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Oxidation of Sodium [U-14C]Palmitate into Carbonyl Compounds by Penicillium 
roqueforti Spores 

Clemence K.  Dartey and John E. Kinsella* 

Spore suspensions of P. roqueforti metabolized 
sodium palmitate into carbon dioxide and a vari- 
ety of carbonyl compounds, including a homolo- 
gous series of methyl ketones. Both D-glucose and 
L-proline suppressed the catabolism of palmitate 
to COS but stimulated the rate of formation of 
carbonyl compounds, including methyl ketones. 
Spore concentrations of 6.3 X lo8 spores/ml pro- 
duced the optimum yield of (32.4%) carbonyl 
compounds from the incubation of 5 m M  of pal- 
mitate in the presence of 20 m M  of D-glucose 
under optimum conditions of pH and tempera- 

ture; i , e . ,  pH 6.5 (0.1 M phosphate buffer) and 
30”. Analyses of carbonyl compounds formed 
from [U-14C]palmitate revealed that a homolo- 
gous series of labeled methyl ketones, C3 to C15 
inclusive, was produced. Pentadecanone con- 
tained the highest radioactivity, followed by tri- 
decanone and undecanone, with the lower methyl 
ketones containing varying amounts of radioac- 
tivity. Appreciable amounts of carbonyl com- 
pounds other than methyl ketones (Le . ,  labeled, 
saturated, and unsaturated aldehydes) were also 
produced from [14C]palmitic acid. 

Growing cultures of Penicil l ium roqueforti oxidize fatty 
acids into their corresponding methyl ketones with one 
less carbon atom (Franke and Heinen, 1958; Hammer and 
Bryant, 1937; Lawrence, 1966; Starkle, 1924; Stokoe, 
1928). Gehrig and Knight (1958) reported that only the 
spores of P. roqueforti oxidize fatty acids; however, Rolin- 
son (1954), Vinze and Ghosh (1962), and Lawrence and 
Hawke (1968) demonstrated the oxidation of fatty acids 
into methyl ketones by the mycelium of P. roqueforti. 

The addition of simple sugars (including D-glucose) and 
amino acids (including L-proline) stimulates oxygen up- 
take and formation of 2-heptanone from octanoic acid by 
the spores of P .  roqueforti (Lawrence, 1965a). The forma- 
tion of methyl ketones increased when metabolic carbon 
dioxide was retained in the incubation medium, but non- 
aeration of the incubation system decreased fatty acid oxi- 
dation (Lawrence, 1966). Enrichment of air with carbon 
dioxide increased the growth of P. roqueforti; however, 
these increases showed variation with both temperature 
and strain of the organism (Golding, 1940). 

In contrast to mammalian, plant, and bacterial sys- 
tems, a fatty acid oxidation system has not been isolated 
from fungi because of difficulty in disrupting the mycelia 
and obtaining cell-free active enzymes. However, a num- 
ber of investigators showed that P. roqueforti oxidizes 
fatty acids via (3-oxidation (Gehrig and Knight, 1963; 
Hammer and Bryant, 1937; Katz and Chaikoff, 1955; 
Lawrence, 1966; Lawrence and Hawke, 1968; Starkle, 
1924). These investigators agreed that  both the (3-oxida- 
tion reaction and ketone formation proceed simultaneous- 
ly. The @-oxoacyl-CoA formed by @-oxidation reaction is 
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deacylated and subsequently decarboxylated to a methyl 
ketone. The acetyl-coA formed by complete P-oxidation is 
further oxidized uia the tricarboxylic acid cycle to CO2 
and H2O. 

Fatty acids are actually toxic to P.  roqueforti and the 
degree of toxicity depends upon chain length, concentra- 
tion of acids, and the pH of the incubation medium 
(Franke e t  al., 1962; Lawrence, 1966; Lawrence and 
Hawke, 1968). Pressman and Lardy (1956) reported that 
the saturated fatty acids uncouple phosphorylation and 
myristic acid exhibited the greatest effect, which de- 
creased progressively from myristic acid as the fatty acid 
carbon chain was lengthened or shortened. Thus, it has 
been suggested that  conversion of fatty acids to methyl 
ketones may be a detoxifying mechanism. 

P. roqueforti is important in the manufacture of Blue 
and Roquefort type cheeses. Methyl ketones are the prin- 
cipal compounds responsible for the unique flavor of Blue 
cheese (Anderson, 1966; Day, 1965; Dartey and Kinsella, 
1971; Hawke, 1966; Patton, 1950). Metabolism of milk fat 
by P. roqueforti and the production of methyl ketones is 
important in the development of Blue cheese flavor. Al- 
though palmitic acid is the major fatty acid of milk fat, 
little is known of its metabolism by P. roqueforti during 
cheese ripening. Palmitic acid may serve as a precursor 
for some of the methyl ketones found in the cheese. While 
the major methyl ketones are presumably derived directly 
from the corresponding fatty acids by oxidation, the con- 
centrations of C7 and C9 methyl ketones exceed the molar 
ratios of the corresponding C8 and C10 fatty acids in milk 
fat. indicating their possible derivation from longer chain 
fatty acids. 

In this study the factors affecting the metabolism of 
palmitic acid by the spores of P. roqueforti were deter- 
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mined and the ability of palmitic acid to serve as a pre- 
cursor of the methyl ketones commonly found in Blue 
cheese was examined. 

MATERIALS AND METHODS 
Solvents and Chemicals. Practical grade n-hexane 

(Eastman Kodak Co., Rochester, N. Y.) and analytical 
grade chloroform (Mallinckrodt Chemical Works, St. 
Louis, Mo.) were purified as reported previously (Dartey 
and Kinsella, 1971). Nitromethane and benzene, both 
spectral grade (Eastman), polyethylene glycol 400 (Fisher 
Scientific Co., Rochester, N. Y.), analytical grade acetone 
(Mallinckrodt), sodium palmitate (Pfaltz and Bauer, Inc., 
Flushing, N. Y.), and [U-14C]palmitic acid (radiochemi- 
cal purity 99%, New England Nuclear, Boston, Mass.) 
were used as purchased. 2,4-Dinitrophenylhydrazine 
(DNPH) (Eastman), hydrochloric acid, and monobasic 
and dibasic potassium phosphate (Baker Chemical Co., 
St. Louis, Mo.) were also used as purchased. The scintil- 
lation fluid contained 10 g of 2,5-diphenyloxazole (PPO) 
and 125 mg of p-bis-2-(5-phenyloxazolyl) benzene 
(POPOP) (Amersham/Searle, Chicago, Ill.) dissolved in 
2.37 1. of toluene (Mallinckrodt). 

Adsorbents. Celite (Johns-Manville analytical filter- 
aid) and Sea Sorb 43 (Fisher Scientific Co.) were treated 
as reported previously (Dartey and Kinsella, 1971). Ana- 
lytical grade magnesium oxide (Mallinckrodt) and Kiesel- 
guhr G (E. Merck, Darmstadt, Brinkmann Instruments, 
Inc., Westbury, N. Y.) were used as purchased. 

Stock suspensions of sodium palmitate (100 and 200 
mM) were prepared in sterilized distilled water containing 
5% ethanol and stirred vigorously at  50" to obtain a uni- 
form suspension. 

Spores of P. roqueforti (Midwest Blue Mold Company, 
Stillwater, Minn.) were grown a t  25" by surface culture 
method on a medium composed of 5% malt extract broth, 
2% D-glucose, and 0.5% yeast extract (Jackson and 
Hussong, 1958). After 6 days of undisturbed surface 
growth, the spent liquid medium was drained carefully 
from the incubation flask. The spores were suspended in 
sterilized distilled water and shaken vigorously to separate 
the spores, and the mixture was filtered through two 
layers of cheese cloth into a sterile Buchner funnel with 
Whatman No. 1 filter paper. The spores retained on the 
filter paper were washed several times with sterilized dis- 
tilled water. Portions of the washed spores were stored at 
-15" in sterilized 0.1 M phosphate buffer solutions (pH 
6.0, 6.5, and 7.0) and used within 8 weeks. Spore concen- 
tration ( i , e . ,  number of spores/ml of solution) was deter- 
mined by the method of Lawrence (1967). 

Preparation of Incubation System. To determine fac- 
tors influencing palmitate metabolism by spores of P. 
roqueforti, the effects of pH, temperature, metabolic C02, 
D-glucose, L-proline, and the relative concentrations of 
both spores and substrate on metabolism and the nature 
of products were studied. Appropriate quantities of [U- 
14C]palmitic acid were used and the experimental details 
are included with the appropriate tables. The incubation 
experiments were performed in 125-ml culture flasks with 
center wells and air-tight Teflon screw caps. The center 
well contained 1.0 ml of 20% KOH solution, except in 
those experiments where the effect of metabolic COP was 
examined. 

Incubations were carried out in a constant temperature 
reciprocating water bath. Duplicate incubations were per- 
formed. Experiments were terminated by the addition of 
DNPH reagent (2 g of DNPH/l. of 2 N HC1; Lawrence, 
1965b) to form DNPH derivatives of carbonyl compounds. 
The tightly closed flask was swirled gently a t  10-min in- 
tervals for 1 hr. After 3 hr, duplicate samples (0.1 ml) of 
the KOH solutions containing radioactive C02 were trans- 
ferred to scintillation vials and 4 ml of alcohol was added. 

Ten milliliters of scintillation fluid was added and the 
mixture was shaken vigorously. The radioactivity in the 
I4CO2 (KOH solution) was determined in a Packard Tri- 
Carb liquid scintillation spectrometer (Model 314E). 
Quenching by the alcohol and the KOH solution was cor- 
rected in calculation of the results. 

The contents of the incubation flask (incubation medi- 
um) were transferred into a 250-ml separatory funnel and 
then extracted with 120 ml of n-hexane. The concentra- 
tion of the total carbonyl DNPH derivatives in the n-hex- 
ane was computed from the absorbance measurements 
using the molar extinction coefficient, E = 22,500 
(Schwartz e t  al., 1963). 

The neutral lipids were separated from the total car- 
bonyl DNPH derivatives by column chromatography 
(Schwartz et al., 1963). The chloroform-nitromethane el- 
uent was evaporated and the residue containing the 
monocarbonyl DNPH derivatives was dissolved in 1.0 ml 
of CHC13 and 4 ml of n-hexane. Radioactivity was deter- 
mined on aliquots of the sample. The concentration of the 
total monocarbonyl DNP fraction was determined by the 
method of Schwartz e t  al. (1963). 

The methyl ketone DNP class was separated from the 
total monocarbonyl DNPH mixture containing methyl ke- 
tones, saturated and unsaturated aldehydes by a modified 
thin-layer chromatographic (tlc) method (Schwartz et  al., 
1968). Five tlc plates of 0.25-mm coating thickness were 
prepared from a uniform slurry of 6 g of MgO, 12 g of Cel- 
ite, and 70 ml of distilled water. The plates were dried in 
air for about 1 hr, preceding heat treatment a t  110" for 5 
min, and cooled a t  room temperature for about 1 hr before 
use. The monocarbonyl DNP fraction was concentrated in 
0.5 ml of CHC13. One-hundred-microliter portions of this 
sample were spotted on two of the MgO-Celite plates. 
The plates were developed in a tlc tank containing 95 ml 
of n-hexane and 25 ml of CHC13. A complete separation of 
the methyl ketone DNP from the saturated aldehyde DNP 
was achieved by developing the chromatograms three 
times in the above solvent system. The first time the sol- 
vent front migrated 5 cm from the origin and then 10 and 
15 cm, respectively, for the second and third runs. Stan- 
dard methyl ketone and monocarbonyl DNP compounds 
were used for identification of the separated bands (Figure 
1). 

The methyl ketone DNPH band from the tlc plates was 
scraped into a chromatographic tube with a filter disk. 
The methyl ketone fraction was eluted into a 200-ml 
round-bottomed flask with CHC13. The volume of the el- 
uent was measured and the absorbance was determined at  
363 nm wavelength. The concentration of the total methyl 
ketone DNP mixture was calculated as above. The sample 
was quantitatively transferred into a simple vial and the 
solvent was evaporated. The methyl ketone DNP residue 
was redissolved in 0.2 ml of benzene and the radioactivity 
was determined from aliquots of this sample. 

Reverse-phase tlc was used to separate the individual 
methyl ketone derivatives. The method employed was a 
modification of the methods of Urbach (1963) and 
Schwartz et al. (1968). Five tlc plates of 0.25-mm coating 
thickness were prepared from a uniform slurry of 30 g of 
Kieselguhr G and 65 ml of distilled H2O. The plates were 
dried in air, heated in an oven a t  110" for 30 min, and 
then cooled to room temperature (25") in a desiccating tlc 
plate rack. Each plate was impregnated with a 10% solu- 
tion of 2-phenoxyethanol in acetone and dried in air at 
room temperature. An aliquot of the methyl ketone DNP 
mixture in benzene was spotted on the plate, along with a 
standard mixture of homologous methyl ketone DNPH de- 
rivatives (C3 to C15) for identification of the methyl ke- 
tones in the sample. The plate was developed three times 
in n-hexane saturated with polyethylene glycol 400. Good 
separations of the individual methyl ketone DNPH deriv- 
atives were obtained (Figure 2). A spot on the tlc plate 
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- + D  
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Figure 1. Thin-layer chromatogram showing the separation of 
monocarbonyl DNPH derivatives. M through D represent DNPH 
derivatives of methyl ketones, alkanals, alkenals, and alkadienals 
which had Rf values of 0.84. 0.74, and 0 2. respectively. 

Table I. The Effects of D-Glucose and L-Proline on the Rate 
of Evolution of 'C02 from the Metabolism of [U-WIPalmitic 
Acid by thespores of P. roqueforti 

Incubation period. h r  

10 20 30 45 

Radioactivity in W O 1 ,  cpm Substrate composition 

Controla 598 1377 7923 27,990 
Control + D-glucose (400 pmol) 2354 2704 2686 
Control + L-proline (400 prnol) 765 1756 5385 7610 
Control + D-glucose (200 pmol) 

+ L.proline (200 pmoi) 386 462 478 729 

*The control contained 500 pmol of [U-14CC]palmitate (1.10 x 106 
cpm), 5 X 1Ogsp0res of P. roqueforfi in 20 ml of 0.1 M phosphate 
buffer, pH 6.5, at 30". 

corresponding to each individual standard methyl ketone 
DNP was scraped into a scintillation vial. Ten milliliters 
of scintillation fluid was added and the radioactivity in 
the samples determined. Quenching was determined and 
used in calculating radioactivity in the individual methyl 
ketone DNPH derivatives. 

RESULTS 
D-Glucose and L-proline influenced the rate of oxidation 

of IU-14CIpalmitic acid into W 0 2  by the spores of P. 
roqueforti (Table I). When palmitate was the sole source 
of carbon in the incubation medium, a relatively greater 
amount of W02 was liberated than when either D-glucose 
or L-proline or both were present. Apparently, n-glucose 
WBS a better source of metabolic energy to the mold than 

- - ORIGIN 

Figure 2. Thin-layer chromatogram showing the separation of 
homologous methyl ke!one DNPH derivatives by reverse phase 
chromatography. The individual ketones are designated by their 
aggregate carbon number and have Rr values of 0.11. 0.27, 0.43, 
0.55, 0.71, 0.80, and 0.89 for C3 through C15, respectively. 

Table II. The Effects of Spore Concentration, Temperature, 
and pH on the Rate of Degradation of [U-L4C]Palmitic Acid 
by P. roqueforti into "COS 

Incubation period. hi 

Spare 2 4 6 10 
number Temp, 
X 10' PH "C Radioactivitv in evolved W03. corn 

5.0 6.5 30 270 240 280 350 
8.4 6.5 30 460 330 630 530 

12.6 6.5 30 1510 2040 2250 1700 
12.6 6.5 37 410 470 600 490 
12.6 7.0 30 440 1650 1610 1490 
12.6 6.0 30 180 370 280 330 

Each incubation mixture contained 100 prnol of [U-'C]palmi- 
tate (1.10 X 108 cpm), 2.0 mmol of D-glucose, in 20 mlO.1 M phos- 
phate buffer. 

L-proline. The presence of both D-glucose and L-proline 
produced the maximum effect in reducing the catabolism 
of palmitic acid. 

The pH and temperature affected the rate of oxidation 
of [U-14C]palmitic acid into l4C0z by the spores of P. 
roqueforti (Table 11). Spore concentrations of approxi- 
mately 6.3 x 108/ml a t  pH 6.5 and 30" caused the maxi- 
mum production of '4C02. The same spore concentration 
was less active a t  pH 6.0 and 7.0 and 30". 

The production of carbonyl compounds was affected by 
pH of incubation, with maximum yield occurring a t  pH 
6.5; i.e., 25 to 30 @mol of carbonyls was produced from so- 
dium nalmitate (5.0 mM) hv 12.6 X 109 snnres aft.er 10-hr 
in 
m 
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Table 111. The Effects of pH on the Radioactivity in the 
Monocarbonyl DNPH Fractions Following the Metabolism 
of [U-WIPalmitic Acid by the Spores of P. roqueforti at 30° 

Incubation period, h r  

2 4 6 10 

Radioactivity in total monocarbonyl DNPH 
DH derivatives, cpm 

6.0 33,300 31,500 37,600 28,000 
6.5 92,400 78,400 64,200 62,300 
7.0 4,800 31,100 32,700 35,600 

Each incubation mixture contained 100 @mol of [U-14C]palmi- 
tate (1.10 x 106cpm), 2.0 mmol of D-ghJCOSe, 1.26 x 1010 spores of 
P. roqoeforfi in 20 ml of 0.1 M phosphate buffer. 

Table IV. The Effect of Evolved Carbon Dioxide on the 
Metabolism of Sodium Palmitate by the Spores of 
P. rogueforti at 30' 

Concentration of total Concentration of total 
carbonyl DNPH monocarbonyl DNPH 

derivatives, pmol derivatives, pmol 

Incubation + KOH No KOH +KOH NoKOH 
period, h r  solution solution solution solution 

2 22.02 2.48 19.13 2.85 
4 22.26 1.11 20.53 1.83 
6 32.42 t= 22.33 t 

10 23.85 t 17.73 t 

Each incubation mixture contained 100 prnol of sodium palmi- 
tate, 2.0 mmol of D-glucose, a n d  1.26 X 1O1O spores of P. roqueforli 
in 20 ml of 0.1 M phosphate buffer, pH 6.5. 

Q t =trace amount. 

This pattern was confirmed when the metabolism of ra- 
dioactive fatty acid was studied under identical conditions 
(Table III). Maximum yield of radioactive monocarbonyls 
occurred a t  pH 6.5. However, radioactivity decreased with 
incubation period a t  pH 6.5, in contrast to the values ob- 
tained a t  pH 6.0 and 7.0, respectively. 

Accumulating metabolic C02 inhibited the formation of 
carbonyl compounds (Table IV). The concentration of car- 
bonyl compounds decreased with incubation time. Buff- 
ering was adequate in these incubations as the pH re- 
mained constant. 

Incubation of spores a t  37" resulted in much lower con- 
centrations of carbonyl compounds, including methyl ke- 
tones in the media (Table V).  Less marked differences, 
however, were noted in the radioactivity associated with 
the monocarbonyls produced a t  30 and 37". 

A spore concentration of 12.6 X lo9 spores and 5.0 m M  
of palmitate produced the highest yields of carbonyl com- 
pounds (Table VI). 

The spores of P. roqueforti formed carbonyl compounds 
other than methyl ketones during the metabolism of the 
palmitate because significant differences were observed in 
the concentrations of the total carbonyl, monocarbonyl, 
and methyl ketone DNPH derivatives from each experi- 
ment  (Table VII). The nature of these unidentified car- 
bonyl compounds is being investigated. The concentra- 
tions of the total carbonyl, mononocarbonyl, and methyl 
ketone DNPH derivatives generally increased with time. 
The presence of 20 mM of D-glucose in the incubation 
mixture produced the highest yield of methyl ketones. In 
the presence of both D-glucose and L-proline, the concen- 
trations of these products decreased with time, presum- 
ably because of further oxidation. 

Radioactivity in the monocarbonyl and methyl ketone 
DNP fractions increased with time in the absence of ei- 
ther D-glucose or L-proline when [U-Wlpalmitic acid was 
the source of metabolizable substrate (Table VIII). D-G~u- 
cose (20 mM) increased the radioactivity in both fractions 
up to 30 hr of incubation. L-Proline produced more 

Table V. The Effect of Temperature on the Rate of Formation 
of Carbonyls from [U-14C]Palmitate by the Spores of P. roquefort 

Total monocarbonyl DNPH derivative 
Concentration, pmol Radioactivity, cprn 

Incubation temperature 
Incubation 
Deriod, h r  30" 3 7 "  30" 37" 

2 19.13 0.83 92,400 17,400 
4 20.53 0.59 78,420 17,100 
6 23.33 64,700 

10 17.73 0.42 62,300 17,200 

Each incubation mixture contained 100 pmol of [U-14C]palmi- 
tate (1.0 X 106 cpm), 2.0 mmol of D.gluCOSe, and 1.26 X 1010 
spores of P. roqueforti in 20 ml of 0.1 M phosphate buffer, pH 6.5. 

Table VI. The Effects of the Concentrations of Spores of P. 
roqueforfi and Sodium Palmitate on the Formation of Total 
Carbonyl Compounds 

Incubation period, h r  Number Concentra- 
rocrueforti sodium 

of P. tion of 2 4 6 10 

spores palmitate, Concentration of total carbonyl 
x 1 0 9  pmol DNP compounds,  pmol 

5.0 100 12.8 13.8 14.2 13.4 
8.4 100 13.0 8.3 7.4 10.7 

12.6 50 13.4 9.7 9.8 13.3 
12.6 100 22.0 22.3 32.4 23.9 
12.6 200 6.2 13.4 11.4 7.5 

Each incubation mixture contained 2.0 rnrnol of D-glucose in 
20 ml of 0.1 M phosphate buffer, pH 6.5, at 30". 

marked effects. In the presence of both D-glucose and L- 
proline, the radioactivity in the methyl ketone DNP frac- 
tions decreased with duration of incubation. The mono- 
carbonyl DNP {ractions showed relatively constant radio- 
activity after 10 hr of the reaction. Marked differences be- 
tween the quantity of radioactivity in the monocarbonyls 
and the corresponding methyl ketones occurred in all ex- 
periments, as observed for the mass data in Table VII. 

Comparison of data in Tables I and VI1 indicates that 
C02 evolution from the metabolism of palmitate by the 
spores of P. roqueforti is not a valid index for the extent of 
carbonyl formation. 

Distribution of radioactivity in the individual methyl 
ketone DNPH derivatives formed from [U-14C]palmitate 
is presented in Table IX. In most cases the homologous 
series of methyl ketones, 2-propanone through 2-penta- 
decanone (C3-C15), was isolated from the incubation medi- 
um. When the palmitate was the sole source of carbon, 2- 
propanone was not detected in the mixture. In the pres- 
ence of D-glucose, radioactive methyl ketones ( i e . ,  C3, 
C5, C7, C9, C11, C13, and C15 inclusive) were identified. 
Propanone was not detected at 30 and 45 hr of incubation. 
All of the above methyl ketones were detected when L- 
proline or a mixture of D-glucose and L-proline was pres- 
ent in the incubation media. The distributions of radioac- 
tivity in the individual methyl ketones showed definite 
patterns; i . e . ,  the C15 methyl ketones possessed the great- 
est radioactivity in all samples, followed by C13 and C11 
in that  order. The radioactivity patterns in the other 
methyl ketones were irregular. 

DISCUSSION 
These results reveal that spore suspensions of P. roque- 

forti convert palmitate into carbonyl compounds, includ- 
ing methyl ketones. The rate of formation of carbonyls 
was influenced by experimental conditions such as D-glU- 
cose, L-proline, carbon dioxide, concentrations of both 
spores of P. roqueforti and palmitate. pH of medium, and 
temperature of incubation reaction. 
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Table VII. The Concentrations of Total Carbonyl, Monocarbonyl, and Methyl Ketone DNPH Derivatives Formed from the 
Metabolism of Palmitate by the Spores of P. roquekrfi 

Incubation period, hr 

_____ 10 20 30 45 

Concentrations of DNPH derivatives, pmol 

Total Mono- Methyl Total Mono- Methyl Total Mono- Methyl Total Mono- Methyl 
Substrate car- car- ke- car- car- ke- car- car- ke- car- car- ke- 

composition bonyls bonyls tones bonyis bonyls tones bonyls bonlys tones bonyls bonyls tones 

Control 26.56 13.42 6.32 30.15 20.75 8.90 40.14 34.98 11.20 52.71 38.87 10.69 
Control + 400pmol of 74.29 45.23 31.17 86.04 56.80 38.17 96.98 69.10 19.42 104.40 78.90 56.98 

Control + 400pmol of 74.40 38.62 28.67 70.71 40.20 36.66 75.79 53.90 40.67 69.91 54.40 40.33 

Control + 200pmol of 87.27 47.36 20.59 87.45 56.33 20.45 72.63 44.67 14.06 71.55 34.33 10.53 

D-glucose 

L-prol ine 

D-glucose + 200 p m o l  
of L- prol i  n e 

T h e  control conta ined 100 pmol  of palmitate, 5 X lo9 spores of P. roqueforfi i n  20 ml of 0.1 M phosphate buf fer ,  p H  6.65, a t  30". 

Table VIII .  The Distribution of Radioactivity in the Monocarbonyl and Methyl Ketone DNPH Derivatives During the 
Metabolism of [U-14C]Palmitic Acid by the Spores of P. roqueforfi 

Substrate 
composition 

Control 
Control + 400 p m o l  of 

Control + 400 p m o l  of 

Control + 200 p m o l  of 

D-glucose 

L-prol ine 

D-glucose + 200 pmol of 
L-prol ine 

Incubation period, hr 

10 20 30 

Radioactivity in DNPH derivative fractions, cpm 

Mono- Methyl Mono- Methyl Mono Methyl 
car- ke- car- ke- car- ke- 

bonyls tones bonyls tones bonyls tones 

16,000 3,630 19,500 5,640 27,000 6,330 
51,300 10,500 72,900 14,000 98,100 25,000 

65,000 37,000 82,500 45,000 106,250 39,000 

48,300 25,100 40,200 23,100 42,100 17,200 

45 

Mono- Methyl 
car- ke- 

bonyls, tones 

68,500 22,680 
57,600 18,500 

70,000 44,500 

_________ 

40,100 11,600 

The  control conta ined 100 p m o l  of [U-14C]palmitate (1.10 X 106 cprn), 5 X 109 spores of P. roqueforfi in 20 m l  of 0.1 M phosphate buffer, 
p H  6.5, a t  30". 

Table IX. Distribution of Radioactivity in Individual Methyl Ketone Derivatives Following Incubation of [U-l4C]Palmitate with 
Spores of P. roqueforti 

Radioactivity, cpm 

___. 
Methyl ketone DNPH derivatives (carbon chain length) 

Substrate Incubation 
composition period, hr c3 c5 c7 c9 c11 C13 C15 

Control 

Contro l  + 400 pmol of 
D-glucose 

Control + 400 p m o l  o f  
L.proline 

Control + 200 pmol of 
D-glucose + 200 pmol of 
L-prol ine 

10 
20 
30 
45 
10 
20 
30 
45 
10 
20 
30 
45 
10 
20 
30 
45 

300 
500 

2400 
1600 
1200 
6400 

650 
400 
250 
450 

480 
420 
420 

700 
800 

1200 
1100 
1300 
1200 
1600 

900 
490 
390 
230 
210 

420 

1200 
1100 
1000 
800 

1500 
1400 
900 
600 
890 
510 
310 
220 

420 
690 

7200 
1900 
1400 
1300 
900 

1000 
1300 
1500 
2100 
1730 
680 
680 
440 

780 
1200 

1400 
1600 
2000 
2000 
2800 
1800 
2100 
3100 
5110 
4210 
2670 

800 

820 
860 
860 

6120 
2900 
3000 
9200 
6200 
3700 
4600 
3900 
3200 
5560 
3770 
4150 
3560 

~~ 

1550 
2740 
3940 
9360 
2100 
5600 

10,900 
6400 
9900 

14,900 
10,600 
10,000 

9950 
6320 
4850 
4730 

The  control conta ined 100 pmol of [U-14C]palmitate (1.10 X 1 0 6  cpm)  a n d  5 X lo8 spores of P. roqueforti i n  20 ml of 0.1 M phosphate 
buffer, p H  6.5, a t  30". 

Fatty a c i d s  a r e  m e t a b o l i z e d  by P. roqueforti via 8 - o x i -  
d a t i o n  i n t o  t h e  co r respond ing  m e t h y l  ke tones  wi th o n e  
less c a r b o n  a t o m  ( G e h r i g  and K n i g h t ,  1963; H a m m e r  and 
Bryant, 1937; Lawrence ,  1966; L a w r e n c e  a n d  H a w k e ,  1968; 

S t a r k l e ,  1924). G e h r i g  and K n i g h t  (1958) a t t r i b u t e d  t h i s  
ability o n l y  t o  t h e  spores o f  P. roqueforti.  However ,  L a w -  
rence  and H a w k e  (1968) observed that t h e  m y c e l i u m  of P. 
roqueforti f o r m e d  m e t h y l  ke tones  f r o m  fatty ac ids.  L o n g  
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chain (C14 to Cl8) fatty acids were not oxidized to any 
appreciable extent and no methyl ketones were detected 
from their metabolism. Thus, unlike mycelium, the spores 
of P. roqueforti oxidize palmitic acid into methyl ketones. 
Of the homologous series of methyl ketones (C3 to C15 in- 
clusive) generated from the metabolism of palmitate, 2- 
pentadecanone contained most radioactivity compared to 
the other methyl ketones, indicating initial P-oxidation of 
the substrate by the spores of P. roqueforti. The occur- 
rence of short-chain methyl ketones reflected more exten- 
sive /3-oxidation during metabolism of the palmitate by 
the spores of P. roqueforti. 

Significant quantities of other carbonyls were formed 
during the metabolism of palmitic acid. These included al- 
kanals, alkenals, alkadienals, and some dicarbonyl com- 
pounds which are being studied further. 

D-Glucose or L-proline in the incubation mixture de- 
pressed the evolution of 14CO from the metabolism of [U- 
14Clpalmitic acid and caused marked increases in the 
concentrations of total carbonyls, including methyl ke- 
tones. It appeared that D-glucose and L-proline were pre- 
ferred to palmitate for energy metabolism by spores of P. 
roqueforti, and in their presence only partial oxidation of 
palmitic acid occurred. These observations agree with ear- 
lier reports of Lawrence (1965a) which showed that simple 
sugars and amino acids, including D-glucose and L-proline, 
stimulated both oxygen uptake and formation of 2-hepta- 
none from octanoic acid by spore suspensions of P. roque- 
forti. Lawrence (1967) demonstrated that both D-glucose 
and L-proline stimulated the formation of methyl ketones 
from triglycerides by the spores of P. roqueforti. 

Maximum activity of the spores of P. roqueforti oc- 
curred at pH 6.5 and 30"; however, the spores showed ac- 
tivity a t  pH 6.0 and 7.0 and also a t  37". These observa- 
tions are in general agreement with those of Lawrence 
(1966). Gehrig and Knight (1963) reported that the pro- 
duction of 2-heptanone from octanoic acid by the spores of 
P. roqueforti was practically abolished a t  37". 

The spores of P. roqueforti were biologically active even 
after storage a t  -15" for a period of 8 weeks. Gehrig and 
Knight (1963) reported that cold storage of spores of P. 
roqueforti a t  -5" resulted in the production of almost 
double the amount of ketones from fatty acids. They sug- 
gested that a permeability factor was involved and that 
frozen storage induced the cell walls of the spores to be- 
come more permeable to the passage of the fatty acids 
into the spores for the oxidation reaction. 

Metabolic COz inhibited the formation of carbonyl 
compounds from palmitate by the spores of P. roqueforti. 
Lawrence (1966), on the other hand, reported that the for- 
mation of methyl ketones from fatty acids by the spores of 
P. roqueforti increased considerably in the presence of 
metabolic COz. Low concentrations of carbon dioxide 
have been reported to stimulate the germination of fungal 
spores (Cochrane et al., 1963; Farkas and Ledingham, 
1959; Golding, 1940; Grover, 1964; Vakil e t  al. ,  1961; 
Yanagita, 1957). Thaler and Geist (1939) and Franke and 
Heinen (1958) reported that a decline in the formation of 
methyl ketones occurred when the spores of fungi germi- 
nate into the mycelium. Lawrence and Hawke (1968) re- 
ported that C14 to C18 fatty acids were not oxidized by 
the mycelium of P. roqueforti to any appreciable extent. 
It is conceivable that the metabolic COz which was not 
removed from the incubation system stimulated the ger- 
mination of the spores into the mycelium, resulting in the 
inhibition of the formation of the carbonyl compounds 
from palmitate, as observed in this study. 

The decrease in the concentrations of the carbonyl com- 
pounds a t  the later stages of the incubation of palmitate 
with spores of P. roqueforti may be attributable to more 
complete oxidation of the acyl chains and/or the conver- 
sion of methyl ketones into secondary alcohols. Franke e t  
al. (1962) and Anderson and Day (1966) demonstrated the 

interconversion of methyl ketones and their corresponding 
secondary alcohols in fungi. Anaerobic conditions favoring 
the production of secondary alcohols from methyl ketones 
obviously resulted from oxygen depletion by the spores of 
P. roqueforti during incubation. This became more pro- 
nounced with duration of each experiment. 

The generation of the homologous series of methyl ke- 
tones, C3 to C15 inclusive, from palmitate was significant. 
Schwartz and Parks (1963), Anderson and Day (1966), 
Niki e t  al. (1966), and Dartey and Kinsella (1971) found 
that 2-heptanone and 2-nonanone were the preponderant 
methyl ketones in Blue cheese. Anderson and Day (1966) 
showed that there is an inverse relationship between the 
quantity of specific methyl ketones in Blue cheese and the 
corresponding precursor fatty acids in milk fat. The ap- 
parent immediate precursor fatty acids for 2-heptanone 
and 2-nonanone, Le., octanoic and decanoic acid, respec- 
tively, occur in low concentrations in milk fat when com- 
pared to palmitic acid and theoretically could not account 
for all the 2-heptanone and 2-nonanone formed in Blue 
cheese. The present findings that the homologous series of 
methyl ketones, C3 to C15 inclusive, can be formed from 
the metabolism of palmitic acid by the spores of P. roque- 
forti indicate that some of the major methyl ketones in 
Blue cheese, i.e., 2-heptanone and 2-nonanone, may origi- 
nate from longer chain fatty acids through @-oxidation as 
well as from the corresponding fatty acids with one more 
carbon atom. Additional experiments using [U-14C]lauric 
acid have confirmed this (Dartey and Kinsella, 1973). 
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