the flavor of dairy 
products. 

We are grateful to the authors for their contributions that made 
publication of this book possible. We especially thank the A C S 
Division 

xi 
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Chapter 1 

Sixty Years of Research Associated with Flavor 
in Dairy Foods 

W. James (Jim) Harper 

Department of Food Science and Technology, The Ohio State 
University, Columbus, OH 43210 

Prior to the rediscovery of chromatography in 1944, research 
in flavor chemistry was limited to "wet chemistry", which 
severely limited the scope of such research. The 1940's and 
1950's saw the introduction of diverse chromatographic 
methods, radioisotope tracers, and mass spectrometry that 
permitted research in dairy foods flavor not previously 
possible. I was privileged to "grow-up" professionally during 
this period, and have used all of these methods during the past 
sixty years to explore the flavor of butter, cheese, milk, ice 
cream and fermented products. This chapter recounts my main 
experiences from the earliest work with amino acids as 
important compounds in the flavor of Cheddar cheese in the 
1940's to high flavor impact polyfunctional thiols as potential 
flavor components in Cheddar cheese in the 2000's. In 
between there was research on flavor of other cheeses, 
hydrolytic rancidity in milk, sun-light flavor of milk, cooked 
flavor of milk and flavor of buttermilk 

© 2007 American Chemical Society 3 
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4 

Progress in flavor research is dependent upon available methods and new 
methods lead to new discoveries. Prior to the rediscovery of chromatography in 
1944 research in the field of flavor chemistry was limited to single classes of 
compounds, which severely limited the scope of such research. The 1940's and 
1950s saw the introduction of diverse chromatographic methods, radioisotope 
tracers and mass spectroscopy that permitted research in dairy foods flavor not 
previously possible. I began work as a Lab Technician at Purdue University in 
1942, and was privileged to "grow-up" professionally during this period of new 
method development, and used many of these methods during the past 60 years 
to explore the flavor of butter, cheese, milk, dairy ingredients and fermented 
products. 

Tables outlining the methods developed over the past sixty years and in my 
own research program during that time will serve to introduce each decade. 

1940-1949 

The methods that became available during this decade and those used in my 
own research program are shown in Table I. 

Table I. Methods introduced and those used my own research program 
during the decade 1940-1949 

The World My Research 
Year Method Year Research 

1944 Rediscovery of 
chromatography 

1942-
1943 

Rapid colorimetric method 
for insoluble fatty acids in 
butter 

1943 Microbiological Assay 
of amino acids 

1946 

1946-
1949 

Unsuccessful attempt to use 
paper chromatography for 
quantitation of amino acids; 
Application of 
microbiological assay for 
free amino acids in cheese. 

I began my research as a student and laboratory technician in the lab of Dr. 
Bill Epple at Purdue University in 1942, working on a colorimetric method for 
long chain fatty acids in butter as a rapid means of following rancidity in 
gathered sour cream. The only method available at that time took 6 hours. 

Upon completion of my BS degree in 1946, I started in graduate school at 
the University of Wisconsin under the direction of Dr. Hugo Sommer and Dr. 
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5 

Arthur Swanson. Because I knew the least about cheese of all the dairy 
products, that area was chosen for research. I have continued some cheese 
ripening research ever since. The first work at Wisconsin was not on flavor, but 
on determining the nature of the white specks that formed in the interior of aged 
Cheddar cheese (/). This has been of interest to researchers since the late 
1880's. In 1946 workers at Cornell thought that the white specks were tyrosine, 
whereas workers at Illinois claimed that they were calcium lactate. Using 
microbiological assay for amino acids and X-ray diffraction for calcium lactate, 
it was shown that both tyrosine and calcium lactate could be present, and in one 
case both were present in the same "white speck". One cheese had only leucine. 
Thus any compound that exceeded its solubility product could form the "white 
specks" (/). 

Work then turned to the determination of free amino acids in Cheddar 
cheese during ripening, using a newly developed technique of microbiological 
assay. The research showed that for the 14 amino acids, which could be 
measured, the total water extractable free amino acid concentrations increased 
with age as shown for selected amino acids in Table II (2). 

Table II. Effect of age on selected free amino acids in Cheddar cheese 
(data from reference 2). 

Age (weeks) mg/10 g cheese Age (weeks) Glutamic acid Leucine Valine Lysine 
4 56 20 11 20 
11 100 46 22 45 
21 136 64 36 56 
31 173 69 57 69 

It was shown also that there was a definite relationship to the intensity of 
cheese flavor (2,5). This was especially true for glutamic acid, valine, isoleucine 
and leucine. Addition of the free amino acids in concentrations found in the 
cheeses to a bland, washed cottage cheese base was judged as being "cheesy" by 
a panel of judges familiar with Cheddar cheese flavor. The degree of "cheesy" 
increased with increasing age of the cheese and increasing concentrations of free 
amino acids. Other observations made during this study were that di- and tri-
peptides gave a significantly greater growth response than the amino acid alone 
and that the rate of free amino acid production was greater for raw than for 
pasteurized Cheddar cheese (2). For example, the average free isoleucine content 
of 6 raw and past milk cheeses with a flavor intensity of 2 out of 4, the raw milk 
cheese was 60 mg/lOg of cheese and the pasteurized milk cheese had 40 mg/lOg 
of cheese. 
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Upon completion of my PhD degree, I started at the Ohio State University in 
1949, partly as an Assistant Professor and partly as an agent for the USDA. 

1950-1959 

The methods that became available during this decade and those used in my 
own research program are shown in Table III. 

Table III. Methods introduced and those used my own research program 
during the decade 1950-1959 

The World My Research 
Year Method Year Research 

1950 Radioactive tracers 
become commercially 
available 

1950 Developed a column 
chromatographic method 
for low molecular weight 
fatty acids in Italian cheese 

1952 Gas chromatographic 
equipment available 

Mid to 
late 
1950's 

Applied many different 
chromatographic methods 
Built first gas 
chromatograph 

Mid to 
late 
1950's 

Mass spectrometry is in 
its infancy, with much 
promise for flavor 
research 

1957-
1959 

The use of radioactive 
tracers first used for CIP 
studies were now applied to 
cheese ripening research 

Initially, research at OSU centered around the inability of the Italian cheese 
industry to produce their normal flavor in Romano and Provolone cheese, which 
was traced to a FDA embargo on imported rennet paste. The objective of the 
project, funded by the USDA, was to find out why rennet paste was important to 
the flavor of these cheeses. Tasting cheese with and without rennet paste 
suggested that lower molecular weight fatty acids were involved. Research very 
quickly showed that the problem was associated with the loss of lower molecular 
weight fatty acids, when cheese was made with rennet extract of purified rennet 
paste (4-6). This necessitated the development of a chromatographic method that 
could provide quantitation of the lower molecular weight fatty acids. Paper 
chromatography was tried and discarded. A simple column method, very crude 
by today's standards, was developed (7). The column is shown in Figure 1. 
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n— 3 5 mm TUBING 

SOLVENT 
ggjgv ^-FILTER PAPER 

JOg SILICIC ACIO 
ACIDIFIED SAMPLE 
FILTER PAPER 
3g SILICIC ACID 

1.5 ml 10% H.S0 4 

FILTER PAPER 
lOg SILICIC ACID 
6.0 ml pH 6.5 BUFFER 
•FILTER PAPER 
PERFORATED DISC 

TUNNEL 
SIPHON, 5.0ml 

Figure 1. Diagram of a silica gel chromatographic column for 
determination offatty acids in cheese. (Reproduced with permission from 
reference 7. Copyright 1953 American Dairy Science Association.) 

We started out collecting 5 ml fractions by hand, and then built our own 
spring-loaded fraction collectors for $25 each, since we couldn't afford the 
commercial ones on the market. The method was applied to follow the ripening 
of Italian cheese showing the importance of butyric, caproic, caprylic and capric 
acids to the flavor of Romano and Provolone cheese (8-JO). Also the method 
showed a selective liberation of lower molecular weight fatty acids from milk fat 
by a lipase in rennet paste that was also found in a gland at the bases of the 
tongue of ruminant animals (11-13). The mole percent of butyric acid liberated 
from milk fat was 13.5, 10.7, 32.8 and 44.4% for milk lipase, purified calf rennet 
paste, imported crude kid rennet paste and kid oral lipase, respectively (72). 
Partially, as a result of these findings the Italian cheese industry was able again 
to develop characteristic flavor and went from strength to strength. 

During the early 1950's, the dairy industry was undergoing major changes 
that include the introduction of bulk tank pick up of milk, wide use of high 
temperature short time (HTST) pasteurization and homogenization together with 
a shift from home to store purchase of milk. Together these changes made 
lipolysis a major problem for the fluid milk industry. It was natural to modify 
the chromatographic method to provide a rapid, sensitive method (14-16) 
for studying these problems and to seek solutions for milk and milk products 
(77-27). 

At the same time, other chromatographic methods were being developed or 
adapted and applied to cheese and other dairy products included ion exchange 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
35

.4
2 

on
 J

ul
y 

3,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 9
, 2

00
7 

| d
oi

: 1
0.

10
21

/b
k-

20
07

-0
97

1.
ch

00
1

In Flavor of Dairy Products; Cadwallader, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 
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chromatography for free amino acids (22-25), paper chromatograph for carbonyl 
compounds (24-29) and our first attempt at a gas chromatographic (GC) method 
for fatty acids and amines in a home made GC that used an automatic titrimeter 
as detector, as shown in Figure 2. (30-32) 

MICRO-

INLET 

TITRIMETER 
CELL 

Figure 2. Diagram of Gas chromatographic set-up for 
measuring fatty acids and amines (Reproducedfrom reference 30. 

Copyright 1958 American Dairy Science Association.) 

Work was instituted on the application of radioactive labeled compounds to 
begin to understand some of the mechanisms involved in cheese ripening, using 
a simple cheese slurry system to facilitate the use of the radioactive C 1 4 labeled 
compounds (24). The slurry system used cheese curd at pH 5.3, moisture content 
of 60% and the same salt to moisture ratio as in the cheese under investigation. 

For amino acid studies, in the beginning we made out our uniformly labeled 
C 1 4 amino acids with bean sprouts and isolated the free amino acids by ion 
exchange chromatography. This was abandoned when commercial sources of 
amino acids became available. 

1960-1969 

The methods that became available during this decade and those used in my 
own research program are shown in Table IV. 

This decade saw a continuation of studies on cheese and milk with an 
emphasis on the use of radioactive labeled compounds to explore avenues not 
otherwise available. 

With homogenized milk becoming increasingly popular at this time, sunlight 
(light induced) flavor had become a major issue. The consensus of opinion was 
that the oxidation of methionine in casein to methional was the responsible 
compound for sunlight flavor. Adding S 3 5 labeled methionine to milk, exposing 
it to light and trapping the different classes of volatile sulfur compounds 
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Table IV. Methods introduced and those used my own research program 
during the decade 1960-1969 

The World My Research 
Year Method Year Research 

1960-
1969 

GC systems become 
widely used - first 
publication related to 
cheese flavor in 1968 

1960-
1969 

Increased use of radioactive 
materials for research 
(C 1 4, S 3 2, H 3) 

Late 
1960's 

HPLC introduced 1960-
1969 

Continued use of different 
chromatographic methods, 
beginning to used 
commercial GC 

1960-
1969 

GC/MS coming into 
increasing use for flavor 
research 

1969 Working with cheese slurries 
to accelerate ripening 

released into a series of traps (Figure 3), it was possible to show that the 
methionine was degraded to mercaptans and sulfides without the formation of 
methional (33). 

Further work was done with S 3 5 cystine and with milk labeled through the 
injection of S 3 5 cystine into a cow and collecting the milk. The same system as 
diagrammed in Figure 3 was used for this study. The relative amounts and ratios 
of the various classes of sulfur compounds were found for both the radiolabeled 
cystine and milk. Also exposure to direct sunlight for 30 minutes or to 1000 foot 
candles of fluorescent light for four hours gave essentially the same results as 
shown in Table V. 

- H I H h 

Figure 3. Diagram of system to collect volatile sulfur compounds during light 
treatment of fluid milk (Reproduced from reference 33. Copyright 1961 

Agrar-VerlagAllgaeu GmbH, Kempten, Germany.) 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
35

.4
2 

on
 J

ul
y 

3,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 9
, 2

00
7 

| d
oi

: 1
0.

10
21

/b
k-

20
07

-0
97

1.
ch

00
1

In Flavor of Dairy Products; Cadwallader, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



10 

Table V. Effect of fluorescent light and sunlight exposure on the formation of 
volatile sulfur compounds from S 3 5 labeled milk. (Data from reference 44) 

Compound ppb S found based on specific activity of cystine S35 

Compound Fluorescent light Sunlight 
Hydrogen sulfide 0.7 0.9 
Mercaptans 0.3 0.7 
Sulfides 1.7 1.9 
Carbonyl sulfur 
compounds 0.07 0.2 

The distribution of the various classes of sulfur compounds were similar 
both in respect of exposure to sunlight or fluorescent light. The major class of 
compounds was sulfides, as would be expected, along with a small amount of 
carbonyl containing sulfur compounds. Paper chromatography showed the 
presence of two unidentified compounds. Methional was not detected in this 
study. 

Another area of research centered on S 3 5 labeled milk using sodium sulfate, 
sodium sulfide or barium sulfide introduced into the rumen of a cow through a 
canula or by the injection of S 3 5 labeled methionine or cystine. The cow was 
maintained at the Ohio Agricultural Research Develop Center(OARDC in 
Wooster and radioactive milk obtained over a several year period of time. In 
addition to studying the time sequence for the labeling of individual milk 
proteins (35-37) the radioactive milks were used to study heat induced changes 
during the heat treatment of milk, cream and skim milk (35-41), as well as the 
utilization of sulfur amino acids by starter cultures and in cheese and fermented 
products (37,42-44) 

The introduction of ultra high temperature (UHT) milk in Sweden in 1960 
created a renewed interes in cooked flavor. Cooked flavor in milk was known at 
that time to involve the formation of sulfur compounds during the heating 
process, especially hydrogen sulfide. The radioactive milk using S 3 5 barium 
sulfide showed a maximum specific activity for caseins and major whey protein 
at 24 hours and maximum specific activity for the milk fat globule membrane 
proteins at 36 hours (33-35). There was no labeling of the fat globule membrane 
proteins at 24 hours. Heating the 24 hour skim milk and cream to 90°C showed 
1.5 times more S 3 5 in the cream than the skim milk, but with a 50% lower 
specific activity in the cream than skim milk. Heating the 36 hours skim milk 
and cream showed a similar distribution of hydrogen sulfide in the two products, 
but with much higher specific activity in the cream than in the skim milk. This 
showed that both the whey protein and the fat globule membrane proteins 
contributed to the formation of hydrogen sulfide in the heated cream (35, 37-38). 
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As an outgrowth the study of carbonyl compounds in cheese and cultures, 
investigation was made of the ability of the fermentation system to utilize 
different substrates, including acetate, citrate, succinic, malate, glyoxylate and 
oxalacetate. The utilization of uniformly C 1 4 labeled was followed in either 
broth cultures or in cheese slurries as outlined previously. The utilization of the 
various carbon substrates was essentially the same in thermophylic cultures in 
Romano, Provolone and Swiss type cheeses. Table VI shows selected results for 
utilization of the various substrates by Streptococcus thermophilus and in 
Romano and Swiss cheese slurries. 

Al l four cultures investigated converted the various substrates into the same 
compounds. Citrate was converted to the following acids: isocitric, oxalsuccinic, 
alpha-ketoglutaric, alpha-acetolactic, glyoxylic, succinic and oxalacetic. 
Succinate was converted to alpha-acetolactic and oxalacetic acids. All 
thermophylic cultures also showed the formation of C 1 4 glutamic acid, leucines 
and valine from the labeled citric acid. 

Table VI. Utilization of C 1 4 substrates by culture and cheese slurries 

Substrate Percent Utilization Substrate S. thermophilus Swiss Romano 
Citrate 61 67 59 
Succinate 29 34 32 
glyoxylate 11 10 10 
Oxalacetate 2 1 1 
Malate 1 1 1 

1970-1979 

The methods that became available during this decade and those used in my 
own research program are shown in Table VII. 

Funds for dairy research became much more difficult to obtain, especially 
for flavor research. During this decade the only support for dairy flavor research 
came from OARDC Hatch funds. At the same time, funds for new equipment 
disappeared. At the beginning of this decade, we couldn't afford GC or HPLC 
equipment. However, funds for environmental research became readily available 
and much of my research shifted to this area. 

Flavor related research focused on cheese ripening with an emphasis on 
accelerated ripening of cheese using the cheese slurry approach developed at 
The Ohio State University (45). These studies included protein degradation (46), 
free fatty acid development (47-48), carbohydrate metabolism (49), esterase 
activity (50) and amino acid catabolism (51-54). 
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Table VII. Methods introduced and those used my own research program 
during the decade 1970-1979 

The World My Research 
Year Method Year Research 

Early 
1970's 

Capillary GC introduced Middle 
1970's 

Funds for dairy flavor 
research dry-up 

1970-
1979 

Explosion of 
identification of volatile 
compounds in food 
products through 
application of a wide 
number of different 
techniques 

1970-
1979 

Research started to turn 
away from measurement 
and identification of flavor 
volatile compounds, shifts 
to cheese slurries and 
mechanism involved in 
flavor changes 

1970-
1979 

Methods for analysis and 
identification of flavor 
volatile are continuously 
improving 

Late 
1970's 

Increasing "laundry lists" 
of volatile flavor 
compounds, without 
knowing which are most 
important becomes 
frustrating 

1980-1989 

The methods that became available during this decade and those used in my 
own research program are shown in Table VIII. 

In 1981 I received an opportunity to focus entirely on dairy research at the 
New Zealand Dairy Research Institute and retired from The Ohio State 
University to accept this challenge. The research work was both on the physical 
functionality and flavor of dairy products as food ingredients. Most of this work 
was proprietary and published only in reports. This included flavor research on 
milk proteins and cheese, none of which was published. One study does merit 
mention, because of its significance to interpretation of research relating to 
cheese volatile compounds. Nine different methods of extracting volatiles were 
investigated with a three-year-old Cheddar cheese. These included vacuum 
distillation, supercritical extraction, and static and dynamic headspace methods, 
as well all the recognized solvent extraction systems. About 300 compounds 
were identified by GC/MS. However, only free fatty acids were common to all of 
the methods. A look at the results overall suggested that we were not looking at 
the same cheese. This means that extreme caution must be used in extrapolation 
from a given method of obtaining the volatiles from a dairy product. 
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Table VIII. Methods introduced and those used my own research program 
during the decade 1980-1989 

The World My Research 
Year Method Year Research 

Entire 
decade 

Flavor chemist widely 
using GC/MS 

1981 Enter first retirement and 
move to New Zealand 

Mid to 
late 
1980's 

Olfactory GC used to 
provide a better estimation 
of the importance of 
different compounds to 
flavor 

1981-
1989 

My flavor research work in 
New Zealand unpublished, 
except in reports 

Late 
1980's 

Descriptive sensory 
methods beginning to get 
more attention 

1987-
1989 

One study with 9 methods 
for obtaining volatiles 
emphasized that the method 
of extraction is critical 

1990-1999 

The methods that became available during this decade and those used in my 
own research program are shown in Table IX. 

I received an invitation to return to the faculty of the Department of Food 
Science and Technology at The Ohio State University in 1992 and was 
appointed to the J. T. Parker Endowed Chair in Dairy Foods in 1993, where 
opportunity was given to "get back into" research related to the functionality of 
dairy products, including flavor. With respect to flavor, two main areas received 
attention: (a) Electronic nose research and (b) Swiss cheese research. 

In 1994 the first commercial electronic noses (EN) were introduced into this 
country. My thoughts were that these were either going to be of significance to 
flavor research or were " the greatest scam that ever came down the road". To 
test this hypothesis, I obtained all of the instruments available at that time. Using 
one of the instruments that used organic polymer sensors, we differentiated 
cheeses, but it turned out that the basis of differentiation was on the moisture 
content of the cheese. Electronic noses worked with either organic polymers or 
metal oxide sensors extremely well in some applications and failed in other 
applications (56-62). The alcohol in beer or wine and the acetic acid in salad 
dressing used up so much of the signal that other flavor components could not be 
differentiated. This was overcome in large part when mass spectrometry began 
to be used as a sensor , using abundance of a given mass as a sensor element 
(61-62). 
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Table IX. Methods introduced and those used my own research program 
during the decade 1990-1999 

The World My Research 
Year Method Year Research 

1992 Rejoin OSU 
1994 Electronic noses appears 1994 Become involved in 

in the US to 
1999 

Electronic nose research to 
assess factors affecting 
differentiation 

1995 SPME offers advantages 
over other methods of 
volatile extraction 

1995 SPME explored for 
evaluation flavor volatiles in 
whey protein concentrates 

1990-
1994 

Continued improvement 
in GC equipment and 
selective detectors 

1997 Swiss cheese quality and 
flavor research becomes a 
major focus 

1995- Chemical basis of flavor 1999 Begin work with high 
1999 beginning to be 

understood 
impact polyfunctional sulfur 
flavor compounds in cheese 

2000-Present 

The methods that became available during this decade and those used in my 
own research program are shown in Table X. 

My research program continues to follow the same general direction as it 
had during the previous decade, with somewhat greater emphasis on Swiss 
cheese. 

The focus of the EN research shifted to try to development an approach to 
actually determine the basis of the differentiation. This was possible with the 
Chem Sensor 4400, using mass spectrometry. The first approach was to use 
normal electronic ionization. We could differentiate volatile headspace volatile 
compounds from ice cream sticks on the basis of functional groups only (63-64). 
It was shown that differences in carbonyl groups was achieved and that these 
differences were also related to differentiation by a sensory panel (65). 

Subsequently, the use of negative chemical ionization was investigated using 
methane as the ionizing gas. This was successfully used together with descriptive 
sensory analysis with aged Cheddar cheeses (66). Table XI shows the two most 
abundant masses for selected flavor compounds associated with cheese flavor. 
The second mass abundance is generally less than 50% of the first. 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
35

.4
2 

on
 J

ul
y 

3,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 9
, 2

00
7 

| d
oi

: 1
0.

10
21

/b
k-

20
07

-0
97

1.
ch

00
1

In Flavor of Dairy Products; Cadwallader, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



15 

Table X. Methods introduced and those used my own research program 
during the decade 2000-present 

The World My Research 
Year Method Year Research 

2000-
present 

Analytical methods 
continue to improve 

2002 Electronic nose research 
enters new phase -
developing an NCI/MS 
library of volatile 
compounds associated with 
flavor of milk and cheese 

2000-
present 

Use of sensory descriptive 
analysis coupled with 
GC/MS and model food 
systems showing promise 

2000-
present 

Swiss cheese research 
continues 

2000-
present 

Fourier-transform NIR 
applied to fatty acids in 
cheese 

2000-
2005 

Polyfunctional thiols in 
Cheddar Cheese; Initiate 
work with FTIR 

Table XL Illustration of NCI MS spectra of selected volatile compounds 
(unpublished data) 

Compound Molecular 
Weight 

Most abundant masses Compound Molecular 
Weight First Second 

Acetaldehyde 44 59 43 
Benzaldehyde 106 121 122 
2-Butanone 72 71 72 

Diacetyl 86 85 86 
Butyric acid 88 87 89 
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The third and lesser masses (up to 7) make up less than 10% of the first 
abundance. The primary mass differs with the chemical nature of the 
compounds. Overall, the most prominent mass is the molecular weight -1 (M-l). 
In the case of aldehydes the dominant mass in M+15, ketones gives M - l and 
diketones give M . A mass library is in the process of being developed to be able 
to obtain a chemical basis for the differentiation of headspace volatiles by 
an EN. 

Sulfur compounds are well known to be important in the flavor of Cheddar 
cheese. Previous research has shown that there are multiple sulfur descriptors 
that are applicable to aged Cheddar cheese (62). This suggested that compounds 
other than those already associated with flavor (methional, hydrogen sulfide, 
methyl mercaptans, and methyl sulfides) might be present. Investigation revealed 
that polyfunctional thiols, known to be present in beer, cooked meat and other 
foods, were also present in aged Cheddar cheese (66). Up to 20 compounds 
could be found in a single cheese. The identification of these compounds is 
extremely difficult because of the fact that only a few are commercially available 
and they are present only at ppb levels. Some of the possible compounds found 
in 11 cheeses, the number of times they were found, the range of concentration 
and their sensory descriptors are shown in Table XII. Of these only the 4-
mercapto-4 methylpentan-2-one compound has been positively identified. The 
remainder has been tentatively identified based on retention index. Looking at all 
11 cheeses there appeared to be up to 40 different possible compounds. 

Table XII. Some possible polyfunctional thiols in aged Cheddar cheese 
(unpublished data) 

Compound Presence* Concentration Descriptor 
4-mercapto, 4 methyl 
pentan-2-one 

10/11 11-43 ppb Catty, black current 

4-mercapto, 4 methyl 
pentan-2-ol 

8/11 1.5-45 ppb Cooked, sweet 

3-mercapto, 3 methyl 
butanal 

7/11 1.5-30 ppb Broth, cheese, 
pungent 

3-mercapto butanal 3/11 1.5-24 ppb Broth, cheese, 
pungent 
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Chapter 2 

Flavor Analysis of Dairy Products 

Robert J. McGorrin 

Department of Food Science and Technology, Oregon State University, 
100 Wiegand Hall, Corvallis, OR 97331 

The analysis and identifications of volatile flavor compounds 
in cow's mik, cheeses, and cultured dairy products have been 
the focus of active flavor research over the past several 
decades. During that period, the vast preponderance of the 
published flavor chemistry literature has focused on the 
qualitative and quantitative composition of volatile 
components in milk, cheeses, yogurt, and other cultured dairy 
products. A more contemporary objective of flavor research 
addresses the flavor relevance of newly identified aroma 
compounds in dairy-based foods. This chapter provides an 
overview and perspective of current sample preparation and 
flavor analysis techniques that are used to identity significant 
flavor components in dairy food systems. Sensory-directed 
analytical approaches will be highlighted which have been 
applied to determine the most important aroma compounds in 
dairy products and ingredients. 

Introduction 

The characteristic flavors of milk, cheese, butter, yogurt, sour cream, and 
other cultured dairy products are generally derived from extremely complex 
volatile mixtures, often comprising several hundred compounds with diverse 
chemical structures (7). In most instances, the flavor impression of any of these 
dairy foods is perceived as a single sensation, arising from the sensory 
integration of a multitude of individual compounds with specific concentrations 

© 2007 American Chemical Society 23 
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and ratios (2). There is an onging quest among flavor chemists to identify 
molecules that relate to specific sensory attributes (3). The identification of 
volatile aroma constituents in dairy products often provides unique analytical 
challenges (4-5). A major proportion of this difficulty occurs because key aroma 
components in dairy products are typically present at significantly lower 
concentrations as compared with those identified in other foods. In addition, the 
isolation of dairy flavor compounds is further complicated from difficulties in 
separation and analytical interferences caused by butterfat. Furthermore, 
susceptible dairy flavor constituents including mercaptans, sulfides, unsaturated 
aldehydes and ketones have a tendency to degrade during analysis because of 
their high reactivities. The goal of modern dairy flavor analysis is to identify key 
flavor compounds that are produced by dairy fermentation and biogeneration 
processes. This review will discuss some of the more current volatile isolation 
and flavor analysis techniques for identification of key flavor components in 
dairy products. 

Motivation for Dairy Flavor Analysis 

Volatile components have been identified in dairy products since the mid-
1950's, primarily through the development of gas chromatography and its early 
application to flavor analysis. The flavor chemistry and previous identifications 
of milk, cheese, and other dairy flavors have been summarized in preceding 
reviews (4-8). Among those reported are the analyses of flavor volatiles in milk 
(fresh, pasteurized, and UHT-treated), cultured dairy products (butter, 
buttermilk, sour cream, yogurt) and ripened cheeses (Cheddar, Swiss, 
Camembert). However, despite these efforts, the flavor significance of these 
identifications is often unclear. Consequently, it is often impossible to 
analytically differentiate subtle flavor distinctions in aged Cheddar cheese 
samples that are perceived as different-tasting. The desired ability to interpret 
these volatile compound identifications to more effectively control the sensory 
outcome of dairy flavor formation pathways is often an elusive goal. In parallel 
with analytical approaches, defined sensory lexicons have been developed to 
facilitate the linking of specific flavors with the microbial and process 
technology of Cheddar cheese (9). During the past seven years, there has been a 
resurgence of efforts to develop analytical techniques to characterize key flavors 
in cow's milk, cultured dairy products and various cheeses. The highlights of 
these recent developments will be further discussed. 

Character-Impact / Key Dairy Flavor Compounds 

It has been long been the goal of flavor chemists to elucidate the identity of 
pure aroma chemicals that have the distinct character-impact of the cheese, fruit, 
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meat, or spice they were derived from. These so-called "character-impact 
compounds" are unique chemical substances that provide the principal sensory 
identity or "flavor signature" for a particular food type (J). In some instances, 
character-impact is elicited through a synergistic blend of several aroma 
compounds. With a few exceptions, a majority of the significant flavor 
compounds identified to date in dairy products do not individually provide 
character-impact. The latter is especially true for milk, Cheddar cheese, and 
cultured products, such as sour cream and yogurt. However, a few examples of 
character-impact compounds for dairy products are known, including diacetyl 
(butter), 2-heptanone (blue cheese), and l-octen-3-ol (Camembert cheese) (3). 
Arguably, butyric acid and propionic acid could also be considered character-
impact flavor compounds for Cheddar and Swiss cheeses, respectively. 
However, while skatole (fecal) and methional (boiled potato) are important 
constituents of Cheddar cheese flavor (10-12), they do not individually provide 
its unique sensory character (Figure 1). Cheddar flavor is presently understood 
to arise from a balance of key volatile components, rather than from a unique 
character-impact compound (11,12). 

Diacetyl 2-Heptanone 1-Octen-3-ol 
(butter) (blue cheese) (Camembert cheese) 

H 
Skatole Methional 

(Cheddar cheese*) (Cheddar cheese*) 

Figure 1. Examples of character-impact and non character-impact (*) dairy 
flavor compounds. 

As recent examples, there have been numerous analytical studies directed 
towards identifying new key aroma compounds in dairy products. The most 
significant aroma-active compounds in fresh sour cream butter were elucidated 
as the character-impact compound diacetyl, with supporting roles from 5-
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decalactone, (Z)-6-dodeceno-y-lactone, and butyric acid (13). Key aroma-active 
compounds have been reported in dried dairy products including milk and whey 
powders (14,15). Two sensory-guided flavor studies on Cheddar cheese 
concluded that butyric acid, acetic acid, methional, homofuraneol (5-ethyl-4-
hydroxy-2-methyl-(2//>furan-3-one), (£)-2-nonenal, (Z)-4-heptenal, (2)-l,5-
octadien-3-one, and 2-acetyl-1 -pyrroline are primary contributors to its pleasant 
mild flavor (11,12). Important contributors to Cheddar aroma are 2,3-
butanedione, dimethyl sulfide, dimethyl trisulfide, and methanethiol (//). A 
desirable "nutty" flavor supports "sulfiir" and "brothy" characters in a quality 
aged Cheddar cheese sensory profile. In these recent studies, 2-acetyl-2-
thiazoline (//) and 2-acetyl-1 -pyrroline (11,12) contribute "roasted, corny" 
flavors, which were suggested to be related to the "nutty" Cheddar flavor. In an 
effort to ascertain the source of the "nutty" flavor in Cheddar cheese, a 
comprehensive sensory-analytical study concluded that Strecker aldehydes (2-
methylpropanal; 2- and 3-methylbutanal), which characteristically are "green, 
malty, chocolate", provide an enhanced overall "nutty" flavor when added to 
Cheddar cheese (16). A specialty-type British Farmhouse Cheddar cheese was 
found to contain aroma components p-cresol and 2-wo-propyl-3-
methoxypyrazine, which respectively contribute its characteristic "cowy-barny" 
and "earthy/soil-like" sensory attributes (17). With Cheddar cheese powders, 
dimethyl sulfide imparts a desirable "creamed corn" flavor (18). Representative 
structures of recently identified dairy flavorants are shown in Figure 2. These 
include: Furaneol in nonfat dry milk (14), sweet whey powder (15), whey 
protein concentrate/isolate (19), and heated butter (20,21); homofuraneol in mild 
Cheddar cheese (//) and Swiss cheese (22); 8-decalactone in butter and 
buttermilk (13); (Z)-6-dodecen-y-lactone in butter (20) and mild Cheddar cheese 
(11,12), (Z)-4-heptenal in mild Cheddar cheese (12), l-nonen-3-one in milk and 
yogurt (23), 2-acetyl-2-thiazoline (11,16) and 2-acetyl-1-pyrroline (11,12,16) in 
mild and aged Cheddar cheese, and 2-/so*propyl-3-methoxypyrazine in British 
Farmhouse Cheddar cheese (17). 

Dairy Flavor Analysis Techniques 

The classical approach to dairy volatile analysis involves a flavor extraction 
or isolation step, followed by chemical identification (typically using gas 
chromatography - mass spectrometry) (24). The usual protocol for dairy flavor 
analysis includes sample collection, volatile isolation, concentration, 
fractionation, separation, and identification. Because of their inherent chemical 
lability, the proper isolation of dairy flavor samples is critical; mishandling can 
produce artifacts arising by thermal decomposition, sulfur oxidation, or enzyme-
catalyzed reactions (5). Prolonged sample heating to increase flavor volatility 
and recovery can potentially alter the composition of labile dairy components. 
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HO O HO O 

Furaneol 
(heated butter, dried milk, sweet whey) 

Homofuraneol 
(Swiss, Cheddar cheese) 

5 -Decalactone 
(butter, buttermilk) 

{Z)-6-Dodecen- y-lactone 
(Cheddar cheese, butter) 

(Z)-4-Heptenal 
(cream, mild Cheddar) 

1-Nonen-3-one 
(milk, yogurt) 

Or 
2-Ace tyl-1 -pyrroline 

(Cheddar cheese) 
2-Acetyl-2-thiazoline 

(Cheddar cheese) 

2,6-Dimethylpyrazine 
(Parmigiano, dried sweet whey) 

*L .OCH 3 

2- /so-Propyl-3-methoxypyrazine 
(British Farmhouse Cheddar) 

Figure 2. Recently identified dairy flavor compounds of sensory significance. 
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In some cases, sampling choices can influence the analytical outcome; for 
example, if a cheese sample is obtained at the center core versus close to the 
surface rind. Similar to other volatile methods, dairy flavor analysis involves a 
multi-component assay of hundreds of individual flavor compounds, 
encompassing a wide range of volatilities, polarities, and concentrations (25). 
Several modern methods for isolating and quantifying volatile components in 
flavors and fragrances have been summarized elsewhere (26). The following 
discussion will focus on those that have been applied to dairy flavor analysis. 

High Vacuum Distillation 

Due to the difficulties of isolating low levels (ppb to ppt) of volatile 
components in a fat matrix, classical dairy flavor analyses can be labor and time-
intensive. Tedious isolation and concentration processes are often needed to 
obtain an aroma isolate for quantitative analysis. One of the early classical 
techniques applied to dairy flavor isolation is vacuum distillation (27). Aroma 
components are distilled from dairy samples for 4 h under high vacuum (~10"5 

Torr) and mild heat (<60°C) conditions, with subsequent condensation of 
volatiles in a series of cold traps, followed by solvent extraction. Recoveries can 
be variable, depending on the relative amount of flavor partitioning between the 
dairy matrix and the headspace. Losses can also occur during the concentration 
of the solvent extract. However, the volatile isolate encompasses a broad range 
of mid- to high-boiling trace-level flavor compounds at sufficient quantities for 
analysis. This technique has been applied to isolate aroma-active components of 
Cheddar cheese (10-12,16), Chevre-style goat cheese (28), nonfat dry milk (14), 
and dried whey protein isolate/concentrate (19). 

Simultaneous Distillation - Solvent Extraction 

Another classic method that has been widely used for flavor volatile 
isolation is the Likens-Nickerson (simultaneous steam distillation-solvent 
extraction) technique (24,29). When applied to dairy products, this method 
tends to produce thermal artifacts such as methyl ketones during the 
concentration and isolation of volatile dairy flavors (26,30). A recently 
improved adaptation of this method is solvent-assisted flavor evaporation 
(SAFE), in which volatiles are high vacuum-distilled (~10~5 Torr) and solvent-
extracted in a single step (31). Typical SAFE distillation temperatures range 
from 30-50 °C, significantly reducing the opportunity for thermal artifact 
formation from labile dairy volatile compounds. A recent model system study 
compared the analytical recovery yields of the vacuum distillation and SAFE 
techniques (32). A mixture of five flavor compounds, representing a range of 
volatility and polarity, was dissolved in diethyl ether containing 10% medium-
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chain triglycerides to simulate a fat-containing food. As shown in Figure 3, the 
SAFE technique consistently provides higher yields of volatiles than vacuum 
distillation. This is evident even for polar and less-volatile compounds such as 
Furaneol (54% recovery), which is typically difficult to volatilize from food 
systems by vacuum distillation (1% recovery). Examples of the application of this 
technique include isolation of aroma extracts from dried sweet whey (75), Cheddar 
cheese (33), Parmesan cheese (26), UHT-milk (34), and milk powder (35). 

Figure 3. Comparison of volatile recoveries between solvent-assistedflavor 
evaporation (SAFE) and vacuum distillation in a 10% fat model system. 

(Adaptedfrom reference 32. Copyright 2001 American Chemical Society.) 

Equilibrium Headspace Sampling 

Direct headspace sampling techniques avoid issues with fat extraction and 
chromatographic solvent interferences when applied to dairy flavor analysis. 
Equilibrium (static) headspace sampling withdraws a 1-mL headspace sample 
from a septum-capped vial containing the dairy sample. The technique is 
relatively quick, easily automated and is a useful screening tool, but it lacks the 
analytical sensitivity needed for detection of low levels of dairy flavor 
components. If using an autosampler, care must betaken to ensure that samples 
in the carousel are not undergoing thermally-induced changes when sitting at 
room temperature for over 2-20 h before the GC analysis. A recent improvement 
on this technique is solid phase dynamic extraction (SPDE), also known as "the 
magic needle" (36). In SPDE, headspace volatiles are concentrated onto a 50 
mm film of polydimethylsiloxane (PDMS) and 10% activated carbon, which is 
coated on the inside wall of a stainless steel needle of a 2.5 mL gas tight syringe. 
The principal advantages of a coated needle are increased sensitivity, with 
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reported 10-fold sensitivity enhancements compared to solid phase 
microextraction (SPME) using a PDMS fiber. The technique can be easily 
automated, whereby a fixed volume of dairy headspace sample is withdrawn 
multiple times (for example, 50 plunger strokes @ 50 ul/sec, each stroke cycle 
takes 40.5 sec; 50 x 1-mL concentrated headspace volume). The trapped 
analytes are thermally desorbed from the SPDE needle directly into a heated GC 
injector with a 1-mL helium volume. A diagram of the SPDE sampling and 
needle is shown in Figure 4. 

Figure 4. Headspace SPDE sampling device and SPDE needle. 
(Reproducedfrom reference 36. Copyright 2004 Elsevier B. V.) 

The argument can be made that equilibrium (static) headspace provides a 
more representative distribution of volatiles in the gas phase, similar to what our 
olfactory receptors experience during the sensory detection of aromas. 
Alternatively, dynamic headspace techniques tend to skew volatile concentrates 
towards higher-boiling compounds, because of the use of high volumes of purge 
gas. To overcome this problem, recent headspace volatile isolation studies have 
employed high-volume equilibrium techniques (27,57). Figure 5 shows a 
specially-developed glass headspace concentrator that consists of a water-
jacketed 3-liter vessel, containing a chemically-inert Tedlar inflatable bag that 
can displace up to 1 liter of static headspace through a Tenax trap (37). After 
the dairy sample is allowed to reach equilibrium, the Tedlar bag is gradually 
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inflated with 400 mL of nitrogen over a 20-minute time interval, which slowly 
displaces the dairy headspace onto the adsorbent trap. At the completion of the 
concentration, volatiles are desorbed from the trap onto a GC column by the 
same process used for the dynamic headspace technique. This novel method 
was recently applied to isolate volatile components from fresh sweet cream 
butter (27,57). 

Figure 5. Large volume equilibrium (static) headspace sampling. 
(Reproducedfrom reference 37. Copyright 2003 Wiley InterScience.) 

Dynamic Headspace Sampling 

Dynamic headspace (purge-trap) analysis has often been the mainstay 
isolation technique in many dairy flavor analysis laboratories, because it 
provides a balance between speed of analysis and sensitivity of detection (38-
41). Due to the trapping requirements needed to deliver sufficient analytical 
sensitivity for dairy flavors, dynamic headspace techniques rely on sweeping 
high volumes of volatiles through an adsorbent trap packed with Tenax-TA or 
charcoal (5). A combination of adsorbents may provide some selectivity. By 
selecting Tenax (2,6-diphenyl-/?-phenylene oxide) as an adsorbent, the primary 
objective is to efficiently trap and release the desired flavor compounds. An 
inert gas (helium, nitrogen or argon) is used to displace volatiles from the dairy 
product onto the trap. Dairy samples are typically purged for 30 min. at 50 °C 
with a gas flow rate of 100 mL/min onto a glass desorption tube (3.0 mm i.d. x 
16 cm length) packed with 100 mg 20/35 mesh of Tenax-TA adsorbent. The 
trapped flavorants are then thermally desorbed into a GC injection port using 
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carrier gas flow, followed by cryofocusing onto a capillary GC column. 
Depending on the amount of residual moisture in the trap, it is often "dry 
purged" with 400 mL of inert gas to remove excess water prior to thermal 
desorption. Alternatively, graphitized carbon traps have been utilized as 
adsorbents, which require a microwave thermal desorption unit (Rektorik MW-
1A), instead of resistance heating, to displace volatiles from the trap (39). 
Recent examples of the application of the dynamic headspace technique are the 
isolation of aroma components from Cheddar cheese (72,76), Parmigiano 
Reggiano cheese (40), sheep's milk cheese (39), and liquid Cheddar whey (41). 

Solid-Phase Microextraction (SPME) 

Solid-phase microextraction (SPME) is a relatively recent technique 
developed for the isolation and concentration of volatile, semi-volatile, or 
nonvolatile compounds in foods (26,42-44). It is commercially available from 
Supelco. In dairy flavor applications, it has been typically applied to analyzing 
volatiles in an equilibrated headspace above a dairy product sample (45). SPME 
integrates volatile sampling, extraction, concentration, and gas chromatographic 
(GC) injection into a single technique. The method uses a small (1-cm) piece of 
fused silica coated with a polymeric liquid phase, similar to a GC stationary 
phase, that absorbs the volatiles and concentrates them on the fiber. The fiber is 
attached to a stainless steel plunger, sheathed by a protective needle, which is 
essentially a modified syringe to enable thermal desorption of the analytes into a 
GC injector port: The selectivity of volatile extraction from the headspace can 
be significantly altered by the choice of liquid coating on the fiber. With the 
fiber coating selection, two factors need to be considered: 1) polarity of the 
flavor analytes, and 2) volatility and molecular weight of the target analytes. 
Absorbent-type fibers (polydimethylsiloxane, PDMS) partition volatiles into a 
high-capacity liquid phase, but are most suitable for non-polar analytes. 
Alternatively, adsorbent-type fibers (PDMS/divinyl benzene (DVB)) trap polar 
and non-polar volatiles onto porous solids, but have limited capacity. The best 
compromise for dairy flavor work appears to be the Carboxen/PDMS-coated 
fiber because of its high capacity, mixed-polarity trapping affinity for flavors and 
volatile sulfur compounds (46-49). However, PDMS/DVB (50), and the semi-
volatile trapping phases, polyacrylate (57) and DVB/Carboxen/PDMS (52), have 
been reported for extracting higher-boiling dairy volatiles in specific 
applications. 

SPME is a deceptively simple technique, and analysts need to be aware of 
pitfalls that may induce variability in dairy flavor studies where quantitative 
results are required. Precise control of headspace sampling conditions is critical, 
since SPME is an equilibrium extraction/desorption process. Because 
concentrations of dairy analytes are relatively low, attempts to increase volatile 
recoveries by using higher temperatures can result in competition or 
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displacement of volatile analytes from absorption sites on the SPME fiber. After 
the sample is allowed to come to equilibration for 15-30 min at 50 °C, the fiber 
is inserted into the sample headspace. A typical apparatus configuration for 
volatile concentration using the SPME technique is shown in Figure 6. Factors 
which especially influence anaiyte reproducibility and sensitivity during volatile 

SPME bolder 

Water 
bath 

Kl 

K2 

— 

Coating V , 

Sample V 2 

Stirring bar 

Stirring Hotplate 

Figure 6. Apparatus for the isolation of headspace volatile flavor compounds 
on a polymeric-coated SPME fiber (Vj) . (Reproducedfrom reference 53. 

Copyright 1998 American Chemical Society.) 

isolation include dairy sample temperature (40-50 °C), fiber exposure time (5-30 
min), and the ratio of sample to headspace volume in the vial. The optimum 
ratio of sample to headspace depends on the sample's physical state, volatile 
abundance, and chemical release characteristics; for example, with Parmesan 
cheese, a 50% sample volume is best, whereas 17% is optimum for orange juice 
and 66% for soybean oil (45,53). Magnetic stirring also plays an important role 
in reproducibility by accelerating volatile transfer between the sample and the 
SPME fiber, and shortening the equilibrium time. 

An recent application of the SPME technique was evaluated for flavor 
profiling of various cheese varieties (Cheddar, blue, hard-grated) using 75-|im 
Carboxen-PDMS fibers (46). A comparison of cheese aroma compounds was 
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determined using similar-type cheeses with mild, medium, and aged flavor 
development. Using a novel sampling approach, the Carboxen-PDMS fibers 
were exposed to 7g of finely-grated cheese in an equilibrated headspace vial at 
ambient temperature (22 °C) for a long (16 h) isolation period. Subsequent 
analysis by gas chromatography-mass spectrometry (GC-MS) and gas 
chromatography-olfactometry (GC-O) confirmed the presence of compounds 
previously identified and reported using traditional vacuum distillation or 
extraction techniques. In typical volatile absorption situations, it would be 
expected that the concentration of analytes on the fiber would uniformly increase 
over the 16-h timeframe. To explore the relative efficiency of cheese volatile 
trapping on the SPME fibers, the authors designed a time-course study to 
monitor changes in on-fiber volatile concentrates obtained at 1-, 2-, 4-, 9-, and 
16-h equilibration times. The relative trapping kinetics for a series of 
intermediate-volatility odd-chain C 5 -C 9 methyl ketones, C 6 -C 8 ethyl esters, C 4 -C 6 

fatty acids, and sulfur compounds were compared. Analyte displacement / 
competition effects were observed for SPME trapping of blue cheese volatiles, in 
which high concentrations of 2-heptanone and 2-nonanone occur. Figure 7 
shows the relative trapping efficiency of seven blue cheese volatile components 

Figure 7. SPME trapping kinetics for representative methyl ketones, ethyl esters, 
and butyric acid in blue cheese on a Carboxen-PDMS fiber over time (1-16 h). 

(Adapted from reference 46. Copyright 2003 Elsevier B. V.) 
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over 16 h. In most cases, a maximum concentration was reached after 8 h; 
however with longer equilibration times, intermediate-level flavor compounds 
(e.g., 2-pentanone, 2-hexanone, and 2-heptanone) were displaced by 2-nonanone 
and ethyl octanoate. Figure 8 displays another comparison from the same study, 
whereby acetic acid and wo-valeric acid reached maximum concentrations on the 
SPME fiber after 4 h., however displacement effects were noted for 2-heptanol 
and 3-methylbutanol. In contrast, little or no displacement was observed for 
trace and medium-concentration cheese aroma components (methyl sulfides, 
lactones, pyrazines, phenolics). Other cheeses with high levels of a few fatty 
acids produced similar displacement effects. The noteworthy conclusion was 
that volatile displacement phenomena need to be considered for so-called 
"strong-smelling" cheeses with dominant concentrations of a few aromatics such 
as fatty acids (butyric, hexanoic) in pecorino hard-type cheeses or methyl 
ketones (2-heptanone) in blue-mold cheeses. 

2500 

6 8 10 
Time (hours) 

Figure 8. SPME trapping kinetics for representative fatty acids and alcohols in 
blue cheese on a Carboxen-PDMS fiber over time (1-16 h). (Adaptedfrom 

reference 46. Copyright 2003 Elsevier B. V.) 

Alternatively, SPME was demonstrated to provide excellent quantitation of 
trace levels of lipid oxidation products related to light-induced off-flavors in 
milk by GC-MS (47). A rapid procedure (15 min., 45 °C) was developed using 
a 75-jLim Carboxen/PDMS SPME fiber to measure pentanal and hexanal in skim 
and 2% fat milk at 0.5-10 ppb concentrations with a 5-7% coefficient of variance 
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(CV). Compared to SPME-GC-MS, dynamic headspace-GC-MS afforded 
poorer sample recoveries and lower precision (8-21% CV). This quality control 
technique was developed to monitor the development of "metallic" or 
"cardboard-like" off-flavors in milk, which are typically generated by prolonged 
exposure to fluorescent light in the supermarket dairy case (47). 

Other recent applications of SPME are the isolation of aroma components in 
UHT milk (52), artisan goat's milk cheese (51), surface-ripened cheese (49), 
Cheddar cheese (50), and sulfur components in Cheddar cheese (48). 

Solid Phase Aroma Concentrate Extraction (SPACE™) 

A newly-emerging headspace sampling technique that is a modified version 
of SPME has been appropriately named SPACE™ (Solid Phase Aroma 
Concentrate Extraction) (54). The method improves on the deficiencies of 
SPME by utilizing a higher-capacity adsorbent that is coated onto a stainless 
steel rod (9 cm x 1.2 mm diameter). The dual-adsorbent coating material for 
SPACE consists of a 9:1 graphite carbon / 2% activated carbon porous polymer 
film that is doped with Tenax. Following exposure of the SPACE™ rod to the 
sample headspace for 40 min at 35 °C, analytes are thermally desorbed in a 
heated GC injector and cryofocused prior to their transfer onto a GC column. 
Compared to SPME, the volatile isolate obtained by SPACE™ was about 37-
times more concentrated, probably due to the trapping ability of the adsorbent, 
and the 100-times greater surface area of the 9-cm SPACE™ rod versus a 1-cm 
SPME fiber. The technique should be generally applicable to the concentration 
of cheese and dairy flavors. A comparison of flavor volatile GC-MS profiles 
obtained by SPACE™ versus dynamic headspace, SPME, and direct solvent 
extraction methods for coffee powder is shown in Figure 9. Generally, 
SPACE™ provided a broader volatile range and increased sensitivity compared 
with SPME and dynamic headspace sampling. However, further developments 
of the adsorbent will be required to enable the trapping of high-boiling polar 
compounds such as Furaneol and related furanones. 

Stir Bar Sorptive Extraction (SBSE) 

A very recent innovation for analysis of volatile and semi-volatile flavor 
compounds is stir bar sorptive extraction (SBSE) which has been 
commercialized by Gerstel under the trade name Twister (55,56). Flavor 
volatiles are extracted by stirring the polydimethylsiloxane (PDMS)-coated bar 
in a liquid sample for a determined time, followed by thermal release of volatiles 
from the stir bar, either directly into a GC injector or by use of a 
thermodesorption unit (Gerstel), coupled with capillary GC or GC-MS. Liquid 
samples can include aqueous food mixtures, polar matrices (acids and alcohols) 
and fats and oils. The magnetic stir bar is covered with a glass jacket to prevent 
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metal decomposition of the PDMS layer (Figure 10a). Alternatively, when used 
in the headspace sorptive extraction (HSSE) mode, the stir bar is suspended in a 
headspace vial over the sample, then thermally desorbed (Figure 10b). A third 
approach (SBSE2) uses two stir bars for a combination of immersion and 
headspace sorptive extraction (26). SBSE is based on the same principles as 
solid-phase microextraction (SPME), except that it has a thicker PDMS coating 
(25-125 |iL) that provides 50 to 250 times greater extraction efficiency (57). 
Consequently, this overcomes the volatile competition and displacement effects 
that often occur with SPME. However, a disadvantage of SBSE is that it is 
currently only available with a PDMS coating, and alternate phases would offer 
enhanced trapping capabilities for a broader range of flavor polarities. Most 
appropriately, polar phases would be useful for HSSE flavor applications. 

In dairy product flavor applications, SBSE has been applied to analyzing 
flavor compounds in fresh and cooked milk, yogurt, and cream cheese (58). 
Cheese and yogurt samples were diluted 1:1 with water, then transferred to a 10-
mL headspace vial and stirred with the SBSE bar for 1 hour at room 
temperature. The stir bar was rinsed with distilled water, blotted dry, and 
inserted in thermodesorption unit at 200°C, cryofocused into a glass liner, and 
transferred via splitless mode onto a Carbowax capillary GC column. A GC-
MS total ion chromatogram of a SBSE volatile extract of herb-flavored cream 
cheese is shown in Figure 11. Cream cheese flavor is primarily culture volatiles 
such as diacetyl and acetoin plus fatty acids, lactones, and other methyl ketones 
that provide creamy flavor character in pasteurized milk products (4,5). The 
major identified components were even-carbon C i 0 - C i 6 fatty acids, 8-
decalactone and 5-dodecalactone. It is interesting to note that the largest peak in 
the GC-MS profile is diethylphthalate, which may be an artifact from the 
packaging material. A pulsed flame photometric detector (PFPD) was used to 
detect trace sulfur compounds. Volatile evidence that his herb-flavored cream 
cheese contains garlic is provided by the presence of diallyl di- and trisulfide, 
and methyl allyl di- and trisulfide. Hydrogen sulfide and dimethyl trisulfide are 
most likely derived from the butterfat in the cream cheese. 

Comprehensive Two-Dimensional Gas Chromatography (GCxGC) 

Complex mixtures of volatile dairy flavors are sometimes difficult to 
completely resolve and analyze using traditional capillary GC-MS. For these 
situations, a new technique, comprehensive two-dimensional gas 
chromatography (GCxGC), was recently developed (59,60). Similar to 
traditional multidimensional GC (GC-GC), this instrumental method uses two 
GC columns of different polarity that are linked in series, and analytes are 
switched from the first to the second column to improve the separation power. 
However, the unique feature of GCxGC is that both columns are directly 
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Figure 10. Elements of stir bar sorptive extraction: a) SBSE stir bar coated with 
PDMS; b) alternative configuration for HSSE mode; FS = fused silica. 

(Reproducedfrom reference 57. Copyright 2002 American Chemical Society.) 

connected to each other in the same GC oven, and there is no switching valve. 
Normally, this would produce very broad peaks on the second column, and not 
much enhancement in the separation power of the dual system. The solution is 
provided by a specially designed longitudinally-modulated cryogenic trap at the 
GC column interface, which regulates and focuses the transfer of analytes 
between columns (59). The trap consists of a 3-cm hollow C02-cooled sleeve 
that slides along the outside of the capillary column interface. During the 
GCxGC separation, the cryotrap is programmed to oscillate back-and-forth every 
5 seconds, such that packets of analytes are zone-compressed, then automatically 
diverted or "pulsed" to a second GC column with a different type of separation 
phase. A GCxGC instrumental configuration is shown in Figure 12. 

The detector for the GCxGC system is time-of-flight mass spectrometry 
(TOF-MS), which is required because of the higher spectral acquisition rate (500 
spectra/sec), compared to quadrupole-MS or ion-trap mass analyzers. Because 
TOF-MS does not involve the use of a scanning field for mass measurement, it 
offers significantly improved MS acquisition speed sensitivity. A computerized 
data system is required to plot the 2-D spectral output. 
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Abiifujanco 

GC-MS 
30m x 0.25mm DB-Wax 

8-C1 0 
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JUL. ,.u U 

1(1 

3e+08 

2O+08 

1e+08 

GC-PFPD 4 1 H 2S 
2 Methyl allyl disulfide 
3 Dimethyl trisulfide 
4 Diallyl disulfide 
5 Methyl allyl trisulfide 
6 Diallyl trisulfide 

B 

Figure 11. Comparison of SBSE extract chromatograms of herb cream cheese 
obtained by: A)GC-mass spectrometry B)GC-pulsedflame photometric 
detection (Reproducedfrom reference 58. Copyright 2000 Gerstel.) 

An application of GCxGC analysis for a complex dairy flavor mixture is 
provided for the aroma constituents of sour cream (61). A volatile concentrate 
was afforded using the SAFE simultaneous distillation-extraction technique. 
The GC column configuration consisted of a non-polar (CP-Sil 5, 
dimethylpolysiloxane) pre-column, followed by a shorter, more polar (BPX-50, 
50% phenylpolysiloxane) analytical column. Since the second (analytical) 
column is eluting about 6-times faster than the pre-column, the GC separation of 
each volatile transfer "packet" is completed before the next one begins to elute. 
A 2-D MS computer-generated spectral array plots the total ion chromatogram 
from the first column (no GCxGC) versus the transfer ion chromatogram output 
from the second column. At any given position in the total ion chromatogram 
(x-axis), a corresponding higher-resolved slice is shown for the multidimensional 
GCxGC separation on the second column (y-axis; see Figure 13). 

A further example of the applicability of GCxGC in a dairy-based spread 
was the difficult chromatographic separation and MS identifications of two pairs 
of co-eluting flavor components: 2-heptanone with methional, and 2-nonanone 
with sotolon. For one of the pairs, the GCxGC TOF-MS technique was utilized 
to resolve the minor component, sotolon, from the major interference peak, 2-
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Figure 12. Longitudinally-modulated comprehensive two-dimensional gas 
chromatography (GCxGC). (Reproduced from reference 59. Copyright 2001 

AO AC Intl.) 

nonanone. The outcome is presented in Figure 14. The left cluster of peaks is 
the output from the first column, and the right peak cluster is produced after 2-D 
separation on the second column. The solid trace is the total ion chromatogram, 
and the dashed trace is the selected ion chromatogram for the 128 ion. The 
molecular ion of sotolon is 128, however the major peak, 2-nonanone also has a 
128 fragment ion. After the second separation, the amount of the interfering 
compound is greatly reduced in the mass spectrum, allowing an easy 
confirmation of the correct structural assignment to be made for sotolon. 

Sensory-Directed Analytical Techniques 

Progress in the instrumental analysis of cheese and dairy flavors has often 
provided long lists of volatiles. Until recently, the sensory relevance of these 
volatile compounds has not been as extensively evaluated. Prior to the late 
1990's, much has been published on dairy flavors, often without identifying the 

D
ow

nl
oa

de
d 

by
 P

E
N

N
SY

L
V

A
N

IA
 S

T
A

T
E

 U
N

IV
 o

n 
Ju

ly
 3

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 9

, 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

97
1.

ch
00

2

In Flavor of Dairy Products; Cadwallader, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



43 

Figure 13. GCxGC TOF-MS analysis of sour cream flavor extract. 
(Reproduced from reference 61. Copyright 2003 J Chrom.) 

Column 1 
CP-Sil 5 

C H k > O H 

C H ^ C / N > 

Sotolon (S) 

10000 -I 

8000 
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4000 

2000 -
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648 650 

Column 2 

BPX-50 

2-Nonanone 

062 654 656 

GC Retention time (seconds) 

TIC (x 0.01) 

m/z 128 

658 

Figure 14. GCxGC TOF-MS resolution of 2-nonanone from sotolon in dairy 
spread. (Reproduced from reference 61. Copyright 2003 J Chrom.) 
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impact compounds. Therefore, one of the major objectives in flavor research is 
to select those compounds that significantly contribute to the characteristic 
aroma. 

GC-Olfactometry (GC-O) Techniques 

In general, the aroma of dairy flavors consists of many volatile compounds, 
only a few of which are sensorially relevant. The first essential step in aroma 
analysis is the differentiation of the more potent volatile odorants from those 
having low or no aroma activity. Several approaches have been taken to 
estimate the sensory contribution of single odorants to the overall aroma of a 
food. The application of sensory-directed analytical flavor techniques for 
evaluation of key aroma compounds in cheese and dairy products has been 
previously reviewed (4,5). Dilution techniques and time-intensity measurements 
are the two principal GC-olfactometry (GC-O) methods. 

Odor Dilution: Two principal techniques have been developed: 
CharmAnalysis™ (Combined Hedonic Aroma Response Measurements) (62) 
and AEDA (Aroma Extract Dilution Analysis) (63). Both methods use serial 
dilutions of the volatile fraction, followed by GC-O evaluation after each 
successive dilution. The process is repeated until no detectable odor is 
perceivable in the GC effluent. In the AEDA technique, the highest dilution at 
which an aroma compound can be smelled is defined as it flavor dilution (FD) 
factor. While the duration of the odor is also factored into the Charm Analysis, 
the peak maximum of a CharmAnalysis value is identical to the FD factor. 
Aroma Extract Concentration Analysis (AECA) (63) involves an aroma extract 
enrichment process by successive solvent distillation and GC-O steps. 

Time Intensity: The Osme technique measures the perceived odor intensity 
of a compound in the GC effluent (64). This method generates an FID-style 
chromatogram (an "Osmegram"). Ideally, it requires only one injection when 
used by well-trained flavor assessors. The flavorist rates the aroma intensity 
utilizing a computerized 16-point scale time-intensity device, and indicates the 
corresponding aroma characteristics and changes in odorant concentration. 
Significant aroma compounds were evaluated in Parmigiano Reggiano cheese 
(40) and whey powder (75) by a combination of Osme and AEDA methods. 

Odor/flavor Threshold Index: Sensory techniques that measure the relative 
potency of individual flavor compounds have been developed and used in 
conjunction with GC-O methods. These include odor unit (based on nasal odor 
thresholds), flavor unit (from retronasal odor thresholds), and odor activity value 
(OAV; the ratio of an odorant's concentration to its threshold concentration). 
However, these concepts first require identification and quantification of volatile 
compounds, then determination of their unique threshold values. Recent studies 
suggest that OAV's may not be good indicators of an odorant's relative 
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contribution to the overall intensity of a flavor mixture, and other flavor volatile 
assessment methods may require further development (65). 

A contemporary sensory-guided dairy aroma research program combines 
sensory and analytical approaches (66,67). It is principally composed of the 
following four key steps, which can be applied to the characterization of both 
cheese and dairy aromas and off flavors: 

1) Qualitative aroma composition of the most potent aroma components 
by Osme, AEDA/AECA, or CharmAnalysis™ (based on GC-
Olfactometry) 

2) Quantitative aroma composition of essential aroma constituents using 
isotopically-labeled standards (isotope dilution assay) 

3) Determination of odor thresholds, and calculation of odor activity 
values (odor activity value concept) 

4) Confirmation of analytical data by sensory assessment of recombinated 
mixtures (aroma simulation based on quantitative data) 

The last step is essential and validates the analytical results. However a crucial 
factor is accurate quantification of the aroma-impact compounds. A limitation of 
such dilution techniques is that they often do not account for losses of highly 
volatile compounds during the extraction and concentration process. 

In conclusion, there is a clear need to improve the quality and stability of 
cheese and dairy aromas and flavors. The techniques presented in this chapter 
represent realistic and practical approaches for analyzing aromas more 
purposefully. Depending on the application, it is possible to simplify the 
approach and to find compromises in the dairy flavor isolation, separation, and 
sensory assessment stages, so that essential results can be obtained in a 
reasonable time. The food and flavor industry is well advised to profit from this 
development and adapt these different techniques to their specific needs. 
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Chapter 3 

Establishing Links between Sensory and Instrumental 
Analyses of Dairy Flavors: 
Example Cheddar Cheese 

Mary Anne Drake1, Keith R. Cadwallader2, 
and Mary E. Carunchia Whetstine1 

1Department of Food Science, Southeast Dairy Foods Research Center, 
North Carolina State University, Campus Box 7624, Raleigh, NC 27695 

2Department of Food Science and Human Nutrition, University of Illinois, 
1302 West Pennsylvania Avenue, Urbana, IL 61801 

The flavor of dairy products is an important aspect of their 
overall appeal. Understanding flavor is crucial to effective 
and strategic research and marketing. Part of understanding 
flavor involves linking sensory flavor attributes with the 
volatile chemical components responsible for their occurrence. 
Establishing these relationships can be challenging and 
requires the combination of comprehensive sensory 
descriptive and instrumental analyses. Specific examples of 
identifying chemical compounds responsible for sensory-
perceived flavors (rosy/floral, nutty, mothball/grassy) in 
Cheddar cheese are presented. 
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The flavor of Cheddar cheese is a key parameter for consumer acceptance 
and marketing (7). Using combined instrumental-sensory analysis, many sensory 
and chemical aspects of Cheddar flavor have been characterized (7, 2). When 
specific links are definitely established between volatile flavor compounds and 
sensory attributes of cheese, an enhanced understanding of cheese flavor is 
achieved and powerful information for linking flavor to production technology 
is obtained (3, 4). Such studies require the correlation of chemical and 
descriptive sensory analysis results. 

Instrumental techniques for volatile compound extraction and identification 
are reviewed elsewhere (2, 5). It is important to note that any volatile compound 
extraction approach has strengths as well as shortcomings. No single approach 
will extract all volatile components with equal recovery so a combination of 
techniques (e.g. headspace and solvent extraction) should be used if a complete 
picture of volatile compounds is desired (2, 5). Extracted volatile components 
should be identified as a starting point, but additionally, compounds contributing 
to flavor should also be characterized using gas chromatography olfactometry 
(GC-O) (2, 6). GC-O can accomplish multiple things including tentative 
identification of compounds, elimination of compounds without odor activity 
from the list of volatile compounds, and selection of key aroma compounds 
(based on intensities and odor characteristics). Further, the human nose may be 
more sensitive to aroma compounds than the most sensitive instrumental 
detector, and GC-O allows those compounds present at concentrations below 
instrumental detection limits to be characterized. 

Descriptive sensory analysis is often, and unfortunately, overlooked in 
flavor chemistry studies. Flavor is a sensory perception, and without sensory 
analysis, the best instrumental analysis has no direct relevance to flavor 
characterization. When linking results of instrumental analysis to perceived 
aroma, descriptive sensory analysis is the appropriate sensory tool to use (7) 
since this type of sensory tool provides objective, reproducible, and analytical 
information on the sensory perception of the product flavor - analogous to 
instrumental data. Descriptive sensory analysis consists of a trained panel where 
individuals function in unison as components of a "sensory instrument" to 
document and describe the sensory attributes of a product (7). The panel uses a 
lexicon (language or group of words) to describe the sensory properties of the 
product. The lexicon has definitions and references for each sensory attribute 
such that panel results can be reproduced and facilitates correlation with 
instrumental data (7). 

The general approach to linking sensory perception with analytical data 
involves three basic steps: 1) selection of products with the desired or target 
flavors using descriptive sensory analysis, 2) instrumental analysis of volatile 
compounds, and 3) confirmation of the sensory role of the volatile compounds 
using quantitation, threshold analysis, and descriptive sensory analysis of model 
systems. When both instrumental and sensory analysis techniques are used 
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optimally, the results can be powerful as concrete relationships between sensory 
perception and volatile components can be established. This paper describes 
three examples of the application of these approaches to Cheddar cheese flavors: 
rosy/floral (RF) flavor (£), nutty flavor (4), and mothball/grassy (MG) flavor. 
Each example provides a distinct demonstration of linking instrumental and 
sensory analyses. 

Methods 

Cheeses 
Blocks (18 kg) of commercial Cheddar cheese (4-36 months old, moisture 

content: 36.0-38.0 %, pH 5.3-5.9) were collected from domestic and 
international sources and screened for rosy/floral (RF), nutty, or mothball/grassy 
(MG) flavors by a descriptive sensory analysis panel (described below). The age 
range of cheeses was specific to the flavor: > 9 months for RF and nutty flavors, 
and 4 to 24 months for MG flavor based on previous sensory research (9, 10). 

Chemicals 
Diethyl ether (anhydrous, 99.8 %), sodium chloride (99 %), sodium sulfate 

(99 %) and 2-methyl-3-heptanone (internal standard for quantitation of 
neutral/basic volatile compounds) were purchased from Aldrich Chemical 
Company (St. Louis, MO) and 2-methylpentanoic acid (internal standard for 
quantitation of acidic volatile compounds) was obtained from Lancaster 
(Windham, NH). Aroma compounds listed in tables were provided by 
commercial sources (Aldrich Chemical Co., Sigma, St. Louis, MO, Lancaster, 
Firmenich Inc., Plainsboro, NJ). Sodium bicarbonate (99.7 %), hydrochloric 
acid (36.5 %), and acetic acid (no 42) were obtained from Fisher Scientific 
(Pittsburgh, PA). 

Descriptive sensory analysis 
A trained sensory panel evaluated the selected cheeses using a lexicon 

developed for Cheddar cheese flavor (9). Definitions and references for the 
terms used are given in Table I. The panelists each received a minimum of 75 h 
training on descriptive analysis of cheese flavor using the Spectrum™ 
descriptive analysis method (77). Panelists evaluated cheeses individually in 
booths with free access to bottled water and unsalted crackers for palate 
cleansing. Panelists expectorated cheeses following analysis. Cheeses were 
presented in 2 x 2 cm cubes with three digit codes at 10°C. Cheeses were 
evaluated in triplicate by each panelist. 
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Extraction of Volatile Compounds 
For all three flavor studies, selected cheeses were first extracted by direct 

solvent extraction (DSE) with diethyl ether after addition of internal standards 
(20 uL of a solution prepared by the addition of 50 pL of 2-methyl-3-heptanone 
and 50 pL of 2-methyl pentanoic acid to 5 mL of methanol) followed by high 
vacuum distillation (HVD) (nutty, MG flavor studies) (or solvent assisted flavor 
evaporation (SAFE) (rosy/floral flavor study). Details for HVD and SAFE are 
provided elsewhere (4, 8). Concentrated distillates were fractionated into 
neutral/basic (NB) and acidic (Ac) fractions for GC separation and identification 
(4, 8). 

Gas Chromatography-Mass Spectrometry (GC-MS) 
GC-MS analysis of solvent fractions was performed using an HP5890 

Series II GC/HP 5972 mass selective detector (MSD, Hewlett-Packard, Co.) 
system. Volatile compound separations were performed on a fused silica 
capillary column (DB-WAX; 30 m length x 0.25 mm i.d. x 0.25 urn df j J&W 
Scientific). Helium gas was used as a carrier at a constant flow of 1 mL/min. 
Oven temperature was programmed from 40°C to 200°C at a rate of 5°C/min 
with initial and final hold times of 5 and 45 min, respectively. MSD conditions 
were as follows: capillary direct interface temperature, 280°C; ionization energy, 
70 eV; mass range, 33-330 a.m.u; EM voltage (Atune+200 V); scan rate, 5 
scans/s. Each solvent fraction (2 pL) was injected in the splitless mode (8). 
Duplicate analyses were performed on each sample. 

Gas Chromatography/Olfactometry (GC-O) 
Two different GC-O techniques were utilized to evaluate aroma properties 

and perceived sensory intensities of each aroma-active component in the solvent 
fractions: post peak intensity (12) and aroma extract dilution analysis (AEDA) 
(12, 13). GC-O was performed using a HP5890 series II gas chromatograph 
(Hewlett-Packard Co., Palo Alto, CA) equipped with a flame ionization detector 
(FID), a sniffing port, and splitless injector was used. Both the neutral/basic and 
acidic fractions were analyzed from every solvent extraction. Each fraction (2 
pL) was injected into a polar capillary column (DB-WAX; 30 m length x 0.25 
mm i.d. x 0.25 pm film thickness d f; J & W Scientific, Folson, CA) and a 
nonpolar column (DB-5MS; 30 m length x 0.25 mm i.d. x 0.25 pm d f; J & W 
Scientific, Folson, CA). The column effluent was split 1:1 between the FID and 
the sniffing port using deactivated fused silica capillaries (1 m length x 0.25 mm 
i.d.; Restek, Bellefonte, Pa., U.S.A.). The GC oven temperature was 
programmed from 40 °C to 200 °C at a rate of 10 °C/min with an initial hold for 
3 min and a final hold of 20 min. The FID and sniffing port were maintained at a 
temperature of 250 °C. The sniffing port was supplied with humidified air at 30 
mL/min flow rate. The fractions were diluted stepwise with diethyl ether at a 
ratio of 1:3 (v/v). Four experienced sniffers, each with greater than 50 h training 
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on GC/O, were used for post peak intensity GC-O, and two were used for 
AEDA. 

Compound identification 
For identifications, retention indices (RI), mass spectra, and odor properties 

of unknown compounds were compared with those of authentic standard 
compounds analyzed under identical conditions. Tentative identifications were 
based on comparing mass spectra of unknown compounds with those in the 
National Institute of Standards and Technology (1992) mass spectral database or 
on matching the RI values and odor properties of unknown compounds against 
those of authentic standards. For the calculation of retention indices, an n-alkane 
series was used (14). 

Dynamic Headspace Analysis (DHS) 
For two of the cheese flavors, nutty and mothball/grassy (MG) flavors, DHS 

was conducted as a secondary volatile compound extraction approach. For the 
dynamic headspace sampling, grated cheese sample (10 g), in duplicate, was 
first equilibrated in a 3-neck glass purge vessel (280 mL volume, jacketed; 
Custom Glass Shop) to 45 °C for 20 min followed by purging of headspace 
volatiles on to adsorbent Tenax TA 60/80 (200 mg/trap) using nitrogen (flow 
rate 50 mL/min, ultra high purity). GC-O and dynamic headspace dilution 
analysis (DHDA) was performed by varying headspace purge times (25, 5, 1 
min), as described by Cadwallader and Baek (75). Volatiles adsorbed on the 
Tenax were thermally desorbed in splitless-mode (Thermal Desorption system 
TDS2, Gerstel GmbH & Co. KG, Germany), and cryo-focused before injection 
(-150 °C, solvent venting mode; cooled injection system CIS4, Gerstel GmbH & 
Co.) for GCO analysis. The GC-O system consisted of an HP6890 series GC 
(Agilent Technologies Inc.) equipped with a DB-FFAP capillary column (15 m 
x 0.53 mm i.d. x 1 pm film thickness; J&W Scientific, Folsom, CA), an FID, 
and a sniffing port. The oven temperature was programmed from 30 to 225 °C at 
a heating rate of 10 °C/min with initial and final hold times of 2 and 10 min, 
respectively. Helium was used as a carrier gas at 10 mL/min flow rate (flow 
velocity of 70 cm/s). Two experienced sniffers evaluated each sample/purge 
time combination. A flavor dilution (FD) factor was calculated for each odorant 
by dividing the highest purge time tested (25 min) by the purge time at which it 
was last detected by GCO-DHS (e.g. either 25, 5 or 1 min)(75). The GC-MS 
system consisted of an HP6890 series GC/5973 mass selective detector (Agilent 
Technologies Inc.) and separation of desorbed volatiles was performed on a DB-
FFAP capillary column (30 m x 0.25 mm i.d. x 0.25 pm film thickness; J&W 
Scientific, Folsom, CA). Oven temperature was programmed from 20 to 225 °C 
at 4 °C/min with initial and final hold times of 5 and 15 min, respectively. 
Helium was used as a carrier gas at 1.2 mL/min. MSD conditions were as 
follows: capillary direct interface temperature, 280 °C; ionization energy, 70 eV; 
mass range, 35-300 amu; scan rate, 5.27 scans/s. 
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Sensory threshold and cheese model system analysis 

Best estimate orthonasal thresholds (BETs) of selected compounds were 
determined using the ASTM ascending forced choice method of limits 
procedure E679-79 (76). Thresholds of compounds were determined 
orthonasally in deodorized water and/or pH 5.5 buffer. The buffer was prepared 
using 250 mL of 0.2M tris acid maleate (24.2g tris and 23.2g maleic acid/L) and 
66 mL of 0.2N NaOH made up to one L in deodorized water. Deodorized water 
was prepared by taking deionized water and boiling to 2/3 of the original 
volume. Thresholds can vary widely from person to person and within one 
individual (77). Thus, for an accurate estimation of a threshold, more than 30 
individuals should be tested. In these studies, a minimum of 50 individuals were 
assessed. 

Sensory analysis of cheese models was conducted to pinpoint the 
compound(s) responsible for the specific flavor attributes of selected Cheddar 
cheeses. Cheese models were prepared from commercial Cheddar cheeses which 
did not have the specific target flavor, purchased from a local grocery store. 
Chemicals tested for their flavor impact in the models were dissolved in 
methanol (aroma evaluation) or 95 % ethanol (flavor evaluation) across the 
concentration range found in the cheeses. The cheeses were grated and portioned 
(25 g) and the chemicals were introduced by a clean, disposable micropipet. 
After addition of the chemicals, the cheese models were kneaded for 3 min and 
then molded to a rectangular shape, wrapped in foil and equilibrated for 24 h at 
5 °C. Cheese models were evaluated for aroma or flavor by sensory analysis 
using the same procedure applied for descriptive analysis of Cheddar cheeses. 

Results and Discussion 

Linking sensory and instrumental analysis 

Case 1 - Rosy/floral (RF) flavor 
Results from this study were straight-forward and demonstrate how odor-

active compounds responsible for a particular flavor may be readily selected 
based on the complete understanding of the sensory perception of the flavor 
(through the use of a defined and anchored sensory language) and close 
examination of the GC-O results. RF flavor is described by trained panelists as 
a distinct rosy/floral aftertaste following consumption (or expectoration) of 
certain aged Cheddar cheeses (9). Examination of instrumental results from 
aged Cheddar cheeses with and without RF flavor revealed 50 aroma-active 
compounds (8). Several compounds had relatively high log3 FD (flavor 
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dilution) values in cheeses with and without RF flavor, including butanoic acid 
(cheesy/rancid), methional (potato), dimethyl trisulfide (cabbage), 
phenylacetaldehyde (rosey), 2-phenethanol (rosey), 2-methoxyphenol (smoky), 
2-acetyl-2-thiazoline (popcorn), and phenyl ethyl acetate (rosey) (Table II). FD 
factors are generated from aroma extract dilution analysis (AEDA). Fractions 
are serially diluted stepwise (usually 1:2 or 1:3) and sniffed. The dilution 
procedure is repeated until sniffers do not detect odorants. The highest dilution 
at which an odorant is perceived is reported as the log3 flavor dilution (FD) 
factor (12). As such, AEDA results (list of FD factors) provide a snapshot or 
profile of the most potent aroma (flavor) contributing compounds in a given 
extracted sample. The higher the FD factor, the larger the role that the 
compound plays in flavor. AEDA is a semi-quantitative technique and therefore 
the values do not represent actual concentrations of compounds, only their 
aroma activity in the extracts. 

The compounds phenylacetaldehyde, 2-phenethanol, and phenyl acetic acid 
all have rosy aromas and have been previously associated with unclean flavors 
in cheeses (17). These compounds are formed by the Strecker degradation of 
aromatic amino acids, especially phenylalanine (18). The three compounds were 
quantified in cheeses with and without RF flavor using external standard curves, 
and sensory threshold analysis was then conducted. Threshold analysis is often 
useful in flavor chemistry studies to further screen possible odorants responsible 
for selected flavors. Compounds present at concentrations well above sensory 
thresholds are more likely to be key players in flavor contributions (7). In RF 
cheeses, phenylacetaldehyde, 2-phenethanol, and phenyl acetic acid were all 
above their sensory thresholds (Table III). Phenylacetaldehyde was also above 
sensory threshold in the non-rosy cheeses, while 2-phenethanol and phenyl 
acetic acid were near or below threshold concentration levels in the non-rosy 
cheeses. 

Sensory analysis of cheese model systems was conducted to confirm the 
role of each of the three final candidate compounds: phenylacetaldehyde, 2-
phenethanol, and phenyl acetic acid. Alone, each of the three compounds 
displayed a rosy aroma. However, when spiked into cheese, this observation 
was not necessarily true. 2-Phenethanol produced a yeasty aroma and flavor to 
the cheese models when added at the levels found naturally in RF Cheddar 
cheese (200 to 600 ppb) (8). Phenylacetaldehyde and phenyl acetic acid 
contributed to RF flavors in Cheddar cheese (Figure 1). Though 
phenylacetaldehyde (9.5/10 overall similarity by sensory analysis compared to 
7.8/10 overall similarity for phenyl acetic acid) alone exhibited a close similarity 
to the RF flavor found naturally in cheese, when phenyl acetic acid and 
phenylacetaldehyde were combined, they contributed more intensity of this 
flavor to the cheese. Even at the lowest levels found in RF cheese, the 
combination of these two compounds play a role in RF flavor. This study 
provides an excellent example of a straight-forward relationship between 
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compound(s) and the sensory perception of a flavor. In this case, the compounds 
that contributed to RF flavor were readily recovered by the instrumental 
extraction approach, and GC-O aroma of the individual compounds was 
characteristic of the flavor they produced in Cheddar cheese. Other cheese 
volatile components linked to specific flavors (waxy/crayon, cowy/barny) also 
displayed similar relationships (8, 19). 

Case 2 - nutty flavor 
The search for nutty flavor sources in Cheddar cheese provides us with a 

more difficult case. In this study, cheese with high intensities of nutty flavor 
were carefully selected along with cheeses of similar age without these flavors. 
This flavor only occurs at high intensities in Cheddar cheeses that are aged (>9 
mo). However after solvent extraction and characterization of volatile 
components, no clear differences in aroma-active components were observed 
between nutty and not-nutty cheeses (4). Table IV shows the aroma-active 
compounds found in both nutty and not-nutty cheeses from solvent extraction 
with high vacuum transfer. Relative abundance calculations (data not shown) 
also revealed no consistent differences between nutty and not-nutty cheeses. 

This study is an excellent example of the shortcomings of a single 
extraction approach for volatile compounds. No single extraction approach 
successfully isolates all of the volatile components from a food matrix (16). 
Solvent extraction approaches are excellent for isolation of medium and higher 
molecular weight volatile components, but are less effective at low molecular 
weight (highly volatile) compounds (2). In the case of nutty flavor, application 
of an alternative extraction approach proved useful. Dynamic headspace analysis 
(DHA) revealed consistent qualitative and quantitative differences between 
nutty and not-nutty cheeses in 2-methyl propanal, 2-/3-methyl butanal and 
dimethyl sulfide (Table V) (4). Higher relative abundances of 2-methylpropanal 
and 2-/3-methylbutanal were also noted in nutty Cheddar cheeses compared to 
not nutty Cheddar cheeses by quantitative instrumental analysis (4). Strecker 
aldehydes, particularly 2-methyl propanal, were generally present between 500 
to 1000 ppb in aged Cheddar cheeses with nutty flavors and less than 500 ppb in 
cheeses without nutty flavor. 

Sensory analysis of cheese model systems was used to confirm the role of 
2-methyl propanal and 2-/3-methyl butanal in nutty flavor. Each Strecker 
aldehyde was spiked into mild or aged not nutty Cheddar cheese across the 
concentration range found in naturally nutty Cheddar cheeses (500 to 1000 ppb). 
Descriptive sensory analysis of these cheeses revealed that in mild Cheddar 
cheeses, Strecker aldehydes caused malty flavors, a result consistent with the 
actual aroma of these pure compounds (4). However, when placed into aged 
Cheddar cheeses (>8 mo) that already exhibited typical aged flavors such as 
sulfur and brothy notes, Strecker aldehyde addition resulted in nutty flavors. In 
this case, the actual aroma of the pure compound was not identical to the flavor 
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the compound elicited in the food matrix. The presence of other compounds at 
or below sensory threshold and the complex matrix composition (e.g. fat, 
moisture, pH, ionic strength) can play a large role in the final perception of a 
particular compound in a food matrix (7). This underlies the need to conduct all 
three steps (sensory analysis, instrumental analysis, sensory analysis of model 
systems) in linking volatile compounds to sensory perception of a flavor in a 
food. GC-O results alone may sometimes be misleading. 

Case 3 - Mothball/grassy (MG) flavor 
MG flavor, also called fecal/mothball flavor, is a flavor that has been noted 

in international Cheddar cheeses and Cheddar cheeses made from grass fed 
cows (10). The flavor is present in both young and aged cheeses and can be 
readily detected orthonasally in the headspace when cheese is placed in a sample 
cup as well as when the cheese is placed in the mouth. Two complementary 
extraction procedures, direct solvent extraction with high vacuum distillation 
(DSE/HVD) and dynamic headspace analysis in conjunction with GC-O and 
GC-MS were applied to young and aged Cheddar cheeses with and without MG 
flavor. Selected compounds were quantified using external standard curvesby 
spiking the compounds into deodorized water followed by DSE/HVD and GC-
MS analysis. 

Table VI shows the sensory profiles of the cheeses with and without MG 
flavor. MG flavor does not appear to depend on cheese age. There were no 
differences between MG and non MG cheeses as determined by dynamic 
headspace (data not shown). Many compounds (57) (Table VII) were identified 
with Log3 FD factors of >1 in the cheeses. Log3 FD factors ranged from 1-9 in 
these cheeses. Some compounds which were detected with high FD factors in 
all the cheeses included acetic acid (vinegar), butanoic acid (cheesey) 1-nonen-
3-one (metallic/beefy), 2-phenethanol (rosy), and y-octalactone (coconut). 

3-Methyl indole had a higher Log3 FD factor by AEDA in cheeses with MG 
flavor than in the control cheeses. This compound is commonly found in the 
milk from pasture fed animals (20) and is formed from aromatic amino acid 
catabolism, specifically from the degradation of tryptophan (21). The presence 
of 3-methyl indole is common in aged Cheddar cheese (22, 23). 3-Methyl indole 
has a mothball aroma. Sensory panelists indicated that the aroma of 3-methyl 
indole was not identical to MG flavor in Cheddar cheese, and therefore more 
compounds may be contributing to MG flavor in Cheddar cheese. 

Seven compounds were selected for quantitification based on high FD 
factors and aroma properties (Table VIII). Acetic acid, 2-methyl butanoic acid, 
and 3-methyl indole all had higher concentrations and Log3 FD factors in 
cheeses with MG flavor compared to control cheeses. Sensory analysis of cheese 
model systems was conducted to determine if any or all three of these 
compounds contributed to MG flavor. Compounds (acetic acid, 2-methyl 
butanoic acid, 3-methyl indole) were spiked into cheeses without MG flavor. 
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These compounds alone or in combination, did not completely simulate MG 
flavor (Table IX). Methional and o-aminoacetophenone (o-AAP) were detected 
in the cheeses using AEDA/GCO, but were below detection limits of the mass 
spectrometer. Therefore these compounds were also spiked into model cheeses 
at concentrations at and above their orthonasal sensory thresholds. A 
combination of acetic acid, 2-methyl butanoic acid, 3-methyl indole, methional, 
and o-AAP gave the closest match to MG flavor in Cheddar cheese (8.0/10). It 
was apparent that acetic acid, 3-methyl butanoic acid, 3-methyl indole, 
methional, and o-aminoacetophenone all contributed to MG flavor. However, 
the similarity match was not as high as would be desired and we must conclude 
that there are potentially other compounds that are contributing to this flavor in 
Cheddar cheese. 

Conclusions 

Cheddar cheese flavor is very complex, and there are several unique flavors 
which can be present. When establishing definitive causal links between 
volatile components and sensory perception of flavors, several different 
situations can arise. In some cases, one or two compounds clearly cause a 
particular flavor, rosy/floral flavor. The compounds when isolated have the 
same aroma as the flavor that they cause in the cheese. In other cases, the 
aroma the compound displays when isolated may not be identical to the flavor 
that it causes in the actual cheese, nutty flavor. Finally, some flavors are caused 
by multiple compounds and pinpointing these compounds and adequately 
reproducing the flavor in model systems is challenging on multiple levels, 
mothball/grassy flavor. 

Acknowledgments 

Funding was provided by Dairy Management, Inc. and the California Dairy 
Research Foundation. This is manuscript FSR 06-03 of the Department of Food 
Science, North Carolina State University. The use of trade names in the 
publication does not imply endorsement by these organizations nor criticisms of 
ones not mentioned. 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
Ju

ly
 3

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 9

, 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

97
1.

ch
00

3

In Flavor of Dairy Products; Cadwallader, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



T
ab

le
 IX

. 
C

om
po

sit
io

n 
an

d 
Se

ns
or

y 
Pe

rc
ep

tio
n 

of
 C

he
dd

ar
 C

he
es

e 
M

od
el

 S
ys

te
m

s 

Co
m

po
un

d 
(s

)a 
Co

nc
en

tra
tio

n 
(s

)a 
M

ot
hb

all
/g

ra
ss

y 
fla

vo
r 

In
te

ns
ity

b 

O
ve

ra
ll 

Si
m

ila
rit

y0 

ac
eti

c a
ci

d 
14

 p
pm

 
N

D
 

Of
 

2-
m

eth
yl

 b
ut

an
oi

c 
ac

id
 

15
0 

pp
b 

0.5
c 

2e
 

3-
m

eth
yl

 in
do

le
 

0.9
 p

pb
 

l.O
bc

 
2e

 

ac
eti

c 
ac

id
/2

-m
eth

yl
 b

ut
an

oi
c 

ac
id

 
14

pp
m

/15
0p

pb
 

1.5
b 

4d
 

ac
eti

c 
ac

id
/2

-m
eth

yl
 b

ut
an

oi
c 

ac
id

 
28

pp
m

/30
0p

pb
 

1.5
b 

4d
 

ac
eti

c 
ac

id
/3

-m
eth

yl
 in

do
le

 
14

pp
m

/0.
9p

pb
 

0.5
c 

Of
 

ac
eti

c 
ac

id
/3

-m
eth

yl
 in

do
le

 
28

pp
m

/1.
8p

pb
 

l.O
bc

 
Of

 

2-
m

eth
yl

 b
ut

an
oi

c 
ac

id
/3

-m
eth

yl
 in

do
le

 
15

0p
pb

/0.
9p

pb
 

l.O
bc

 
5d

 

2-
m

eth
yl

 b
ut

an
oi

c 
ac

id
/3

-m
eth

yl
 in

do
le

 
30

0p
pb

/1
.8p

pb
 

0.5
c 

5d
 

ac
eti

c 
ac

id
/2

-m
eth

yl
 b

ut
an

oi
c 

ac
id

/3
-m

eth
yl

 in
do

le
 

14
pp

m
/15

0p
pb

/0.
9p

pb
 

0.5
c 

5d
 

ac
eti

c 
ac

id
/2

-m
eth

yl
 b

ut
an

oi
c 

ac
id

/3
-m

eth
yl

 in
do

le
 

28
pp

m
/3

00
pp

b/
l .8

pp
b 

0.5
c 

5d
 

ac
eti

c 
ac

id
/2

-m
eth

yl
 b

ut
an

oi
c 

ac
id

/3
-m

eth
yl

 
in

do
le/

m
eth

io
na

l 
28

pp
m

/3
00

pp
b/

l .
8p

pb
/2

0p
pb

 
0.5

c 
5d

 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
Ju

ly
 3

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 9

, 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

97
1.

ch
00

3

In Flavor of Dairy Products; Cadwallader, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



ac
et

ic
 a

ci
d

/2
-m

et
h

yl
 b

u
ta

n
oi

c 
ac

id
/3

-m
et

h
yl

 i
nd

ol
e/

o-
am

in
oa

ce
to

ph
en

on
e 

(o
-A

A
P

) 

ac
et

ic
 a

ci
d

/2
-m

et
h

yl
 b

u
ta

n
oi

c 
ac

id
/3

-m
et

h
yl

 
in

d
oI

e/
m

et
h

io
n

al
/o

-A
A

P
 

ac
et

ic
 a

ci
d

/2
-m

et
h

yl
 b

u
ta

n
oi

c 
ac

id
/3

-m
et

h
yl

 
in

d
ol

e/
m

et
h

io
n

al
/o

-A
A

P
 

ac
et

ic
 a

ci
d

/2
-m

et
h

yl
 b

u
ta

n
oi

c 
ac

id
/3

 -m
et

h
yl

 
in

d
ol

e/
m

et
h

io
n

al
/o

-A
A

P
 

ac
et

ic
 a

ci
d

/2
-m

et
h

yl
 b

u
ta

n
oi

c 
ac

id
/3

-m
et

h
yl

 
in

d
ol

e/
m

et
h

io
n

al
/o

-A
A

P
 

ac
et

ic
 a

ci
d

/2
-m

et
h

yl
 b

u
ta

n
oi

c 
ac

id
/3

-m
et

h
yl

 
in

d
ol

e/
m

et
h

io
n

al
/o

-A
A

P
 

ac
et

ic
 a

ci
d

/2
-m

et
h

yl
 b

u
ta

n
oi

c 
ac

id
/3

-m
et

h
yl

 
in

d
ol

e/
m

et
h

io
n

al
/o

-A
A

P
 

28
p

p
m

/3
00

p
p

b
/1

.8
p

p
b

/0
.2

p
p

b 
0.

5c
 

5d
 

84
p

p
m

/0
. l

p
p

m
/5

.4
p

p
b

/2
0p

p
b

/0
.2

p
p

b 
0.

5c
 

5d
 

84
p

p
m

/0
.1

 p
p

m
/7

.2
p

p
b

/2
0p

p
b

/0
.2

p
p

b 
0.

75
b

c 
6c

 

84
p

p
m

/0
. l

p
p

m
/1

0.
8p

p
b

/2
0p

p
b

/0
.2

p
p

b 
lb

c 
6.

5c
 

84
p

p
m

/0
. l

p
p

m
/1

2.
6p

p
b

/2
0p

p
b

/0
.2

p
p

b 
1.

5b
 

7b
 

84
p

p
m

/0
.1

 p
p

m
/2

1.
6p

p
b

/2
0p

p
b

/0
.2

p
p

b 
1.

5b
 

7b
 

84
p

p
m

/0
.1

p
p

m
/4

5p
p

b
/2

0p
p

b
/0

.2
p

p
b 

3a
 

8.
5a

 

a C
om

p
ou

n
d

s 
w

er
e 

ad
de

d 
at

 l
is

te
d 

co
nc

en
tr

at
io

ns
 t

o 
m

il
d 

C
he

dd
ar

 c
h

ee
se

 (
pu

rc
ha

se
d 

fr
om

 a
 l

oc
al

 g
ro

ce
ry

 s
to

re
).

 
b M

ot
h

b
al

l/
gr

as
sy

 f
la

vo
r 

in
te

ns
it

y 
ba

se
d 

on
 t

he
 1

5-
po

in
t 

S
p

ec
tr

u
m

 s
ca

le
 (

77
).

 
c B

as
ed

 o
n 

a 
10

-p
oi

nt
 s

im
il

ar
it

y 
sc

al
e 

l=
di

fT
er

en
t,

 1
0=

sa
m

e,
 w

he
re

 t
he

 r
ef

er
en

ce
 

w
as

 
C

he
dd

ar
 c

h
ee

se
 w

it
h 

M
G

 f
la

vo
r.

 
[a

,b
,c

,d
,e

,f
- 

M
ea

n
s 

in
 a

 c
ol

u
m

n 
fo

ll
ow

ed
 b

y 
di

ff
er

en
t 

lo
w

er
 c

as
e 

le
tt

er
s 

ar
e 

di
ff

er
en

t 
(p

<
0.

05
).

] 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
Ju

ly
 3

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 9

, 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

97
1.

ch
00

3

In Flavor of Dairy Products; Cadwallader, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



76 

References 

1. Drake, M.A. J. Dairy Sci. 2004, 87, 777-784. 
2. Singh, T.; Drake, M.A.; Cadwallader, K.R. Compr. Rev. Food Sci. Food 

Safety 2003, 2, 139-162. 
3. Broadbent, J.R.; Gummala, S.; Hughes, J.E.; Johnson, M.E.; Rankin, S.A.; 

Drake, M.A. Appl. Environ. Micro. 2004, 70, 4814-4820. 
4. Avsar, Y.; Karagul-Yuceer, Y.; Drake, M.A.; Singh, T.; Yoon, Y. 

Cadwallader, K.R. J. Dairy Sci. 2004, 87, 1999-2010. 
5. McGorrin R.J. In Food Flavors and Chemistry: Advances of the New 

Millenniu; Spanier A.M. , Shahidi F., Parliment T.H., Mussinan C.J., Ho 
C.T., Contis E.T., Eds. Royal Society of Chemistry: Cambridge, UK, 2001; 
p 67-84. 

6. Parliment, T.H.; McGorrin, R.J. In Flavor Chemistry: Industrial and 
Academic Research; Risch S.J., Ho C.T., Eds. ACS Symposium Series 756. 
American Chemical Society: Washington, DC, 2000; p 44-71. 

7 Drake, M.A.; Civille, G.V. Flavor lexicons. Compr. Rev. Food Sci. Food 
Safety, 2003,2, 33-40. 

8. Carunchia Whetstine, M.E.; Cadwallader, K.R.; Drake, M.A. J. Agric. Food 
Chem. 2005, 55,3126-3132. 

9. Drake, M.A.; Mclngvale, S.C.; Gerard, P.D.; Cadwallader, K.R.; Civille, 
G.V. J. Food Sci. 2001, 66, 1422-1427. 

10. Drake, M.A.; Yates, M.D.; Gerard, P.D.; Delahunty, C.M.; Sheehan, E.M.; 
Turnbull, R.P.; Dodds, T.M. Int. Dairy J., 2005,15, 473-483. 

11. Meilgaard, M.M.; Civille, G.V.; Carr, B.T. In Sensory Evaluation 
Techniques, 3nd ed. CRC Press: Boca Raton, FL, 1999; pp 174-176. 

12. VmRuth, S. Biomolecular Engineering. 2001, 17, 121-128. 
13. Grosch, W. Tr. Food Sci. Technol. 1993, 4, 68-73. 
14. Van den Dool, H.; Kratz, P. J. Chromatogr. 1963, 11, 463-471. 
15. Cadwallader, K.R.; Baek, H.H. In Mussinan C, Contis E, Ho CT, Parliment 

T, Spanier A, Shahidi F, editors. Proceedings of Ninth International Flavor 
Conference, George Charalambous Memorial Symposium, Elsevier Science 
BV: Amsterdam, 1998; p 271-279. 

16. Lawless, H.; Harono, C.; Hernandez, S. J. Sensory Stud. 2000, 75,437-447. 
17. Dunn, H.; Linsday, R. J. Dairy Sci. 1985, 68, 2859-2874. 
18. Urbach, G. Int. Dairy J. 1995, 5, 877-903. 
19. Suriyaphan, O.; Drake, M.A.; Chen, X.Q.; Cadwallader, K.R. J. Agric. 

FoodChem. 2001, 49, 1382-1387. 
20. Bendall, J. G. J. Agric. FoodChem. 2001, 49, 4825-4832. 
21. Yvon, M. ; Rijnen, L. Int. Dairy J. 2001, 11, 185-201. 
22. Milo, C.; Reineccius, G. J. Agric. FoodChem. 1997, 45, 3590-3594. 
23. Zehentbauer, G.; Reineccius, G. Flav. Fragr. J. 2002, 17, 300-305. 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
Ju

ly
 3

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 9

, 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

97
1.

ch
00

3

In Flavor of Dairy Products; Cadwallader, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



77 

24. Rychlik M. ; Schieberle P.; Grosch W. Compilation of thresholds, odor 
quantities, and retention indices of key food odorants. Deutsche 
Forschungsanstalt fur Lebensmittelchemie and Instiut fur 
Lebensmittelchemie der Technischen Universitat Munchen: Garching, 
Germany, 1998. 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
Ju

ly
 3

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 9

, 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

97
1.

ch
00

3

In Flavor of Dairy Products; Cadwallader, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



Chapter 4 

Application of Solid-Phase Microextraction Gas 
Chromatography-Mass Spectrometry for Flavor 

Analysis of Cheese-Based Products 

Raymond T. Marsili 

Marsili Consulting Group, Rockford College, 5050 East State Street, 
Starr Science Building, Room 224, Rockford, IL 61108 

This paper describes how solid-phase microextraction (SPME) 
can be used as a simple, rapid sample preparation technique 
prior to GC-MS for the study of flavor impact chemicals in 
cheese and dairy products. Four specific flavor/off-flavor 
applications are discussed: (1) the quantitative measurement of 
2,4,5-trimethyloxazole, a potent off-flavor chemical in spray-
dried cultured dairy powder; (2) the quantitation of dimethyl 
sulfide, the chemical responsible for a desirable creamed-corn 
flavor in cheese powders; (3) the determination of mold 
metabolites as the cause of desirable and undesirable flavors in 
a processed cheese product; and (4) how SPME GC-MS 
results can be analyzed by chemometrics to predict pass/fail 
flavor status of cheese powders. 

© 2007 American Chemical Society 79 
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Resolving flavor problems in cheese and other complex dairy products is 
challenging because of the large number of potential flavor compounds, a lack of 
understanding of the chemical nature of cheese flavor, the potential for inducing 
Maillard reaction compounds in sample preparation techniques employed prior 
to GC-MS analysis and the high fat and protein levels in the dairy/cheese sample 
matrix. While Solvent Assisted Flavor Evaporation (SAFE), a vacuum 
distillation-based technique, has been used to extract flavor chemicals from 
cheese products (7), it is too time-consuming and impractical in the context of a 
busy industrial flavor laboratory which may have dozens of samples submitted 
each week for flavor profiling. 

Dairy chemists have recently exploited the advantages of solid-phase 
microextraction (SPME) for cheese flavor analysis. Lee et. al (2) developed a 
sensitive and rapid SPME technique using NaH2P04 buffer solution and a 
poly(dimethylsiloxane)/divinyl benzene SPME fiber. 

In the work presented here, Lee's method for SPME GC-MS cheese analysis 
was modified so it could be applied for use with the Leap Technologies 
(Carrboro, NC) SPME autosampler, enabling improved precision and greater 
sample throughput compared to manual SPME methods. Four examples are 
provided that illustrate how SPME GC-MS can be used to solve significant 
flavor problems with cheese/dairy products. Also, shown is a chromatogram 
obtained using SPME GC-TOFMS; the advantages of the application of 
automatic peak finding and spectral deconvolution algorithms of the Leco 
TOFMS are illustrated for cheese analysis. 

Experimental 

In general, the following analytical SPME, GC and MS methods were used: 

• Add 1 gm of cheese (cut in small pieces ~1 mm in diameter at -10°C) or 
cheese powder + 5 mL NaH 2P0 4 (25% w/v) solution to a 20 mL GC 
vial. 

• Vortex for 1 min at high speed. 
• Preincubate 4 min at 50°C with agitation. 
• Extract 20 min at 50°C with agitation. 
• Fiber: poly(dimethylsiloxane)/divinyl benzene 
• GC: DB-5 column; 30 m x 0.25 mm; 0.25 µim film thickness. 
• GC temperature programming: 40°C for 5 min then heated to 185°C at 

a rate of 10°C/min and held at 185°C for 5 min. 
• CombiPal autosampler with orbital shaker or single magnet stirrer. 
• In most cases, GC-MS was performed with an Agilent 6890 GC 

equipped with a 5973 MSD. The Leco Pegasus III TOFMS was also 
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employed for some analysis to illustrate the potential benefits of time-
of-flight detection for cheese analysis. 

Modifications and/or additional steps were made to this general procedure 
to accommodate the demands of the specific applications. 

Off-Flavor in Cultured Sour Cream Powder 

Analysis of complaint and control cultured sour cream powder samples 
consistently showed the presence of 2,4,5-trimethyloxazole (TMO) in complaint 
samples and significantly less or no detectable TMO in control samples. Sensory 
testing showed the greater the level of TMO, the more intense the off-flavor. 
Figure 1 shows a complaint sample of a cultured sour cream dairy powder 
contaminated with 43 ppb TMO. 

Off-flavor problems attributed to TMO have been previously reported in the 
literature for wine (3) and cheese (4). Off-flavors attributed to TMO 
contamination have been described as melon-like, similar to very ripe kiwi notes 
and extremely pungent. TMO has a taste threshold in water of approximately 5 
ppb. Comparison of sensory flavor scores to ppb levels of TMO in sour cream 
powders showed that the flavor detection of TMO in sour cream powders was 
approximately 25 ppb. 

Formation of TMO has been attributed to the reaction of diacetyl with 
amino acids (5). The reaction of diacetyl with cysteine has been shown to 
generate TMO, methanethiol and tetramethyl pyrazine in wine samples. 
Mechanism for formation of TMO from the reaction of diacetyl, acetaldehyde 
and ammonia has also been proposed. In our laboratory, we have shown that 
simple mixing of diacetyl with arginine and whey followed by gentle warming is 
capable of generating significant amounts of TMO. We have also seen TMO-
based off-flavors in cheese powders containing high levels of added 
diacetyl/butter flavors in formulations. In cases where unusual off-flavors occur 
in dairy products containing high levels of diacetyl and free amino acids, TMO 
formation should be checked as a possible cause. 

Figure 2 shows a typical standard calibration curve for TMO quantitation by 
the method of addition technique. One-gram samples of sour cream powder with 
no detectable levels of TMO were spiked with various levels of TMO to 
generate the calibration curve; no internal standard was employed. 

Variability in Creamed-Corn Flavor in Cheese Powders 

Variability in a desirable creamed-corn flavor attribute was observed with 
cheese powders made at different locations. The chemical responsible for the 
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1000 

TMO Peak Area 

Figure 2. Calibration curve for TMO-spiked sour cream powder. 

variability was unknown; however, dimethyl sulfide (DMS) was considered the 
possible flavor impact chemical because of reports in the literature describing 
DMS as the cause of a creamed-corn flavor in beer (6,7). While DMS and its 
creamed-corn flavor are undesirable in the context of beer, in cheese products 
the flavor is regarded as favorable, increasing the savory character of cheese. 

Because of the high volatility of dimethyl sulfide, the SPME method was 
modified to include the use of a 75 jam carboxen/poly(dimethylsiloxane) fiber 
instead of the poly(dimethylsiloxane)/divinyl benzene fiber. This method 
(Method 1) provided inadequate precision and a poor linear correlation 
coefficient for standard curves. The method was modified by lowering 
preincubation and extraction temperatures (Method 2). 

Method 1 
- 4 min preincubation @50°C; 20 min extraction @50°C. 
- 75 îm carboxen/poly(dimethylsiloxane) fiber. 
- EMS internal standard (200 ppb spike in ethanol). 
- Peak areas by extracted ion mode (m/z 60). 

Method 2 
- Same as Method 1 but preincubation and extraction 

temperatures are 25°C and extraction time is only 15 min. 

As shown in Table I, milder extraction conditions resulted in higher linear 
correlation coefficients for standard curves, lower relative standard deviations of 
replicate analyses and improved sensitivity for dimethyl sulfide in cheese powder 
when analyzed by Method 2 compared to Method 1. 
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Table I. Comparison of Experimental Parameters for Two SPME Methods 
for DMS in Cheese Powder 

Experimental Parameter Method 1 Method 2 
Correlation coefficient8 0.670 0.992 
Internal standard Ethyl methyl sulfide Ethyl methyl sulfide 
Average peak area of replicatesb 25340±26% 67628±4.5% 
aLinear least squares correlation coefficient for standard curve by method of 
additions of spiked samples. 
bAverage peak area of five replicate analyses (±standard deviation). 

Figure 3 illustrates the correlation between creamed-corn flavor and 
concentration of dimethyl sulfide. An optimum creamed-corn flavor was 
observed in cheese powders with a dimethyl sulfide concentration of 
approximately 400 ppb. Levels lower than 400 ppb were associated with weaker 
creamed-corn flavor; higher levels could result in off-flavors associated with 
rotten vegetables. Interestingly, the addition of dimethyl sulfide to product 
formulation prior to spray drying was found to be an effective way to enhance 
the creamed-corn flavor attribute in spray-dried cheese powders. 

Off-flavors in a Club Cheese Product 

Unacceptable off-flavor problems were occurring with a club cheese 
product used in cheese powder formulations. The customer of the cheese 
powder, however, insisted the cheese powder manufacturer use this particular 
club cheese because of the unique earthy/mushroom flavor notes it contributed to 
the powder. 

Based on descriptive sensory analysis, eight club cheese samples were found 
to have acceptable flavor, three samples had borderline flavor acceptability and 
three samples had unacceptable flavor. Samples with unacceptable flavor 
profiles were criticized as having a dirty, musty and/or sour taste. SPME GC-MS 
analysis using the general methodology was used to profile acceptable, 
borderline and unacceptable samples. On average, approximately 45 different 
organic volatiles were determined in each sample. 

Multivariate analysis (Pirouette®, Ver. 3.11, Infometrix, Inc., Woodinville, 
WA) was applied to the data set to determine if the SPME method was capable 
of extracting/detecting the chemicals responsible for causing the dirty, musty, 
sour flavor defect. Two-dimensional PCA results, illustrated in Figure 4, show 
that clusters for acceptable, borderline and unacceptable products are generated 
from plots of data, indicating that the chemicals responsible for the off-flavor 
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Figure 3. DMS peak areas for six samples of cheese powder with varying 
intensities of creamed-corn flavor. Error bars represent standard deviation of 

four replicate analyses by SPME GC-MS. 

* e 4 . 
" K t 
R3 

R2 

Factorl 
Figure 4. Two-dimensional PC A plot of club cheese samples with acceptable 

flavor (G), borderline flavor (B) and unacceptable flavor (R). 
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defect are being monitored by the SPME method. Table II lists the chemicals 
with the highest modeling power in constructing the PCA plot. Several of these 
compounds, including methyl ketones, 2-heptanol and 8-nonen-2-one, were 
recognized as possible mold metabolites. 

Samples of this particular type of club cheese were observed to develop 
extensive surface mold growth after one week storage at 4.4°C. Samples of 
surface mold were scraped from these samples and analyzed by SPME GC-MS. 
The major volatiles in surface molded cheese scrapings are shown in Table III. 
Several of these volatiles were the same ones that were shown to have high 
modeling power in the PCA plot. Based on these results, it was determined that 
the desirable earthy flavor notes that the cheese powder customer wanted were 
attributed to mold growth. When mold growth was too extensive, however, the 
dirty, musty, sour off-flavors became severe, leading to product rejection. 

Significant reduction in off-flavor complaints was achieved when the cheese 
powder manufacturer demanded that the club cheese supplier maintain tighter 
Q.C. controls for mold growth and limit rework. 

Table II. Ten Volatiles With Highest Modeling Power for PCA Clustering 
Shown for Club Cheese Samples in Figure 4 

Rank Chemical Modeling Power 
1 Isopropyl octanoate 0.968 
2 2-Undecanone 0.958 
3 8-Nonen-2-one 0.957 
4 2-Nonanone 0.956 
5 2-Propanol 0.943 
6 Nonanal 0.943 
7 Amyl acetate 0.940 
8 2-Heptanone 0.923 
9 2-Heptanol 0.921 

10 2-Methyl-l-butanol 0.915 

Off-Flavor in Cheese Powders 

Over a period of several years, samples of one type of cheese powder 
occasionally failed sensory flavor tests. The cheese powder manufacturer wanted 
to learn what chemicals were responsible for sample rejections. 

SPME GC-MS analysis using the typical method was conducted on a set of 
13 samples that passed sensory testing, nine samples that failed and a gold 
standard (i.e., a sample that the customer selected as having optimum flavor 
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Table III. Volatiles Present as Major Peaks in Chromatogram of Mold 
Scrapings from Club Cheese 

Chemical Flavor Descriptor Chemical Flavor Descriptor 
p-Methyl anisole Dirty/musty Isoamyl alcohol Vinous 
l-Oceten-3-ol Mushroom 1-Pentanol Vinous 
8-Nonen-2-onea'b Fatty/earth Isopropyl octanoate3 Fruity 
2-Heptanola Mushroom Amyl acetate3 Sweetish 
Isobutyl alcohol Vinous 2- and 3-Octanone Soapy/resinous 

aHigh modeling power in PCA plots. 
Significant flavor component of blue and mold-ripened cheese. 

characteristics). Approximately 60 different volatiles were identified, and 34 of 
these volatiles were considered to be possible contributors to flavor. Multivariate 
analysis (Pirouette) was again used to identify compounds most likely causing 
rejection. Figure 5 shows PCA clustering of pass and fail samples based on peak 
areas of the 34 chemicals identified by SPME GC-MS as possible contributors to 
flavor. Inspection of PCA loading plots of the 34 chemicals and results of 
modeling power statistics showed that organic acid peak areas were the most 
significant drivers for clustering of pass and fail samples. 

To test the rationality of organic acids being significant contributors to 
cheese powder flavor, odor units and taste units were calculated for a typical 
acceptable cheese powder sample. Organic acids were quantitated by SPME 
GC-MS using the extracted ion at m/z 60. Pentanoic acid was used as an internal 
standard at a spike level of 350 ppm. Odor and taste threshold concentrations for 
organic acids were obtained from the literature. 

As shown in Table IV, levels of organic acids in the cheese powders are 10 
to 1000 times higher than their odor and taste thresholds, making these 
compounds important contributors to the flavor of cheese powder. 

To further test the importance of organic acid levels to cheese powder 
flavor, 25 additional cheese powders were analyzed by SPME GC-MS. This 
group of samples was previously subjected to sensory analysis. Using Pirouette's 
K-nearest neighbor (KNN) algorithm, a pass/fail prediction model was created 
from the peak area results of the original data set. The prediction model was then 
used to predict the pass/fail status of the 25 additional cheese powders. Based 
only on organic acid peak areas, the model was able to predict seven of nine fail 
samples correctly and 15 of 16 pass samples correctly, for an overall prediction 
rate accuracy of 88%. 

Maintaining consistent ratios of organic acids in cheese powder ingredients 
was shown to be an important way to consistently optimize the flavor of the 
finished product. 
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Figure 5. PCA plot of pass, fail and gold standard cheese samples 
based on organic acid peak area data. 

Table IV. Concentrations, Odor Unit Values and Taste Unit Values of 
Organic Acids in a Typical Cheese Powder 

Concentration Threshold in Water 
Organic Acid in Cheese (ppm) Log Log Organic Acid 

Powder (ppmf u,c 

Odor Taste 

Butyric 700 0.24 6.6 3.5 2.0 
Isovaleric 50 0.12 — 2.6 — 
Hexanoic 500 3.0 5.4 2.2 2.0 
Heptanoic 30 3.0 — 1.0 — 
Octanoic 225 3.0 5.3 1.7 1.6 
Decanoic 300 10.0 3.5 1.5 1.9 

Concentration determined by SPME GC-MS; pentanoic as an internal standard. 
' U o = Volatile concentration/odor threshold in water. 
°Ut = Volatile concentration/taste threshold in water. 
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SPME GC-TOFMS Advantages 

To adequately define GC peaks, either qualitatively or quantitatively, it is 
preferable to have 20-30 data points (or spectra) across the peak. Scanning mass 
spectrometers like the Agilent MSD typically acquire data at a maximum rate of 
one to ten spectra per second, which is insufficient for some applications. In 
contrast, the time-of-flight mass spectrometer (TOFMS) like the Pegasus III 
(Leco Corp., St. Joseph, MI) is an array detector and does not scan; rather it 
measures all of the ions across the m/z range simultaneously and has data 
acquisitions rates ranging from a few spectra per second to hundreds of spectra 
per second (8). 

Complementary to the speed advantage is the spectral reproducibility of 
TOFMS. Unlike slow, scanning mass spectrometers, where the sample 
concentration changes that occur in the source during elution of a 
chromatographic peak cause distortion of the mass spectrum, TOFMS is a 
"snapshot" technique, where ion packets are extracted and mass analyzed almost 
simultaneously. This results in unskewed mass spectra. The combination of 
unskewed mass spectra and peak definition offered by TOFMS rapid acquisition 
rates allow for the application of powerful peak-find and deconvolution 
algorithms. 

When SPME GC-TOFMS is used for flavor profiling of cheese-based 
products, our lab typically detects approximately 25% more extracted 
compounds in samples because of the application of deconvolution algorithms. 
The additional peak information gained can be quite useful in elucidating flavor 
impact chemicals in cheese products. Figure 6 shows how a dimethyl sulfone 
peak "buried" in a large butyric acid peak in a chromatogram of a cheese powder 
sample was detected and accurately quantified by TOFMS. 

Conclusion 

SPME GC-MS for the flavor analysis of cheese-based products offers 
numerous benefits. The technique is: 

Rapid. 
Relatively inexpensive to perform. 
Extracts a wide range of volatiles/semivolatiles. 
Sensitive (ppb). 
Accurate & reproducible. 
Versatile. 

• Automatable. 
• Works well with ancillary techniques such as multivariate analysis, 

TOFMS and GC-olfactometry. 
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Chapter 5 

The Influence of Texture on Aroma Release 
and Perception Related to Dairy Products 

Jennifer Mei and Gary Reineccius* 

Department of Food Science and Nutrition, University of Minnesota, 
1334 Eckles Avenue, Saint Paul, MN 55108 

Aroma release studies from foods during eating have 
considered both the direct effects of food aroma component 
interaction and the indirect effects of food texture. Direct 
interactions typically are the result of specific chemical 
binding/interaction between some food constituent and specific 
aroma components. Textural effects consider how much of a 
barrier food structure presents to aroma release during eating 
and is potentially much broader in influence. In this chapter, 
we present an overview of the literature on how food texture 
influences aroma release from foods/model systems in general 
and from yogurt and cheese as examples of dairy products. 

© 2007 American Chemical Society 
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There has been substantial interest in understanding how texture may 
influence the liking of a food. One can readily acknowledge that texture itself is 
a key attribute influencing liking. However there is also a body of knowledge 
that suggests that texture influences other sensory inputs that may also drive 
liking, e.g. taste or aroma perception. Understanding texture-flavor interactions 
is difficult because both flavor and texture are problematic to measure. Whether 
measured sensorially or instrumentally, there has been a great deal of 
disagreement on the subject and a slow evolution in knowledge over time. This 
review will discuss some of the research related to texture-aroma interactions in 
model and food systems. Unfortunately, there is little information on the role of 
texture in influencing flavor perception in dairy products, the topic of the 
symposium this paper is based upon, and thus we will deal more generally with 
the subject and provide some additional discussion of the limited studies on 
dairy products. 

Definition of Food Texture 

It is beneficial to initially define texture. Lawless and Heymann (/) have 
defined texture as the "characteristics of a product perceived by the visual or 
tactile senses including geometric qualities, surface attributes, perceived changes 
under deforming forces or when forced to flow if liquid, phase change behavior 
such as melting and residual tactile sensations following chewing, swallowing 
and expectoration". This definition alludes to the complexity of defining and 
measuring texture. Texture involves many senses including sight, sound and 
touch (7). In essence, texture is an attribute of a food product as a result of its 
structure (in the broadest sense) and behavior during handling and eating (2). 

Texture perception is complex and varies with individuals. Part of the 
reason for this is that manipulation or deformation of the product is necessary for 
perception to occur. The forces, rates, and other parameters of this manipulation 
will change the textural sensations from a physiological and physical 
perspective. Additionally, texture perception results from combining tactile and 
kinesthetic receptor inputs that are genetically determined (5). 

Perception of texture begins before the food enters the mouth and continues 
past swallowing. Anticipation based on previous experience starts the process. 
During this stage, visual cues of size, shape, and viscosity are considered (2). 
This leads to manipulation of the food either through handling or using utensils. 
The way a piece of meat cuts or the sound a potato chip makes when broken are 
examples of the textural information we perceive before the food enters the 
mouth (2). Touch is part of the texture perceived when the food first enters the 
mouth. Movements of the tongue increase the shear rates and provide 
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information regarding elasticity, stickiness, and viscosity (2). Crushing and 
grinding in the beginning of mastication provide fracturing information (2, 3). 
During the first few chews the consumer experiences, crispness, brittleness, and 
plasticity (4). Subsequent chewing provides information on particle size, 
consistence and adhesion (2). After swallowing, mouthfeel and residual food are 
evaluated (2). 

Aromartexture Interactions - Sensory Analysis 

Over the years, sensory scientists have approached aromartexture 
interactions using methods such as descriptive analysis, time-intensity ratings. 
One of the earlier studies (5) reported on the influence of five different 
hydrocolloids on the perception of four aroma compounds. While the 
hydrocolloids generally decreased aroma intensity, the effect varied with the 
aroma compound and hydrocolloid rather than absolute viscosity (5). This 
observation suggests that viscosity is not the controlling factor, i.e. limits surface 
area exposed on eating or volatile diffusion from the bulk of the food to the 
air:food interface, but a specific interaction between a given hydrocolloid and an 
aroma compound. In a later study Pangborn et al (6) applied these findings to 
commercial products (orange drink, tomato juice, and coffee). In these products, 
aroma intensity was suppressed when hydrocolloids were added. Of the five 
hydrocolloids studied (xanthan gum, hydroxypropylcellulose, sodium alginate, 
and medium and low viscosity carboxymethylcellulose), xanthan gum reduced 
aroma intensity to the greatest extent across the three beverage types (6). 

Studies on gels yielded similar results: hydrocolloids reduced the perceived 
intensity of aroma compounds. For example, the maximum intensities of 
benzaldehyde, d-limonene, and ethyl butyrate were lower in firm gelatin and 
carrageenan gels than in soft or medium gels (7). In agreement, Kalviainen et al 
(8) studied high viscosity gels which mimic the texture of candies and found that 
the aroma of gels with weak and fragile textures were rated more intense than 
those of firmer gels. Gel texture clearly influences the perceived intensity of 
food aroma. 

Consistent with the observations that hydrocolloid type influences the 
intensities of perceived aroma compounds in viscous solutions, aroma intensity 
in gels is similarly affected by the gelling agent used. Aroma intensity for given 
aroma compounds and concentrations is greater from starch and gelatin gels than 
carrageenan gels (7). Pectin gels have faster release and higher aroma intensities 
than gelatin, starch or gelatin/starch gels (8). 

As the food system becomes more complex, the role of aroma-texture 
interactions is less clear. Yogurt is a food product where texture contributes 
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greatly to consumer acceptability. The addition of thickener (pectin/starch 
mixture) to low fat stirred yogurt was found to suppress green apple flavor but 
did not influence other flavor notes studied (P). It was proposed that an 
interaction between hexenal (green apple note) and the dairy proteins contributed 
to this observation. Other proposed hypotheses included: 1) stimulation by 
sweetener rather than volatiles caused the decreased green apple intensity; or 2) 
a perceptual interaction between the volatile and the yogurt viscosity occurs (P, 
70). Conversely, thickness perception decreased as flavor concentrations 
increased (10). Additional work ruled out that this effect is due to dilution by the 
flavor, but did not exclude trigeminal effects (10). In a study of 120 young 
people (11-14 years old), thickness of yogurt did not affect the flavor intensity 
(11). 

Saint-Eve et al. (12) provided evidence that the aroma characteristics and 
number of aromas present will affect texture perception. They found that coconut 
and butter aromas led to a thicker perception of low fat yogurt than green apple 
and almond which were considered smoother (12). Mouth coating and 
smoothness went up and thickness and stickiness went down in yogurts flavored 
with an aroma mixture as opposed to a single aroma compound. Since the 
yogurts flavored with multiple aromas had a higher total aroma intensity, it is 
possible that the decrease in perceived thickness was due to the higher aroma 
concentration (10, 12). An alternative explanation was that the aroma 
complexity affected texture perception on a cognitive level (12). 

Measuring aroma-texture interactions sensorially is a substantial challenge 
because aroma and texture perceptions are individual experiences: different 
people experience different sensations. However, there is a trend that aroma-
texture interactions change with age. Age specific texture by flavor interactions 
were documented using white cream soups (13). Kremer et al. (13) found that 
thickening soup with potato starch caused an increase in perceived thickness of 
both mushroom and unflavored soups in young panelists (18-29 years old) 
whereas perceived thickness only increased in unflavored soups in elderly 
panelists (60-84 years old). More relevant to this paper is that increasing the 
viscosity of mushroom flavored soups did not change the perceived flavor 
intensity for the elder panelists but increased it for the younger panelists (75). 
The observation that flavor intensity increased with thickener addition is 
inconsistent with nearly all of the previous literature and is rather impossible to 
reconcile with any theory other than cognitive effects. 

Age is not the only human parameter contributing to differences in 
perceived arome-texture interactions: other factors include mastication and 
chewing efficiency. Chewing efficiency affects the way people experience aroma 
and texture during eating (14). Time-intensity scaling found that temporal flavor 
perception patterns are linked to mastication patterns (75). 

Overall, sensory studies show that thickening and gelling agents have the 

D
ow

nl
oa

de
d 

by
 Y

O
R

K
 U

N
IV

 o
n 

Ju
ly

 3
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 9
, 2

00
7 

| d
oi

: 1
0.

10
21

/b
k-

20
07

-0
97

1.
ch

00
5

In Flavor of Dairy Products; Cadwallader, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



97 

ability to suppress flavor intensity and that gelling agent/aroma combinations are 
important in determining the intensity of aroma perception. Additionally, we see 
that individual variation can affect the way people perceive flavor and texture 
and their interactions. 

Aroma-texture Interactions using Instrumental Analysis 

Since sensory studies have documented reduced intensities of aroma 
perception when the solution is either increased in viscosity or forms a gel, 
instrumental analysis has been employed to see if these perceived differences are 
due to the amount or timing of aroma release during eating. There has been a 
generally accepted notion that viscous solutions (or gels) reduce aroma release 
through less exposed surface area of the food in the mouth and/or reduced 
diffusion through the viscous solution (or gel) to the food/air interface. The 
advent of analytical tools to study the in-vivo release of aroma compounds from 
foods during eating has provided the opportunity to investigate these hypotheses. 

Investigating several model systems, Bylaite et al (16) and Hansson et al 
(17) both concluded that viscosity of the model system did not affect aroma 
release as measured by equilibrium or dynamic headspace analysis methods. In 
more detail, Hansson et al (17) found that pectin concentration (0.5 - 2.5%) had 
no effect on the equilibrium headspace concentrations of isopenthyl acetate, cis-
3-hexenyl acetate, 1-menthone, ethyl hexanoate, or linalool. Limonene in the 
headspace decreased only at the 2.5% pectin level. It should be noted for later 
reference that when similar viscosities were obtained using pectin and simple 
sugars, the effects were very different: the pectin either had no effect (five of the 
six model aroma compounds) or decreased headspace concentrations (limonene) 
while sugars (>20% concentration) generally increased headspace concentrations 
of volatiles (except limonene). Hansson et al (17) hypothesized that the water 
activity of the solution was a controlling factor of volatile release (Figure 1). 
This is an interesting hypothesis in that other authors have often cited "salting 
out" as being responsible for increases in volatile release (when observed). Very 
often these authors were working with relatively dilute sugar or salt solutions, or 
hydrocolloid levels that could not be responsible for binding sufficient water to 
affect "salting out". Hansson et al (17) presented data that showed no "salting 
out" effects until glucose concentrations exceeded 20%, and sucrose or glucose 
syrup levels exceeded 40%. Few foods other than confectionery products contain 
such high sugar levels. Hansson et al. (17) make a very concise concluding 
statement that".. .viscosity has no effect on flavour release ...". It must be noted 
that Hansson et al (17) used an equilibrium method to measure aroma release 
and thus viscosity influences related to mass transfer would not be observed. 
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0.8 

• invert sugar 

m sucrose 

• glucose syrup 

0.85 0.9 

Water activity 

0.95 

Figure 1. Effect of water activity on the release of cis-3-hexenol from 
model systems (Reproduced with permission from reference J 7. 

Copyright 2001 Elsevier.) 

Bylaite et al. (16) used a dynamic headspace method (as opposed to an 
equilibrium method) to conduct a similar study as Hansson et al. (17). While 
equilibrium headspace methods have been used for many years to determine 
aroma interactions with food constituents, it has been argued that equilibrium 
headspace methods do not consider mass transfer related effects on aroma 
release. For example, a food ingredient that slows diffusion of a volatile in a 
food will not influence the equilibrium headspace of that volatile but would slow 
its release under dynamic conditions. Dynamic headspace methods are 
considered to be more representative of aroma release in the mouth. 

Bylaite et al. (17) found that pectin addition and resultant changes in 
solution viscosity did not affect the release of model aldehydes even under 
dynamic conditions. In a later study, Bylaite et al. (18) found that aroma 
suppression in X-carrageenan solutions did not correspond to changes in 
viscosity. Once again, their study concluded that viscosity changes in the matrix 
were not important to aroma release: matrix composition was considered the 
dominant factor (77). 

Using pectin, locust bean gum, starch, or guar gum as fat replacers in fat-
free stirred yogurt, Decourcelle et al. (19) illustrated that different thickeners 
have different effects on aroma release (dynamic method). They hypothesized 
that some polysaccharides reduced aroma release from yogurt because of 
polysaccharide interactions with the aroma compounds. Locust bean gum 
increased aroma release and guar gum showed no effect. This increase was 
attributed to alterations in water activity and a salting-out effect. The suggestion 
that salting out is responsible for this observation is highly improbable. A 
concentration of 0.1 g locust bean gum/1 OOg of fruit preparation would not bind 
sufficient water to affect any salting out of volatiles. Previous authors have 
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repeatedly shown that in excess of 20% monosaccharides are required to bind 
sufficient water to affect a salting out of volatiles. The concept that any food 
ingredient at low concentrations (where it does not significantly reduce the free 
water) can increase the volatility of aroma compounds is untenable unless it 
results in a co-distillation of the volatile. One can conceive that an escaping gas 
(e.g. C0 2 , N 2 or perhaps ethanol) might carry a volatile into the product 
headspace, but it is inconceivable that a non-volatile, e.g. artificial sweetener or 
hydrocolloid, in the ppm or low % can have such an effect. One has to question 
the reliability of the data when this effect is observed or offer a new theory 

Decourcelle et al (19) also examined rheological parameters and shear 
conditions for their samples. Their conclusion was that thickeners have differing 
effects on aroma release due to their chemical makeup as opposed to their 
rheological parameters. As will be discussed, Seuvre et al (20) agreed with this 
conclusion. 

Seuvre et al (20) studied aroma release from model systems with different 
structures (single phase liquid, emulsion and gel) and compositions (water, milk, 
P-lactoglobulin and p-lactoglobulin plus medium chain triglycerides (Miglyol)). 
They found a minor effect of physical form (gel versus non-gelled system) and a 
major effect of matrix composition and nature of the volatile compounds. It is 
relevant that they produced gelled systems through heating. In most other studies 
gelling has been induced by changes in system composition which confounds 
data interpretation, i.e. were effects due to changes in composition or physical 
state. 

Preparing equal viscosity solutions, Roberts et al (21) also showed that 
different thickeners (carboxymethylcellulose (CMC), guar gum and sucrose) 
influenced release differently (dynamic release). Guar and CMC had very similar 
effects on the release of all model aroma compounds (variable magnitude of 
decrease) while sucrose reduced the release of certain model volatiles (a-pinene, 
ethyl-2-methylbutyrate and 1,8-cineole) to a much greater extent (Figure 2). In 
this case it is very interesting that sucrose resulted in decreased release since the 
addition of sugars has been associated with salting out effects: that is, increases 
in volatile release. Furthermore, the volatiles that were influenced the greatest 
were the apolar compounds. Salting out effects have generally been reported for 
the more watersoluble volatiles observing no effect on apolar compounds. This 
would be rational since the binding of water would have the greatest effect on 
those compounds that are water soluble. However, occasionally there have been 
reports that volatile release from sucrose solutions was reduced for apolar 
volatiles. It was hypothesized that sucrose makes an aqueous solution less polar 
thereby making it a better solvent for apolar volatiles (reducing their release). 
Thus, there appears to be an opportunity for further studies to better define the 
effect of sucrose on aroma release of volatiles. 

There is no question that the physical/chemical properties of aroma 
compounds have a strong influence on their release properties from a food. As 
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0 2 4 6 

Figure 2. Effects of sucrose (m), guar gum (k) and carboxymethyl cellulose 
(o) on the release of volatile flavor compounds under dynamic conditions. (Y 
axis - Imax normalized to water) (Reproduced from reference 21. Copyright 

1996 American Chemical Society.) 

an example, Taylor et al. (22) used an API-MS to study in-vivo release of a 
range of volatiles from mixed phase gel systems. They found that both matrix 
and volatile compound have an influence on release and that the aroma 
compound is a primary factor influencing release. Additionally, persistence of 
aroma in the breath after drinking an aqueous solution is most affected by the 
volatile compound. Further examination using a quantitative structure-property 
relationship approach found that major terms in the model express the 
hydrophobicity and vapor pressure of the aroma molecule (23). 

Correlating Sensory and Instrumental Analysis 

The disparity between sensory and instrumental studies on aroma-texture 
interactions is apparent. Sensory studies repeatedly show that viscosity affects 
aroma intensity while instrumental results indicate that viscosity is not an 
important parameter in aroma release: the aroma compound properties and 
texture agent affect aroma release in instrumental studies. A direct comparison 
of the literature on the sensory and instrumental studies discussed previously is 
not possible because of the different methods and systems used in the studies. A 
better understanding of this paradox can be obtained by reviewing studies which 
considered release from both a sensory and instrumental perspective at the same 
time. 

Simultaneous sensory time-intensity analysis and nosespace aroma release 
by API-MS show that aroma perception is affected by texture but in-vivo aroma 
release is not (at least as measured by Imax). Looking at model dairy desserts, 
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aroma intensity measured by sensory panel varied with texture (Figure 3 top). 
When the nosespace results from these samples were examined, 

Intensity of aroma perception 

0 10 20 30 40 50 60 
Time (s) 

0 10 20 30 40 50 60 0 10 20 30 40 50 60 

Time(s) TDTC(S) 

Figure 3. The effect of viscosity (obtained by varying sucrose concentration and 
carageenan type) on flavor intensity (top), and on the in-vivo release of two 

aroma compounds (I max, bottom right and left; a, A,o: 25gkg~l; 
m,A,9 lOOgkg1) (Adapatedfrom reference 24. Copyright 2004 American 

Chemical Society.) 

aroma release concentrations showed insignificant effects of texture (24). The 
model desserts in this study were formulated with sugar and as a result aroma-
texture interactions may have been confounded by aroma-sweetness interactions. 

To address this concern, Weel et al. (25) studied unsweetened whey protein 
gels and found nosespace concentrations (Imax) are independent of gel hardness 
and water binding capacity (Figure 4). Both of these studies show that while 
texture affects perceived aroma intensity, it does not significantly influence 
nosespace aroma concentrations (24, 25). Based on this observation, it was 
assumed that texture influences on flavor perception are the result of factor(s) 
other than volatile or taste release. It was proposed that this may be a learned 
response and be due solely to a cognitive function. 
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Time-Intensity Nosespace Concentration 

Time (s) Time (s) 

Figure 4. Averaged time-intensity sensory recordings (left) and diacetyl release 
profiles (right; NSC = nose space concentration) from gels of varying strengths 

(increasing gel strength —* ; A , X, m,) (Reproducedfrom reference 25. 
Copyright 2002 American Chemical Society.) 

If nosespace aroma concentration (Imax) does not vary with texture and 
sensory perception does, it goes to reason that some parameter(s) other than 
nosespace aroma concentration is (are) responsible for the sensory aroma-texture 
interactions observed. One alternative is that much of the work discussed thus far 
has considered only the effect of system viscosity on the Imax (maximum 
intensity) of a volatile in the nosespace. Imax may not be correlated with sensory 
perception of aroma intensity but other nosespace parameters of aroma release 
may. In a study of sucrose-gelatin gels, it was shown that maximum nosespace 
concentration did not change with gelatin concentration while sensory intensity 
did (as expected). However, there was a correlation between the rates of volatile 
release and sensory response (26). Mestres et al. (27, 28) have followed up on 
this idea in recent publications. Like other authors they found that Imax, area 
under the curve, and Tmax were not significantly different between soft and hard 
whey protein gels in in-vivo testing. However, they found that preswallowing 
data differed for these gels. While the olfactory system does not receive any 
odorants when eating viscous foods or very soft gels until swallowed (the air 
passage from the mouth to the olfactory region is blocked by the velum), at some 
gel strength the velum is opened by chewing and the individual receives 
olfactory inputs before swallowing: in essence, the olfactory receptors get bursts 
of aroma for sensing during chewing. In Figure 5, one can see that during the 
chewing process, model aroma compound is released and that the model aroma 
compound is released more quickly (reaches Imax more rapidly) from the soft 
gel than the hard gel. Mestres et al. (27,28) hypothesized that since the aroma 
bursts provided by chewing a soft gel increase in volatile concentration more 
rapidly than chewing a hard gel, the impact on perception is more intense. This is 
based on the concept that if a sensory input increases slowly (e.g. chewing a hard 
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gel) it will be perceived as being less intense than if the input increases rapidly 
(soft gel) even if both stimuli reach the same maximum intensity. They use the 
term "First Impression" to describe this hypothsis. 

Figure 5. Selected ion trace for m/z 117 from PTR nose space of the 
consumption of (a) soft gel (4% protein) and (b) hard gel (10% protein) for 

three different panelists. The dashed line indicates the swallow breath (Adapted 
from reference 27. Copyright 2005 American Chemical Society.) 

Work reported by Cook et al. (30) is supportive of the "First Impression" 
hypothesis but does not rule out cognitive effects. In this work, oral shear stress 
was found to correlate well with both aroma and sweetness perception in viscous 
solutions (30). Since oral shear stress would indicate how the food was 
masticated (i.e. at low shear stresses all foods would be eaten with a closed 
velum to prevent choking but are eaten with an open velum at higher shear 
stresses), one would expect to see a relationship as shown in Figure 6. One 
would need to relate oral shear stress to eating pattern (open Vs. closed velum) 
to better interpret these data. 

Eljade and Kokini (57) originally showed that oral shear stress, which is 
predicted by physical properties of viscous foods, correlates to perceived 
viscosity in the mouth. 

Cook et al. (29, 30) explored the possibility that texture may influence the 
release of tastants which would influence aroma perception. They found that 
perceived saltiness influences savory aroma perception in viscous solutions 
while nosespace aroma concentration (Imax) is unchanged. Similar results were 
observed with sweet flavors (P). There is little question that any parameter that 
influences the delivery of tastants normally associated with a given flavor is 
going to influence overall flavor perception. Unfortunately, there does not 

a) 
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2.1 

1.5 -I . . . . . . . 1 
-0.25 0 0.25 0.5 0.75 1 1.25 1.5 1.75 

Log (Kokini oral shear stress / Pa) 

Figure 6. Relationship between perceived intensity of isoamyl acetate in a model 
system and the oral shear stress of the model system. (Reproduced with 
permission from reference 30. Copyright 2003 Oxford University Press.) 

appear to be any definitive data determining if system viscosity actually reduces 
the delivery of tastants to taste receptors. (Granted there are data monitoring 
tastant release from model systems into the saliva during eating) There is ample 
sensory data in the literature to shown taste perception decreases as system 
viscosity increases but we do not absolutely know if this is due to reduced 
delivery to taste receptors or reduced perception (cognitive effect). 

Understanding Aromartexture Interactions 

Sensory studies generally agree that aroma-texture interactions occur: in 
particular, increasing texture (viscosity or gel strength) decreases aroma 
intensity. There is also no question that the food matrix composition (i.e. fat 
level, thickener, protein level, or sweetner types) and aroma compounds (i.e. 
volatility, chemical structure) are primarily responsible for variations in aroma 
release (which may influence flavor intensity and/or character). 

There is some uncertainty in understanding how viscosity (or gel strength) 
affects flavor intensity. Substantial work has suggested that texture does not 
influence aroma release and thus, differences in flavor intensity across systems 
of differening viscosity are due to either taste-flavor or texture-cognitive effects. 
However, recent work of Mestres et al. (27, 28) demonstrated that texture 
influences how a food is masticated (position in the mouth and open Vs. closed 
velum) and the aroma release rate, the combined effects of which are correlated 
to perceived intensity. This work suggests that aroma release is a determent of 
flavor intensity. This does not mean that taste interactions or cognitive effects 
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are irrelevant but perhaps less important than originally thought. It is clear that a 
multidisciplinary approach is necessary and fortunately growing more common 
in order to better understand aroma release and flavor perception (30). 

Texture and Flavor Perception in Dairy Products - Yogurt 

Texture-flavor perception is relevant to food products for at least two 
reasons. First, if there is a flavor issue in these products (e.g. why isn't the flavor 
of a low fat cheese perceived to be the same as a full fat cheese?), one must 
know the source of the problem. It would make little sense to try to change the 
aroma profile of a low fat cheese if, in fact, the issue is one of texture changing 
the perceived flavor. Certainly low fat cheeses differ in texture from their full fat 
counterparts, and aged cheeses differ from young cheeses, texture may be a 
factor in this flavor difference. As another example, in yogurts, numerous 
hydrocolloids are used to provide viscosity and physical stability to the product. 
Each hydrocolloid will change the texture of the product, aroma release and 
likely, flavor perception. It is relevant to understand the effect of these different 
hydrocolloids on the flavor of the product. While there are a very limited number 
of papers focused on dairy products involving texture:flavor interactions, we will 
provide a discussion of the literature available starting with yogurt. 

Of the dairy products, there is more research on yogurt flavor-texture 
relationships than any other dairy product. As mentioned above, yogurts 
generally contain added hydrocolloids to provide water binding and textural 
properties. Some of the work already presented in this paper has dealt with 
yogurt model hydrocolloid systems and provided relevant data. We will now 
look specifically at work on yogurt as a food. 

Brennan et al. (11) reported on the influence of flavor on texture perception, 
texture on flavor perception, and color on both texture and flavor perception as 
well as liking in yogurt systems. They conducted only sensory testing and 
worked with 11-14 year olds. They varied texture by using two different wheat 
starches. Contrary to expectations based on the basic literature discussed above, 
they did not find a significant influence of flavor on texture, or texture on flavor 
(measured intensity). This may be due to the panel composition (120 untrained, 
young consumers) or that the difference in viscosity between the two yogurts was 
not adequate to elicit a significant response (viscosity range or magnitude of 
change). As discussed above, Cook et al. (30) found that viscosity effects were 
not detectable at low viscosities but became more evident at higher viscosities 
(observation supported by Mestres (27,28)). 

Paci Kora et al. (10) also worked with complete yogurt formulations noting 
that little work studying texture:flavor interactions had been done on complex 
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systems (as opposed to model systems). They varied the viscosities of their 
yogurts by using two levels of hydrocolloid (starch and pectin blend) and 
through mechanical shear after fermentation. They evaluated textural effects on 
perception (attribute profiling) using a trained sensory panel (10 members). The 
primary findings were that flavor concentration and type influenced texture 
perception (consistent with other researchers, e.g. Saint-Eve et al. (12)) and 
texture decreased the intensity of some flavor attributes notably green apple 
aroma and sweet taste (had no significant effect on the other 11 sensory 
attributes). They noted that the decrease in green apple aroma was not explained 
by a measurable chemical interaction between the hydrocolloids and the primary 
volatile responsible for this sensory note (hexanal). Thus, they postulated that 
this effect may be due to binding by the whey protein or be a cognitive effect 
based on viscosity. 

Decourcelle et al. (33) have reported on the effect of numerous thickeners 
and sweeteners on the release of model aroma compounds from stirred, fat-free 
yogurts (discussed earlier in this paper). This study did not include sensory 
evaluation but instrumental analysis of aroma release under dynamic conditions. 
As previously discussed in detail, they found pectin and starch to reduce aroma 
release, guar and sweeteners to have no effect, and locust bean gum to increase 
release. 

Mei et al. (34) studied in-vivo aroma release from complete yogurt 
formulations using Proton Transfer Reaction Mass Spectrometry. They found the 
release of the ethyl butanoate, (Z)-hex-3-enol, and ethyl 3-methylbutanoate to be 
suppressed slightly by sweeteners, with 55 DE high-fructose corn syrup having 
the greatest effect. Addition of thickening agents had no significant effect on the 
aroma release profiles of the compounds under study. No sensory data were 
gathered in this study. 

From the very limited amount of research done on yogurts, a primary 
conclusion is that aroma release from yogurt is not significantly influenced by 
textural changes. This may be the result of not montoring the relevant release 
parameters, e.g. preswallow data, or the changes in viscosity in yogurt are too 
small to influence aroma release. Thus, while numerous studies have shown that 
the use of different hydrocolloids, or varied hydrocolloid levels, affect sensory 
perception of flavor, the relevance of this observation to yogurt is not clear. In 
particular instances when the use of a thickener (hydrocolloid) has an effect on 
flavor release (and perhaps perception), it is likely due to unique binding of 
some component(s) of the flavoring to a given thickener. In reviewing the 
sensory data, it is of particular interest that textural effects on yogurt flavor were 
not readily observed in a large scale consumer test (11). One then can ask how 
important texture-flavor interactions are within the viscosity ranges occurring in 
commercial products. 
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Texture and Flavor Perception in Dairy Products - Cheese 

There has been nothing published determining specifically the influence of 
cheese texture on flavor perception using combined sensory and instrumental 
analyses. This is a particularly problematic task in cheese since this type of study 
requires the ability to independently vary texture and flavor of the samples for 
study. However, there has been instrumental work on aroma release with some 
correlations to time-intensity data. A brief overview of some of this work will be 
presented. 

Delahunty et al. have published numerous papers in this general area many 
of which have been on methods of measuring aroma release. One of the earlier 
papers they have published on flavor perception in cheese evaluated the utility of 
two instrumental methods (buccal headspace and temporal buccal headspace) to 
predict sensory attributes of cheese (55, 36). They had some success in relating 
the instrumental data to the sensory data. Unfortunately, the subject of texture-
flavor interactions (topic of this manuscript) has not been explored by this group. 

Pionnier et al. (37, 38) have considered flavor release from cheeses in 
various ways. The earlier paper reported on the release of tastants during eating 
processed cheese. They used Atmospheric Pressure Ionization Mass 
Spectrometry (API-MS) to monitor the release of model tastants (amino acids, 
acids and minerals) into saliva during eating. Their primary findings were that 
the release parameters were more dependent upon human physiology than the 
physiochemical properties of the tastants. This is not necessarily true of aroma 
release during eating where volatility plays a major role in determining release. 
The authors did not consider texture in their study. 

Pionnier et al. (38) went on to better characterize the oral parameters that 
influenced the release of volatiles from a model cheese during eating. They used 
API-MS and off-line Solid Phase Micro Extraction-Gas Chromatography-Mass 
Spectrometry (SPME-GC-MS) as instrumental methods to monitor volatile 
release. No sensory analysis was used in this study. The oral parameters 
monitored reflected breathing, chewing, swallowing, mastication and salivation. 
Their summary statements indicated that mastication and breathing parameters 
were best related to aroma release. Again, no textural considerations were 
included in this study. 

Salles et al. (39, 40) chose to select three soft cheeses (camembert 
(pasteurized and unpasteurized milk) and Brie) and study the release of intrinsic 
volatiles and non-volatiles (tastants) from these cheeses by sensory (temporal 
profiling) and instrumental methods (in-vivo). The release of volatiles, tastants 
and perception were influenced by cheese type but there was no textural work to 
relate release or perception to textural properties. The only significant 
correlation between in-vivo aroma release and perception was for a sulfury note. 
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Differences in release between cheeses was attributed to cheese compositional 
factors. 

There is little currently in the literature that has considered texture-flavor 
interactions in cheese. Thus the data on yogurt are the most complete and useful 
to us in determining the role of texture in influencing flavor perception in dairy 
products. 
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Chapter 6 

Streamlined Analysis of Short-, Medium-, and Long-
Chain Free Fatty Acids in Dairy Products 

Keith R. Cadwallader1, Tanoj. K. Singh2, and John P. Jerrell1 

1Department of Food Science and Human Nutrition, University of Illinois, 
1302 West Pennsylvania Avenue, Urbana, IL 61801 

2Food Science Australia, 671 Sneydes Road, Private Bag 16, Werribee, 
Victoria 3030, Australia 

In dairy products free fatty acids (FFAs) with fewer than ten 
carbon atoms can impart both desirable and undesirable 
(rancid) flavor notes, while long-chain FFAs are responsible 
for a soapy taste. The determination of FFAs in milk, cheese 
and other dairy products is particularly complicated owing to 
two main factors, i.e. FFAs (2 to 20 carbon atoms) represent 
<0.5% of total fat and many of the short-chain FFAs are 
extremely volatile. The best approach is to analyze short-chain 
FFAs (<C10) separately from the long-chain FFAs. Short-
chain FFA can be extracted in soap form with water and then 
upon acidification of the extract short chain FFAs can be 
extracted into ether for GC analysis. Long chain FFA can be 
extracted with a mixture of ether.heptane (1:1, v/v), resulting 
in an extract that contains the whole range of lipids including 
FFAs. The present paper will describe a streamlined approach 
(utilizing an aminopropyl bonded phase column) for the 
analysis of total FFAs in dairy products. 

© 2007 American Chemical Society 111 
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Free fatty acids (FFAs) are present in very small amounts in most biological 
systems and are often not quantified as a separate lipid class. However, careful 
quantification of FFAs is important in certain cases, such as in milk and dairy 
products where they can impact flavor. Depending on their relative abundance, 
short-chain FFAs with fewer than eight or ten carbon atoms can impart both 
desirable and undesirable rancid flavor notes to food products, while long-chain 
fatty acids are primarily responsible for a soapy taste (Table I). The pH also has 
an influence on the flavor of FFAs. For example, at the pH of Cheddar cheese 
(pH -5.2) a considerable portion of the FFAs are present as salts, which are 
nonvolatile and of less flavor significance (/). 

Table I. Predominant Fatty Acids in Dairy Products 

Fatty acid Aroma/Taste Property 

Butanoic acid (butryric) C4:0 Fecal, cheesy 
Hexanoic acid (caproic) C6:0 Sweaty, goat-like 
Octanoic acid (capryllic) C8:0 Body odor, sweaty 
Decanoic acid (capric) C10:0 Waxy, rancid, fatty 
Dodecanoic acid (lauric) C12:0 Waxy, soapy 
Tetradecanoic acid (myristic) C14:0 Soapy 
Hexadecanoic acid (palmitic) C16:0 Soapy 
Octadecanoic acid (stearic) C18:0 Soapy 
9-Octadecenoic acid (oleic) C18:l Soapy 
9, 12-Octadecadienoic (linoleic) acid C18:2 Soapy 
9, 12, 15-Octadecatrienoic(linolenic)acid C18:3 Soapy 
Data from Jensen et al. (2) 

Various methods have been developed for the analysis of FFAs. It is 
possible to estimate total fat acidity by use of colorimetric or titration methods, 
but no information about individual FFAs is provided by these methods. Gas 
chromatography (GC) is the most common method used for determination of 
volatile short-chain FFAs (i.e. C 2 to C 1 0 FFAs) (J). These FFAs can be measured 
as free acids since they are volatile and stable enough for GC. Static headspace 
and dynamic headspace GC techniques have been applied for the analysis of 
butanoic acid and other short-chain FFAs (3, 4, 5). It is also possible to perform 
GC analysis after an aqueous extraction of the relatively polar (soap form) short-
chain FFAs (6). Short-chain FFAs may also be measured by high performance 
liquid chromatography (HPLC)(7). However, with HPLC the FFAs must still be 
extracted and precolumn derivitization or fluorescence detection is generally 
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required to achieve high enough sensitivity (7). Capillary zone electrophoresis 
has also been applied for the analysis of short-chain FFAs (8). 

In contrast to the volatile short-chain FFAs, the medium- to long-chain 
FFAs are not volatile enough for direct analysis by GC. Therefore, they are most 
often determined after derivatization into more volatile and stable methyl esters. 
The isolation of minor amounts of these FFAs from a complex sample containing 
mainly triacylglycerides (TAGs) has been the most challenging aspect of this 
analysis. Kaluzny et al. (P) demonstrated that aminopropyl bonded phase 
columns could be used to separate FFAs from the bulk lipid material with high 
yield and purity. Other researchers have attempted to avoid additional sample 
preparation by performing derivatization of the crude extract within the injection 
port of the GC (i.e. use of tetramethylammonium hydroxide for methylation of 
FFAs), but this approach was found to be unsuitable for samples with high TAG 
to FFA ratios (10). Therefore, it is necessary to isolate the medium- to long-
chain FFAs from the abundant TAGs and other lipids prior to derivatization and 
GC analysis. 

The GC determination of FFAs in milk, cheese and other dairy products is 
particulary complicated owing to three main factors: (i) FFAs represent only 
<0.5% of the total fat, which is primarily composed of triacylglycerols (TAGs), 
(ii) FFAs with chain lengths from 2 to 20 carbon atoms are often present and (iii) 
short-chain FFAs with fewer than eight caron atoms are volatile and subject to 
loss during sample preparation; whereas FFAs with more than ten carbon atoms 
require separation and a derivatization step prior to GC analysis. The present 
paper describes a stream-lined sample preparation method for the detailed GC 
analysis of short-, medium- and long-chain FFAs in dairy products. 

Experimental Procedures 

Materials 

Samples (5 in total) used in this study were commercial enzyme modified 
cheeses. Samples were stored away from light at -20° C in amber glass jars 
equipped with Teflon® closures. 

Analytical grade diethyl ether, heptane, chloroform, methanol, borontrifloride 
(BF 3, 14% w/v in methanol), 2-ethylbutanoic acid, sodium chloride, and 
ahydrous sodium sulfate were obtained from Sigma-Aldrich, Inc. (St. Louis, 
MO). Standard FFAs listed in Tables II and III and heptadecanoic acid were 
purchased from Nu Chek Prep (Elysian, MN). Bond Elute aminopropyl 
disposable columns (500 mg) were obtained from Varian, Inc. (Palo Alto, CA). 
Odor-free water was prepared by boiling deionized-distilled water in an open 
flask until its volume was decreased by one-third. 
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Sample Preparation 

Short-Chain FFAs 
The method used here was modified from Innocente et al. (6). 
• Homogenize 5 g of cheese, plus 25 mL of deodorized water and 10 \ih of 

internal standard (0.976 \ig/\ih of 2-ethylbutanoic acid in methanol). 
• Centrifuge mixture at 3000 x g for 10 min. 
• Remove 5 mL aliquot of supernatant (pH 5-6) and acidify to pH ~ 2 using 

aqueous 10% w/v HC1). 
• Add 2 g of NaCl and extract with 2 mL of diethyl ether. 
• Dry ether layer over 2 g sodium sulfate. 
• Extract ready for GC analysis. 

Medium- and Long-Chain FFAs 
Sample preparation for analysis of medium- and long-chain FFAs involved 

three distinct steps: (i) solvent extraction of fat from cheese was adapted from 
Chavarri et al. (10), (ii) the method of Kaluzny et al. (9) was adapted for the 
separation of FFAs from bulk lipid classes and (iii) fatty acid methyl esters 
(FAMES) were prepared with BF3-methanol as described in AOCS official 
method Ce 2-66(77). 

Step 1: Fat extraction 
• Grind 5 g of cheese with 5 g of anhydrous sodium sulfate. 
• Mix with 3 mL of aqueous 2.5M H 2 S0 4 plus 10 \iL of internal standards 

(0.89 \ig /|aL of heptadecanoic acid). 
• Extract mixture with 5 mL of diethyl ether-heptane (1:1 v/v). 
• Centrifuge (3000xg, 10 min) and repeat extraction (2X). 
• Combined organic fractions containing crude fat + FFAs. 

Step 2: Separation of free fatty acids from bulk lipid classes 
• Apply the combined organic phase (from above) to an aminopropyl-bonded 

phase column, previously equilibrated with 10 mL of heptane. 
• The triacylglyerides (TAGs) are eluted with 10 mL of chloroform/2-

propanol (2:1 v/v). 
• Free fatty acids (FFAs) are eluted with 5 mL of 2% (v/v) formic acid in 

diethyl ether. 
• Eluate contains FFAs 

Step 3: Preparation of methyl esters of separated free fatty acids 
• Evaporate eluate (from above) to dryness under nitrogen stream at ambient 

temperature. 
• Add 2 mL of BF3-methanol to residue. 
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• Mix and boil mixture for 2 min. 
• Add 2 mL of hexane. 
• Mix and boil mixture in sealed tube for 1 min. 
• Collect hexane layer containing free fatty acid methyl esters (FAMES). 
• Dry over 1 g anhydrous sodium sulfate 
• Extract ready for GC analysis. 

Analysis of Extracts 

Gas Chromatography 
The GC system consisted of an HP5890 series II (Agilent Technologies, 

Inc., Palo Alto, CA) equipped with a split/splitless injector and flame ionization 
detector (250°C). For analysis of short-chain FFAs, extracts were injected (2 
"X) in the splitless mode (250°C, 30 s valve delay time) into a DB-FFAP (15 m 
x 0.53 mm i.d. x 1.0 \im film; J&W Scientific, Folsom, CA) column. Helium 
was the carrier gas at a constant flow of 5 mL/min. GC oven temperature was 
programmed from 35 to 225°C at a rate of 8°C with intial and final hold times of 
5 and 30 min, respectively. For analysis of FAMES, extracts were injected in the 
split mode (250°, 1:50 split ratio) into a DB-WAX (30 m x 0.25 mm i.d. x 0.25 
jim film; J&W Scientific) column. Helium flow was the carrier gas at a constant 
flow of 1 mL/min. GC oven temperature was programmed from 35 to 170°C at a 
rate of 10°C/min, then to 230° at a rate of 6°C/min, with intial and final hold 
times of 5 and 30 min, respectively. 

Standard curves for the short chain acids for quantification were created by 
using pure individual fatty acids at three levels in 5 mL of water, in place of 
sample, and then the above procedures were followed. Standard curve for the 
medium to long chain acids was created using a commercial FAME mixture in 
hexane. 

Recovery Studies 

Recovery test was performed in duplicate, by adding known quantities of 
short chain (C2-C10) and medium to long chain (C10-C18) fatty acids to an 
enzyme modified cheese (sample 1). 

Results and Discussion 

Extraction and Analysis of Short-chain FFAs 

The gas chromatographic analysis of total free fatty acids (FFAs) in dairy 
products such as cheese requires a two step approach to minimize the 
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interference from the bulk lipid, which is primarily composed of 
triaceylglyerides. Efficient and reproducible isolation of short-chain FFAs can be 
achieved by taking advantage of their moderate water solubilities in the pH range 
of 5 to 6. Accurate quantitation can be achieved by use of an internal standard 
which is added to the sample prior to extraction. In the present study, 2-
ethylbutanoic acid was chosen as an appropriate internal standard since it's 
polarity and volatility fall within the range of short-chain FFAs to be measured. 
Furthermore, it is well resolved from the target FFAs by GC (Figure 1) and has 
not been previously reported as a volatile FFA component of dairy products. 

The approach taken in the present study is capable of determining FFAs 
from C 2 to C 8 with good recovery and excellent precision of less than 5% for 
nearly all FFAs determined (Table II). An exception was decanoic acid which 
was recovered at only about 80% due to its poor solubility in water. This FFA 
was more effectively determined using the method developmed for medium and 
long-chain FFAs. 

Normal chain FFAs were found in all samples. Some branched acids, e.g. 
methylpropanoic acid and 3-methylbutanoic acid, were present at low levels. 
FFAs such as butanoic, pentanoic, hexanoic, octanoic and decanoic acids 
originate from milk fat, but acetic/propanoic, methylpropanoic and 3-
methylbutanoic acid originate from metabolism, e.g. during ripening of cheese, 
from lactose/citrate, valine and leucine, respectively (/). 

Extraction, Separation and Analysis of Medium- and Long-chain FFAs 

In contrast to the volatile short-chain FFAs, the medium- and long-chain 
FFAs are nonvolatile and relatively nonpolar in nature, making it difficult to 
separate them from the highly abundant TAGs. The use of a disposable 
aminopropyl bonded phase column allowed for the efficient isolation of the 
FFAs from the other nonpolar lipids (e.g. TAGs) (Figure 2, Table III). The 
medium- and long-chain FFAs were nearly completely recovered and coefficient 
of variation was less than 3% for all FFAs. The high degree of accuracy and 
excellent precision of this method can be largely attributed to the use of an 
internal standard (heptadecanoic acid) since the various sample extraction, 
workup and derivatization steps could potentially lead to considerable error in 
the analysis. 

Need for Comprehensive FFA Analysis 

Streamlined and comprehensive FFA analysis of enzyme modified cheeses, 
as well as other dairy products, has potential for the evaluation of both aroma-
and taste-active FFAs. FFAs in Table II would primarily impact the overall 
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aroma (or odor) of a product; whereas, those FFA in Table III would impart an 
undesirable soapy taste. Some FFAs, such as octanoic and decanoic acid, could 
potentially impart both aroma and taste to the product. The ability to assess the 
impact of both potentially positive aroma-impact FFAs and potentially negative 
taste-active FFAs should be of particular importance during the assessment of 
enzyme modified cheeses. 

FFAs are involved in several types of reactions which vary in importance 
with the type of dairy product involved (see reference / for details). Methyl 
ketones are produced from fatty acids by oxidative degradation. Methyl ketones 
are responsible for the characteristic aroma of blue-veined cheeses. Another 
reaction in which polyunsaturated and, perhaps, monounsaturated, fatty acids can 
be involved, is oxidation. The extent of oxidation in cheese is, however, rather 
limited, possibly due to a low redox potential. Aliphatic and aromatic esters play 
an important part in the flavor and, sometimes, the off-flavor of cheese. This 
synthesis mainly concerns the above mentioned short- or medium-chain fatty 
acids and the alcohols involved may be aliphatic (ethanol), aromatic 
(phenylethanol) or thiols (methanethiol). Esters can be produced enzymatically, 
by lactic acid bacteria but can also easily result from a purely chemical reaction. 
Esters generally contribute a fruity flavor to dairy products which is desirable 
and characteristic in many cheeses (Parmesan, Parrano) but undesirable in others 
(Cheddar), y- and 8-Lactones have been identified in cheeses, particularly in 
Cheddar, where they have been considered as important for flavor. Lactones are 
cyclic esters resulting from the intramolecular esterification of hydroxy acids 
through the loss of water to form a ring structure. Lactones possess a strong 
aroma, which although not specifically cheese-like, may be important in the 
overall cheese flavor impact. 

Conclusions 

The two methods decribed here for the streamlined analysis of short-, 
medium- and long-chain FFAs are straight forward to use and result in high 
yields and excellent precision for all predominant dairy FFAs. It is necessary to 
separately analyze the more volatile short-chain FFAs away from the nonvolatile 
medium- and long-chain FFAs, due to potential loss of the former FFAs during 
sample workup and derivatization. A crucial step in the analysis of medium- and 
long-chain FFAs is the separation of FFAs from the bulk of the nonpolar lipid 
components. Use of internal standards in both methods is necessary to assure 
accuracy and repeatability due the number of steps involved in the assays. 
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Chapter 7 

From Pasture to Cheese: Changes in Terpene 
Composition 

Hedwig Schlichtherle-Cerny1,*, Miroslava I. Imhof1, 
Estrella Fernández García 2, and Jacques O. Bosset1 

1 Agroscope Liebefeld-Posieux (ALP), Swiss Federal Research Station 
for Animal Production and Dairy Products, Berne, Switzerland 

2Instituto Nacional de Investigación y Tecnología Agraria y Alimentaria 
(INIA), Madrid, Spain 

The monoterpene composition of fresh grass originating from 
altitudes between 1400 and 1920 m in Switzerland, of milk 
stemming from the same sites, and of a Raclette-type cheese 
which had been produced from the same milk were analyzed 
by dynamic headspace-GC-MS. The milk and cheese samples 
revealed additional monoterpenoids which had not been 
detected in the grass, such as 3,7-dimethyl-1,6-octadiene, 3,7-
dimethyl-2-octene, 2,6-dimethyl-2,6-octadiene and menth-1-
ene. To study the impact of rumen fermentation on the 
monoterpenes, a model plant, cow parsnip (Heracleum 
sphondylium L.), was incubated with rumen fluid for 24 h. AH 
terpenes were partially degraded, P-myrcene, (E)- and (Z)-β-
ocimene almost completely. The degradation of the terpenes 
was correlated with the formation of the additional new 
compounds detected in milk and cheese. These compounds 
may be formed by hydrogénation during rumen fermentation. 

© 2007 American Chemical Society 123 
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Introduction 

Terpenes are secondary natural plant metabolites. Many of them are 
bioactive constituents of medicinal herbs, some show antimicrobial activity 
(1,2). Many terpenes exhibit characteristic odors and tastes, e.g. in essential oils, 
fruits, vegetables and culinary herbs. In milk and cheese, however, terpenes have 
not been described among the character impact compounds. Table I lists the 
important aroma-active compounds of Swiss Gruyère cheese, a hard cheese 
which is highly appreciated in Europe. According to Rychlik and Bosset (3,4) 
the most potent odorants of Gruyere cheese, which are characterized by high 
odor activity values, are sulfur-containing components derived from the amino 
acid metabolism of the ripening cultures, such as methanethiol, methional and 
dimethyltrisulfide, as well as phenylacetic acid and 2- and 3-methylbutanal. 

However, terpenes are useful markers to determine the origin of dairy 
products such as milk and cheese, i.e. to discriminate between highland and 
lowland produce. The terpene profile proves a useful authenticity marker for 
products with a protected designation of origin, so-called PDO products as 
described by Zeppa and co-workers (5), Buchin and co-workers (6), and very 
recently by Cornu and co-workers (7). 

Mariaca and co-workers (8) investigated the volatile mono- and 
sesquiterpenoids in different highland and lowland plant species. They could 
show that highland pastures show a wide variety of different plant species. In 
particular dicotyledonous plants usually rich in terpenoids are more abundant in 
highland compared to lowland pastures. The latter are often composed of plant 
species containing less dicotyledons and thus, are poor in terpenes. Bosset and 
co-workers (9) compared hard cheese produced in the highlands to hard cheese 
of the lowlands and found statistically significant differences in the chemical 
composition such as terpenes, fatty acids and triglycerides between the highland 
and lowland cheeses. 

Only little, however, is known about the influence of rumen fermentation on 
the monoterpenes present in plants and the changes they undergo from pasture to 
cheese. The objective of the present study was to trace the monoterpene 
composition of fresh grass, milk and a Raclette-type cheese produced from the 
milk using dynamic headspace (purge + trap, P+T) gas chromatography in 
combination with mass spectrometry (GC-MS). 

To our knowledge this is the first study to investigate the influence of rumen 
fermentation on the degradation of monoterpenes present in a model plant 
commonly found on pastures. The results of the in vitro study will be compared 
to the volatiles found in milk and in cheese. 

A chiral stationary phase was employed to study whether the enantiomeric 
ratios of the monoterpenes found in pasture are maintained in milk and in cheese, 
and to investigate the impact of the bovine rumen microflora on the terpene 
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Table I. Aroma compounds of a lowland Gruyere cheese 

Compound Odor descriptor Cnc activity 
value 

Methanethiol Sulftirous 700 11300 
Methional Boiled potato-like 99 495 
Dimethyltrisulfide Cabbage-like 136 54 
Phenylacetic acid Honey-like 7270 39 
2-Methylbutanal Malty 255 26 
3-Methylbutanal Malty 219 17 
2-/3-Methylbutanoic acids Sweaty 81000 8.1 
Acetic acid Vinegar-like, pungent 298000 5.5 
Butanoic acid Sweaty 97000 5.4 
5-Decalactone Swe£t, coconut-like 1690 4.2 
Propanoic acid Fruity, pungent 87000 2.9 
Phenylacetaldehyde Honey-like 20 1 
2,3-Diethyl-5-methylpyrazine Earthy 0.6 1 
Methylpropanoic acid Sweaty, rancid 41000 0.5 
(£)-2-Nonenal Green 323 0.4 
2-Ethyl-3,5-dimethylpyrazine Earthy 0.7 0.3 
Hexanoic acid Goat-like 28000 0.3 
Data are from references 3 and 4. 

composition of cow parsnip (Heracleum sphondylium L.), which was selected as 
model plant. 

Experimental 

Materials 

The fresh grass samples originated from six alps in the Canton of Vaud, 
Switzerland, near the villages of Les Moulins and L'Etivaz, at altitudes from 
1400 to 1920 m. They were collected at the end of August 2003. Seven alps 
located around Les Moulins (Canton of Vaud, Switzerland, altitudes of the alps: 
1400 to 1900 m) provided the cow's milk (one sample each), and one Raclette-
type cheese investigated in the present study had been produced from the same 
milk. Cow parsnip (Heracleum sphondylium L.) was collected twice, in mid-
August 2003 near Schwarzenburg (Canton of Berne, Switzerland, altitude 
around 700 m) and at the end of August 2003 in La Fretaz near St. Croix in the 
Swiss Jura (Canton of Vaud, Switzerland, altitude around 1200 m). The grass, 
the milk and the cow parsnip samples were pooled to form composite samples. 
The samples were kept frozen at -20 °C before use. 
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Rumen fluid was collected from 3 healthy cows aged between 5 and 8 years 
with an artificial fistula connected to the rumen. The cows had been fed with hay 
ad libitum for two weeks prior to the study. 

The composite grass sample (5 g) was roughly chopped and mixed with 
MilliQ water (100 mL) in a Polytron PT 3000 mixer (Kinematica, Littau, 
Switzerland) at 10000 rpm for 2 min. The suspension (2 mL) was diluted with 
MilliQ water (100 mL) and 2 mL of the diluted suspension were pipetted into a 
25 mL non-fritted sparger (Schmidlin, Neuheim, Switzerland) for the P+T 
analysis. Cow parsnip (2 g) was ground and suspended in phosphate buffer pH 
6.6 (30 mL) at the same pH as the rumen fluid according to (10). Rumen fluid 
(15 mL) was added and the suspension incubated at 39 °C for 24 h in a shaking 
mixer under argon atmosphere to prevent oxidation. The suspension (1 mL) was 
diluted with MilliQ water (100 mL) and 2 mL of the dilution were employed for 
the P+T analysis. 

Milk (20 mL) was directly pipetted into the sparger for subsequent P+T 
analysis. The Raclette-type cheese was finely grated and 5 g were weighed into a 
beaker, mixed with MilliQ water (45 mL) and homogenized at 10000 rpm 
(Polytron) for 2 min. Immediately after homogenization the sample (2 g) was 
weighed into a sparger. 

Instrumental Analysis 

Dynamic headspace extraction (Purge + trap, P+T) using a LSC 2000 P+T 
system equipped with a cryofocusing unit and a trap no. 8 (Tekmar, Cincinnati, 
OH) was employed for the extraction of the monoterpenoids according to an 
adapted method from Mariaca and co-workers (8). The samples were weighed 
into a 25 mL non-fritted sparger (Schmidlin, Neuheim, Switzerland) and 
extracted at 40 °C using a water bath. The P+T conditions were as follows: 
nitrogen was used as purge gas at 41 mL/min purge flow (vent); purge 20 min; 
dry purge 11 min; cap cool down -150 °C; desorb 4 min at 240°C; inject 1.5 min 
at 215 °C; bake 10 min at 260 °C; transfer line to GC 150 °C. 

Gas chromatography coupled to mass spectrometry (GC-MS) for the 
separation and analysis of the monoterpenes was conducted on an Agilent 5890 
Series II instrument (Palo Alto, CA) equipped with a 5971A MSD and a chiral 
capillary column CP-Chirasil-Dex CB (25 m x 0.25 mm x 0.25 |im film 
thickness; Stehelin, Basel, Switzerland) using helium as carrier gas at 50 kPa 
(1.2 mL/min) at 35 °C. The temperature program ran from 35 °C (0.5 min hold) 
to 215 °C at a linear gradient of 2.5 °C/min. The temperature of the GC-MS 
transfer line was set to 280 °C, the MSD scanned in the electron impact (EI) 
mode at 70 eV from m/z 26 to 350 at 0.8 scans/s. Terpenes were identified by 
their identical linear GC retention indices and mass spectra with the ones of 
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reference terpenes (Fluka, Buchs, Switzerland). The terpene metabolites were 
tentatively identified based upon comparison of their mass spectra with 
commercial mass spectrometry databases and retention indices in the literature. 
Single ion monitoring (SIM) of the ions m/z 93, 95, 119, 70, or 69 for the 
monoterpenes and the terpene metabolites, respectively, was employed for 
semiquantitation comparing their peak heights before and after incubation with 
rumen fluid. The ions m/z 136 and 93 were selected as qualifier ions for the 
monoterpenes and their metabolites, respectively. The samples were analyzed 
once. The software SPSS version 11 (SPSS Inc., Chicago, IL) was used for 
correlating the degradation of (£-)-p-ocimene, 8-3-carene and P-myrcene and 
the formation of menth-l-ene, 3,7-dimethyl-l,6-octadiene and 3,7-dimethyl-2-
octene. Except for the correlation the data were not statistically treated. 

Results and Discussion 

The grass sample consisted of plants of various families as described in (6), 
i.e. Apiaceae, Asteraceae, Campanulaceae, Rosaceae, Fabaceae, Geraniaceae, 
Lamiaceae, Plantaginaceae, Ranunculaceae, Polygonaceae, Rubiaceae, and 
also Poaceae, the family to which common grass belongs. The term "grass" will 
be used for the mixture of the mentioned plant species. The monoterpene 
composition of fresh grass was analyzed by dynamic headspace gas 
chromatography-mass spectrometry using a chiral stationary phase. P-Myrcene, 
p-cymene, the two enantiomers (+)- and (-)-limonene, (£-)-P-ocimene and (Z)-
P-ocimene, y-terpinene and (-)-ot-pinene were the predominant monoterpenes in 
the grass samples analyzed (data not shown). Figure 1 depicts the structures of 
the monoterpenes detected in the present study. Sabinene, cc-thujene, (+)-a-
pinene, a-phellandrene, the two enantiomers (-)-P-pinene and (+)-P-pinene, and 
oc-terpinolene were only minor components. Table II compares the 
monoterpenoids found in fresh grass, in milk, and in the Raclette-type cheese. 

In the milk samples collected from farms from the same sites the additional 
monoterpenes a-terpinene, 8-3-carene as well as a-phellandrene and 
(-)-camphene were detected as minor constituents, however, no (£)-P-ocimene 
was found. Interestingly, the analysis revealed further monoterpenoids 
tentatively identified as 3,7-dimethyl-l,6-octadiene, 2,6-dimethyl-2,6-octadiene, 
3,7-dimethyl-2-octene, and camphane. These monoterpenoids had been absent in 
fresh grass. In the Raclette-type cheese produced from the milk basically the 
same monoterpenes were found as in milk, except for 8-3-carene. Additionally, 
2-carene, (£)-P-ocimene and the tentatively identified menth-l-ene were 
detected. 3,7-Dimethyl-l,6-octadiene, 2,6-dimethyl-2,6-octadiene, 3,7-dimethyl-
2-octene, camphane and menth-l-ene were only detected in the milk and cheese 
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Table II. Monoterpenoids detected in grass, milk and Raclette-type cheese 

Compound Grass Milk Raclette-type 
cheese 

cc-Thujene s 
P-Myrcene 
2-Carene - -
(-)-a-Pinene 
Sabinene 
(+)-a-Pinene s 
a-Terpinene - s 
(Z)-P-Ocimene s 
(+)-P-Pinene s 
(£)-P-Ocimene -
5-3-Carene - -
p-Cymene 
a-Phellandrene 
(-)-Camphene 
(+)-Camphene -
(-)-Limonene s 
(+)-Limonene 
(-)-P-Pinene 
p-Phellandrene -
y-Terpinene 
a-Terpinolene 
3,7-Dimethyl-1,6-octadiene -
Menth-l-ene - - s 
3,7-Dimethyl-2-octene -
2,6-Dimethyl-2,6-octadiene - •/ s 
Camphane -

samples, however not in fresh grass. The presence of these compounds had 
already been described in alpine milk by Buchin and co-workers (6). 

The enantiomeric ratios of selected monoterpenes were analyzed to examine 
whether the ratios changed from pasture to cheese, but no consistent trend could 
be observed. In the grass sample (-)-a-pinene was prevalent over the 
(+)-enantiomer, and (+)-limonene over (-)-limonene. In contrast, in milk and in 
cheese (+)-oc-pinene predominated. As already found in the grass sample, 
(+)-limonene prevailed also in milk and in the cheese samples over 
(-)-limonene. Presumably, the cows had grazed on a pasture with plants 
producing more (+)-ct-pinene. 
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Incubation of cow parsnip with rumen fluid 

The exclusive presence of the dimethyl octadienes, menth-l-ene and the 
other tentatively identified compounds in milk and cheese raised the hypothesis 
that these compounds might have been formed during rumen fermentation. Many 
of the monoterpenes shown in Figure 1 show two or three double bonds, whereas 
3,7-dimethyl-l,6-octadiene, 2,6-dimethyl-2,6-octadiene, 3,7-dimethyl-2-octene, 
camphane and menth-l-ene have two or only one double bond. Hydrogenation 
during rumen fermentation might be involved in their formation. The rumen flora 
is known to be strictly anaerobic. It produces hydrogen among other gases and 
biohydrogenation reactions convert e.g. unsaturated fatty acids into saturated 
fatty acids (77). Cow parsnip, Heracleum sphondylium L., was selected as a 
model to investigate a potential correlation between the degradation of certain 
monoterpenes and the formation of the above-mentioned compounds. Cow 
parsnip belongs to the family Apiaceae, is found abundantly in pastures and rich 
in terpenoids as described by Mariaca and co-workers (8). 

Ground cow parsnip was incubated with rumen fluid over 24 h and monitor 
the changes in its monoterpene composition. After 12 h of fermentation all 
monoterpenes were at least partially degraded. The rate and extent of 
degradation varied for the different compounds. Figure 2 illustrates the 
degradation of selected monoterpenes after 12 h of incubation. 

(Z)-(J-ocimene, (£)-P-ocimene, a-phellandrene and P-myrcene were 
completely or almost completely degraded, while around 40 % of (+)-limonene 
and p-cymene, and 20 to 35 % of most other monoterpenes remained after 12 h 
of incubation. 

During incubation with rumen fluid the formation of the monoterpenoid 
compounds that had been detected in milk and in cheese was observed. The 
extent and rate of formation of these compounds varied, as it could be seen for 
the degradation of the different monoterpenes. 

Statistically significant (p < 0.05) negative correlations were found for the 
degradation of (£)-p-ocimene and the co-eluting 8-3-carene and the p-myrcene 
and the formation of menth-l-ene, 3,7-dimethyl-l,6-octadiene and 3,7-dimethyl-
2-octene. (£)-P-Ocimene, 8-3-carene and P-myrcene were almost completely 
and rapidly degraded during the first 8 h of incubation. Menth-l-ene increased 
steadily during the first 8 h of incubation, then was slowly degraded from 8 to 
12 h of rumen fermentation. After 12 h the menth-l-ene signal intensity dropped 
rapidly over the next 4 h as shown in Figure 3. 

The formation of 3,7-dimethyl-l,6-octadiene began after 2 h of rumen 
fermentation and reached its maximum after 8 h. Then it degraded slightly. At 
first in parallel to 3,7-dimethyl-l,6-octadiene, but after 4 h of incubation only, 
the onset of 3,7-dimethyl-2-octene could be observed. The peak signal increased 
rapidly after 12 h of rumen fermentation. 
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Figure 2. Monoterpenoids of cow parsnip before and after 12 h of incubation 
with rumen fluid 

The formation of the newly formed compounds may be explained by 
hydrogenation reactions by the rumen flora or by enzymes present in the rumen 
fluid as schematically presented in Figure 2. Hydrogenation of the double bond 
at position 3 of P-myrcene or of (Z)- and (£)-P-ocimene yields 3,7-dimethyl-l,6-
octadiene, a shift of the double bond at position 1 might explain the formation of 
2,6-dimethyl-2,6-octadiene which had also been detected in the milk and 
Raclette-type cheese samples. A further hydrogenation of 2,6-dimethyl-2,6-
octadiene yields 3,7-dimethyl-2-octene. 

Conclusions 

The monoterpene composition of fresh grass, milk, and cheese was analyzed 
by dynamic headspace GC-MS. It was shown that milk and cheese revealed 
additional monoterpenes which had not been detected in the grass samples. A 
model plant, cow parsnip, Heracleum sphondylium L., was incubated in vitro 
with rumen fluid to investigate for the first time the relationship between the 
degradation of monoterpenes and the formation of these additional 
monoterpenoids. The monoterpenes of cow parsnip were at least partially 
degraded during incubation with rumen fluid and 3,7-dimethyl-l,6-octadiene, 
3,7-dimethyl-2-octene, 2,6-dimethyl-2,6-octadiene together with camphane and 
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(ZT)-B-Ocimene + 8-3-carene 

B-Myrcene 

Menth-l-ene 

3,7-Dimethyl-1,6-octadiene 

3,7-Dimethyl-2-octene 

0 2 4 8 12 16 24 

Incubation time (h) 

Figure 3. Degradation and new formation of selected monoterpenoids during 
incubation of Heracleum sphondylium L.with rumen fluid. 

Hydrogenation 
by rumen flora 

JL 0 
t-Myrcene (E)-p-Ocimene (Z)-p-Ocimene 

3,7-Dimethyl- 2,6-Dimethyl-
1,6-octadiene 2,6-octadiene 

^Further 
hydrogenation 

3,7-Dimethyl-
2-octene 

Figure 4. Hypothetic schematic formation of selected monoterpenoids 
by hydrogenation 
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menth-l-ene were formed. It is hypothesized that p-myrcene, (E)- and (Z)-P-
ocimene are hydrogenated during incubation with rumen fluid to yield these 
components. The results show that monoterpenes are partially degraded during 
rumen fermentation and new compounds are formed, which are also transferred 
into milk and cheese. 
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Chapter 8 

Volatile Sulfur Compounds in Cheddar Cheese 
Determined by Headspace Solid-Phase 

Microextraction-Gas Chromatography-PFPD 

Michael C. Qian and Helen M. Burbank 

Department of Food Science and Technology, Oregon State University, 
100 Wiegand Hall, Corvallis, OR 97331 

A sensitive headspace SPME-GC-PFPD method has been 
developed for volatile sulfur analysis in cheese. A Carboxen-
PDMS solid-phase microextraction (SPME) fiber (85µm) was 
employed to extract volatile sulfur compounds from the cheese 
matrix and the volatile sulfur compound were analyzed by gas 
chromatography-pulsed flame photometric detection. The 
highly reactive thiols were successfully stabilized. An 
evaluation of fiber exposure time, temperature of extraction, 
and sample size was undertaken in order to determine effective 
extraction conditions. Calibration curves were built with 
spiked cheese samples and quantification of volatile sulfur 
compounds was achieved by using multiple internal standards. 
Commercial cheese samples manufactured from different 
regions of US with different aging were studied. Although the 
sulfur profile varied considerably among the cheese brands, 
the concentrations of certain sulfur compounds, namely 
hydrogen sulfide, methanethiol, and dimethyl trisulfide, were 
found to directly correlate with age. 

© 2007 American Chemical Society 135 
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Importance of Volatile Sulfur Compounds to Cheddar 
Cheese Aroma 

Volatile sulfur compounds (VSCs), most with low odor thresholds, are 
considered important flavor contributors to many varieties of cheeses (1-5). The 
presence of VSCs in cheese is mainly the result of the biodegradation of sulfur-
containing amino acids. The formation of VSCs by bacteria, such as 
Lactococcus lactis subsp. cremoris and Brevibacterium linens, has been 
thoroughly investigated (6), however, the exact mechanisms that lead to these 
flavor compounds are still debated by many researchers. The ripening process 
of cheese involves, in part, the decomposition of sulfur-containing amino acids, 
cysteine and methionine. An increase in the concentration of methanethiol as 
Cheddar cheese ages has been reported (7) and it is postulated that other sulfur-
containing compounds may also follow a similar trend with aging. 

Methanethiol is thought to be produced via a single- or two-step pathway 
during the catabolism of L-methionine. The single-step route is thought to be 
enzymatically catalyzed by L-methionine y-lyase (8) or cystathionine β-lyase 
activity (9). The two-step pathway could be caused by the transamination of L-
methionine when in the presence of a-keto glutarate (10-12). This results in the 
formation of α-keto y-methyl thiobutyrate (KMTB) which can then be further 
broken down enzymatically to form methional and methanethiol; however, the 
exact enzymes involved in this second step are still unclear. It has also been 
reported that chemical decomposition of methionine can produce methanethiol 
due to the low oxidation-reduction potential of cheese (13). Methanethiol not 
only contributes to Cheddar cheese flavor but also is a precursor for several 
other sulfur compounds. 

Hydrogen sulfide, methanethiol, dimethyl sulfide, dimethyl disulfide, 
dimethyl trisulfuide and methional have all been found to be significant to the 
flavor of Cheddar cheese (14-18). Many of these VSCs are described to have 
odors of strong garlic, decomposing cabbage or decomposing protein when 
smelled alone. However, when they are mixed with other volatile compounds, 
their unpleasant characteristic odors often disappear and can actually contribute 
to agreeable flavor notes. 

While there are reports suggesting that hydrogen sulfide is an important 
flavor contributor to Cheddar cheese (19), others suggest that rather than acting 
as a flavor contributor, the presence of hydrogen sulfide is merely an indicator 
that some important milk enzymes are still active (20). Detection and 
measurement of hydrogen sulfide is very difficult due to its extremely low 
boiling point (-60°C). Traditional aroma extraction and concentration techniques 
will often discriminate against this compound. Consequently, accurate 
quantification of hydrogen sulfide has been a technical challenge. 
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Methanethiol is considered to be a very important flavor compound in many 
types of cheeses and has been reported to be responsible for the typical odor of 
Cheddar cheese. While it is an important flavor contributor, it is also a precursor 
of many other important sulfur compounds such as dimethyl disulfide and 
dimethyl trisulfide (21-23). Methanethiol has a very low detection threshold 
(0.06 parts per billion) in lipid media and has a decomposing cabbage or 
decomposing protein odor. There are often difficulties with studying this 
compound since methanethiol can easily oxidize during analysis to form 
dimethyl disulfide and dimethyl trisulfide (24, 25). The aroma contribution of 
dimethyl disulfide can be of cauliflower and onion-like odors while dimethyl 
trisulfide provides garlic and/or very ripe cheese notes. Dimethyl disulfide can 
be formed as a Strecker degradation product of methionine (21, 22) or through 
the auto-oxidation of methanethiol (26). 

Methional, or 3-(methylthio)propionaldehyde, has also been found to be a 
key aroma compound of many cheeses (4, 16, 17, 27). Methional can be 
generated by Strecker degradation of methionine and can be oxidized to its acid 
form, from which corresponding esters can be produced. For example, methyl 
thioacetate has been identified in the volatiles of limburger cheese contributing 
to a cooked cauliflower aroma (23), methyl thiopropanoate was found to have a 
Camembert-like cheesy note (28), and ethyl 3-methylthiopropanoate has been 
found as a trace component in Parmesan cheese (29). Methional can also be 
reduced to the corresponding alcohol; 3-(methylthio)propanol, or methionol, has 
also been found in premium quality Cheddar cheese (30) and Camembert cheese 
(31). It has been reported to have a potato-like odor (32). 

Volatile Sulfur Analysis by HS-SPME-GC-PFPD 

While there is definite evidence that various sulfur compounds could be 
very important to Cheddar cheese aroma, their significances to Cheddar cheese 
flavor are still poorly understood. This is contributed to by the fact that the 
volatile sulfur profile of Cheddar cheese highly relies on the specific method 
used for extraction and/or concentration techniques. Solvent extraction has long 
been used as a way to effectively extract aroma compounds from complex food 
matrices; however, this technique will often lose all highly volatile compounds 
during the concentration step. Since hydrogen sulfide and methanethiol have 
very low boiling points, these compounds will evaporate together with the 
solvent and therefore cannot be properly analyzed. Static headspace technique 
directly takes the volatiles from the headspace of the sample and does not 
involve the use of organic solvents, however, this method is usually not sensitive 
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enough to provide successful detection of sulfur compounds due to limited 
sample sizes (33-35). Dynamic headspace also directly samples the volatiles by 
purging the sample with a stream of inert gas where the volatiles are first 
collected on an adsorbent material and then are desorbed onto a GC column for 
analysis. However, purge-and-trap techniques will often induce artifact 
formation. 

In recent years, headspace solid-phase microextraction (SPME) has become 
widely known as a successful method for the extraction of volatile aroma 
compounds from a variety of food matrices. SPME has high sensitivity and 
minimal artifact formation. With the use of SPME fibers, there is no 
requirement for organic solvents, and sample preparation can be completed in 
minimal time. While there are a growing number of available fiber coatings, the 
two-phase Carboxen-polydimethylsiloxane (CAR-PDMS) fiber has repeatedly 
demonstrated its exceptional ability to extract sulfur compounds including 
methanethiol and dimethyl sulfide from food (36-42). The non-polar PDMS 
phase retains analytes through adsorptive interactions while the Carboxen phase, 
comprised of porous synthetic carbon, effectively traps small sulfur compounds 
within its macro- and micropores. The analytes are then released from the fiber 
by thermal desorption directly onto a GC column. 

In order to achieve the highest sensitivity possible for analyzing trace levels 
of sulfur analytes, the method of detection must also be sufficiently sensitive. 
Pulsed flame photometric detection (PFPD) can be used as a sulfur-specific 
method of detection. Flame chemiluminescence is generated by way of the 
pulsed flame, which is ignited, propagated and self-terminated 3 to 4 times per 
second. The emission profile for specific elements is both wavelength and 
emission time dependent. The sulfur chemiluminescence can be detected by 
selecting the sulfur wavelength. In addition, due to the fact that hydrocarbons 
complete emission early while sulfur emissions will begin at a relatively later 
time after combustion, the use of a 'gate delay' allows for only a particular 
portion of the emission signal to be processed during each pulse of the ignition-
emission cycle, thus greatly reducing the flame background due to hydrocarbon 
emission. As a result, the sensitivity is improved and the chromatogram is much 
cleaner than that from traditional flame photometric detection (FPD) by 
displaying only the response due to sulfur-containing compounds. The ability of 
the PFPD to selectively process the signal improves the overall sensitivity, 
allowing the PFPD to detect sulfur-containing compounds at a much lower 
detection limit than nearly all other methods of detection (43). The combination 
of SPME with GC-PFPD greatly enhances the ability to successfully extract and 
detect low concentrations of VSCs in cheese. 

VSCs were investigated using SPME, where a Stableflex 85 fim CAR-
PDMS fiber (Supelco, Bellefonte, PA) was used in this study and prior to use, 
the fiber was conditioned at 300°C for 90 min. A CombiPAL autosampler (CTC 
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Analytics AG, Zwingen, Switzerland) fitted with a SPME adapter and vial 
heater/agitator along with a CP-3800 gas chromatograph (Varian, Walnut Creek, 
California) equipped with PFPD were used. Samples were placed into 20mL 
headspace vials and agitation during sample equilibration was set to 500 rpm 
while agitation during extraction was held at 250 rpm. Varying extraction 
temperatures and lengths of fiber exposure time were tested to find suitable 
extraction parameters. 

The volatile compounds extracted by the SPME fiber were thermally 
desorbed in the 300°C injector port for 7 min where splitless mode was used for 
the first four minutes. Separation of the analytes was performed using a DB-
FFAP fused silica capillary column (30 m x 0.32 mm, 1.0 \im film) with nitrogen 
flow at 2.0 ml/min. The oven temperature program was as follows: 35°C held for 
5 min, heated to 150°C at a rate of 10°C/min, held for 1 min, then heated to 
220°C at a rate of 20°C/min with a final hold time of 5 min. The PFPD was held 
at 300°C and 500 V with the following flow rates: H 2 at 14 mL/min, airl at 17 
mL/min, and air 2 at 10 mL/min and the detector response signals were collected 
and integrated using computer software. 

Sulfur Standard Preparation and Stabilization 

Chromatographic identification of target sulfur compounds was performed 
by comparing retention times to those of pure standards, most of which were 
obtained commercially with purity verified by observance of a single peak by 
GC-PFPD. Standards included dimethyl sulfide, carbon disulfide, dimethyl 
disulfide, dimethyl trisulfide, and methional. A standard solution of hydrogen 
sulfide was freshly prepared by dissolving sodium sulfide salt in distilled water 
(pH 10), where H 2S (gas) was released by adding a volume of the solution to an 
acidified matrix. Carbonyl sulfide (COS) was prepared by a published method 
(44), with some modification: concentrated sulfuric acid was added dropwise 
from a dropping funnel to potassium thiocyanate in a stoppered Erlenmeyer 
flask, then the generated COS (gas) was passed through a small diameter glass 
transfer-line immersed in a cold water bath (for exothermic nature of reaction) 
and the gas was trapped by bubbling into a separate flask containing distilled 
water. Standard solutions for a majority of the sulfur-containing compounds 
commonly found in Cheddar cheese were relatively easy to prepare, however 
methanethiol, a key aroma compound for Cheddar, presented much greater 
difficulties during analysis. 

Several commercially obtained methanethiol standards, including mercaptan 
sodium salt and methanethiol in methanol, were obtained and tested for purity by 
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SPME-GC-PFPD. Unfortunately, it was quickly discovered that these standards 
were far from pure since large amounts of dimethyl disulfide, and to a lesser 
extent dimethyl trisulfide, were observed in the chromatograms. This was 
evidence that oxidation had already occurred during commercial preparation 
and/or storage of the standards. Further experiments demonstrated that 
methanethiol standard solutions could be freshly prepared from pure gas. 

In order to investigate the stability of methanethiol, various solvents were 
tested during the preparation of the standard, including water, methanol, butanol, 
a phosphate buffer and an organic acid solution (both at pH 5.15), and vegetable 
oil. The methanethiol gas was bubbled into each solvent separately and 
appropriate dilutions were made to achieve low ppb concentrations. To 
determine the purity/stability of each, a small aliquot of each diluted standard 
solution was placed into an autosampler vial and analyzed by SPME-GC-PFPD 
using two different extraction temperatures, 30°C and 50°C. The resulting 
chromatograms are shown in Figure 1. 

When water was used as a solvent, it was found that methanethiol quickly 
oxidized to dimethyl disulfide, especially when the higher temperature was used 
during SPME extraction. In fact, with extraction at 50°C, it appeared that the 
presence of water induced the complete transformation of the thiol to the 
disulfide (Figure 1, A l ) in contrast to the smaller amount of disulfide formed at 
30°C (Figure 1, A2). Although cheese is comprised of a large aqueous portion, 
its composition also contains a substantial amount of lipids. Therefore, the 
stability of methanethiol in vegetable oil was tested. From the resulting 
chromatogram, it appeared that methanethiol in vegetable oil was stable, where 
negligible amounts of disulfides were present (Figure 1, B). However, vegetable 
oil was determined to be an unacceptable solvent for VSCs due to its high 
viscosity. 

Some alcohols with differing chain lengths were then tested. A methanethiol 
solution freshly prepared in methanol was found to have good stability where 
minimal amount of disulfide was formed at either extraction temperature (Figure 
1, C). Butanol was also examined for methanethiol stability however, instead of 
observing the formation of dimethyl disulfide, it was discovered that carbon 
disulfide was present after SPME extraction (Figure 1, D). Analysis by mass 
spectrometry confirmed the identity of carbon disulfide; however, the cause for 
this oxidation reaction in the presence of butanol is currently unclear. 

The effects of antioxidants on the stability of methanethiol were investigated 
using aqueous buffer solutions. Phosphate buffer at pH 5.1, similar to the natural 
pH of cheese, did not possess acceptable stabilizing characteristics for 
methanethiol since a sizeable amount of dimethyl disulfide was formed during 
extraction (Figure 1, E). Nevertheless, the presence of the phosphate ions did 
appear to play some roles in stabilizing methanethiol since extraction at 50°C did 
not result in complete oxidation as seen with plain water. Similarly, the organic 
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acid solution (aqueous tartaric acid adjusted to pH 5.1 with dilute NaOH) also 
showed some success in preventing oxidation where a reduced amount of 
dimethyl disulfide formation was observed (Figure 1, F). 

It was concluded that a standard solution of methanethiol would best be 
prepared in methanol due to its effective solubility in this solvent. However, 
even with its relative stability in methanol, methanethiol can still become 
oxidized to dimethyl disulfide after short-term storage. Therefore, all 
methanethiol standard solutions were freshly prepared weekly or as needed. 
Further experiments discovered that a combination of low pH, addition of 
tartaric acid, derivatization of the GC injection liner and exclusion of oxygen 
with inert gas during analysis could effectively stabilize methanethiol and allow 
for its accurate determination in cheese (24). 

Standard Curve preparation of Volatile Sulfur Compounds 

For the analysis of the cheese samples, SPME extraction parameters were 
evaluated in order to obtain satisfactory sensitivity. Extraction time, temperature, 
and sample size were all taken into consideration for overall extraction 
efficiency (24). Extraction time study demonstrated that as time increased so did 
the amount of volatiles extracted by the SPME fiber, but the relationship was not 
the same for all sulfur compounds. While most sulfur compounds seemed to 
follow a logarithmic-type trend, the data for dimethyl disulfide and dimethyl 
trisulfide was better fit with a power function. In all cases, adsorption rates 
progressively decreased with no immediate evidence of reaching equilibrium 
within the tested time range (up to 2 h) (Figure 2). For many VSCs, significant 
improvement for extraction efficiency was observed when the fiber exposure 
time was increased from 5 min to 30 min. The extraction efficiency improved 
less significantly with further increases in exposure time. Although increased 
fiber exposure time generally resulted in larger peak areas, lengthy extraction 
was found to be unnecessary due to the enhanced sensitivity of the PFPD 
detector. For practical reasons, an extraction time of 30.min was chosen as a 
good compromise between overall sensitivity and runtime efficiency for the 
instrument. 

A relationship between temperature and extraction efficiency was not easy 
to establish for all sulfur compounds. Higher temperatures typically increase the 
volatility of volatile compounds, thus increasing their concentrations in the 
headspace. A definite increase in response occurred for dimethyl sulfone and 
methional when higher temperatures were used (Figure 3a). However, for some 
highly volatile compounds, further increase in temperature is expected to have 
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X dimethyl sulfide 
• hydrogen sulfide 

A methanethiol 
• dimethyl sulfoxide 

— - dimethyl sulfide 
- hydrogen sulfide 

— • methanethiol 
- dimethyl sulfoxide 

(a) 

. — R 2 = 0.9731 

R J = 0.9051 

10 20 30 40 50 60 70 80 

Extraction time (minutes) 

• dimethyl trisulfide 
• dimethyl disulfide 
A dimethyl sulfone 

— *= dimethyl trisulfide i 
— — dimethyl disulfide \ 
— - dimethyl sulfone 

100 110 120 130 

' R = 0.9881 

• R' = 0.9307 

^ R7 = 0.9956 
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Extraction time (minutes) 

Figure 2. Effect of time on SPME extraction of VSCs from Cheddar cheese 
with temperature held at 50°C: (a) hydrogen sulfide, methanethiol, dimethyl 

sulfide, dimethyl sulfoxide; (b) dimethyl disulfide, dimethyl trisulfide, dimethyl 
sulfone. (Reprinted from Reference 25 with permission. Copyright 2005, 

Elsevier) 
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140 

25 30 35 40 45 50 55 60 65 70 75 

Extraction temperature °C 

Figure 3. Effect of temperature on SPME extraction of VSCs from Cheddar 
cheese with extraction time set at 30 min: (a) dimethyl disulfide, dimethyl 
trisulfide, methional, dimethyl sulfone (b) hydrogen sulfide, methanethiol, 

dimethyl sulfide (Reprinted from Reference 25 with permission. 
Copyright 2005, Elsevier) 
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minimal impact on their concentrations in the headspace. This hypothesis was 
confirmed for methanethiol, dimethyl disulfide and dimethyl trisulfide. As 
temperature increased from 30°C to 70°C, the responses for these compounds 
stayed almost the same (Figure 3b). Uniquely, dimethyl sulfide was observed to 
have a continuous decrease in response with increasing temperature. Although 
the actual mechanism is still not clear, it has been reported that high temperature 
can have undesirable effects on the extraction efficiency of SPME fibers for 
some low molecular weight analytes with higher volatility (33, 45, 46). This 
could be related to the exothermic nature of adsorption of analytes onto the fiber, 
where higher temperatures may actually decrease the adsorption (38, 46). In the 
end, a satisfactory extraction temperature of 50°C was selected, where most 
sulfur compounds of interest gave relatively high responses with low coefficient-
of-variation (CV) values. 

In addition to time, temperature, and distribution coefficients, the total 
amount of analytes that can be adsorbed by the fiber can be directly related to 
the sample size (47). As illustrated in Figure 4, the sensitivity improved as the 
sample size increased from 0.5 g to 2 g. Beyond that, further increase in sample 
size did not significantly increase overall sensitivity. For some compounds, such 
as dimethyl sulfide, dimethyl disulfide and dimethyl trisulfide, increasing the 
sample size beyond 2 g actually decreased sensitivity. Since agitation is not easy 
with a solid-type matrix, large variations were observed with 5 g sample size 
since a uniform release of volatiles from larger sample sizes is more difficult. 

Quantification was performed by a standard addition method where 
calibration curves were created by spiking cheese samples with a range of known 
concentrations of hydrogen sulfide, methanethiol, dimethyl sulfide, dimethyl 
disulfide, and dimethyl trisulfide. Two internal standards were used to build the 
calibration curves: ethyl methyl sulfide for the first three VSCs and methyl 
propyl disulfide for the latter two VSCs. One gram of cheese, with the addition 
of the internal standards along with 2mL of organic acid buffer solution, was 
pre-equilibrated at 50°C for 10 min and extracted at the same temperature for 30 
min. Ratios of the standard to its corresponding internal standard were plotted 
where the y-axis represented the peak area ratio (square root taken) and the x-
axis represented the concentration ratio. A chromatogram of the sulfur profile 
for Cheddar cheese obtained by SPME-GC-PFPD is displayed in Figure 5. 

Volatile Sulfur Analysis in Cheddar Cheese 

Twenty five commercially obtained Cheddar cheeses of varying age were 
analyzed. These commercial Cheddar cheeses could be considered as 
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Figure 4. Effect of sample size on SPME extraction of VSCs from Cheddar 
cheese, extraction performed at 50°C for 30 min: (a) hydrogen sulfide, 
methanethiol, dimethyl sulfide, and total PFPD response (peak areas of 

all VSCs of interest combined, then square rooted); (b) dimethyl 
disulfide, dimethyl trisulfide, dimethyl sulfoxide (Reprinted from 

Reference 25 with permission. Copyright 2005, Elsevier) 
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H2S MeSH DMS DMDS DMTS 

Figure 6. Average concentrations of VSCs in different ages of commercially 
obtained Cheddar cheese. Error bar represents range of each VSC found 

for that particular labeled age. 

representative of what is available for consumer purchase. Therefore, the 
average sulfur concentrations determined for each labeled age of cheese ['mild' 
(n=5); 'medium' (n=5); 'sharp' (n=10); and 'extra sharp' (n=5)] provide a fairly 
accurate view of the overall sulfur content that can be expected in Cheddar 
cheese. Of the selected cheeses analyzed thus far, definite brand-to-brand 
distinctions exist. This lends to the fact that each manufacturer uses particular 
milk sources and manufacturing conditions during production, resulting in 
unique sulfur profiles for each brand of cheese. Since the precise lengths of 
maturation for each of these commercially obtained cheeses was unknown, some 
variation was expected to occur between labeled ages. Nevertheless, the 
quantitative results for the VSC content of these Cheddar cheeses, as seen in 
Figure 6, show that there is an increasing trend with age in the quantity of most 
VSCs. 

The results from these commercial Cheddar cheeses show that there is a 
definite increase in the concentration of VSCs as the cheese matures. For 
example, those cheeses labeled as 'mild' contained the lowest overall 
concentrations of hydrogen sulfide, methanethiol, dimethyl sulfide, dimethyl 
disulfide and dimethyl trisulfide and those cheeses labeled as 'extra sharp' 
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generally contained the highest concentrations. On average, hydrogen sulfide 
was present at the highest concentration, ranging from 43 parts per billion (ppb) 
in the mild cheese to 72 ppb in the extra sharp cheese. The average concentration 
range for dimethyl sulfide was 16 ppb in mild to 21 ppb in extra sharp; 
methanethiol: 7 ppb in mild to 14 ppb in extra sharp; dimethyl trisulfide: 1.5 ppb 
in mild to 2 ppb in extra sharp; and dimethyl disulfide: 0.4 ppb in mild to 0.6 
ppb in extra sharp. 

Volatile Sulfur Development in Cheeses made from Heat 
Shocked and Pasteurized Milk 

Cheddar cheese that is made with pasteurized milk will often develop a less 
intense flavor, or take longer to do so, than Cheddar that is made with milk 
which has undergone less heat treatment. This is because the heat of 
pasteurization will kill off many native bacteria, including those bacteria that are 
beneficial for the flavor development. Six lots of Cheddar cheese were 
manufactured in a commercial plant; three lots were made from heat-shocked 
milk (66°C for 30 sec) and three lots from pasteurized milk (72°C for 16 sec) 
and all cheeses were aged simultaneously under the same conditions. The 
preliminary results from this cheese aging investigation (Figure 7) has shown 
that Cheddar cheese made with heat-shocked milk developed higher 
concentrations of methanethiol, dimethyl sulfide, dimethyl disulfide and 
dimethyl trisulfide. Only hydrogen sulfide appeared to be in higher 
concentrations in cheese made with pasteurized milk. This data shows that there 
is a definite difference in the VSC development for cheeses made with different 
heat treatments. 

Conclusions 

A sensitive headspace-SPME-GC-PFPD method has been developed for 
volatile sulfur analysis in cheese. Reactive methanethiol was successfully 
stabilized and no artifact formation was observed. Hydrogen sulfide, 
methanethiol, and dimethylsulfide were found to constitute the majority of the 
overall sulfur profile while dimethyl disulfide and dimethyl trisulfide were 
present in lesser amounts. Quantitative analysis showed that the concentration of 
certain sulfur compounds, namely hydrogen sulfide, methanethiol, and 
dimethyltrisulfide could be directly correlated with age. Cheeses that were aged 
for the longest amount of time contained the highest concentrations of VSCs. 
Controlled cheese aging study indicated that the VSCs developed differently in 
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Figure 7. Trend ofsulfur development during maturation of Cheddar cheese 
made with milk of two different heat treatments: heat-shocked (filled square, 

dashed line) versus pasteurized (open triangle, solid line). Error bars = 
deviation between three vats. 
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heat-shocked milk versus pasteurized milk during the aging process. Overall, the 
accurate quantification of VSCs in Cheddar provides some insight about the 
development of these important flavor compounds during maturation. 
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Chapter 9 

Origins of Cheese Flavor 

Michael H. Tunick 

Dairy Processing and Products Research Unit, Eastern Regional Research 
Center, Agricultural Research Service, U.S. Department of Agriculture, 600 

East Mermaid Lane, Wyndmoor, PA 19038 

The flavor of cheese is affected by many factors, including 
milk quality stemming from the quality of the milk, processing 
parameters such as pasteurization and addition of salt, and 
enzymatic and chemical reactions that occur as the cheese 
ages. Lactose and citrate are metabolized by lactic acid 
bacteria to form a number of important compounds, including 
acetoin, 2,3-butanediol, and diacetyl, which generate buttery, 
cheesy flavors. Proteolysis of casein by coagulant, plasmin, 
and other enzymes leads to the production of acids, alcohols, 
aldehydes, amines, and amino acids, which bring about 
alcoholic, fatty, and green flavor notes. The breakdown of 
aromatic, branched-chain, and sulfur-containing amino acids 
also produces flavor compounds, many of which are 
undesirable. Triacylglycerols are lipolyzed into fatty acids, 
which impart pungent, cheesy flavors. Fatty acids can then be 
converted into methyl ketones, secondary alcohols, lactones, 
esters, and other compounds, which are responsible for earthy, 
floral, fruity, and rancid flavors. An array of compounds 
contributes to the unique flavor characteristics of each cheese 
variety. 

© 2007 American Chemical Society 155 
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The many types of cheese in the world provide an abundance of flavors. 
Starting with a bland product, milk, a cheesemaker adds starter cultures (selected 
lactic acid bacterial strains added to the milk), enzymes, and other chemicals 
(such as NaCl), and adjusts manufacturing procedures to produce any one of 
hundreds of cheese varieties, each with a characteristic flavor. Flavor in cheese 
arises from compounds in milk (transferred directly from diet, synthesized in 
mammary tissue, or added to the milk), control of manufacturing conditions 
(pasteurization, heat, etc.), and enzymatic and non-enzymatic chemical reactions. 
Flavors continue to form during storage, resulting from metabolism of lactate, 
lactose and citrate, proteolysis of caseins, and lipolysis of triacylglycerols. 
Compositional changes occur after milk is separated into curd and whey, the 
whey is drained off, and the curd is transformed into cheese. Cheddar cheese 
provides a representative example of these changes (Table I). 

Table I. Percentages of components in bovine milk and fresh Cheddar 
cheese (/, 2). 

Lactose Citrate Protein Fat 

Milk 4.8 0.18 3.2 3.3 
Cheese 0.8-1.0 0.2-0.5 25 33 

Hundreds of compounds have been detected in cheese, many of which 
contribute to flavor (5), often in a synergistic manner. The purpose of this 
chapter is to review the processing parameters and the classes of compounds that 
lead to these flavors. 

Processing Parameters 

Processing parameters affecting cheese flavor include the condition of the 
milk, pasteurization, homogenization, starter cultures, non-starter lactic acid 
bacteria, coagulant, whey syneresis, salt, surface microorganisms, and ripening 
time, temperature, and humidity. 

Milk 

Changes in cows' diet will affect the flavor of milk and therefore the flavor 
of cheese. A common management practice that keeps feed consistent 
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throughout the year is the use of silage, which consists of alfalfa, barley, corn, 
vetch, and wheat that has been allowed to ferment anaerobically and then fed to 
cows. In contrast, cows on pasture eat what they prefer. Some compounds from 
grasses, flowers, and other plants ingested by cows on pasture either pass 
directly into milk or are converted in the cow into other compounds (4). Many 
of these compounds impart desirable flowery flavors to cheese (5). When live 
pasture plants are consumed by cows, the plants activate the lipoxygenase 
system, which may be part of an injury response (6). Lipoxygenase activity 
breaks down lipids and carotenoids to products that affect cheese flavor (5). 
Nonanal, 2-nonenal, 2,4-decadienal, and methyl jasmonate are some of the 
compounds generated in this fashion from unsaturated fatty acids in plants. 
Citronellol, carvone, and geranyl acetate are precursors or degradation products 
of carotenoids (5). Linalool and a-pinene are terpenes often found in artisanal 
Alpine cheese (7). Research on the effects of pasture plants on cheese is in its 
infancy many of the world's cheese varieties are made from pasture-fed 
animals, but the flavor origins of these products and their concentrations in 
cheese have barely been examined. Urbach has reviewed the effects of feed on 
flavor (4). The health of the cows will also have an effect on cheese, as high 
somatic cell counts resulting from mastitis and poor nutrition will adversely 
affect coagulation and proteolysis (8). 

Pasteurization and Homogenization 

Pasteurizing milk above 75°C denatures whey proteins, primarily 0-
lactoglobulin, which liberates sulfhydryls and volatile sulfides, especially H2S 
(9). These compounds give the milk a cooked flavor that can carry over to the 
cheese. Pasteurizing at 62°C for 30 min is enough to kill many indigenous 
microflora while not imparting a cooked flavor to the resulting cheese, but this 
length of time is longer and less economical than the more common 71°C for 15 
s (10). Pasteurization at high temperatures also causes heat-induced interactions 
of whey proteins with casein, which changes the characteristics of proteolysis by 
limiting accessibility of proteases and peptidases to casein micelles (//). In 
addition, pasteurization inactivates indigenous microflora and several milk 
enzymes, causing the resulting cheese to contain fewer flavor compounds than 
raw milk cheese because of decreased proteolysis and lipolysis (12). Some 
enzymes survive pasteurization and are present in the milk at the beginning of 
cheesemaking. Nonstarter lactic acid bacteria may also enter the curd from the 
environment and increase the extent of proteolysis, often detrimentally (14). 
Plasmin, an enzyme found in milk and not inactivated by pasteurization, also 
contributes to proteolysis. Cheesemilk is not usually homogenized because the 
fat globules are reduced in size, which alters texture and functionality of the 
resulting cheese. Small, homogenized fat globules are subject to a higher level 
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of lipolysis, which may lead to rancid flavors (8) as discussed below. Increased 
lipolysis may be desirable in some cases; Feta and Blue cheese are often 
homogenized, and cream is sometimes homogenized before adding to 
cheesemilk. 

Starter Cultures 

Starter cultures include lactococci, lactobacilli, and leuconostocs, and are 
specifically selected for their ability to ferment lactose to lactic acid. These 
cultures are added at the start of cheesemaking in order to lower the pH of the 
milk before the coagulation step. Adjunct cultures are added at the same time; 
these are additional starters intended to produce particular flavors and may 
include propionibacteria, which produces the openings in Swiss cheese, and 
Penicillium roqueforti mold, which is used in Blue and Brie manufacture. 
Lipase enzymes are added in the manufacture of Parmesan and Romano, 
enhancing lipolysis. Lactic acid bacteria influence the rate and extent of acid 
development, which controls the dissociation of colloidal calcium phosphate; 
these factors affect the rate of proteolysis and flavor production (75). Live 
starter cultures probably contribute little to flavor development once the cheese 
is made, but the enzymes they release upon cell death are responsible for 
proteolysis and some lipolysis (8). 

Coagulant 

Milk is coagulated by the addition of food-grade acid, which may impart its 
own flavor to cheese, or rennet, which is a mixture of proteolytic enzymes. Acid 
addition is not normally used for ripened cheese. Rennet, traditionally extracted 
from calf stomach, is now more economically and more commonly obtained 
from microbial sources such as Rhizomucor miehei, and from microbial 
fermentation. Chymosin, the primary enzyme in rennet, cleaves the K-casein that 
stabilizes the casein micelle, causing the micelles to aggregate into a curd. 
Rennet survival in curd increases as the temperature of cooking decreases, 
leading to more proteolysis in the resulting cheese. Chymosin preferentially 
hydrolyzes ctsi-casein, but R. miehei enzymes also attack a s 2- and P-casein, which 
leads to greater peptide formation and additional flavors (13). 

Syneresis 

Whey imparts a tart flavor that may be objectionable in many cheese 
varieties. Around 90% of coagulated milk consists of whey, and cheesemakers 
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try to remove much of it so they can isolate the curd. Syneresis (whey 
expulsion) decreases the moisture in the curd, which slows the growth of bacteria 
and therefore reduces proteolysis. Syneresis increases with the temperature and 
time at which the curd is coagulated and cooked. Cheesemakers also increase 
syneresis by reducing the size of the cubes into which the curd is cut, thus 
increasing their surface area (75). Whey proteins, which account for 20% of 
milk protein, comprise only 3-6% of the protein in cheese. 

Salt and Coloring 

Before cheese is packaged, NaCl is added to modify salty flavor and to 
regulate the growth of microorganisms. NaCl is added in dry form to the curd, 
or the cheese is immersed in brine. Starter culture activity and metabolism of 
lactose are inhibited when the salt-in-moisture concentration goes above 5% (<?). 
Consequently, proteolysis, lipolysis, and flavor of cheese are affected by NaCl 
(76). Salt substitutes such as KC1 are also used, but lead to uncharacteristic 
flavors. Addition of color such as annatto or p-carotene does not affect flavor, 
although some people believe that cheese tastes better when highly colored (77). 

Surface Microorganisms 

Cheeses such as Brick, Camembert, and Limburger are aged with the aid of 
mold, yeast, fungi, and coryneform bacteria on the surface. Molds include 
Penicillium camemberti, which metabolizes lactic acid (see Lactose section 
below) and triggers a series of reactions eventually resulting in the production of 
NH 3 , leading to a pH of around 7.0 on the surface. The pH gradient (the interior 
of the cheese is initially around pH 4.6) causes migration of calcium phosphate 
to the surface and stimulates the action of the indigenous milk proteinase 
plasmin (18). Plasmin is responsible for some proteolysis and N H 3 imparts an 
ammonia flavor to cheese. Yeasts such as species of Kluyveromyces and 
Candida, and the Geotrichum candidum fungus, metabolize lactate to C 0 2 and 
H 2 0, providing an environment in which the coryneform bacteria 
Brevibacterium linens flourishes (8). B. linens and G. candidum break down 
sulfur-containing amino acids, leading to desirable sulfur-type flavors to surface-
ripened cheese (19). 

Ripening Time 

As cheese undergoes aging (also known as curing, maturing, or ripening), 
various flavors become prominent and then may strengthen or fade because of 
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the enzymatic processes taking place. These processes are accelerated by 
increasing the storage temperature, but most cheese is held at a typical 
temperature for that variety. For instance, Cheddar is ripened at 6-8°C and most 
Dutch and mold-ripened varieties are aged at 12-15°C. Ripening time, required 
for the desired flavor and texture, varies according to the cheese: Mozzarella 
needs only 3 wk, sharp Cheddar usually takes at least 6 mo, and Parmesan 
requires 2 yr (3). Soft cheeses are usually consumed within weeks because of 
bacterial activity. The storage times at which peak concentrations of common 
flavor compounds in Cheddar were reached during 26 wk of aging are compared 
in Table II. A combination of three different gas chromatography-olfactometry 
studies on Cheddar cheeses are represented in Table III - a sharp cheese that was 
apparently under 8 mo old, a 1-yr-old cheese, and a 3-yr-old cheese. Acetic acid 
and 2,3-butanedione (diacetyl) were the only compounds found in all the cheeses 
in Table III, although methional was presumed to be present in the 1-yr-old 
cheese but lost in sample preparation (21). A compound responsible for 
mushroom flavor, l-octen-3-one, was not positively identified in the 1-yr-old 

Table II. Storage time at which flavor compounds in Cheddar cheeses 
reach their maximum concentration (20). 

Compound Storage time (wk) 

Methanethiol 26 
Hydrogen sulfide & dimethyl sulfide 26 
Acetic acid 8-14 
Butyric acid 20 
Hexanoic acid 8-14 
Octanoic acid 8-14 
Decanoic acid 14 
Ethanol 26 
2-Propanol & 2-butanol 26 
Acetone 14-20 
Butanone 26 
2,3-Butanedione 8 
Heptan-2-one 20 
Nonan-2-one 14-20 
Undecan-2-one 14 
5-Decalactone 14 
Ethyl acetate 4 
Toluene 20 
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Table III. Flavor compounds in mild, 1-yr-old, and 3-yr-old Cheddar 
cheeses (21, 23, 24). An 'x' denotes a compound known to be present, and a 

denotes one suspected of being present. 

Compound Mild I yr 3yr 

Acetaldehyde X 

Methional X ? X 

Propanal & 2-methylpropanal X 

2-Methylbutanal X X 

Pentanal X 

Hexanal X X 

Heptanal X 

l-&2-Nonanal X 

fraw.s-4,5-epoxy-2-decanal X 

Methanethiol X 

Carbon disulfide & dimethyl disulfide X 

Dimethyl sulfide X 

Dimethyl trisulfide & tetrasulfide X 

Acetic acid X X X 

Butyric acid X X 

Propionic, pentanoic, hexanoic acids X 

Decanoic & dodecanoic acids X 

Ethanol X 

1-Proponol, 2-propanol, 2-methyl-1-propanol X 

1-Butanol, 2-butanol, 1-pentanol X 

2,3-Butanediol X X 

2-Propanone, 2-butanone, 2-pentanone X 

3-Hydroxy-2-butanone X X 

2,3-Butanedione X X X 

Furanones0 X 

2-Heptanone X 

l-Octen-3-one X ? X 

P-Damascenone X 

8-Dodecalactone & 6-dodecen-y-lactone X 

Ethyl acetate, ethyl butyrate, ethyl hexanoate X X 

Skatole X 

a-Pinene X 

Toluene & various alkanes X 

a4-Hydroxy-2,5-dimethyl-3(2/0-furanone and 2(5)-Ethyl-5(2)-methyi-4-hydroxy-3(2//)-
furanone. 
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cheese but probably corresponded to a compound with a mushroom odor labeled 
as unknown. The laboratories involved used different procedures to separate 
and identify compounds, and the results may not be entirely comparable, but 
several trends are apparent. Some aldehydes and sulfur compounds are formed 
in young cheese and others are found later on, but most do not linger after 1 yr. 
The alcohols and most free fatty acids are not formed immediately. Lactones are 
formed early and then disappear, and esters are formed later on. 

Few studies have monitored the formation of flavor compounds in one 
cheese during ripening. The results derived from one study that tracked volatile 
compounds in Serra da Estrela, an important Portuguese raw ewe's milk cheese, 
are shown in Table IV. The concentrations of the flavor compounds rise and fall 
because of the activity of the enzymes present (22). 

Table IV. Changes in concentration (mg/kg cheese) of compounds in Serra 
da Estrela cheese during aging (22). 

Compound Curd 3wk 6wk 

Butyric acid 20 47 37 
Hexanoic acid 26 48 34 
Octanoic acid 25 48 33 
Decanoic acid 63 131 89 
Dodecanoic acid 35 69 46 
Total free fatty acids 626 1294 1012 
Total alcohols (except methanol) 116 304 252 
Total ketones (except diacetyl) 0.3 3.9 7.0 

Lactose and Citrate 

The breakdown products of proteins and lipids, the two principal organic 
constituents of cheese, are primarily responsible for cheese flavor. Although 
lactose and citrate are present at relatively small concentrations, their 
metabolism is also important in all cheese varieties (8). 

Lactose 

The principal carbohydrate found in milk is the disaccharide lactose; other 
carbohydrates occur only in trace amounts. Around 98% of the lactose in milk is 
lost with the whey during the manufacture of most cheeses. Residual lactose is 
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completely metabolized by lactic acid bacteria to lactate within a day (up to 14 d 
for some dry-salted cheeses) (8), contributing an acidic flavor to cheese. Lactate 
serves as the primary source of food for starter bacteria that metabolize it to form 
acetaldehyde, acetate, ethanol, formate, and other compounds that contribute to 
characteristic cheese flavors (25). This process takes as little as 3 wk in Blue 
and other surface-ripened cheeses, and > 8 mo in Romano and other hard 
cheeses (75). C 0 2 is also generated, forming eyes in the curd of Swiss and 
related varieties. 

Citrate 

Around 94% of the citrate in milk is in the soluble phase and is lost in the whey 
during cheesemaking (26). Although comprising < 1.0% of the curd (7), citrate 
is a major contributor to flavor (26). Citrate is co-metabolized with lactose to 
pyruvate, which is then broken down into 2,3-butanedione, 3-hydroxy-2-
butanone (acetoin), 2,3-butanediol, and other compounds (27) (Fig. 1). These 
reactions occur during manufacture and ripening, and breakdown of the four-
carbon metabolic products takes place as ripening continues. Citrate is still 
present at a concentration of 0.1% in Cheddar after 6 mo (8). 2,3-Butanedione is 
an important aroma and flavor compound for unripened, Cheddar, and Dutch-
type cheeses (77) and is present throughout aging (Table III). 

2,3-butanedione 
CH 3 (C=0) 2 CH 3 

. 3-hydroxy-2-butanone 
CH 3(C=0)CH(OH)CH 3 

citrate ^ pyruvate ^ 2,3-butanediol 
(CH 2COCT)2 C CH 3(C=0)COCT CH 3 (CHOH) 2 CH 3 

/ \ 
HO COO 

^ acetate _ 
CH 3 COO 

• carbon dioxide 
C 0 2 

Figure 1. Breakdown of citrate in cheese. 
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Protein 

Approximately 80% of cheese protein is casein, the proteolysis of which is 
the most complex and perhaps the most important biochemical event during 
cheese ripening (7, 77). Proteolysis of casein to peptides and amino acids results 
from action of the coagulant, plasmin, enzymes from starter and adjunct cultures, 
and enzymes from nonstarter bacteria. The process, which begins when 
coagulant is added and continues throughout ripening, is accelerated by 
increasing the moisture level in the cheese and the storage temperature, and by 
decreasing the salt content. Patterns of proteolysis are unique to each cheese 
variety; Mozzarella, with a ripening time of < 3 wk, exhibits low levels of 
proteolysis, but smear-ripened cheeses undergo extensive protein breakdown 
within weeks. The a s l- and P-casein in blue-veined cheeses are completely 
hydrolyzed during ripening (7). Peptides are likely to contribute to the 
background flavor of cheese, but their role is uncertain. Larger peptides do not 
appear to have cheese-like flavors and small peptides are difficult to isolate and 
identify (8). Cheese proteolysis and analysis of proteins and peptides in cheese 
have been reviewed by Fox et al. (25) and by McSweeney and Sousa (18). 

Amino Acids 

Amino acids contribute to basic tastes in cheese: arginine, histidine, 
isoleucine, leucine, methionine, phenylalanine, tryptophan, tyrosine, and valine 
are bitter; alanine, glycine, serine, and threonine are sweet; lysine and proline are 
bitter and sweet; asparaginine, aspartic acid, and glutamic acid are sour; and 
sodium aspartate and sodium glutamate impart umami, or savory, flavor (8). 
Particular attention has been paid to bitter peptides, which are apparently 
released when coagulants and starter culture proteinases break the casein into 
fragments with hydrophobic ends (25). Proteolysis of p-casein by chymosin to 
the fragment p-casein (fl 93-209) has been implicated in bitterness (3). About 
half of the P-casein in Cheddar is hydrolyzed within 6 mo (8). 

The most abundant amino acids in Cheddar are glutamic acid, leucine, 
lysine, phenylalanine, and valine (28), with methionine (see below) and leucine 
being the primary contributors to typical cheese flavor (29). Glutamic acid and 
leucine are present in Cheddar at approximately 100 mg/kg cheese after 5 wk, 
300 mg/kg after 3 mo, and 650 mg/kg after 6 mo (30). Lysine, phenylalanine, 
and valine are present at 100-150 mg/kg after 3 mo and 200-350 mg/kg after 6 
mo (30). 

Amino acids act as precursors for catabolic reactions, as they undergo 
transamination to other amino acids, decarboxylation to amines, and deamination 
to a-ketoacids and ammonia (Fig. 2). In decarboxylation, an amino acid is 
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converted to the corresponding amine with the loss of C0 2 . Cheese contains 
numerous volatile amines such as dimethylamine, which is found in blue 
cheeses, and trimethylamine, which gives a fishy off-flavor. Primary and 
secondary amines usually have perception thresholds in the 1-200 mg/kg range, 
but tertiary amines such as trimethylamine can be perceived at 0.5 ng/kg (31). 
Volatile amines are responsible for alcoholic, fruity, and varnish flavors (31). 
Nonvolatile amines such as tyramine, histamine, and tryptamine are also 
generated, but these are more noted for their physiological effects on susceptible 
people than for flavor (26). Deamination leads to the production of a-ketoacids 
such as a-keto-3-methylbutanoic acid. Ammonia, which is important for the 
flavor of Camembert, Gruyere, and other cheeses, is also formed (26). Alkyl 
pyrazines, detected in some cheeses (26), contribute a roasted flavor (32). 

plasmin and coagulant 
casein • large peptides 

microbial enzymes 
and coagulant 

small peptides 

1 peptidases 
and proteinases 

decarboxylation transamination 
amines < free amino acids • amino acids 

i 
alcohols and acids 

Figure 2. Proteolysis of casein into aldehydes, alcohols, and acids. 
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Aldehydes 

Amines, amino acids, and a-ketoacids can be converted to aldehydes by the 
Strecker degradation, in which an a-amino acid reacts with a carbonyl group 
(33). Aldehydes are present throughout ripening (Table III). Perception 
thresholds of aldehydes are usually in the 1-10 ng/kg range (31). Saturated 
aldehydes from hexanal to nonanal lead to green immature fruit flavors (Table 
V), while longer chain aldehydes have aromatic notes (37). Isobutanal and 3-
methylbutanal have recently been associated with nutty flavor (34). Aldehydes 
are often oxidized to acids or reduced to corresponding primary alcohols. 

Table V. Selected aldehydes responsible for cheese flavors (3,32). 

Aldehyde Flavor notes 

Acetaldehyde Sweet, pungent 
2-Methylpropanal Pungent, chocolate 
Butanal Pungent 
2- & 3-Methylbutanal Dark chocolate, malt 
Pentanal Pungent, almond-like 
Hexanal Green 
2-Hexenal Green, fatty, almond bitter 
Heptanal Green, fatty, oily 
4-Heptenal Creamy, biscuit 
Octanal Green, fatty, soapy, fruity 
Nonanal Green 
2,6-Nonadieneal Melon, cucumber 
Decanal Soapy, flowery 
2,4-Decadienal Mayonnaise, bread, fatty, fruity 
Phenyl acetaldehyde Rosy, honey 

Methionine 

Catabolism of sulfur-containing amino acids provides important flavor notes 
in many cheeses that are ripened for several months. Cysteine is present in trace 
amounts in cheese (77), but bacterial breakdown of methionine leads to potent 
compounds that are detectable in the 1-100 îg/kg range. The most important of 
these compounds is methanethiol (CH3SH), which has been found to correlate 
with flavor intensity in Cheddar and is a precursor to sulfur compounds such as 
dimethylsulfide (29). Methional (CH 3SCH 2CH 2CHO), produced by the Strecker 
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degradation, has a cooked potato odor that contributes in a positive manner to 
the flavors of Camembert, Cheddar, and other cheeses (26). Other sulfur-
containing compounds resulting from methionine degradation include dimethyl-
disulfide, dimethyltrisulfide, and various thioesters (1, 19). These compounds 
impart cabbage, cauliflower, garlic, and sulfiirous flavor notes, and are 
especially important in mold-ripened cheeses (31). 

Aromatic Amino Acids 

Tryptophan, tyrosine, and phenylalanine are degraded into the a-ketoacids 
indole-3-pyruvate, /7-hydroxyphenyl pyruvate, and phenyl pyruvate, respectively 
(35). From there, a number of pathways lead to important cheese flavor 
compounds, not all of which are desirable. Indole compounds and skatole 
produced from tryptophan have a fecal, putrid, musty odor (36). Benzaldehyde, 
produced from tryptophan and phenylalanine, has an almond aroma (36). 
Phenylethanol and phenylacetaldehyde, also produced from phenylalanine, have 
unclean flavors (37). Breakdown of tyrosine leads to the production of /?-cresol, 
which is responsible for a barny or utensil flavor (37). Al l of these compounds 
are minimized by control of ripening temperature and time. 

Branched Chain Amino Acids 

Leucine, isoleucine, and valine are converted to a-ketoisocaproate, a-keto-
p-methylvalerate, and a-ketoisovalerate, respectively, which lead to sweaty and 
rancid cheese flavors (36). The catabolic products 2-methylbutanal, 3-
methylbutanal, and 2-methylpropanal impart malty flavors, and the 
corresponding alcohols lead to alcoholic and fruity odors (38). 

Lipids 

Oxidation of triacylglycerols in cheese is limited because of the negative 
redox potential, but hydrolysis by lipase enzymes to diacylglycerols, 
monoacylglycerols, glycerol, and fatty acids is extensive for many cheese 
varieties (39). Lipases in rennet paste coagulant, starter culture, and adjunct 
culture may all contribute to hydrolysis. Milk contains lipoprotein lipase, and 
additional lipase enzyme may also be added. The free fatty acids (FFA) level 
has been found to increase in Cheddar from 0.7 mmol/g cheese after 1 d, to 1.0 
mmol/g after 60 d, to 2.5 mmol/g after 180 d; certain adjunct cultures can elevate 
these levels by 50% (40). The changes in FFA concentration in a raw milk 
cheese during aging are shown in Table IV. 
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Free Fatty Acids 

Long-chain FFA with more than twelve carbon atoms, have high flavor 
thresholds (hundreds of mg/kg) and contribute slightly to cheese flavor. In 
contrast, FFA with shorter chains have far lower perception thresholds (1-10 
mg/kg) and impart major flavor notes (37). FFA typically found in cheese are 
shown in Table VI. Some of these are directly responsible for flavors commonly 
associated with specific cheese varieties or cheese in general. In addition to the 
FFA listed, 2-methylbutyric, isobutyric, and isovaleric acids may be derived 
from branched-chain amino acids, and impart sweaty, rancid, and rotten fruit 
flavors (36). Hydrolytic rancidity, the release of flavorful short chain fatty acids 
by lipases, is undesirable if at high levels, but make a positive contribution to 
flavor at low levels, especially in hard Italian and Feta cheeses (36). 

Fatty acids are catabolized into four classes of compounds: P-ketoacids, 4-
and 5-hydroxyacids, unsaturated fatty acids, and free fatty acids (Fig. 3). 
Unsaturated fatty acids are degraded into aldehydes, acids, and alcohols, which 
were described in earlier sections. 

P-Ketoacids 

Methyl ketones and secondary alcohols are the degradation products of P-
ketoacids. These appear at various times during ripening (Table III). Secondary 
alcohols (principally heptan-2-ol, nonan-2-ol, and phenyl-2-ethanol; Table VII) 
and odd-chain methyl ketones (especially 2-heptanone, 2-nonanone, and 2-
undecanone; Table VIII) are responsible for a large portion of aroma compounds 
in mold-ripened cheese (41). The perception thresholds for these compounds 
range from 0.01 to 10.0 mg/kg (37). Citronellol and linalool originate in pasture 
plants (5). Two furan compounds, 2,5-dimethyl-4-hydroxy-3(2H)-furanone and 
2-ethyl, 4-hydroxy-5-methyl-3(2H)-furanone, impart caramel flavor to Cheddar 
(23) and Swiss cheese (42). 

Hydroxyacids 

Hydroxyacids are esterified into cyclic compounds to form y- and 5-
lactones, which provide definite fruity notes (37). The most important of these 
compounds in cheese are the decalactones and dodecalactones, which can be 
perceived in the 0.1-3 mg/kg range (37) (Table IX). 
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Table VI. Selected fatty acids responsible for cheese flavors. (3, 32, 41). 

Fatty acid Flavor notes 

Acetic & propionic Pungent, vinegar 
Butanoic Rancid, cheese 
n-Pentanoic Swiss cheese 
3-Methylbutanoic Swiss cheese, waxy, sweaty, fecal 
n-Hexanoic Pungent, blue cheese, goat 
n-Octanoic Wax, soap, goat, musty, rancid, fruity, 

stale butter, sweaty 
4-Methyloctanoic Wax, goat, cheese 
4-Ethyloctanoic Goat 
Decanoic Rancid 
Dodecanoic Soapy 

p-
ketoacids 

I 
I 

secondary 
alcohols 

triacylglycerols 

lipase 

fatty acids 

T 
4- or 5-

hydroxyacids 

i 
methyl ketones y- o r 6-lactones 

T 
unsaturated 
fatty acids 

i 
aldehydes 

i 
acids and 
alcohols 

free 
fatty acids 

i 
esters 

Figure 3. Lipolysis of triacylglycerols into cheese flavor compounds. 
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Table VII. Selected alcohols responsible for cheese flavors (J, 32, 41). 

Alcohol Flavor notes 

Ethanol Mild, ethery 
n-Propanol Pungent 
n-Butanol Floral, fragrant, fruity, sweet 
2-Pentanol Alcoholic, nutty, fruity, sweet 
n-Hexanol Fatty, floral, green 
2-Octanol Green, mushroom, coconut, oil, rancid 
l-Octen-3-ol Mushroom 
l,5-Diocten-3-ol Soil, geranium 
Phenol Floral, medical 
2-Phenylethanol Rose, floral 
2-Methylisoborneol Musty, soil 
Citronellol Rose 
Linalool Floral 

Table VIII. Selected ketones responsible for cheese flavors (5, 32, 41). 

Ketone Flavor notes 

2-Butanone Etheric, acetone 
2,3-Butanedione Buttery 
3 -Methy 1-2-butanone Camphor 
2-Heptanone Blue cheese, fruity, musty, soapy 
l-Octen-3-one Mushroom 
2-Octanone Floral, fruity, musty, soapy 
2-Nonanone Green, earthy, blue cheese, fatty, fruity, 

musty, varnish 
2-Undecanone Floral, fruity, green, musty, tallow 
Acetophenone Orange blossom, almond, musty, glue 
Carvone Herbaceous 
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Table IX. Fruit-type flavors arising from lactones found in cheese (31, 41). 

Lactone Flavor notes 

8-Octalactone Coconut, wine 
y-Octalactone Fruity, coconut 
8-Decalactone Peach, coconut 
y-Decalactone Peach, apricot, coconut 
S-Dodecalactone Fresh fruit, peach, pear, plum, coconut 
y-Dodecalactone Peach 

Esters 

A variety of enzymes causes short- and medium-chain fatty acids to be 
esterified with ethanol to form esters, usually later in the ripening process (Table 
III). Esters have characteristic fruity or floral notes (Table X) which are often 
ten times more potent than the corresponding alcohols (41). Esters can be 
perceived in a range from 2 |ig/kg to 20 mg/kg (57). Thioesters derived from 
methionine are also found in some cheeses, and are responsible for cabbage, 
cheesy, and rancid flavors (43). 

Table X. Fruity and floral flavor notes arising from esters found in cheese 
(3,41). 

Ester Flavor notes 

Ethyl acetate Fruity, sweet, solvent, pineapple 
n-Butyl acetate Pear 
3-Methylbutyl acetate Banana 
Isoamylacetate Pear, banana 
Ethyl propionate Fruity, pineapple 
Ethyl butanoate Fruity, pineapple, bubble gum 
n-Propyl butanoate Pineapple, banana 
Methyl hexanoate Pineapple 
Ethyl hexanoate Fruity, pineapple, banana 
Ethyl octanoate Fruity, apricot, wine 
Geranyl acetate Rose 
Methyl jasmonate Jasmine 
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Summary 

Cheese acquires its unique mixture of flavors from variations of 
manufacturing parameters and from the breakdown of citrate, lactose, lactate, 
lipids, and proteins. Rather than being a stable and invariable product, cheese is 
constantly undergoing changes that affect its flavor profile. 
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Chapter 10 

Biochemistry of Cheese Flavor Development: Insights 
from Genomic Studies of Lactic Acid Bacteria 

Jeffery R. Broadbent1 and James L. Steele2 

1Department of Nutrition and Food Sciences and Western Dairy Center, 
Utah State University, Logan, UT 84322 

2Department of Food Science, University of Wisconsin, Madison, WI53706 

To attain characteristic flavor and body attributes, many 
cheese varieties must be ripened at low temperature for months 
or even years. Because flavorful cheese has premium value as 
a food or food ingredient, there is considerable industrial 
interest in technologies to accelerate the ripening process. 
Research has shown that the lactic acid bacteria (LAB) present 
in the cheese matrix have a central role in flavor development, 
so effective strategies to accelerate or intensify cheese flavor 
can be derived from a more fundamental understanding of 
LAB physiology in milk and cheese environments. Although 
many details must still be elucidated, current knowledge 
indicates LAB influence cheese flavor development via several 
key mechanisms including proteolysis, amino acid metabolism, 
lipase/esterase activity and citrate utilization. This paper 
provides an overview of these reactions and addresses recent 
genomic-based advancements that are driving current research 
to understand how LAB influence cheese flavor development. 

© 2007 American Chemical Society 177 
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Long before the emergence of microbiological science, human civilizations 
developed effective technologies to enhance the keeping qualities of foods, and 
one of the oldest methods for food preservation involves fermentation by lactic 
acid bacteria (LAB). The LAB are a relatively heterogeneous group of gram-
positive cocci, coccobacilli, and bacilli that inhabit a variety of ecological 
niches, yet share several defining characteristics such as: 1) low (< 55 mol%) G 
+ C content; 2) high acid tolerance; 3) nonsporing; 4) nutritionally fastidious; 5) 
aerotolerant but not aerobic; 6) inability to synthesize porphyrins; and 7) a 
strictly fermentative metabolism with lactic acid as the major metabolic end 
product (7). This group includes several industrially important species of 
Lactobacillus (Lb.), Lactococcus (Lc), Leuconostoc (Ln), and Streptococcus, 
which serve as starter cultures for the commercial manufacture of cheese and 
fermented milks. Because these bacteria are natural constituents of raw milk, 
spontaneously produced fermented milks have likely been part of the human diet 
for millennia. In time, such inadvertent fermentations slowly evolved into more 
deliberate processes that today provide more than 1000 unique cheeses, yogurts, 
and fermented milks. Historically, manufacturing processes for cheese and other 
fermented dairy foods relied entirely upon spontaneous acidification of milk by 
naturally occurring LAB. However, the discovery of the lactic acid fermentation 
by Pasteur in the mid-19th century, and the isolation of LAB starter cultures that 
quickly followed, eventually propelled many of these artisan processes into 
large-scale industrialized fermentations. 

In its continual drive toward increased mechanization and throughput, the 
dairy industry has become a leader in microbial and fermentation technologies. 
This is because experience has demonstrated that industrial-scale production of 
flavorful, consistently high-quality cheese is dependent on the use of well-
characterized starter bacteria. Because growth and economic success in cheese 
industry still depends on starter cultures with defined, predictable, and stable 
properties, fundamental knowledge of LAB genetics and physiology holds great 
value to the world's milk fermentation industry (2). 

Cheese Microbiology and Flavor Development 

Transformation of bland-flavored curd into delicious mature cheese is a 
complex and dynamic process whose intricacies are scripted by the milk type 
and composition, the cultures and enzymes present or added to the cheese milk, 
and the manufacturing and ripening conditions used. Many cheeses need to be 
stored at low temperature for months or even years before they attain 
characteristic flavor and body attributes. During this time, termed the curing or 
ripening period, microorganisms and enzymes in the cheese matrix act on milk 
constituents in a manner that is partly dictated by the curd microenvironment 
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(e.g., cheese pH, aw, salt content, E h , temperature, etc.) and which ultimately 
gives the desired product (3). 

Types of LAB that occur in internally bacterial-ripened cheeses such as 
Cheddar, Dutch, Swiss, and Italian varieties, include deliberately added strains 
(e.g., starters and adjunct cultures) and adventitious species (primarily nonstarter 
LAB or NSLAB) that enter cheese through milk or processing equipment. 
Modern sanitation and Good Manufacturing Practices help minimize initial 
numbers of NSLAB in cheese, yet these organisms invariably appear and grow 
to high numbers during ripening (4). In Cheddar cheese, numbers of Lactococcus 
lactis starter bacteria frequently exceed 109 colony-forming units (cfu) per gram 
when ripening begins. As maturation proceeds, the harsh cheese ripening 
environment (little or no residual lactose, pH 5.0 to 5.3,4-6% salt in moisture, 5-
13°C) gradually takes its toll and starter viability declines. A fraction of the 
dying starter cells undergo autolysis, which releases intracellular enzymes and 
cellular components (e.g., sugars and nucleic acids) into the cheese matrix (5). 
At the same time, NSLAB populations (whose initial numbers are typically less 
than 102 cfii/g in cheese made under good sanitary conditions with high quality 
pasteurized milk) begin to grow and eventually plateau at cell densities of 107-
108 cfu/gram after 3-9 mo of aging (4). Microbiological studies have shown 
NSLAB populations in bacterial-ripened cheeses may be quite diverse, but are 
usually dominated by facultatively heterofermentative species of lactobacilli or, 
far less frequently, by pediococci (4,6-10). Depending on the species that is used 
(and whether or not the particular strain can grow in ripening cheese), 
populations of adjunct bacteria may mirror the trend for starter or NSLAB 
fractions. 

Though a link between LAB activity and cheese flavor attributes was 
postulated more than 100 years ago (see ref 5), the variation and complexity that 
exists in cheese microbiota and enzyme content confounded early efforts to 
establish a causal role for these bacteria in flavor development. This limitation 
was overcome in the late-1950's, when sensory studies of aseptically 
manufactured Cheddar cheese showed that starter-free, gluconolactone-acidified 
cheese failed to develop Cheddar flavor, while cheese made with Lc. lactis 
starter bacteria developed characteristic, balanced flavor (11,12). The same 
investigations also showed NSLAB could modify basic flavor notes and 
accelerate flavor development. More recently, use of Lactobacillus spp. NSLAB 
isolates as adjunct cultures for Cheddar cheese manufacture has indicated these 
bacteria may influence flavor in at least 3 ways: they may intensify (i.e., 
accelerate) typical flavor development, impart atypical (but desirable) flavor 
notes, or promote off-flavor development (5, 9, 10, 13, 14, 15, 16). In addition, 
NSLAB have also been associated with cheese quality defects such as open body 
(via gas production) and formation of calcium lactate crystals (5, 17, 18). 
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LAB Physiology and Cheese Flavor Development 

Given the causal role of LAB in flavor development, efforts to define the 
biochemical basis for flavor changes in cheese have logically focused on the 
microbiology and physiology of species found in cheese (for recent reviews see 
refs 6,19-22). Those efforts have found starter, adjunct, and NSLAB can 
influence flavor development through several mechanisms that include lactose 
fermentation, conversion of milk proteins (primarily caseins) into peptides and 
free amino acids, catabolism of amino acids into volatile aroma compounds, 
lipase/esterase activity, and citrate catabolism. 

Fermentation of lactose to L-lactic acid is a primary function of any starter 
culture in cheese manufacture, and the degree of acid production in the vat is a 
critical factor for controlling cheese quality. This is because the rate of acid 
production by the culture determines the final pH and mineral content of the 
curd, which in turn affects the basic protein structure and amount of residual 
coagulant retained in the curd, and thus cheese texture and flavor properties (23). 
Lactate itself is a component of cheese flavor and in Swiss-type cheeses, it 
serves as a substrate for the growth of propionibacteria, which convert lactate 
into propionic acid (another important flavor component) and C 0 2 (which 
produces the cheese "eyes"). Rapid depletion of residual milk sugar in the curd 
by starter bacteria also helps prevent its use as a substrate for undesirable 
adventitious bacteria that may produce flavor and body defects (5,24). 

In many bacterial-ripened cheeses, the enzymatic conversion of caseins into 
peptides and free amino acids is one of the most important biochemical events 
during ripening (3). As a result, the relationship between proteolysis and cheese 
flavor development has been an area of intense research interest for decades. 
That work has revealed that proteolysis in ripened cheese is a complex process 
that involves endogenous milk enzymes, chymosin, and microbial proteinases 
and peptidases (25). The relative contribution of these enzymes to cheese 
ripening is influenced by the specificity and relative activity of individual 
enzymes in the cheese matrix and, in the case of intracellular enzymes, access to 
appropriate substrate (26). In ripening Cheddar cheese, the hydrolysis of intact 
caseins is almost exclusively catalyzed by chymosin and endogenous milk 
enzymes, while the proteinases and peptidases from Lc. lactis starter bacteria are 
primarily responsible for the production of water-soluble peptides and free 
amino acids (27). 

Together, primary and secondary proteolysis may influence cheese flavor in 
several ways (3). For example, breakdown of the casein network by chymosin 
and plasmin loosens cheese texture, which facilitates the release of flavor 
compounds when the cheese is consumed. In addition, some of the peptides 
produced by these enzymes can have a direct influence on flavor, but that effect 
is probably negative (i.e., bitter flavor defect). The high- and medium-molecular 
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weight peptides produced by chymosin and plasmin also serve as substrates for 
microbial proteinases and peptidases, which convert them into low molecular-
weight peptides and free amino acids. Free amino acids can also have direct 
effects on cheese flavor (e.g., sweet, sour, bitter, or umami flavors; 20), or may 
serve as precursors for the production of a broad range of potent aroma 
compounds (28). 

The latter reactions are of particular interest because a growing body of 
evidence indicates that amino acid catabolism by LAB is a key mechanism by 
which these bacteria generate flavor compounds in cheese (29). Thus, pathways 
for amino acid catabolism in LAB and their impact on cheese flavor 
development has been the subject of several recent reviews (21,26,28,30,31). 
The products of amino acid catabolism, which may arise via decarboxylation, 
deamination, transamination, desulfuration, or side chain removal, can impart 
positive or negative attributes to cheese flavor. To date, much of the research on 
amino acid catabolism by LAB has been directed toward the fates of aromatic, 
sulfur-containing, and branched chain classes of amino acids because of their 
key role in aroma development (28). As examples, Met conversion contributes 
desirable "sulfur" flavor to many cheese types (31), Leu catabolism is a source 
for "nutty" flavor in Cheddar cheese (32), and Phe breakdown can generate 
"floral" notes or "unclean" flavors (33,34). 

Lipase or esterase activity can also have direct and indirect consequences on 
cheese flavor. Enzymes involved in these reactions may come from milk itself, 
be added, or arise from starter and nonstarter LAB. Lipase addition, for example, 
produces the short-chain free fatty acids responsible for sharp flavor notes in 
some Italian cheeses (35). In cheeses made from pasteurized milk without added 
lipase or esterase, flavors associated with lipolytic or esterolytic activity are 
likely due to milk or microbial enzymes (35). Fatty acids released by lipase or 
esterase activity on milk triglycerides also serve as precursors for the formation 
of esters that impart fruity flavor to cheese. Interestingly, esterases and lipases 
are able to catalyze the hydrolysis and synthesis of esters, depending on 
conditions and cosubstrate levels (i.e., fatty acids and alcohols) (36,37). Most 
LAB have very low lipolytic or esterolytic activity, but these organisms can 
generate sufficient levels of free fatty acids and esters to impact flavor in cheese 
with long ripening times (37,38). 

Finally, citrate utilization by LAB is important to flavor because it can lead 
to the production of succinate, a compound with monosodium glutamate-like 
flavor enhancing properties, or the butter flavor compound, diacetyl. In Cheddar 
cheese, succinate is most likely produced by NSLAB from citrate via the 
reductive TCA pathway (39). The importance of diacetyl to the flavor and aroma 
of butter, buttermilk, and many cheeses has been recognized for decades. 
Diacetyl is formed by oxidative decomposition of oc-acetolactate, an intermediate 
in the pathways for pyruvate metabolism and amino acid biosynthesis. In recent 
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years, detailed knowledge of citrate metabolism and diacetyl production has 
yielded effective strategies to metabolically engineer Lc. lactis strains for 
enhanced diacetyl production (40). 

Greater knowledge of the mechanisms by which LAB affect cheese flavor 
has facilitated industry efforts to accelerate or intensify cheese flavor 
development but in many cases, detailed understanding of the molecular 
processes that direct flavor production is still lacking. At present, most of the key 
advances in this area are derived from experiments based on recombinant DNA 
technology. The advantage this technology affords for the analysis of LAB 
cellular and industrial processes is that it facilitates construction of strain 
derivatives that differ only by the action (null mutants) or activity (expression 
mutants) of one or more defined polypeptides. By comparing the phenotype of 
the wild-type bacterium to its isogenic derivative, the role of that polypeptide in 
a given process can often be defined. The knowledge accumulated from this type 
of research ultimately serves efforts to isolate or construct new strains with 
enhanced industrial productivity. As an example, the complexity of the LAB 
peptidase enzyme system had, for many years, confounded efforts to determine 
the role of individual enzymes in cheese proteolysis and maturation. However, 
construction of isogenic peptidase mutants now provides researchers with a 
potent systematic approach to determine the contribution of individual enzymes 
on cell growth and cheese properties (26,41,42,43). 

From Genetics to Genomics 

Because of its industrial significance as the starter bacterium for 
manufacture of Cheddar and Dutch-type cheeses, and the ease by which it may 
be propagated in the laboratory, current understanding of genetics in "food-
grade" LAB has largely been driven by research on Lc. lactis. Genetic studies of 
Lc. lactis began in the early 1970's and since that time, four basic groups of 
genetic elements have been characterized to the nucleotide sequence level in this 
and other dairy LAB species: plasmid DNA, mobile DNA elements, 
bacteriophages and, most recently, entire chromosomes (2). Though 
representatives from all four groups have been shown to affect milk 
fermentation, recent advances in fundamental knowledge of chromosomal 
structure and organization are of particular significance because they outline all 
of the essential housekeeping, catabolic, and anabolic activities of the cell. 

As outlined in a recent review by Broadbent (2), efforts to characterize LAB 
chromosomes were begun in the early 1970s, but detailed studies were not 
feasible until the development of pulsed-electric field gel electrophoresis 
(PFGE) technology in the early 1980's. With this method, researchers were able 
to determine LAB have a relatively small (1.8 to 3.4 Mbp), single, and circular 
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chromosome (e.g., fig. 1), and that genome size and organization differed among 
individual species and even some strains (44,45). The PFGE method is still 
useful in chromosome studies, but the most exciting developments in LAB 
genomics are now being fueled by nucleotide sequence information for complete 
genomes. 

N NN 
| 230 90 170 |70| 

s s 

370 450 310 
N 

• 1 660 
N 

J 

2360 kbp 

Figure 1. Physical map of the Lactobillus helveticus CNRZ32 chromosome. The 
map was derived from data collected after pulse-field gel electrophoresis with 

the restriction enzymes NotI (N) and Sfil (S). Numbers represent fragment 
sizes in kilobase pairs (kbp) 

Compilation and annotation (software-assisted prediction of gene location 
and product function) of full genome sequences has revolutionized bacteriology 
and provided exciting new opportunities to investigate bacterial evolution, 
genetics, physiology, and metabolism. As is shown in Table I, genome sequence 
information for several important LAB has become available in recent years, and 
sequencing efforts are underway for many other species that have significance in 
milk fermentation (46). In fact, the number of sequencing projects for LAB has 
become extensive enough that sequence information is now available for more 
than one strain in some industrially important species (Table I). While the latter 
development may at first glance appear to embody a redundant expenditure of 
sequencing resources, it is actually an important and exciting outcome. This is 
because it should allow researchers to elucidate the molecular basis for a number 
of important strain-dependent properties that are commonly encountered in dairy 
LAB, such as the ability to produce specific flavor notes, rates for autolysis or 
acidification, and resistance to freezing or lyophilization. 

Though some of the genomes listed in Table I are not yet available to the 
general scientific community, sequence data is now accessible for more than half 
of the strains listed. It is noteworthy that ten of the publicly accessible sequences 
listed in Table I were derived from a joint venture between the Department of 
Energy's Joint Genome Institute and the Lactic Acid Bacterial Genomics 
Consortium (LABGC). The goal of this Consortium is to advance academic and 
industrial research on LAB through compilation of publicly accessible genome 
sequence data for microbes that are important to the fermented foods industry. 
For more information on the LABGC effort see: 
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http://wineserver.ucdavis.edu/people/Faculty/mills/LABGC/lab.htm 
The value of genome sequence information for dairy-related bacteria to industry 
and academia cannot be overstated. Access to such comprehensive information 
databases has endowed researchers with unprecedented power to elucidate 
mechanisms by which LAB have evolved in, interact with, and respond to, milk 
and cheese environments. While the fundamental and applied payoffs of 
genomic research on species that are relevant to the dairy industry are certain to 
be numerous, it is important to note that sequence acquisition and annotation are 
only the first steps in genomics research. The physiological role and regulation 
of many deduced genes must yet be confirmed or identified, and this task could 
span decades. Nonetheless, global access to LAB genome sequence data and 
genome mining tools (e.g., microarrays and proteomics) are already driving a 
number of exciting research advances in dairy microbiology. Examples include 
studies to elucidate basic mechanisms for global gene regulation and metabolic 
engineering (47-49), cellular adaptation to stress or processing conditions (50-
52), intestinal growth and probiotic activity (53,54), physiological differences 
among species and strains (55-57), and discovery of novel antimicrobials (58). 
Not surprisingly, these and other studies have also provided valuable insight on 
molecular processes that influence cheese flavor development. 

The rapid compilation of LAB genome sequence information in recent years 
has also accelerated research progress on molecular processes that influence 
cheese flavor development. As was outlined above, proteolysis and amino acid 
catabolism are important mechanisms by which LAB contribute to flavor. 
Genome sequence data and bioinformatics have provided a rapid means to 
identify enzymes, metabolic pathways, and likely end-products associated with 
these and other reactions in the cell (55,56,59). More importantly, information 
gleaned from these analyses provides a framework for detailed functional 
genetics and proteomics-based investigations of cell physiology and its 
consequences on cheese ripening (57,60,61). 

Genome-based cheese flavor research by our group is, at present, centered 
on physiology and enzymology of Lb. helveticus CNRZ 32 (fig. 2), a commercial 
strain that reduces bitterness and intensifies flavor development (62-64). We 
recently assembled a draft (4-fold coverage) genome sequence for CNRZ 32, 
and have used that sequence to derive an overview of the bacterium's metabolic 
capabilities in regard to proteolysis, amino acid catabolism, and other flavor-
related attributes. As shown in Table II, an immediate outcome of that effort was 
the identification of several new genes predicted to encode enzymes that would 
contribute to casein hydrolysis in cheese. Because of the intense and successful 
research effort Dr. Steele's group had previously afforded this topic (26), 
discovery of more than 20 new genes for proteolytic enzymes in CNRZ 32 was 
unexpected, and serves to illustrate the capacity of genomics to dramatically 
accelerate microbiological research. Significantly, functional analysis of three 
newly discovered endopeptidases, which were of particular interest because 
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Figure 2. Scanning electron micrograph of Lactobacillus helveticus CNRZ 32. 
Bar represents 3 ixm. 

endopeptidases have a central role in hydrolysis of bitter peptides (65\ showed 
they likely are critical components of the debittering activity found in this strain 
(43). 

Functional genomics is also being used to investigate amino acid catabolism 
in Lb. helveticus CNRZ32. In cheese, the conversion of amino acids into volatile 
cheese flavor compounds may occur directly or by interaction between starter, 
adjunct and NSLAB (66). The basis for culture interactions is not fully 
understood, but all LAB are auxotrophic for one or more amino acids, and it has 
been demonstrated that the primary mechanism for amino acid breakdown by 
LAB involves the reversible action of enzymes involved in anabolic pathways 
(28). Thus, the interplay that occurs between LAB in amino acid catabolism may 
reflect the nature of amino acid auxotrophies among different bacteria in cheese. 
Analysis of the amino acid requirements of Lb. helveticus CNRZ 32 by single 
amino acid omission in a chemically defined medium indicated this bacterium is 
auxotrophic for 14 amino acids, including Met and all aromatic and branched-
chain amino acids (42). Reconstruction of amino acid biosynthetic pathways 
from the Lb. helveticus CNRZ 32 genome sequence showed generally good 
agreement between genome predictions and phenotype, and revealed amino acid 
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Table II. Genes Discovered in Draft Lactobacillus helveticus CNRZ 32 
Genome Sequence which are Predicted to Encode Enzymes Involved in 

Casein Hydrolysis 

Proteinases: 

prtH2 plus additional proteases 

Endopeptidases: 

pepE2, pepF, /?e/?03,plus 2 glycoprotein endoproteinases 

Aminopeptidases: 

pepC2 plus 7 additional aminopeptidases 

Di- and Tri-peptidases: 

pepD2, pepD3, pepD4, pepQ2, pepTl andpepT2 

Table III. Genetic Basis for Amino Acid Prototrophy or Autotrophy in 
Lb. helveticus CNRZ 32 as Predicted from a 4X Draft Genome Sequence 

Amino Acid Predicted pathway Status Essential 
Ala complete; from pyruvate no 
Arg incomplete; most genes absent yes 
Asn/Asp incomplete; pseudogene asn or asp 
Glu incomplete; most genes absent yes 
Gin complete; from Glu no 
Cys complete; from Ser no 
Met incomplete; pseudogene yes 
Lys incomplete; 1 gene absent yes 
He, Leu, Val incomplete; most genes absent yes 
Phe, Tyr, Pro incomplete; most genes absent yes 
His incomplete; all genes absent yes 
Pro incomplete; all genes absent yes 
Ser complete; from Gly, glycerate or pyruvate no 
Thr incomplete; all genes absent yes 
Gly complete; from Ser no 
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auxotrophy in this species was primarily due to complete gene loss rather than 
point mutations or minor genetic lesions (Table III). Nonetheless, phenotypic 
data indicate that "remnant" enzymes from truncated pathways, such as the 
aromatic and branched-chain aminotransferases, contribute to amino acid 
breakdown by Lb. helveticus CNRZ 32 (67,68). Because primary sequences of 
many enzymes involved in amino acid anabolic and catabolic reactions are 
relatively well-conserved, growing access to genome sequence information is 
expected to dramatically enhance our ability to predict and test pathways for 
amino acid catabolism in cheese. 

In summary, many of the mechanisms by which LAB affect cheese flavor 
have been identified, but important details regarding the pathways and enzymes 
involved in these reactions remain unknown. However, the rapid output of LAB 
genome sequence information seen in recent years, combined with technological 
advances in molecular biology tools, computers and software platforms has 
provided researchers with unprecedented opportunity to address these and other 
important questions related to LAB genetics and physiology. The knowledge 
base that will emerge from these efforts will transform the dairy cultures industry 
and contribute innovation and economic vitality to the cheese and fermented 
milk industry. 
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Chapter 11 

Proteolytic Enzymes of Lactic Acid Bacteria and 
Their Influence on Bitterness in Bacterial-

Ripened Cheeses 

Jeffery R. Broadbent1 and James L. Steele2 

1Department of Nutrition and Food Sciences and Western Dairy Center, 
Utah State University, Logan, UT 84322 

2Department of Food Science, University of Wisconsin, Madison, WI53706 

Bitterness, a common flavor defect in Cheddar and Gouda 
cheese, results from the accumulation of hydrophobic bitter 
peptides to concentrations higher than their taste thresholds. 
Formation of these peptides is directly related to the activity 
and specificity of the lactococcal cell envelope protease 
(lactocepin) and the coagulant, chymosin. Degradation of these 
peptides is related to the activity and specificity of peptidases 
derived from the starter and non-starter bacteria present in the 
ripening cheese. Therefore, by controlling the activity and 
specificity of the proteolytic enzymes of lactic acid bacteria it 
should be possible to control bitterness. This paper will focus 
on the contribution of lactocepin to the formation of bitter 
peptides and a method for altering lactocepin specifically. 
Additionally, efforts to characterize the proteolytic enzyme 
system of an adjunct culture known to reduce bitterness, 
Lactobacillus helveticus CNRZ32, will be discussed. 

© 2007 American Chemical Society 193 
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Proteolysis in bacterial-ripened cheese is a complex and dynamic process 
that involves endogenous milk enzymes, rennet, and microbial proteinases and 
peptidases. Hydrolysis of intact caseins (CNs) is catalyzed almost exclusively by 
rennet and endogenous milk enzymes, while the proteinases and peptidases from 
lactic acid bacteria (LAB) are principally responsible for the production of 
water-soluble peptides and free amino acids (7,2). The concerted action of these 
enzymes in cheese is influenced by the specificity and activity of the individual 
enzymes present in the cheese matrix and, in the case of intracellular enzymes, 
access to an appropriate substrate. Studies in Cheddar- and Dutch-type cheeses 
suggest that the concerted action of these enzymes is one of the most important 
biochemical events during maturation (3). Proteolysis is also associated with 
bitterness. However, and this flavor defect is commonly observed in reduced-
and full-fat Cheddar cheese (4-6). 

Bitterness develops when small hydrophobic peptides produced from CNs 
by the coagulant and starter cell envelope proteinase (lactocepin) accumulate to 
levels that exceed desirable taste thresholds (5,7). Although intact CNs are 
flavorless, each casein contains regions of hydrophobicity which can yield bitter 
peptides during proteolysis. Bitter peptides produced by rennet and proteinases 
from starter LAB can, however, be further hydrolyzed to non-bitter peptides and 
amino acids by intracellular peptidases released as a consequence of autolysis of 
LAB (5,7). Nonetheless, strain propensity for autolysis and the individual 
activity of peptidases may vary considerably (8,9), and research has 
demonstrated that lactocepin-derived peptides still accumulate in cheese made 
with autolytic Lactococcus (Lc.) lactis starter bacteria (10-12). It has therefore 
been our hypothesis that the most effective strategy to control bitterness is to 
develop starter systems that combine a low propensity for bitter peptide 
production with highly active debittering peptidases. To test this hypothesis, our 
group has investigated the contribution of lactocepin specificity to the 
production of bitterness, and the ability of Lactobacillus (Lb.) helveticus 
peptidases to hydrolyze starter- and rennet-produced bitter peptides. 

Proteolytic Enzymes of Lactic Acid Bacteria 

The proteolytic enzyme system of LAB represents a diverse compilation of 
enzymes the collective function of which is primarily devoted to the procurement 
of essential amino acids and housekeeping needs (e.g., protein processing and 
turnover). Although milk is an excellent substrate for many LAB, levels of free 
amino acids and small peptides in milk only can support 2 to 4 cell generations 
(at 1% inoculum) (75). Once those resources are exhausted, cells must be able to 
derive additional amino acids from milk proteins, particularly casein. 

Detailed analysis of proteolytic systems in several dairy LAB, notably Lc. 
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lactis, Lb. helveticus and Lb. casei, suggest that enzymes involved in the 
procurement of essential amino acids can be loosely divided into three major 
categories (14-16): 1) extracellular, cell envelope-associated proteinases (e.g., 
lactocepin) that degrade caseins or large molecular-weight peptides into medium 
and small molecular-weight oligopeptides; 2) a number of specialized transport 
systems to take up free amino acids and oligopeptides from the environment 
(lactococci, for example, possess a minimum of ten amino acid transport 
systems, two systems for di- and tri-peptide transport, and an oligopeptide 
transport system that accommodates peptides of 4 to [at least] 18 amino acids in 
length); and 3) intracellular peptidases that degrade peptides into smaller 
oligopeptides (endopeptidases) and free amino acids (exopeptidases). 

While the biological role of the proteolytic system is focused simply on 
cellular growth needs, its activity in fermented milk foods has important 
practical consequences on the sensory, functional and nutritional attributes of 
these products. The degree of proteolysis in fermented milks, for example, 
affects the structure and nutritional value of these products, and peptides and 
amino acids liberated by this activity also serve as precursors for flavor-
generating reactions (77). Proteolysis and its secondary reactions have an even 
more pronounced effect on flavor maturation in and functional properties of 
cheese (3,18), and the relationship between proteolytic enzyme activity and 
flavor development in bacterial-ripened cheese has been a focal point in dairy 
research for several decades. Those efforts have determined that primary and 
secondary proteolysis influences cheese flavor development in at least 3 
important ways (3): 1) breakdown of the casein network by rennet and plasmin 
softens cheese texture, which facilitates the release of flavor compounds during 
chewing; 2) some of the peptides produced by the action of these enzymes are 
small enough to influence flavor (although their effect is typically negative; i.e., 
bitter); and 3) high and medium molecular weight peptides that are produced by 
rennet and plasmin serve as substrates for microbial proteinases and peptidases, 
which convert them into low molecular-weight peptides and free amino acids. 
Peptides from the latter reactions may contribute to bitterness (5), and free 
amino acids can be catabolized into a variety of potent flavor compounds (19). 
In the following sections, we outline the role of LAB proteinases and peptidases 
in the production and degradation of bitter peptides, and offer biotechnological 
strategies to control bitterness in cheese. 

Lactocepin Specificity and Bitterness 

As noted above, the degradation of casein or large molecular-weight 
peptides by LAB in milk or cheese is initiated by an extracellular, cell envelope-
associated proteinase (CEP). Although CEPs from several species of dairy LAB 
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have been characterized at the biochemical or genetic level, the most thoroughly 
studied enzyme in this group is the prtP gene product of Lc. lactis (8J4,16). In 
Cheddar cheese, the lactococcal cell envelope-associated proteinase, termed 
lactocepin, is the most important microbial enzyme for the hydrolysis of high-
and medium-molecular weight peptides produced by rennet or plasmin. 
Lactocepin is a 180-190 kDa enzyme that belongs to the subtilisin family of 
serine proteases. Although lactocepins from different lactococcal strains exhibit 
more than 98% amino acid sequence identity, purified enzymes may differ in 
their relative affinity and specificity for individual caseins (8). Biochemical 
studies originally identified two major types of lactococcal proteinases on the 
basis of their specificity toward a s r and p-caseins; Pm-type enzymes degrade 
both caseins, while Pi enzymes preferentially degrade P-casein and show little 
activity toward asl-casein. More detailed studies showed that lactococcal CEPs 
may also differ in their specificity toward individual caseins, and DNA sequence 
analysis of prtP genes showed that differences in specificity were linked to one 
or more amino acid substitutions in the enzyme's substrate-binding regions (8). 
As a result of these observations, eight distinct specificities, designated a-h, have 
replaced the Pi/Pm designation for the classification of lactocepin specificity 
(2,20) (Table I). 

Table I. Classification of the Lactococcus lactis Cell Envelope-Associated 
Proteinase (CEP) from Deduced Amino Acid Sequences for Substrate 

Binding Regions 

Prototype Residues in substrate-binding regions1 

strain 131 138 142 144 166 777 747 748 763 

SK11 Ser Lys Ala Val Asn Leu Arg Lys Asn a 
AM2 Thr Thr Ala Leu Asp Leu Arg Lys Asn b 
E8 Thr Thr Ala Leu Asp He Arg Lys Asn c 
UC317 Thr Thr Ala Leu Asp Leu Arg Lys His d 
Wg2 Thr Thr Ser Leu Asp Leu Leu Thr Asn e 
Z8 Thr Thr Ala Leu Asp Leu Leu Thr His f 
HP Thr Thr Asp Leu Asp He Leu Thr His g 
S3 Thr Thr Ala Leu Gly Leu Leu Thr His h 

Numbering system is based on the primary sequence for the SKI 1 group a C E P 

While the specificity of purified lactocepins toward a S r , P- and K-caseins 
has been well characterized, the specificity of purified enzymes differ from the 
native (cell-bound) form and it may also be influenced by the pH, salt content 
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and water activity of cheese (27,22). Thus, even though the lactocepin plays an 
important role in cheese proteolysis and flavor development, knowledge of the 
relationship between lactocepin specificity and cheese quality is largely 
incomplete. One notable exception, however, involves the contribution of this 
enzyme to bitter flavor defect, where several studies have implicated lactocepin 
specificity in the production of bitter peptides in cheese (10,23,24). However, 
efforts to define the role of lactocepin specificity in bitterness were confounded 
by strain variability in the propensity for autolysis and intracellular peptidase 
activity. 

To overcome these limitations, Broadbent et al. (25) investigated peptide 
accumulation and bitter flavor development in 50% reduced-fat Cheddar cheeses 
made with isogenic, autolysis-resistant, single-strain Lc. lactis starters that 
produced group a, e, h or no lactocepin. Results from this and related work 
confirmed that lactocepin specificity is a primary determinant in the propensity 
of the starter for bitter flavor development, and showed that this trait can be 
attenuated or enhanced by exchanging the lactocepin gene, prtP, for an allele 
encoding alternative group specificity (25,26). The latter observation is 
particularly significant because it affords a ready biotechnological strategy to 
reduce the propensity for bitter peptide production among existing commercial 
strains. For example, since lactococcal prtP is commonly encoded by plasmid 
DNA, one approach is to exchange any plasmid encoding bitter-type lactocepin 
for a plasmid-coded non-bitter prtP allele (26). An alternative strategy that was 
recently demonstrated by our group (27) involves genetic conversion of 
substrate-binding determinants in a bitter (group h) lactocepin to corresponding 
regions from a non-bitter (group b) enzyme. Characterization of isogenic prtP 
derivatives recovered from this work confirmed that lactocepin specificity in two 
industrial strains had been altered in a manner that reflected newly acquired 
substitutions in the enzymes' substrate binding regions. 

Debittering Activity of Lb. helveticus CNRZ 32 

Because bitter peptides are produced by the action of both rennet and 
lactocepin, effective control over this problem also requires delivery of enzymes 
that can hydrolyze these peptides into smaller, non-bitter peptides and free 
amino acids. In cheese, the latter activity is supplied by LAB endopeptidases and 
exopeptidases. As was noted earlier in this chapter, endopeptidases hydrolyze 
peptide bonds within peptides, while exopeptidases hydrolyze peptide bonds at 
the amino- or carboxy-terminus of peptides. To date, there is little compelling 
evidence for carboxypeptidases in LAB, so it appears that most (and perhaps all) 
exopeptidases from these organisms cleave peptides at the amino terminal end 
(8,14). 
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The complexity of the peptidase enzyme system in LAB has been an area of 
considerable research effort; many of the enzymes have been purified and 
characterized, and numerous genes encoding these enzymes have been cloned 
and sequenced (8,14) (Table II). Exopeptidases which have been isolated and 
characterized include two general aminopeptidases (PepN and PepC), 
aminopeptidase A, dipeptidases and tripeptidases. General aminopeptidases 
display broad specificity in their ability to sequentially remove amino acids from 
the amino terminus of peptides containing a variety of different amino acids at 
this position. Aminopeptidase A removes acidic amino acid residues (aspartyl 
and glutamyl) from the amino terminus of peptides. Tripeptidases cleave a 
variety of tripeptides into dipeptides and amino acids, while dipeptidases cleave 
dipeptides into amino acids (14). 

Table II. Genes Encoding Peptidases in Lactobacillus helveticus CNRZ 32 

Endopeptidases: 

pepE, pepE2, pepFt pepO, pepOl, pep03, plus 2 glycoprotein 
endopeptidases 

Exopeptidases: 

I. Aminopeptidases: 

pepC, pepC2, pepN, pepX p\us 7 additional uncharacterized 
aminopeptidases 

II. Di- and tri-peptidases: 

pepD, pepD2, pepD3, pepD4, pepl, pepQ, pepQ2, pepR, pepTl and 
pep T2 

The unique structure of proline requires specialized enzymes to hydrolyze 
peptide bonds that involve this amino acid, and several enzymes involved in the 
hydrolysis of proline-containing peptides have been identified in LAB. These 
include: proline iminopeptidase (Pepl), which removes Pro residues from the 
amino terminal of peptides; prolidase (PepQ), which cleaves dipeptides that 
contain Pro at the 2nd position; and X-prolyl dipeptidyl aminopeptidase (PepX), 
which removes dipeptides from the amino end of peptides that have Pro at the 
penultimate position. Peptidases that are active on Pro-containing peptides are of 
particular interest because of the relatively high abundance of Pro in casein. 
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In the past, the complexity of the LAB peptidase system complicated efforts 
to characterize the role of individual enzymes in casein hydrolysis and cheese 
ripening. However, advances in recombinant DNA (rDNA) technology now 
allow researchers to construct isogenic strain variants that differ only in the 
activity of a single peptidase. In recent years, this approach has been used to 
systematically determine the individual and collective contribution of various 
peptidases to cell growth and cheese properties (14,28-31). Dr. Steele's research 
group, for example, has utilized rDNA technology to dissect the proteolytic 
enzyme system of Lb. helveticus CNRZ 32, a commercial strain that reduces 
bitterness and intensifies flavor development in cheese (32-34). As is shown in 
Table II, their research led to the identification and characterization of numerous 
genes encoding endopeptidases (28,31,35,36), aminopeptidases (37,38,39) and 
di-tripeptidases (14,40,41). Significantly, these studies also produced a broad 
catalog of CNRZ 32 null mutants, constructed by gene replacement through 
rDNA methods, that lacked genes for one or more specific endo- or exo
peptidases (e.g., pepE, pepO, pepC, pepN, and pepX). 

Access to these mutants allowed Christensen et al. (42) to investigate the 
individual contribution of CNRZ 32 PepE, PepO, PepN, PepC and PepX to the 
hydrolysis of two casein-derived bitter peptides, asi-CN (f 1-9) and P-CN (f 
193-209), at pH 6.5 and under the pH and NaCl conditions associated with 
ripening cheese (pH 5.1, 4% NaCl). Unexpectedly, neither endopeptidase (PepE 
and PepO) nor the general aminopeptidase PepC made significant contributions 
to the breakdown of a s r C N (f 1-9) or p-CN (f 193-209). Instead, the general 
aminopeptidase PepN proved to be the most important enzyme in the initial 
hydrolysis of P-CN (f 193-209), but evidence also indicated an unidentified 
endopeptidase, with a specificity for peptide bonds at the C-terminal side of Pro 
residues, had an essential role in P-CN (f 193-209) hydrolysis (42). In follow-up 
work, Chen et al. (28) used a creative selection protocol that included a synthetic 
N-terminally-blocked peptide substrate (N-acetyl-P-CN-[f 203-209]-/?-nitro-
anilide) in a coupled reaction with PepN, to isolate a gene from CNRZ 32 
encoding an endopeptidase (designated Pep02) with post-proline specificity. 
This enzyme hydrolyzed p-CN (f 193-209) at the Pro196-Val197, Pro2oo-Val2oi and 
Pro2o6-He207 positions, and also severed the Pro5-Ile6 bond of asi-CN (f 1-9) 
(28). 

More recently, Sridhar et al. (31) investigated the activities of three 
additional endopeptidases (PepE2, PepF and Pep03) the genes to which were 
identified from a draft quality genome sequence of Lb. helveticus CNRZ 32, as 
well as PepE, PepO and Pep02, against p-CN (f 193-209) and a s r C N (f 1-9) 
under simulated cheese-ripening conditions (pH 5.1, 4% NaCl and 10°C). 
Although PepE2 and PepO did not hydrolyze either peptide, Pep03 proved to be 
a functional paralog of Pep02 and hydrolyzed both peptides in an identical 
manner. Interestingly, PepF showed post-prolyl specificity toward the Pro2o4-
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Phe2o5 and Pro206-Ile207 positions of p-CN (f 193-209), and also cleaved this 
peptide at the X-Gly bonds Leui98-Glyi99 and Arg 2 0 2-Gly 2 03, but did not 
hydrolyze a s r C N (f 1-9). The PepE enzyme hydrolyzed the Lys3-His4 and Lys7-
His8 bonds of a s r C N (f 1-9) but did not act on p-CN (f 193-209). The same 
study (31) also followed hydrolysis of P-CN (f 193-209) and a s r C N (f 1-9) by 
PepE, Pep02 and Pep03, under cheese-ripening conditions, in a defined peptide 
mix and in the complex peptide background of extracted Cheddar cheese serum. 
The endopeptidases Pep02 and Pep03 showed the highest activity against P-CN 
(f 193-209) and a s r C N (f 1-9) in all of the peptide systems examined (31). 

The latter observation is significant because Pro constitutes 16.7% of P-CN 
and 8.5% of a si-CN amino acid residues (43), and enzymes that are able to 
hydrolyze peptide bonds that involve Pro residues are therefore likely to have a 
central function in the hydrolysis of CN-derived peptides in cheese. Moreover, 
CN-derived bitter peptides contain relatively large amounts of Pro and the 
spatial structure that results from Pro incorporation in a peptide is thought to 
have a direct relationship to bitter flavor perception (7). Thus, post-prolyl 
endopeptidases like Pep02, Pep03 and PepF are probably essential for the 
debittering activity of Lb. helveticus CNRZ 32 because they convert Pro-
containing bitter peptides such as P-CN (f 193-209) into smaller peptides that 
can then be efficiently degraded to free amino acids and non-bitter X-Pro 
dipeptides by the general aminopeptidase PepN (Fig. 1). 

In summary, research by our group on the role of specific microbial 
enzymes in the production or degradation of bitter peptides in Cheddar cheese 
has shown that the specificity of the lactococcal cell envelope proteinase is a 
primary determinant of the propensity of the starter for bitterness, and has 
identified several Lb. helveticus CNRZ 32 peptidases that degrade known bitter 
peptides in cheese systems. This information has provided a knowledge base for 
processors to select starter adjunct combinations that can effectively control 
bitterness in cheese. 
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Chapter 12 

Volatile Sulfur-Containing Compounds 
from Methionine Metabolism in Genetically Modified 

Lactobacillus helveticus CNRZ32 Strains 

Scott A. Rankin1, Dattatreya S. Banavara1, Ed S. Mooberry2, 
James L. Steele1, Jeffery R. Broadbent3, and Joanne E. Hughes4 

Departments of1 Food Sciences and 2Biochemistry, University of Wisconsin, 
Madison, WI53706 

Departments of 3Nutrition and Food Science and 4BioIogy, Utah State 
University, Logan, UT 84322-8700 

Cystathionine-β-lyase (CBL) catalyzes the conversion of 
methionine to methanethiol, dimethyl disulfide and dimethyl 
trisulfide. These three compounds are collectively referred to 
as volatile sulfur compounds (VSC). Two strains of 
Lactobacillus helveticus CNRZ32 were evaluated for VSC 
production; wild-type and a genetically modified variant that 
produced elevated levels CBL. Whole cell suspensions and 
cell free extracts were incubated in buffer (pH 6.0) with 
methionine substrate; furfuryl alcohol was added as an internal 
standard. Results demonstrated that the modified strain 
produced ~2-fold higher levels of VSC, primarily dimethyl 
disulfide. In parallel, NMR was used to substantiate a lyase-
mediated pathway by tracking metabolites of uniformly 
labeled 13C methionine (17.5mM). 
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Flavor development in cheese is attributed mainly to the metabolic activities 
of starter and non-starter lactic acid bacteria. Catabolism of free amino acids 
yields desirable and undesirable flavor compounds (7). One class of flavor 
compounds, volatile sulfur compounds (VSC), can constitute a major portion of 
the odor active volatiles in ripened cheeses (2). During cheese ripening, 
microbial proteases, rennet and other enzymes, metabolize casein into smaller 
peptides. These peptides further yield a pool of amino acids by the action of 
peptidase enzymes. Methionine and cysteine are believed to be present in cheese 
at levels up to 0.02%. Methionine has been identified as a main precursor of 
VSC in certain cheeses (3). The catabolism of methionine to VSCs has been 
studied extensively in a variety of lactic acid bacteria (4, 5) and yeasts (6). 
Methionine conversion is believed to take place by at least two major pathways, 
one initiated by aminotransferases (ATases) and another initiated by lyases such 
as methionine-y-lyase and cystathionine-p-lyase (CBL) (7). The mechanisms, 
pathways and intermediate compounds formed are very different for these two 
enzymes. The ATase pathway has been shown to play a major role in converting 
methionine to VSCs in lactococcal strains (8). Lyases and ATases share a 
common co-factor, pyridoxal phosphate. However, VSC generation by the 
ATase-dependent pathway is also contingent on the presence of a-keto acids. In 
cheese, multiple pathways of VSC generation might exist based on factors such 
as bacterial strain, pH, and substrate/co-factor/enzyme availability. In this study, 
Lactobacillus helveticus CNRZ32 modified to overexpress the lyase enzyme 
CBL was studied for its ability to generate increased amounts of VSCs. 

Experimental 

Chemicals 

The compounds L-methionine, a-keto-4-(methylthio)-butanoic acid 
(KMBA), 2-hydroxy-4-(methylthio)-butanoic acid (HMBA), 2-ketobutyric acid 
(KBA), NADH, pyridoxal phosphate, a-ketoglutarate (ct-KG), dimethyl 
disulfide (DMDS), dimethyl trisulfide (DMTS), methional and furfuryl alcohol 
were purchased from Sigma-Aldrich (St Louis, MO). (U)1 3C Methionine was 
obtained from Cambridge Isotope Laboratories (Andover, MA). 

C B L Overexpression 

Recent analysis of a draft quality (4X) genome sequence for Lb. helveticus 
CNRZ32 identified a gene cluster encoding 3 enzymes involved in Cys 
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biosynthesis: O-acetyiserine lyase (cysK), CBL, and serine acetyltransferase 
(cysE). To further characterize the role of CBL in VSC generation, the Lb. 
helveticus CBL gene was cloned into the expression vector pTRK687 (9) then 
transformed by electroporation into Lb. helveticus CNRZ32 as described 
previously (10) . Two independent clones containing the recombinant plasmid 
(pTRK687:cW) were collected, and the integrity of the plasmid construct was 
confirmed by DNA sequence analysis. Lb. helveticus CNRZ32 wild type cells 
were also transformed with unmodified pTRK687 and designated LH32. Stock 
cultures of LH32 and each of the genetically modified variants, designated 
LH32cW.7 and LH32cW.2, were stored at -80°C in nonfat dry milk with 11% 
glycerol until needed. 

Organisms and Cell growth 

Working cultures of Lb. helveticus LH32, LH32cbl.l and LH32cW.2 were 
prepared from frozen stocks by transfer into in 5.5% MRS broth media (Difco, 
Detroit, MI) that contained chloramphenicol (5\ig/m\) with incubation at 42±1°C 
for 20 hours. Cells were grown in triplicate (45ml media, 90-100^1 inocula at 
comparable OD60o). Growth of bacteria was monitored hourly by OD60o and pH 
of media. 

Cell harvest and preparation 

Cells were harvested in late log phase to early stationary phase (at 
comparable growth periods), washed twice with potassium phosphate 
monobasic-disodium phosphate buffer solution (pH 6.0) and pelleted by 
centrifiigation (6,500 x g, 15 min). The pH of the remaining cell free media was 
noted. The pelleted cells were washed twice by vortexing and centrifiiging with a 
0.05 M potassium phosphate buffer (adjusted to pH 6.0 with 0.1 N NaOH) at 
4°C. Buffer (24 ml) was added to the washed cell pellet with 5 ml of methionine 
(100 mM) substrate, 100 jllI of pyridoxal phosphate (1 mM) co-factor, and 150 
ju.1 of furfuryl alcohol (10 fil/ml, internal standard) in a 40 ml glass vial fitted 
with teflon lined septum cap. After vortexing, 2 ml were removed and analyzed 
for cell concentration spectrophotometrically at 600 nm. The final OD6oo of the 
cell was adjusted to 2.0. Two negative controls were prepared for each sample, 
one by adding substrate and cofactor to the cells autoclaved for 20 min and the 
other without any substrate with the native cell suspension. Each of the 
experimental treatments was prepared in duplicate with two controls. 
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Cell extracts 

Cell extracts were prepared by sonication (Branson 1510, Danbury, CT) of 
20 ml cell suspensions under ice at 4°C. A preliminary analysis of cell lysis 
showed that maximum extracellular protein was obtained in cell free extracts 
under sonication for 25 min with the sonicator used in the study. Cell debris was 
removed by centrifugation (14,000 x g, 30 min, 4°C) to yield a crude cell free 
extract. Protein analysis of the samples was done using a BCA protein assay kit 
(Pierce Chemicals, Rockford, IL). 

SPME-GC-MS 

The formation of methionine-derived volatiles was studied using solid phase 
microextraction (SMPE) with GC-MS analysis. Approximately 30 min prior to 
each assay, samples incubated for each designated time period were removed, 
shaken well and allowed to equilibrate for 30 min. in a multiblok heater at 30°C. 
A SPME fiber coated with carboxen/PDMS (85 |im) was used for adsorbing the 
volatiles by placing it in the headspace of the equilibrated (static headspace) 
sample for 10 min. The volatiles absorbed onto the fiber were desorbed into the 
GC inlet at 280°C. The fiber was held in the injection port over the complete 
program cycle (17 min) to ensure complete desorption. The GC temperature 
program was as follows: 35°C initial temp, 2 min hold time, 5°C per min to 
70°C, 20°C per min to 200°C, hold for 5min. The quantitative assessments of 
VSC were done in the selected ion monitoring mode (m/z 48 for MTL, m/z 94 
for DMDS and m/z 126 for DMTS). Total mM of VSC was calculated using 
standard curves. The variation in adsorption efficiencies was corrected by the 
use of as internal standard (fiirfuryl alcohol at a concentration noted above). 

1 3 C Nuclear Magnetic Resonance 

Nuclear magnetic resonance (NMR) has been used in the field of 
biochemistry and medicine for varied purposes. Nuclei with odd number of 
protons and neutrons (e.g. ! H , 1 3 C , ! 5 N , 1 9 F, 3 1P) exhibit a mechanical spin 
phenomenon. When placed in a static magnetic field, such atoms are driven to a 
spin balanced state known as polarization. An exciting radiofrequency applied in 
definite pulses causes perturbation (resonance) and relaxation of the spin 
balanced state and magnetic resonance signal. Different nuclei resonate at 
different frequencies and NMR signal of a given nuclei is referred to as chemical 
shift. The scale of chemical shifts varies for different nuclei. Chemical shifts of 
nuclei attached to different atoms also vary within the scale. Analysis of 
molecular transitions and changes can be tracked by analyzing NMR spectra of 
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samples over time. The use of 1 3 C enriched molecules increases the specificity 
and sensitivity of the method. In this study, (U) , 3C Met was used as the substrate 
in whole and cell free extracts. All l 3 C NMR spectra were obtained with a 
Bruker model DMX400 wide-bore NMR spectrometer operating at a carbon 
NMR frequency of 100.6 MHz with a broadband 5-mm-diameter NMR probe at 
a temperature of 30°C. The 1 3 C NMR spectra were obtained with power-gated 
proton decoupling as directed by a Bruker pulse program zgpg30 by using the 
following parameters: 1 3 C spectral window, 225 ppm; 90-degree pulse width, 10 
ms; 1 s relaxation delay; 2048 scans per spectrum. The catabolic process was 
monitored at 2 hr intervals over time. 

Results and Discussion 

Bacterial Growth 

Growth of both CBL expression clones significantly differed from the wild-
type strain relative to the onset of exponential growth phase. Fig. 1 represents 
growth curves for the bacteria as determined by pH and OD6oo. For analyzing 
VSC production capability, bacteria were harvested at comparable growth 
periods (18 hr for CBL expression clones, 16 hr for wild-type). 

Figure J. Growth curve for LH32, LH32cbl 1 and LH32cb\.2 Strains. 
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Production of VSC 

In the control samples (autoclaved cells with Met and whole cells without 
added Met), there were no detectable levels of VSC. There were no differences 
in VSC concentration trends between studies done using whole cells or cell free 
extracts. Three VSCs, methanethiol (MTL), dimethyl disulfide (DMDS) and 
dimethyl trisulfide (DMTS) were found in the headspace of whole cell media of 
the GM and native treatments. The concentrations of MTL and DMTS found in 
all the samples were relatively low as compared to DMDS. This is probably due 
to the fact that MTL readily converts to DMDS in aqueous media via the 
formation of free radicals especially in presence of oxygen; DMDS is relatively 
more stable. Among the VSCs found in incubated samples, DMTS formation 
requires three molecules of MTL while DMDS involves two. The conversion of 
MTL into DMDS and DMTS may also vary with water activity and pH. Previous 
research has reported total VSCs as a measure of methionine conversion since 
total VSC concentration is thought to be related by reactions involving the same 
pool of MTL. The mechanism of interconversion of MTL to DMDS and DMTS 
is given in the series of reactions below. 

CH 3SH 

CH 3S' 

CH 3S* + CH 3S* 

C H 3 S - S C H 3 + e-

CH3S-S- + CH 3S* 

Production of VSCs by 

CH3S" + H + 

- • CH 3S* + e 

•> CH3S-SCH3 (predom.) 

- • CH3S-S" + CH 3 

•> CH3S-S-SCH3 

.H32, LU32cbl.l and LH32M.2 was repetitive 
under like conditions. Both CBL clones (LH32cW.7 and LH32cM2) produced 
VSCs at higher concentrations (at least 2 times) as compared to the native 
strain, LH32 (Fig. 2). VSC production had no correlation to cell autolysis. 

Because of the reactive nature of S-compounds and their susceptibility to 
interconversion as influenced by such factors as redox potential, pH, etc., the 
ratio of VSCs may vary while the total pool remains constant. However, in the 
controlled conditions of this study, there were no significant differences in the 
relative concentrations of MTL, DMDS and DMTS, but, as was predicted from 
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Figure 2. Production of VSC by whole cells of Lb. helveticus LH32, LH32cb\. 1 
and LH32cbl.2. (Error bars represent one standard deviation, n = 2). 

the relative stabilities, DMDS was the predominant VSC by a factor of 
approximately ten. 

, 3 C Nuclear Magnetic Resonance 

Gao et al (8) demonstrated that L. lactis strains follow an ATase mediated 
pathway to produce VSC from methionine. The presence of a-ketoglutarate (a-
KG) is found to be important for this reaction. In this study with Lb. helveticus, 
both wild-type and CBL expression mutants evaluated with NMR analysis did 
not show any ATase-related pathway intermediates (KMBA or HMBA, Fig. 3). 
The chemical shifts for DMDS and DMTS were observed with no shifts for 
KMBA or HMBA. 

Lyases are known to hydrolyze methionine yielding MTL, ammonia and 
KBA. In this study, the chemical shifts for KBA were also not found. There are 
several reasons for this observation. First, methionine catabolism was slower in 
Lb. helveticus as compared to L. lactis studies making the limit of detection a 
possible issue. Also, once methionine is catabolised by ATase to KMBA or 
HMBA, conversion to VSCs proceeds slowly, either by redox-driven chemical 
degradation or via low-activity enzymes and hence KMBA or HMBA may 
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accumulate in the system where they can be more readily detected. Though there 
was much higher VSC production with the CBL overexpression variants, 
chemical shifts of ATase-derived intermediates were not observed. Addition of 
a-KG to cell suspensions, decreased VSC production significantly. It is possible 
that VSC production predominantly proceeds via a lyase pathway and upon 
addition of a-KG, the substrate is utilized by both ATase and lyase increasing 
the intermediates and decreasing VSC. Also, NMR studies did not show any 
chemical shifts for KMBA, HMBA or KBA under these conditions for 
lactobacilli even with the addition of a-KG. However, in NMR studies with L. 
lactis, KMBA was previously observed (8) as well as denoted in our repeated 
study with L. lactis (Fig. 3). 

203 

140 123 100 

Figure 3. NMR signal of]3C methionine metabolized by Lb. helveticus CNRZ32 
(A) and Lc. lactis ssp. cremoris (B). In B, peaks at 168 and 203 ppm denote the 

first and second carbon nuclei, respectfully, of KMBA absent in the 
lactobacillus signal (A). 
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Chapter 13 

The Flavor and Flavor Stability of Skim and Whole 
Milk Powders 

Mary E. Carunchia Whetstine and Mary Anne Drake 

Department of Food Science, Southeast Dairy Food Research Center, 
North Carolina State University, Campus Box 7624, Raleigh, NC 27695 

Skim and whole milk powder (SMP, WMP) are widely used 
as food ingredients and for direct consumption. Since milk 
powders are stored prior to use, flavor stability and changes in 
flavor profiles during storage can impact quality and salability. 
The objectives of this study were to characterize flavor 
changes in SMP and WMP throughout 36 months at 21°C 
using sensory and instrumental methods as well as review 
sources of flavor formation in milk powders. WMP off-flavor 
formation occurs as quickly as 3-6 months and is primarily a 
function of lipid oxidation. SMP flavor is much more variable 
and some powders develop off-flavors immediately, while 
others are stable throughout storage. Because off-flavors from 
milk powders can carry through into product applications, it is 
important to understand when and how flavor develops to 
maximize the potential usage of these functional and 
important ingredients. 

© 2007 American Chemical Society 217 
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Milk powder is an important ingredient in the U.S. for both direct 
consumption and as an ingredient in foods (7). Skim milk powder (SMP) is the 
most common dry milk product manufactured in the U.S., followed by whole 
milk powder (WMP) (2). In 2003 (most recent statistic available), there were 
641 metric tons of SMP and 19 metric tons of WMP produced in the US (2). 
Providing a high quality, consistent product is very important. The dairy 
industry has long recognized that sensory quality is one of the most critical and 
important aspects of sales and marketing (3, 4). 

Milk powder production involves the following steps: receiving, 
refrigerated storage, standardization, heat treatment, evaporation, 
homogenization, drying, and packaging (5, 6). Additionally, during the 
production of SMP, the fluid milk must be skimmed to a fat content of not more 
than 0.1 % (5). At all of these steps, there is flavor formation potential (both 
characteristic- and off-flavors). Milk that is to be dried into milk powder must be 
of high quality in order to ensure quality and shelf-life in the final product (5). 
More details about flavor formation are discussed in this paper. 

There are three general types of SMP produced: low heat SMP (not over 71 
°C for 2 minutes), medium heat milk powder (71-79 °C for 20 minutes) and high 
heat milk powder (88 °C for 30 minutes) (2). The heat treatment affects both the 
physical and chemical properties of the powders due to the differing degree of 
protein denaturation. Functionality attributes of milk powders include water 
absorption and binding, foaming, emulsification, solubility, viscosity, gelation, 
and heat stability (7). The sensory properties are also different in these types of 
products. Increased heating leads to more protein denaturation, and this can 
liberate sulphydryl groups, giving medium and high heat SMP more 
cooked/sulfur flavor (8,9). WMP is processed using a higher temperature for 
pasteurization (88-95 °C for 15-30 sec) and is also heated more severely during 
drying than low heat SMP (5, 10). By increasing the temperature, there is more 
protein denaturation and consequently increased liberation of free sulphydryl 
groups (10). These compounds act as antioxidants, increasing the shelf-life of 
WMP (10). The increased free sulphydryl groups also contribute to cooked 
flavor. Fresh low heat SMP and WMP should ideally exhibit a mild and bland 
flavor reminiscent of fluid skim and whole milk, respectively (3). Recent 
research has demonstrated that it certainly is feasible for these products to have 
flavor profiles similar to their fluid counterparts (9). 

There are many different sources of flavor and flavor variability in SMP 
and WMP that will be discussed in this chapter. Besides the flavor formation 
potential during processing, the quality of fluid milk and storage time and 
conditions of the milk powders also play a role in flavor. Though it is 
understood that stored milk powder will not be exactly the same, chemically and 
physically, as fresh milk powder, customers of these products do expect that the 
differences will not be large enough that their consumers find the milk powder 
unacceptable during storage within the projected shelf life (11). The objectives 
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of this paper are to review sources of flavor formation in both fresh and stored 
milk powders as well as systematically study SMP and WMP flavor during 
storage. 

Analysis Techniques 

Sensory Techniques 

Sensory analysis is a compilation of different tools or tests that can be used 
for subjective or objective evaluation of food sensory properties. Selection of the 
appropriate tool or test for a specific objective is required to obtain appropriate 
and optimal results. Early sensory analysis in the dairy industry was conducted 
using quality judging and grading. These techniques were established by the 
federal government in the early 1900's (12). These tests are still used today in 
the industry and are used to assess overall quality based on previously defined 
defects (3). Generally 1-2 expert graders are used and evaluations are not 
replicated. Because only 1-2 experts are used, and the grading is done by 
scoring presence/absence of predetermined defects, it is not possible to 
statistically analyze these results. Additionally, scores for products of a similar 
quality may be judged to be the same, when in fact, they have vastly different 
flavor profiles (13, 14). Though some research is published using grading 
defects, this type of analysis leads to data misinterpretation that may have 
significant impacts on research interpretations and customer or consumer 
preferences. 

There are two main types of sensory analysis techniques: affective and 
analytical (15, 16). Tests that utilize consumers and their perceptions of 
acceptability are called affective tests. These techniques are important to the 
food industry because they help explain the role that flavor, texture, and 
appearance play to consumer acceptability. It is important to keep in mind that 
these types of techniques can only measure what untrained consumers think and 
there is much variability from person to person. To increase the value of the 
information obtained from affective tests, a large number of consumers need to 
be used (>50) (15). 

Sensory tests using screened or trained panelists are analytical tests. These 
include discriminatory tests (difference and threshold) and descriptive sensory 
analysis, the most powerful tool in the sensory arsenal. When using descriptive 
sensory analysis, it is important to keep in mind that the panel operates as a 
group or instrument, and the individual panelists are components of the sensory 
instrument. Once trained, a descriptive panel operates as a single instrument, 
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and data must be replicated (75). This technique is ideal for both identifying 
flavors in a product as well as discriminating between products (77). 
Descriptive sensory analysis can also be used in conjunction with instrumental 
analysis to garner a more complete picture of flavor. 

There are different types of descriptive sensory analysis, including the 
Flavor Profile Method, Quantitative Descriptive Analysis (QDA), and the 
Spectrum technique™, as well as hybrids of the above techniques. These 
approaches have been fully reviewed elsewhere (77, 18). Descriptive sensory 
analysis is a technique that requires panelists to be familiar with the scaling 
methods and sensory language (16, 18) and it is imperative to maintain constant 
training to minimize variability in the analyses. Descriptive analysis does not 
require expensive instrumentation, but time and training by an experienced 
panel leader is required. 

When using descriptive analysis, a sensory language (lexicon) must be 
developed. Table I lists the dried dairy ingredient lexicon utilized to evaluate 
SMP and WMP. A lexicon that has well defined references can be used across 
different panel sites and leaders (19, 20) and can be used to link instrumental 
and sensory terms to identify specific flavors (4, 18). 

In this study, a trained sensory panel (n=7) evaluated the flavor attributes of 
the reconstituted WMP and SMP using a previously published lexicon for dried 
dairy ingredients (7, 9, 21). Two WMP and two SMP (commercially packaged 
in 25 kg 2 ply paper bags with liners) were collected from manufacturers within 
48 h of production. Powders were stored at 21 °C in the dark and sampled after 
3, 6, 9, 12, 18, and 24 months for WMP and 3, 6, 9, 12, 18, 24, 30, and 36 
months for SMP. For sensory and instrumental analyses, WMP were rehydrated 
using the formula: 1000/100-dry % fat content of WMP = g of WMP in 90 g 
water (22) and SMP were rehydrated to 10% solids with deodorized water 
(prepared by boiling 4 L of distilled water until its volume was decreased by 
one-third) and blended with an electric hand-held mixer. Samples were 
reconstituted 24 h prior to evaluation. 

Panelists each received 100 h training on aroma and flavor evaluation of 
dried dairy ingredients, including both SMP and WMP. Flavor and taste 
intensities were scaled using a 15-point intensity scale using the Spectrum ™ 
descriptive analysis method (16, 18). Samples were evaluated in duplicate at 12 
°C on separate occasions in 2 oz lidded plastic cups with three digit random 
codes. 

Instrumental Techniques 

Descriptive sensory analysis is performed to determine the flavor profile of 
a food. This is a very powerful technique, but sometimes additional information, 
such as the chemical composition of the product, and which compounds 
contribute to flavor, is needed. Different instrumental techniques can be used to 
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extract and analyze aroma-active compounds in foods. Because the aroma 
compounds found in foods are usually present at very low concentrations, 
isolation and concentration procedures are often needed in order to obtain the 
chemicals of interest in concentrations that can be detected (23). There are 
several extraction and concentration techniques that are commonly employed to 
extract the volatile flavor-contributing compounds in foods including direct 
solvent extraction/high vacuum distillation (DSE/HVD) and solvent assisted 
flavor evaporation (DSE/SAFE), solid phase microextraction (SPME), and 
dynamic headspace analysis/gas chromatography (DHA/GC). DSE/HVD or 
DSE/SAFE, DHA, and SPME are the most widely applied techniques used to 
isolate milk flavor volatiles (24). The extracted volatiles are then identified 
using gas chromatography/olfactometry (GC/O), and gas chromatography/mass 
spectrometry (GC/MS). Traditional solvent assisted extraction techniques are 
often utilized, and these are most useful in extracting the volatile and semi-
volatile analytes. Rapid techniques, including SMPE and DHA, are excellent at 
extracting the very volatile compounds, and it is advised to use a combination of 
these two techniques to get a good recovery of volatile compounds. 

One rapid technique that is often used to isolate and identify compounds is 
dynamic headspace/gas chromatography (DHA/GC). DHA purges the sample 
with an inert gas to facilitate the release of volatiles from the food product into 
the headspace and concentrates the volatiles on to a selective trap. Following 
concentration, the concentrated volatiles desorbed from the trap onto a GC using 
a heated transfer line. DHA is a simple and reliable technique that can be used to 
concentrate and identify trace analytes (23, 25). Several studies have effectively 
utilized this technique with dairy products (23, 26-29). 

SPME is a rapid technique used in the extraction of volatile compounds 
(30). A fiber coated with a selective material is inserted into the headspace of a 
sample for a given time, and the volatile compounds are concentrated onto it. 
Following exposure, the fiber is injected on to a GC for separation and 
identification. SPME is inexpensive, solvent-free, and reliable (31). SPME has 
been used in the analysis of dairy products, including cheese and fluid milk (24, 
25, 31) and has been found to be a useful method in detecting volatile lipid 
oxidation products including alcohols, ketones, sulfur compounds, fatty acids, 
and aldehydes (25). These volatile extraction techniques are reviewed in more 
detail elsewhere (4, 32, 33). 

After volatiles are extracted and concentrated using these methods, gas 
chromatography/olfactometry (GC/O) is used to separate and tentatively identify 
the volatiles. A sniffing port is placed on the end of the GC to allow olfactory 
detection of aroma-active compounds as they are separated on the GC (34, 35). 
GC/O can be used in conjunction with most concentration and extraction 
techniques including DSE/SAFE, SPME, and DHA. GC/O allows not only 
chemical information of a compound or sample to be gained, but also gives 
sensory information and clues into the role that the compound(s) plays in the 
flavor profile of the product. Though GC/O provides tentative identification of 
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aroma active compounds, GC/MS must be used in conjunction with GC/O to 
provide a positive identification. Positive identification is confirmed by 
comparing retention indices and mass spectra with authentic standards. 

In this study, volatile compounds from SMP and WMP extracts were 
separated using a high vacuum distillation technique detailed by Karagul-Yuceer 
et al. (21). The apparatus used was similar to that described by Sen et al. (36). 
The distillation process began by placing the extract into a 1-L round bottom 
flask and immersing it into a Dewar vessel containing liquid nitrogen until shell 
frozen. The frozen flask was then immediately connected to a distillation unit 
equipped with a rough pump/diffusion pump as the vacuum source (about 10"4 

Torr), a receiving tube, and a waste tube. The receiving tube and waste tube 
were held in separate Dewar vessels containing liquid nitrogen until distillation 
was completed (4 h). For the first two h, the sample flask was held at room 
temperature. During the second two h, the sample was kept thermostated in a 
water bath at 50 °C. After distillation, the distillate was concentrated to 20 mL 
under a stream of nitrogen gas. The concentrated distillate was then washed 
twice with three mL sodium bicarbonate (0.5 M) and vigorously shaken. It was 
then washed three times with two mL saturated sodium chloride solution. The 
upper layer (ether) containing the neutral/basic fraction was collected in a glass 
tube using a pipette. The distilled extracts were then dried over anhydrous 
sodium sulfate and concentrated to 0.5 mL under a stream of nitrogen gas. 
Acidic volatiles were recovered by acidifying the bottom layer (aqueous phase) 
with about five mL of 6.2 M hydrochloric acid to pH 2-2.5 and extracting the 
sample three times with five mL ethyl ether. The extracted acidic volatiles were 
then dried over anhydrous sodium sulfate before concentration to 0.5 mL under 
nitrogen. 

This research utilized GC/O to identify and characterize aroma-active 
compounds in the SMP and WMP extracts. An HP5890 series II gas 
chromatograph (Hewlett-Packard Co., Palo Alto, CA) equipped with a flame 
ionization detector (FID), a sniffing port, and a splitless injector was utilized in 
GC/O. Both the neutral/basic and acidic fractions were analyzed from each 
duplicate extraction. Two |iL were injected onto a polar capillary column (DB-
WAX, 30 m length x 0.25 mm i.d. x 0.25 urn film thickness df; J. & W. 
Scientific, Folsom, CA) and a nonpolar column (DB-5MS, 30 m length x 0.25 
mm i.d. x 0.25 |um df; J & W Scientific, Folsom, CA). Column effluent was split 
1:1 between the FID and sniffing port using deactivated fused silica capillaries 
(one m length x 0.25 mm i.d.). The GC oven temperature was programmed from 
40 °C to 200 °C at a rate of 10 °C/min with an initial hold for three min and a 
final hold of 20 min. The FID and sniffing port were maintained at a 
temperature of 250 °C. The sniffing port was supplied with humidified air at 30 
mL/min. Post peak intensity was used to characterize the odorants in the extracts 
(35). Four experienced panelists each with more than 150 h of experience 
sniffed the neutral/basic and acidic fractions of cheese extracts twice on the two 
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different columns. Sniffers described the odor and scored the intensity of 
odorants in the extracts using a 10-point numerical intensity scale (55). 

For positive identifications, retention indices (RI), mass spectra, and odor 
properties of unknowns were compared with those of authentic standard 
compounds analyzed under identical conditions. Tentative identifications were 
based on comparing mass spectra of unknown compounds with authentic 
standards or on matching the RJ values and odor properties of unknowns against 
those of authentic standards. For the calculation of retention indices, an n-alkane 
series was used (38). 

Various statistical analyses, both univariate and multivariate, were used to 
analyze the data. Sensory data and instrumental quantification results were 
analyzed using the SAS statistical software (version 8.2, SAS Institute, Cary, 
NC). Instrumental data were treated as a completely randomized design with 
repeated measures. Sensory data were collected in a randomized balanced block 
with repeated measures (with panelist as the block). Analysis of variance with 
means separation (least square means) was conducted to identify differences. 
Principal component analysis (PROC PRINCOMP) was also conducted on the 
sensory analysis data of different milk powders during aging. 

Results 

Sensory profiles of fresh and stored milk powders are found in Tables II and III. 
The only basic tastes that were present were sweet and salty flavors as well as 
astringency (Tables II and III). In general, astringency increased with storage 
time (Tables II and III). As the powders aged, the intensity of the off-flavors 
increased. In WMP, both cooked/sulfur and cooked/caramelized decreased with 
storage while fatty/fryer oil, grassy, and painty flavors increased. Similarly, in 
SMP, the cooked and sweet aromatic flavors decreased with storage time, but 
fatty/fryer oil and grape/tortilla flavors increased. These non-dairy flavors are 
likely related to lipid oxidation and protein degradation that occurs during 
storage. As such, they should be considered undesirable or off-flavors. 

This study examined flavor during storage of two different SMP and WMP 
in order to focus on volatile changes of these products and lay a structure for 
studying flavor stability. Additional studies are currently being conducted with 
larger samplings of SMP and WMP. Figure 1 demonstrates the large amount of 
flavor variability that may exist from different fresh SMP. Clearly the freshness 
of the powder (i.e. early shelf life status) does not guarantee a fresh fluid milk
like flavor profile. There are wide differences in the flavor of these samples, and 
as these products age, the flavor variability will only increase. 

Sixty-five different aroma active compounds were identified in fresh and 
stored WMP. Twenty two of these compounds were positively identified, thirty-
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Table II: Sensory Analysis of Fluid Whole Milk and Whole Milk Powder 

Attribute Fluid Fresh 12 month 24 month 
whole* WMP WMP WMP 

Cooked/sulfurous 2.00ab 1.92ab 2.00ab 1.33b 

Cooked/caramelized 1.50ab 1.67ab 1.42bc 0.75c 
Sweet aromatic 2.03a 2.75a 2.02a 1.08b 

Grassy/hay N D N D 1.92a 1.33a 

Milkfat/lactone 3.00a 2.43a 2.33a 0.83b 

Fatty/fryer oil N D N D 1.33b 2.42a 

Painty N D N D N D 0.72ab 

Cardboard N D N D N D N D 

Fishy/doughy N D N D N D N D 

Grape/tortilla N D N D N D N D 

Sweet taste 2.06bc 3.33a 1.83c 2.58b 

Salty N D 0.25a 0.25a N D 
Astringency 1.64a N D 1.77a 2.05a 

A Fluid whole pasteurized milk. N O T E : Different letters within rows indicate significant 
differences (P<0.05). 

Table III: Sensory Analysis of Fluid Skim Milk and Skim Milk Powder 

Fluid Fresh 12 month 24 month 36 month 
Attribute SkimA SMP SMP SMP SMP 

Cooked/sulfurous 2.50b 3.25a 2.42b 2Mb 2.25b 

Cooked/caramelized N D N D N D N D N D 
Sweet aromatic 2.00a 2.67a 2.05ab 1.83b 1.45b 
Grassy/hay 0.25a N D N D N D N D 
Milkfat/lactone 0.42a N D N D N D N D 
Fatty/fryer oil N D N D 0.67ab 1.22a 0.88a 
Painty N D N D N D N D N D 
Cardboard N D N D 0.30a N D N D 
Fishy/doughy N D N D N D N D N D 
Grape/tortilla N D N D N D N D 0.70a 
Sweet taste 2.95a 2.63a 1.83b 1.92b 2.58a 
Salty 0.33a N D N D N D N D 
Astringency 1.67b 1.00c 1.58b 2.33a 1.33bc 
Fluid pasteurized skim milk. N O T E : Different letters within rows indicate significant 

differences (P<0.05). 
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two were tentatively identified and nine of these compounds are unknown 
(Table IV). To our knowledge, there has been no other study that has examined 
the flavor of WMP using descriptive sensory analysis in conjunction with GC/O 
and GC/MS. These techniques provide an excellent way to determine which 
compounds contribute to aroma in WMP. A few of these compounds have been 
previously identified (39, 40) in studies that utilized instrumental techniques 
only. 

In WMP, there are many different classes of compounds, but many 
compounds were formed via lipid oxidation (aldehydes, ketones, fatty acids, and 
esters). In general, the intensity and number of aldehydes (both saturated and 
unsaturated) increased with storage time (Table IV). Most of these compounds 
have fatty aromas, and the increase in intensity of these compounds coincides 
with the increase in fatty/fryer oil flavor in the stored WMP. Though fatty acids 
and esters may be formed from fat degradation reactions, the intensities of these 
aroma-active compounds remained fairly constant during storage, suggesting 
that they may be formed during the WMP production process. There were also 
several lactone compounds found in WMP. Lactones are formed from milkfat 
during heating (41). Lactones help to give milkfat its characteristic sweet, 
coconut aroma. 

Many Strecker aldehydes and other protein degradation products were also 
identified in both fresh and stored WMP. Thermally generated compounds such 
as pyrrolines and thiazolines were also identified. These have popcorn-like 
aromas, and have been found to contribute to the flavor of fresh milk powders 
(7, 27, 42). There were also sulfur compounds identified in WMP. Methional is 
important to dairy flavor, and has been previously identified as a key odorant in 
stored milk powder (7). Though cooked/sulfur flavor is important to the 
characteristic flavor of fluid WMP, with the exception of methional, the sulfur 
compounds identified in WMP (2-methyl thiophene (plastic/rubber), 2-methyl-
3-furanthiol (brothy/vitamin),and benzothiazole (rubbery)) do not seem to 
contribute as much to the overall flavor of stored WMP as aldehydes. The 
overall number of compounds that were detected in fresh WMP was 35, while 
stored WMP contained over 50 different aroma active compounds. The increase 
in the number of compounds during storage is attributed to both lipid oxidation 
and the formation of secondary oxidation products as well as protein 
degradation. The moisture content of WMP and SMP increased during storage. 
In WMP and SMP, the initial moisture content was 2.1% and 4.0% respectively, 
and after storage, the moisture content had significantly increased to 3.9% and 
4.5% respectively. Increasing water activity has been shown to increase reaction 
rates and thereby increase the formation of off-flavors (5, 43). 

There were 68 aroma-active compounds identified in SMP in this study 
(Table V). Thirty-one compounds were positively identified, 29 were tentatively 
identified, and 8 are unknown. Most of these compounds have been previously 
identified. Karagul-Yuceer et al. (7, 27) used similar methods and identified 
many of the same compounds that were identified in this study. Shiratsuchi et 
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i 

1 
cooked 

aroma intensity W 

sulfur/burnt ^ 7 ^ ^ - ^ ^ \ , 

i 

astringent 

cardboard 

PC2 (20 %) ^ ^ S r ^ ^ 

feed ^^^^ ^ 

sweet taste 

9 

fruity 

sweet aromatic 

PCI (59%) 

Figure 1. Principal component biplot of the descriptive sensory flavor 
profiles of rehydratedfresh SMP. [Numbers represent different fresh 

reconstituted SMP. Samples 1 and 7 are medium heat SMP and 
samples2-6 and 8-9 are low heat SMP.] 

\$ fatty/fr™ oil 

fishy ^ \ 
^^astrinsent 

9 
grassy/hay ^^•^^mmmmmm^^ 

painty - ^ 
PC2 (30%) 

\ V cooked/sulfur 
. cake mix/vanillin sweet q 

cooked/caramel 
PCI (35%) 

Figure 2. Principle component biplot of descriptive sensory flavor 
profiles of reconstituted WMP at ambient storage time. [Numbers 

represent months in ambient storage.] 
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al. (44) identified some volatile compounds in SMP by GC/MS only. As with 
WMP, there were many lipid oxidation compound identified. However, these 
compounds were present (in general) at lower intensities in SMP than in WMP. 
There was a large increase in the number of compounds in SMP during storage 
time. There were 27 compounds identified in fresh SMP and over 60 identified 
in stored SMP. Interestingly, the 24 mo samples had the highest number of 
aroma-active compounds and also the highest intensity of fatty/fryer oil flavor. 
As the SMP continued to age beyond 24 mo, there was a decrease in the number 
of aroma-active compounds and the overall flavor intensity was lower. This 
could be caused by the continued breakdown of lipids and proteins into larger 
and less aroma-active compounds that do not contribute flavor as greatly as the 
lower molecular weight compounds with low threshold values. Volatile 
components might also be scalped by the packaging materials. 

In general the same compounds were identified in both SMP and WMP. It 
is expected that the WMP would have a greater number of lipid oxidation 
products due to its higher lipid content, however there were very little 
differences in the identity of the aroma-active compounds in SMP and WMP. 
At first glance it might seem strange that there were a similar number of aroma-
active compounds identified in SMP and WMP, the intensity of the compounds 
identified in WMP was greater than the compounds identified in SMP. This may 
mean that there are more compounds contributing to SMP flavor, but they are 
present at lower concentrations, perhaps even below aroma threshold in the 
powder matrix. There are many different points during the manufacture and 
storage of SMP and WMP in which flavors may be formed. It is important to 
look at the starting composition of milk as well as the processing parameters to 
fully understand milk powder flavor. 

Discussion: Flavor Formation 

Fluid milk composition and flavor 

When trying to understand the flavor of milk powders, it is important to 
first look at the starting material, i.e. fluid milk. Milk is a diverse mixture 
containing lipids, protein, and carbohydrates in combination with minerals, 
gasses, and hormones (45). The composition of milk is approximately 87% 
water, 5% lactose, 4% fat, 3% protein, and 1% ash (46). The degradation of 
protein and lipid are the primary sources of flavor formation in dairy products 
(47). 

Caseins make up >80% of the total protein found in milk at a concentration 
of (24-28g/L) (48). Whey proteins make up -20% of the total protein in milk. 
p-Lactoglobulin (p-lg) is the major whey protein in milk. It contains two 
disulfide bridges and a free thiol group (46). During heating, the protein begins 
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to unfold, exposing cysteine and cystine groups and hydrophobic surfaces (49). 
Sulfur flavor is very important to pasteurized fluid milk (50), and these sulfur 
containing amino acids contribute to the characteristic flavor of pasteurized fluid 
milk. Not only does heating influence the flavor of fluid milk, heating (and 
subsequent protein denaturation) could contribute to the flavor of SMP and 
WMP during both the pasteurization of milk and during spray drying. 

Most of the lipid in bovine milk fat is triacylglycerols (96-98%) (46). There 
are 400 different fatty acids found in milk fat, but only 14 are present in 
concentrations greater than 1% (57). There are 2744 isomers of these 14 fatty 
acids, and they can have different flavor profiles (48). Milk also contains 
360mg/kg of free fatty acids, especially low molecular weight (41). These short 
chain free fatty acids have a relatively low aroma threshold and contribute to 
flavor (52, 53). Bovine milk is unique in the fatty acid profile, and is the 
primary milk source utilized in the production of milk powders. In minor 
species milk (ovine and caprine), there is a higher concentration of branched 
chain fatty acids, which contribute to the animal/waxy flavors found in products 
made with these milks (54). 

The vitamin and mineral content can also potentially be a source of flavor 
development in milk and milk products. Milk contains about 1.75 mg/L of 
riboflavin (55). Dimick (55) and Aurand et al., (56) showed that riboflavin acts 
as a catalyst in the photo-oxidation of milk fat. Riboflavin is yellow, and there 
is a strong correlation between the disappearance of the yellow color (and 
presumably the riboflavin) and the appearance of a brothy flavor (57). 
Riboflavin is thought to be a major contributor to the light-oxidized flavor of 
milk. Light-oxidized flavor is very common in commercially packaged fluid 
milk (58). The copper content of milk is also important in oxidation reactions 
because copper acts as a catalyst for lipid oxidation and the formation of off-
flavors (59). Additionally, natural emulsifiers in milk, such as lecithin, cephalin, 
and sphingomyelin, are associated with proteins and are easily oxidized in fluid 
milk (59). 

Based on the composition of milk, there are obviously several sources of 
flavor development in milk and subsequent products. There is a sweetness 
associated with milk from the lactose and this is balanced with a slight salty 
flavor derived from the salts present in milk (50). Sodium and potassium 
chloride are common salts found in milk that contribute to salty taste (50). 
Other salts, including phosphate and citrate are important, but do not directly 
contribute to salty flavor (60). Milk has a very delicate flavor balance, and if one 
compound is unbalanced, off-flavors may become apparent (41). Often the 
compounds that are contributing to flavors are present at or below instrumental 
threshold and are difficult to determine using instrumental techniques (41). 

There have been many studies examining the flavor of fluid milk, but in 
general raw, fresh milk has a bland but characteristic flavor (8). There are at 
least 400 volatile compounds that have been detected in raw milk (61), but most 
of them are present in very low concentrations. Charm analysis (a GC/O 
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technique) was conducted on raw milk, and ethylbutanoate (fruity), 
ethylhexanoate (fruity) and dimethylsulphone (sulfur) were found to be the most 
aroma active compounds in raw milk (62). Calvo and de la Hoz (63) stated that 
there are four things that lead to the characteristic flavor of milk: compounds 
from the cows' metabolism, compounds from chemical reactions, enzymes or 
microflora prior to processing, pasteurization, and compounds formed during 
storage. In raw milk, most flavors are formed during animal metabolism, 
though feed is also thought to play a key role. The direct transfer of flavor 
volatiles from the feed to the milk may also take place (8). 

(Z)-4 Heptenal (doughy/fatty), l-octen-3-one (metallic/mushroom), and 
hexanal (cut grass) are commonly found in fresh milk (50). Dimethyl disulfide 
(onion/sulfur) is also an important aroma compound in fresh milk (50). Other 
compounds in milk, including carbonyls, alkanols, free fatty acids, and other 
sulfur compounds are likely produced by the cows' metabolism (61). The 
proper storage of raw milk is important. Raw milk is transported and may be 
stored in bulk at refrigeration temperatures. The storage time of raw milk has a 
concrete effect on the quality and flavor of the dried milk powder. Free fatty 
acid content was greater in powder made from stored milk than powder made 
from a fresh raw control (64). 

The cows' feed can also influence the flavor of the milk and milk products. 
Pasture fed cows have fewer lactones in their milk than silage fed cows (65). 
Milk from pasture fed and total mix ration fed cows have similar flavor 
compounds present, but the general ratio of these compounds is different (66). 
Badings (61) and Bendall (66) found that a combination of pasture feeding led 
to increased concentrations of indole, skatole, sulfides, mercaptans, nitriles and 
thiocyanates which lead to off-flavors in fluid milk. Pasture fed cows have more 
protein in their diet and this can influence the flavor of the milk and resulting 
milk products (66). Further discussion of protein degradation and the 
subsequent formation of flavor compounds can be found later in this paper. 

The pasteurization of milk is important not only from a safety perspective, 
but also because many flavor compounds are formed during heat treatment. The 
thermal degradation of proteins and lipids can form sulfur compounds, methyl 
ketones, and lactones (41, 67). Hydrogen sulfide is the main sulfur compound in 
heated milk and is formed from degradation of sulfur containing amino acids, 
especially in p-lg (63). These sulfur containing amino acids form aroma active 
compounds and contribute to the flavor of SMP and WMP during the 
pasteurization of fluid milk and subsequent spray drying. 

Fresh milk doesn't have any lactone aroma, but after pasteurization, 
lactones are formed (65). Low levels of lactones may be formed from 
microbiological pathways in raw milk, but higher levels of lactones can be 
formed from thermal generation. This is why milk processed using UHT 
conditions (4.6 sec at 142 °C) had a higher intensity of aroma compounds, 
including lactones, than milk processed using lower temperatures (73 °C for 12 
sec). This is caused by Maillard reactions and the thermal oxidation of lipids 
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(41). Heating may also form flavors by increasing the reactivity of unsaturated 
fatty acids. Though most unsaturated fatty acids are fairly stable, heating the 
milk during pasteurization may rearrange the double bonds and increase the 
reactivity of these fatty acids (56). 

Proper storage of freshly pasteurized milk is very important in controlling 
flavor and minimizing both variability and off-flavor formation. The storage 
conditions of milk are very important to the flavor, and consequently the 
products made from milk. Milk that is processed into powder can be held up to 
2 d prior to drying (68). The storage time of fluid milk have a definite effect on 
the quality and flavor of the dried milk powder. Fluid milk may become light 
oxidized and cause flavor changes (55, 57). Milk exposed to sunlight for short 
periods of time (10-15 minutes) had brothy notes (69) as well as metallic or 
tallow-like flavors (61). 

Lipolysis and proteolysis can occur in the fluid milk prior to processing into 
powder. Lipolytic rancidity can be initiated by either milk lipase or bacterial 
lipases (61). Psychotrophic bacteria can also produce esters of butyric, 
isovaleric, and hexanoic acids which can lead to fruity off-flavors (8). A fruity 
off-flavor was noted in SMP (See Figure 1). 

SMP and WMP flavor and composition 

The processing of SMP and WMP is another potential source of flavor 
formation. As the water is removed during concentration and spray drying, the 
composition of whole milk powder in the US is 24.5-27 % protein, 26-28 % fat, 
2-4.5 % moisture, 36-38.5 % lactose, and 5.5-6.5 % ash (2). SMP, by law, is 
comprised of 34-37 % protein, 0.6-1.25 % fat, 3-4 % moisture, 49.5-52 % 
lactose, and 8.2-8.6 % ash (2). The composition of these powders is such that 
there is a high concentration of protein and lactose. These factors, combined 
with heat during spray drying, allow for the potential of Maillard browning to 
occur and the resultant flavor formation. Additionally, in WMP, there is a high 
concentration of lipid and ash. As previously stated, minerals can act as pro-
oxidants and increase the formation of volatile lipid oxidation products. More 
detail will now be given to these reactions. 

SMP and WMP are used primarily as ingredients in other food applications, 
and this means that they are commonly stored. SMP stored under optimal 
conditions have a shelf life of anywhere between 12-36 months for non-
instantized unfortified SMP under optimal storage conditions (2, 7, 10). A 
recent study suggested that SMP packaged in cans might be acceptable for 
emergency use after as long as 29 y of ambient storage (70). The shelf life of 
WMP is between 6-9 months under optimal conditions (2) though this varies 
widely with storage conditions. 

The flavor of both SMP and WMP has been examined extensively. Flavor 
variability in SMP has been documented by trained panelists. Drake et al. (9) 
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developed a defined sensory language for SMP and documented wide flavor 
variability among fresh (<3 mo) and stored (> 6mo) reconstituted SMP. Driscoll 
et al. (77) evaluated sensory quality of SMP under various storage conditions. 
Some descriptive sensory analysis was used, but with undefined and ambiguous 
attributes. They reported an overall decrease in milk powder quality, as reported 
by 11 trained panelists, during storage as a direct reflection of the development 
of an oxidized/stale flavor. Animal-like, fatty/stale, and fecal flavors were 
observed in stored skim milk powders (7). In this study, off-flavors began to 
develop quickly in the milk powders (Figures 2 and 3). A subsequent study 
currently is underway and is investigating several SMP during storage. 
Preliminary data confirmed that variability was found in the sensory stability of 
SMP, and some develop off-flavors as quickly as 6 months. 

Protein degradation (both proteolytic and non-enzymatic browning) and 
lipid oxidation are the two main flavor reactions in dairy products (47, 72, 73). 
Interestingly, both bitterness and astringency have been associated with 
proteolysis of milk proteins (74, 75). Astringency is associated with the 
breakdown of casein (74). In highly heated milk, astringency is linked to whey 
proteins, calcium phosphate, and casein interactions (74). Peptides can also 
contribute to bitterness (76). Peptides consisting of non-polar amino acids tend 
to be bitter (77). In most milk powders, the only basic tastes that are present are 
sweet and slight salty flavors as well as the feeling factor astringency (7, 9, 21). 
In this study, astringency increased with storage time. During prolonged 
storage, there is likely to be more proteolysis and therefore it is logical that 
astringency would increase with storage time. 

Proteolysis is especially important in aged products such as cheese, and 
stored products such as milk powders. During storage of milk powders, there 
can be an increase in proteolysis, leading to increased formation of off-flavors. 
The breakdown of proteins by enzymes creates peptides and amino acids. These 
compounds can be further broken down to form volatile compounds. The 
enzymatic degradation of proteins allows the resulting peptides and amino acids 
to react with lactose, forming Maillard reaction products. Milk powders contain 
high concentrations of lactose, which makes them highly susceptible to the 
Maillard reaction (78). Lactose crystallization due to temperature and humidity 
changes during storage of milk powders can affect the amount of lactose 
available for the Maillard reaction (43). In fresh powder, the lactose is in a 
metastable state as a glass, but during storage is transformed into stable crystals 
(43). Lactose crystallization can increase water activity (which in turn increases 
lactose crystallization) and initiate deteriorative chemical reactions (5, 43). In 
this study, the moisture content increased during storage as did off-flavors in 
both SMP and WMP. 

The Maillard reaction and Strecker degradation of alpha amino acids form 
flavor compounds with distinct aromas and low flavor thresholds (79). Maillard 
reaction products are common in products that have been dehydrated by heat, 
such as SMP and WMP (80). When lactose and the free amino groups react, 
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sweet 
aroma grassy painty 

cardboard 
^j* salty 
» |g > astringent 
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36 

PC 2 (25%) 
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Figure 3. Principle component biplot of descriptive sensory flavor profdes 
of reconstituted SMP at ambient storage temperatures. [Numbers represent 

months in ambient storage.] 

Figure 4. Consumer sensory acceptance of rehydrated SMP. [REF is fluid 
skim milk, Fresh 1 and 2 are SMP with fresh fluid milk type flavors and 

Off 7 and 2 are SMP with off flavors. Descriptive sensory analysis with a 
trained panel was used to select SMP with fresh- and off-flavors. Different 

letters indicate significant differences for all attributes (P<0.5) (88). 
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many flavor compounds are formed with cooked and caramelized flavors (79). 
Maillard reaction products include furans, pyrones, and sulfur compounds (81). 

Non-specific proteolysis of hydrophobic amino acids such as leucine, 
phenylalanine, and valine can occur (82). The Strecker degradation of aromatic 
amino acids can form phenylacetaldehyde and phenyl acetic acid which cause 
rosy flavors in Cheddar cheese (83). These compounds are also present in whey 
proteins (84) and were identified in WMP and SMP in this study. The 
compounds phenylacetaldehyde (honey/rosy), phenyl acetic acid (honey) 2-
phenylethanol (rosy) and phenyl ethyl acetate are present in SMP and WMP and 
all have rosy aromas. The breakdown of aromatic amino acids can also form 2-
methoxy phenol, which has a smoky aroma. Tables IV and V summarize 
compounds that were identified in SMP and WMP this study as well as other 
studies. The Strecker degradation of other amino acids causes malty/nutty 
flavor in Cheddar cheese (85). These compounds (2-methyl propanal and 2-
and 3-methyl butanal) have been identified in SMP (7, 27) and WMP (39) and 
may contribute to feed-like flavors or storage-associated off-flavors. 

Sulfur compounds can be formed from the degradation of whey proteins 
(61). Methional (potato/brothy) has been identified in both fresh and stored 
SMP (7, 27) and is a Strecker degradation product of methionine. This 
compound was found in fresh low, medium, and high heat treated SMP. 
Methional can also cause brothy flavors in Cheddar cheese (86, 87). 
Additionally, methionine can also breakdown into dimethyl disulfide, which is a 
potent odorant in milk (50, 87). Caudle et al. (88) found that dimethyl trisulfide 
and dimethyl disulfide were present in SMP that had been stored and were 
associated with off flavors by consumers and trained descriptive sensory 
panelists. Though the sulfur compound 2-methyl-3-furanthiol (brothy/burnt) has 
not been found in milk powders prior to this study, it has been identified in 
Cheddar cheese and dried whey proteins (83, 84) and is formed from the 
degradation of sulfur containing amino acids (89). 2-methyl thiophene has been 
previously identified in yogurt and milk (90). 

Karagul-Yuceer et al. (7) identified benzothiazole (rubbery) as an odor-
active compound in stored SMP. This is a thermally generated compound 
formed via degradation of sulfur containing amino acids. o-Aminoacetophenone 
(grape/tortilla) has been identified as a potent odorant in stored milk powders (7, 
27). Parks et al. (97) identified o-aminoacetophenone and benzothiazole as 
major contributors to staleness in dried milk and Ramshaw and Dunstone (92) 
determined that o-aminoacetophenone was a key contributor of glue-like 
staleness in old casein. Grape/tortilla flavor was documented in the stored SMP 
in this study, and it is likely that o-aminoacetophenone is contributing to this 
flavor. 

The thiazolines 2-acetyl-2-thiazoline (popcorn) and 2-acetyl thiazoline 
(popcorn) were identified in SMP and WMP and are formed from the 
breakdown of cysteine during heating (86, 93). Caseins contribute to most of 
the free amino acids in milk (94), especially proline, histadine, lysine, tyrosine, 
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and aspartamine. Proline is a precursor of 2-aceytl-l-pyrroline (popcorn) (95). 
The reaction between the amino acids proline or ornithine and the reactive 
sugar-degradation product 2-oxopropanal generates 2-acetyl-1-pyrroline (95), 
which is an important aroma-active compound in fresh SMP and WMP (1, 21, 
42). 3-Methyl indole (fecal/mothball) was also identified in both SMP and 
WMP. This compound is formed from the degradation of tryptophan (66) and is 
found in higher intensities in pasture fed cows' milk. 

2.5-Dimethyl-4-hydroxy-3-(2//) furanone (Furaneol™) (cotton candy) has 
also been identified in SMP and WMP and is formed during the thermal 
treatment of sugars. Related compounds 4,5-dimethyl-3-hydroxy-2-(5//)-
furanone (sotolon) (maple/curry), 2-ethyl-4-hydroxy-3(2/z>furanone 
(homofuraneol) (burnt sugar) and 2-methyl-3-hydroxy-4r7-pyran-4-one (maltol) 
(burnt sugar) were also identified in fresh SMP and WMP (21). Karagul-YOceer 
et al. (42) determined that maltol was one of the key contributing volatile 
compounds to the flavor of fresh SMP. Caudle et al. (88) also found maltol in 
higher relative abundances in fresh flavored SMP compared to off-flavored 
SMP. 

Lipid oxidation reactions are also very important in flavor formation, 
especially in high fat WMP. Not only does the oxidation of milkfat produce 
many volatile compounds, the presence of lipids also modifies the environment 
of Maillard reactions, and can therefore change the resulting products (80, 96). 
One theory is that lipid oxidation and Maillard browning are synergistic in 
nature, especially in dried dairy products. Intermediate and final products from 
one of the reactions might increase the rate of the other reaction (47). 

Lipid oxidation increases the amount of straight chain aldehydes, such as 
hexanal and this contributes to off-flavors (47). The alkanals and alkenals with 
more than six carbon atoms as well as ketones are the typical volatile lipid 
oxidation products generated (44, 86). These short chain aldehydes have been 
identified in both SMP (44) and WMP (40). The oxidation of unsaturated fatty 
acids forms aldehydes and ketones (61). Hammond (77) indicated that flavors 
of oxidized milk arise primarily from small amounts (-3%) of polyunsaturated 
fatty acids. 

Hexanal is used as an indicator of lipid oxidation (97). During storage, the 
concentration of hexanal increased, as did the intensities of off-flavors. Tables 
II and III show the sensory results from this study, and it is clear that there are 
increasing off-flavors during storage. Increasing intensities of the descriptors 
like-casein and like-cardboard were strongly related to increasing concentrations 
of straight chain aldehydes (39). C 5 -C 9 aldehydes are key by-products of 
unsaturated fatty acid oxidation (98). The unsaturated aldehydes 2-nonenal and 
2,4-heptadienal are secondary products of lipid oxidation (98). We identified 2-
nonenal by solvent extraction/GC/O, as well as other alkenals and dienals 
(Tables IV and V) in both fresh and stored SMP and WMP. 

Both p- and o-cresol were identified in WMP and /?-cresol was identified in 
SMP. Phenolic compounds are formed both as a result of the degradation of 
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unsaturated fatty acids (66) as well as from the degradation of aromatic amino 
acids (99). These compounds smell phenolic/medicinal and are partially 
responsible for the characteristic flavor of British Farmhouse Cheddar cheese 
(100). 

l-Octen-3-one (metallic/mushroom) is formed from the oxidation of 
arachidonic acid (86, 87). (Z)-4 Heptenal has a doughy/fishy aroma and was 
found in stored SMP and WMP (Table IV and V). During storage, the intensity 
of this compound increased, as did fatty/fryer oil flavor in the powders. The 
terms oxidized, cardboard, metallic, fatty (oily), painty, and fishy all describe 
dairy products that have undergone lipid oxidation (9, 21). Other alkenals and 
dienals identified include (Z)-4-heptenal (fatty/doughy), (£,£)-2,4-heptadienal 
(fatty), (£)-2-octenal (citrus/fatty), (£)-2-nonenal (old books), (£,£)-2,4-
nonadienal (fatty/hay), (E-2-decenal (fatty), (£,£)-2,4-decadienal (fatty), (E,Z)~ 
2,4-decadienal (fatty), and (£,Z)-2,6-nonadienal (cucumber). This compound is 
an oxidation product of linoleic acid (86). l-octen-3-one and (E,E)-2,4-
decadienal have been previously identified as primary odorants in milk and milk 
products (/, 21, 42, 87). Other aroma active lipid oxidation product identified in 
fresh SMP and WMP include hexanal (cut grass), octanal (citrus/fatty), and 
nonanal (citrus/fatty). These compounds have been previously identified in 
dairy products (1, 4, 21, 84). 

In addition to the auto-oxidation of milk fat, milk lipases can cause 
oxidation as well (77). However, these are typically inactivated at pasteurization 
temperatures and this means that there must be some other means in which the 
oxidation reaction is initiated, typically by light (77). There is also the potential 
for psychrotrophic microbial degradation of milk fat (77). The hydrolysis of 
triaceylglycerols leads to the formation of free fatty acids. The short chain free 
fatty acids (C 4-C 1 2) are important flavor contributors of cheese and other dairy 
products (4, 87). Acetic acid (vinegar), butanoic acid (cheesy), pentanoic acid 
(sweaty), hexanoic acid (sweaty), heptanoic acid (sweaty), octanoic acid 
(sweaty/waxy), and nonanoic acid (sweaty) were all identified in SMP and 
WMP. Butanoic and hexanoic acids were noted as the major free fatty acids in 
skim milk powders (72). 2/3-Methyl butanoic acid was identified in SMP (7, 
27) and has a cheesy/dried apricot aroma. The branched chain fatty acid 4-
methyl octanoic acid, which was identified in both SMP and WMP in this study, 
was not previously identified in milk powders. This compound is not found in 
high concentrations in cows' milk, but is found in high concentrations in goat 
and sheep milk (3, 223, 80 ppm respectively) (101). Carunchia Whetstine et al. 
(102) found that this acid, in conjunction with 4-ethyl octanoic acid, was the 
source of waxy flavor in goat cheese. This compound is also found in dried 
whey proteins (84). Several esters were identified in SMP and WMP. These 
have a fruity aroma and are formed from the esterification of fatty acids (66). 

Lactones are breakdown products of triglycerides (103). Lactones have 
coconut and peach flavors (7, 27) that are characteristic of fresh sweet cream 
and are also found in young Cheddar cheese (65, 104). The mechanism of 
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lactone formation is non-oxidative and the precursors of these compounds are 5-
hydroxy fatty acids esterified in milk fat (65). Though microorganisms can 
initiate this pathway and lactone formation, fresh milk doesn't have lactone 
aroma because lactone concentration is below sensory threshold. However, after 
pasteurization, lactones are formed above sensory threshold levels, and directly 
contribute to flavor of freshly pasteurized milk (65). 3-Methoxy-4-
hydroxybenzaldehyde (vanillin) originates (in the cow rumen) from plant lignin. 
During pasteurization, this compound is formed (105). 

It is obvious that storage time of SMP and WMP increases the number of 
aroma active compounds as well as the intensity of off-flavors. Since the 
majority of milk powders are used as ingredients, this begs the question can off-
flavors from powders carry through into product applications? The quality of 
SMP has a direct impact on the quality of the finished product (7). Hough et al. 
(//) looked at the relationship between consumer acceptability and trained 
panelists in the evaluation of reconstituted whole milk powder. They found that 
linear correlations between consumer acceptability and trained sensory panel 
scores could be used to determine the sensory failure cut-off point and that 
rejection of whole milk powder was driven by flavor characteristics rather than 
appearance. Caudle et al. (88) found that consumers could detect differences 
between fresh SMP and off-flavored SMP (Figure 4). They also found that 
consumers could detect differences in products (vanilla ice cream and hot cocoa) 
made with fresh and off-flavored SMP (Figures 5 and 6). Products made with 
off-flavored SMP received lower consumer acceptance scores than products 
made with fresh-flavored SMP. 

There is a seemingly synergistic effect of proteins and fatty acids to increase 
the rate of flavor formation in dairy products (47). It seems that there is no 
simple mechanism that allows volatiles (and flavors) to form, but rather many 
working together (59, 106, 107). In order to control flavor development, high 
quality milk and extra care during processing and storage of milk powders needs 
to be taken. 

There are many compounds that contribute to the characteristic flavor of 
SMP and WMP. During storage, undesirable flavors increase. Aldehydes, 
ketones, free fatty acids, and alcohols, and lipid oxidation products as well as 
Maillard reaction products, were associated with undesirable flavors in stored 
SMP (7). Lipid oxidation reaction products, specifically hexanal, are found in 
higher concentrations in stored powders than in fresh ones (40). 

2-Acetyl-l-pyrroline (popcorn), Furaneol™ (burnt sugar), butanoic acid 
(cheesy) and methional are all important to the flavor of fresh SMP and WMP. 
o-Aminoacetophenone (grape/tortilla), l-octen-3-one (metallic/mushroom), and 
alkenals and dienals are important flavor contributors to off-flavor in stored milk 
powders. Because off-flavors from milk powders can carry through into product 
applications, it is important to understand when and how flavor develops to 
maximize the potential usage of these functional and important ingredients. 
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Figure 5. Consumer acceptance scores of vanilla ice creams made with a 
standardformula. [Ice creams were made with fresh or off-flavored SMP. 
Fresh 1 and 2 are ice creams made with fresh fluid milk types of flavors 
and Off 1 and 2 are ice creams made with SMP that exhibited off-flavors. 
Different letters indicate significant differences from overall acceptance 

andflavor acceptance (P<0.05). Mouthfeel acceptance was not 
different (P<0.05) (88).J 
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Figure 6. Consumer acceptance scores of reconstituted hot cocoa mix made 
with a standard formula. [Hot cocoas were made with fresh or off-flavored 

SMP. Fresh 1 and 2 are hot cocoas made with fresh fluid milk types of flavors 
and Off 1 and 2 are hot cocoas made with SMP that exhibited off-flavors. 

Different letters indicate significant differences for overall acceptance, flavor 
acceptance, andmouthfeel acceptance (P<0.05) (88).] 

D
ow

nl
oa

de
d 

by
 C

O
R

N
E

L
L

 U
N

IV
 o

n 
Ju

ly
 3

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 9

, 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

97
1.

ch
01

3

In Flavor of Dairy Products; Cadwallader, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



246 

Acknowledgements 

Funding provided in part by the California Dairy Research Foundation and 
Dairy Management, Inc. This is manuscript FSR 06-04 of the Department of 
Food Science, North Carolina State University. The use of trade names in the 
publication does not imply endorsement by these organizations or criticisms of 
ones not mentioned. 

References 

1. Karagul-Yüceer Y.; Cadwallader K.R.; Drake M.A. J. Agric. Food Chem. 
2002,50,305-312. 

2. USDEC. Products, Suppliers & Marketing Services for Milk Powders. 
United States Dairy Export Council. Online. Available: 
http://www/usdec.org/;products/MilkPowderSpecs/content. Accessed 
March 25,2005. 

3. Bodyfelt F.W.; Tobias J.; Trout G.M. In The Sensory Evaluation of Dairy 
Products; Van Nostrand Reinhold: London, UK, 1988; pp 67-89. 

4. Singh, T.K.; Drake, M.A.; Cadwallader, K.R. Compr. Rev. Food Sci. Food 
Safely. 2003, 2, 1-23. 

5. Caric, M. Concentrated and Dried Dairy Products. VCH Publishers: New 
York, NY, 1994; pp 57-124. 

6. Verdurmen, R.E.M.; de Jong, P. In Dairy Processing Improving Quality, 
Smit G., Ed.; Woodhead Publishing Limited and CRC Press: Boca Raton, 
FL, 2003; pp 333-365. 

7. Varnum A.H.; Sutherland J.P. In Milk and Milk Products; Chapman and 
Hall: New York, NY, 1994; pp 103-149. 

8. Boelrijk, A.E.M. In Dairy Processing Improving Quality, Smit, G., Ed.; 
Woodhead Publishing Limited and CRC Press: Boca Raton, FL, 2003; pp 
130-154. 

9. Drake M.A.; Karagul-Yüceer Y.; Cadwallader K.R.; Civille G.V.; Tong 
P.S.y. Sensory Stud. 2003,75, 199-208. 

10. Muir, D.D.; Banks, J.M. In Dairy Processing Improving Quality; Smit, G., 
Ed.; Woodland Publishing and CRC Press LLC: Boca Raton, FL, 2003; pp 
201-202. 

11. Hough G.; Sanchez R.H.; Garbarini de Pablo G.; Sanchez R.G.; Calderon 
Villaplana S.; Gimennez A.M.; Gambaro A. J Dairy Sci. 2002, 85, 2075-
2080. 

12. USDA. United States Department of Agriculture. Online. Available: 
http://www.ams.usda.gov/dairy. Accessed March 25, 2005. 

D
ow

nl
oa

de
d 

by
 C

O
R

N
E

L
L

 U
N

IV
 o

n 
Ju

ly
 3

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 9

, 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

97
1.

ch
01

3

In Flavor of Dairy Products; Cadwallader, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 

http://www/usdec.org/;products/MilkPowderSpecs/content
http://www.ams.usda.gov/dairy


247 

13. Delahunty, C M . ; Murray, J.M. In Proceedings of the 5th Cheese Symposium; 
Cogan, T.M., Fox P.F., Ross, R.P. Eds. Dairy Products Research Centre: 
Fermoy, 1997; pp 90-97. 

14. Drake, M.A. J. Dairy Sci. 2004, 87, 777-784. 
15. Lawless, H.T.; Heymann, H. Sensory Evaluation of Food: Practices and 

Principals; Chapman and Hall: New York, 1998. 
16. Meilgaard, M.C.; Civille, G.V.; Carr, B.T. Sensory Evaluation Techniques, 

3rd Edition; CRC Press: Boca Raton, FL, 1999. 
17. Murray, J.M.; Delahunty, C M . ; Baxter, I. Food Res. Int. 2001, 34,461-471. 
18. Drake, M.A.; Civille, G.V. Compr. Rev. Food Sci. Food Safety 2003, 2, 33-

40. 
19. Drake, M.A.; Gerard, P.D.; Wright, S.; Cadwallader, K.R.; Civille, G.V. J. 

Sensory Stud. 2002, 17, 215-229. 
20. Drake, M.A.; Yates, M.D.; Gerard, P.D.; Delahunty, C.M.,; Sheehan, E.M.; 

Turnbull, R.P.; Dodds, T.M. Int. Dairy J. 2005,15, 473-483. 
21. Karagul-Yüceer Y.; Drake M.A.; Cadwallader K.R. J. Agric Food Chem. 

2001,49,2948-2953. 
22. IDF. Sensory evaluation of dairy products by scoring-reference 

methodology, International IDF Standard 99C. International Dairy 
Federation. Brussels, Belgium. 1997. 

23. Qian, M. ; Reineccius, G. J. Dairy Sci. 2003, 86, 770-776. 
24. Contarini, G.; Povolo, M. J. Agric. FoodChem. 2002, 50, 7350-7355. 
25. Marsili, R.T. J. Chromatographic Sci. 1999,57,17-23. 
26. Neeter, R.; de Jong, C.; Teisman, H.G.J.; Ellen, G. In Flavor Science 

Recent Developments; Taylor, A.J.; Mottram, D.S. Eds.; The Royal Society 
of Chemistry: Cambridge, UK, 1996; pp 293-296. 

27. Fabre, M. ; Aubry, V.; Guichard, E. J. Agric. FoodChem. 2002, 50, 1497-
1501. 

28. Qian, M. ; Reineccius, G. J. Dairy Sci. 2002, 85, 1362-1369. 
29. Zhentbauer, G.; Reineccius, G.A. Flav. Fragr. J. 2002,17, 300-305. 
30. Pinho, O.; Ferreira, I.M.P.L.V.O.; Ferreira, M.A. Anal. Chem. 2002, 74, 

5199-5204. 
31. Frank, D.C.; Owen, C M . ; Patterson, J. Lebensm.-Wiss. u.-Technol. 2004, 

37, 139-154. 
32. Parliament, T.H.; McGorrin, R.J. In Flavor Chemistry: Industrial and 

Academic Research; Risch, S.J.; Ho, C.T., Eds.; American Chemical 
Society: Washington D.C, 2000; pp 44-71. 

33. McGorrin, R.J. In Food Flavors and Chemistry: Advances of the new 
millennium. Spanier, A.M.; Shahidi, F.; Parliment, T.H.; Mussinan, C.J.; 
Ho, C.T.; Contis, E.T., Eds.; Royal society of Chemistry: Cambridge UK, 
2001; pp 67-84. 

34. Moio, L.; Langlois, D.; Etievant, P.X.; Addeo, F. Ital. J. Food Sci. 1993, 3, 
227-237. 

D
ow

nl
oa

de
d 

by
 C

O
R

N
E

L
L

 U
N

IV
 o

n 
Ju

ly
 3

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 9

, 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

97
1.

ch
01

3

In Flavor of Dairy Products; Cadwallader, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



248 

35. Van Ruth, S. Biomol. Eng. 2001, 17, 121-128. 
36. Sen, A.; Laskawy, G.; Schieberle, P.; Grosch, W. J. Agric. Food Chem. 

1991, 39, 757-759. 
37. Mills, O. E.; Broome, A. J. In Flavor Analysis: Development in Isolation 

and Characterization. Mussinan, C. J.; Morello, M . J., Eds.; American 
Chemical Society: Washington, DC, 1998; pp 85-91. 

38. Van den Dool, H.; P. Kratz. J. Chromatogr. 1963,11, 463-471. 
39. Hall, G.; Andersson, J. J. FoodQual 1985, 7, 237-253. 
40. Ulberth F.; Roubicek F. Int. Dairy J. 1995, 5, 523-531. 
41. Badings, H.T.; Neeter, R. Neth. Milk Dairy J. 1980, 34, 9-30. 
42. Karagül-Yüceer K.; Drake M.A.; Cadwallader K.R. J. Sensory Stud. 2004, 

19, 1-14. 
43. Thomsen, M.K.; Lauridsen, L.; Skibsted, L.H.; Risbo, J. J. Agric. Food 

Chem. 2005,53, 1805-1811. 
44. Shiratsuchi, H.; Shimoda, M. ; Imayoshi, K.; Noda, K.; Osajima, Y. J. Agric. 

FoodChem. 1994, 42, 984-988. 
45. Jenness, R. In Fundamentals of Dairy Chemistry, 3rd Ed.; Wong, N.P., Ed.; 

Van Nostrand Reinhold Co.: New York, NY, 1988; pp 1-38. 
46. Swaisgood H.E. In Food Chemistry, 3rd Edition; Fennema, O.R., Ed. 

Marcel Dekker: New York, NY, 1996; pp 841-876. 
47. Lee, Y.B.; Morr, C.V. In Lipids in Food Flavors. Ho, C.; Hartman, G., 

Eds.; American Chemical Society: Washington, DC, 1994. 
48. Creamer, L.K.; MacGibbon, A.K.H. Int. Dairy J. 1996, 6, 539-568. 
49. Sienkiewicz, T.; Riedel, C. Whey and Whey Utilization Possibilities for 

Utilization in Agriculture and Foodstuffs Production; Buersche Druckerei: 
Leipzig, Germany, 1990. 

50. Chandan, R. Dairy-Based Ingredients; Eagan Press Handbook Series: St. 
Paul, MN, 1997. 

51. Jensen, R.G.; Ferris, A.M.; Lammi-Keefe, C.J. J. Dairy Sci. 1991, 74, 3228-
3243. 

52. Rychlik M. ; Schieberle P.; Grosch W. Compilation of thresholds, odor 
quantities, and retention indices of key food odorants. Deutsche 
Forschungsanstalt fur Lebensmittelchemie and Instiut fur 
Lebensmittelchemie der Technischen Universitat Munchen: Garching, 
Germany, 1998. 

53. Karagul-Yüceer, Y.; Drake, M.A.; Cadwallader, K.R. J. Food Sci. 2003, 68, 
1215-1219. 

54. Carunchia Whetstine, M.E.; Drake, M.A. In Handbook of Milk of Non-
Bovine Mammals. Haenleine, G.; Park, Y., Eds.; Blackwell Publishing: 
Ames I A, 2005. 

55. Dimick, P. Canadian Institute Food Tech. J. 1982,15, 247:256. 
56. Aurand, L. W.; Boone, N . H.; Giddings, G. G. J. Dairy Sci. 1976, 60, 363-

369. 

D
ow

nl
oa

de
d 

by
 C

O
R

N
E

L
L

 U
N

IV
 o

n 
Ju

ly
 3

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 9

, 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

97
1.

ch
01

3

In Flavor of Dairy Products; Cadwallader, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



249 

57. Gilmore, T. M. ; Dimick, P. S. Photochemical changes in major whey 
proteins of cow's milk. J. Dairy Sci. 1979, 62, 189-194. 

58. Cadwallader, K.R.; Howard, C.L. In Flavor Analysis Developments in 
Isolation and Characterization. Mussinan, C.J.; Morello, M.J., Eds.; 
American Chemical Society: Washington, DC, 1998; pp 343-358. 

59. Jenq, W.; Bassette, R.; Crang, R. E. Effects of light and copper ions on 
volatile aldehydes of milk and milk fractions. J. Dairy Sci. 1988, 71, 2366-
2372. 

60. Fox, P.F. In Dairy Processing Improving Quality. Smit, G., Ed.; Woodhead 
Publishing Limited and CRC Press LLC: Boca Raton, FL, 2003; pp 5-38. 

61. Badings, Herman T. In Volatile Compounds in Foods and Beverage. 
Marse, I., Ed. Marcel Dekker Inc: New York, NY, 1991. 

62. Moio, L.; Langlois, D.; Etievant, P.X.; Addeo, F. Powerful odorants in 
bovine, ovine, caprine, and water buffalo milk determined by means of 
extract dilution sniffing analysis. J. Dairy Res. 1993, 60,215-222. 

63. Calvo, M.M.; de la Hoz, L. Int. Dairy J. 1992, 2, 69-81. 
64. Celestino, E.L.; Iyer, M.; Roginski, H. Int. Dairy J. 1997, 7, 129-140. 
65. Dimick, P.S.; Walker, N.J.; Patton, S. J. Agric. FoodChem. 1969, 17, 649-

655. 
66. Bendall, J.G. J. Agric. FoodChem. 2001, 49, 4825-4832. 
67. Scanlan, R.A.; Lindsay, R.C.; Libbey, L.M.; Day, E.A. J. Dairy Sci. 1968, 

51, 1001-1007. 
68. Walstra, P.; Geurts, T.J.; Noomen, A.; Jellema, A.; van Boekel, M.A.J.S. In 

Dairy Technology Principles of Milk Properties and Processes; Marcel 
Dekker: New York, NY, 1999; pp 445-470. 

69. Allen, C ; Parks, O.W. J. Dairy Sci. 1975, 58, 1609-1611 
70. Lloyd, M.A.; Zou, J.; Ogden, L.V.; Pike, O.A. J. Food Sci. 2004, 69, 326-

331. 
71. Driscoll N.R.; Brennand C.P.; Hendricks D.G. J Dairy Sci. 1985, 68, 1931-

1935. 
72. Ferretti, A.; Flanagan, V. P. J. Dairy Sci. 1971, 54, 1764-1768. 
73. Min, D.B.; Tickner, D.B.; Lee, S.H.; Reincessius, G.A. J. Food Sci. 1990, 

55, 401-403. 
74. Harwalker, V.R.; Cholette, H.; McKellar, R.C.; Emmons, D.B. J. Dairy Sci. 

1993, 76, 2521-2527. 
75. Lee, K.D.; C G . Lo, J.J.; Warthesen. J. Dairy Sci. 1996,79, 1521-1528. 
76. Singh, T.K.; Young, N.D.; Drake, M.A.; Cadwallader, K.R. J. Agric. Food 

Chem. 2005, 53, 1185-1189. 
77. Hammond, E. G. The flavors of dairy products. In Flavor Chemistry of 

Lipid Foods; Min, D. B., Smouse, T. H., Eds.; The American Oil Chemists' 
Society: Champaign, IL, 1989; pp 222-236. 

78. De Block J.M.; Merchiers L.; Mortier A.; Braekman W.; Ooghe P.; 
Renterghem RV. Int. Dairy J. 2003, 13, 87-94. 

D
ow

nl
oa

de
d 

by
 C

O
R

N
E

L
L

 U
N

IV
 o

n 
Ju

ly
 3

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 9

, 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

97
1.

ch
01

3

In Flavor of Dairy Products; Cadwallader, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



250 

79. BeMiller, J.N.; Whistler, R.L. In Food Chemistry, 3rd Edition; Fennema, 
O.R. Ed.; Marcel Dekker: New York, NY, 1996; pp 175-176. 

80. Whitfield, F. B. Crit Rev. Food Sci. Nutr. 1992, 31, 1-58. 
81. Laye, I.; Karleskind, D.; Morr, C V . In Food Flavors: Generation, Analysis, 

and Process Influence; Charalambous, G., Ed. Elsevier: Amsterdam, 1995; 
pp 769-783. 

82. Creamer, L.K. New Zealand J. Dairy Sci. Technol. 1976, 11, 30-39. 
83. Carunchia Whetstine, M.E.; Cadwallader, K.R.; Drake, M.A. J. Agric. Food 

Chem. 2005,53, 3126-3132. 
84. Carunchia Whetstine, M.E.; Croissant, A.E.; Drake, M.A. J. Dairy Sci. 

2005, Submitted. 
85. Avsar, Y.; Karagul-Yüceer, Y.; Drake, M.A.; Singh, T.; Yoon, Y. 

Cadwallader, K.R. J. Dairy Sci. 2004, 87, 1999-2010. 
86. Forss, D. A. J. Dairy Res. 1979, 46, 691-706. 
87. Lindsay, R.C In Food Chemistry, 3rd Edition; Fennema, O.R., Ed.; Marcel 

Dekker: New York, NY, 1996; pp 756-758. 
88. Caudle, A.D.; Yoon, Y.; Drake, M.A. J. Food Sci. 2005, In press. 
89. Lee, Y.B.; Laye, I.; Kim, Y.D.; Morr, C V . Int. Dairy J. 1996, 6, 485-496. 
90. Ott, A.; Fay, L.B.; Cahintreau, A. J. Agric FoodChem. 1997, 45, 850-858. 
91. Parks, O.W.; Schwartz, D.P.; Keeney, M . Nature. 1964,202, 185-187. 
92. Ramshaw, E.H.; Dunstone, E.A. J. Dairy Res. 1969, 36, 215-223. 
93. Shibamoto, T. In Thermal Generation of Aromas. Parliment, T.H.; 

McGorrin, R.J.; Ho, C., Eds.; American Chemical Society: Washington, 
DC, 1989. 

94. Foucaud, C.; Juillard, V. J.Dairy Res. 2000, 67, 233-240. 
95. Schieberle, P. J. Agric. FoodChem. 1995, 43, 2442-2448. 
96. Zhang, Y.; Ritter, W.J.; Barker, C.C.; Traci, P.A.; Ho, C T . In Lipids in 

Food Flavors; Ho, C.T.; Hartman, T.G., Eds.; American Chemical Society: 
Washington D. C., 1994; pp 49-60. 

97. Hidalgo, F.J.; Kinsella, J.E. J. Agric.Food Chem. 1989, 37, 860-866. 
98. Mills, O.E. In Food Flavors, ingredients, and composition: Proceedings of 

the 7th International Flavor Conference; Elsevier: New York, NY, 1993. 
99. Randhir, R.; Shetty, K. Process Biochem. 2004, 40, 1701-1705. 
lOO.Suriyaphan, O.; Drake, M.A.; Chen, X.Q.; Cadwallader, K.R. J. Agric. 

FoodChem. 2001, 49, 1382-1387. 
101. Ha, J.K.; Lindsay, R.C. J. Dairy Sci. 1993, 76, 677-690. 
102. Carunchia Whetstine M.E.; Karagul-Yuceer, Y.; Avsar, Y.K.; Drake, M.A. 

J. FoodSci. 2003, 68, 2441-2447. 
103. El Soda, M. ; Law, J.; Tsakalidou, E.; Kalantzopoulos, G. In Food Flavors, 

Generation Analysis and Process Influence. Charalambous, G., Ed.; 
Elsevier Science: New York, NY, 1995; pp 1823-1847. 

104. Milo, C.; Reineccius, G.A. J. Agric. FoodChem. 1997, 45, 3590-3594. 

D
ow

nl
oa

de
d 

by
 C

O
R

N
E

L
L

 U
N

IV
 o

n 
Ju

ly
 3

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 9

, 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

97
1.

ch
01

3

In Flavor of Dairy Products; Cadwallader, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



251 

105.Cobb, W.Y.; Patton, S.; Grill, H. J. Dairy Sci. 1963,46, 566-567. 
106.Shipe, W. F.; Bassette, R.; Deane, D. D.; Dunkley, W. L.; Hammond, E. G.; 

Harper, W. J.; Kleyn, D. H.; Morgan, M . E.; Nelson, J. H.; Scanlan, R. A. 
J. Dairy Sci. 1978, 61, 855-869. 

107.Tomaino, R. T.; Parker, J. D.; Larick, D. K. J. Agric.Food Chem. 2001, 49, 
3993-3998. 

D
ow

nl
oa

de
d 

by
 C

O
R

N
E

L
L

 U
N

IV
 o

n 
Ju

ly
 3

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 9

, 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

97
1.

ch
01

3

In Flavor of Dairy Products; Cadwallader, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



Chapter 14 

Effect of Processing Technology and Phenolic 
Chemistry on Ultra-High Temperature Bovine Milk 

Flavor Quality 

Devin G. Peterson, Paula M. Colahan-Sederstrom, 
and Rajesh V. Potineni 

Department of Food Science, The Pennsylvania State University, 
215 Borland Laboratory, University Park, PA 16802 

Dairy ingredients/products utilize a thermal processing step in 
the production cycle as a means of improving food 
preservation, product safety and ease of distribution. 
However, for specific dairy-based materials, thermal treatment 
can also result in the development of negative product traits 
due to the simultaneous generation of aroma compounds. For 
example, ultra-high temperature (UHT) processed milk, 
although commercially sterile, has a 'cooked' or 'stale' aroma 
that is often considered a significant product defect. 
Conversely, thermal processing can also have positive affects 
on flavored dairy-based due to enhanced flavor stability. 
Various modes of flavor control in UHT fluid milk are 
discussed. 

© 2007 American Chemical Society 253 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
Ju

ly
 3

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 9

, 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

97
1.

ch
01

4

In Flavor of Dairy Products; Cadwallader, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



254 

Flavor is a key attribute of any food product, as it is one of the major factors 
influencing a consumer's choice of food (1). The desired flavor of fluid milk is 
a mild, bland, or low flavor intensity product. Even a very slight change in the 
flavor profile of milk can be unacceptable to the consumer (2, 3). According to 
Lampert (4), milk consumers who drink raw milk can tell a difference in the 
flavor properties of high temperature short time (HTST) pasteurized milk. In the 
United States, milk consumers have become accustomed to pasteurized milk 
(mandated by law) and consequently the flavor of pasteurized milk is both 
accepted and expected. Consequently, the cooked off-flavor notes in ultra-high 
temperature (UHT) processed milk has not been accepted by American 
consumers even though the product has the distinct advantage of shelf-stability. 
More recently, new thermal processing technologies are being used to minimize 
off-flavor problems of traditional ultra-high temperature processing such as 
extended shelf-life (ESL) milk. However, the flavor properties of both UHT and 
ESL milks are considered to be lower in quality (liking) in comparison to 
pasteurized milk, which makes UHT or ESL milk less acceptable to the 
consumer (see Figure 1). Research preformed at Cornell University and 
sponsored by New York State Milk Promotion Order, a division of the New 
York Department of Agriculture and Marketing, showed a direct correlation 
between flavor quality of milk and level of consumption (5). The negative flavor 
properties of shelf-stable fluid milk can be primarily associated with chemical 
changes induced from the Maillard reaction, protein degradation, and lipid 
oxidation/degradation reactions. 

There are two main commercial thermal processing methods for the 
production of shelf-stable milk products, both direct and indirect techniques, to 
obtain commercial sterility. Both the direct and indirect methods produce 
similar milk products in stability, microbial safety and shelf-life, however, there 
is a distinct difference between these thermal treatments on the product flavor 
attributes. In the direct heating systems, super-heated steam is either sprayed or 
injected into the raw milk which heats the milk very quickly. During this process 
the milk volume is increased by approximately 11%, but the water is vaporized 
and removed during a rapid cooling stage via a vacuum chamber (7-9). For the 
more conventional indirect heating system, milk is heated with a heat exchanger 
(tubular or plate) and this system is considered to be more economical than 
direct systems (less expensive for both initial costs and running costs). The 
indirect system can have regeneration levels of up to 90% of thermal energy 
whereas for the direct processing system is less effective in energy regeneration 
(-50%). Thus the total cost for the direct processing system can be twice as high 
as an indirect system (9). Nonetheless, the heating rate of the indirect of system 
is much slower than the direct heating system and as a result the major benefit of 
the direct system comes from the less severe heat treatment (overall lower 
thermal dose), and therefore less flavor development (8). 
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Figure 7. Hedonic Sensory Score Versus Extent of Heat Treatment of Milk; 
Average consumer acceptance (hedonic rating with 1 = extremely dislike, 9 -
extreme like) comparing HTST (74°Cfor 4 seconds), ESL (134°C for 4 seconds, 
direct steam injection) and UHT (indirect heating, plate-exchanger) processed 
milk (Adapted with permission from reference 6. Copyright 1995 International 

Association of Food Protection) 

In addition to the application of processing technology to improve the flavor 
properties of shelf-stable milk, the use of natural product chemistry has been 
recently applied to reduce the off-flavor attributes of UHT milk. Based on 
recent findings of Peterson and Totlani (10) who reported that specific 
flavonoids can alter (reduce) Maillard-type flavor generation pathways, Colahan-
Sederstrom and Peterson (77) investigated the ability of epicatechin (a 
flavonoid) to reduce the thermal development of aroma compounds (i.e., 
Maillard reaction products) formed during ultra-high temperature (UHT) 
processing (indirect system) of bovine milk. Colahan-Sederstrom and Peterson 
reported that epicatechin (EC) added to raw fluid milk prior to UHT processing 
reduced the thermal generation of aroma compounds (cooked flavor). A direct 
comparison of the aroma properties between the a traditional UHT milk product 
and UHT milk with 0.1% EC added prior to thermal processing is reported in 
Figure 2 (based on AEDA; any odorants which reported an FD difference > 4 
between the control and treatment milk samples are illustrated). Based on the 
direct comparison of the FD-factors between the control and treatment milk 
samples, the largest impact the addition of EC had on off-flavor development 
during UHT processing was reported for methional (a potent cooked-type note). 
The concentration of methional in the treatment sample was estimated to be 
approximately 32-fold lower in the control sample, based on the observed FD-
value ratio between the control and treatment sample of 32. The compound, 2-
isoproypl-3-methoxypyrazine was tentatively identified and is not a typical 
Maillard reaction product (known microbial conversion product) but was listed 
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Figure 2. Ratio offlavor dilution (FD) values of control versus treatment for 
each odorant with a difference >4;a = (2

FDcomol)l(2FDtream^ (Adapted with 
permission from reference 11. Copyright 2005. American Chemical Society) 

as it has been previously reported in milk powder (12, 13). The sensory analysis 
of the cooked flavor intensity for these UHT samples (see Table 1) was in 
agreement with the AEDA data illustrated in Figure 2 as the treatment sample 
was found to be statistically lower in cooked flavor intensity in comparison to 
the control sample. Polyphenols compounds are commonly associated with 
bitterness and likewise food rejection, although at the 0.1% level, bitterness 
intensity was determined not to be statically different form a conventional UHT 
milk sample (Table I). 

Table I: Mean Scores for Cooked Flavor and Bitterness in Milk Samples9 

Milk Sample Cooked Flavor 1,3 

(LSD = 1.61) Bitterness • 
(LSD = 1.78) Control UHT 5.11 A 0.19 B 

Treatment 0.1% EC UHT 2.88 B 0.70 B 
1 = 15 centimeter scale was used with 0 = no detectable cooked (pasteurized) and 15 = 
very cooked (n=10). 2 A 15 centimeter scale was used with 0 = no bitterness and 15 = 
very bitter (n=9). 3 Means in the same column having the same letter are not significantly 
different (a = 0.05); (Adapted with permission from reference 11. Copyright 2005. 
American Chemical Society) 
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otfL , 

0 2 4 6 
Time (Days) 

Figure 3. Effect of whole milk thermal treatment on benzaldehyde stability 
storaged at 5°C under aerobic conditions; A = benzaldehyde (pasteurized milk 
sample), <C> = benzaldehyde (UHT milk sample), • = benzoic acid (pasteurized 

milk); (Adapted with permission from reference 23. Copyright 2005. 
American Dairy Science Association) 

Although thermal processing can impart negative product attributes (i.e. 
cooked flavor), heat can also positively affect the flavor stabilitity of flavor 
enriched dairy-based food products (ice cream, flavored milks, yogurt, etc). 
Flavor degradation reactions in dairy-based products has been linked to 
enzymatic reactions (14-21) and consequently flavor stability has been positively 
correlated to the extent of the thermal dose during processing (or level of 
enzymatic inactivation). Both Anklam et al. (16) and Gassenmeier (17, 22) 
studied the degradation of vanillin to vanillic acid in select dairy products during 
storage and associated this degradation reaction to oxidative activity of the 
intrinsic milk enzyme xanthine oxidase. In a recent study, Potineni and Peterson 
(23) investigated the influence of milk thermal processing conditions (or 
potential enzyme inactivation) on benzaldehyde stability in fluid milk. These 
authors reported that when benzaldehyde was spiked in pasteurized milk, over 
90% of this compound was oxidatively converted to benzoic acid after a 6-day 
storage period, while in UHT mik, benzaldehyde was found to be completely 
stable (no loss observed as well as no formation benzoic acid) over an equivalent 
storage time (see Figure 3). Xanthine oxidase (XO), which has been previously 
suggested to degrade vanillin would be inactivated in UHT processed milk (24). 
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However, when these authors spiked XO in UHT milk at typical intrinsic levels 
found of raw milk, benzaldehyde degradation was not reported. Furthermore, no 
autooxidation products (i.e. hexanal) were reported in the stored samples. Based 
on these findings, the degradation of benzaldehyde in milk is likely enzymatic (a 
dehydrogenase) and probably requires NADH or NADPH which may be more 
effectively bound by milk proteins in higher heat treated milk products (higher 
degree of denaturation). 

In summary, thermal processing can have both negative and positive 
implications on the flavor properties of dairy-based foods or beverages (i.e. 
UHT milk) and ultimately the product quality. Both processing technology and 
the application of phenolic chemistry have shown potential to reduce unwanted 
cooked notes in shelf-stable milk and as such may provide dairy processors the 
ability to produce low cooked dairy products with improved stability for flavored 
dairy products. 

References 

1. Glanz, K.; Basil, M. ; Maibach, E.; Goldberg, J.; Snyder, D. J. Am. Diet. 
Assoc. 1998, 98, 1118-1126. 

2. Gonzalez-Cordova, A.F.; B. Vallejo-Cordoba. J. Agric. Food Chem. 2003, 
51,7127-7131. 

3. Dumont, J.P.; Adda, J. in Progress in Flavour Research, D.G. Land, Ed.; 
1979, Applied Science Publishers LTD: London, p. 245 - 262. 

4. Modern Dairy Products. Lampert, L.M., Ed.; New York, Chemical 
Publishing Company, Inc. 1965. 

5. Bandler, D.K. Dairy FoodSanit. 1982, 2:312-315. 
6. Blake, M.R.;Weimer, B.C.; Mcmahon, D.J.; Savello, P.A. J. Food Protect. 

1995, 58, 1007-1013. 
7. Continuous Thermal Processing of Foods: Pasteurization and UHT 

Sterilisation. Lewis, M. ; Heppell, N . Eds.; 2000, Gaithersburg, Maryland: 
Aspen Publishers, Inc. 

8. Datta, N. ; Elliott, A. J.; Perkins, M. L.; Deeth, H. C. Aust J. Dairy Technol. 
2002,57,211-227. 

9. Ultra-High-Temperature Processing of Milk and Milk Products. Burton, H. 
Ed.; London, New York: Elsevier Applied Science. 1988. 

10. Peterson, D.G.; Totlani, V .M. in Phenolics in Foods and Natural Health 
Products, F. Shahidi; C.-T. Ho, Eds. 2005, ACS: Washington, DC. pp 143-
160. 

11. Colahan-Sederstrom, P.M.; Peterson, D.G. J. Agric. FoodChem. 2005, 53, 
398-402. 

12. Shiratsuchi, H.; Shimoda, M. ; Imayoshi, K.; Noda, K.; Osajima, Y. J. Agric. 
FoodChem. 1994, 42, 984-988. 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
Ju

ly
 3

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 9

, 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

97
1.

ch
01

4

In Flavor of Dairy Products; Cadwallader, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



259 

13. Karagul-Yuceer, Y.; Drake, M . and Cadwallader, K. J. Agric. FoodChem. 
2001, 49, 2948-2953. 

14. Jeon, I.J. in Food taints and off-flavors, M.J. Saxby, Ed. Chapman & Hall: 
London, UK. 1993, pp 139-167. 

15. Chevalier, M. ; Prat, Y.;Navellier, P. Ann. Fals. Exp. Chim. 1972, 697, 12-
16. 

16. Anklam, E.; Gaglione, S.; Muller, A. FoodChem. 1997, 60, 43-51. 
17. Gassenmeier, K. Lebensm. Wiss. U,-Technol. 2003, 36, 99-103. 
18. Baumgartner, J.; Neukom, H. Chimia. 1972, 26, 366-368. 
19. Kempe, K.; Kohnen, M. Adv. Food Sci. (CMTL), 1999, 21,48-53. 
20. Allen, J.C.; Wrieden, W.L. J. Dairy Res. 1982, 49, 249-263. 
21. Ostdal, H.; Bjerrum, M.J.; Pedersen, J.A.; Andersen H.J. J. Agric. Food 

Chem. 2000, 48, 3939-3944. 
22. Gassenmeier, K., in Handbook of Flavor Characterization: sensory 

analysis, chemistry, and physiology, K.D. Deibler and J. Delwiche, Eds.; 
Marcel Dekker, Inc.: New York. 2004, pp 259-266. 

23. Potineni, R.V.; Peterson, D.G. J. Dairy Sci. 2005, 88, 1-6. 
24. Dairy technology: principles of milk properties & processes. Walstra, P.; 

Geurts, T.J.; Noomen, A.; Jellema, A.; Van Boekel, M.AJ.S. Eds.; New 
York, NY: Marcel Dekker Inc. 1999, pp 91-99. 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
Ju

ly
 3

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 9

, 2
00

7 
| d

oi
: 1

0.
10

21
/b

k-
20

07
-0

97
1.

ch
01

4

In Flavor of Dairy Products; Cadwallader, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



Author Index 

Banavara, Dattatreya S., 205 Jerrell, John P., 111 
Bosset, Jacques O., 123 Marsili, Raymond T., 79 
Broadbent, Jeffery R., 177, 193, McGorrin, Robert J., 23 

205 Mei, Jennifer, 93 
Burbank, Helen M . , 135 Mooberry, Ed S , 205 
Cadwallader, Keith R., 51, 111 Peterson, Devin G., 253 
Carunchia Whetstine, Mary E., Potineni, Rajesh V. , 253 

51,217 Qian, Michael C , 135 
Colahan-Sederstrom, Paula M . , Rankin, Scott A. , 205 

253 Reineccius, Gary, 93 
Drake, MaryAnne, 51,217 Schlichtherle-Cerny, Hedwig, 
García, Estrella Fernández, 123 123 
Harper, W. James (Jim), 3 Singh, Tanoj. K . 9 111 
Hughes, Joanne E., 205 Steele, James L. , 177, 193, 205 
Imhof, Miroslava I., 123 Tunick, Michael H. , 155 

263 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
35

.4
2 

on
 J

ul
y 

3,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 9
, 2

00
7 

| d
oi

: 1
0.

10
21

/b
k-

20
07

-0
97

1.
ix

00
1

In Flavor of Dairy Products; Cadwallader, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



Subject Index 

Acetaldehyde, negative chemical 
ionization/mass spectrometry 
(NCI/MS), 16/ 

2-Acetyl-l-pyrroline, dairy flavor 
compound, 26,21 f 

2-Acetyl-2-thiazoline, dairy flavor 
compound, 26, 27/ 

Age 
aroma-texture interactions, 96 
compound concentration changes 

in Serra da Estrela cheese during 
aging, 162/ 

effect on free amino acids in 
Cheddar cheese, 5/ 

flavor compounds in mild, one- and 
three-year-old Cheddar cheese, 
161/ 

ripening time and cheese flavor, 
159-160, 162 

storage time for maximum 
concentration of flavor 
compounds in Cheddar cheese, 
160/ 

Alcohols 
cheese flavors, 170/ 
proteolysis of casein, 165/ 

Aldehydes 
cheese flavor, 166 
proteolysis of casein, 165/ 

Amines, gas chromatographic setup, 
8/ 

Amino acids 
aromatic, in cheese flavor, 167 
branched chain, for cheese flavor, 

167 
catabolism by lactic acid bacteria, 

181 
cheese flavor origin, 164-165 
cheese ripening research, 5, 7 

degradation and milk powders, 
240 

effect of age in Cheddar cheese, 5/ 
genetic basis for prototrophy or 

autotrophy in Lactobacillus 
helveticus CNRZ 32, 188/ 

microbiological assay, 4/ 
proteolysis of casein, 165/ 
skim and whole milk powders, 238, 

240 
Aminotransferases (ATases), 

methionine conversion, 206 
Analytical techniques. See Dairy 

flavor analysis techniques; 
Sensory-directed analytical 
techniques 

Aroma, volatile sulfur compounds to 
Cheddar cheese, 136-137 

Aroma-active compounds 
dairy products, 26 
not-nutty and nutty Cheddar 

cheeses by gas chromatography-
olfactometry, 68/ 

nutty and not nutty Cheddar 
cheeses, 66/, 67/ 

rosy/floral (RF) flavor in cheeses, 
60/, 61/ 

Aroma compounds, lowland Gruyere 
cheese, 125/ 

Aroma extract concentration analysis 
(AECA), gas chromatography-
olfactometry (GC-O), 44, 45 

Aroma extract dilution analysis 
(AEDA), gas chromatography-
olfactometry (GC-O), 44,45 

Aroma perception 
oral shear stress and, 103-104 
See also Texture 

Aroma release 
viscosity, 101-102 
See also Texture 

265 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
35

.4
2 

on
 J

ul
y 

3,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 9
, 2

00
7 

| d
oi

: 1
0.

10
21

/b
k-

20
07

-0
97

1.
ix

00
2

In Flavor of Dairy Products; Cadwallader, K., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2007. 



266 

Aroma-texture interactions 
age, 96 
instrumental analysis, 97-100 
sensory analysis, 95-97 
thickening and gelling agents, 96-

97 
understanding, 104-105 
See also Texture 

Aromatic amino acids, cheese flavor, 
167 

Atmospheric pressure ionization mass 
spectrometry (API-MS), flavor 
release from cheese, 107 

Bacteria. See Lactic acid bacteria 
(LAB) 

Bacterial-ripened cheese 
debittering activity of Lactobacillus 

helveticus CNRZ 32, 197-199, 
201 

flavor development, 195 
genes encoding peptidases in Lb. 

helveticus CNRZ 32, 198/ 
lactococcal cell envelope-

associated proteinase 
(lactocepin) specificity and 
bitterness, 195-197 

peptidase system in lactic acid 
bacteria (LAB), 198-199 

proteolysis, 194 
schematic of casein breakdown by 

Lb. helveticus CNRZ 32 
peptidases, 200/ 

Barium sulfide, heat treatment of milk, 
11 

Benzaldehyde 
effect of whole milk thermal 

treatment on, stability, 257/ 
negative chemical ionization/mass 

spectrometry (NCI/MS), 16/ 
stability in ultra high temperature 

milk, 257-258 

Best estimate orthonasal thresholds 
(BETs), sensory analysis, 58 

Bitterness 
accumulation of bitter peptides, 

194 
debittering activity of Lactobacillus 

helveticus CNRZ 32, 197-199, 
201 

genes encoding peptidases in Lb. 
helveticus CNRZ 32, 198/ 

lactocepin specificity and, 195-197 
milk samples, 256/ 

Blue cheese 
character-impact compound 2-

heptanone, 25/ 
solid phase microextraction 

(SPME) trapping kinetics, 34/ 
35/ 

Branched chain amino acids, cheese 
flavor, 167 

British Farmhouse Cheddar, dairy 
flavor compound of sensory 
significance, 27/ 

2-Butanone, negative chemical 
ionization/mass spectrometry 
(NCI/MS), 16/ 

Butter 
character-impact compound 

diacetyl, 25/ 
dairy flavor compounds of sensory 

significance, 27/ 
rapid colorimetric method for 

insoluble fatty acids, 4/ 
Butyric acid, negative chemical 

ionization/mass spectrometry 
(NCI/MS), 16/ 

C 

Camembert cheese, character-
impact compound l-octen-3-ol, 
25/ 

Capillary gas chromatography, 
introduction, 13/ 
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Carboxen-polydimethylsiloxane 
(CAR-PDMS) fiber 
extracting sulfur compounds, 138 
See also Volatile sulfiir compounds 

(VSCs) 
Carboxymethyl cellulose, aroma 

compound release, 99-100 
Casein 

breakdown in cheese by 
Lactobacillus helveticus CNRZ 
32 enzymes, 200/ 

enzymatic conversion during 
ripening, 180 

genes encoding enzymes in casein 
hydrolysis, 188/ 

milk powders, 234-235 
proteolysis, 164, 165/ 
See also Protein 

CharmAnalysis™ (combined hedonic 
aroma response measurements), 
gas chromatography-olfactometry 
(GC-O), 44,45 

Cheddar cheese 
aroma-active compounds, 26 
composition and sensory 

perception, 74/, 75/ 
consumer acceptance and 

marketing, 52 
dairy flavor compounds of sensory 

significance, 26, 27/ 
effect of age on amino acids, 5/ 
effect of sample size on SPME 

extraction of volatile sulfur 
compounds (VSCs) from, 148/ 

flavor compounds in mild, one- and 
three-year-old, 161/ 

importance of volatile sulfur 
compounds to aroma, 136-137 

intensity of flavor, 5-6 
lexicon and references, 53, 54/, 

55/ 
mothball/grassy flavor, 65, 73 
non character-impact compounds, 

25/ 
nutty flavor, 64-65 

percentages of components in 
fresh, 156/ 

polyfunctional thiols, 16/, 17/ 
potent odorants in, with and 

without mothball/grassy flavor, 
70/, 71/ 

rosy/floral flavor, 58-59, 64 
storage time for maximum 

concentration of flavor 
compounds in Cheddar cheese, 
160/ 

sulfur compounds, 15, 17 
sulfur development during 

maturation, 152/ 
sulfur profile by SPME-GC-PFPD, 

149/ 
volatile sulfur analysis in, 147, 

150-151 
volatile sulfur compounds in 

different ages of commercial, 
150/ 

See also Cheese; Sensory and 
instrumental analyses of dairy 
flavors; Volatile sulfur 
compounds (VSCs) 

Cheese 
atmospheric pressure ionization 

mass spectrometry (API-MS), 
107 

diagram of silica gel 
chromatographic column for 
fatty acids, If 

fatty acids using Fourier transform 
near infrared (FT NIR), 16/ 

fermentation system and carbonyl 
compounds, 11, 13/ 

flavor development, 178-179 
flavor research, 13-14 
intensity of flavor, 5-6 
medium- and long-chain free fatty 

acids in enzyme modified, 120/ 
microbiological assay for free 

amino acids, 4/ 
microbiology, 178-179 
rennet paste, 6-7 
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ripening research, 5, 9/ 
sensory threshold and, model 

system analysis, 58 
short-chain free fatty acids in 

enzyme modified, 118/ 
solid phase microextraction 

(SPME), 33-35 
texture and flavor perception, 107-

108 
utilization of C 1 4 substrates by 

culture and, 11,13/ 
See also Cheddar cheese; Terpenes 

Cheese-based products 
advantages of solid phase 

microextraction (SPME), 80 
dimethyl sulfide (DMS) peak areas 

of six samples of cheese 
powder, 85/ 

experimental SPME with gas 
chromatography/mass 
spectrometry, 80-81 

off-flavor in cheese powders, 86-
87, 88/ 

off-flavor in cultured sour cream 
powder, 81,82/83/ 

off-flavors in club cheese product, 
84, 86 

variability in creamed-corn flavor 
in cheese powders, 83-84 

See also Solid phase 
microextraction gas 
chromatography/mass 
spectrometry (SPME GC/MS) 

Cheese flavor origins 
alcohols for cheese flavors, 170/ 
aldehydes, 166 
amino acids, 164-165 
aromatic amino acids, 167 
branched chain amino acids, 167 
breakdown of citrate in cheese, 

163/ 
coagulant, 158 
components percentages in bovine 

milk and fresh Cheddar cheese, 
156/ 

concentration changes in Serra da 
Estrela cheese during aging, 
162/ 

esters, 171 
flavor compounds in milk, one- and 

three-year-old Cheddar cheeses, 
161/ 

free fatty acids, 168, 169/ 
fruit-type flavors from lactones in 

cheese, 171/ 
fruity and floral flavor from esters 

in cheese, 171/ 
hydroxyacids, 168, 171/ 
p-ketoacids, 168, 170/ 
ketones for cheese flavors, 170/ 
LAB (lactic acid bacteria) activity 

and, 179 
LAB physiology, 180-182 
lactose and citrate, 156/, 162-163 
lipase or esterase activity, 181 
lipids, 167 
lipolysis of triacylglycerols into 

flavor compounds, 169/ 
methionine, 166-167 
milk, 156-157 
pasteurization and homogenization, 

157-158 
processing parameters affecting 

flavor, 156 
protein, 164-171 
proteolysis of casein into 

aldehydes, alcohols, and acids, 
165/ 

ripening time, 159-160, 162 
salt and coloring, 159 
starter cultures, 158 
storage time for maximum 

concentration of Cheddar cheese 
flavor compounds, 160/ 

surface microorganisms, 159 
syneresis, 158-159 
See also Lactic acid bacteria (LAB) 

Cheese powders 
dimethyl sulfide (DMS) peak areas 

for six samples, 85/ 
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off-flavor in, 86-87 
variability in creamed-corn flavor, 

83-84 
Cheese slurries, accelerating ripening, 

9/ 
"Cheesy" flavor, degree of, 5-6 
Chewing process 

food texture, 94-95 
gel hardness, 102-103 

Chromatography 
rediscovery, 4/ 
rediscovery in flavor chemistry, 4 

Chromosomes, characterizing lactic 
acid bacteria (LAB), 182-183 

Citrate 
cheese flavor origin, 163 
percentages in milk and fresh 

Cheddar cheese, 156/ 
utilization by lactic acid bacteria, 

181-182 
Club cheese product 

off-flavors, 84, 86 
two-dimensional PCA plot of 

samples with acceptable, 
borderline, and unacceptable 
flavor, 85/ 

volatiles as major peaks in 
chromatogram of mold 
scrapings from, 87/ 

volatiles with highest modeling 
powder for PCA clustering, 86/ 

Coagulant, processing cheese, 158 
Coffee powder, GC/MS total ion 

chromatograms by four volatile 
concentration techniques, 38/ 39/ 

Coloring, processing cheese, 159 
Column chromatographic method 

diagram of silica gel, column for 
fatty acids in cheese, If 

low molecular weight fatty acids in 
Italian cheese, 6/ 

Combined hedonic aroma response 
measurements (CharmAnalysis™) 
values, gas chromatography-
olfactometry (GC-O), 44,45 

Comprehensive two-dimensional gas 
chromatography (GCxGC) 
dairy flavor analysis, 37,40-42 
GCxGC time of flight mass 

spectrometry (TOF MS) of sour 
cream flavor extract, 43/ 

GCxGC TOF-MS of 2-nonanone 
0 from sotolon in dairy spread, 43/ 

longitudinally modulated GCxGC, 42/ 
Cooked flavor, milk samples, 256/ 
Coryneform bacteria, processing 

cheese, 159 
Cow parsnip 

degradation and formation of 
monoterpenoids during 
incubation with rumen fluid, 
132/ 

incubation with rumen fluid, 130— 
131 

monoterpenes and monoterpene 
metabolites, 128/ 

See also Terpenes 
Cows' feed, milk flavor, 236 
Cream, dairy flavor compound of 

sensory significance, 27/ 
Cream cheese, stir bar sorptive 

extraction (SBSE) extract 
chromatograms of herb, 37,41/ 

Creamed-corn flavor, variability in 
cheese powders, 83-84 

Cultures, fermentation system and 
carbonyl compounds, 11, 13/ 

Cystathionine-(}-lyase (CBL) 
bacterial growth, 209 
methionine conversion, 206 
overexpression, 206-207 

Cystine, light treatment of milk with 
radiolabeled, 9, 9/ 

D 

Dairy flavor analysis techniques 
apparatus for isolation of headspace 

volatile flavor compounds, 33/ 
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classical approach and usual 
protocol, 26 

comparing volatile recoveries 
between solvent-assisted flavor 
evaporation (SAFE) and vacuum 
distillation in 10% fat model 
system, 29/ 

comprehensive two-dimensional 
gas chromatography (GCxGC), 
37,40-42 

dynamic headspace sampling, 31-
40 

equilibrium headspace sampling, 
29-31 

GCxGC time of flight-mass 
spectrometry (TOF-MS) 
analysis of sour cream extract, 
43/ 

GCxGC TOF-MS analysis of 2-
nonanone from sotolon in dairy 
spread, 43/ 

headspace solid phase dynamic 
extraction (SPDE) sampling 
device and needle, 30/ 

high vacuum distillation, 28 
large volume equilibrium 

headspace sampling, 31/ 
longitudinally modulated GCxGC, 

42/ 
SBSE extract chromatograms of 

herb cream cheese by GC/MS 
and GC-pulsed flame 
photometric detection, 41/ 

simultaneous distillation - solvent 
extraction, 28-29 

solid phase aroma concentrate 
extraction (SPACE™), 36 

solid phase microextraction 
(SPME), 32-36 

solvent-assisted flavor evaporation 
(SAFE), 28-29 

SPME trapping kinetics for fatty 
acids and alcohols in blue 
cheese, 35/ 

SPME trapping kinetics for methyl 
ketones, ethyl esters, and butyric 
acid in blue cheese, 34/ 

stir bar sorptive extraction (SBSE), 
36-37,40/ 

See also Sensory and instrumental 
analyses of dairy flavors; 
Sensory-directed analytical 
techniques 

Dairy products 
aroma-active compounds, 26 
"character-impact compounds", 24-

26 
characteristic flavors, 23-24 
examples of character-impact and 

non character-impact 
compounds, 25/ 

key dairy flavor compounds, 24-26 
motivation for dairy flavor 

analysis, 24-26 
predominant fatty acids in, 112/ 
recently identified flavorants, 26, 

27/ 
terpenes marking origin, 124 
texture and flavor perception in 

cheese, 107-108 
texture and flavor perception in 

yogurt, 105-106 
See also Texture 

Dairy research, funds, 13/, 13 
Dairy spread, comprehensive two-

dimensional gas chromatography 
(GCxGC) time-of-flight mass 
spectrometry analysis, 41-42,43/ 

(E,E)-2,4-Decadienal, comparing 
volatile recoveries between 
solvent-assisted flavor evaporation 
(SAFE) and vacuum distillation in 
10% fat model system, 29/ 

P-Decalactone, dairy flavor 
compound, 26, 27/ 

Degree of cheesy, flavor intensity, 5-6 
Descriptive sensory methods 

flavor characterization, 52 
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gaining attention, 14/ 
gas chromatography/mass 

spectrometry (GC/MS), 16/ 
lexicon with Cheddar cheese 

flavor, 53, 54/, 55/ 
linking with analytical data, 52-53 
milk powder analysis, 220, 221/ 

Diacetyl 
character-impact compound of 

butter, 25/ 
negative chemical ionization/mass 

spectrometry (NCI/MS), 16/ 
2,6-Dimethylpyrazine, dairy flavor 

compound, 26, 27/ 
Dimethyl sulfides 

creamed-corn flavor in cheese 
powders, 83-84 

effect of sample size on SPME 
extraction of volatile sulfur 
compounds (VSCs) from 
Cheddar cheese, 148/ 

effect of temperature on, extraction 
of volatile sulfur compounds 
from Cheddar cheese, 144, 146/ 
147 

effect of time on, extraction of 
volatile sulfur compounds from 
Cheddar cheese, 144, 145/ 

peak areas in cheese powder 
samples, 85/ 

sulfur development during 
maturation of Cheddar cheese, 
152/ 

Direct solvent extraction (DSE), 
volatile compounds, 56 

(Z)-6-Dodecen-y-lactone, dairy flavor 
compound, 26, 27/ 

Dynamic headspace analysis 
dairy flavor analysis, 31-32 
extraction of monoterpenoids, 

126 
GC/MS total ion chromatogram of 

coffee powder, 38/ 
milk powder analysis, 222 
volatile compound extraction, 57 

Dynamic headspace method, aroma 
release, 97-98 

Electronic noses 
introduction, 14/, 15 
negative chemical ionization/mass 

spectrometry (NCI/MS), 15, 16/ 
Enzyme-modified cheeses 

medium- and long-chain free fatty 
acids, 120/ 

short-chain free fatty acids, 118/ 
Enzymes 

activity by starter and nonstarter 
lactic acid bacteria, 181 

casein breakdown in cheese by 
Lactobacillus helveticus CNRZ 
32, 200/ 

genes encoding peptidases in Lb. 
helveticus CNRZ 32, 198/ 

proteolytic, of lactic acid bacteria, 
194-195 

See also Peptidases 
Equilibrium headspace sampling 

dairy flavor analysis, 29-31 
large volume, 31/ 
solid phase dynamic extraction 

(SPDE) sampling device and 
needle, 30/ 

Esters, cheese flavors, 171 
Extended shelf-life (ESL) 

hedonic sensory score vs. extent of 
heat treatment of milk, 255/ 

thermal processing of milk, 254 
See also Milk 

Extraction 
direct solvent extraction (DSE), 56 
dynamic headspace analysis, 57 
medium- and long-chain fatty 

acids, 116 
short-chain free fatty acids, 115-

116 
See also Solvent extraction 
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F 

Fat, percentages in milk and fresh 
Cheddar cheese, 156/ 

Fatty acids 
diagram of silica gel 

chromatographic column for 
determination in cheese, If 

gas chromatographic setup, 8/ 
milk powders, 235 
rapid colorimetric method for 

insoluble, in butter, 4/ 
See also Free fatty acids (FFAs) 

Fecal/mothball flavor 
Cheddar cheeses, 65 
See also Mothball/grassy flavor 

Fermentation 
lactic acid bacteria, 178 
lactose, 180 

Fermentation system, carbonyl 
compounds in cheese and cultures, 
11, 13/ 

First Impression hypothesis, oral shear 
stress, 103 

Flavor chemistry, diverse 
chromatography permitting dairy 
food research, 4 

Flavor intensity 
cheese, 5-6 
viscosity, 101-102 

Flavor perception 
oral shear stress and, 103-104 
texture and, in cheese, 107-108 
texture and, in yogurt, 105-106 
See also Texture 

Flavor research 
cheese microbiology and flavor 

development, 178-179 
milk proteins and cheese, 13-

14 
See also History of flavor research; 

Sensory and instrumental 
analyses of dairy flavors 

Flavor stability, diary-based food 
products, 257-258 

Flavor variability, skim and whole 
milk powders, 237-238 

Floral flavor. See Rosy/floral (RF) 
flavor 

Food preservation, lactic acid bacteria, 
178 

Food texture 
definition, 94-95 
See also Texture 

Fourier transform near infrared (FT-
NIR), fatty acids in cheese, 16/ 

Free fatty acids (FFAs) 
analysis of extracts by gas 

chromatography (GC), 115 
catabolism, 206 
cheese flavor, 168, 169/ 
composition of medium- and long-

chain, in enzyme modified 
cheeses, 120/ 

composition of short-chain, in 
enzyme modified cheeses, 118/ 

experimental procedures, 113-115 
extraction, separation, and analysis 

of medium- and long-chain, 116 
extraction and analysis of short-

chain, 115-116 
factors complicating gas 

chromatography (GC) 
determination, 113 

fat extraction step, 114 
GC of medium- and long-chain 

methyl esters, 119/ 
GC of short-chain, 117/ 
lipolysis of triacylglycerols, 169/ 
materials, 113 
medium- and long-chain, 114 
methods for analysis, 112-113 
milk powders, 235, 242 
need for comprehensive FFA 

analysis, 116, 121 
predominant, in dairy products, 

112/ 
preparation of methyl esters of 

separated, 114-115 
presence in biological systems, 112 
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recovery studies, 115 
sample preparation, 113-114 
separation from bulk lipid classes, 

114 
short-chain, 114 

Fruity flavors 
esters in cheese, 171/ 
lactones in cheese, 171/ 

Funds, dairy research, 13/, 13 
Furaneol 

comparing volatile recoveries 
between solvent-assisted flavor 
evaporation (SAFE) and vacuum 
distillation in 10% fat model 
system, 29/ 

dairy flavor compound, 26, 27/ 
2-Furfiiryl thiol, comparing volatile 

recoveries between solvent-
assisted flavor evaporation (SAFE) 
and vacuum distillation in 10% fat 
model system, 29/ 

Gas chromatography (GC) 
capillary GC introduction, 13/ 
equipment availability, 6/ 
factors complicating fatty acid 

analysis, 113 
method for analysis of fatty acids 

and free fatty acid methyl esters 
(FAMES), 115 

methyl esters of medium- and long-
chain fatty acids, 116, 119/ 

olfactory GC, 14/ 
setup for fatty acids and amines, 8/ 
short-chain fatty acid 

determination, 112-113 
short-chain fatty acids, 115-116, 

117/ 
wide usage, 9/ 
See also Comprehensive two-

dimensional gas 
chromatography (GCxGC) 

Gas chromatography/mass 
spectrometry (GC/MS) 
analysis of solvent fractions, 56 
flavor chemist using, 14/ 
flavor research use, 9/ 
sensory descriptive analysis, 16/ 
separation and analysis of 

monoterpenes, 126-127 
Gas chromatography-olfactometry 

(GC-O) 
analysis of solvent fractions, 56-57 
aroma-active components of not-

nutty and nutty Cheddar cheeses 
by GC-O, 68/ 

Aroma Extract Dilution Analysis 
(AEDA), 44, 45 

CharmAnalysis™ values, 44,45 
importance to flavor, 14/ 
milk powder analysis, 222-223 
mothball/grassy flavor of Cheddar 

cheeses, 65 
odor dilution, 44 
odor/flavor threshold index, 44 
sensory-directed technique, 44-45 
time intensity, 44 
volatile compound identification, 52 

Gel hardness 
chewing process, 102-103 
nosespace concentrations, 101-102 

Gelling agents, aroma-texture 
interactions, 96-97 

Gels, aroma-texture interactions, 95 
Genetic studies 

Lactococcus lactis, 182 
See also Lactic acid bacteria (LAB) 

Genomic studies 
amino acid prototrophy or 

autotrophy, 188/ 
cheese flavor research, 186-187 
functional genomics, 187, 189 
genes encoding enzymes in casein 

hydrolysis, 188/ 
genome sequence projects for lactic 

acid bacteria, 183, 184/, 185/ 
See also Lactic acid bacteria (LAB) 
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Glutamic acid, effect of age in 
Cheddar cheese, 5/ 

Grass 
monoterpene composition by 

dynamic headspace GC/MS, 127 
monoterpenes and monoterpene 

metabolites, 128/ 
monoterpenoids, 129/ 
See also Terpenes 

Gruyere cheese, aroma compounds of 
lowland, 125/ 

Guar gum, aroma compound release, 
99-100 

H 

Headspace sampling 
dynamic, 31-32 
equilibrium, 29-31 
See also Volatile sulfur compounds 

(VSCs) 
Heat shocked milk 

sulfur development during 
maturation of Cheddar cheese, 
152/ 

volatile sulfur development in 
cheese from, 151 

Heat treatment 
hedonic sensory score vs. extent of, 

of milk, 255/ 
methods for milk, 254 
radioactive milks, 11 

2-Heptanone, character impact 
compound of blue cheese, 25/ 

(Z)-4-Heptenal, dairy flavor 
compound, 26,27/ 

Heracleum sphondylium L. 
degradation and formation of 

monoterpenoids, 132/ 
incubation with rumen fluid, 130— 

131 
monoterpenes and monoterpene 

metabolites, 128/ 
See also Terpenes 

High performance liquid 
chromatography (HPLC), 
introduction, 9/ 

High temperature short time (HTST) 
flavor of HTST pasteurized milk, 

254 
hedonic sensory score vs. extent of 

heat treatment, 255/ 
pasteurization and homogenization, 

7-8 
See also Milk 

High vacuum distillation 
dairy flavor analysis, 28,29/ 
milk powder analysis, 223 

History of flavor research 
1940-1949,4-6 
1950-1959, 6-8 
1960-1969, 8-11 
1970-1979, 11, 13 
1980-1989,13-14 
1990-1999, 14-15 
2000-present, 15-17 
diagram of gas chromatographic 

set-up for measuring fatty acids 
and amines, 8/ 

diagram of silica gel 
chromatographic column for 
fatty acid determination in 

methods introduced in 1940-1949, 
4/ 

methods introduced in 1950-1959, 
6/ 

methods introduced in 1960-1969, 
9/ 

methods introduced in 1970-1979, 
13/ 

methods introduced in 1980-1989, 
14/ 

methods introduced in 1990-1999, 
14/ 

methods introduced in 2000-
present, 16/ 

negative chemical ionization mass 
spectrometry (NCI MS) spectra 
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of selected volatile compounds, 
16/ 

possible polyfunctional thiols in 
aged Cheddar cheese, 1 It 

S 3 5 labeled milk studies, 9, 11 
system collecting volatile sulfur 

compounds during light 
treatment of milk, 9/ 

ultra high temperature (UHT) milk, 
11 

utilization of C 1 4 substrates by 
culture and cheese slurries, 13/ 

volatile sulfur compound formation 
in milk with fluorescent light 
and sunlight, 9/ 

Homofuraneol, dairy flavor 
compound, 26,27/ 

Homogenization and pasteurization, 
high temperature short time 
(HTST), 7-8 

Hydrocolloids, aroma-texture 
interactions, 95 

Hydrogenation, hypothetic 
monoterpenoid formation, 131, 
132/ 

Hydrogen sulfide 
effect of sample size on SPME 

extraction of volatile sulfur 
compounds (VSCs) from 
Cheddar cheese, 148/ 

effect of temperature on, extraction 
of volatile sulfur compounds 
from Cheddar cheese, 144, 146/ 
147 

effect of time on, extraction of 
volatile sulfur compounds from 
Cheddar cheese, 144, 145/ 

flavor of Cheddar cheese, 136 
sulfur development during 

maturation of Cheddar cheese, 
152/ 

See also Volatile sulfur compounds 
(VSCs) 

Hydroxyacids, cheese flavors, 168, 
171/ 

Insoluble fatty acids, rapid 
colorimetric method, 4/ 

Instrumental analysis, aroma-texture 
interactions, 97-100 

Intensity, cheese flavor, 5-6 
Ion exchange chromatography, free 

amino acids, 8 

K 

P-Ketoacids 
cheese flavor, 168, 170/ 
proteolysis of casein, 165/ 

Ketones, cheese flavors, 170/ 

L 

Lactic acid bacteria (LAB) 
amino acid catabolism, 181 
characteristics, 178 
characterizing LAB chromosomes, 

182-183 
cheese microbiology and flavor 

development, 178-179 
citrate utilization, 181-182 
consortium to advance academic 

and industrial research on, 
183 

food preservation by fermentation, 
178 

functional genomics, 187, 189 
genes discovered in draft 

Lactobacillus helveticus CNRZ 
32 genome sequence, 188/ 

genetic basis for amino acid 
prototrophy or autotrophy in Lb. 
helveticus CNRZ 32, 188/ 

genetic studies of Lactococcus 
lactis, 182 

genome-based cheese flavor 
research, 186-187 
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genome sequence projects for milk 
fermentation bacteria, 184/, 185/ 

LAB physiology and cheese flavor 
development, 180-182 

lipase or esterase activity, 181 
nonstarter LAB (NSLAB) 

populations, 179 
peptidase enzyme system, 198— 

199,201 
physical map of Lb. helveticus 

CNRZ32 chromosome, 183/ 
proteolytic enzymes of, 194-195 
rapid compilation of genome 

sequence information, 186 
scanning electron micrograph of 

Lb. helveticus CNRZ 32, 187/ 
website, 186 

Lactic acid fermentation, discovery, 
178 

Lactobacillus (Lb.) species 
bacterial growth, 209 
casein breakdown in cheese by Lb. 

helveticus CNRZ 32 enzymes, 
200/ 

CBL (cystathionine-P-lyase) 
overexpression, 206-207 

CBL for generating volatile sulfur 
compounds, 206 

cell extracts, 208 
cell harvest and preparation, 207 
1 3 C nuclear magnetic resonance 

(NMR), 208-209,211-212 
debittering activity of Lb. 

helveticus CNRZ 32, 197-199, 
201 

experimental, 206-209 
growth curve for LH32, LH32cbl. 1 

and LH32cbl.2 strains, 209/ 
organisms and cell growth, 207 
production of VSC, 210-211 
solid phase microextraction with 

GC-MS (SPME-CJC-MS), 208 
See also Lactic acid bacteria (LAB) 

Lactocepins, specificity and bitterness, 
195-197 

Lactococcal cell envelope-associated 
proteinase 
classification from deduced amino 

acid sequences for substrate 
binding regions, 196/ 

lactocepin, 195-196 
specificity and bitterness, 195-197 

Lactococcus (Lc.) species. See Lactic 
acid bacteria (LAB) 

Lactones, milk powders, 242-243 
Lactose 

cheese flavor origin, 162-163 
percentages in milk and fresh 

Cheddar cheese, 156/ 
Leucine, effect of age in Cheddar 

cheese, 5/ 
Light treatment, system collecting 

volatile sulfur compounds during, 
of milk, 9/ 

Lipase, fatty acids by, in rennet paste, 
7 

Lipid oxidation, milk powders, 241, 
242 

Lipids, cheese flavor, 167 
Long-chain fatty acids. See Free fatty 

acids (FFAs) 
Lysine, effect of age in Cheddar 

cheese, 5/ 

M 

Mass spectrometry 
introduction, 6/ 
negative chemical ionization/MS 

(NCI/MS) in electronic nose 
research, 15, 16/ 

Mastication 
food texture, 94-95 
gel hardness, 102-103 

Medium-chain fatty acids. See Free 
fatty acids (FFAs) 

Methanethiol 
catabolism of L-methionine, 

136 
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effect of sample size on SPME 
extraction of volatile sulfur 
compounds (VSCs) from 
Cheddar cheese, 148/ 

effect of temperature on, extraction 
of volatile sulfur compounds 
from Cheddar cheese, 144, 146/ 
147 

effect of time on, extraction of 
volatile sulfur compounds from 
Cheddar cheese, 144, 145/ 

effects of antioxidants on stability, 
140, 144 

flavor compound in many cheeses, 
136, 137 

SPME-GC-PFPD (pulsed flame 
photometric detection) 
chromatograms of solution 
prepared with methanol and 
butanol, 142/ 

SPME-GC-PFPD chromatograms 
of solution prepared with 
phosphate buffer and organic 
acid buffer, 143/ 

SPME-GC-PFPD chromatograms 
of solution prepared with water 
and vegetable oil, 141/ 

stability, 140 
standard preparation and 

stabilization, 139-140, 144 
sulfur development during 

maturation of Cheddar cheese, 
152/ 

See also Volatile sulfur compounds 
(VSCs) 

Methional 
aroma compound for many 

cheeses, 136, 137 
non character-impact compound of 

Cheddar cheese, 25/ 
ratio of flavor dilution of control 

versus, 256/ 
See also Volatile sulfur compounds 

(VSCs) 

Methionine 
cheese flavor, 166-167 
conversion pathways, 206, 211-

212 
degradation of labeled, in milk, 9 
fluorescent light and sunlight 

exposure, 9/ 
Methods 

volatile compound identification, 
13/ 

See also History of flavor research 
Methyl caprylate, comparing volatile 

recoveries between solvent-assisted 
flavor evaporation (SAFE) and 
vacuum distillation in 10% fat 
model system, 29/ 

Methyl esters, medium- and long-
chain free fatty acids, 116, 119/ 

Microbiological assay, amino acids, 4/ 
Microbiology, cheese, 178-179 
Microorganisms, processing cheese, 

159 
Milk 

cows' feed, 236 
dairy flavor compounds of sensory 

significance, 27/ 
flavor of fluid, 235-236 
heat treatment using S 3 5 labeled, 11 
hedonic sensory score vs. extent of 

heat treatment, 255/ 
high temperature short time 

(HTST) pasteurized, 254 
lactose and citrate, 162-163 
monoterpenes, 127 
monoterpenes and monoterpene 

metabolites, 128/ 
monoterpenoids, 129/ 
percentages of components, 156/ 
processing parameters, 156-157 
solid phase microextraction 

(SPME), 35-36 
sunlight flavor, 9 
thermal processing for shelf-stable, 

254-255 
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ultra high temperature (UHT), 11, 
254 

See also Terpenes; Ultra high 
treatment (UHT) 

Milk powder 
amino acids, 240-241 
caseins, 234-235 
consumer acceptance scores of 

reconstituted hot cocoa mix, 
245/ 

consumer acceptance scores of 
vanilla ice cream, 244/ 

consumer sensory acceptance of 
rehydrated skim, (SMP), 239/ 

consumption of SMP and whole, 
(WMP), 218 

cows' feed, 236 
differences and similarities 

between SMP and WMP 
compounds, 234 

dynamic headspace/gas 
chromatography (DHA/GC), 
222 

extraction and concentration 
techniques, 222 

flavor of fluid milk, 235-236 
flavor variability in SMP, 237-

238 
fluid milk composition and flavor, 

234-237 
free amino acids, 240-241 
free fatty acids, 235,242 
gas chromatography/olfactometry 

(GC/O), 222-223 
general types of SMP, 218 
high vacuum distillation technique, 

223 
instrumental techniques, 220, 222-

224 
lactones, 242-243 
lipid oxidation, 241,242 
Maillard reaction and Strecker 

degradation of amino acids, 238, 
240 

odor-active compounds in fresh and 
stored SMP, 226,231/, 232/, 
233/, 234 

odor-active compounds in fresh and 
stored WMP, 224, 226,228/, 
229/, 230/ 

oxidation by milk lipases, 242 
pasteurization of milk, 236-237 
principle component biplot of 

descriptive sensory flavor 
profiles of reconstituted SMP at 
ambient storage temperatures, 
239/ 

principle component biplot of 
descriptive sensory flavor 
profiles of reconstituted WMP at 
ambient storage time, 227/ 

principle component biplot of 
descriptive sensory flavor 
profiles of rehydrated fresh 
SMP, 227/ 

processing SMP and WMP, 237 
production, 218 
proper storage, 236-237 
protein degradation, 238 
proteolysis, 238 
proteolysis of hydrophobic amino 

acids, 240 
references for descriptive sensory 

analysis of SMP and WMP, 221/ 
sensory profiles of fresh and stored 

milk powders, 225/ 
sensory techniques, 219-220 
SMP and WMP flavor and 

composition, 237-243 
solid phase microextraction 

(SPME), 222 
statistical analyses, 224 
storage time of SMP and WMP, 

243 
sulfur compounds by degradation 

of whey protein, 240 
synergistic effect of proteins and 

fatty acids, 243 
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thiazolines, 240 
vitamin and mineral content, 235 

Milk proteins, flavor research, 13-14 
Mineral content, milk powders, 235 
Models 

aroma-texture interactions, 97-100 
composition and sensory 

perception of Cheddar cheese 
systems, 74/, 75/ 

impact of phenylacetaldehyde and 
phenyl acetic acid on rosy/floral 
(RF) flavor of cheese, 63/ 

oral shear stress and flavor 
perception, 103-104 

sensory analysis of cheese and 
mothball/grassy flavor, 65, 73 

sensory analysis of cheese and 
nutty flavor, 64-65 

sensory analysis of cheese and 
rosy/floral flavor, 58-59, 64 

Molds, processing cheese, 159 
Monoterpenoids. See Terpenes 
Mothball/grassy flavor 

Cheddar cheese, 65, 73 
composition and sensory 

perception of Cheddar cheese 
model systems, 74/, 75/ 

concentration of compounds in 
Cheddar cheese with and 
without, 72/ 

potent odorants in Cheddar cheese 
with and without, 70/, 71/ 

sensory analysis of cheese with and 
without, 69/ 

N 

Negative chemical ionization/mass 
spectrometry (NCI/MS) 
electronic nose research, 15, 16/ 
spectra of selected volatile 

compounds, 16/ 
2-Nonanone, comprehensive two-

dimensional gas chromatography 

(GCxGC) time-of-flight mass 
spectrometry analysis, 41-42,43/ 

l-Nonen-3-one, dairy flavor 
compound, 26, 27/ 

Nosespace aroma concentration, gel 
hardness and water binding 
capacity, 101-102 

Nutty flavor sources 
aroma-active components in nutty 

and not nutty Cheddar cheeses, 
66/, 67/ 

aroma-active components in nutty 
and not nutty Cheddar cheeses 
by gas chromatography-
olfactometry (GC/O), 68/ 

Cheddar cheese, 64-65 

O 

l-Octen-3-ol 
character impact compound of 

Camembert cheese, 25/ 
comparing volatile recoveries 

between solvent-assisted flavor 
evaporation (SAFE) and vacuum 
distillation in 10% fat model 
system, 29/ 

Odor activity value (OAV), gas 
chromatography-olfactometry 
(GC-O), 44 

Odorants, Cheddar cheese with and 
without mothball/grassy flavor, 70/, 
71/ 

Odor dilution, gas chromatography-
olfactometry (GC-O), 44 

Odor/flavor threshold index, gas 
chromatography-olfactometry 
(GC-O), 44 

Off-flavors 
cheese powders, 86-87, 88 
club cheese product, 84, 86 
cultured sour cream powder, 81, 

82/ 83/ 
Olfactory gas chromatography 
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CharmAnalysis™ value, 44, 45 
GC-olfactometry (GC-O) 

techniques, 44-45 
importance to flavor, 14/ 
odor dilution, 44 
odor/flavor threshold index, 44 
time intensity, 44 

Oral shear stress, relationship to 
perceived intensity of isoamyl 
acetate in model system, 103, 
104/ 

Organic acids 
concentrations, odor and taste unit 

values of, in cheese powder, 88/ 
off-flavor in cheese powders, 86-

87, 88/ 
Osme technique, gas 

chromatography-olfactometry 
(GC-O), 44, 45 

P 

Paper chromatography, carbonyl 
compounds, 8 

Parmigiano, dairy flavor compound of 
sensory significance, 27/ 

Pasteurization and homogenization 
high temperature short time 

(HTST), 7-8 
processing parameters, 157-158 

Pasteurized milk 
controlling flavor and minimizing 

variability, 236-237 
sulfur development during 

maturation of Cheddar cheese, 
152/ 

volatile sulfur development in 
cheese from, 151 

Penicillium camemberti, processing 
cheese, 159 

Peptidases 
casein breakdown in cheese matrix 

by Lactobacillus helveticus 
CNRZ 32,200/ 

lactic acid bacteria (LAB) system, 
198-199, 201 

See also Enzymes 
Perception 

texture, 94-95 
See also Texture 

2-Phenethanol 
concentrations and sensory 

orthonasal threshold values, 62/ 
sensory analysis of cheese model 

systems, 59 
Phenylacetaldehyde 

concentrations and sensory 
orthonasal threshold values, 62/ 

impact on rosy/floral (RF) flavor of 
cheese models, 63/ 

sensory analysis of cheese model 
systems, 59 

Phenyl acetic acid 
concentrations and sensory 

orthonasal threshold values, 62/ 
impact on rosy/floral (RF) flavor of 

cheese models, 63/ 
sensory analysis of cheese model 

systems, 59 
pH gradient, processing cheese, 159 
Physiology, lactic acid bacteria 

(LAB), 180-182 
Polyfunctional thiols, Cheddar cheese, 

16/, 17/ 
2-wo-Propyl-3-methoxypyrazine, 

dairy flavor compound, 26, 27/ 
Protein 

alcohols for cheese flavor, 170/ 
aldehydes, 166 
amino acids, 164-165 
aromatic amino acids, 167 
branched chain amino acids, 167 
degradation in skim and whole 

milk powders, 238 
esters, 171 
free fatty acids, 168, 169/ 
hydroxyacids, 168, 171/ 
p-ketoacids, 168,170/ 
ketones for cheese flavor, 170/ 
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lipids, 167 
lipolysis of triacylglycerols into 

cheese flavor compounds, 169/ 
methionine, 166-167 
percentages in milk and fresh 

Cheddar cheese, 156/ 
proteolysis of casein, 164, 165/ 
See also Cheese flavor origins 

Proteolysis 
bacterial-ripened cheese, 194 
casein, 164, 165/ 
enzymes of lactic acid bacteria, 

194-195 
hydrophobic amino acids, 240 
skim and whole milk powders, 238 

Pulsed flame photometric detection 
(PFPD) 
sulfur-specific detection, 138 
See also Volatile sulfur compounds 

(VSCs) 

R 

Raclette-type cheese 
monoterpenes, 127, 129 
monoterpenes and monoterpene 

metabolites, 128/ 
monoterpenoids, 129/ 
See also Cheese; Terpenes 

Radioactive materials, research, 9/ 
Radioactive tracers, commercially 

available, 6/ 
Radiolabeled cystine, light treatment 

of milk, 9, 9/ 
Rennet paste 

cheese flavor, 6-7 
lipase for liberation of fatty acids, 7 

Ripening of cheese 
cheese slurries, 9/ 
importance of amino acids, 7 
lactic acid bacteria physiology, 

180-182 
Ripening time 

processing cheese, 159-160, 162 

storage time for maximum 
concentration of flavor 
compounds in Cheddar cheese, 
160/ 

Romano cheese, utilization of 
substrates by culture and cheese, 
11, 13/ 

Rosy/floral (RF) flavor 
aroma-active components in 

cheeses with and without, 60/, 
61/ 

concentrations and sensory 
orthonasal threshold values of 
RF compounds, 62/ 

impact of phenylacetaldehyde and 
phenyl acetic acid on RF flavor 
of cheese models, 63/ 

linking sensory and instrumental 
analysis, 58-59, 64 

Rumen fermentation 
influence on monoterpenes, 

124 
See also Terpenes 

S 

Salt, processing cheese, 159 
Salting out, water activity, 97, 98/ 
Sensory and instrumental analyses of 

dairy flavors 
aroma-active components in cheese 

with and without rosy/floral 
(RF) flavor, 60/, 61/ 

aroma-active components in nutty 
(N) and not nutty (NN) Cheddar 
cheeses, 66/, 67/ 

aroma-active components of NN 
and N Cheddar cheeses by G C -
O of dynamic headspace 
dilution analysis, 68/ 

Cheddar cheese lexicon and 
references, 54/, 55/ 

cheeses, 53 
chemicals, 53 
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composition and sensory 
perception of Cheddar cheese 
model systems, 74/, 75/ 

compound identification, 57 
concentration of compounds in 

Cheddar cheese with and 
without mothball/grassy (MG) 
flavor, 72/ 

concentrations and sensory 
orthonasal threshold values of 
RF compounds, 62/ 

consumer acceptance and 
marketing, 52 

descriptive sensory analysis, 53, 
54/, 55/ 

dynamic headspace analysis 
(DHS), 57 

extraction of volatile compounds, 
56 

fecal/mothball flavor, 65 
gas chromatography-mass 

spectrometry (GC/MS), 56 
gas chromatography/olfactometry 

(GC-O), 56-57 
general approach to linking, 52-53 
impact of phenylacetaldehyde and 

phenyl acetic acid on RF flavor 
of cheese models, 63/ 

methods, 53, 56-58 
mothball/grassy (MG) flavor, 65, 

73 
nutty flavor in Cheddar cheese, 64-

65 
potent odorants in Cheddar cheeses 

with and without MG flavor, 
70/, 71/ 

RF flavor, 58-59,64 
sensory analysis of cheeses with 

and without MG flavor, 69/ 
sensory threshold and cheese model 

system analysis, 58 
Sensory-directed analytical techniques 

cheese and dairy flavors, 42,44 
gas chromatography-olfactometry 

(GC-O), 44-45 

Sensory language, milk powder 
analysis, 220,221/ 

Sensory methods 
gaining attention, 14/ 
gas chromatography/mass 

spectrometry (GC/MS), 16/ 
Serra da Estrela cheese, compound 

concentration changes during 
aging, 162/ 

Shelf-life 
processing for shelf-stable milk, 

254-255 
See also Extended shelf-life (ESL) 

Short-chain fatty acids. See Free fatty 
acids (FFAs) 

Silica gel chromatographic column, 
diagram of, for fatty acids in 
cheese, If 

Simultaneous distillation - solvent 
extraction, dairy flavor analysis, 
28-29 

Single ion monitoring (SIM) 
monoterpenes and terpene 

metabolites, 127 
See also Terpenes 

Skatole, non character-impact 
compound of Cheddar cheese, 25/ 

Skim milk powder (SMP) 
consumer acceptance scores of hot 

cocoa mix, 245/ 
consumer acceptance scores of 

vanilla ice creams, 244/ 
consumer sensory acceptance of 

rehydrated SMP, 239/ 
descriptive sensory analysis, 220, 

221/ 
flavor and composition, 237-243 
instrumental techniques, 220,222-

224 
odor-active compounds in fresh and 

stored, 226, 231/, 232/, 233/, 
234 

principle component biplot of 
descriptive sensory flavor 
profiles of reconstituted SMP at 
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ambient storage temperatures, 
239/ 

principle component biplot of 
descriptive sensory flavor 
profiles of rehydrated fresh 
SMP, 227/ 

production and types, 218 
sensory analysis of fresh and 

stored, 224, 225/ 
sensory techniques, 219-220 
See also Milk powder 

Sodium sulfate, heat treatment of 
milk, 11 

Sodium sulfide, heat treatment of 
milk, 11 

Solid phase aroma concentrate 
extraction (SPACE™) 
dairy flavor analysis, 36 
GC/MS total ion chromatogram of 

coffee powder, 39/ 
Solid phase dynamic extraction 

(SPDE) 
headspace sampling, 29-31 
headspace SPDE sampling device 

and needle, 30/ 
See also Volatile sulfur compounds 

(VSCs) 
Solid phase microextraction (SPME) 

apparatus for isolation of headspace 
volatile flavor compounds, 33/ 

dairy flavor analysis, 32-36 
effect of temperature on, extraction 

of volatile sulfur compounds 
from Cheddar cheese, 144, 146/ 
147 

effect of time on, extraction of 
volatile sulfur compounds from 
Cheddar cheese, 144, 145/ 

flavor profiling of cheese varieties, 
33-35 

flavor volatiles analysis, 14/ 
GC/MS total ion chromatogram of 

coffee powder, 38/ 
milk, 35-36 
milk powder analysis, 222 

trapping kinetics for fatty acids and 
alcohols in blue cheese, 35/ 

trapping kinetics for methyl 
ketones, ethyl esters, and butyric 
acid in blue cheese, 34/ 

Solid phase microextraction gas 
chromatography/mass spectrometry 
(SPME GC/MS) 
advantages for cheese flavor 

analysis, 80 
advantages with time-of-flight MS 

(TOFMS), 89 
concentrations, odor unit values 

and taste unit values of organic 
acids in cheese powder, 88/ 

DMS peak areas for six samples of 
creamed-corn flavored cheese 
powder, 85/ 

experimental, 80-81 
monitoring volatile release from 

cheese, 107 
off-flavor in cheese powders, 86-

87 
off-flavor in cultured sour cream 

powder, 81,82/ 
off-flavors in club cheese product, 

84, 86 
parameters for, of dimethyl sulfide 

(DMS) in cheese powder, 84/ 
principal component analysis 

(PCA) plot of pass, fail and gold 
standard cheese samples, 88/ 

SPME GC-TOFMS chromatogram 
of cheese powder with butyric 
acid and dimethyl sulfone, 89, 
90/ 

ten volatiles with highest modeling 
powder for PCA clustering, 86/ 

2,4,5-trimethyloxazole (TMO) 
spiked sour cream powder, 81, 
82/ 83/ 

two-dimensional PCA plot of club 
cheese samples, 85/ 

variability in creamed-cord flavor 
in cheese powders, 83-84 
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volatiles as major peaks in 
chromatogram of mold 
scrapings from club cheese, 
87/ 

Solid phase microextraction gas 
chromatography/pulsed flame 
photometric detection (SPME-
GC-PFPD) 
sulfur profile for Cheddar cheese, 

149/ 
volatile sulfur analysis by 

headspace, 137-139 
Solvent-assisted flavor evaporation 

(SAFE), dairy flavor analysis, 28-
29 

Solvent extraction, GC/MS total ion 
chromatogram of coffee powder, 
39/ 

Sour cream 
comprehensive two-dimensional 

gas chromatography (GCxGC) 
time-of-flight mass spectrometry 
analysis, 41, 43/ 

off-flavor in cultured, powder, 81, 
82/ 83/ 

Starter cultures 
bacterial species, 178 
processing cheese, 158 

Statistical analyses, milk powder 
analysis, 224 

Stir bar sorptive extraction (SBSE) 
comparison of SBSE extract 

chromatograms of herb cream 
cheese, 41/ 

dairy flavor analysis, 36-37 
elements, 40/ 

Storage time 
maximum concentration of flavor 

compounds in Cheddar cheese, 
160/ 

skim and whole milk powders, 224, 
237, 243 

Streptococcus thermophilus, 
utilization of substrates by culture 
and cheese, 11, 13/ 

Sucrose, aroma compound release, 
99-100 

Sulfur compounds 
Cheddar cheese, 15, 17 
See also Volatile sulfur compounds 

(VSCs) 
Sunlight, flavor in milk, 9 
Supercritical extraction, flavor 

volatiles, 14 
Surface microorganisms, processing 

cheese, 159 
Sweet whey, dairy flavor compounds 

of sensory significance, 27/ 
Swiss cheese 

dairy flavor compound of sensory 
significance, 27/ 

quality and flavor research, 14/, 16/ 
utilization of substrates by culture 

and cheese, 11, 13/ 
Syneresis, processing cheese, 158-159 

Temperature, extraction efficiency of 
volatile sulfur compounds, 144, 
146/ 147 

Terpenes 
aroma compounds of lowland 

Gruy^re cheese, 125/ 
degradation and new formation of 

monoterpenoids during 
incubation of Heracleum 
sphondylium L. with rumen 
fluid, 132/ 

dynamic headspace extraction, 126 
experimental, 125-127 
gas chromatography/mass 

spectrometry (GC/MS), 126-
127 

hypothetic formation of 
monoterpenoids by 
hydrogenation, 132/ 

incubation of cow parsnip with 
rumen fluid, 130-131 
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influence of rumen fermentation on 
monoterpenes, 124 

instrumental analysis, 126-127 
marking origin of dairy products, 

124 
materials, 125-126 
milk samples, 127 
mono- and sesquiterpenoids in 

highland and lowland plants, 
124 

monoterpene composition of fresh 
grass by dynamic headspace 
GC/MS, 127 

monoterpenoids in grass, milk, and 
Raclette-type cheese, 129/ 

Raclette-type cheese, 127, 129 
single ion monitoring (SIM), 127 
structures of monoterpenes and 

metabolites in grass, milk, 
Raclette-type cheese and in cow 
parsnip, 128/ 

term "grass", 127 
Texture 

age specific, 96 
aroma perception, 100-101 
aroma-texture interactions using 

instrumental analysis, 97-100 
cheese, and flavor perception, 107-

108 
chewing process and aroma release, 

102-103 
correlating sensory and 

instrumental analysis, 100-104 
definition of food, 94-95 
dynamic headspace method and 

aroma release in mouth, 98 
effect of sucrose, guar gum, and 

carboxymethyl cellulose on 
flavor release, 100/ 

effect of viscosity on flavor 
intensity and in vivo release of 
aroma compounds, 101/ 

"First Impression" hypothesis, 103 
gel hardness and water binding 

capacity, 101, 102/ 

gels, 95 
hydrocolloids, 95 
model systems, 97-100 
nosespace aroma concentration, 

101, 102/ 
oral shear stress, 103, 104/ 
perception, 94-95 
relationship between perceived 

intensity of isoamyl acetate and 
oral shear stress in model 
system, 104/ 

release of tastants and aroma 
perception, 103-104 

sensory analysis of aroma:texture 
interactions, 95-97 

thickeners and aroma release, 98-
100 

thickening and gelling agents, 96-
97 

understanding aroma-texture 
interactions, 104-105 

understanding influence, 94 
water activity and flavor release, 

97, 98/ 
yogurt, and flavor perception, 105-

106 
Thermal processing. See High 

temperature short time (HTST); 
Milk; Ultra high temperature 
(UHT) 

Thickening agents 
aroma-texture interactions, 96-97 
comparing equality viscosity 

solutions, 99-100 
yogurt, 106 

Thiols, polyfunctional, Cheddar 
cheese, 16/, 17/ 

Time, extraction efficiency of volatile 
sulfur compounds, 144, 145/ 

Time intensity, gas chromatography-
olfactometry (GC-O), 44 

Time-of-flight mass spectrometry 
(TOF-MS), comprehensive two-
dimensional gas chromatography 
(GCxGC), 40, 43/ 
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Triacylglycerols, lipolysis into cheese 
flavor compounds, 169/ 

2,4,5-Trimethyloxazole (TMO), off-
flavor in cultured sour cream 
powder, 81,82/83/ 

Two-dimensional gas 
chromatography. See 
Comprehensive two-dimensional 
gas chromatography (GCxGC) 

U 

Ultra high temperature (UHT) 
benzaldehyde stability in milk, 

257-258 
effect of whole milk thermal 

treatment on benzaldehyde 
stability, 257/ 

flavor stability of flavor enriched 
dairy-based products, 257 

hedonic sensory score vs. extent of 
heat treatment, 255/ 

mean scores for cooked flavor and 
bitterness in milk, 256/ 

milk, 11 
natural product chemistry reducing 

off-flavor, 255 
off-flavor notes of UHT milk, 254 
positive and negative flavor 

implications, 258 
ratio of flavor dilution of control 

vs. treatment for odorants, 256/ 
sensory analysis of cooked flavor 

intensity for samples, 255-256 
See also Milk 

V 

Vacuum distillation, dairy flavor 
analysis, 28, 29/ 

Valine, effect of age in Cheddar 
cheese, 5t 

Vanillin, degradation in dairy 
products, 257 

Variability of flavor, skim and whole 
milk powders, 237-238 

Viscosity 
aroma compound release, 99-100 
flavor intensity and in vivo release 

of aroma compounds, 101-102 
Vitamin content, milk powders, 235 
Volatile extraction, Cheddar cheese, 

14 
Volatile sulfur compounds (VSCs) 

analysis by headspace solid-phase 
microextraction gas 
chromatography pulsed flame 
photometric detection (HS-
SPME-GC-PFPD), 137-139 

average concentrations in different 
ages of commercial Cheddar 
cheese, 150/ 

Cheddar cheese analysis, 147, 150-
151 

development in cheeses from heat 
shocked and pasteurized milk, 
151 

effect of sample size on SPME 
extraction of, from Cheddar 
cheese, 148/ 

effect of temperature on SPME 
extraction of, from Cheddar 
cheese, 146/ 

effect of time on SPME extraction 
of, from Cheddar cheese, 145/ 

effects of antioxidants on 
methanethiol stability, 140, 144 

importance to cheddar cheese 
aroma, 136-137 

odor active volatiles in ripened 
cheese, 206 

production, 210-211 
profile for Cheddar cheese by 

SPME-GC-PFPD, 149/ 
SPME-GC-PFPD for methanethiol 

solutions prepared in methanol 
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and butanol, 142/ 
SPME-GC-PFPD for methanethiol 

solutions prepared in phosphate 
buffer and organic acid buffer, 
143/ 

SPME-GC-PFPD for methanethiol 
solutions prepared in water and 
vegetable oil, 141/ 

stability of methanethiol, 140, 144 
standard curve preparation of, 144, 

147 
sulfur development during 

maturation of Cheddar cheese, 
152/ 

sulfur standard preparation and 
stabilization, 139-140, 144 

See also Lactobacillus (Lb.) species 

flavor and composition, 237-243 
instrumental techniques, 220, 222-

224 
odor-active compounds in fresh and 

stored, 226, 228/, 229/, 230/ 
principle component biplot of 

descriptive sensory flavor 
profiles of reconstituted WMP at 
ambient storage time, 227/ 

production, 218 
sensory analysis of fresh and 

stored, 224, 225/ 
sensory techniques, 219-220 
See also Milk powder 

X 

W 

Water activity 
release of cw-3-hexenol from 

model systems, 98/ 
salting out effects, 97 

Water binding capacity, nosespace 
concentrations, 101-102 

Whey proteins, degradation, 240 
Whole milk powder (WMP) 

aldehydes and protein degradation 
products, 226 

descriptive sensory analysis, 220, 
221/ 

Xanthine oxidase (XO), ultra high 
temperature (UHT) milk, 257-
258 

Y 

Yeasts, processing cheese, 159 
Yogurt 

aroma-texture interactions, 95-96 
dairy flavor compound of sensory 

significance, 26, 27/ 
texture and flavor perception, 105— 
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