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Lipid autoxidation in fluid milk and a number of its products has
been a concern of the dairy industry for a number of years. The need
for low-temperature refrigeration of butter-and butter oil, and inert-gas
or vacuum packing of dry whole milks to prevent or retard lipid
deterioration, in addition to the loss of fluid and condensed milks as
a result of oxidative deterioration have been major problems of the
industry.

The autoxidation of milk lipids is not unlike that of lipids in other
edible products. However, the complex composition of dairy products,
physical state of the product (liquid, solid, emulsion, etc.) presence
of natural anti- or pro-oxidants, as well as processing, manufacturing,
and storage conditions tend to influence both the rate of autoxidation
and the composition and percentage of autoxidation products formed.

The literature dealing with the autoxidative mechanism involved
in lipid deterioration has been concerned with investigations on pure
unsaturated fatty acids and their esters. The reactions involved, how-
ever, are representative of those occurring in lipids and lipid-containing
food products.

AUTOXIDATION MECHANISM

The initial step in the autoxidation of unsaturated fatty acids and
their esters is the formation of free radicals. Although the initiation
of such radicals is not completely understood, the resulting free-radical
chain reaction has been elucidated in the investigations of Farmer
and Sutton,8? and others.2%:32 In the case of monounsaturated and non-
conjugated polyene fatty-acids—the acids of significance in milk-
fat—the reaction is initiated by the removal of a hydrogen atom from
the methylene (a-methylene) group adjacent to the double bond (I).
The resulting free radical, stabilized by resonance, adds oxygen to
form peroxide-containing free radicals (II); these in turn react with
another mole of unsaturated compound to produce 2 isomeric hy-
droperoxides in addition to frée radicals (III) capable of continuing
the chain reaction.
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Oleic acid, having two a-methylene groups, gives rise to 4 isomeric
hydroperoxides which have been isolated in equal amounts by various
workers.®?27® The preferential points of attack in polyene noncon-
jugated systems are the a-methylene groups located between the double
bonds. Hence the autoxidation of linoleic acid and linolenic acid can
lead to the formation of 3 and 6 isomeric hydroperoxides, respectively,
as a result of the attack on the Ci1 methylene group of linoleic acid
and on the Ci1 and Ci« methylene groups of linolenic acid. However,
a characteristic of hydroperoxide formation is the shifting of double
bonds to form the conjugated system,38:278 and the existence of an
11-linoleate hydroperoxide or an 11- or 14-linolenate hydroperoxide
has not been established.2° The a-methylene groups of polyunsaturated
acids other than those located between double bonds are also subject
to attack, but to a lesser degree. In all, 7 hydroperoxides from linoleic
acid and 10 hydroperoxides from linolenic acid are theoretically possible
during the autoxidation of these acids.

In addition to the formation of hydroperoxides, other reactions are
known to occur simultaneously. The formation of polyperoxides, carbon-



to-carbon polymerization, and the formation of epoxides and cyclic
peroxides have been proposed or demonstrated in lipid oxidation—sub-
jects which are not within the scope of this book.

PRODUCTS OF OXIDATION

The hydroperoxides formed in the autoxidation of unsaturated fatty
acids are unstable and readily decompose. The main products of hy-
droperoxide decomposition are saturated and unsaturated aldehydes.
The mechanism suggested for the formation of aldehydes involves cleav-
age of the isomeric hydreperoxide (I) to the alkoxyl radical (II), which
undergoes carbon-to-carbon fission to form the aldehyde (III).105
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Other products, such as unsaturated ketones,33! saturated and
unsaturated alcohols,!53:332,333 gatuyrated and unsaturated hydrocar-
bons,?4157,:184 gnd semi-aldehydes,1%5 have been observed in the decom-
position of hydroperoxides of oxidized lipid systems.

A comprehensive review and study by Badings?® includes a listing
of the carbonyls which can result from the dismutation of the theoretical
hydroperoxides formed in the autoxidation of the major unsaturated
acids of butterfat and those which have been observed. In addition
to those carbonyls theoretically possible, various others have been
isolated and identified in the autoxidation of pure fatty acids or their
esters. Their presence suggests that migration of double bonds,!®
further oxidation of the unsaturated aldehydes initially formed,!?
and/or isomerization of the theoretical geometric form?° may occur
during autoxidation.

In addition to the major fatty acids, milk also contains many minor
polyunsaturated acids;?!® hence the autoxidation of dairy products can
lead to a multitude of saturated and unsaturated aldehydes.

OXIDATION AND OFF-FLAVORS

The overwhelming consideration in regard to lipid deterioration is
the resulting off-flavors. Aldehydes, both saturated and unsaturated,
impart characteristic off-flavors at minute concentrations. Terms such



as painty, nutty, melon-like, grassy, tallowy, oily, cardboard, fishy.
cucumber, etc. have been used to characterize the flavors imparted
by individual saturated and unsaturated aldehydes, as well as by mix-
tures of these compounds. Moreover, the concentration necessary to
impart off-flavors is so low that oxidative deterioration need not pro-
gress substantially before the off-flavors are detectable. For example,
Pattonet al.265 reported that 2, 4-decadienal, which imparts a deep-fried
fat or oily flavor, is detectable in aqueous solution at levels approaching
0.5 part per billion.

In addition to aldehydes, other secondary products of lipid oxidation,
such as unsaturated ketones and alcohols, impart characteristic flavors,
and their presence in oxidized milk systems has been estab-
lished. 20,331,332

Generally speaking, the flavor threshold values for aldehydes are
governed to varying degrees by the number of carbon atoms; degree
of unsaturation; location of unsaturation in the chain; form of geometric
isomer; additive and/or antagonistic effects of mixtures of compounds;
and the medium in which the flavor compounds are present.59:240 With
respect to the latter point, the flavor potency of many aldehydes iden-
tified in oxidized lipids is up to 100 times greater in an aqueous medium
than in a fat or oil. Hence, the extent of oxidative deterioration of
fluid milk need not progress to the same point as that in butter oil
before the onset of off-flavors in the fluid product.

The off-flavors which develop in dairy products as a result of oxidative
deterioration are collectively referred to as the “oxidized flavor”.
However, the organoleptic properties of the off-flavor differ between
products as well as in the same product, depending on the degree
of deterioration. Descriptive terms, such as cappy and cardboard have
been used to characterize the off-flavor in fluid milk, and the off-flavor
in dry whole milk and butter oil has been referred to as oily or tallowy.
Butter undergoes a continuous change in flavor defects during storage
which usually develop in an order described as metallic, fatty, oily,
trainy, and tallowy.20

Although the conditions under which the above-mentioned products
are normally stored undoubtedly influence the extent of deterioration
and hence the character of off-flavor, the lipid constituents involved
in the reaction also influence the resulting flavor. The site of oxidative
deterioration in fluid milk and cream is the highly unsaturated
phospholipid fraction associated with the fat globule membrane
material 226,337 On the other hand, in products such as butter and
Iry whole milk, both the phospholipids and the triglycerides are subject
to oxidative deterioration.2® The off-flavor appearing in butter oil is
anderstandably the result of triglyceride deterioration.



MEASUREMENT OF FAT OXIDATION

Various methods have been employed to measure the extent of autoxi-
dation in lipids and lipid-containing food products. For obvious reasons,
such methods should be capable of detecting the autoxidative process
before the onset of off-flavor. Milk and its products, which develop
characteristic off-flavors at low levels of oxidation, require procedures
that are extremely sensitive to oxidation. Thus methods of measuring
the decrease in unsaturation (Iodine No.) or increase in diene conjuga-
tion as a result of the reaction do not lend themselves to quality control
procedures, although they have been used successfully in determining
the extent of autoxidation in model systems.128:274 .

Several methods have been introduced which express the degree
of oxidative deterioration in terms of hydroperoxides per unit weight
of fat. The Modified Stamm Method,134 the most sensitive of the peroxide
determinations, is based on the reaction of oxidized fat and 1,5-
diphenylcarbohydrazide to yield a red color. The Lea Method® 225
depends on the liberation of iodine from potassium iodide, wherein
the amount of iodine liberated by the hydroperoxides is used as the
criterion of the extent of oxidative deterioration. The colorimetric ferric
thiocyanate procedure adapted to dairy products by Loftus-Hills and
Thiel,!s with modifications by various workers,27:335 involves conver-
sion of the ferrous ion to the ferric state in the presence of ammonium
thiocyanate, presumably by the hydroperoxides present, to yield the
red pigment ferric thiocyanate. Hamm and Hammond'32 have shown
that the results of these three methods can be interrelated by use
of the proper correction factors. However, those methods based on the
direct or indirect determination of hydroperoxides which do not consider
previous dismutations of these primary reaction products are not neces-
sarily indicative of the extent of the reaction, nor do they tend to
correlate well with the degree of off-flavors in the product.1%

Two variations of the Thiobarbituric Acid Method have been widely
used to determine the degree of lipid oxidation in dairy products.’®187
The methods of approximately equal sensitivity are based on the con-
densation of two molecules of thiobarbituric acid with one of malonal-
dehyde,3°7 resulting in the formation of a red color complex with an
absorption maximum at 532 to 540 m,. King'®” has shown (Table
5.4) that a correlation exists between the determined TBA values and
the intensity of the oxidized flavor in fluid milks. Similar observations
have been reported by others in fluid milks® and ultra-high tempera-
ture creams.®¢ The TBA method of Dunley and Jennings™ has been
reported to be more applicable than the King method in determining
the extent of autoxidation in butter, although no correlation with the



Table 5.4

RELATION BETWEEN ORGANOLEPTIC AND TBA VALUES
OF FLUID MILK187

Flavor Score Description Range of Optical
Density (432 mpy)
0 No oxidized flavor 0.010-0.023
1 Questionable to very slight 0.024-0.029
2 Slight but consistently
detectable 0.030-0.040
3 Distinct or strong 0.041-0.055
4 Very strong > 0.056

extent of the off-flavor is apparent.® Both methods have been used
extensively in studies of the autoxidation of extracted milk components
and model lipid systems,112-126,187 Lillard and Day reported?2¢ a signifi-
cant correlation between a modified TBA test and the reciprocal of
the Average Flavor Threshold of oxidized butterfat. A similar correla-
tion also existed between the Peroxide Value and the reciprocal of
the Average Flavor Threshold of butterfat.

In addition to the Previously mentioned chemical tests, methods
based on the carbonyl content of oxidized fats have also been sug-
gested 43,228 a5 3 measure of oxidative deterioration. The procedures
determine the secondary products of autoxidation and have been
reported to correlate significantly with the degree of off-flavor in butter
0i]228 The methods, however, are cumbersome and are not suited for
routine analysis,

ANTIOXIDANTS

The use of synthetic antioxidants in the prevention or retardation
of autoxidation in lipids and lipid-containing food products has been
the subject of numerous investigations. Although the present U.S. stan-
lards do not permit antioxidants in dairy products, and hence the
juestion of their effectiveness is one of only theoretical interest, they
wre of practical interest in countries where their use is permitted.
Many compounds containing two or more phenolic hydroxy groups, such
8 esters of gallic acid, butylated hydroxyanisole, norhydroguaiaretic
cid, hydroxyquinone and dihydroquercitin, have been employed as
ntioxidants in studies of dairy products. These compounds apparently
xert their influence by interrupting the chain reaction in autoxidation

y capture of the free radicals necessary for continuation of hydroperox-
le formation 18 ’



Considerations, other than legal, that must be taken into account
regarding use of antioxidants in dairy products include off-flavors
imparted by the antioxidant itself,113:294 ease of incorporation into the
product,!35 and effectiveness of the antioxidant in different mediums.
With regard to the latter point, studies of the use of antioxidants in
dairy products reveal variations in their antioxidative properties in
different products. Norhydroguaiaretic acid is effective in preventing
the development of an oxidized flavor in fluid milk, but tends to increase
the rate of autoxidation in milkfat.*3 The tocopherols, while of little
value in dry whole milks® and butter 0il, 272 are highly effective in
preventing spontaneous or copper-induced oxidation in fluid milk.7918®
Compounds reported to be among the most antioxidative in specific
dairy products include: dodecyl gallate in spray-dried whole milks,?3¢!
ascorbyl palmitate in cold storage-cultured butter,2°* sodium gentisate
in frozen whole milk,!13 and quercitin and propyl gallate in butter
0il.37®

Synergists, such as the polybasic acids citric and phosphoric, have
been used in conjunction with antioxidants. These compounds have
no antioxidative value in themselves, but increase the effectiveness
of antioxidants. Their synergistic influence on antioxidants may be
due to the sequestering of metallic ions,8-16! inhibiting the antioxidant
catalysis of peroxide decomposition,28° or regenerating the antioxidant
in the system.?23 It has been reported that these synergists, like the
phenolic antioxidants, are capable of performing the dual role of retard-
ing autoxidation at low levels and accelerating it at higher levels.?8°

In addition to antioxidants alone or in the presence of synergists,
metal chelating compounds, such as the various salts of
ethylenediaminetetraacetic acid, 10,192 neocuproine®?s among others,3°!
have also proven their effectiveness as inhibitors of autoxidation.

OXIDATIVE DETERIORATION IN FLUID MILK

Fluid milks have been classified by Thurston?®? into three categories
with regard to their ability to undergo oxidative deterioration: (a) spon-
taneous, for those milks that spontaneously develop off-flavor within
48 hr after milking; (b) susceptible, for those milks that develop off-
flavor within 48 hr after contamination with cupric ion; and (c) resis-
tant, for those milks that exhibit no flavor, even after contamination
with copper and storage for 48 hr. A similar classification has been
employed by Dunkley and Franke.”™

With the advent of noncorrodible dairy equipment, oxidative deterio-
ration in fluid milks as a result of copper contamination has decreased



significantly, although it has not been completely eliminated.293
However, the incidence of spontaneous oxidation remains a major prob-
lem of the dairy industry. For example, Bruhn and Franke3* have
shown that 38% of samples produced in the Los Angeles milkshed
are susceptible to spontaneous oxidation; and Potter and Hankinson
reported®™® that 23.1% of almost 3000 individual samples tasted were
criticized for oxidized flavor after 24 to 48 hr storage. Significantly,
certain animals consistently produce milk which develops oxidized
flavor spontaneously, others occasionally, and still others not at all 260
Differences have even been observed in the milk from the different
quarters of the same animal,126

Greenbank!22 attributed the resistance of certain milks to oxidation,
even in the presence of added copper, to its poising action, i.e., the
resistance of milk to a change in oxidation-reduction potential. That
a correlation exists between the appearance of an oxidized flavor and
conditions favoring a mild oxidation, as measured by the oxidation-
reduction potential, was shown by Tracey et al.365 and by Greenbank.122
This apparent correlation, as well as other factors, tends to discredit
theories as to the role of enzymes as catalytic agents in the development
of oxidized flavor. Such a theory had been proposed initially by
Kende,!®! who claimed that milk contains “oleinase” which catalyzes
the oxidation of oleic acid to produce the characteristic ‘off-flavor.
More recently, xanthine oxidase has been proposed!2:13;!5 a5 the cata-
lytic agent in the development of spontaneously oxidized milk. The
studies of Smith and Dunkley,322 among others,?82 do not corroborate
these studies, and they conclude that xanthine oxidase is itself not a
limiting factor in the off-flavor.

Despite literature reports of anomalous behavior in several aspects,
sufficient evidence has been accumulated in recent years to establish
that the susceptibility or resistance of milk to oxidative deterioration
is dependent-on the percentage and/or distribution of naturally occur-
ring pro- and antioxidants.

METALS

Metal-catalyzed lipid oxidative reactions were recognized in dairy
products as early as 1905.116 Investigations through the years have
shown that copper and iron are the important metal catalysts in the
development of oxidized flavors. Of these two metals, copper exerts
the greater catalytic effect, while ferrous ion is more influential than
ferric ion.122

Both copper and iron are normal components of milk. Disregarding



variations due to individuality, stage of lactation, and contamination,
the former is present at average levels of 20 to 40 pg/liter!s%20%227
and the latter at 100 to 250 ,g/liter. Despite the greater abundance
of iron in milk, copper has been shown by specific chelating agents.
to be the catalytic agent in the development of oxidized fluid milk.3?5

The natural copper content of milk originates in the cow’s food, and
is transmitted to the milk by way of the blood stream.!3! The studies
of Dunkley and co-workers?:287 suggest that an animal’s feed can influ-
ence the natural copper content of its milk—a view which is not shared
by others.24® Nevertheless, the total natural copper content of a milk
is not the overall deciding factor in the spontaneous development of
an oxidized flavor in fluid milk.

Poulsen and Jensen?’? reported that “neither the absolute amount
nor the range in content of naturally occurring copper during the lacta-
tion period has any significant influence on the tendency of milk to
acquire oxidized flavor.” Samuelsson3% investigated milks from cows
of low and high yield production ranging in copper content from 0.023
to 0.204 ppm. He concluded that oxidation may occur irrespective of
the copper content, but no oxidation faults have been observed in milks
with a copper content less than 0.060 ppm. Similar results have
been reported by others.'®!

Natural copper and iron exist in milk in the form of complexes with
proteins and as such are not dialyzable at normal pH of milk,193,302
Copper and iron added to milk are, however, slightly dialyzable, the
ease of dialysis of added copper increasing with a decrease in pH.302
The latter observation suggests that the copper-protein bond of added
copper is different from that of natural copper. King et al.19 reported
that 10 to 35% of the natural copper and 20 to 47% of the natural
iron are associated with the fat globule membrane material. Only 2
to 3% of added copper and negligible percentages of added iron, however,
become associated with the fat globule membrane. Similar trends in
the distribution of natural and added copper in milk have been reported
by others;248 the subject has recently been reviewed by Haase and
Dunkley.13!

Samuelsson observed3® that most of the natural copper associated
with the cream phase can be removed by washing with water, and
that the actual fat globule membrane proteins contain approximately
4% of the total natural copper content. Nevertheless, the value repre-
sents the highest concentration of copper per gram of protein in the
milk system. Koops stated?3 that “although the amount of natural
copper in early lactation may be very high, the concentration of copper
(average 11.0 1g/100 g fat globules) in the membrane does not deviate
substantially from that of normal uncontaminated milk.” King!8¢é



observed that milks which developed oxidized flavor spontaneously
had a higher total copper concentration in the fat globule membrane
than did milks classified as susceptible or resistant.

Samuelsson concluded?® on the basis of his studies that the close
proximity of a copper-protein complex to the phospholipids which are
also associated with the fat globule membrane is an important consid-
eration in the development of an oxidized flavor in fluid milks. Haas
and Dunkley!3! stated that although “some aspects of catalysis of oxida-
tive reactions in milk by copper still appear anomalous . . . the
mechanism of oxidized flavor development with copper as catalyst
involves a specific grouping of lipoprotein-metal complexes in which
the spatial orientation is a critical factor.”

ROLE OF ASCORBIC ACID

That copper, naturally occurring or present as a contaminant, acceler-
ates the development of oxidative deteriorations in fluid milk is evident,
However, its presence is not the only consideration as to whether or
not oxidative deterioration occurs. Olson and Brown?258 ghowed that
washed cream (free of ascorbic acid) from susceptible milk did not
develop an oxidized flavor when contaminated with copper and stored
for 3 days. Subsequently, the addition of ascorbic acid to washed cream,
even in the absence of added copper, was observed?’ to promote the
development of an oxidized flavor., Krukovsky and Guthrie2!® and
Krukovsky2% reported that 0.1 Ppm of added copper did not promote
oxidative flavors in milk or butter depleted of their vitamin C content
by quick and complete oxidation of ascorbic acid to dehydroascorbic
acid. Krukovsky and Guthrie29,210 further showed that the oxidative
reaction in ascorbic acid-free milk could be initiated by the addition
of ascorbic acid to such milk. Accordingly, these workers and others
have concluded that ascorbic acid is an essential link in a chain of
reactions resulting in the development of an oxidized flavor in fluid
milk.

Various workers3,136,369 }qve observed a correlation between the
oxidation of ascorbic acid to dehydroascorbic acid and the development
of an oxidized flavor. Smith and Dunkley?323 concluded, however, that
ascorbic acid oxidation cannot be used as a criterion for lipid oxidation.
Their studies showed that although ascorbic acid oxidation curves for
homogenized and pasteurized milk were similar, the homogenized sam-
ples were significantly more resistant to oxidized flavor. Furthermore,
whereas pasteurization caused an appreciable decrease in the rate of
ascorbic acid oxidation compared to raw milk, the pasteurized samples
were more susceptible to oxidation. ‘



Haase and Dunkley!29:130 reported, as a result of studies on model
systems of potassium linoleate, that ascorbic acid functioned as a true
catalyst, i.e., it accelerated the oxidation of linoleate but it itself was
not oxidized. When copper was added to the system, however, the oxida-
tion of ascorbic acid occurred simultaneously with the linoleate. In
this respect, Smith and Dunkley®? reported that a significant correla-
tion exists between the rate of ascorbic acid oxidation and the natural
copper content of milk. Furthermore, King reported!88 a positive rela-
tion between lipid oxidation and ascorbic acid oxidation in model sys-
tems containing fat globule membrane material, the component of
uncontaminated milk having the highest concentration of copper per
gram of lipid. Although ascorbic acid alone in model systems of linoleate
has been observed to be pro-oxidant, low concentrations of ascorbic
acid in combination with copper exhibited greater catalytic activity
than the additive activity of the two catalysts individually.13° Possible
explanations for the enhanced catalysis include reduction of copper
by ascorbic acid to the more pro-oxidative cuprous form 24,130,328
increased concentration of a semidehydroascorbic acid radical,24-13° and
the formation of a metal-ascorbic acid-oxygen complex.13°

The behavior of ascorbic acid in the oxidative reaction, however,
is anomalous, as evidenced by the studies of several workers,.2%28,45,211
Their results indicate that concentrations normal to milk (10 to 20
mg per 1) promote oxidative deterioration, while higher concentrations
(50 to 200 mg per 1) inhibit the development of off-flavors.

Various researchers have proposed explanations for the inhibitory
behavior of high concentrations of ascorbic acid in fluid milk. Chilson4®
reported that added ascorbic acid acts as a reducing agent which
oxidizes more readily than milkfat. This either prevents or prolongs
the time required for fat oxidation and the development of an oxidized
flavor. Bell et al.2? concluded that the addition of L-ascorbic acid to
concentrated sweet cream lowers its oxidation-reduction potential and
thus produces a medium less conducive to oxidation. In this respect,
Campbell et al.3® reported that the O-R potential of milk is entirely
dependent on its vitamin C content, and Greenbank!23 has shown that
the oxidation of ascorbic acid to dehydroascorbic acid is reflected in
gradual increases in Eh. Krukovsky?® reported that the oxidative reac-
tion is initiated more rapidly in milk when the ratio of ascorbic to
dehydroascorbic acid is approximately 1 to 1 or lower. He states “that
an unfavorable proportion of dehydroascorbic acid could not be
accumulated if the rate of its oxidation to non-reducible substances
surpassed that of ascorbic acid to dehydroascorbic acid. Consequently,
the protective influence of ascorbic acid added in large but variable
quantities to milk could be attributed to the exhaustion of occluded



oxygen prior to the establishment of a favorable equilibrium between
these two forms of vitamin C”. Smith and Dunkley®2?5 disputed this
theory and suggested that the results were influenced by higher than
normal ascorbic acid contents when the ratio of ascorbic acid to dehy-
droascorbic acid was greater than 1 to 1 in the experimental milks. In
this regard, King!%¢ was not able to duplicate Krukovsky’s results
in milks with normal ascorbic acid levels.

King theorized!8® that when the initial concentration of ascorbic acid
increases beyond that necessary to saturate the copper in the system,
the oxidation of ascorbic acid becomes so rapid and the products of
the reaction accumulate so rapidly that they either block the reaction
involving the lipids in the system or prevent the copper from acting
as a catalyst.

Haase and Dunkley!?? reported that, although high concentrations
of ascorbic acid in model systems of potassium linoleate were pro-
oxidant, a decrease in the rate of oxidation was observed. They further
noted!3® that certain concentrations of ascorbic acid and copper
inhibited the formation of conjugated dienes, but not the oxidation
of ascorbic acid, and caused a rapid loss of part of the conjugated dienes
already present in the system. They theorized that certain combination
concentrations of ascorbic acid and copper inhibit oxidation by the
formation of free-radical inhibitors which terminate free-radical chain
reactions, and that the inhibitors are complexes that include the free
radicals.

ROLE OF a-TOCOPHEROL

The literature!23:286 appears to be in general agreement that the
use of green feeds tends to inhibit and that of dry feeds to promote
the development of oxidized flavors in dairy products. Furthermore,
the observation5%:237 that milks produced during the winter months
are more susceptible to oxidative deteriorations is the result, no doubt,
of differences in feeding practices. _

Investigations concerned with variations in the oxidative stability
of milk as a result of feeding practices have centered on the transfer
to milk of natural antioxidants. Although Kannoet al.173 have reported
the presence of y -tocopherol, the only known natural antioxidant of
consequence in milk is a-tocopherol.

Milk contains on the average approximately 25 « g of a -tocopherol
per gram milkfat.34:8:173 Djcks82 hag assembled a comprehensive bib-
liography of the literature on the a -tocopherol content of milk and
its products, including data on the numerous variables which influence



Vitamin E content. Foremost among these variables is the feed of
the animal as influenced by season of the year. Kannoet al.178 reported
that milk produced from May to October on pasture feeding averaged
33.8 uga-tocopherol per gram fat, while that produced by dry-lot feeding
from November to April contained an average of 2164 ga-tocopherol
per gram fat. Similar results have been reported by others 190,217,312

Krukovsky et al.2!® found a significant correlation between the
tocopherol content of milkfat and the ability of milk to resist autox-
ijdation. A high proportion of samples which contained less than 25
nga tocopherol per gram fat were unstable and developed oxidized
flavors during storage. Erickson et al.®’ reported that the tocopherol
concentration in the fat globule membrane lipids correlated more
closely with oxidative stability of the milk than did the tocopherol
content of the butter oil. Dunkley et al.™ stated, however, that the
concentration of a-tocopherol in milk is not satisfactory as a sole criter-
jon for predicting oxidative stability, and that the concentration of
copper must also be considered. In this regard, King et al.1#4 found
a direct relationship between the tocopherol level and the percentage
of copper tolerated by milk. Spontaneous milk oxidation was reported
by Bruhn and Franke® to be directly proportional to the copper content
and inversely proportional to the a -tocopherol content of milk.

Erickson et al.?® observed that, although containing only 8% of the
total tocopherolsin milk, the fat globule membrane contains the highest
concentration of a-tocopherol per gram fat in milk (44.0p8/8)- Erickson
and co-workers had previously concluded®” that since “the lipids in
the fat globule membrane are most susceptible to oxidation because
of their unsaturation and their close association with the pro-oxidants
copper and ascorbic acid, the a -tocopherol in the membrane is more
important in inhibiting oxidation than that inside the fat globule”.
A similar conclusion has also been reached by King.**®

Recently, several studies have been concerned with increasing the
a-tocopherol levels of milk to prevent the development of oxidized
flavors when tocopherol-rich forages are not available for feed. Dunkley
et al.,™®8° King et al.1®4 and Merk and Crasemann?4! have reported
increases in the «-tocopherol content of milk and increased resistance
to spontaneous and oopper-induced oxidation by supplementing the
cow’s ration with varying proportions of a-tocopherol acetate. Dunkley
et al.80 reported that supplementing the ration of an animal with 500
mg d-a-tocopherol acetate increased the total milk tocopherol content
by 28.6 1 g/8 lipid; and King et al.12° reported that supplementing the
feed to achieve a total intake of 1.0 ga -bocopherol/cow/day provides
an effective control against oxidation in milk containing 0.1 ppm copper
contamination. Several reports™1%¢ have shown that approximately



FACTORS AFFECTING OXIDATIVE DETERIORATION
IN MILK AND ITS PRODUCTS

Storage Temperature

The role of storage temperatyre in the oxidative deterioration of
dairy Products jgs anomaloys, Traceyses recognized that fluid mi]k was
more susceptib]e to oxidized flavor whep, Stored at 4°C than at 20°c.
Dunkley and Franke?s also observeq more intenge oxidized flavorg and

i fluid milkg stored at o°C than at 4°C and 8°C,
The flavor intensity ang the TBA values decreased with increasing
storage temperatyre. Bel]2s Tréported that, othey conditiong being equal,
condensed mjlk stored at — 17°¢ is more Susceptible to the development
of oxidized flavor than is condensed milk maintained gt — 7°C.

In contrast to the above, Jow storage temperatures tend to decreage
the rate of h'ght-induced oxidative deterioration e and to decreage or
inhibit oxidative deterioration in other dairy Products, Pyenson ang

stored at 38°C inan atmosphere of air, Downey“ reported that oxidative
deterioration in UHT fream occurreqd 2 to 3 timeg more rapidly gt
18°C than at 10°C, while little or no oxidation Occurred at 4°C. Holm



of oxidation, increasing rates with increasing temperatures; they con-
cluded that the same flavors were formed on storage, and that the
reaction sequence for flavor formation was the same at all tempera-
tures.

Oxygen Levels

The inhibition of oxidative deterioration in fluid milk held at higher
storage temperatures has been attributed by various workers56:122,361
to a lowering of the oxygen content as a result of bacterial activity.
In this respect, it has been noted that the increase in incidence of
oxidized flavor in milk has paralleled the bacteriologically improved
milk supply.’®* Collins and Dunkley*’ have reported, however, that
although large numbers of bacteria slightly retard development of
oxidized flavor, the relatively small numbers of bacteria normally found
in market milk are of no practical consequence in determining whether
or not milk will develop off-flavor. Furthermore, Sharp et al.318 stated
that the number of bacteria necessary to reduce the oxygen content
materially would be sufficient to cause other types of deterioration.

Removal of the dissolved oxygen in fluid milk or its replacement
with nitrogen was shown by Dahle and Palmer®® to inhibit the
development of oxidized flavors. Sharp et al.3!® further showed that
deaeration would inhibit the appearance of off-flavor even in the
presence of 0.1 mg copper per 1 milk. Singleton et al 317 confirmed
previous observations that oxygen was required for the development
of light-induced off-flavors. Schaffer et al.,>% applying deaeration to
products other than fluid milk, concluded that, to prevent the produc-
tion of tallowy flavor in butter oil, the available oxygen should be
less than 0.8% of the volume of the fat. Similar storage conditions
were also proposed by Lea et al.22¢ Although the deaeration of these
products is of significance only from a scientific standpoint, the deaera-
tion of dry milk products has practical applications.

Vacuum treatment or replacement of available oxygen with an inert
gas has proved its reliability in preventing or retarding the onset
of oxidation in dry whole milk for extended periods of storage. Green-
bank et al.1?5 showed that inert gas-packing to an oxygen level of
3 to 4% increased the storage life of whole milk powder 2 to 3 times
that of air-packed samples, the length of storage being dependent on
the initial quality of the product. Lea et al.226 showed that, whereas
oxidative deterioration in milk powders packed at the 3 to 6% oxygen
level wasretarded significantly, inert gas containing 0.5 to 1.0% oxygen
would prevent the development of recognizable tallowy flavors for
an indefinite period. Tamsma et al.34? showed statistically a highly



significant improvement in storage stability of whole milk powders
packed in inert gases containing 0.1% oxygen over those packed at
a 1% oxygen level. Schaffer et al.3% concluded that the time required
for the production of a tallowy flavor is inversely proportional to the
oxygen concentration.

Several dearation techniques other than mechanical methods have
been utilized to inhibit or retard the development of tallowy flavors
in dry milks. Meyer and Jokay?42 reported that milk powders packed
in the presence of an oxygen scavenger (glucose oxidase-catalase) and
desiccant (calcium oxide) were comparable flavorwise to samples stored
in the presence of an inert gas, the enzymes demonstrating the ability
toreduce oxygen levels to 0.5% in one week. Jackson and Loo,5° employ-
ing an oxygen-absorbing mixture (0.5 g Na,SO; and 0.75 g CuSOs
* 5H20) enclosed in porous paper pouches, demonstrated keeping qual-
ities equal to those of dry milks stored in the presence of an inert
gas. Abbot and Waite! reported favorable results in the keeping quality
of dry whole milk by using a mixture of 90% nitrogen and 10% hydrogen
in the presence of a palladium catalyst. The metal catalyzes the forma-
tion of water from the hydrogen and residual oxygen to produce an
almost oxygen-free atmosphere in the pack. Tamsma et al.3%° reported
obtaining within 24 hr a pack containing less than 0.001% oxygen
by use of an oxygen-scavenging system consisting of 95% nitrogen,
5% hydrogen and a platinum catalyst. Marked improvements in the
keeping quality of milk powders packed in the scavenging system were
reported.

Heat Treatment

Pasteurization of fluid milk leads to increased susceptibility to spon-
taneous,?! copper-induced,263:323 gnd light-induced oxidized flavor.2°
Heating to higher temperatures, however, reduces the suscep-
tibility.3%323 A possible explanation for the increased incidence of
oxidized flavor as a result of pasteurization temperatures is suggested
by several studies. Sargent and Stine3 reported a substantial migra-
tion of added copper to the cream phase of milk at temperatures higher
than 60°C. Van Duin and Bruns®® also observed an increase in the
copper content of creams prepared from pasteurized milk. Samuelsson3°!
reported that washed cream made from milk heated to 80°C for 10
min contained twice as much copper as that prepared from unheated
milk. The migration of the additional copper to the cream phase, which
also contains the readily oxidized phospholipids, increased the potential
of the system toward oxidative deterioration. Tarassuk et al.?5° also
observed that washed cream is very sensitive to the development of



trainy (fishy) flavor when heated to temperatures between 60 and
90°C. The effect of previous heat treatment on the copper content of
butter was reported by Van Duin and Bruns.%® They observed that
pasteurization of cream at 78°C for 15 to 30 sec gave high copper
concentrations in butter and low values in the buttermilk, the reverse
being true when the cream was heated to above 82°C. They recom-
mended that creams prepared from pasteurized milks should be heated
to the higher temperatures to decrease the susceptibility of butter
to oxidative deterioration during storage.

The inhibitory effect of high heat treatment on oxidative deteriora-
tion in fluid milk and its products has been reported by various work-
€rs.56,122,340 Gould and Sommer,!1? in conjunction with studies on the
development of a cooked flavor in heated milks, noted a decrease in
the oxidation-reduction potential of the product. They attributed the
cooked flavor to the formation of sulthydryl compounds and correlated
the liberation of these compounds to the heat retardation and preven-
tion of oxidized flavor. The work of Josephson and Doan!?! conducted
simultaneously with these workers confirmed the relationship between
sulthydryl compounds, cooked flavor, decreased Eh, and inhibition of
oxidized flavor. They further reported that most heated products do
not become tallowy or oxidized until the sulfhydryls are first oxidized
and the cooked flavor has disappeared. Wilson and Herreid342 prolonged
substantially the onset of oxidative deterioration of 30% sterilized
cream by increasing to 13% the solids-not-fat content of the cream
prior to sterilization, presumably by increasing the potential sulfhydryl
content of the finished product. Gould and Keeney!!® showed that
oxidized flavor occurred in heated cream to which copper had been
added when the active sulfhydryl compounds had decreased to a level
approximating 3 mg-per 1 of cystine HCI.

B-Lactoglobulin has been shown by Larson and Jenness?22—and this
finding was confirmed by Hutton and Patton58—to be the major source
of sulfhydryl groups in milk, while the fat globule membrane material
contributes a minor portion of these reducing compounds.

Time-temperature relationships have been established by various
workers as being optimum for preventing or retarding the development
of oxidized flavors in dairy products: cream, 88°C for 5 min;!!® condensed
milk, 76.5°C for 8 min;2¢ dry whole milk, prehéat at 76.5°C for 20
min;* frozen whole milk, 76.5°C for 1 min.2® Few, if any, instances
of a tallowy flavor have been reported in evaporated milk; undoubtedly
a major reason for its stability toward oxidation can be attributed
to the sterilization temperatures employed in its manufacture.

Josephson reported!’® that butterfat prepared from butter heated
to 149, 177, and 204.5°C was extremely stable to oxidation, while that



heated to 121°C oxidized readily when stored at 60°C. When butter
oil itself was heated from 121 to 204.5°C it also oxidized rapidly. The
addition of 1% skimmilk powder to butter oil, however, prior to heating
at 204.5°C for 10 min also resulted in a significant antioxidative effect,
which Josephson concluded was the result of a protein-lactose reaction
(carmelization). Wyatt and Day®™ reported that the addition of 0.5%
nonfat milk solids to butter oil followed by heating at 200°C and 15
mm Hg for 15 min caused the formation of antioxidants which protected
the butter oil against oxidative deterioration for one year, thus surpass-
ing the effectiveness of many synthetic antioxidants tested.

Exposure To Light

The catalytic effect of natural light in promoting off-flavor develop-
ment in fluid milk has been recognized for some years. The extent
of deterioration appears to be dependent on the wavelengths involved,
intensity of the source, and the length of exposure.14,76,122,236 Off-flavors
have also been reported to develop in butterfat which has been exposed
to the action of natural light.334 In addition to natural light, incandes-
cent or fluorescent lights employed in storage coolers may promote
deteriorative reactions,32! while the development of off-flavors is the.
limiting factor in the preservation of dairy products by high-energy
radiation.58,152 Efforts to inhibit or retard the onset of off-flavors as
a result of exposure to sunlight has led to the introduction of doorstep
coolers and, in certain cases, of amber-colored milk bottles,

Two distinct flavors may develop in milk exposed to light:299,368 5
burnt, activated or sunlight flavor which develops rapidly, and a typi-
cally oxidized flavor which develops on prolonged exposure.336 It ig
possible that the presence of contradictory statements in the literature
regarding deterioratior; on exposure to light may be attributed to the
failure of various investigators to recognize the existence of more than
one off-flavor.

Studies?64,368 have shown that riboflavin plays a significant role
in the development of the activated flavor. Although removal of ribofla-
vin from milk by passing through Florisil prevented the development
of activated flavor, such treatments did not prevent the development
of the oxidized flavor. The later observation does not agree with the
reports of other workers,14,136,369 which indicate that riboflavin plays
a significant role in the oxidized flavor. Ascorbic acid has also been
implicated in the development of off-flavors in fluid milks exposed
to light.14,7%:299 The exact nature of its involvement, however, is not
clear.

Limited studies have been conducted on the lipid components oxidized
in milk exposed to sunlight. Finley et al.?® observed a decrease in



the oleic and linoleic acid contents of an isolated low-density lipoprotein
from milk, and implicated the lipoprotein as a major substrate for
the photoxidation reaction. Although previous studies®™ suggested that
the monoene fatty acids are important oxidizing substrates in milk
exposed to sunlight, Wishner noted3” that photoxidation of methyl |
linoleate in the presence of photosensitizers produces significant per-
centages of the less stable 11-hydroperoxide,‘93 whichon decomposition
forms alk-2-enals, the significant carbonyls found in milk exposed to
sunlight.

The sunlight flavor has been shown?®1,2%4 to originate in the proteins
of milk. Hendrick4? concluded that the serum proteins are the main
source of activated flavor in milk, with riboflavin as the photosensitizer.
Similar results have been reported by Storgards and Ljungren.®
Singleton et al.?? demonstrated a relationship between riboflavin
destruction, tryptophan destruction, and the intensity of the sunlight
flavor in milk, and implicated a tryptophan-containing protein rather
than a single low molecular weight compound as one of the reactants.
Finleyetal. reported®® thata low-density lipoprotein fraction associated
with the fat globule membrane served as a carrier and a precursor
for the light-induced off-flavor. Studies of the degradation of the lipopro-
tein on exposure to light showed that both the lipid and protein portions
of the lipoprotein were degraded. In addition to tryptophan, they
observed the destruction of methionine, tyrosine, cysteine, and lysine
in the lipoprotein on exposure to light in the presence of riboflavin.
The photoxidation of amino acids other than tryptophan has been
observed in enzymes exposed to sunlight.3”

Methional, formed by the degradation of the amino acid methionine,
has been reported28+3%® to be the principal contributor to the activated
flavor. Samuelsson?®® reported, in studies of di- and tripeptides contain-
ing methionine, that irradiation did not result in any hydrolysis of
the peptides, and the presence of methional in the reaction products
could not be demonstrated. He concluded that methional can only occur
in irradiated milks from the free methionine in the milk serum. Thiols,
sulfides and disulfides observed as products of the irradiated peptides
may be of greater significance in the activated flavor.

Acidity

The development of a fishy flavor in butter is well known, and its
association with salted butter made from acid cream was first demon-
strated by Rogers in 1909.2°1 Cream acidities ranging from 0.20 to
0.30% appear to represent those levels where flavor development is
marginal .}5% 292 Although the development of fishy flavors in unsalted



butters is rarely encountered,2°? it is not restricted to those products
containing salt. Pont et al.2"3 induced the development of a fishy flavor
in commercial butterfat by the addition of nordihydroguaiaretic acid
and citric or lactic acid. In addition, Tarassuk et al.3%° reported the
development of fishy flavors in washed cream adjusted to pH 4.6.

Koops?®? conducted a comprehensive study of the development of
trainy (fishy) flavor which occurs in butter prepared from cultured
cream (pH 4.6) during cold storage. He observed®®® that, although the
acidification of milk or cream to pH 4.6 did not result in a transfer
of natural copper from the plasma proteins to the fat globule membrane,
30 to 40% of added copper migrated to the membrane proteins at pH
4.6. He concluded2°2 that the development of a trainy flavor in cultured
butter is the result of the migration of the plasma-bound added (con-
taminated) copper to the fat globule membrane and the enhanced
interaction between the cephalin fraction of the membrane
phospholipids, which is highly susceptible to oxygen,2*® and the copper-
containing membrane protein.

Although not studied extensively, reports on other dairy products
suggest that titratable acidity as well as hydrogen-ion concentration
tend to influence the development of oxidative deteriorations. Ander-
son” found a relationship between the titratable acidity and the develop-
ment of an oxidized flavor in milk. Furthermore, his results showed
that, while milks developed an oxidized flavor at a titratable acidity
of 0.19%, the deteriorative mechanism was inhibited when the milks
were neutralized to acidities of 0.145% or lower. Greenbank!22 found
that an increase in pH of 0.1 was sufficient to inhibit the development
of oxidized flavors in fluid milks for 24 hr. Anderson? reported similar
results. In addition to fluid milk, Dahle and Folkes3¢ attributed the
development of oxidized flavors in strawberry ice cream to the presence
of copper and the acid content of the fruit.

Homogenization

Homogenization was found in 1933 by Tracey et al.3¢> to inhibit
the development of an oxidized flavor in fluid milk. Subsequently,
similar observations were reported on cream,3% ice cream,? dry whole
milk,!55 and frozen condensed milk.2¢ The inhibitory effect, however,
is not absolute. Roadhouse and Henderson288 found that the absolute
pressure required varies with different milks contaminated with the
same concentration of cupric ion. The results of Larsen et al.2?° and
Smith and Dunkley323 indicate that the inhibitory effect of homogeniza-
tion is dependent on the degree of metallic contamination. ,

Various workers have proposed explanations for the inhibitory effect



of homogenization on oxidative deterioration. Traceyet al.365 considered
it to be apparent rather than actual, resulting from changes in the
physical consistency of the milk, which may alter the taste. These
workers based their proposal on the observation that homogenization
has no apparent effect on the Eh of milk. Similar observations have
been noted by others.2?! Still others have proposed that the inhibition
is real, and is due to migration of the phospholipids into either the
serum phase?3 or interior of the fat globule,2%" to general redistribution
of the phospholipidsin the milk proper,'24 or to denaturation of proteins
resulting in an increase in the number of available -SH groups.'®
King!#é proposed that homogenization effects an irreversible change
in the structural configuration of the copper-protein complex in such
a way that ascorbic acid is no longer able to initiate the formation
of lipid free radicals. Smith and Dunkley®?® theorized that homogeniza-
tion causes a change in the copper-protein binding by the formation
of a chelate that is less active in ascorbic acid oxidation and inactive
in lipid peroxidation. Tarassuk and Koops®® stated that “the decrease
in concentration of phospholipids and the copper-protein complex per
unit of newly formed fat globule surface appears to be the most impor-
tant factor, if not the only one, that retards the development of oxidized
flavor in homogenized milk.”

Dunkley et al.”” demonstrated, by the use of TBA values and a highly
trained taste panel, that although homogenization inhibits light-
induced lipid oxidation, the process increases the susceptibility of milk
to development of the activated flavor. An increase in the intensity
of off-flavors in homogenized milks exposed to sunlight has been
reported by several workers. 53177 Finley concluded® as a result of
his studies that any treatment (e.g., homogenization) which affects
the fat globule membrane increases the susceptibility of milk to light-
induced off-flavors. It is evident from the literature that homogeniza-
tion affords a degree of protection against oxidative deterioration
in fluid milks provided excessive metallic contamination and undue
exposure to light are avoided.

CARBONYL CONTENT OF OXIDIZED DAIRY PRODUCTS

Considerable effort has been expended in recent years on the odorous
compounds formed in autoxidized dairy products. Although some of
the early identification studies lack present-day sophisticated
methodology, may be incomplete, and do not differentiate between
isomeric forms of the various compounds, their contribution to the



knowledge of the products of autoxidation in dairy products is
invaluable.

Table 5.5 summarizes the carbonyls that have been identified in
several selected dairy products. Despite the general similarity in the
qualitative carbonyl content of oxidized dairy products, flavor differ-
ences are apparent. Attempts to correlate the off-flavors with specific
compounds or groups of compounds, however, are made difficult for
several reasons. These include: (a) the multitude of compounds pro-
duced; (b) difficulties arising in the quantitative analyses of oxidized
dairy products; (c) differences in threshold values of individual com-
pounds; (d) similarity of flavors imparted by individual compounds
near threshold; (e) a possible additive and/or antagonistic effect, flavor-
wise and with regard to threshold values of mixtures of compounds;
(f) the possible existence of a compound or group of compounds hereto-
fore not identified; and (g) the difficulties involved in adding pure
compounds to dairy products as a means of evaluating their flavor
characteristics.

Several individual compounds formed by the autoxidation of milk
lipids, however, have been implicated in specific off-flavors. Stark and
Forss33! have identified 1-octen-3-one as the compound responsible for
the metallic flavor which develops in dairy products. This compound
has also been shown to be an integral part of other oxidized flavor
defects.20,95,9

4-cis-Heptenal, responsible for the creamy flavor of butter,25 results

Table 5.5

CARBONYLS IDENTIFIED IN AUTOXIDIZED DAIRY PRODUCTS

Product Alkanal Alk-2-enal Alk-2,4-dienal

Skimmilk, copper-

induced®®-992 Cz, Ce Cs to Cua Ce to C11
Whole milk, spontaneous

oxidationzso CS to ClO 06 to Cll Q to Cu
Whole milk, light-

induced37® e - Cs, Cs to Cnn -
Dry whole milk T Cito Co

air-packed?s! 8; :g g‘;’o Cs to Cna traces
Butter oil, exposed

to airssa,ssa C1 to Cio Ci to Cnn Cz, Cio
Butter, cold storageb .

defects2° Cs to Ciz2 Cs to Cna C:¢, Co, C10¢ Cn1
8References

Miscellaneous carbonyls: 4-heptenal ¢; 2 6-nonadienal ¢; 2 5.octadienal €, 2,4,6-nonatrienal ¢; 2,4,7-decatrienal ©:
1-penten-3-one; 1-octen-3-one; 3,5-octadien-3 ne; 3,5-undecadien-3-one.
€ Includes cis/trans geometric isomers.




from autoxidation of minor isolinoleic acids in butterfat.’® At higher
concentrations this compound has also been implicated in the trainy
flavor which develops in cold storage butter.!1?6-trans-Nonenal has been
identified as the compound responsible for the “drier” flavor2é2 which
frequently appears in freshly prepared foam spray-dried milks—an
off-flavor which is peculiar to this particular product. Although the
evidence suggests that it is formed in foam spray-dried milk by trace
ozonolysis of minor milk lipids, it has also been identified in stored
sterile milks.25® The latter observation suggests it may also appear
in dairy products as a result of autoxidation reactions.!82

The findings of other studies suggest that the preponderance of cer-
tain carbonyls or groups of carbonyls is involved in the off-flavors
of various dairy products. Forss et al.?8?? reported that the Ce¢ to Cn1
2-enals and the Cs to C11 2,4-dienals—and more specifically 2-octenal,
2-nonenal, 2,4-heptadienal, and 2,4-nonadienal—constitute a basic and
characteristic factor in copper-induced cardboard flavor in skimmilk.
The same workers concluded that “while these compounds in milk
closely simulate the cardboard flavor, the resemblance is not complete”
and that “the defect contains further subsidiary.flavor elements”.

Bassette and Keeney?2 ascribed the cereal-type flavor in dry skim-
milk to a homologous series of saturated aldehydes resulting from
lipid oxidation in conjunction with products of the browning reaction.
The results of Parks and Patton26! suggest that saturated and
unsaturated aldehydes at levels near threshold may impart an off-flavor
suggestive of staleness in dry whole milk. Wishner and Keeney3
concluded from studies on milk exposed to sunlight that Cs to Cu
alk-2-enals are important contributors to the oxidized flavor in this
product. Parks et al.26° concluded, as a result of quantitative carbonyl
analysis and flavor studies, that alk-2,4-dienals, especially 2,4-
decadienal, constitute a major portion of the off-flavor associated with
spontaneously oxidized fluid milk. Forss et al.?5:% reported that the
fishy flavor in butterfat and washed cream is in reality a mixture
of an oily fraction in addition to 1-octene-3-one, the compound responsi-
ble for the metallic flavor. n-Heptanal, n-hexanal, and 2-hexenal were
found to be constituents of the oily fraction in washed cream, and
these three carbonyls plus heptanone-2 were constituents of the oily
fraction isolated from fishy butterfat. Badings?° identified 40 volatile
compounds in cold storage cultured butter which had a trainy (fishy)
off-flavor. Included among the 14 compounds which were present in
above-threshold levels were: 4-cis-heptenal; 2-trans, 4-cis-decadienal;
2-trans, 6-cis-nonadienal; 2,4,7-decatrienal; 3-trans, 5-cis-octadien-
2-one; 1-octene-3-one; and 1-octen-3-ol.

Comparative studies by Forss and co-workers®*?? on the fishy, tal-



lowy, and painty flavors of butterfat tend to emphasize the importance
of the relative and total carbonyl contents in dairy products with differ-
ent off-flavors. These researchers showed that three factors dis-
tinguished painty and tallowy butterfat from fishy flavored butterfat.
First, there was a relative increase in the n-heptanal, n-octanal,
n-nonanal, heptanone-2, 2-heptenal, and 2-nonenal in the tallowy but-
terfat, and a relative increase in the n-pentanal, and the Cs to Cio
alk-2-enals in the painty butterfat. Secondly, 1-octen-3-one was present
in such low concentrations in both the tallowy and painty butterfats
as to have no effect on the flavor. Thirdly, the total weight of the
volatile carbonyl compounds was about ten times greater in the tallowy
and 100 times greater in the painty butterfat than in the fishy-flavored
butterfat.

REFERENCES

. ABBOT, J., and WAITE, R., J. Dairy Res., 28, 285 (1961).
. ABBOT, J., and WAITE, R., J. Dairy Res., 29, 55 (1962).
ABBOT, J., and WAITE, R, J. Dairy Res., 32, 143 (1965).
ALBRECHT, T. W., and JAYNES, H. Q., J. Dairy Sci., 38, 137 (1955). -
AL-SHABIBI, E. H., LANGNER, E. H., TOBIAS, J., and TUCKEY, E. H., J.
Dairy Sci., 47, 295 (1964).
. American Oil Chemists’ Society, “Official and Tentative Methods”, Official Method
Cd 8-53 (1960).
7. ANDERSON, E. O,, Intern. Assoc. Milk Dealers, 30th Ann. Conv. Lab. Sect. Proc.,
153 (1937).
8. ANDERSON, J. A,, Milk Dealer, 37, No. 2, 90 (1937).
9. ANDERSON, K. P., and JENSEN, S. G. K., Beretn. Forsgsm. Kbh., 136,
58 (1962).
10. ARRINGTON, L. R., and KRIENKE, W. A, J. Dairy Sci., 37, 819 (1954).
11. ASCHAFFENBURG, R., J. Dairy Res., 23, 134 (1956).
12. ASTRUP, H., J. Dairy Sci., 46, 1425 (1963).
13. AURAND, L. W, CHU, T. M., SINGLETON, J. A., and SHEN, R., J. Dairy Sci.,
50, 465 (1967).
14. AURAND, L. W,, SINGLETON, J. A., and NOBLE, B. W., J. Dairy Sci., 49, 138
(1966). -
15. AURAND, L. W., WOODS, A. E., and ROBERTS, W. M., J. Dairy Sci., 42, 1111
(1959).
16. BACHMAN, M., Schweiz, Milchztg., 87, 629 (1961).
17. BADINGS, H. T., J. Am. Oil Chemists Soc., 36, 648 (1959).
18. BADINGS, H. T., Neth. Milk Dairy J., 14, 215 (1960).
19. BADINGS, H. T., Neth. Milk Dairy J., 19, 69 (1965).
20. BADINGS, H. T., Ph.D. Thesis, Vageningen, The Netherlands (1970).
21..BASKYS, B, KLEIN, E,, and LEVER, W., Arch. Biochem. Biophys., 102, 201
(1963).
22. BASSETTE, R., and KEENEY, M., J. Dairy Sci., 43, 1744 (1960).
23. BATEMAN, L., Quart. Rev. (London), 8, 147 (1954).
24. BAUERNFEIND, J. C., and PINKERT, D. M., Adv. Food Res., 18, 219(1970).
25. BEGEMAN, P. HAVERKAMP, and KOSTER, J. C., Nature, 202, 552 (1964).
26. BELL, R. W., J. Dairy Sci., 22, 89 (1939).
27. BE(Lllé’Gg) W., ANDERSON, H. A, and TITTSLER, R. P., J. Dairy Sci., 45, 1019

o omw



. BELL, R. W., and MUCHA, T. J., J. Dairy Sci., 32, 833 (1949).
. BELL, R. W., and MUCHA, T. J., J. Dairy Sci., 34, 432 (1951).
. BERGMAN, T., BERGOLF, A., and KJELL, S., 16th Intern. Dairy Cong. Proc.,

Vol. A, Sect. I:1, 675, Copenhagen (1962).

- BERGMAN, T., BEETELSEN » E., BERGOLD, A., and LARSSON ,S., 16th Intern.

Dairy Cong. Proc.; Vol A, Sect. II:1, 579, Copenhagen (1962).

. BOLLAND, J. L., Quart. Rev. (London), 3, 1 (1949).

. BOSCO, J., 11th World’s Dairy Cong. Proc. 2, 3, Berlin (1937).

. BRUHN, J. C., and FRANKE, A. A, J. Dairy Sci., 54, 761 (1971,.

. BRUNNER, J.R., J. Dairy Sci., 33, 741 (1950).

. CAMPBELL, J. J. R, PHEL » R. H., and KEUR, L. B., J. Milk Food Tech.,

22, 346 (1959).

. CAMPBELL, L. B, WATROUS, G. H., JR., and KEENEY, P. G., J. Dairy Sci.,

51, 910 (1968).

- CANNON, J. A, ZILCH, K. T., BURKET, 8. C., and DUTTON, H. J.,, J. Am.

Oil Chemists Soc., 29, 447 (1952).

. CASTELL, C. H,, J. Milk Technol,, 5, 195 (1942).

. CHANDRAN, R. C., and SHAHANIL K. M., J. Dairy Sci., 43, 841 (1960).
- CHANDRAN, R. C., and SHAHANIL, K. M., J. Dairy Sci., 46, 275 (1963).-
. CHANDRAN, R. C., and SHAHANI, K. M., J. Dairy Sci., 46, 503 (1963).

. CHILSON, W. H., Milk Plant Monthly, 24, No. 11, 24; 24, No. 12, 30.(1935).
- CHRISTENSEN, L. J., DECKER, C. W., and ASHWORTH, U. S., J. Dairy Sci.,

34, 404 (1951).

. COLLINS, E. B,, and DUNKLEY, W. L., J. Dairy Sci., 40, 603 (1957).

. COLMEY, J. C., DEMOTT, B. J., and WARD, G. M., J. Dairy Sci., 40, 608 (1957).
. COSTILOW, R. N, and SPECK; M. L., J. Dairy Sci., 34, 1104 (1951).

. COSTILOW, R. N., and SPECK, M. L., J. Dairy Sci., 34, 1119 (1951).

. CROWE, L. K., J. Dairy Sci., 38, 969 (1955).

. DAHLE, C. D., Penna. Agr. Expt. Sta. Bull. 320, 2 (1935).

. DAHLE, C. D., Milk Dealer, 27, No. 5, 68 (1938).

. DAHLE, C. D, and FOLKERS, E. C., J. Dairy Sci., 16, 529 (1933).

. DAHLE, C. D., and JOSEPHSON, D. V., Ice Cream Review, 20, 31 (1937).

. DAY, E. A, LILLARD, D. A., and MONTGOMERY, M. W.,.J. Dairy Sci., 46,

291 (1963).

. DEMOTT, B. J., J. Dairy Sci., 43, 436 (1960).

- DESNUELLE, P., Adv. Enzymology, 23, 129 (1961).

. DICKS, M. W., Wyoming Agr. Expt. Sta. Bull. 435 (1965).

. DORNER, W., and WIDMER, A., Lait., 11, 545 (1931).

. DOWNEY, W. K., J. Soc. Dairy Technol., 22, 154 (1969).

. DOWNEY, W.K., and ANDREWS, P., Biochem. d.,94, 642 (1965).

. DOWNEY, W. K., and MURPHY,R. F., J. Dairy Res., 37, 47 (1970j. )
. DUIN, H. VAN and BRONS, C., Alg. Zuivelbl., 60, 37 (1967).
. DUKMAN, A. J., and SCHIPPER, C. J., Veet-en Zuivelbericht 7, No. 11, 525

(1964); Dairy Sci. Abst., 27 [626] (1965).

- DUNCOMBE, W. G., Biochem. J., 88, 7 (1963).
- DUNKLEY, W. L., J. Dairy Sci., 34, 515 (1951).
. DUNKLEY, W. L., and FRANKE, A. A,, J. Dairy Sci., 50, 1 (1967).

5, 863 (1968).



76.
71.

78.
79.

80.

81.
82.

83.
84.

85

DUNKLEY, W. L., FRANKLIN, J. D., and PANGBORN, R. M., Food Technol.
16, 112 (1962).

DUNKLEY, W. L., FRANKLIN, J. D., and PANGBORN, R. M., J. Dairy Sci.,
45, 1040 (1962).

DUNKLEY, W. L., and JENNINGS, W. G., J. Dairy Sci., 3¢, 1064 (1951).

DUNKLEY, W. L., RONNING, M., FRANKE, A. A., and ROBB, J., J. Dairy Sci.,
50, 492 (1967). ,

DUNKLEY, W. L., RONNING, M., and SMITH, L. M., 17th Intern. Dairy Cong.
Proc., Sect. A:2., 223, Munich (1964).

DUNKLEY, W. L., and SMITH, L. M., J. Dairy Sci., 34, 935 (1951).

DUTHIE, A. H,, JENSEN, R. G., and GANDER, G. W., J. Dairy Sci., 44, 401
(1961).

ECKLES, C. H,, and SHAW, R., US. Dept. Agr. Bur. Animal Ind., Bull. 155
(1913).

EL-NAHTRA, A., Milchwiss. Berichte, Wolf Passing, 13, 139 (1963).

EL-NEGOUMY, A. M., J. Dairy Sci., 48, 1406 (1965)

85;1.EL-NEGOUMY, A. M, MILES, D. M., and HAMMOND, E. G., J. Dairy Sci.,

86.
87.

88.

89.
90.
91.

92.
93.
94.

95.
96.

97.
98.
99.

100.

101.

102.

103.
105.

106.
107.
108.
109.
110.
111.

112.
113.
114.
115.

116.
117.

44, 1047 (1961).

ERICKSON, D. R., and DUNKLEY, W. L., Anal. Chem., 36, 1055 (1964).

ERICKSON, D. R., DUNKLEY, W. L., and RONNING, M., J. Dairy Sci., 46, 911
(1963).

ERICKSON, D. R.,, DUNKLEY, W. L., and SMITH, L. M., J. Food Sci., 29, 269
(1964).

FARMER, E. H., and SUTTON, D. A., J. Chem. Soc., 1943, 119 (1943).

FINLEY, J. W., Ph.D. Thesis. Cornell Univ. (1968).

FLAKE, J. C., JACKSON, H. C., and WECKEL, K. G., J. Dairy Sci., 23, 1087
(1940).

FOISSY, H., Ost. Milch., 25, 217 (1970); Dairy Sci. Abst., 32, [3878] (1970).

FORD, J. E,, J. Dairy Res., 34, 239 (1967).

FORSS, D. A, ANGELINI, P., BAZINET, M. L., and MERRITT, C., J. Am. Oil
Chemists Soc., 44, 141 (1967).

FORSS, D. A., DUNSTONE, E. A., and STARK, W., J. Dairy Res., 27, 211 (1960).

FORSS, D. A, DUNSTONE, E. A., and STARK, W., J. Dairy Res., 27, 373 (1960).

FORSS, D. A, DUNSTONE, E. A.. and STARK, W., J. Dairy Res., 27, 381 (1960).

FORSS, D. A., PONT, E. G., and STARK, W., J. Dairy Res., 22, 91 (1955).

FORSS, D. A, PONT, E. G., and STARK, W., J. Dairy Res., 22, 345 (1955).

FORSTER, T. L., and SOMMER, H. H., J. Dairy Sci., 34, 992 (1951).

FOUTS, E. L., J. Dairy Sci., 23, 173 (1940).

FOUTS, E. L., and WEAVER, E., J. Dairy Sci., 19, 482 (1936).

FOX, P. F., and TARASSUK, N. P., J. Dairy Sci., 51, 826 (1968).

- FOX, P. F., YAGUCHI, M., and TARASSUK, N. P., d. Dairy Sci., 50, 307 (1967).

FRANKEL, E. N,, NOWAKOWSKA, J., and EVANS, C. D., Am. Oil Chemists
Soc., 38, 161 (1961).

FRANKEL, E. N, and TARASSUK, N. P,, J. Dairy Sci., 39, 1506 (1956).

FRANKEL, E. N., and TARASSUK, N. P., J. Dairy Sci., 39, 1517 (1956).

FRANKEL, E. N, and TARASSUK, N. P., J. Dairy Sci., 39, 1532 (1956).

FRANKEL, E. N,, and TARASSUK, N. P., J. Dairy Sci., 42, 409 (1959).

GAFFNEY, P. J., JR., and HARPER, W. J., J. Dairy Sci., 48, 613 (1965).

GAFFNEY, P. J., JR., HARPER, W. J., and GOULD, 1. A, J. Dairy Sci., 49,
921 (1966).

GAWEL, J., and PIJANOWSKI, E., Nahrung, 14, 469 (1970).

GELPI, P.J., RUSOFF, L. L., and PINEIRO, E., J. Agr. Food Chem., 10, 89 (1962).

GHOLSON, J. H., GELPL, A. J., JR., and FAYE, J. B., JR., J. Milk Food Technol.
29, 248 (1966). ‘

GHOLSON, J. H., SCHEXNAILDER, R. H., and RUSOFF, L. L., J. Dairy Sci.,
49, 1136 (1966).

GOLDING, J., and FEILMAN, E., J. Soc. Chem. Ind., 24, 1285 (1905).

GOULD, 1. A., J. Dairy Sci., 24, 779 (1941).

’



118.

119.
120.
121.

122.

123.
124.

125.

126.
127.

128.
129.
130.
131.
132.
133.
134.
135.
136.
137.
138.

139.
140.

141.

142.

143.

144.

145.

146.
147.
148.

149.
150.
151.
152.

153.
. HOFFMAN-OSTENHOF, O., Adv. Enzymology, 14, 219 (1953).
155.
156.

157.

158,

GOULD, I A, and KEENEY, P. G., J. Dairy Sci., 40, 297 (1957).

GOULD, I A., and SOMMER, H. H., Mich. Agr. Expt. Sta. Tech. Bull. 164, (1939).

GOULD, L A., and TROUT, G. M., J. Agr. Res., 52, 49 (1936).

GOULD, 1. A., and TROUT, G. M., Mich. Agr. Expt. Sta. Quart. Bull. 22, 101
(1939).

GREENBANK, G. R., J. Dairy Sci., 23, 725 (1940).

GREENBANK, G. R., J. Dairy Sci., 31, 913 (1948).

GREENBANK, G. R., and PALLANSCH, M. J., J. Dairy Sci,, 44, 1547 (1961).

GREENBANK, G. R., WRIGHT, P. A., DEYSHER, E. F., and HOLM, G. E., J.
Dairy Sci., 29, 55 (1946).

GUTHRIE, E. S., and BRUECKNER, H.J., N.Y. Agr. Expt. Sta. Bull. 606 (1934).

GUTHRIE, E. S., and HERRINGTON, B. L., J. Dairy Sci., 43, 843 (1960).

HAASE, G., and DUNKLEY, W. L., J. Lipid Res., 10, 555 (1969).

HAASE, G., and DUNKLEY, W. L., J. Lipid Res., 10, 561 (1969).

HAASE, G., and DUNKLEY, W. L., J. Lipid Res., 10, 568 (1969).

HAASE, G., and DUNKLEY, W. J,, Milchwiss. 25, 656 (1970).

HAMM, D. L., and HAMMOND, E. G., J. Dairy Sci., 50, 1166 (1967).

HAMM, D. L., HAMMOND, E. G., and HOTCHKISS, D. K., J. Dairy Sci., 51,
483 (1968).

HAMM, D. L., HAMMOND, E. G., PARVANAH, V., and SNYDER, H. E.,J. Am.
0il Chemists Soc., 42, 920 (1965).

HAMMOND, E. G., Am. Dairy Rev., 32, No. 6, 40 (1970).

HAND, D. B, GUTHRIE, E. S,, and SHARP, P. F., Science 87, 439 (1938).

HAND, D. B., and SHARP, P. F., Intern. Assoc. Milk Dealers Bull., 33, No. 17,
460 (1941). .

HARPER, W. J., and GOULD, L. A., 15th Intern. Dairy Cong. Proc., 6, 455, London
(1959).

HARPER, W. J., GOULD, L. A, and BADAMI, M., J. Dairy Sci., 39, 910 (1956).

HARPER, W. J., SCHWARTZ, D. P., and EL-HAGARAWY, L S., J. Dairy Sci.,
39, 46 (1956).

HEMINGWAY, E. B,, SMITH, G. H,, and ROOK, J. A. F., J. Soc. Dairy Technol.,
23, 44 (1970).

HENDRICK, H., MOOR, H. de, and DEVOGELAERE, R., Mededel-
Landbov-whogeschool Opzockingsstn Staat. Gent. 29, 119 (1964); Chem. Abs.
64 [103184d] (1966).

HENICK, A. S., BENCA, M. F,, and MITCHELL, J. H,, JR., J. Am. Qil Chemists
Soc., 31, 88 (1954).

HENNINGSON, R. W., and ADAMS, J. B., J. Dairy Sci., 50, 961 (1967).

HERRINGTON, B. L., 43rd Ann. Meeting Milk Ind. Foundation Proc., Lab. Sect.
1950, 30 (1950).

HERRINGTON, B. L., J. Dairy Sci., 37, 775 (1954).

HERRINGTON, B. L, and GUTHRIE, E. S., J. Dairy Sci., 41, 707 (1958).

HERRINGTON, B. L., and KRUKOVSKY, V. N., J. Dairy Sci., 22, 127 (1939).

HERRINGTON, B. L., and KRUKOVSKY, V. N., J. Dairy Sci,, 22, 149 (1939).

HILEMAN, J. L., and COURTNEY, E., J. Dairy Sci., 18, 247 (1935).

HILLS, G. LOFTUS, and THIEL, C. C., J. Dairy Res., 14, 340 (1946).

HOFF, J. E., WERTHEIM, J. H., and PROCTOR, B. E,, J. Dairy Sci., 42, 468
(1959).

HOFFMANN, G., J. Am. Oil Chemists Soc., 39, 439 (1962).

HOLM, G. E., GREENBANK, G. R., and DEYSHER, E. F., J. Dairy Sci., 8, 515
(1925).

HOLM, G. E., WRIGHT, P. A,, WHITE, W., and DEYSHER, E. F., J. Dairy Sci.,
21, 385 (1938).

HOEVAT, R. J., McCFADDAN, W. H,, NG, H., BLACK, D.R,, LANE, W. G., and
TEETER, R. M., J. Am. Oil Chemists Soc., 42, 1112 (1965).

_ HUTTON, J. T., and PATTON, S., J. Dairy Sci., 35, 699 (1952).



159.
160.

161.

162.
163.

164.
165.

166.
167.
168.

169.
170.
171.
172.
173.
174.

175.
176.

177.

178.
179.
180.
181.
182.

183.

184.
185.

186.
187.
188.
189.
190.

191.
192.
193.
194.
195.
196.
197.

198.

JACKSON, W. P., and LOO,cC.C,, J. Dairy Sci., 42, 912 (1959).

JAMOTTE, P., Publs. Stn. Lait Etat Gem Bloug, 1968; Dairy Sci. Abst. 31 [3997]
(1969).

JENNESS, R., and PATTON, S., “Principles of Dairy Chemistry”, John Wiley
and Sons, Inc., New York, 1959.

JENSEN, R. G., J. Dairy Sci., 47, 210 (1964).

JENSEN, R. G., Progress in the Chemistry of Fats and Other Lipids, 9, Part
3, 349. Pergamon Press, New York and London, 1971.

JENSEN, R. G, and SAMPUGNA, J., J. Dairy Sci., 45, 646 (1962).

JENSEN, R. G., SAMPUGNA, J., PARRY, R. M., JR,, SHAHANI, K. M., and
CHANDRAN, R. G., J. Dairy Sci., 45, 1527 (1962).

JENSEN, R. G,, SAMPUGNA, J., and PEREIRA, R. L, J. Dairy Sci., 47, 727
(1964).

JENSEN, R. G., SMITH, A. C., MACLEOD, PATRICIA, and DOWD, L. R, J.
Milk Food Technol., 20, 352 (1957).

JOHNSON, P. E., and GUNTEN » R. L., von, Okla. Ag. Expt. Sta. Bull. B-593
(1962).

JONG, K. de, and VAN der WEL, H., Nature, 202, 553 (1964).

JOSEPHSON, D. V., Abst. of Doctoral Diss. 6, Penna. State College (1943).

JOSEPHSON, D. V., and DOAN » F. J., Milk Dealer, 29, No. 2, 35 (1939).

KANNAN, A, and BASU, K. P, Indian J. Dairy Sci., 4, 8 (1951).

KANNO, C., YAMAUCHI, K., and TSUGO, T., J. Dairy Sci., 51, 1713 (1968).

KARNOVSKY, M. L., and WOLFF, D., Biochemistry of Lipids, 5, 53 Pergamon
Press, New York and London, 1960.

KAY, H. D., Nature, 157, 511 (1946). .

KEITH, J. I, and FOUTS, E. L., Intern. Assoc, Milk Dealers, 30th Ann. Conv.,
Lab. Sect. Proc., 172 (1937).

KELLEY, E, “Report of Chief, Div. of Market Milk Investigations”, Bur. Dairy
Indus., U.S. Dept. Agr. (1942).

KELLEY, L. A., and DUNKLEY, W. L., J. Milk Food Technol., 17, 306 (1954).

KELLEY, P. L., J. Dairy Sci., 26, 385 (1943).

KELLEY, P. L., J. Dairy Sci., 28, 793 (1945).

KENDE, S., Milchw. Forsch., 13, 111 (1932).

KEPPLER, J. G, HORIKX, M. M., MEIJBOOM, P. W., and FEENSTRA, W. H.,
J. Am. Oil Chemists Soc., 44, 543 (1967).

KHAN, N. A, LUNDBERG, W. O., and HOLMAN, R. T., J. Am. Chem. Soc.,
76, 1779 (1954).

KHATE] L. L., Diss. Abst. 26, No. 11, 6638 (1966).

KIERMEIER, F., and WAIBLINGER, W., Z. Lebensmittel-Untersuch. u. Forsch.,
142, 36 (1970).

KING, R. L., Ph.D. Thesis, University of California, Davis, Cal., 1958.

KING, R. L., J. Dairy Sci., 45, 1165 (1962).

KING, R. L., J. Dairy Sci., 46, 267 (1963).

KING, R. L., J. Dairy Sci., 51, 1705 (1968).

KING,R. L., BURROWS, F. A., HEMKEN ,R. W, and BASHORE, D. L., J. Dairy
Sci., 50, 943 (1967).

KING, R. L., and DUNKLEY, W. L., J. Dairy Sci., 42, 420 (1959).

KING, R. L., and DUNKLEY, W. L., J. Dairy Sci., 42, 897 (1959).

KING, R. L., LUICK, J. R, LITMAN, L. I, JENNINGS, W. G., and DUNKLEY,
W. L., J. Dairy Sci., 42, 780 (1959).

KING, R. L., TIKEITI, H. H., and OSKARSSON, M., J. Dairy Sci., 49, 1574.( 1966).

KITCHEN, B. J., J. Dairy Res., 38, 171 (1971).

KLIMAN, P. G,, TAMSMA, A, and PALLANSCH, M. J., J. Agr. Food Chem.,
10, 496 (1962).

KODGEV, A., and RACHEV, R., 18th Intern. Dairy Congress, Proc., IE, 200,
Sydney (1970).

KOESTLER, G., Schweiz. Mitchztg., 103 (1928).



199.
200.
201.

202.
203.

KOESTLER, G., ROADHOUSE, C. L.. and LORTSCHER, W., Landw. Jaheb.
Schweiz., 42, 937 (1928). .

KOOPS, J., Verslag. Ned. Inst. Zuivelonderzoek, No. 80 (1963); Chem. Abs., 60
[2255¢] (1964).

KOOPS, J., Neth. Milk and Dairy J., 18, 38 (1964).

KOOPS, J., Neth. Milk and Dairy J., 18, 220 (1964).

KOOPS, J., Neth. Milk and Dairy J., 23, 200 (1969).

204. KOPACZEWSKI, W., J. Dairy Sci., 20, A25 (1937).
204a.KORN, E. D., J. Lipid Res., 3, 246 (1962).

205.
206.
207.
208.
209.
210.
211.
212.
213.
214.
215.
216.
217.
218.

219.

220.
221.
222.
223.
224.
225.
226.
227.

228.
229.

230.
231.

232.

233.
234.

235.
236.
237.
238.
239.

240.
241.

242,
243.

KOSKINEN, E. H., LUHTALA, A,, and ANTILA, M., Milchwiss., 24, 20 (1969).

KRIENKE, W. A., J. Dairy Sci., 27, 683 (1944).

KRUKOVSKY, V. N., J. Dairy Sci., 35, 21 (1952).

KRUKOVSKY, V. N., J. Dairy Sci., 38, 595 (1955).

KRUKOVSKY, V. N., J. Agr. Food Chem., 9, 439 (1961).

KRUKOVSKY, V. N., and GUTHRIE, E. S,, J. Dairy Sci., 28, 565 (1945).

KRUKOVSKY, V. N., and GUTHRIE, E. S., J. Dairy Sci., 29, 293 (1946).

KRUKOVSKY. V. N., and HERRINGTON, B. L., J. Dairy Sci., 22, 137 (1939).

KRUKOVSKY, V. N., and SHARP, P. F., J. Dairy Sci., 19, 279 (1936).

KRUKOVSKY, V. N., and SHARP, P. F., J. Dairy Sci., 21, 671 (1938).

KRUKOVSKY, V. N., and SHARP, P. F., J. Dairy Sci., 23, 1109 (1940).

KRUKOVSKY, V. N., and SHARP, P. F., J. Dairy Sci., 23, 1119 (1940).

KRUKOVSKY, V. N., and WHITING, F., J. Dairy Sci., 31, 666 (1948).

KRUK%VSKY, V. N., WHITING, F., and LOOSLI, J. K., J. Dairy Sci., 33, 791
(1950).

KURTZ, F. E., “Fundamentals of Dairy Chemistry 2nd Edition”, Chapter IV, Avi
Publ. Co., Westport, Conn. 1974.

LARSEN, P. B., GOULD, 1. A., and TROUT, G. M., J. Dairy Sci., 24, 789 (1941).

LARSEN, P. B.,, TROUT, G. M., and GOULD, L. A., J. Dairy Sci., 24, 771 (1941).

LARSSON, B. L., and JENNESS, R., J. Dairy Sci,, 33, 896 (1950).

LAWRENCE, R. C., Dairy Sci. Abst., 29, 59 (1967).

LAWRENCE, R. C., FRYER, T. F., and REITER, B, Nature, 213, 1264 (1967).

LEA, C. H., ‘Rancidity in Edible Fats”, Chemical Publ. Co., New York, 1939.

LEA, C. H., MORAN, T., and SMITH, J. A. B., J. Dairy Res., 13, 162 (1943).

LEMBKE, A., and FRAHM, H,, Kiel. Milchw. Forsch., 16, 427 (1964); Chem. Abs.
66 [1660N] (1967).

LILLARD, D. A., and DAY, E. A, J. Dairy Sci., 44, 623 (1961).

LUHTALA, A., MELJERTIET. AIKAKAVSK.,, 29, 7 (1969); Dairy Sci. Abst. 32,
1327 (1970).

LUHTALA, A., and ANTILA, M., Fette, Seifen. Anstrichmittel, 70, 280 (1968).

LUHTALA, A., KORHONEN, H,, KOSKINEN, E. H., and ANTILA, M, 18th
Intern. Dairy Congr., Proc., 1E, 80, Sidney (1970).

LUHTALA, A., KOSKINEN, E. H., and ANTILA, M., 18th Intern. Dairy Congr.,
Proc., 1E, 79, Sydney (1970).

LUICK, J. R., and MAZRIMAS, J. A,, J. Dairy Sci., 49, 1500 (1966).

MACKENZIE, R. D., BLOHM, T. R., AUXIER, E. M., and LUTHER, A. C, J.
Lipid Res., 8. 589 (1967).

MANUS, L. J., and BENDIXEN, H. A, J. Dairy Sci., 39, 508 (1956).

MARQUARDT, J. C., Milk Dealer, 22, No. 12, 39 (1932).

MATTICK, A. T. R., J. Agr. Sci., 17, 388 (1927).

MATTICK, E. C. V., and KAY, H. D., J. Dairy Res., 9, 58 (1938).

MATTSON, F. H., and VOLPENHEIM, R. A., J.Am. Oil Chemists Soc., 43, 286
(1966).

MEIJBOOM, P. W., J. Am. Oil Chemists Soc., 41, 326 (1964).

MERK, W., and CRASEMANN, E,, Z. Tierphysiol. Tierernahr. Futtermittelk, 16,
197 (1961). -

MEYER, R. I, and JOKAY, L., J. Dairy Sci., 43, 844 (1960).

MOLLER-MADSEN. A. A, and HORVATH, Z., Beretn. St. Forsggsmejeri, 145,
20 (1964); Dairy Sci. Abst., 27, [1938] (1965).



244,
245,
246.
247.
248.

249.
250.
251.
252.
253.
254,
255.
256.
257.
258.
259.
260.

261.
262.

263.

264.
265.

266.
267.
268.
269.
2170.
271.
272.
273.
274.
275.
276.
271.
278.

279.
280.

281.
282.

283.

MOORE, A. V., and TROUT, G. M., Can. Dairy Ice Cream J., 25, No. 7, 33 (1946).

MORTON, R. K., Nature, 171, 734 (1953).

MORTON, R. K., Biochem. J., 57, 231 (1954).

MORTON, R. K., Biochem. dJ., 60, 573 (1955).

MULDER, H., and KOPPEJAN, C. A., 13th Intern, Dairy Congr., Proc. 3, 1402,
The Hague (1953).

MULDER, M., MENGER, J. W., and MELJERS, P., Neth. Milk and Dairy J.,
18, 52 (1964).

NAKALIL S, PERRIN, J. J., and WRIGHT, V., J. Dairy Sci., 53, 537 (1970).

NELSON, H. G., Ph.D. Thesis, Univ. of Minnesota (1952).

NELSON, H. G., and JEZESK], J. d., J. Dairy Sci., 38, 479 (1955).

NILSSON, R., and WILLART, S., “Milk and Dairy Research (Alnarp) Report”,
60 (1960).

NILSSON, R., and WILLART, S., “Milk and Dairy Research (Alnarp) Report”,
64 (1961).

NOVAK, M,, J. Lipid Res., 6, 431 (1965).

OLSON, F. C., and BROWN, W. C., J. Dairy Sci., 25, 1027 (1942).

OLSON, J. C., THOMAS, E. L., and NIELSEN, A. J., Am. Milk Rev., 18, No.
10, 98 (1956).

PALMER, L. S., J. Dairy Sci., 5, 201 (1922).

PARKS, O. W., and ALLEN, C. A., Unpublished data (1972).

PARKS, 0. W,, KEENEY, M., and SCHWARTZ, D. P., J. Dairy Sci., 46, 295
(1963).

PARKS, O. W., and PATTON, S., J. Dairy Sci., 44, 1 (1961).

PARKS, 0. W, WONG, N. P., ALLEN, C. A., and SCHWARTZ, D. P., J. Dairy
Sci., 52, 953 (1969).

PARRY, R. M,, JR,, CHANDRAN, R. C., and SHAHANI, K. M., J. Dairy Sci.,

49, 356 (1966). -

PATTON, S., J. Dairy Sci., 37, 446 (1954).

PATTON, S, BARNES, 1. J, and EVANS, L. E,, J. Am. Oil Chemists Soc., 36,
280 (1959).

PETERSON, M. H., JOHNSON, M. J., and PRICE W. V., J. Dairy Sci., 26, 233
(1943).

PETERSON, M. H,, JOHNSON, M. J., and PRICE W. V., J. Dairy Sci., 31, 31
(1948).

PFEFFER, J. C., JACKSON, H. C., and WECKEL, K. G, J. Dairy Sci., 21, 143
(1938).

PIJANOWSKI, E., WOJTOWICZ, M., and LOCHOWSKA, H., 16th Intern. Dairy
Congr., Proc., Vol. A, Sect. II:1, 633, Copenhagen (1962).

PONT, E. G., J. Dairy Res., 19, 316 (1952).

PONT, E. G., Aust. J. Dairy Technol., 10, 72 (1955).

PONT, E. G., Aust. J. Dairy Technol,, 19, 108 (1964).

PONT, E. G, FORSS, D. A, DUNSTONE, E. A., and GUNNIS, L. F., J. Dairy
Res,, 27, 205 (1960).

PONT, E. G, and HOLLOWAY, G. L., J. Dairy Res., 34, 231 (1967).

POSNER, I., and BASCH, V., J. Lipid Res., 12, 768 (1971).

POTTER, F. E,, and HANKINSON, D. J., J. Dairy Sci., 43, 1887 (1960).

POULSEN, P. R, and JENSEN, G. K., 17th Intern. Dairy Congr., Proc., Vol.
A, Sect. A:2, 229, Munich (1966).

PRIVETT, O. S, LUNDBERG, W. O., KHAN, N. A, TOLBERG, W. E., and
WHEELER, D. H., J. Am. Oil Chemists Soc., 30, 61 (1953).

PRIVETT, O.S.,and N ICKELL, E. C., Fette, Seifen, Anstrichmittel, 61, 842 (1959).

PRIVETT, O. S., and QUACKENBUSH, F. W., J. Am. Oil Chemists Soc., 31,
321 (1954).

PYENSON, H., and TRACEY, P. H., J. Dairy Sci., 29, 1 (1946).

RA({%(I;I ,)T. S., RICHARDSON, G. A., and STEIN, R. W., J. Dairy Sci., 45, 935

2).
RAO, S.R., Ph.D. Thesis, Univ. of Wisconsin (1951).



284.
285.
286.
287.

288.

289.
290.

291.
292.
293.
294,

295.
296.
297.

298.
299.

300.
301.

302.

303.
304.
305.

306.

307.
308.
309.

310.

311.
312.
313.
314.

315.
31e6.

317.

318.
319.
320.
321.
322.
323.

REDER, R., J. Dairy Sci., 21, 475 (1938).

RICHTER, R. L., and RANDOLPH, H. E., J. Dairy Sci., 54,.1275 (1971).

RIEL, R. R., Ph.D. Thesis, Univ. of Wisconsin (1952).

RIEST, U., RONNING, M., DUNKLEY, W. L., and FRANKE, A. A,, Milchwiss.
22, 551 (1967).

ROADHOUSE, C. L., and HENDERSON, J. L., Revised Edition, “The Market-Milk
Industry”, McGraw-Hill Book Co., Inc., New York, 1950.

ROAHEN, D. C., and SOMMER, H. H., J. Dairy Sci., 23, 831 (1940).

ROBERTSON, J. A., HARPER, W. J., and GOULD, L. A,, J. Dairy Sci., 49, 1386

(1966).

ROGERS, L. A., U.S. Bur. Animal Industry, Cir. 146 (1909).

ROGERS, L. A, Milk Dealer, 10, 10 (1914).

ROGERS, W. P., and PONT, E. G., Aust. J. Dairy Technol., 20, 200 (1965).

ROMANSKAYA, N. N., and VALEEVA, A. N,, Tr. Frunzensk. Politekhn. Inst.,
1962, 17 (1962); Chem. Abs. 62 [8311E] (1965).

SAITO, Z., Jap. J. Zootech. Sci., 34, 94 (1963).

SAITO, Z., and HASHIMOTO, Y., Jap. J. Zootech. Sci., 34, 393 (1963).

SAITO, Z., NAKAMURA, S., and IGARASHI, Y., Jap. J. Dairy Sci., 18, A176
(1969); Dairy Sci. Abs., 32 [3081] 1970.

SAMUELSSON, E. G., 16th Intern. Dairy Congr., Proc., Vol. A, Sect. II:1, 552,
Copenhagen (1962).

SAMUELSSON, E. G., Svenska Mejeritidn., 54, 511 (1962); Dairy Sci. Abs., 25,
[2413] (1963).

SAMUELSSON, E. G., Milchwiss., 21, 335 (1966).

SAMUELSSON, E. G., Milk Dairy Res. (Alnarp) Report No. 77. Chem. Abs., 67
[42654E] (1967).

SAMUELSSON, E. G., Milk Dairy Res. (Alnarp) Report No. 77. Cited in Milchwiss.
25, 656 (1970).

SARGENT, J. S. E., and STINE, C. M., J. Dairy Sci., 47, 662 (1964).

SATTLER-DORNBACHER, S., Milchwiss. Ber., 13, 53 (1963).

SCANLAN, R. A., SATHER, LOIS A, and DAY, E. A, J. Dairy Sci., 48, 1582
(1965).

SCHAFFER, P. S., GREENBANK, G. R., and HOLM, G. E,, J. Dairy Sci., 29,
145 (1946).

SCHMIDT, H., Fette, Seifen Anstrimittel, 61, 881 (1959).

SCHWARTZ, D. P., Ph.D. Thesis, Ohio State Univ. (1954).

SCHWARTZ, D. P., GOULD, 1. A, and HARPER, W. J.,, J. Dairy Sci., 39, 1364
(1956).

SCHWARTZ, D. P., GOULD, 1. A,, and HARPER, W. J., J. Dairy Sci., 39, 1375
(1956).

SCOTT, K., Aust. J. Dairy Technol., 20, 36 (1965).

SEARLES, S. K., and ARMSTRONG, J. G., J. Dairy Sci., 53, 150 (1970).

SHAHANI, K. M., J. Dairy Sci., 49, 907 (1966).

SHAHANI, K. M., and CHANDRAN, R. C., Arc. Biochem. Biophys., 111, 257
(1965).

SHARP, P. F., Intern. Assoc. Milk Dealers Bull,, 20, 523 (1941).

SHARP, P. F., HAND, D. B., and GUTHRIE, E. S., Intern. Assoc. Milk Dealers
Bull,, 34, No. 17, 365 (1942).

SINGLETON, J. A., AURAND, L. W., and LANCASTER, F. W,, J. Dairy Sci.,
46, 1050 (1963).

SJOSTROM, G., Milk Dairy Research (Alnarp) Report No. 58 (1959).

SJOSTROM, G., and WILLART, S., Svenska Mejeritidn., 48, 421, 435, 441 (1956).

SKEAN, J. D., and OVERCAST, W. W,, J. Dairy Sci., 44, 823 (1961).

SMITH, A. C., and MACLEOD, PATRICIA, J. Dairy Sci., 38, 870 (1955).

SMITH, G. J., and DUNKLEY, W. L., J. Dairy Sci., 43, 278 (1960).

SMITH, G. J., and DUNKLEY, W. L., 16th Intern. Dairy Congr., Proc., Vol. A,
Sect. I1:1, 625, Copenhagen (1962).



324.
325.
326.
327.

328.
329.
330.
331.
332.
333.
334.
335.

336.
337.
338.
339.

340.
341.
342.

343.
344.
345.
346.
347.
348.
349.
350.

351.
352.
353.
354.
355.
356.
357.
358.

359.

SMITH, G. J., and DUNKLEY, W. L., J. Food Sci., 27, 127 (1962).

SMITH, G. J., and DUNKLEY, W. L., J. Dairy Sci., 45, 170 (1962).

SMITH, L. M., and DUNKLEY, W. L., J. Dairy Sci., 42, 896 (1959).

SPEER, J. F., WATROUS, G. H., and KESLER, E. M., J. Milk Food Technol.,
21, 33 (1958).

STADHOUDERS, J., and MULDER, H,, Neth. Milk Dairy J., 12, 117 (1958).

STADHOUDERS, J., and MULDER, H., Neth. Milk Dairy J., 13, 122 (1959).

STADHOUDERS, J., and MULDER, H., Neth. Milk Dairy J., 18, 30 (1964).

STARK, W., and FORSS, D. A, J. Dairy Res., 29, 173 (1962).

STARK, W., and FORSS, D. A., J. Dairy Res., 31, 253 (1964).

STARK, W., and FORSS, D. A., J. Dairy Res., 33, 31 (1966).

STEBNITZ, V. C., and SOMMER, A. H., J. Dairy Sci., 20, 181 (1937).

STINE, C. M., HARLAND, H. A., COULTER, S. T., and JENNESS, R., J. Dairy
Sci., 37, 202 (1954).

STORGARDS, T., and LJUNGREN, B., Milchwiss., 17, 406 (1962).

SWANSON, A. M., and SOMMER, H. H., J. Dairy Sci., 23, 201 (1940).

TALLAMY, P. T, and RANDOLPH, H.E,, J. Dairy Sci., 52, 1569 (1969).

TAMSMA, A, KURTZ, F. E., and PALLANSCH, M. J., J. Dairy Sci., 50, 1562
(1967).

TAMSMA, A, MUCHA, T. dJ., and PALLANSCH, M. d., J. Dairy Sci., 45, 1435
(1962).

TAMSMA, A, MUCHA, T. J., and PALLANSCH, M. d., J. Dairy Sci., 46, 114
(1963).

TAMSMA, A, PALLANSCH, M. J., and MUCHA, T. J., J. Dairy Sci., 44, 1644
(1961). .

TARASSUK, N. P., Assoc. Bull. (Intern. Assoc. Milk Dealers), 32, 153 (1939).

TARASSUK, N. P., Can. Dairy Ice Cream J., 19, 32 (1940).

TARASSUK, N. P., Milk Plant Monthly, 31, No. 4, 24 (1942).

TARASSUK, N. P., and FRANKEL, E. N., J. Dairy Sci., 38, 438 (1955).

TARASSUK, N. P., and FRANKEL, E. N., J. Dairy Sci., 40, 418 (1957).

TARASSUK, N. P, and HENDERSON, J. L., J. Dairy Sci., 25, 801 (1942).

TARASSUK, N. P., and KOOPS, J., J. Dairy Sci., 43, 93 (1960).

TARASSUK, N. P., KOOPS, J., and PETTE, J. W., Neth. Milk Dairy J., 13,
258 (1959).

TARASSUK, N. P., and PALMER, L. S, J. Dairy Sci., 22, 543 (1939).

TARASSUK, N. P., and REGAN, W. M., J. Dairy Sci., 26, 987 (1943).

TARASSUK, N. P, and RICHARDSON, G. A, Science, 93, 310 (1941).

TARASSUK, N. P., and RICHARDSON, G. A, J. Dairy Sci., 24, 667 (1941).

TARASSUK, N. P., and SMITH, F.R., J. Dairy Sci., 22, 415 (1939).

TARASSUK, N. P., and SMITH, F.R., J. Dairy Sci., 23, 1163 (1940).

TARASSUK, N. P., and YAGUCHI, M., J. Dairy Sci., 41, 708 ( 1958).

TARASSUK, N. P., YAGUCHI, M., and NOORLANDER, D., Western Div., Am.
Dairy Sci., Assoc. Proc., 39, 566 (1958).

THggisg\;S, E. L, NIELSEN, A. J., and OLSON, J. C., JR., J. Dairy Sci., 38, 596

359a.THOMAS, E. L., NIELSEN, A. J., and OLSON, J. C., JR., Am. Milk Rev.,, 17,

360

361.
362.
363.

364.
365.

366.

50 (1955).

. THOMAS, W. R., HARPER, W. J.,and GOULD, I. A,, J. Dairy Sci., 38, 315 (1955).
: - ).

THORNTON, H. R., and HASTINGS, E. G., J. Dairy Sci., 13, 221 (1930

671 (1936).
TRACEY, P. H., Milk Dealer, 21, 68 (1931).
TR:.?ABC;E(Yé:fé)H., RAMSEY, R. J., and RUEHE, H. A, Il Agr. Expt. Sta. Bull.
1 .

TROUT, G. M., HALLORAN, C. P, and GOULD, I. A, Mich. Agr. Expt. Sta.
Tech. Bull. 145 (1935).



