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ABSTRACT

HIGH PRESSURE LIQUID CHROMATOGRAPHIC ANALYSIS
OF METHYL KETONES IN QUICK RIPENED
BLUE CHEESE

By
Shahram Dokhani

The components of a high pressure liquid chromato-
graphic (HPLC) system were assembled to separate and quan-
titate C3 to C13 methyl ketones from Quick-ripened (QR) blue
mola cheese and other cheese. The QR cheese were processed
and cured during 7 to 15 days at 52° or 62°F and 95% RH.

At the end of the ripening period portions of the cheese
were packed and stored at 400, 480, or 62°F for an addi-
tional period of 4 to 15 days. The pH and moisture content
of the samples were determined throughout the ripening and
storage period.

Standard methyl ketones with 99+% purity were deri-
vatized with 2,4-dinitrophenylhydrazine dissolved in aceto-
nitrile and separated on a uy Bondapak C18 column using ace-
tonitrile:water (75:25 v/v) as the mobile phase. The sepa-
rated components were detected by a U.V. monitor at 254 nm

in the HPLC unit and were compared with their corresponding

derivatives which had been isolated from Blue cheese. The
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peak heights were used in quantitation. Percent recovery of
individual methyl ketones and the slopes of calibration
graphs were also used in quantitation.

Hexane extracts of the cheese samples were passed
through a DNPH reaction column and after fat removal
following several clean-up steps, the monocarbonyl deriva-
tives were injected into the HPLC unit and analyzed for
methyl ketones. HPLC and mass spectral analysis of 2,4-
DNPH derivative of 2-undecanone obtained from the reaction
column showed the possibility of geometric isomerization of
methyl ketones.

Methyl ketone development in QR cheese followed a
pattern similar to that observed in commercial Blue cheese
ripened several months. The predominant methyl ketones were
C, and C_,. White mold QR cheese contained the C_, ketone

7 9 9
predominantly whereas the C., ketone was most abundant in

7
blue mold QR cheese. A large variation in the concentration
of methyl ketones was observed in the samples. White mold
QR cheese contained a lower concentration of methyl ketones
compared with conventional blue mold cheese.

Brief storage at 48°F after curing resulted in a
greater formation of methyl ketones in the cheese. Cheese
ripened at lower temperatures (52°F) and stored two weeks at
40°F was of superior flavor although total ketone content of

such cheese was lower than in cheese ripened and stored at

higher temperatures. Salting methods affected color and
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methyl ketone formation in the samples. A darker color
developed in cheese salted on days 1, 9, and 10 rather than
7, 8, and 9. Blue cheese salted on days 7, 8, 9 demon-
strated a greater ketone concentration than cheese made by
salting on days 1, 9, 10 and stored at 48°F.

The cheese lost 9 - 13% moisture in the curing
room, but negligible losses occurred in storage. All cheese
showed the same changes in pH during ripening. Changes in
pH were faster at higher temperature of curing.

Freeze drying of Blue cheese samples resulted in a
significant loss of methyl ketones. The HPLC method was
advantageous in this study for rapid analysis and minimal

sample clean up.
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INTRODUCTION

The consumption of blue mold cheeses has increased
significantly in popularity since 1960. Much of this cheese
is consumed directly, but increasing quantities and greater
demands are for the food products which are flavored with
blue mold cheeses such as French Roquefort, Italian Gorgon-
zola, English Stilton, Danish blue cheese, American blue
cheese, etc., to provide salad dressings, mayonnaise, snack
foods, bakery items and chip dips.

Because of the growing market for blue mold cheeses
and their related food products, attempts have been directed
toward more economical and efficient manufacturing and
"quick ripening” of such cheeses. Considerable progress
has been achieved in the elucidation of the flavor chemistry
of Blue cheese. Other related research has been directed
toward methods for the production of a quality Blue cheese
flavor concentrate; and for the qualitative and quantitative
redundant.

The purpose of this study was to develop a rapid
technique for the quantitative analysis of methyl ketones
by high pressure liquid chromatography. The improved pro-

cedure was then applied to the routine, rapid determination

of these compounds during curing of quick ripened cheese.
1



REVIEW OF LITERATURE

The development of the unique peppery and sharp

flavor of the cheese ripened with Penicillium rogueforti

intrigued investigators for many years. More recently, the
biosynthesis of the compounds responsible for Blue cheese

flavor and the role of P. roqueforti in fermented cultures

have been studied extensively. Different classes of flavor
components in blue-veined cheese can arise from several
sources. The important ones are developed by the concerted

action of numerous enzymes of P. roqueforti involved in

lipid and protein metabolism. The biosynthesis of such
compounds during cheese ripening was recently reviewed by
Kinsella and Hwang (1977).

The History, Chemistry, and Classes of
Flavor Compounds in Blue Cheese

Free Fatty Acids

The "peppery and spicy" taste of Roquefort cheese,
was initially studied by Currie (1914). He concluded that
the short chain free fatty acids, caproic, caprylic, and
capric and their readily hydrolyzable salts were responsible
for the characteristic response of the tongue and taste

receptors upon eating such cheese. Butyric, valeric, and

2



caprylic acids in Blue cheese were also reported by
Thomasow (1947). Coffman et al. (1960) analyzed dry Blue
cheese and detected butyric, caproic, caprylic, capric,
isovaleric, and heptanoic acids by using gas chromato-
graphy. The presence of aromatic acids, p-hydroxyphenyl
acetic, p-hydroxybenzoic, and benzoic acids was revealed in
Roquefort cheese by Simonart and Mayaudon (1956b). Formic
and/or acetic acids were identified by the same authors
(1956a) from Roquefort cheese.

Several investigators have obtained quantitative
data for free fatty acids in Blue cheese. Morris et al.
(1955) separated and quantitated butyric and caproic acids
in Blue cheese using partition chromatography. The concen-
tration of acetic, butyric, caproic, and higher molecular
weight free fatty acids (average molecular weight of 200)
in Blue cheese was reported by Sjostrom and Willart (1959).
Using a combination of liquid-liquid column chromatography
and gas-liquid column chromatography, Anderson and Day
(1966) and Anderson (1966) analyzed domestic and imported
blue-veined type cheeses and quantitatively measured the
major free fatty acids from acetic to linolenic. Similar
concentrations of free fatty acids were obtained by Blakely
(1970) in quick ripened (QR) loose curd blue-veined cheese.
The lipid and fatty acid content of Blue cheese was also
studied by Fujishima et al. (1971). Harte and Stine (1977)

reported the same free fatty acid (butyric-linolenic)



patterns between QR and commercial Blue cheese. Their data
are presented in TABLE 1. The data show the concentration
of free fatty acids (FFA) in QR Blue Cheese after seven
days ripening at 17°C and following storage at 4°C for two
weeks. During storage the concentration of certain free
fatty acids (butyric, capric, lauric, and myristic)
increased significantly.

Table 1.--Free Fatty Acid Content of Quick Ripened and
Commercial Blue Cheese.

Free fatty acid (mg/kg)

Quick ripened

Initial, after After 2 wk

curing 7 days at 40cC
Acid at 17°c Commercial
Butyric 1,270 1,680 720
Caproic 490 490 60
Caprylic 420 360 70
Capric 820 2,240 870
Lauric 1,240 1,500 1,440
Myristic 4,090 4,660 5,700
Palmitic 12,500 12,500 12,700
Stearic 6,590 6,460 6,020
Oleic 13,900 13,000 13,800
Linoleic 790 750 610
Linolenic 710 650 630

Anderson (1966) showed a difference between the
fatty acid content of Roquefort and imported Blue cheese.
Rogquefort lacked the strong pungent flavor and aroma of
butyric acid and was more characteristic of caprylic and
capric acid. These results were in accord with the compo-

sition of sheep's milk which is used in the manufacture of



Roquefort cheese. According to Hilditch (1956) sheep's milk
is low in butyric and high in caprylic and capric acids
compared to cow's milk. Similar results were obtained by
Sadini (1963), Kuzdzal-Savoie and Kuzdzal (1963), and

Benassi (1963).

Lipid Metabolism (lipolysis)

The processing of a quality Blue cheese is very
much dependent upon‘the metabolism of the lipid substrate
in the cheese. Triglycerides are progressively hydrolyzed
to monoglycerides and free fatty acids. Triglycerides
decrease from 96-98% of the lipids (about 35% of the cheese)
in early stages of ripening to 75-80% of lipids (32% of
cheese) at maturity (Kinsella and Hwang, 1976 and 1977).

The extent of lipolysis is governed by the lipase
activity. The lipase systems involved in the hydrolysis of
triglycerides in cheese may be from 3 possible sources
(Anderson, 1966).

1. The lipase native to milk.

2. The lipase from P. roqueforti

3. The lipase of other microorganisms

The Lipase Native to Milk:

Cause a significant amount of fat hydrolysis, par-
ticularly, in the cheese from raw homogenized milk. Her-
rington and Krukovsky (1939) postulated the presence of at
least two lipases in milk, based on formaldehyde sensiti-

vity. This postulation was confirmed by Roahen and Sommer



(1940) , and Peterson et al. (1943). Two general lipase
systems, each composed of 2 lipase enzymes, were demon-
strated by Albrecht and Janes (1955) in raw skim milk within
the pH range of 5.0 and 6.6. Tarassuk and Frankel (1957)
indicated two lipase systems native to milk, a plasma
lipase associated with casein and a lipase absorbed on the
fat globule membranes. Harper and Gaffney (1970) showed
that lipase is an enzyme absorbed on various caseins and
may form a multienzyme system in milk.

A pure and homogenous milk lipase with a single
optimum pH of 9.0 to 9.2 was isolated and characterized by
Chandan and Shahani (1963a and 1963b). The optimum temper-
ature for this enzyme was 37°C. Schwartz et al. (1956)
reported at least three pH optima: 6.5 to 7.0, 7.9, and 8.5
to 9.0 for characterization of milk lipase(s). Lipases
with pH optima above 7.0 were reported to be less active in
Blue cheese manufacturing (Bakalor, 1962).

Gould (1942) showed that milk lipase will hydrolyze
butter fat and most natural fats, oils and hydrogenated
oils. Kelly (1944 and 1945) demonstrated the ability of
milk lipase in hydrolyzing tributyrin, tricaproin, triace-
tin, tripalmitin, ethyl oleate, and diacetin. Jenson
(1964) reported that fats containing short chain acids in a
mixture of triglycerides are attached preferentially by

milk lipase.



Lipases of P. roqueforti:

Many researchers have examined the lipase of P.

roqueforti and its importance in the ripening of cheese.

Currie (1914) stated that "P. roqueforti produces a water

soluble lipase which is the chief factor in the accomplish-
ment of fat hydrolysis and free fatty acid accumulation in
Roquefort cheese." Morris and Jezeski (1953) reported two

lipase system in P. roqueforti, one with pH optima 7.0 to

7.8 on tributyrin and 6.5 to 6.8 on butter fat; the other
lipase system, isolated from mycelial extract, had pH

optima of 6.0 to 6.7 on tributyrin and 7.0 to 7.2 on butter
fat. It was shown that the enzyme system was lipase and not
an esterase. The effect of temperature, pH, type of sub-
strate, and NaCl concentration on the activity of lipase
system was demonstrated. Niki et al. (1966) studied an
intra~ and extra-cellular lipase system isolated from P.

roqueforti in Blue cheese and reported two pH optima, 6.0

and 7.5, for both enzymes, indicating the possible presence
of discrete enzymes in both preparations. Imamura and
Kataoka (1963a and 1966) and Niki et al. (1966) showed that

the extra-cellular lipase of P. roqueforti is more active

than intra-cellular lipase.
Higher lipase activity was shown (Eitenmiller et

al., 1970) by growing P. roqueforti in a medium containing

"Casitone" broth rather than Czapek medium. Thibodeau and
Macy (1942) and Morris and Jezeski (1953) had also obtained

poor activity of the mold lipase on Czapek medium whose



only nitrogen source was nitrate. Imamura and Kataoka

(1963b) indicated that lipase production by P. roqueforti

was inhibited by lactose, glucose, and galactose. However,
the addition of butterfat increased the production of
lipase. 1In contrast, Eitenmiller et al. (1970) observed a
low lipase production by adding 1% (v/v) butter oil or corn
0il to the growth medium. Niki et al. (1966) found the
greatest lipase production at neutral or alkaline pH and
temperature at 20°C. 1In contrast, however, lipase pro-

duction by P. roqueforti was reported by Eitenmiller et al.

(1970) to be the greatest at lower pH (5.5) and a higher
medium temperature (27°C).
The optimum temperature of lipase activity in P.

roqueforti was reported to be 30 to 35°¢ by Shipe (1951),

and Morris and Jezeski (1953). Eitenmiller et al. (1970)
presented an optimum temperature of 37%¢c. Obviously, the
variation in the optimum temperatures for the lipase acti-
vity may be due to the difference in growth condition,
fungal strain and analytical method used. The lipase sys-

tem of P. roqueforti has been shown to be active at low

temperatures of cheese ripening such as 10°c (Kinsella and
Hwang, 1977).

The ability of lipase to attack a mixture of tri-
glycerides is of a practical importance from the standpoint
of cheese ripening. Morris and Jezeski (1953) studied the

lipase activity of P. roqueforti on different triglycerides




and found out that tributyrin and synthetic butterfat,
composed of simple triglycerides with short chain fatty
acids were hydrolyzed more rapidly by lipase than were
natural milkfat or other substrate. Imamura and Kataoka
(1963a) showed that extra-cellular lipase liberated
caproic, capric, and caprylic acids selectively from
butterfat. Shipe (1951) reported that the intra-cellular

lipase of P. roqueforti hydrolyzed different triglycerides

in the order of C4>C6>C8>C3. Eitenmiller et al. (1970)
presented similar results. Salvadori and Salvadori (1967)
reported that lipase from different strains of P. roque-
forti exhibited different substrate specificity. This was
confirmed by Stepaniak and Habaj (1974). Knight et al.
(1950) produced a white mutant of P. roqueforti by irradi-
atiné—the mold with ultraviolet light and showed that
lipolytic activity of the mold was not associated with the
green color of the parent mold.

The effect of salt concentration on the lipolytic

activity of P. roqueforti was studied by Morris and Jezeski

(1953) for both lipase systems isolated from mycelia or
growth medium. As the sodium chloride concentration in the
reaction mixture was increased to 4.0%, there was a rapid
decline in lipolytic activity. This finding was in agree-
ment with the results obtained by Thibodeau and Macy (1942)
and Poznanski et al. (1967). Similar inhibitory effects of

sodium chloride were observed by Gould (1941) in raw homo-

genized milk and cream. Stadhouders (1956) reported that
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the salt concentration in the range of 1-2% had more inhi-
bitory effect on lipase than higher concentrations. Morris
(1969) stated that a 6.0% salt concentration was inhibitory

to P. roqueforti and no survival was noted at 10% salt con-

centration. Eitenmiller et al. (1970) studied the effect of

different salts on the lipolytic activity of P. roqueforti.

These authors found stimulation of lipase activity by adding

1072 (M) MnCl, or 10™>(M) MgCl, to the medium.

2 2

Homogenization of milk prior to Blue cheese manu-
facturing is a critical process in the hydrolysis of milk
fat by lipase systems, particularly those from P. roque-
forti. Morris et al. (1963) showed the importance of homo-
genization with progressive accumulation of free fatty
acids during Blue cheese ripening. The effect of homogeni-
zation of milk on the manufacture of soft and white cheese
was studied by Dozet et al. (1972). The triglycerides in
non-homogenized raw milk are not readily available to
lipase since an intact "membrane" surrounds the fat globule
in discontinuous, multi-layers which inhibit attack and
hydrolysis. On the other hand homogenization expands and
alters the total surface of milk fat available for lipase
attack (Kinsella and Hwang, 1976).
Lipases of Other Microorganisms
Present During Ripening of
Blue Cheese:

Although the hydrolysis of milk fat and accumulation

of free fatty acids in Blue cheese is largely dependent upon
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the lipase system of P. roqueforti, some investigators have

suggested that other microorganisms may be involved in the
release of fatty acids from triglycerides during cheese
ripening.

Parmelee and Nelson (1947 and 1949) studied the

lipolytic activity of organisms such as Candida lipolytica,

Alcaligenes lipolyticus, Achromobacter lipolyticum, Psuedo-

monas fragi and Mycotorula lipolytica in the manufacture of

Blue cheese. Only C. lipolytica and M. lipolytica improved

the Blue cheese flavor. Stadhouders and Mulder (1957)
showed that the bacteria which survived in the cheese had
little lipolytic activity and Willart and Sjostrom (1959)
reported that the starter organisms did not exert lipolytic
effects. Stadhouders and Mulder (1960) suggested that if
the microorganisms principally represented in raw milk

(such as Alcaligenes, Achromobacter, Pseudomonas, and
Serratia) were added to pasteurized milk, considerable
amount of lipolysis would occur in the cheese made with that
milk. Fryer and Reiter (1967) indicated a weak lipolytic

activity in several strains of Streptococcus lactis. Khan

et al. (1966) studied the effect of microbial lipases on
milk fat and suggested that the microbial lipases released
larger amounts of unsaturated fatty acids and smaller

amounts of short chain fatty acids compared to milk lipase.
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4

Methyl Ketones (2-Alkanones)

The occurence of aliphatic methyl ketone was first
established by Williams (1858) in essential o0ils of rue.
Watts (1886) found the same methyl ketone, 2-undecanone, in
the essential o0il of lime leaves. Heptan-2-one was shown
to be present in Cinnamon o0il by Walbaum and Huthing (1902).
Haller and Lassieur (1910a and 1910b) identified several
methyl ketones, 2-nonanone, 2-undecanone, and 2-tridecanone
in the essence of Cocoanut. Undecan-2-one was reported
by Jasperson and Jones (1947) in palm kernel, palm, peanut,
cotton seed and sunflower seed oil. Many reports have con-
firmed a plant origin for methyl ketones (Forney and Marko-
vetz, 1971).

Milk and dairy products have been studied for methyl
ketones by many researchers. Starkel (1924) reported the
occurence of methyl ketones in Roquefort cheese and organo-
leptically showed that the characteristic flavor and aroma
of this cheese was due to the presence of 2-heptanone and

2-nonanone produced by Penicillium roqueforti. Hammer and

Bryant (1937) confirmed Starkel's findings and indicated
that 2-heptanone was the major methyl ketone in Blue
cheese. By means of ether extraction and fractional dis-
tillation Patton (1950) isolated acetone, 2-pentanone,
2-heptanone, and 2-nonanone from Blue cheese, and stated
that the distinct flavor of Blue cheese was due to the

minute quantities of these ketones produced by the mold.
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Morgan and Anderson (1956) identified odd-numbered methyl
ketones, C3-Cll' in French Roquefort, Italian Gorgonzola,
Danish and Domestic Blue cheeses by chromatographic analysis
of 2,4-dinitrophenylhydrazone derivatives of methyl ketones.
The same technique was used by Harper and Bassett (1959) to
analyze neutral and acidic carbonyl compounds in Blue
Cheese.

Even-numbered methyl ketones are less important
than odd-numbered ketones. Butanone-2 was isolated from
Blue cheese by Morgan and Anderson (1956), and Harper and
Bassett (1959). Bavisotto et al. (1960) reported the pre-
sence of 2-octanone in Blue cheese. Several even-numbered
ketones, 2-butanone, 2-hexanone, and 2-octanone were iden-
tified by Nawar and Fagerson (1962). With combination of a
gas chromatography and mass spectral analysis, the presence
of methyl ketones: C3, C5, C6' C7, C8' C9, ClO' Cll and C13
was confirmed by Day and Anderson (1965) in blue vein
cheeses.

Using chromatographic methods Schwartz and Parks
(1963) quantitated the odd numbered methyl ketones from C3

to C in domestic Blue cheese. Schwartz et al. (1963) made

15
similar measurements for Roquefort cheese. Heptanone-2 was
the major ketone in all samples except one which contained
more 2-nonanone. Anderson and Day (1966) found the concen-

tration of individual methyl ketones, C3 to Cll’ in domestic

Blue and Roquefort cheese and showed a significant variation



14

among samples. These authors showed that 2-heptanone was
the most abundant ketone in all samples. With the exception
of one cheese, acetone was detected in all samples of Rogque-
fort cheese. Several methyl ketones such as 2-pentanone,
2-heptanone, 2-nonanone, and 2-nonen (8,9)-one were reported
by Svensen and Ottestad (1969) to be the major volatile com-
pounds responsible for the flavor of Norwegian blue cheese
(Normanna). Ney and Wirotama (1972) identified C3, CS' C7,

C9 and C methyl ketones in a German blue cheese (Edel-

11

pilzkase). Groux and Moinas (1974) reported 2-heptanone to
be the ketone in greatest concentration in Rogquefort and
2-nonanone in Camambert cheese. Blakely (1970) analyzed
quick ripened (7 days ripened) Blue cheese and found much
lower concentration of methyl ketones, C3 to Cl3, compared
with normal ripened Blue cheese. The same author reported
that the major ketone in Danish and quick ripened Blue
cheese was 2-nonanone with a range of 34.4-53.3 micromoles
per 10 gram fat for Danish and 8.5 to 15.2 micromoles per
10 g. fat for QR Blue cheese. In the same study, he
obtained a large concentration of 2-undecanone in quick
ripened cheeses made from filled milk containing hydro-
genated coconut oil. Albert (1974) found much higher con-
centration of methyl ketones in several samples of quick
ripened Blue cheese compared with Blakely's results. How-

ever, a lower content of methyl ketones was reported for

commercial domestic Blue cheese by Albert.



15

Fatty Acid Metabolism and
Methyl Ketone Formation

Dakin (1908a and 1908b) theorized the biochemical
conversion of free fatty acids to methyl ketones. The

ability of several mold cultures, Penicillium glaucum, P.

roqueforti, Aspergillus niger, and A. fumigatus, to convert

free fatty acids to methyl ketones was initially presented
by Sstarkel (1924). This investigator isolated methyl
ketones, C7, C9 and Cll from oxidative decomposition pro-
ducts of cocoa fat and butter and compared them with
ketones obtained by oxidation of pure fatty acids with
H202. Stdke (1928) and Coppock et al. (1928) confirmed the
conversion of individual fatty acids to their corresponding
methyl ketones by pure cultures of a variety of fungi.

Stoke (1928) reported that Penicillium palitans and P.

glaucum produced methyl ketones when they were grown on
Coconut o0il. The same author suggested that the noted
Penicillium species, as in the higher animals and man,
oxidize a chain compound primarily at the B-carbon atom
with the formation of a keto acid and subsequent decompo-
sition of the keto acid to methyl ketone and carbon dioxide.
Mechanism of Methyl Ketone
Formation by Fungi:

It was initially demonstrated that only spores of

P. roqueforti were capable of producing methyl ketones

from fatty acids (Girolami and Knight, 1955; and Gehrig and

Knight, 1958, 1961, and 1963). These authors studied
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2-heptanone formation from octanoic acid by mold spores

because of the importance of this compound in giving aroma
and flavor to Blue cheese. The spores of various filamen-
tous fungi such as Aspergillus and Penicillium genera were
reported (Gehrig and Knight, 1961; and Franke et al., 1961)
to be capable of producing methyl ketones from fatty acids.
Gehrig and Knight (1963) concluded that the capacity of

spores of P. roqueforti to form methyl ketones disappeared

rapidly and progressively as the spores germinated.

Lawrence (1965 and 1966) showed that the addition of those
amino acids and sugars such as casamino acid, alanine,
serine, proline, and glucose, xylose, galactose, and sucrose
that stimulate germination of spores, markedly increased

the slow rate of 2-heptanone formation from octanoic acid

in a spore suspension of P. roqueforti. Hawke (1966) and

Lawrence and Bailey (1969) suggested that the substances

readily oxidizable by spores of P. roqueforti would stimu-

late germination and ketone production. Dartey and Kin-
sella (1973a and 1973b) showed that the addition of sub-
stances such as D-glucose and L-proline supressed the cata-
bolism of fatty acids to carbon dioxide and increased the
methyl ketone formation. Hwang et al. (1976) showed an
increase in the rate of 2-undecanone formation by adding

glucose to the resting spores of P. roqueforti. The changes

in morphology and biochemical properties of the spores of

P. roqueforti during germination have been studied by Fan

and Kinsella (1976) and Fan et al. (1976).
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In contrast with the data reported by Gehrig and
Knight (1958, 1961 and 1963), Lawrence and Hawke (1968)
reported the formation of methyl ketones by mycelia of

P. roqueforti from low concentrations of fatty acids with

less than 14 carbon atoms over a wide range of pH. Dwivedi
and Kinsella (1974a and 1974b) confirmed the findings of
Lawrence and Hawke by carefully obtaining mycelia cultures
and demonstrating the ability of mycelia to oxidize fatty
acid and produce methyl ketones. Fan et al. (1976) showed
the relative rates of methyl ketone formation from fatty

acids by spores of P. roqueforti at progressive stages of

germination. They concluded that under short incubation
conditions, mycelia were much more active; however, the
resting spores showed very high activity during a long
period of incubation. Lawrence and Hawke (1968), and
Dwivedi and Kinsella (1974a) demonstrated the mycelia that
had been cultured over 48 hours showed a superior ability
to metabolize fatty acids to methyl ketones as compared to
fresh mycelia.

Accumulated information of many investigators have
revealed that methyl ketone production from fatty acids by
spores and mycelia, follows the classical fatty acid
B-oxidation cycle. Gehrig and Knight (1963) used radio-
active labeled fatty acid, (1-14C) octanoate as substrate,
and demonstrated that in small concentration (1 uM), sodium

octanoate was oxidized completely by spores of
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P. roqueforti; however, in larger concentrations (20 uM) it

was partially oxidized to 2-heptanone and partly to carbon
dioxide. The carbon dioxide was radioactive but 2-heptanone
was not. Lawrence (1966) presented that 2-heptanone formed
from (1-14C) octanoate was not radioactive, whereas that
from (2-14C) octanoate was radioactive. On the other hand,
by enzyme preparation from various fungi by Franke et al.
(1961) had revealed the decarboxylation of B-keto acids to
methyl ketones. Hawke (1966) outlined a schematic of the
pathway of fatty acid oxidation for methyl ketone formation
similar to the classical B-oxidation cycle of fatty acids

as following:

Pathway of Fatty Acid Oxidation
and Methyl Ketone Formation

+2H
-,
RCH2CHZCOSC°A'_:§§' RCH=CHCOSCoA
+H20 —HZO
-2H
RCOCH2COSC0A TE RCHOHCHZCOSCOA
Deacylase CoASH
+H,0
/
RCOCHZCOOH + CoASH RCOSCoA + CH3COSC0A
Decarboxylase
RCOCH{ + Co2 Further formation CO2 + H20
of CH,COSCoA (via TCA cycle)

3
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This mechanism was reported for: (1) only methyl ketones of
one less carbon atom than the fatty acids used as substrates,
and (2) a simultaneous process for B-oxidation of fatty
acids.

Kinsella and Hwang (1976 and 1977) presented a
general outline of the fatty acid metabolism by the spores

or mycelia of P. roqueforti as occurs in Blue cheese in the

following:
Lijids
lipase(s)

Fatty acids

R-oxidation

thiolase
Keto Acyl-CoA ¥ Acyl-CoA + Acetyl-CoA
/
\ / Kreb Cycle
Thiohydrolase N\
~ i co
~ _ 2
B-Keto Acid }-Alkanol
Decarboxylase Reductase
2-Alkalone

These authors outlined the following steps similar to
Hawke (1966):

'1l. Lipolysis of triglycerides to form free fatty acids.
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2. Formation of the B-Keto Acyl-CoA by the dehydro-
genation of the B-Hydroxy Acyl-CoA.

3. Deacylation of B-Keto Acyl-CoA and formation of
B-Keto Acid and CoASH by a BR-Keto Acyl-CoA deacy-
lase (Thiohydrolase).

4, Rapid decarboxylation of B-Keto Acid to carbon
dioxide and 2-Alkanones (methyl Ketones) by the
B-Keto Acid decarboxylase.

5. Reduction of 2-Alkanones to their corresponding 2-
Alkanols (secondary alcohols) by a reductase system.
In above steps the acyl group is from 4 to 16 car-

bons and the broken line denotes the possible inhibition of
thiolase by acyl-CoA, thereby facilitating the deacylation-
decarboxylation step (Kinsella and Hwang, 1977).

There have been many efforts to isolate the enzyme
complex responsible for fatty acid oxidation from fungi, but
they have failed due to difficulty in extracting and
obtaining an active enzyme system from the mold. Franke et
al. (1962) reported that B-decarboxylase was very active in
several molds. Beta-keto Acyl decarboxylase enzyme was

extracted from P. roqueforti by Hwang et al. (1976) and its

activity was examined. They suggested the presence of 2
species of B-keto Acyl decarboxylase in the mold, one of
which was heat stable and the other heat labile. It was

demonstrated that this enzyme decarboxylates B-Keto-laurate
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to 2-undecanone in the resting spores, germinating spores,
and mycelia. The rate of methyl ketone formation in the
mycelia was the greatest.

The major intermediates of the fatty acid B-oxida-
tion cycle, B-keto acids, were isolated from Blue cheese
and studied by Bassett and Harper (1958). The esters of
these keto acids were reported to be formed in butterfat
in the presence of moisture (Wong et al., 1958). Van der
Ven et al. (1963) demonstrated that the formation of pyra-
zolones in butterfat during heating was due to the presence
of nonvolatile B-keto acid esters. The same authors sug-
gested that the six even number keto acids (C6 - ClG) were

the precursors of odd number methyl ketones (C5 - Cl ).

5
The concentration of these keto esters as glycerides was
only 0.03 percent. Schwartz and Parks (1963) reported that
13 ©°f C15 ketones in Blue cheese was
probably due to non-microbial breakdown of ketone pre-

the existence of C

cursors.
Studies have shown that B-Keto octanoyl-CoA is a

preferential substrate for P. roqueforti in the deacylation

step to produce 2-heptanone. However, methyl ketones of
different chain length can be formed from longer chain
fatty acids. Dartey and Kinsella (1973a and 1973b) used
[U-14C] lauric acid and [U-MC] palmitate and showed the
formation of a homologous series of odd number methyl

ketones, Cy - Cl at successive cycles of B-oxidation.

5'
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Lawrence (1966) observed that the pH optimum for
methyl ketone formation varied with the concentration and
type of fatty acids. At a concentration of 1.0 mM octa-
noate, the pH optimum was between 5.5 and 6.0 and increased
as the fatty acid concentration was increased. The yield
of methyl ketone between pH 5.5 and 7.0 decreased pro-
gressively from a maximum of 75% from octanoic acid to zero
from myristic acid. Hwang et al. (1976) reported an optimum
pH, 6.5-7.0, for 2-undecanone formation from B-ketolaurate
which corresponded to the optimum pH observed for methyl
ketone production by Dartey and Kinsella (1973a).

Gehrig and Knight (1963) suggested an optimum
temperature of 25°C for methyl ketone production. Lawrence
(1966) indicated that the rate of methyl ketone formation
reached a maximum at a temperature of 27°C and then rapidly
decreased with further rise in temperature. Dartey and
Kinsella (1973a and 1973b) reported a 20-fold increase in
methyl ketone formation as the temperature of incubation was
dropped from 37°C to 30°c.

The oxygen tension and carbon dioxide evolved in the

reaction medium of P. rogueforti are important in the rate

of methyl ketone production. Gehrig and Knight (1963)
showed no ketone formation when the spores of the mold were
incubated in 100% nitrogen or carbon dioxide. Lawrence
(1966) demonstrated an increase in the rate of formation of
2-heptanone from octanoic acid in the presence of small

amounts of carbon dioxide evolved in the reaction medium.
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Lawrence and Hawke (1968) indicated that the removal of
carbon dioxide as it was formed during incubation of the
mold decreased the yield of methyl ketones up to 50%.
Kinsella and Hwang (1976 and 1977) suggested that carbon
dioxide may actually enhance methyl ketone formation by
inhibiting the acetyl CoA via Kreb cycle and, therefore,
causing a "back up" of the fatty acid oxidation pathway.
Langler and Day (1964) reported that there was no
correlation between the relative amounts of ketones formed
and their corresponding fatty acid precursors in milk fat.
The results of Anderson and Day (1966) confirmed the above
statement. It was found that the proportion of each methyl

ketone produced in Blue cheese by P. roqueforti did not

depend directly on the amount of available fatty acid pre-
cursor in the cheese. They showed that the proportion of
acetone was relatively low compared with its precursor,
butyric acid, and conversely the concentration of 2-hepta-
none was high relative to its precursor, octanoic acid.
High concentration of fatty acid precursors tend to

decrease the complete fatty acid oxidation by P. roqueforti.

This inhibitory effect of fatty acids was demonstrated by
Lawrence (1966) on spores, and by Lawrence and Hawke (1968)
on the mycelia of the mold. Spores are much more resistant
to the inhibitory effects of fatty acids (Kinsella and
Hwang, 1977). Optimum concentration of fatty acids for

methyl ketone production is 1.0-5.0 mM for spores, and 1.0
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mM for mycelia. The same authors suggested that the fatty
acids may inhibit the thiolase enzyme of B-oxidation path-
way, whereas they do not effect the ketoacyl-CoA deacylase
(thiohydrolase) nor the B-keto acid decarboxylase. There-
fore, in the presence of high concentration of fatty acids,
the major products are methyl ketones. However at very low
concentration of fatty acids, mycelia exhibit complete
oxidation of fatty acids to carbon dioxide and water (Law-
rence and Hawke, 1968). Thus, in Blue cheese manufacturing,

strains of P. roqueforti with poor lipase activity produce

much lower methyl ketones and strains with very active
lipase system generate more ketones (Kinsella and Hwang,

1977).

Secondary Alcohols (2-Alkanols)

In addition to methyl ketones and free fatty acids,
which appear to constitute the major flavor components of
Blue cheese, secondary alcohols have also been identified.
Stoke (1928) suggested the generation of secondary alcohols
by P. roqueforti. It was reported that these alcohols are
probably intermediate products of the mold oxidation pro-
cess. Jackson and Hussong (1958) used paper and gas chro-
matography and isolated 2-pentanol, 2-heptanol, and
2-nonanol from Blue cheese. They suggested that secondary
alcohols are formed by reduction of methyl ketones of the
same chain length. The concentration of secondary alcohols

in Blue cheese was measured by Anderson and Day (1966).
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Blue cheese contains minute amounts of secondary alcohols
compared to their corresponding methyl ketones. Svensen
and Ottestad (1969) reported that 2-pentanol and 2-nonanol
were among major flavor compounds in Norwegian blue cheese
(Normanna). Considerable variation in concentration of
these alcohols were found, in agreement with the results of
Anderson and Day (1966). Nawar and Fagerson (1962) also
demonstrated the presence of 2-pentanol, and 2-heptanol in
Roquefort cheese. Ney and Wirotama (1972) identified CS'
C7 and C9 secondary alcohols in German blue cheese (Edel-
pilzkase). Groux and Moinas (1974) observed significant
amounts of secondary alcohols in Roquefort and Camembert
cheese. Kinsella and Hwang (1977) suggested that when

2-alkanols are present in large concentrations in Blue

cheese, they may impart a musty flavor in the cheese.

Alcohols Other than 2-Alkanols

Primary alcohols such as methanol, ethanol,
2-methyl butanol, 3-methyl butanol, l-pentanol, and 2-phenyl
ethanol were identified in Blue cheese by Anderson and Day
(1966). It was suggested (Anderson, 1966; and Kinsella and
Hwang, 1977) that these alcohols, and particularly methyl
butanols, are probably formed by reduction of aldehydes
derived from oxidative deamination of free amino acids
present in Blue cheese. These alcohols may contribute to
the fruity and nutty flavor of the cheese. Ney and Wiro-

tama (1972) reported the presence of l-butanol and
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iso-pentanol-l in German blue cheese (Edelpilzkase). Acety
methyl carbinol and diacetyl were isolated from Roquefort
cheese by Csiszar et al. (1956). They suggested (as is
well known for most fermented milk products) that the pre-
sence of diacetyl was due to the lactic starters metabolism.
These compounds were also detected in domestic Blue cheese
by Harper and Bassett (1959).

Unsaturated alcohols such as l-octene-3-o0l and
2-octene-1-o0l are reported to be produced by penicillium
species (kaminski et al., 1974). Groux and Monias (1974)
identified l-octene-3-o0l in Camembert and Roquefort cheese.
Trace amounts were identified in Roguefort cheese. These
alcohols, which are characterized by a musty, mushroomy
flavor at high concentrations may be formed by the oxida-
tion of linoleic acid (Kinsella and Hwang, 1977). Linoleic
acid was found to be abundant in the mycelia and spores of

P. roqueforti (Fan and Kinsella, 1976; Shimp and Kinsella,

1977).

Aldehydes
Acetaldehyde was detected by Morgan and Anderson

(1956) and Harper and Bassett (1959) in Blue cheese. Ace-
taldehyde, propionaldehyde, and isobutyraldehyde were
reported in Blue cheese volatiles (Nawar and Fagerson,
1962). Anderson (1966) identified acetaldehyde, 2-methyl
propanal, 3-methyl butanal, and furfural in Blue cheese.

It was suggested (Anderson, 1966; Kinsella and Hwaﬁg,
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1977) that the presence of these aldehydes may be due to
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