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INTRODUCTION 
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Investigations during the past 60 years have led 
t o  a �airly detailed knowledge o� the chemical substances 
produc ed during the r ipening o� vari ous chees es but ,  
apart �rom the established importanc e  for �lavour of the 
methyl ketones in mould ripened cheese ( M organ & Anderson 
1 956) no major advance in unders tanding the relati onship 
between compos iti on and �lavour has been made . This i s  
particularly true o� Cheddar cheese sinc e there exists a 
range o� modifications o� the bas i c  Cheddar cheese flavour 
whi ch appeal to observers in dif�erent ways . 

The chemi c al nature o� Cheddar cheese flavour has been 
inves t igated �or many years . Although a l arge number o� 
compounds have been reported disagreement s t i ll prevails 
c oncerning the s ignificance o� any given c ompound or 
class of compounds ( carbonyls ,  fatty acids , hydrogen 
sulphide etc . ) to the flavour . The concept held by the 
earli es t  investigators into the �lavour o� Cheddar cheese 
e . g . , S .uzuki , H astings & Hart ( 1 91 0 ) , was that a s ingle 
compound is  responsible for the typical �avour o� Cheddar 
cheese .  Dacre ( 1 955) als o  came to this conclus i on in his 
inves tigations al though he was unable to i denti�y the 
individual flavour principle . S imilarly Patton ( 1 961 ) 

put �orward the view that there i s  a s ingle c ompound 
whi ch ,  as such, has cheeselike character. Thus according 
to Patton all cheeses ( Cheddar , Blue , etc . ) , have a basi c  
cheesiness , the distinct ive flavour o� the vari ous var ieti es 
of cheese being due to c ompounds giving over tones of 
flavour. Mulder ( 1 952) and Kos ikowski & M oc quet ( 1 958) 

sugges ted, however ,  that Cheddar �lavour is  due to  a 
mixture o� c ompounds derived from degradation o� �at ,  
protein and l ac tose . Individually these components have 



- 3 

flavour but not nec essarily cheese flavour . C ollec t ively,  
when in an appropr i ate balanc e ,  the result ing fl avour is 
that of typical cheese flavour . Support for thi s  
" component balanc e" hypothes i s  has been given by Harper 
( 1 959 ) , Mabb i t t  ( 1 961 ) and McGugan ( 1 963) in recent reviews 
on the chemis try of Cheddar cheese flavour . They conclude 
that charac ter i s t i c  flavour development in Cheddar cheese 
i s  related to simultaneous proteolytic and l ip olyti c  
ac tivi ties which mus t proc eed interdependently at defini te 
rates for opt imum flavour format ion .  

Failure o f  attempts to attribu te the charac teristic 
Cheddar flavour t o  any of the major cons t i tuents of ripe 
cheese,  such as amino ac ids , and the conclusion of Dacre 
( 1 955 ) that the c omponents of typ ical flavour are volat ile 
and are present in Cheddar in c onc entrations of only a 
few p . p . m . , have led inves tiga t ors recently t o  examine 
more closely the minor volatile c omponents of chees e ,  
particularly fatty ac ids and carbonyl compounds that might 
originate from the fat phase .  

THE IMPORTANC E OF MILK FAT IN CHEDDAR FLAVOUR FORMATI ON 

Mabbi t t  and Zielinska ( 1 956)  observed that no typ ical 
flavour devel ops in " Cheddar" cheese made from skim milk, 
suggesting that milk fat is  the substrate for typ ical cheese 
flavour. They found that the typical C heddar flavour 
was soluble in fat solvents and was conc entrated in the 
fat phas e of chees e .  These observations have been 
c onfirmed by a number of inves tigators ( S jos tr�m 1 958 ; 
McGugan, 1 963 ; Patton 1 963 ) . 
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I t  has also been �ound that increas ing l ipolys i s  
in the cheese b y  the addi t i on o� enzymes or b y  homo­
genisat ion can improve the �lavour ( Babel & Hammer , 1 945) . 
0� especial interest is  the improvement obt ained in the 
�lavour of pas teurised milk chees e by inocul ation o� the 
cheese milk wi th Geotrichum candidum 1 8 hours before 
chees emaking, the improvement being acc ompanied by an 
increase  in c oncentration o�  c 6 and higher ac i ds ( Irvine , 
Bullock & Sproule ,  1 954 ) • 

I t  follows that i�  l ip olysis i s  important in cheese 
flavour formation ,  then s o  probably i s  the c omp os i t i on o� 
the milk fat.  This can be varied by altering the feed, 
plane o� nutri ti on ,  environment and the s tage or 
l ac tati on ( Jack & Smi th ,  1 95 6) . Thus marked s eas onal 
var i at i ons have been found in the quanti tatively imp or tant 
volatile fatty ac ids in N.Z. but terfat . H ansen & Shorland 
( 1 952 ) found that at the beginning of lac tation the c 8 - c1 4 
ac i ds comprised 1 8 . 6  moles % of the total �atty ac i ds 
but had increased to 26 . 9  moles % 6 months later . 
S imilarly Keeney ( 1 956) showed for u.s . but ter�at that  
there were wide �luctuati ons from 24 . 24 to 33 .55 in 
the R e ichert Meisel value ( arbitrary measure of the c4 
and G6 acids ) and that the Polenske values ( arbi trary 
measure of the volatile insoluble �at ty ac ids ) varied 
�rom 1 . 1 2  to 2 . 95.  Such s tudies may explain why the 
qual i ty of Cheddar cheese is highes t  in the Northern 
H emisphere when summer milk is us ed ( Kos ikowski , 1 957 ; 
Mabb i t t ,  1 961 ) . S imilarly European Gruyere reaches 
�ines t quali ty when made from Autunnmilk. 
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FLAVOURFUL SUBSTANCES IN CHEDDAR CHEESE 

Free Fatty Ac ids 

The i mportance o� ratty ac ids to the �lavour or 
Cheddar cheese is not yet establ ished . Berridge ( 1 953 ) 

round ac etic acid but neither propionic nor butyric ac ids , 
c onrirming the report or Hiscox ( 1 941 ) that l ipolys i s  was 
not marked in Cheddar cheese made �rom pasteurised milk 
and that ac e t ic ac id c onstituted the major part o� the 
volatile ac ids . Windl an ( 1955 ) round only acetic ac id 
in American Cheddar in the early stages or ripening. 
Lawrence ( 1 96 2 ) in a detailed investigati on or N .Z .  

Cheddar cheese detected l arge but variabl e amounts or 
acetic ac id,  smaller amounts or butyric ac id but no 
signi�icant quantities or ac ids higher than butyric . 
Other workers however have presented s omewhat c ontrary 
results . Peterson & J ohns on ( 1949) reported an increase 
o� acetic , c 6 , c8 and c 10 aci�s during Che ddar cheese 
ripening . Butyric ac i d ,  present in high level at the 
start o� the r ipening period ,  did not however �rther 
increase .  Kristo��ers en ,  Gould & Harper ( 1959) round 
that prop ionic ,  butyri c  and higher acids all increas ed 
during ripen ing. 

Recently Patton ( 1 963) has produced results that 
tend to con�irm the hypothesis  that milk rat is  the 
s ource o� Cheddar aroma �ormati on and that l ipolys is or 
the rat is the mechanis m  by whi ch it occurs . Pat ton 
c oncludes that the volatil e  aci ds ( ace tic , butyric , 
hexanoic and octanoic ) c onsti tute the roundati on or " s ine 
qua non" or Cheddar aroma , conrirming the rind;ings and 
opini ons or s ome earl ier workers e . g.  ( Suzuki , Hastings & 
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Hart , 1 909; Peterson & J ohns on, 1 94 9 ;  Kri s toffers on & 

Gould,  1 960). Patton found acetic  aci d  t o  be  the 
dominant volatile ac id and presumably of substanti al 
importance to the uni que aroma of the cheese ,  s ince 
in i ts absence the mixture of higher fat ty ac ids (c4 - c 8 ) 
simply had a ranc id  aroma . The ori gin of this ac e t i c  
ac id has yet to  be es tablished . 

Hydrogen sulphide 

Kri s toffersen & Gould ( 1 960 ) found a s ignificant 
statistical c orrelation between hydrogen sulphide 
concentration and Cheddar flavour , in par t i cul ar between 
the charac teristic  flavour and the relative concentrations 
of free fat ty ac ids and hydrogen sulphide . Subsequ ently 
however , Kristoffersen ( 1 9 6 1 )  reported that the flavour 
sensation provided by s ome Cheddar cheeses was not always 
related to the l evel of hydrogen sulphide , part icularly 
in tl1e early s tages of cur ing. Lawrence ( 1 963)  �ould 
find no simple relati onshi p  between hydrogen sulphide 
concentrat i on and the charac teristic Cheddar flavour of 
N .Z .  Cheese . He c ons idered that i t  was poss ible , h owever , 
that hydrogen sulphide combines with some other produ c t  
of ripen ing,  perhaps with carbonyl , c arboxyl or ester 
groupings , wi th which it  is  known t o  form addi ti on c ompounds 
( Connor , 1 943) , and that i t  i s  thi s combinati on whi ch i s  
respons ible for the typical Cheddar flavour . 

Methional 

One hypothes is of Cheddar cheese fl avour formati on 
put forward by Keeney and D ay ( 1 957) suggests  that a slow 
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chemical interaction, over the l ong peri od of ripening , 
between amino acids and dicarboxyl compounds ( S.trecker 
degradati on) c ould lead to the produc tion of flavourful 
aldehydes c ontaining one carbon a t om l ess than the 
original amino acid.  Thus methi onine would give r i se to  
methi onal ( 3-me thylthiopropanol ) which was cl aimed to  
have a cheese-like odour . O ther investigations ( Oro ,  
Guidry & Zlatkis , 1959; Jackson, 1 958 ; Keeney, 19�1 ) 

have s tressed the importance of me thional in Cheddar 
cheese flavour , but thi s has been di sputed in turn by 
Wi tting & Batzer ( 1957) , Walker & H arvey (1959)  and 
Kos ikowski (1961 ) . The subject or meth ional was discussed 
at l ength at a symposium on flavour chemistry spons ored 
by the C ampbell S oup Company (1961 )  but no agreement 
c ould be reached on i ts importance in Cheddar flavour . 

Methyl Ketones 

�e s igni ficance or methyl ke t ones in relati on t o  
the flavour or aroma of cheeses has been investigated 
by a number of workers . I t  appears that these 
substances are important c ons tituents of the flavour or 
mould-ripened cheeses but the ir c ontributi on to the rl avour 
of other types of cheese i s  no t so cl early establ ished. 
Harvey and Walker ( 1 960 ) i s olated a range of methyl 
ketones with odd numbers of carbon at oms rr om a3 to 0:11 
by steam disti lla tion of Cheddar cheese at atmospheri c  
pressure and c onsi dered that their t ime of first appe arance 
and increase in c oncentrati on were c orrel ated with the 
increase in intens i ty of the Cheddar flavour as the 
cheeses matured .  S imil arly Jacks on ( 1958 ) , us ing s team 
distillati on at  atmospheri c  pressure t o  c oncentrate the 
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Cheddar fl avour , found 2-hept anone, 2-nonanone , butyradlehyde 
and diac etyl by subsequent gas chromatographi c  examinati on .  
The peaks c orresponding to these carbonyls seemed ,  
however, t o  have n o  relation t o  cheese aroma . O ther 
workers ( D ay, Bassette & Keeney, 1960 ; Patton, Wong & 

Fors s ,  1958; Day & Keeney, 1958) isolated a range of 
odd-numbered methyl ketones , as well as other c arbonyls, 
from Cheddar cheese by distillati on under reduced 
pressure at a temperature between 4 0° and 50 ° .  

In contrast, however , to the above findings i t  is 
s ignifi c ant that when the extraction of c arbonyls was 
c arried out at room t emperature ( Bassett & H arper , 1958 ; 
Kristoffersen & Gould, 1959) no trace of methyl 
ketones other than acetone was obtained. Bas s ett & 

H arper ( 1958 ) fUrther observed that the yield of 
2-nonanone from Blue chees e was increased by heating 
the cheese slurry for 10 min. at 100 ° .  Thi s  suggests 
that the methyl ketones isolated by other workers might 
have been artifacts produced by the elevated extrac tion 
temperatures . This is a cri t i c ism which coul d apply to 
all extraction methods involving heating of the cheese 
s lurry s ince ir methyl ketones were being formed as 
artifacts at 100 ° ,  it was als o  probable that a s imi lar 
breakdown oc curred to some extent at the lower temperatures 
( 40-50 ° ) employed by s ome workers . 

Carbinols 

In a gas chromatographic s tudy McGugan & H owsham 
( 1962 ) round that the major components or the neutral 
volatiles from Cheddar cheese were 5o.% 2-butanol , 9.% 
i s opropyl alcohol , 5% pentanone , 4% acetone with smaller 
amounts of some 40 t o  50 volatile comp onents . One 
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cheese with a s l ightly f'ruity f'l avour showed over 80 
components, Scarpellino ( 1 961 ) al s o  reported the presence 
in Cheddar cheese of' 2-butanone , 2-butanol and ethyl 
alcohol in relatively large amounts conf'irming that 
carbinols are major metabol ic  products of' cheese ripening. 

FLAVOURFUL SUBSTANCES IN BLUE CHEESE 

Although Currie ( 1 91 4 )  cons i dered that the c6 , c8 
and c 1 0  acids gave Blue cheese its f'lavour , S tarkle 
( 1 924 ) concluded.that the characteristic aroma in the 
ripening of' che ese by fUngi was due to methyl ketones . 
This was als o  the opinion of' H ammer & Bryant ( 1 937) ; 
Berri dge, Hiscox & Zi elinska ( 1 953) ;  Nesbitt ( 1 953 ) and 
Proks , Dolezalek & Pech ( 1 958 ) . 

Patton ( 1 950) and M organ & Anderson ( 1 95 6 )  identif'i ed 
methyl ketones with an odd number of' carbon atoms f'rom 
c3 to c1 1  in steam distill ates obtained by di stillation 
of' Blue cheese at atmospheric  pressure.  The possibili ty 
that part or all of' these methyl ketones were artif'acts 
of' the steam distill ation was examined by S chwartz & 

Parks ( 1 963) . H owever us ing an extraction proc edure 
not involving heat they showed that ·the odd numbered 
methyl ketones f'rom c3 to c 1 5  were present in mature Blue 
chees e .  The major c ontributi on of' methyl ketones to  
the f'lavour of' Blue cheese i s  almost proven although 
Graham ( 1 958 ) obtained only a f'air  correlati on between 
f'lavour scores of' Blue cheese and volatile acidity and 
neutral carbonyl compounds . 

M ethyl carbinols corresponding to the e:5 , c 7 and c9 
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methyl ketones have been identi ri ed in Blue cheese  

( Jackson & Hussong, 1958 ; C or�man , Smith & Andrews, 

1 960 ) as has also ethyl alcohol ( Bavisotto , Rock & 

Lesniewski , 1 960 ) . Since the additi on o� e thyl alcohol 

to homogenised milk inpregnated with P . roguerorti caused 

an intensi�ication o� Roquefort aroma ( S j5str5m & Malm, 

1 952 ) it i s  pos s ible that these  alcohols c ombine with 

the �ree ac ids found in chees e to �orm esters , which 

may contribute to the flavour . 

It does not necessarily �ollow that because both 

Cheddar and Blue cheese  have been round to c ontain methyl 

ketones and s ome of the corresponding carbinols that 

these c ompounds are the cause or their bas ic  chees iness . 

H owever it would appear that c ertain bi ochemical 

mechanisms in the ripening o� both Cheddar and Blue 

cheese are s imilar . 

�e flavour of Blue has been no eas i er to reproduce 

than the more del icate flavour o� Cheddar cheese and 

the fact that no satisfac tory cheese �lavour c oncentrate 

( natural or synthetic ) has yet been reported shows the 

need for c ontinued investigati on. A full understanding 

of any one cheese flavour might be of great help in 

elucidating the flavour of all varieties . 

SIMULATION OF CHEDDAR FLAVOUR 

Generally it is considered positive proor that a 

c ompound is a part o� cheese �lavour i� its additi on to 

cheese or to a synthetic bland base will reproduce or 
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enhanc e the flavour . S-il verman & Kos ikowski ( 1 953 ) 
found that the addition to  a bland chees e  of a balanc ed 

quanti ty of pure fatty ac i ds normally found in chees e  

resulted in a distinc t butyric-ranc id sensation .  When 

however amines and amino ac ids were added as well as 

fatty acids , a Cheddar-l ike flavour resul ted although 

i t  was not a c omplete Cheddar flavour . Day, Bassette  & 

Keeney ( 1 960 ) added vari ous mixtures of ketones and �atty 

acids to bland cheese curd but the flavours produced 

were sharp and musty. Walker ( 1 96 1 )  confirmed this 

finding but found that addi tion of thioac etamide , a 

s ourc e  of hydrogen sulphide , much improved the flavour. 

This observat i on has not ye t however been c onfirmed 

in other laboratories . The view of Mabb i t t  ( 1 961 ) 
that the metabol i sm of sulphur compounds in Cheese may 

be s ignificant in flavour format ion has been 

s trengthened by the recent observation o� S c arpell ino 

( 1 961 ) that an a queous s olution of 2-butanone , butyric  ac id ,  

acetic  acid and methionine gave an aroma akin to  that o� 

Cheddar cheese . 

MECHANISMS OF METHYL KETONE FORMATION 

An appraisal of previous inve s t igations int o  the 

chemi c al compounds contributing to cheese �lavour led  t o  

the c onclusion tha t  a s tudy of methyl ketones from l ip i ds ,  

and in particular their mode of formation ,  was the most 

promis ing avenue o� approach .  

The first hypotheses t o  be advanc ed t o  explain the 

detec t i on of me thyl ke tones in steam distillates of dai ry 
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products c ontaining milk fat were thos e of Wong, Pat ton & 

F orss (1 95 8 ) . They c onsidered that 2-pentanone and 
2-heptanone �ound in s t eam distillates from evaporated 
milk could poss ibly r esul t from the dec arboxylation of the 
c orresponding �-keto ac ids . These �-ket o  ac ids might 
occur in milk as : 

( 1 )  Intermediates in the synthes is of fat ty ac ids from 
acetate by the mammary gl and. 

( 2 ) Degradation products  of fatty ac ids by �-oxidat i on.  

( 3 ) Deter ioration of the milk l ipids through attack by 
atmospheri c  oxygen. 

They c ons i dered the,las t possibili t y  to be remote 
in evaporated milk or heated cream which c ontain a wealth 
of reducing substances . 

AUthough a consi derable amount of research has been 
carried out on the oxidati on of milk fat (e . g. Forss , 
Duns tone & S tark, 1 960 ; Day & Lillard, 1 960 ) , a clear 
dis t inc t i on has not always been made between the effect 

�· of heating and the effec t  of oxidation. The firs t  s tudy 
,\ \:. 
\: on thermal degradation of milk fat was that of Patt on & 

Tharp (1 959}, in which they s tripped the fat with s team 
for a per i od of 3 hr, holding i t  at a temperature of 
200 °0 and a pressure of 0 . 1  - 0 . 25 mm Hg.  They 
identified an homologous series o� me thyl ketones 
c ontaining the n-alkyl members with odd numbers o� carbons 
from o3 to  c 1 5 , which sugges ted that methyl ketones found 
in s team di s tilla tes of dairy products c ontaining milk 
fat were ar t i facts .  Nawar , C ancel & F agers on ( 1 962 ) 
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thought that s ome form o f  oxidation might be involved 

since bleaching of color was observed in milk fat upon I ' heating . However , the l oss  of colour by heat app eared _f¥" , to proc eed via a different mechanism than the bleaching 

ql normally produced by intens ive oxidation of milk fat . , ' 
, •. - N:o oxidi zed flavour was de tected when the fat was heated 

to the point of discolourat i on in the absenc e of oxygen 

and mois ture . Gas chromatographic pat terns of the heated 

fat were markedly different from those of milk fat  

oxidized at  l ow temperatures  which indicated that 

aldehydes predominated as produc ts or oxidative mechanisms , 

whereas ketones were the maj or components rormed by heat.  

The origin or methyl ke tones in cheese 

The weight of opinion up to 1 962 , despite the work 

of Pat ton and his c oworkers , was that the me thyl ket ones 

detec ted in s te am distillates from Cheddar chees e  wer e  

derived by �-oxidat i on o r  the c4 t o  c 1 4  fatty acids o r  

milk rat ( S j�str�m, 1 959 ; Harvey & Walker , 1 960 ; M abbit� 

1 961 ) .  For example the pos s ibil i ty of arti fac t rormati on 

was cons idered by H arvey & Walker ( 1 960) but they concluded 

that the methyl ketones obtained in their  work were not 

arti fac ts formed during the dis tillation but were present 

as such in Cheddar cheese .  

THE BIOSYNTHESIS OF THE FATTY AC IDS OF MILK LIPIDS 

The poss ibility however that precurs ors or methyl 

ketones might arise  as intermediates in milk fat s ynthes i s  

led to  a s tudy o r  the fac tors involved i n  the bi osynthesis 
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o� �atty aci ds in the mammary gland. The two main 

prob lems o� milk fat s ecretion are i ts origin and i ts 

difference in compos i ti on from b ody fats . Whereas ox 

depot  fatty acids consi s t  chiefly o� s tearic , palmi t i c  

and ol eic ac ids ,  cow's milk fat c ontains about 1 Q%  o �  the 

C4- t o  c1 2  acids ( see  Hildi tch, 195 6) . 

For s ome years i t  has been appreciated that the 

fatty aci ds of milk triglyc eride s  arise �rom two 

distinc t s ourc es - �rom blood plasma lipids and by 

direct  synthesis in the mammary gl and .  Since cow's 

blood contains about 0 . 3% total l ipids the earl i e s t  work 

c ons isted of attempts to find wha t  frac tion of the blood 

l ip i ds gives rise to milk fat . Graham, Jones & ·Kay ( 1 936) 

found that there was suf�icient a rterio-venous dif�erence 

in t otal blood fatty aci ds ( i . e .  �ree and c omb ined) t o  

acc ount �or all the �at in milk and this c onclusi on was 

confirmed by other workers , e . g. Shaw, Powell & Knodt 

( 1 94-2 ) . Riis , Lui ck & Kleiber ( 1 960),  c onsi dered tha t  

s ome 5o% o f  the fatty ac ids o f  the milk c ame from 

c olloidal fatty material in the p lasma whi ch was 

supported by the finding of Hardwick, Linzell & Mepham 

( 1 963) that about 30% only of the non-volatile �atty ac ids 

could be synthes i sed from acetate by isolated perfused 

goat udder. Barry, Bartley, Lin z el l  & Robinson ( 1 963) 

c oncluded that the fatty acids t aken up by the goat 

mammary gland �rom the blood were p rinc ipally palmi t i c  

and s tearic acid.  

If the blood is  accepted as  the source o� milk �at 

there remains i ts pecul iar. ·fatty acid  c omposi ti on to  be 

accounted for . Achaya & Hildit ch ( 1 95 0) suggested that 

the short chain acids are formed in the udder by degradati on ,  

from the omega end of the molecul e , of ol eic or other 

unsa turated ac ids combined in triglyceride s .  H owever 
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the function o� acetate in the formati on of milk �at 
was directly demons trated by the finding o� Popjak & 

Beeckmans ( 1 950 ) that acetate carbon was inc orporated 
into the mammary �at o� pregnant rabbits . Thi s  led to 
an experiment (Popj!l.k , French & F olley 1 95 1 ) on the 
metabol ism of 1 -1 4c acetate by the lactating goat when 
about 1 Q%  o� the dose was s ecreted into the milk in the 
form o� �atty aci ds , the shor t-chain aci ds having the 
highest spec ifid activity .  Cowie � al ( 1 951 ) cons idered 
that the decrease of spec i �i c  activity of the milk and 
udder �at ty aci ds with increas ing chain length indicated 
that the short chain ac ids c ould not have ari s en to any 
considerable extent  by the direct degradati on o� long 
chain ac i ds as required by the theory of H ildi t ch .  
However, a s  Glascock ( 1 95 8 )  p o inted out,although the 
weight o� evidence i s  now against thi s  theory i t  was not 
disproved. Many substance s  have more than one p'recurs or 
and the speci�ic act ivity data of Popjak � al ( 1 951 ) 
does not appear to exclude the ir being �ormed in part from 
l ong chain ac ids by s ome mechanism other than that 
postulated by H ilditch. 

The conclus i on o� Popjak et al ( 1 95 1 ) that  milk­
�atty acids arise  b o th from ace tate and �rom a c irculating 
c4-compound agrees with the �inding o� Shaw & Knodt ( 1 941 ) 
that �-hydroxybutyrate is  taken up by the l actating 
udder. Popjak et al considered that �at ty ac ids are 
formed in part by a convers i on o� �-hydroxybutyrate to 
butyrate �ollowed by c ondensati on with acetate . Support 
�or thi s  hypothes i s  was given by Kumar , Lakshmanan & Shaw 
( 1 959) who found that in the milk secreted by an i s olated 
udder perfused with 1 -1 4c-�-hydroxybutyrate all the ac ids 
up to capri c  (c 1 0) were labelled. T l1e spec i�ic activity 



o� these acids increased with increasing chain length 

up to  c8 acid, whereas l auric and longer chain aci ds 

had negl igible speci�ic activi ty. In the presence o� 

an ade quate supply o� ace tat e ,  butyrate should there�ore 

be as good a precurs or o� milk fat ty 

�-hydroxybutyrate or acetate i ts el�. 

Brown ( 1 961 ) found however that much 

aci ds as ei ther 

Black , Kleiber & 

less  labelled 

butyrate than acetate was incorporated into milk �atty 

acids by the l iving cow but that there was substantial 

incorporati on o� butyrate into lactose .  Thus while 

Kumar , L akshmanan & Shaw ( 1 95 9) have demons trated that 

�-hydroxybutyrate can undoubtedly be metab ol ised to yield 

�atty aci ds o� chain l ength up to 1 0  carbon atoms , the 

intermediary pathway i s  not clear and , as  G lascock (1 958) 

has pointed out ,  i s  unl ikely to  involve butyrate . Indeed 

recent work by Annison,  Leng , L indsay & \Vhite  ( 1 963 ) has 

shown a high incorporation of butyrate carbon ,  a�ter i t s  

in�us i on into the portal veins of sheep , into �-hydroxybutyrate 

o� the bl ood. 

Propionate is  not apparen tly incorporated to  any 

great extent into milk fatty aci ds , though propionate can 

be the precursor o� the odd-numbered �at ty acids in milk 

�at and, �ollowing i ts degradat i on, to even-numbered �at ty 

acids . ( James , Peeters & Lauryssens , 1 95 6) . 

Hilditch ( 1 956 )  in vi ew o f  the work of Pop j 8.k et al 

( 1 951 ) put forward an al ternat e  pathway, wi thout experimental 

evidence , that envisioned milk �at synthes i s  as a process  

o�  fatty acid transacylation onto pre�ormed triglyceri de 

molecules which wer e  previ ously absorbed �rom the bl ood. 

More recently McCarthy � al ( 1 960) have proposed that 

two mechani sms might b� involved in milk �at synthes i s  

alterat ion of pre-exi s ting triglyceride molecules and 
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supplemental synthesis �rom non-lipid precu rs ors . 
Lui ck ( 1 961 ) put forward the hypothesis tha t  milk �at is 
synthes ised " de novo" wi thin the mammary gland �rom pools 
o� free �atty acid and glycerol but emphas ised  that this 
did not exclude the s imultaneous formati on of milk �at 
�rom plasma glyceride vi a mechanisms involving �atty 
ac id  exchange , subs titution or rearrangement within the 
ma�ary gland . The conc lus ions of Luick & Lucas ( 1 962)  
and of Patton et al ( 1 962 ) that plasma l ip ids are hydrolys ed 
in the udder to provide such a pool of fre e  fatty acids 
provides addi t i onal support for thi s  hypothes i s .  

F ollowing the early work o f  Popjak,  Folley and their  
c ollaborators �rorn 1 950 onwards , i t  w�ts generally 
c ons i dered that the synthesis o� saturated �atty ac i ds 
from acetate was probably a reversal of �-oxidati on .  
The s tudies o �  Wakil , Brady and their coworkers s ince 
1 958 however showed that a source of C02 was of fundamental 
importance in �atty ac id synthes is by par t i culate-free 
preparation o� pigeon l i ver and chicken l iver . This 
work and other related s tudies ( revi ewed by Wakil , 1 961 ) 
showed that thi s  biosynthetic pathway was d i��erent from 
a reversal of � -oxidation .  Fatty ac id chains of up t o  
1 6  c arbon atoms are now kno\vn t o  b e  elab orated from 
acetyl GoA which condenses wi th HC0_3 ion to yield mal onyl 
CoA in the presence of ATP, Mn ++ ions and acetyl CoA 
carboxylase ( a b i otin-containing enzyme ) . 

/CO.SC oA 
CH2 "-

c ooH 
+ ADP + Pi 
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Malonyl a·oA c ondens es in turn with acetyl CoA to  yield 
by reaction wi th reduced tri phosphopyridine nuc leotide 
( TPNH ) , c:o2, C oA and a saturated fatty ac id.  Thus 
successive c ondensations yield palmitic aci d, the stoichio� 
metry being expressed as foll ows: 

The mal onyl Go.& sys tem has now been charac ter i s ed in a 
variety of animal t issues and mi croorganisms . U suall y  l ong 
chain fatty acids are formed in these systems , a notable 
exception being preparati ons from mammary tissue . 
Ganguly ( 1 960 )  found that such extrac ts synthes ised both 
the long and short chain ac i ds ,  the relative propor t i ons 
of c4, c6 and ( collec tively) the c8- c1 6 ac ids 
synthes ised by the mammary gland sys tam being s imilar 
to thos e present in cows' milk fat . 

Although none of the intermediates in the b i osynthe tic 
sequenc e has been defini tely ident i fi ed,  the interact i on 
between ac yl CaA and malonyl CoA as a conc erted 
condensat i on-decarboxylation has been proposed by 

Vagelos and Alberts, ( 1 960 ) s ince decarboxylation at 
this point would pull the reac t i on in favour of 
c ondensati on.  This hypothesis  was ini t i ally based on 
the observation that co2 c an exchange wi th a carboxyl 
group of malonyl CaA in the presence of s aturated acyl 
GoA. The acyl intermediates are cons idered to be 
enzyme bound ( Lynen , 1 961 ) .  
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R.CO .SCoA + Enzyme 

l 
R .CO .s .Enzyme 

1 
CO.SCoA 

/ 
+ CH2 'cooH 

R .CO .CH2 .co .S .Enzyme + C 02 + CoA 

TPNH l 
R .C .HOH. CH2 .CO .S .Enzyme 

- H20 1 
R . CH = CH .c:o .s: .Enzyme 

TPNH l 
R . CH2 .cH2 .co. s . • Enzyme 

D il s  ci.. Pop j hlc  ( 1 962 ) showed the malonyl CaA route 
to be of maj or importance in fatty aci d  synthes i s  by 
s oluble preparations of lac tating rat mammary gland. 
S everal intermediates of the citr ic ac id  cycle,  formerly 
thought necessary to s timulate fatty a c i d  synthesis , 
were no l onger requ ired .  The princip al produc ts of 
synthes i s  were the s aturated n-fatty ac ids c8 

- c
1 8 , 

together wi th a small proportion of oleic aci d ,  
al though , compared with milk fat ty ac ids , a s omewhat 



20 

greater proportion o� l auric.and myrist i c  ac ids was 
produced . Abraham, Mat thes & Chaikoff ( 1 961 ) carried 
out s imimar work wi th lactating rat mammary gland but 
found an abs olute re quirement for citrate , the 
s timulating ef�ect o� �ree mal onate being observed 
only in the presence of c i trate . The fat ty acids 
synthesised were quali tat ively s imilar to  thos e 
obt ained by Dils & Pop jak although the proporti on of 
c·8 - c1 2  aci ds produc ed was much greater . 

MICRO-ORGANISMS IN  CHEDDAR C HEESE 

The alternative hypothes i s  put forward by Wong 
et al ( 1 958) to explain the presence of �-keto  ac ids --
in dairy products containing milk �at was a degradation 
of fatty ac i ds by �- oxidation. If methyl ketones are 
formed by micro- organis ms in cheese and are contribut ing 
to the flavour i t  seemed logical to examine any 
relationships reported between flavour and these 
micro- organisms . 

Numerous attempts  by earl i er workers to find a 
c orrelation be tween the c ompos i ti on of the micro�l ora 
of cheese and the time o� appearance of flavour have 
not been entirely success�l ( e . g. Sherwood,  1 939). 
Rober tson ( 1 961 ) in an inves tigati on of Cheddar cheese 
from 4 different countries has shown that apart from 
qui te large di�ferences between individual chee s e ,  the 
�l ora of the cheese of one c ountry tends to be qui te 
dif�erent from that of another . C ertain �ea tures such 
as the proporti on of L . casei in the flora are uniform 
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from one country to another but even wi th thi s  spec ies 
the dis tribution of the s trains which are unable to 
ferment mele z i t ose show a c ountry to country variat i on.  

P ossible reas ons for the di fferences in. flora 
between the cheese of different c ountri es are the 
composi tion of the milk , i ts flora and the type of 
bac ter i a  gaining admiss i on during cheesemaking. These 
variables in turn depend on such c omplex fac t ors as 
the type of pas ture, cl imate,  s tandards of hygiene and 
methods of manufactu�e . A more tangible influence i s  
the pr esence or absence and degree of heat treatment 
of the milk used for cheesemaking. Many inves tigators 
have found that the rate of flavour devel opment in 
pas teurized milk Cheddar chees e is sl ower and the final 
flavour is rniljder than in raw milk chees e ,  e . g. , 
Kris t offersen & C:ole, 1 960 . Thi s  effec t has usually 
been attributed to the decrease in numbers of micro­
organ isms and inac tivati on of milk enzymes as a result 
of the heat treatment . 

N1o twi thstanding marked variations in the bac teri al 
flora f ound in the cheese examined from 4 different 
countr ies  . Robertson ( 1 961 ) concluded that all the 
chees e examined had what could be described as a bas i c  
Cheddar flavour . I t  would seem therefore that the 
enzymes respons ible for thi s  basic fl avour mus t  be 
c ommon to  all cheese .  They could originate from the 
renne t ,  milk or micro- organisms . 

The ·inoculation of cheese milk with c ertain cul tures, 
parti cularly l ip olytic organisms such as certain s trains 
of lac t obacill i  ( Sherwood, 1 939) , pseudomonads , 
achromobacteria and flavobac teria ( S tadhouders & Mulder, 
1957) and microc occi ( R ober tson & Perry, 1 962) have been 



found to enhance flavour produc t i on in Cheddar chees e .  
I t  has recently been demons trated tha t  bac teria 

whi ch are present in relatively small numbers may 
nevertheless be of impor tance in cheese ripening. 
S.tadhouders & Muider ( 1 957) have shmm that bacteri a, 
which may mul tiply in the milk during storage but whi ch 
do not  grow in the cheese,  can produce l ip olys i s  of 
the cheese fat .  Furthermore thi s  l ipolys is may s till  
occur , though on a reduced scale, even i f  the cheese 
milk is  pas teurised, s ince the l ipolytic enzymes are 
suffic iently heat s table to  retain some activi ty 
( S tadhouders ,  de Vri es & Mulder,  1 959) . 

In view of the above findings of Robertson ( 1 961 )  
the bac ter i al flora actually present in the cheeses 
appear not to make the ma j or c ontribution to flavour 
produc ti on .  H owever , organisms that are pres ent 
in the original milk fl ora or fall into the vat during 
cheesemaking could after death l eave ac tive enzyme 
systems that c ontribute to fl avour producti on .  This 
is  subs tant iated by the work of Perry & McGillivray ( 1 964 ) .  
They successfully des igned an apparatus t o  exclude 
bac teri a  from the vat dur ing cheesemaking and by using 
ini tially bac teria free milk were able to  assess the 
overall importance of s treptococc i  and s trains of 
lac t obacillus and micrococcus in cheese ripening. I t  
was s ignificant that when " as ep t i c" cheeses were 
manufac tured under c ontrolled cond i tions , no flavour 
devel oped in the cheeses except in the control cheeses 
when the lid of the " aseptic" vat was opened and 
adventitious bacteria from the a tmosphere all owed t o  
f'all in. 
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Presumably the organisms produc ing Cheddar chees e 
flavour are natural c omponents of the microb i ol ogical 
flora in the fac tory. Olson & Hammer ( 1 934 ) found 
that up to 50% of the microbial flora of  a cheese fac tory 
examined were fungi and yeas ts .  These have also been 
isolated from Cheddar chees e in a viabl e s tate 
( Robertson, 1 964 ) . They would be pres ent in milk 
churns and pipe l ines despite  average c leanliness and 
would be able to grow in milk during s torage . 
Pas teuri zation might des troy the growing organisms and 
spores but lipolyti c  enzymes have been shown to be very 
res i stant to heat ( S tadhouders , de Vries & Mulder , 1 95 9 ) . 
The fungi and yeas ts which also fall int o the vat during 
cheesemaking may be impor tant , particularly in view of 
the work of S tadhouders & Mul der ( 1 957) repor ted above . 

The high proteolytic ac tivity of fungi and yeas ts 
( Proks , D olezalek & Pech, 1 959 ) is possibly also of 
importance since their abi l ity to degrade the protein­
phospholipid compl ex in the s o-called membrane of milk 
fat globules might  all ow the gl obules themselves to be 
attacked more readily. 

AQthough the microbiological flora of Che ddar cheese 
is predominately bac terial a s tudy of the �-oxidati on of 
fatty acids by any of the numerically important bacter i al 
species i solated from Cheddar chees e  did not s eem l ogic al.  
The microbiological species r espons ible for Cheddar 
flavour are not knovm, al though the indi cations are that 
they are lipolytic . However no lipolyti c  bac terium 
has been reported cap able of oxidis ing fatty acids t o  
methyl ketones. S ince on the other hand fungi are in 
general more l ipolytic than bac teria and are known t o  
form methyl ketones from l ipids,  a detailed inves tigation 



of the oxidat i on of l ip ids by Penicillium roguefor t i  
( a fungus knovm t o  be responsible i n  part for the fl avour 
of Blue chees e ) was undertaken. While i t  is unlikely 
that  fungi would grow in the anaerobic  environment and 
high local c oncentrati on of carbon dioxide (Roberts on, 
1 957) to be found in the interior of ripening C.heddar 
cheese it was thought possible that viable spores might  
secrete extracellular enzymes capable of oxidis ing 
fat ty acids derived from milk fat triglycerides to 
�-keto  ac ids and by decarboxylation give the 
corresponding methyl ke tone . 

FATTY AC ID OXIDATION 

Several workers ( e . g. Green, 1 954 ) have demonstrated 
that fatty ac i ds are oxidi zed via a pathway very s imilar 
to the �-oxidation scheme first pos tulate d  by Knoop in 
1 904 .  There are five bas ic steps in thi s  cycle : 

1 .  E s terification of the fat ty ac i d  t o  a thi ol es ter of 
C oenzyme A :  
R .CH2CR2GOOH � R .CH2CH2 .ao . SC oA + H2 o 

2 .  �-� Dehydrogenati on of  the CaA es ter o f  the fatty ac i d :  
-2H R .CH2CH2 .co . SCoA. � R .CH = CH .CO .SC:oA 

3 .  Addition of water across the double b ond of the 
unsaturated acyl C oA es ter: 
R .CH = CH .CO .SC oA + H2 0 � R .CHOH .CH2 .ao .SC oA  
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4 •  Oxidation or the �-hydroxyacyl C oA es ter to  the 
corr-esponding �-ke toacyl C oA  derivative : 

-2H R . CHOH .CH2 . CO .SC oA � R . CO .CH2 .CO .SC oA 

5 .  Thi olysis by C oASH of the �-ketoacyl C oA es ter to  
ac e tyl C oA and a new fat ty acyl C oA es ter : 
R .C O .CH2 .CO . SC oA + C oASH � R .CO .SC oA + CH3 .co .SC oA 

The ne t result of  these five s teps i s  the spl i t t ing 
out of' acetic acid in the rorm of' i ts C oenzyme A ester 
and the f'ormati on of a new ratty acyl C oA e s ter wi th 
two c arbon atoms fewer than the parent es ter. · The 
cycle then repeats itself' until the ratty ac id chain 
is entirely degraded to uni t s  or ac etic ac id.  

The �-oxidation cycle  ref'ers to this s e qu enc e of  
f'ive s teps which i s  repeated as many times as  the 
number of' paired c arbon a t oms in the chain. S inc e in 
general f'atty ac ids of biol ogic al or igin c ontain an 
even number of c arbon atoms and have a straigh t  chain, 
�-oxidati on l eads to the s c i s s ion of the fatty ac id 
to the appropriate number or  ac etic acid residues .  

The condensation o f  ace tyl C oenzyme A, the end 
product of the �- oxidati on s e quenc e ,  wi th oxalac etate 
.to  form c i trate ( S tern & Ochoa , 1 95 1 ) is of cons i derable  
s ignificanc e .  

F irs t ,  i t  leads t o  the release o f  Coenzyme A whi ch i s  
then made available  for a r epeat o f  the �-oxidat ion cycle . 
The concentration o f'  coenzyme in vivo is limited and 
unless the coenzyme is being turned over the cyc l e  would 
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s top .. S ec ond, the c i tric  ac id formed c an be oxidi z ed 
t o  C02 and H20 through the c i tric ac id c ycle .  By means 
of thi s  cycl i cal oxidat i on sequence the fatty ac id 
oxidation cycle is channelled into  the main mitochondri al 
s tream. 

Oxidati on of Fatty Ac i ds wi th an Odd Number of C arbon A toms 

The mi t ochondrial sys tem oxidi zes fa tty ac ids with 
odd or even numbered c arbon atoms at a s imilar ini t ial rate 
( Graffl in & Green ,  1 94 8 ) , and this has been confi rmed by 
s tudi es with the isolated enzymes of the fatty ac i d  
oxidati on cycle ( M i i  & Green, 1 954 ) • The end pro ducts 
of the oxidat i on of  odd numbered fatty ac ids are ac etyl 

C oA  and propi onyl CoA .  If the mi tochondr i a  l ike those 
of the l iver are capable of oxidi z ing propi onate t o  
co2 and H2o ,  the odd numbered fatty acids pose no 
probl em .  liowever, where thi s  is not the case as for 
heart mitochondria, the oxidation of the odd numbered 
acids proc eeds with grea t  di fficulty ( Grafflin & Green ,  
1 948) . Thi s could be l argely the c ons e quence of  the 
immob i l i z at i on of CoA in the form of prop i onyl CoA 
which i s  metabolically iner t .  

OXIDATI ON OF FATTY AC IDS BY FUNGI 

The enzymes responsible for the oxidat i on of fatty 
acids in mamal i an  and plant tissues have been thoroughly 
investigated ( Green, 1 954 ; Lynen, 1 955 ;. S tumpf & 

Broadbear, 1 959 ) . In the case of fungi , in whi ch a 



27 

variety of effects of fat ty ac ids on growth and 
metabol i sm have been observed , the knowledge of enzymat ic 
�rocesses is still c omparatively undeveloped. AU though 
i t  has generally been assumed that the same enzyme 
systems occur in fUngi as in animal and plants t i s sues , 
there is  l i ttle experimental evi dence to support thi s  
assumption .  Thi s  pauci ty o f  information may b e  due in 
part to certain technic al diffi culties that might be 
encountered in work with fat ty ac ids.  
( a) In l ow c onc entrati ons ( i . e . up to 10 �mol es  per ml ) 
it  is  difficult to analys e for suspec ted intermediates that 
might accumulate in small amounts . 
( b) Toxic i ty and low s olub i l i ty ,  on the other hand, put 
an upper l imi t on the c oncentrati ons that may be  used . 

In animal and plant t i s sues , oxidati on of fatty 
acids to C02 and H20 ( i . e . c omplete oxidat i on) i s  a fUnc t i on 
reserved exclusively for mi t ochondria.  S ince the 
enzymatic princ ipl es which underl ie the bas i c  m i t ochondri al 
func tions have general ly appl icability regardless  of the 
source of the mi tochondria,  i t  would be antic ipated 
that the pattern of fatty aci d  oxi dation to C02 and H20 
would be much the same in all animal and plant t i s sues .  
Al though ther·e is  :imsufficient evidence of the invari ant 
link of fatty ac id  oxidati on to organized par t i c l es in 
microorganisms , wherever the proc ess has been s tudied i t  
has been found to  c orrespond c l os ely wi th the e qu ivalent 
process in animal and pl ant ti ssues . 

S ome steps of �- oxidati on were c onfi rmed substantially 
for P .gl aucum by Thal er and e o-workers who obtained 
methyl ketones from oc-� unsaturated ac ids ( Thaler & 

Eis enlohr , 1941 ) , from �-hydroxy acids ( Thaler & Geis t ,  
1939 ) , and from �-keto  ac i ds ( Thaler & S tahl in,  1 94 5 ) .  
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Mukher j ee ( 1 951 ) found that fat ty acid dehydrogenase 
ac t i  vi ty of Penic ill ia  and Asperg i l l i  increas ed from 
c4 to c 1 0  with c 1 6 and c 1 8 ac i ds showing no 
dehydr ogenase ac t ivi ty. C ontradi c tory resul ts were 
ob tained however by F ranke & H e inen ( 1 958) who i s ol ated 
a cons titutive dehydrogenase enzyme wi th maximum 
ac tivity for c 1 6 and c1 8  fatty ac i ds and very l ow ac tivi ty 
for c 6 and c8 ac ids . 

The abil i ty of Penicillia t o  oxidise c8 and c 1 0 
ac ids to methyl ketones was firs t noted by S tarkl e ( 1 924) . 
In 1 95 1  Mukherj ee claimed that only the genera Peni c ill ia  
and Aspergilli were able to  form m ethyl ketones from 
fat ty acids but Franke & Heinen ( 1 958 ) later showed 
that the methyl ke tone forming abi l i ty of fungi was 
general if not ubi quitous . Of 39 fUngi tes ted, 
2 Phyc omycetes, 1 Ascomyc e tes and 6 Fungi Imperfec t i  
did not give methyl ke tones . N ot all spec i es of the 
same fungus however formed methyl ketones . 

Sat,�rated fatty aci ds are util ised by s ome fungi 
without any trace of ket one format i on, and fUrthermore 
when ketone is formed the yields are not quantitative . 
The immediate precurs ors of the ke tones are believed 
to be the corresponding �-keto ac i ds .  Two mechanisms 
thus c ompete for the �-ke to  ac id in fatty acid oxidat i on 
( a) oxidation to co2 and H20 ( b) decarboxylation to  
methyl ketone . 

In methyl ketone formati on i t  is  consi dered that 
the thi olase reac tion is inhibite d, the �-ketoacyl­
C oenzyme A es ter being deacylated to the free �-keto 
ac id  which is subsequently decarboxylated. 
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�e oxidat ion of fatty acids of medium chain l ength 
to methyl ke tones of' one leus c arbon atom by fungi has 
been s tudied  in some detail .  S tarkle ( 1 924 )  i denti fied 
c

7 
and c

9 
me thyl ke tones organoleptically when 08 and c1 0 

ac ids respec tively were oxidised by Peni c i l l i a .  This 
was confirmed for Aspergil l i  by Derx ( 1 925 ) , for P .  palj_ tans 
by Stokoe ( 1 928) , for P.glaucum by Acklin ( 1 92 9 )  and 
for P. rogueforti  by Hammer & Bryant ( 1 93 7 )  and S j os trom & 

Malm ( 1 95 2 ) . Thes e  e arly inves tigations are open 
however to the ob j ec tion that the fatty aci d  used was 
not the sole source of carbon, and the r esults  are 

of 
complicated by the many reac tion&lgrowing cultures . 

Thaler & G e i s t  ( 1 939) sho v;ed that methyl ketone 
formation d epended not only on the fungus used but also 
on the pH , t ime of reaction, concentration and chain 
length of the ac i d .  Fatty ac i ds from c4 to c1 2  and 
possibly c

1 4  
for'med me thyl ke tones in low y ields , 

approximately 0 . 57� of the ac id  suppli ed b eing oxidised 
to methyl ketone . The cours e  of formation was 11 zig- zag11 , 
i . e . reaching a maximum yield and then dec reas ing again. 
This was poss ibly due to the presence of ammonium s al ts 
in the culture medium which allowed the mould to 
ut ilise the fat ty acid for growth.  Frank & H einen ( 1 958) 

used the same incubation medium as Thaler & Geist  ( 1 939 )  

but did not get the " z ig-zag" formation o f  methyl ke tones 
wi th P . camemberti . M aximum amounts of me thyl ketones 
were formed from c4 and c1 2  ac ids . They confirmed the 
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c onclus ion of.' Thaler & Geist  that the yie.ld of.' methyl 
ketone reached a maximum just bef.'ore vis ible mycelium 
appeared. Apart f.'rom the complicat i ons due to cul tur e  
growth the above inves t i gations were als o  not carr i ed 
out in shaken cul tures . Under such cond i tions abnormal 
r espi ratory c ondi tions are certain to exis t  ( Fos ter, 1 94 9 ) . 

Gehrig & Knight ( 1 963 ) , us ing a medium not containing 
a nitrogen s ource and wi th 3-c1 4  oc tanoic ac i d  as s ol e  
c arbon substrate , found that . spores oxidised low 
c onc entrati ons ( 1  � mole) withou t  f.'ormati on of methyl 
ketone although small amounts of.' radi oac tive 2-hept anone 
were detected when l arge amounts of.' subs trate ( 20 � moles ) 
were used. 
were given. 

N o  quantitative de tails of the oxidation 

M ethyl Ketone F ormation f.'rom Mycel ium 

Al though i t  is generally agreed ( e . g . Berridge , 
Hisc ox & Ziel inska, 1 953 ; Franke & Heinen, 1958 ) tha t  
a decline i n  methyl ketone f.'ormation occurs a s  spores 
germinate to mycelium, the inate abi l i ty of.' the myc el ium 
to form ketones is s till not c ompl etely proven. Kni ght 
and eo-workers have publ i shed somewhat conf.'licting 
evidence.  In 1955 G irolami & Knight ob tained methyl 
k etones from the c

4 
t o  c

9 f.'atty ac ids , and also cons i derable 
oxygen uptake , us ing mycelium of.' P . roguef.'ort i .  In 1 958  

Gehrig & Knight cons i dered however that only spores and 
not mycelial cells were able to  form methyl ketones from 
fatty acids . Later Haidle & Knight ( 1 961 ) were unable  
t o  show f.'or c ertain whe ther the mycel ium of.'  P . roquef.'orti  
had the abi l i ty to  produce ketones or  not as  they wer e  
n o t  abl e to  obtain myc el ium compl etely devoid o f.'  spores . 
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They found that during germination the k e tone-produc ing 
ac tivi ty decreased markedly bu t never disappeared 
c ompletely. More rec ently Gehrig & Kni ght ( 1 963 )  
claimed tha t  spores which had germinated were completely 
unable to take up oxygen when incubated wi th fatty ac ids ,  
a surprising conclusion in view of the results of o ther 
workers who have investigated oxygen upt ake during the 
oxidati on of fatty ac i ds by fungal myc el ium. 

Methyl Ketone Formati on us ing C ell-free Extracts 

Karrer & Haab ( 1 948 )  were unable t o  i s olate the 
�-keto  aci d  decarboxylase but dried mycel i al powders 
from various Penicill ia  were able to decarb oxyl ate 
�-keto ac i ds . They c ons idered the decarboxylase to be 
highly uns table. M ore rec ently however , F ranke , 
Platzeck & E ichhorn ( 1 961 ) isolated a cons t i tutive and 
highly s table �-keto ac i d  decarboxylase from Aspergillus 
niger . Optimum decarboxylase ac tivi ty a t  c 1 2  
corresponded to  one of the two opt ima of m ethyl ketone 
format i on from fatty ac ids by washed mycel ium ( Franke & 

Heinen, 1 958) . There was however no corr·esponding 
decarboxylase ac tivi ty for the other methyl ketone 
opt imum at c4 • 

Haidle  & Knight ( 1 961 ) failed to obt ain the methyl 
ketone forming system in the c ell fre e  s tate  from spores . 
No ac tivity was observed after s onic osc illation for 
prolonged p eri ods in e i ther the supernatant frac tion, 
the broken sp�re wall frac t i on or a comb inati on of both 
frac tions . 
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TOXIC ITY OF FATTY AC IDS TOWARDS FUNGI 

The marked effe c t  of saturated fatty acids on the 
growth of fungi was first reported by Laxa ( 1 90 2 ) , who 
found that P .glaucum c ould grow in a medium c ontaining 
0 . 24% hexanoic ac i d  but not in the same c oncentrat i on of 
octanoi c  ac id. L evine & N ovak ( 1 949 ) showed that the 
oxygen uptake of Blas tomyc es dermat i t idis was s timulated 
by fat ty ac ids up to c8 acid bu t inh ibi ted by higher acids . 
Webley & de Kock ( 1 95 2 )  found that high c oncentrati ons 
( 1 % w/v) of the c8 - o1 2  acids c ompletely inhibi ted 
oxygen uptake of Proac tinomyces opacus at pH 7 . 0  but 
that l ow concentrations ( 0 .001 2M) wer e  rapidly oxi dised.  
Wyss , Ludwig & Joiner ( 1 94 5 )  investigating the fungis tatic  
ac t i on of  fatty ac ids found that the optimum chain l ength 
varied with different organi sms and wi th the s olub i l i ty 
of the fatty ac i d  in ques t i on. Thus for A . niger the 
optimum chain length was c 1 1  but was c1 3 for the more 
sens i tive �. interdigi t al e .  Rigler & Greathouse ( 1 940 ) 
found c1 1  to be the ac id mos t toxic to the growth of 
Phymatotrichum omnivorum. 

Girolami & Knight ( 1 955 ) showed that resting cell 
suspensi ons of P . roguefort i  were capable o f  oxidis ing 
fatty ac ids in l ow substrate conc entrati on ( 1 . 5 � moles/ml ) .  
The ac ids became increas ingly toxic as the carbon chain 
lengthened . Ac i ds with more than 1 0  carbon atoms 
were oxi dised at pH 7 . 3  only slowly,  if at all , even 
at l ow subs trate c oncentration. R ol inson ( 1 954 ) 
found , on the other hand, that at pH 6 .4 P . chrysogenum 
readily oxidised long chain fatty ac ids ( c1 6  - G1 8 ) but 
that the intermedi ate o8 - C ac ids were toxi c .  1 0  
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Thornt on ( 1 963 )  demons trated that the c 9 - c1 1  
fatty acids showed greates t ac t ivity in inhib i t ing spore 
germinati on of Pithorn.yces chartarum_. Vinze & Ghosh 
( 1 962 ) found tha t l ow conc entrations ( l ess than 2 � moles/ 
ml) of c.8 and c.1 0 ac ids stimulated mycel ium of' P . chrys ogenum 
but were t oxic at higher c oncentrati ons . 

In general , c ons i dering the effect of' howol ogous 
s er ies , the toxi c i ty on a molar basi s  rises wi th 
molecular weight bu t at some po int the trend i s  
r eversed and higher members o f'  the series are less  toxic . 
The exac t po int of' maximum toxi c i ty depends upon the 
series and on the organism. The sharp decreas e in 
toxic ity wi th increased molecular weight i s  probably 
a reflect i on of' insolubility of' and micelle forma t i on by 
the higher members of' the ser i es ( Badger , 1 946 ) . 

The t oxic ity of' fatty ac i ds ,  and of' weak acids in 
general , has been found to be dependent on pH ( Turner & 

Hanly , 1 94 7 ;  Beevers & S imon, 1 94 9 ;  S imon, 1 950 ; 
S imon & Beevers , 1 951 ) ,  toxic ity increasing as the 
c oncentrati on of' undissociated mol ecules increase s . 
When dissoc i ated such substances may either be non- toxic 
or even result in an increase in oxygen uptake . 

Webley & De Kock ( 1 952 ) cons idered the toxic effect 
of' the c8 - c 1 2  ac ids on Proact inomyces opacus at pH 7 . 0 
to  be c onnec ted wi th the ir detergent properties . The 
b iol ogical ac tivi ty of' soaps arises  from their power of' 
c oncentra ting at the bi ol ogical surfac e ,  leading t o  
an al terat i on in permeabili ty and some times t o  lys is 
wi th the escape of' cell contents .  S imilarly N ieman 
( 1 954 ) sugges ted that the toxic  action of' fatty acids 
is  due to an ac cumulation of' the ac tive material in a 
peripheral layer or z one outside the s emi-permeable 
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membrane . However i t  is  now believed ( C ochrane , 1 959) , 
al though no experimental proo� has been o��ered ,  that the 
primary inhibitory e��ec t i s  not at thi s  s tage but later 
a�ter some o� the toxic subs tance has pene trated the 
protoplasm proper . C ochrane has propos ed that toxi c i ty 
is  due .to the dif'�erential accumulation o� a t oxic 
material by the organism, i . e . ,  some materials which 
are perhaps equally t oxic to all organisms may be 
accumulated sel ec t ively by a fUngus .  

The phys iol ogical importance o� methyl ketone 
�ormation is not clear . S t okoe ( 1 92 8 )  pos tuiliated that 
the abnormal oxidation o� �atty acids to me thyl ketones 
was a result o� the poisonous or narcotic e��e c t  o� 
the ac id on the �ungus . However the methyl ket ones 
produc ed �rom toxic �atty ac ids are themselves inhibitory 
to the growth of' �ungi . Stokoe �ound that growth o� 
P.pal itans was inhibi ted by O . C'ib 2-heptanone whereas , 
according to Girolami & Knight ( 1 955 ) , 0 . 1 % 2-heptanone 
inhibited the growth o� P . rogue�orti  and was a possible 
�ac tor in preventing excess ive fUngal development in 
Blue chees e.  Reduction o� 2-heptanone to the less  
toxic 2-heptanol would be a fUrther s tage in  de toxi�ication 
o� the acid.  Franke , Platzeck & Ei chhorn ( 1 962 ) 
c onsidered that the ability o� fungi to �orm me thyl 
ketones might s erve to act as a non-speci�ic inhibitor 
agains t s ensitive c ompetitors �or "Lebensraum" dur ing 
germination. 

D e toxification o� fUngi cidal agents has been 
observed and may be a potential mechanism o� r•es i s tanc e .  
F awcett ,  Spencer & Wair ( 1 95 5 )  demons trated the importance 
o� �- oxidation in the plant growth-regul ating activity 
o� the phenoxyalkyl c arbosyl ic acids . Both �-oxidation 
o� the �atty ac i d  s i de chain and nuclear hydroxylation 
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in the 6-posi tion acc ompanied detoxification of A . niger 
wi th higher members of the w -( 2-naphthoxy) -n-c arboxyl i c  
ac ids ( Byrde & Woodcock, 1 956)  and of Nocardia opaca 
wi th w -phenyl subs t i tuted fatty ac ids ( Webly , Duff & 

Farmer,  1 955 ) • 

OXIDATI ON OF TRIGLYCERIDES TO METHYL KETONES BY FUNGI 

In cheese the source of fat ty ac ids , and thus 
possibly of the methyl ke t ones ,  is the triglycerides . 
The oxidation of  triglycerides however by fUngi has not 
been invest igated in detai l ,  particularly at the pH ' s  
to be found in Blue cheese .  24 hours after manufac ture 
the pH of Blue cheese is  approximately 4 . 6  r i s ing t o  
about pH 6 .5 after 3-6 months , foll owed by a fur ther 
fall to pH 5 . 5  after 9 months . ( Coul ter , 1 938 ;  M orris,  
Jezeski , C ombs & Kuremoto ,  1 963 ) . 

Ackl in ( 1 925)  found that P .gl aucum oxidised trihexano in 
in buffer ed solutions to give up to 1 0% of the theoretically 
poss ibl e  amount of 2-pentanone . Thaler & E i senlohr 
( 1 94 1 ) showed that the yi elds of methyl ketones ( about 
1 0-1 5% )  from synthetic triglycerides containing c4 - c1 2  
ac ids were greater than from the ac ids themselves . 
They found the formation of methyl ke tones to be dependent 
on pH and followed a zig- z ag course during prolonged 
incubat i on .  

Mycel i al l ipases 

The hydrolys is of the triglycer ide is  probably the 
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�irs t  s tep and this i s  known to be pH dependent . 
Thibodeau & Macy ( 1 942 )  ob tained maximum l ipase ac tivity 
o �  P . rogue�orti between pH 5 . 3 and 7 . 5  and showed the 
optimum temperature �or l ipolysi s  to l i e  in the range 
30 - 35 ° .  These resul ts have been con�i rmed generally 
by a large number of workers ( F odar & Char i ,  1 94 9 ;  
Parmelee & Nelson, 1 94 9 ;  Shipe , 1 95 1 ; Wilson ,  N�l s on & 

. Wood , 1 95 5 ;  Imarura & Tsugo , 1 953) . Myc el ium has been 
shown to possess both extracullul ar and intracellular 
l ipases ( Morri s  & J ezeski , 1 953) . Kirsch ( 1 935 ) 
c ons idered the l ipases  of P. oxal icum to be highly non­
spe c i fic whereas Shipe ( 1 95 1 ) found that c

4 
and c

8 
ac ids 

were released from tributyrin and tricapryl in in the 
ratio  3 : 1 .  S imil arly M orris & J ezeski ( 1 953 ) found that 
the ac tivi ty o�  the l ipases decreased as the mol ecular 
wei ght of the triglyceride increased. 

Bac terial lipases are c onsi dered to b e  adapt ive 
(Cu tchins , D oetsch & Pelezar ( 1 952 ) and s imil arly the 
l ip olytic ac tivi ty o� P . rogueforti is greatly 
stimulated by adding fat to the growth medium ( Nel s on & 

Babel , 1 946) . Imamura & Tsugo ( 1 953 )  however �ound 
that the lipolytic enzymes of P . roguefort i  were not 
produced in any quanti ty until a�ter 20 days incubat i on 
in the presence of butterfat.  

Spore l ipases 

The lip olytic act ivi ty o� spores appears not to  have 
been s tudied. Since spores in general and certain 
s trains of Aspergillis and Penicillia in p ar t i cular 
have high l ipid content , spores might be expected to  
contain l ipas es . A feature of fungal l ip i ds however i s  
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the u sual ly high pr op ort i on o f'  :fr e e  :fatty ac i ds ( up t o  887� 
o f'  the t o tal l i p ids , a c c ording t o  R �-tveux , 1 9/+8). 

In 19 1 0 H al l er & Lass i eu r  de t edt ed in ranc i d  
c o c onu t  o i l  b o th me thyl c arb inol s and methyl k e t ones 

and the s e  S t okoe ( 1 92 8 )  la t e r• sh ov:ed 'Her e formed by 
oxi dat i on of D1e o i l by Penic i l l i a .  N euberg & L ewi t e  
( 1 918) ob s e rve d that yeas t s  gave u p  to a 1 0� y i e l d o f'  

me thyl c arb inol when incub a t e d  v;i th c1 and C., me thyl 
!- _) 

k e t one s . Ackl in ( 1925 )  found c arbino l s  in r i pe 

bananas and che es e s as wel l  as r anc i d  fats and po s tul a t e d 

thCJ.t an i n t erme d i a t e  m e thyl ke t on e was hydr· ogena t c d  

t o  the me thyl c arbinol . S t okoe ( 1 92 8 )  o n  the o ther 

hand f ound that fung i o x i d i s ed me thyl c arbino l s  t o  m e thyl 

k e t one s far more readily than the l a t t e r  v1e r e  r educ e d t o  
C L=trbino l s . He the r c :Lore p os tul ated tha t  the c arb i n o l s  

as Vi e l l  as the (3-ke t o ac i ds m i ght be ti.1e pr e cu P s ors o f'  

the me thyl l�e t ones , bas ing h i s  hyp o the s i s  on the as ournp t i on 

that dec arb OXj l at i on o f  e i ther the a-ke t o  ac i d  or the 

(� -hydroxy ac :i. d  c o u l d  y i e l d  ke t one , repre s ent ed thus : 

R . CH2 .CH2 . C OOH 

Jl 
R .CH=CH .COOH 

Jl 
R . CHOH . CH0 . COOH 

� ._ 
� R . CO .CH2 .C OOH 

.i 
R .CHOH .CH

3 
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I t  is however generally assumed ( e . g. F oster 1 947 ;  
Wood, 1 96 1 ) that methyl ketones are intermediates in 
methyl carbinol format ion rather than vice  versa,  
although evidence to  support thi s  view is  l imi ted. Thus 
in the fermentation of glucose by Clostridium butyl i cum 
to  acetone and isopropanol , O sburn, Brown & Werkman , 
( 1 937)  consi dered acetone to be  the precurs or because i ts 
addi tion enhanc ed the production of isopropanol . 
S imilarly s everal groups of organisms ( e . g. species of 
aerobac ter , s erratia, bac illus)  produce ace t o in and 
butanedi ol in gluc ose fermentati ons . D e  M oss , Bard,  
& Gunsl aus , ( 1 951 ) found that in Leuconos toc  mesenteroides 
the reduc ti on of acetoin is reversibly c atalysed by 
butanediol dehydrogenas e with the e quil ibrium in the 
direc tion o f  r eduction : 

ac etoin + DPNH + H+ ::::=; 2 , 3-butanediol + DPt·t 

They concluded that the balance be tween acetoin 
and 2 , 3-butanedi ol was determined by the amount of 
available hydrogen. S imilarly S ei t z ,  S andine , Elliker & 

Day ( 1 963) ob tained evidence for a revers ible 2 , 3-
butanediol dehydrogenase in cell-free extrac ts of 
S treptococcus diacetilac t i s , the equ i l ibrium probably 
favour ing tile reduction of acetoin to 2 , 3-butanedi ol . 

J acks on & Hussong ( 1 958)  found that myc elium of 
P. rogueforti reduced 2-heptanone to 2-heptanol and vice 
vers a .  Unl ike ,, S tokoe ( 1 92 8 ) ,  however, they found the 
reduc t i on to c arbinol t o  proceed more readily than the 
oxidat i on to ketone . S imilar results were  obtained 
by Franke , Platzeck & E ichhorn ( 1 962 ) who found that � 
when Aspergillus niger oxi dised c:1 2  ac id,  the c 1 1  methyl 
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ketone concentration bui l t  up to a maximum but was 
fUrther metabolised on l onger incubation . The amount 
o:r c.11 methyl carbinol f'ound at the end o:r the experiment 
corresponded to the maximum amount of c11 

methyl ketone 
obtained. H owever , they also c on:rirmed the earli er 
:findings o:r S tokoe ( 1 928 ) and Jackson & Hussong ( 1 958 ) 
that mycelium also oxidises  secondary al c ohols to methyl 
ke tones . Bassett & H arper ( 1 956 ) isol ated the c8 and 
c1 0  �-keto acids from B lue cheese which sugges ts that 
these  are more l ikely precursors o:r methyl ketones than 
sec ondary alcohols . Jackson & Huss ong ( 1 95 8 )  als o 
es tabl ished that methyl ketones appear much sooner and 
in la rger amounts than the secondary alc ohols during 
the ripening o:r Blue chees e .  

There is to  date n o t  enough evi dence to  jus t i :ry 
dec iding between the two pathways originally postulated 
by S tokoe ( 1 928 )  al though it  would seem more l ikel y  that 
carbinols are reduct i on produc ts o:r the ketone s .  
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AIMS OF THE PRESENT INVESTIGATION 

S ince attention has recently been c entred on the 
c ontr ibution o� methyl ke tones to the charac teristic  
�lavour o�  cheeses it  was considered important to  examine 
more prec isely their �ormation in chees e ,  with 
particular reference to the possible mechanisms by which 
they, and related compounds such as methyl _ carbinols , 
c o�ld be �ormed.  

Wong , Patton & Forss ( 1 958 ) c onsidered �-keto ac ids 
to be the precursors of methyl ketones �ound in steam 
dis tillates of evaporated milk and pu t forward, wi thout 
experimental evidence , two alternative hypotheses to 
account �or their origin: 

( 1 ) as  intermediates in the synthes i s  of fatty acids from 
acetate in the mammary gland 
( 2 ) as degradation produc ts of �atty acids by �- oxidation . 

The first hypothesis impl ies that methyl ketones 
could be formed as artifac ts during s team distillat ion o� 
produc ts containing milk fat .  This possibility was 
considered by H arvey & Walker ( 1 960 ) but they c oncluded 
that the methyl ketones ob tained in their work were 
not formed as arti�ac ts during the distillati on but were 
present as such in Cheddar cheese . The point did not ,  
however , seem to be clearly establi shed and one object  
of the p resent inves tigation was to  determine whether ,  
and i f  s o  to what extent , methyl ketones were formed 
as art i �ac ts during dis tillation. 

As the work developed i t  became clear that bound 
precurs ors in milk fat could account �or mos t ,  if no t all , 



the me thyl ketones to  be found in Cheddar chees e .  
S tudies with radioac t ive milk fat allowed further 
inves tigation of the origin of methyl ke tones and their  
precursors . 

The second hypothes is of  Wong et  al ( 1 958 ) sugges ts 
that the precurs ors of the methyl ketones are , in the 
first instanc e ,  triglycerides and fatty ac ids and that 
the agents of �-oxidati on are microbi ologic al . The 
hypothe s i s ,  as i t  appl i ed to  Cheddar chees e ,  was 
tes ted directly by adding synthetic triglyceride s ,  
containing fatty ac ids that are present i n  trace amounts 
only in milk fat , and determining the extent of methyl 
ketone formation.  

For reas ons outl ined in  the Introduc t i on it  was 
considered des irable to make a detailed study of the 
oxidation of fatty ac ids and triglyc erides by the fungus 
Penic ill ium roguefort i ,  chos en as a general representative 
of lipolytic organisms that might be of importance in 
produc ing Cheddar flavour , and on acc ount of i ts 
knovm ability to oxi dise  triglyceri des and fatty acids 
to methyl ke tones . Reports in the l i terature of 
�-oxidati on by fungi were fragmentary and to s ome extent 
confli c ting and i t  was hoped that a detailed s tudy of 
the one organism might clarify the s i tuation.  No 
compl ete investiga t i on of the oxidati on of the homol ogous 
series of fatty ac i ds over a wide range of pH has been 
reported for resting cells of fungi .  In parti cular i t  
was necessary to ascertain the relative abili ti e s  of 
spores and mycelium to form methyl ke tones . I t  became 
evident that the toxic i ty of fatty ac ids towards fungi 
and the formation o f  methyl ketones were inter-related 
and the scope of the inves tigation was widened in an 
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attempt to understand the mechanism of toxicity .  
This thesis has for c onvenience been presented in 

three parts .  Part I contains the inves t i gation into 
the formation of methyl ketones in s team d i s tillates from 
Cheddar cheese and milk fat . Part II is  an account of 
the format i on of methyl ketones from cheeses to whi ch 
synthetic triglycerides conta1ning fatty ac i ds , normally 
present in trace amounts only in milk fat , had been 
added.  Part I II is  a s tudy o f  the oxidation of fatty 
ac ids and triglycerides by the fungus Penic illium 
rogueforti .  
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Part I .  THE ORIGm OF METHYL KETONES 

IN CHEDDAR CHEESE AND IN MILK FAT 
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MATERIALS 

The cheeses used were manufac tured in the Dairy 
Res earch Insti tu te ( N . Z . )  fac tory by normal New Zeal and 
commercial methods . They were kept at 1 3 °  for 2 weeks 
and then at 7° for the remainder of the ripening period.  

Cheese-fat was obtained by grating the chees e ,  
p l ac ing i t  in centrifuge tubes and melt ing i t  in a 
60 ° waterbath.  The mel ted cheese was centrifuged for 
5 min. at 2 , 000 r . p . m.  and the cheese-oil then poured 
off. M ilk fat was prepared by melting fresh butter in 
centrifuge tubes and centrifuging as for cheese-oil . 

Radi oac tive milk fat .  A l ac tating dairy c ow,  after 
milking,  was inj ec ted in the jugular vein wi th 5 .0 me 
s odium [ carboxy-1 4c ] acetate . The c ow was milked 3, 9 
and 22 hours after inj ec t i on ,  the milk yields and 
activities of the milk fat s  being shovm in Table 1 . 
The milk fa ts were s t ored at  - 1 0 ° until requ ired for 
analys is . 

Table I .  M i lk �ield and milk fat radi oac t ivit� �ft�r 
the injec tion of c arbox.-y:-1 4c, ace tate -

Milk Time after M ilk Ac t ivity of 
Sample in( ection yield milk fat 

hr . )  ( oz) ( uc/g atom C )  

1 3 24 2 . 27  
2 9 88 1 2 . 00 
3 22 88 4 - 92 

C arbonyl free solvents . S olvents were rendered c arbonyl­
free by pass ing them down a cel i te column impregnated 
w i th 2 ,4-DNP hydraz ine ( throughou t  this thes is 2 ,4-DNP 



denotes 2 ,4-D initrophenyl ) , phosphoric acid  and water , 
acc ording to  the method of S cwar t z  & Parks ( 1 96 1 ) .  
After passage through the c olumn the s olvents were 
dis tilled at atmospheric pressur e .  

METHODS 

Is olation of radi oac tive fat ty ac ids . The milk fat was 
saponified by the method of H enry & Kon ( 1 94 2 )  and the 
s oaps c onverted into free fat ty acids with 4o% ( v/v) 
H2so4 ( 1 0% exc ess ) and s team dis tilled. The s team­
volatile fatty ac ids were neutralized  with KOH and 
evaporated to dryness . The non-volatile  fatty acids 
were extracted wi th diethyl e ther , washed wi th water until 
neutral t o  C ongo red and dried  11 in vacuo" on a water bath .  
The ac i ds were then separated into " sol ids" and " l i quids" 
by crys tallization three times from 1 5  vol . of acetone 
at -38 ° .  The " solids" and " l i quids" r espect ively were 
converted into me thyl esters and fract i onated in a 
spiral column ( Shorland, 1 95 2 ) . 

Carbon -14 counting. C ounts vvere usually made at  2 
ampli tudes ( normally 80 v and 1 50 v) s inc e the rat i o  
o f  counts at the 2 ampli tudes for each s ample  should 
remain the same . Only sampl es giving c ons i derably more 
than 3 s tandard deviations over the background c ount 
were reported as being radi oac t ive , the standard deviation 
being the value of the s quare root of the total number of 
c ounts made at any one time . 
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D e termination of specific ac tivi t i es 

( a) Radioac tive s team volatile fatty ac ids . Thes e  were 
res olved into their components by gas l i quid  chromatography 
(Aerograph Aut oprep A .  700 , Wilkins Ins trument G o . ) u sing 
a c olumn packing of 60% ( w/w) di ethylene glyc ol adipate 
and 2% phosphoric ac id ( 85% H3Po4) on 30 - 80 mesh 
"C elite  545" ( Me tcalf, 1 960 ) • The ac ids were washed 
from the Autoprep collec ting bottles with 4 ml toluene 
into a counting vial . Two al i quots of 1 ml were 
transferred to 1 00 ml round bottomed flasks , 1 ml of 
N/1 0 alcohol ic KOH added t o  each and the excess alkal i 
back titrated wi th N/1 00 sulphuri c  acid , us ing pheno­
lphthalein as an indi cato r .  1 ml scintillation flui d  
( 0 . 05% 2 , 5  diphenyl oxazole + 0 .03% 1 ,4-di- [ 2 -
( 5-phenyloxazolyl ) J - benzene in t oluene) was added 
to the remaining 2 ml and counted at  room temperature 
in a l i quid s c intillati on system ( NE  8301 . ,  Nuclear 
Enterprises ( G .B . ) , L t&. , Edinburgh ) . 

( b ) Methyl es ters of radioactive fatty ac i ds .  The 
" l i qu id esters" and " solid  esters" were res olved into 
thei r  c omponent s  us ing a column packing of 60% ( wlw) 
diethylene glyc ol adipate in the Autoprep. The es ters 
were washed from the coll ec ting bo ttles with 4 ml 
petroleum ether ( 40 °  - 60 ° frac t i on) into c ount ing vials . 
A suitable ali quot  was removed from each vial , the 
petroleum ether c arefully evaporated off under reduc ed 
pressure at room temperature ,  and the concentrati on of 
the es ter determined by the method of Morgan & Kingsbury 
( 1 959) . This is based on the formati on of hydroxamic 
acids which reac t with ferric chloride to form a c ol oured 
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complex having an abs orption maximum at 5 1 5 m� . A 
very small c orrec t i on had to be made for a trace of 
adipate that leaked off the c olumn during the coll ection 
of each es ter . 

The petroleum e ther was carefully removed at room 
temperature under reduced pP essure , 3 ml of scint illati on 
fluid auded and the vi als counted as above . 

( c ) 2 ,4-DNP hydrazones of radioac t ive methyl ke tones . 
Sui tabl e ali quots of each of the 2 ,4-DNP hydrazonee 
( less than 0 . 2  mg) were dissolved in 3 ml sc intill at i on 
fluid and counted as above . 

Quenching correc tions . These were establ ished by the 
use of 1 4o-.n-hexadec ane as an internal s tandard. 
Quenching curves wer e  prepared for the 2 ,4-DNP hydraz ones 
of the Ire thyl ketones from o3 to 0 1 5 , that for 2-heptanone 
( Fig.  1 )  being typical for the quenching of a high 
ini tial count and that for 2-undecanone ( Fig.  2 )  for a 
l ower count . In all cases the quenching of radi oac t ivi ty 
was found to  be propor t ional to  the amount of 2 ,4-DNP 
hydrazone added1up to a maximum of 0 . 2  mg. The 
c orrec tions necessary to  compensate for quenching wer e  
c alculated from the quenching curves and, als o  as a check, 
by adding a known al i quot of the s tandard 1 4o-.n-hexadecane 
dissolved in toluene to the vial c ontaining the 
radioac tive 2 ,4 DNP hydrazone . 

In an attempt to overcome quenching of the hydrazones , 
the less volatile me thyl ketones from o7 to o 1 5 were 
r egenerated from the c orresponding 2 ,4 DNP hydrazones 
with laevul inic ac id ( Keeney , 1 957) . Much less 
quenching was encountered and the correc tion fac tors 
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needed, as determined by the us e of 1 4c-n-hexadecane , 
were correspondingly smaller . Thus the correc tion 
fac t or determined after regeneration of 2-undecanone 
was 1 . 1 5  compared to the fac tor  1 .45 needed when the 
radioac tivi ty of i ts 2 ,4 DNP hydrazone was determined 
directly. S ince the above me th od was not suitable  
for the regeneration of  acetone and 2-pentanone , 
spec i fic ac t ivi ties for me thyl ketones recorded in 
thes e inves t igati ons are those c alculated from 
radi oac tivi ty measurements on the 2 , 4 DNP hydrazones 
directly. 

C:orrec ti ons necessary for g_uenching by the steam 
volatile fat ty ac ids and methyl esters were very small , 
never greater than 1 . 1 .  

C oll ection of methyl ketones 

S team distillation at atmospher i c  pressure.  For 
experiments wi th che eses 1 Kg portions ( except in 
prel iminary experiments when 500 g were used) were 
c oarsely grated , c overed wi th a l i tre of dis tilled water 
and s team distilled at atmospheric pressure . 
Prel iminary exper iments showed that the yield of 
carbonyls from a cheese was dependent upon the rate 
of di s tillation and in an attempt to standardize 
the procedure it was therefore arranged that the rate of 
di s t illation was uni form .  The dis till ate was led 
direc tly into 1 00 ml of 2 ,4 DNP hydraz ine in 2N-HC 1 
and the dis tillate-reagent mixture was then held at 
room temperature for 24 hours . The 2 ,4 DNP hydraz ones 
were extrac ted wi th carbonyl-free chl oroform and the 
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extract evaporated to dryness . The hydrazones were 
t aken up again in the minimum quantity of' petroleum 
e ther or hexane for subse quent column chromatography. 

Methyl lee tones were s imilarly isola ted as 2 , 4- DNP 
hydrazones from s team di stillates of' 400 g cheese fat 
and mil k:  f'at and of' 1 kg cream ,  the q_uanti t i es of f'at 
thus being approximately the same in all the materi als 
used. For experiments with radi oac tive milk fat 20 g 
only of the milk fat from each of the three milkings were 
s team dis tilled. 

S team distill ation under reduced pressur e .  Thi s  was 
c arri ed out as descr ibed above exc ept that the pressure 
throughout the apparatus was reduced to keep the 
t emperature of di stillat i on at approximately 4-0 ° .  

C ont inuous s tr ipping of volatiles fro� cheese extrac t with 
· ni trogen at room temperature . 1 Kg of the cheese was 

blended wi th 1 500 ml of carbonyl-free benzene . The 
benzene filtrate was pl aced in a flask in a closed c ircuit  
including a trapping solution of 2 ,4--DNP hydrazine and a 
s ealed pump ( Rec iprotor ) . The apparatus was flushed 
wi th nitrogen to displace air and the sys t em was sealed. 
The ni trogen was c irculated continuously for 2 weeks by 
means of the pump . 

Purification of radi oac t ive me t�l ke tones 

The 2 ,4-DNP hydrazones were sub j ected to a ser i es of 
chromatographi c  procedures t o  remove neutral fat , fatty 
ac ids , alkanal s and alkenals ,  whi ch as trace c ontaminants 
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would c ontribute radioac t i v i ty to the 2 ,4-DNP hydrazones 
of the me thyl ke tones.  

R emoval of neutral fat . A hexane soluti on of the 2 ,4-
DNP hydrazones of the m�thyl ketones , conta ining als o  
the 2 ,4-DNP hydrazones o f  c ont aminat ing alkanals and 
alkenal s ,  was added to a c olumn of activated magnes i a  
( Seas orb 43 ) : celi t e  54 5 ( 1 : 1 ) .  Trac es of fat were 
first eluted wi th hexane ( S chwartz , Haller & Keeney, 1 963) , 
the 2 ,4-DNP hydrazones then be ing eluted with 
nitromethane : chloroform ( 1  : 3 ) and evaporated to  
dryness . 

R emoval of fat ty ac ids . The dry res idue from the 
magnesia  : celite column di ssolved in a minimum of 
chl oroform was added to an alumina column ( 2 g paclced 
in about 4 ml . chloroform ) . C ollec tion of the effluent 
was begun immediately, chloroform being added until the 
effluent became colourless . Any c ontaminant fatty 
ac i ds remained on the c olumn. 

Removal of 2 ,4-DNP hydra z ones of alkanals and alkenals . 
Naturally occuring alkanals and alkenals have been 

reported in milk fat ( Parks , Keeney & Schwart z ,  1 961 ) 
and were isol ated in s team disti ll ates . I n  the investigati on 
with radioac tive milk fat small amounts of alk-2-4-dienals 
were also de tedted , indic ating chemi cal de ter i ora t i on 
during s torage , although precautions were taken to  prevent 
autoxidation .  The conc entration of carbonyls other 
than methyl ketones var i ed b e tween 5 and 1 0% of the total 
c arbonyls obt ained , but were not radi oac t ive . N o  
me thyl ke tones have however been l'eported as pro ducts 
of the autoxidation of fats . 
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T.o sep arate the 2 ,4 DNP hydrazones o:r the methyl 
ketones :rrom those o:r other c arbonyls the dry residue 
:rrom the alumina column was taken up in 1 5% chl orof'orm 
in hexane , added to a column o:r magnes ia 2665 : cel ite 
( 1  : 1 )  and the 2 ,4-DNP hydraz ones o:r the methyl ke tones 
eluted with more 1 5'/b chloro:rorm in hexane , ac cording 
to  the pro c edure o:r Schwart z ,  Parks & Keeney ( 1 962 ) .  

Chromatographic separation o:r 2 ,4- DNP hydrazones . Ini tial 
separation o f  the 2 ,4 DNP hydrazones was c arried out in 

pPel iminary experiments by the method o:r M onty ( 1 958 )  
but the c olutnn partit i on chromatography method o:r Day 
e t  al . ( 1 960 ) was subse quently :round to be more suitable 
and was employed :ror all later work . 

I dentif'icati on o:r 2,4- DNP h.ydraz ones 

Tentative ident if'icati on o:r the 2 ,4 DNP hydrazones 
was accompl ished by c omparing retent i on volumes of the 
unknown derivatives wi th those reported by Monty ( 1 95 8 )  
and Day e t  al . ( 1 960 ) :ror known derivatives . The 
fractions f'rom the column were collec ted separately 
and evaporated to dryness :ror subse qu ent paper chroma­
t ographic analys i s .  The method of Huel in ( 1 95 2 )  was 
u sed to identif'y c arbonyls up to c7 and that of Kle in & 

de Jong ( 1 95 6 )  f'or c arbonyls from c5 to c 1 5 • The· 
method of Lynn, S teele & Staple ( 1 956)  was used t o  c onfirm 
the identification of the intermedi ate carbonyls 
from c4 to c9 . 
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Further identifi cati on of the 2 ,4 DNP hydrazones 
was possibl e by measurement of their l ight abs orp t i on 
maxima in ethanol and part i cularly by fading s tudies  of 
their spec tra in alkal ine e thanol ic solution acc ording 
to Jones ,  Holmes & Seligman ( 1 956) . Par t i cuiliar 
attenti on was paid to the subsidiary peak in the 520 
m� regi on which disappeared with saturated al iphat ic 
aldehydes but persi sted wi th saturated al iphatic ketones . 
For thi s  purpos e a sui tabl e ali quot of the 2 ,4 DNP 
hydrazone of an unknown c arbonyib from the c olunm , or 
spot eluted from a paper chr omatogram, was mixed wi th 
0 . 25 N e thanol ic  s odium hydroxide and the abs orp t i on 
spec trum in the 500 to 540 mJJ. region was measured 
immediately and again after an interval of 90 min. 

By these  methods i t  was possible not only to  identify 
the methyl ke tones present but also to obtain 
quantitative comparisons of  their concentrati on .  In 
preliminary experiments , methyl ketones not normally 
found in che ese distil l ates were added in known 
concentrati ons to cheeses of various ages and to 
milk fat , and recovery exper iments carr i ed out as 
reported later . The 2 ,4-DNP hydrazones of the m ethyl 
ketones found in the s te am distill ates coul d thus be 
compared directly against markers of known c onc entrati on .  

For more accurate quant itative estimat ions , knovm 
weights of the 2 ,4-DNP hydrazones of each of  the methyl 
ketones with odd numbers of c arbon atoms from C 3 to 
c1 5  were diss olved in alc ohol and standard curves 
prepared relat ing absorption at 362IDJ..L to original 
concentration of methyl ketones . Having ident ified a 
methyl ketone i t  was thus poss ible to obtain a measure 
of the quant i ty present in the distillate . H owever , as 
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pointed out by Wong, Patton & Forss ( 1 95 8 ) , a difficulty 
in the estimation of methyl ket ones in thi s  type of 
inves tigati on is the non- quanti tative nature of the 
reaction of carbonyls with the 2 ,4-DNP hydraz ine 
reagent . I t  was not found possible to s tandardi ze 
compl e tely the procedure of s team distill ation at 
atmospheric pressure and reproduc ibility for the same 
sample of cheese or of milk fat was found to be about 
± 5% for c 7 and c9 and ± 1 5% for the other methy1 
ketones . N evertheless 2 ,4-DNP hydrazine at  present 
continues t o  be the most satisfact ory reagent available 
for the isolation and i dentificat ion of c arbonyl 
c ompounds . 

EXPERIMENTAL 

Methyl ketone patterns found in s team dis till ates of 
chees es manufac tured under controll ed bac teri ological 
condi t i ons in " aseptic" vats .  

Perry & McGill ivray ( 1 964 )  des igned an apparatu s  that 
succes sfully excluded bac teria from the vat during 
chees emaking. This enabled chees e s  to be made that 
c ontained no bac teri a  or only s tarter bacter i a ,  
micrococci ,  lac t obac illi ( or combinations o f  these 
organisms ) and all owed the overall importance of these  
bac teria in  cheese ripening to  be  a ssessed. N one of  
these cheeses made " aseptically" developed typical 
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Cheddar �lavour al though control cheeses , manufac tured 
under the s ame cond i ti ons bu t wi th the l i d  of the vat 
o�f,  were normal in flavour . 

After bacteriol ogical examinati on the cheeses 
( 30 " asep ti c" and 8 c ontrols ) were chem i c ally analys ed . 
S team distillations o f  cheese s lurries were c arried  
out acc ording to  the me thod described by H arvey & Walker 
( 1 960 ) , except that 1 litre of  di sti llate was c ollected. 
D espi te the wide var i ations in flavour found in the 
cheeses and the very different bac terial p opul ations 
present , the pattern of me thyl ketone form at i on did not 
differ significantly. 2-alkanones with odd numbers o� 
carbon atoms from c3 to c 1 5 were identi fi ed in approxiwately 
the same total and relative c onc entrations in each 
of the cheeses irrespec tive of  flavour and bac terial 
flora . In general the relative concentrati ons were 
2-heptanone > acetone > 2-pentanone ) 2-nonanone> 
2-undecanone ) 2- tridedanone ) 2-pentadecanone . 

S ince approximately the same conc entrati ons of 
methyl ketones were found in the steam dis tillates from 
cheese with absolutely no Cheddar flavour as from c ontrol 
cheese with typically charac teris tic flavou� i t  seemed 
highly probabl e that e i ther there was no c orrela t i on 
between flavour and methyl ketone concentration or 
that the me thyl ke tones were being formed as artifac t s  
during the s team di s t i llation.  

A· de tailed inves tigati on was therefore undertaken 
in an attempt to determine whe ther,  and i f  s o  to  what  
extent , me thyl ketones were formed as art i fac ts during 
dis tillation of Cheddar cheese .  
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Isolation of  methyl ketones from Cheddar cheese and 
milk fat by s team dis tillation at atmospheric pressure 

A· range of methyl ketones wi th odd numbers of 
carbon atoms from c3 to c 1 5  was obtained from cheeses 
of all ages wi th no indication of signi fi c ant differences 
in methyl ketone pattern wi th increasing maturi ty of the 
cheeses ( Table 2 ) . I t  was , however , noted that 
consi derably l arger quantit ies of methyl ke tones c ould 
be obtained by c ontinuing the dis t illati on for l onger 
per i ods and that the c oncentration of me thyl ketones 
in successive 200 ml fracti ons of distillate di d not 
decrease apprec iably until at leas t 1 000 ml of dis t ill ate 
had been c ollec ted . 

In c ontrast to this persis tance of methyl ketones 
wi th odd numbers of carbon atoms , recovery tri al s  in 
which known amounts of 2-hexanone , 2-oct anone and 
2-decanone , even carbon numbered methyl ketones present 
normally only in trace amounts in cheeses , ware added to  
water , milk fat or cheese slurries resul ted in  the 
antic ipated decreas ing c oncentrati ons of these 
subs tances in success ive 200 ml fractions of dis t illate . 
Traces of these ketones were present in the fourth 
200 ml frac tion collected but they were not de tec ted 
in subsequent di still ates . R ecoveries were almos t 
quanti tative from water or milk fat and approximately 
85% from cheese slurries . 

These findings sugges ted that part at  l eas t of the 
methyl ketones obtainable from cheese by s team dis t illat i on 
at  atmospheric pressure were not present as such in 
the cheese but were being formed as artifac ts during 
the distillation .  Any me thyl ke tones present in the 



Table 2 .  Variat i on in concentrati on or methyl ketones round in 1 000 ml s team 
rlistillates at  atmospher ic pressure rrom cheese, chees e- oil,  milk rat and cream 

( rat c ontent or each s ample approximately 400 g) 

Methyl ketones ( concentration in mg) 
Age c3 c4 c5 C:7 c 9 c 1 1  c 1 3  c 1 5  

Cheese E 1 day 1 .9 - 1 .  7 4 - 0 1 . 1  0 . 3  0 . 3  0 . 1  
Cheese F 1 month 1 -4 0 . 1  1 . 1  3 . 7  1 . 2  0 . 5  0 . 2  0 . 2  
Oil  rrom Chee s e  F 1 t l  1 ·4 - 0 . 3  3 . 7  1 . 3 0 . 5  0 . 2  0 . 1  
Cheese G 9 mo"nths 1 . 9  0 . 6  1 . 1  4 · 1 1 . 3 0 . 6  0 . 3 0 . 2 
Cheese H 9 tl 1 . 5 0 . 9 1 . 8  3 -4 1 . 2  0 . 5  0 . 3  0 . 2  
O il rrom Cheese H 9 t l  1 . 0 0 . 3 0 . 7 3 . 0  0 . 8  0 . 3 0 . 3  0 . 3  
Cheese D 1 3  months 1 ·4 0 . 3 1 . 1  3 . 3 1 . 5  0 . 3  0 . 1  0 . 1  
M ilk rat 1 day 1 . 9  0 . 1  1 . 2  5 -4 1 . 7 0 . 5 0 . 3 0 . 1  
c.ream Fresh 1 ·4 0 . 1  0 . 6  3 ·4 1 .3  0 . 5 0 . 2  0 . 2  

\Jl 
--.] 
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�ree  s tate in cheese , at l eas t up to  c1 1 ' woul d  be 
expec ted to distil over in the �i rs t 1 000 ml o� 
distillate c ollected and experiments were there�ore 
carri ed out in which cheeses or var ious ages from 1 
day to 1 3 months were dis t illed , 1 li tre of dis t illate  
being collected and analysed for methyl ketones . As 
the results shown in Table 2 indicate,  the s ame range o� 
2- alkanones wi th odd numbers o� c arbon atoms rrom c3 t o  
c 1 5 were ident ified in approximately the same to tal 
and relative c onc entrations in each of the cheeses 
irrespective or age . In addi ti on to the 5 cheeses 
rep orted in Table 2 ,  nine other cheeses aged between 1 
day and 9 months were examined and showed l i ttle  variation 
from this general pattern. There were howeve r ,  
signiricantly higher c oncentrati ons of 2-butanone �ound 
in mature cheese than in young cheese .  That the 
me thyl ketones , or their precurs ors , were ass o c i ated 
wi th the fat frac tion o� the cheese was shovvn by 
'' oiling o��� samples of cheese and s team di s t i ll ing the 
chees e-fat obtained . These  cheese-�ats yielded the 
same range and relative c oncentrati ons of methyl ke tones 
as did the cheeses from whi ch they had been prepared 
( Table 2 ) . The associat i on of methyl ketones or 
the ir precursors with the �at phas e was further 
demons trated by the steam di stillation at atmospheric 
pressure of fresh cream ( 40% fat ) and also of �resh 
milk fat obtained by oiling off the butter �rom s imilar 
cream .  As Tabl e 2 - shows , the same range and r elative 
c oncentrations of methyl ketones from c3 to c 1 5 were 
obtained as before .  Furthermore success ive 200 ml 
�ractions of dis tillate �rom c ream and milk rat showed 
the same pattern or methyl ketone pers is tence as did 
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c omparable �rac tions �rom chees es indicating that the 
s ame type o� pr ecursor breakdown was probably occuring 
in cream and milk �at as in the cheeses . 

I dentificati on of methyl ketones wi th an even number of 
c arbon atoms 

Trace amounts of methyl ke tones with an even 
number of carbon atoms from c4 t o  o 1 6  wer e  als o detec ted 
in the steam distill ates of both cheese and milk fat .  
Only 2-hexanone and 2- oc tanone were isolated in s i gnificant 
amounts and these were less than 2% of the concentrat i on 
of 2-heptanone . Traces only of 2-butanone were found 
in dis tillates from milk fat and young cheese but 
c omparatively large c oncentrati ons were found in s ome 
mature cheese ( Table 2 ) • 

Exhaus tive s team di s tillation of cheese and milk fat 

As shown in Tables 3 and 4 ,  exhaus tive s team 
dis till ation of cheese or milk fat resul ted in a s l ow 
decrease in c oncentrati on of the o3 to o1 1  me thyl 
ket ones in successive l i tre fractions of dis tillate . 
Individual methyl ketones ,  however , varied markedly 
in their pers i s tence and the c lose s imilari ty be tween 
the two tables afforded further evidence of the identi ty 
of the precurs ors of the me thyl ketones in milk fat 
and in chees e .  Thus the 1 0  1 of distillate collected 
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c ontained all the 2-heptanone and 2-nonanone ,  pres ent 
as such or formed as artifac ts dur ing heat treatment , 
and most of the 2-pentanone and 2-undecanone , but 
recovery of ace tone , 2-tridecanone and 2-pentadecanone 
was s t ill incompl ete . Further experiments were  
therefore carried out in  which smaller �uanti t i es ( 1 0 g) 
of milk fat were exhaustively dis tilled unt il  no 
f'urther methyl ke tones c oul d be detected in 2 1 fract i ons 
of distillate . In using these smaller quant i t ies  of 
milk fat the dimens ions of the apparatus were 
c orrespondingly reduced to  ensure effec tive s team 
distillation .  I t  was found necessary to  collect 
1 0 1 of distillate.  Total conc entrati ons of methyl 
ketones so obtained from two separate samples of milk. 
fat are sho\vn in Table 5 .  

Isolation of metnyl ketones from cheese and milk fat by 
steam dis till ati on under reduc ed pressure 

The preceding experiments indicated that extrac tion 
procedures involving high temperatures were of doubt ful 
value for the estimati on of preformed me thyl ketones in 
dairy produc ts c ontaining milk-fat . Al ternative 
methods of extrac t i on involving less drastic  heat 
treatment were therefore investigated.  

Experiments were c arr ied out in wl1ich chees es , cream 
and milk fat were s team dis tilled at 40 °C under reduced 
pressure . Under these conditions the same r ange of 
methyl ke tones with odd numbers of c arbon atoms from c3 
to c1 5  was obtained but the yields wer e  very c ons iderably 



Table 3 .  V ariation in conc entrati on of me thyl ketones 
found in success ive fOOO ml frac tions of s team 

dis t illate at atmospheri c  pressure of 1 Kg 
of a 7 month old Cheddar cheese 

Me thyl ke tones ( c oncentrat i on , .  mg) 
Frac t i on 03 05 0 7 c . '9 01 1  0 1 3  0 1 5 

1 2 .3 2 . 1  4 · 8 2 .0 1 .4 0 . 3 0 . 2  
2 2 .5 1 . o  2 . 1  1 • 2 1 ·4 0 .4 0 . 3 
3 2 .0 0 . 5  0 . 6  0 . 7  1 .3  0 . 6  0 . 3  
4 2 . 1  0 .4 0 .4 0 .4 0 . 6  0 . 6 0 .5 
5 1 .3  Tr Tr 0 . 1 0 .4 0 . 6  0 . 6  
6 1 . 1  Tr Tr 0 . 2 0 . 5 . 0 . 5 
7 1 .o  Tr 0 . 3  0 . 5 
8 o . 6  Tr 0 . 3 0 .4 
9 0 . 9  Tr 0 . 3 0 .4 

1 0  0 . 5 Tr 0 . 3  0 .5 

Tr = Trace , i . e . less than 0 .1 mg 
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Table 4 • Variat i on in concentration or me thyl ketones 
round in success ive 1 000 ml frac tion or s team 

distillate at atmospheric pressure or 400g 

f'resh but ter- oil 

Methyl ke tones ( concentra t i on in mg) 
Frac t i on 0

3 
0

5 
07 09 0

1 1  0
1 3  

0 1 5  

1 2 . 8  1 . 9 5 . 5  1 . 8 1 . 1  0 . 3  0 . 1  

2 2 . 1  1 . 0 2 .4 1 . 8  1 . 9 0 . 6  0 . 2 

3 2 . 0 1 . 2  1 . 1  1 . 2  0 . 9  0 . 6  0 . 6  

4 1 . 2 0 . 5  0 . 5  1 . 0 1 . 1  0 . 8 0 .5  

5 1 -4 0 .4 0 . 5  0 . 8  0 . 9  0 . 8 0 . 5 . 
6 1 . 0 0 . 5  0 .3 0 . 8  0 .8 0 . 7  0 . 8  

7 0 . 6  0 . 3  Tr 0 . 5 o . 6  0 . 9 0 . 8  

8 o . 6  Tr Tr Tr 0 .2 0 .4 0 .9  

9 0 . 7  Tr Tr 0 . 3 0 . 8 

1 0  0 . 5  Tr Tr 0 .4 0 . 6  

T r  = trace,  i . e . less than 0 . 1  mg 
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Table 5 .  C onc entrati on of me thyl ketones (p.p. m . ) 

obtained from milk fat samples by exhaust ive 
s team disti llat ion at atmospheric pressure 

1 00 °  1 80 ° (• ) 
S ample 1 2 Average 

c3 45 39 42 
c 5 1 6  1 0  1 3 
c 7 

28 22 25 
c 9 20 1 2  1 6  
c1 1  1 5  1 3 1 4  
c 1 3  28 20 24 
c 1 5  5 1  4 1  4 6  

• As reported by Boldingh & Taylor ( 1 962 ) 

1 2  
9 

1 3 
22 
42 



lower than from corresponding samples s team d i s tilled 
at atmospheri c  pressure . At 40 ° ,  however , there was 
still evidence of the formation of methyl ketones as 
ar tifac ts . Thus in rec overy trials in whi ch 2 mg 
2-octanone were added to milk fat and chee s e ,  i t  was 
found that all the·  recoverable 2-octanone c ame over in 
the firs t three 250 ml frac t ions of di s till ate .  In  
c ontras t ac etone , 2-pentanone and 2-heptanone were 
present in the fourth 250 ml fraction in approximately 
the s ame conc entrati ons as in each of the firs t three 
250 ml frac tion indicating,  as is the c ase of  s team 
distillation at 1 00 ° ,  that they were be ing formed as 
artifac ts during di sti ll at i on .  However ,  the c oncentrati ons 
of methyl ketones found in l ow temperature di s t illates 
from ma tur•e cheeses were greater than those obtained 
under the same c onditions from young cheeses , cream 
or milk fat , particularly the me thyl ke tones from c7 
to c1 5 • S ince the quanti t i es of fat were approximately 
the same in all s amples it  i s  probable that not all of 
the methyl ketones obtained from mature cheese were 
formed as artifac ts during d i stillation and that s ome 
at least were present as such in the cheeses . 

Continuous s tripping of volatiles from cheese extrac ts 
with nitrogen at room temperature 

Wurther evidence indi cating that fre e  methyl ketones 
do exis t  in mature cheese was provi ded by pass ing ni trogen 
continuously through benzene extrac ts of the cheese for 
two weeks at room temperature . The homologous series  



or methyl ketones 
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wi th odd numbers of' c arbon at oms 
round in a 6 month old cheese and 
a 9 month old chees e .  2-butanone 
both cheeses and 2-hexanone in the 

9 month old cheese . The amounts or methyl ketones 
obbained were very small . They were of' the order of' 
5% or those obtained by s te am disti llation at 
atmospheric pressure . When, however ,  a fur ther Kg 
of the s ame 9 month old cheese containing 2 mg of' added 
2-heptanone was extrac ted wi th benzene approximately 
4o% of' the 2-heptanone was recovered by passage of 
nitrogen continuously through the apparatus :Cor 2 weeks . 
This method of extrac tion was thus shown t o  be c apable 
of s tripping free  methyl ketones rrom the benzene extrac t 
of cheese when they were present . Thi s  was fUrther 
evidenc e that a c onsiderable porti on or the methyl 
ketones round in dis t illates at atmospheric pressure 
are art i facts . 

The l ow yields or methyl ketones isolated by 
this method and als o  by s team distillat ion under 
reduced pressure were not explained until much later 
in the investigati on when the high volat i l i ty or the 
methul ke tones iil aqueous solution and the c ons e quent 
ins tabil i ty of the 2 ,4-DNP hydrazones became apparent 
( Part 3, page 1 CO) • 
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I solat:bQ!l. of' carbq,p.z_ls f'ro!!l coconut oil by -�team 

distillation at atmos}2hei"i.£...J2r.JL�� 

To detePmine if' there vvere any connection between the 

relatively l arge proportions of' short chain ( c4 to c
1 1,_

) 

:Catty acids and the presence of' f3-keto acids in milk :rat , 

it was of' interest to see if methyl ketones could be 

detected in steam distillates of a lipid such as coconut 

oil , which also contains a high proportion of' short chain 

fatty acids . The triglyceride composition of coconut 

endosperm is characterised by a high proportion of' c8 -

c1 6 saturated fatty acids ( 91 ;6 by weight ) of' which c 1 2 
acid constitutes 51% by weight ( Hilditch , 1 95 6) . 

1 0  g fresh dried coconut oil were steam distilled 

exhaustively , the carbonyls in the distillate being 

isolated as the 2 , 1_,...-DNP hydrazones which were extracted 

and separated on a celite/nitromethane column . The 

identity of the various 2 , J_,_-DNP hydrazones was determined 

by their separation into classes ( alkanals , 2 -alkanones , 

alk-2 -enals ) by thin layer chromatogi'aphy ( Urbach , 1 96.3 ) 

and further characterised by paper chromatography . 

Very small amounts ( less than 5 p . p . m . ) of c9 and G1 lf­
n-alkanals were detected . No m c-;thyl ketones except 

acetone ( 25 p . p . m . )  were found suggesting that any 

c6 to c 1 6  f3-�eto acids incorporated into the 

triglycerides of coconut oil are presumably reduced 

in situ and that the presence of f3 -keto acids in the 

triglycerides of milk fat is a result of their 

rapid removal f'rom the site of' synthesis . 
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Comparis on or radioac tivi t ies in methyl ketones and 
ratty ac i ds rrom milk rat arter injecti on or 

carboxy-1 4c acetate 

The evidence up to this point in the inve s t igati on 
sugges ted a possibl e relationship between methyl ketone 
precursors and ratty acid synthesisl An examinat i on 
or ratty ac ids from the milk fat of a cow which had 
been in j ec ted wi th ( c arboxy-1 4c ] acetate and or methyl 
ketones obtained by s te am distillation or  the same 
radi oac t ive rat all owed a direc t  compari s on of the 
two classes of c ompounds t o  be made . Pop j ak,  French , 
Hunter & Martin ( 1 95 1 ) had analysed the ratty ac ids 
obtained rrom milk rat of a goat after intravenous 
inj ec t i on or 5 me [ c arboxy-1 4c J ace tate but no s imilar 
experiment had been conduc ted on a c ow. I t  s eemed 
possible that dirferent resul ts might be obtained s ince 
the fatty ac id compos i t i on or goat milk rat is very 
different to that or the cow, the c4 - c1 2  ac ids in 
goat milk fat representing about 36 moles % of total 
ac ids and only about 22  moles % for the c ow.  The 
relative amounts of the individual ac i ds are als o  
di fferent , c. 1 0  and c4 ac i ds  represent ing 1 1 . 7  and 6 . 6  
mol es % or total ac ids in goat milk rat ( H ildi tch, 1 956) , 
and 1 .4 and 9 . 1 mibles in c ow milk fat ( Hawke , 1 957) . 

Table 6 shows the yields of me thyl ketones obtained 
by s team dis tillati on of radi oac tive rat rrom e ach or 
the three milkings . Only the fat from the second 
milking was s team distilled exhaustively bu t no 
s ignificant di fference was apparent except for the 
greater yield of c1 5  methyl ketone . No  me thyl ketones 
with carbon number greater than c1 5  were de tected in 
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T able 6 .  Yi elds or me thyl ke tones (p.p. m . )  obtained 
by steam distillation at 1 00 °  or milk rats from a c ow 

milked 3, 9 and 22 hr . after intravenous 
injecti on or carboxy-1 4c acetate 

• • •  * 
Methyl 1 s t milking 2nd milking 3rd milking 
ketone p .p . m .  p . p . m. p . p . m .  

G:1 5 20 38 2 1  
C' 1 3  1 7  1 7  1 8  
c 1 1 1 0  1 4  1 4  
G 9 1 1  1 0 7 
C:7 1 4  1 4  7 
G5 6 9 1 0 
0:3 1 8  20 1 6  

* 6 l i tres distillate collec ted 
• •  1 0 " " " 
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any o� the dis tillates . The atypical yields o� c7 
and c9 methyl ket ones obtained �rom the �at o� the 
third milking c an poss ibly b e  attributed t o  the fac t 
that 1 l i tre of bl ood was drawn from the c ow b etween 
the second and third milking . This would probably 
af�ec t the milk �at composi ti on ( Munford, 1 964 ) . 

1 4c l abell ing pat terns of methyl ke tones 

F igures 3 - 5 show the relat ionship be tween the 
speci�ic ac tivi t ies of the individual me thyl ketones 
obtained from milk �ats from the three milkings and 
the chain length of the methyl ketones . The me thyl 
ketones ob tained fr om the �at from the firs t mi lking 
had relatively l ow spec ific ac tivi ti es decreasing 
from 2 . 6 !J.c/g atom C for 2-pentanone to 0 . 5 f..Lc/g 
atom C for 2-pentadecanone . The l ow ac tivi t ies  
de tec ted in the �i rs t milking, be tween 3 and 1 0  c ounts 
only above baclcground , necess i tated l ong counting 
t imes . The specific ac tivit ies of the methyl ke tones 
obtained from the fat of the s econd milkings were 
c ons i derably higher than those from the first  milking, 
a peak value of 22 . 5  f..Lc/g atom C being reached �or 
2-undecanone . At  the third milking , 22 hours after 
inj ection of the acetate , the spec ific ac tiv i ty of 
all the me thyl ketones had decreased �rom the values of 
the second mi lking ,  the highest values being found in 
the c 1 1 , c1 3  and c. 1 5 methyl ketones . Peak ac t ivity 
WaS again obtained at C1 1 ( 1 2 a 5 IJ.C/g atom C ) a 
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AU though apprec i able proportions of ace tone were 
obtained in the s team di s tillates of each milking, 
radioac t ivity was detec ted only in the ace tone from the 
second milking and even in this sample the acetone 
had a very l ow ac tivi ty. I t  was noteworthy that ,  in 
all 3 milkir�s , the only fatty ac id with a spec i fic 
ac tivity greater than the c orresponding methyl ketone 
was butyric ac id.  

The relative ac tivi t ies of the me thyl ketones were 
c onfir•med g_uali ta ti vely by preparing au toradiographs 
of the paper chromatograms us ed to separate and identify 
the 2 ,4-DNP hydrazones obtained from the 2nd and 3rd 
milkings . 

1 4c l abell ing patterns of fat ty acids 

The fatty acid  c omposit ion of the milk fat as 
shown by relat i ve peak areas on gas chromatograms fell 
wi thin the range normally found ( e . g .  Hawke , 1 957) . In 
addition prop i onic aci d  and a c5 ac id,  assumed to  be 
valeric ac id,  were als o  de tec ted in trace amounts but 
their ac tivi t i es were not determined. 

F 'igs . 3 - 5 show the distribution of 1 4c among 
the fatty acids of milk fat obtained from the three  
milkings . The fat ty ac ids from the · fat of' the f'irs t 
milking ( 3  hours after inj ecti on) had l ow speci fi c  
ac tivi t ies , the c 6 - c 1 2  ac ids showing maximum 
ac tivi ty ( about 0 . 85 J.Lc/g atom C ) . The mos t 
radi oac tive fat ty ac i ds were recovered from the second 
milk sample 9 hours af'ter injec ti on ,  peak ac tivi ty being 
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found at  0 1 0 ( 1 2 . 9  �c/g atom c ) . 
The p at tern of labelling o f  the fatty ac ids from 

the third milking, 22 hours after inj ec tion, was almos t 
i dent idal to  the 2nd milking , wi th pe ak ac tivi ty again 
at c1 0 ac id ( 2 .94 �c/g atom C ) . The sp ec ific act ivi ties 
were however 3 to  4 times l ower than in the second 
milking whereas the decrease in spec i fic ac tivi t ies of 
the methyl ketones from the 2nd to the 3rd milking was 
only 2 to 3 times . 

In all 3 milkings the " odd" numbered fatty ac ids 
c:1 5  and c

1 7  
n-saturated ac ids had specific ac tivi t i es 

very s imilar to thos e of the o1 4  and c1 6  ac ids ( Table 7 ) . 

On the o ther hand ol eic and steari c  acids had extremely 
l ow ac t ivi ties indic ating that they were not synthesi sed 
to any s ignificant extent from ace tate . The ac tivi ty 
of oleic  ac id from all 3 milkings was higher than that 
of stearic  ac id ( Table 7 ) , the reverse of expectat i on 
if the hypothes is that oleic  acid is  formed s olely from 
s tearic  ac id were true . On the other hand the c 1 6  
unsaturated acid had a lower spec i fi c  ac t ivi ty than 
the o1 6  saturated ac id in all 3 milkings in accord wi th 
recent theory of the format i on of unsaturated ac i ds 
in milk fat ( Bloomfi eld & Bl och, 1 960 ) . 
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T able 7 . The 1 1,.C-l abell ing ( bLcuries/g atom C) of 
fatty ac ids of milk fats from a cow milked 3, 9 and 22 
hr . after intravenous injec tion of c arboxy-1 4c acetate 

• 
Ac id Moles 

% I 

c 2 0 . 3  
c4 9 . 1  
c 6 3 - 9  
c8 1 . 8  
0 1 0  2 . 7  
0 1 2  2 . 9  
01 1,. 

9 . 6  
0 1 5 1 . 1  
0 1 6  23 .lf-
0

1 6 : 1  1 . 7 
01 7  0 . 8 
01 8  1 3 . 9 
01 8 : 1  26 . 6  

* H awke ( 1 957) 

•- N o t  de termined 

1 s t 2nd 3rd 
M ill<:ing Milking Milking 

0 .03 1 . 1 3  
0 . 69 2,_ . 1  8 1 . Lf-9 

0 . 83 5 . 8 1  2 . 1 5  
0 . 85 8 . 5 6  2 . l,J,. 
0 . 86  1 2 . 90 2 . 94 
0 . 87 6 . 89 1 . 69 
0 . 58 4- · 68 1 . 27 
0 . 1 8 1 . 1  0 
0 .05 1 . 80 O .L,_8 

1 . 75 0 . 29 
0 . 97 

0 .002 o . o1,._ 0 . 02 
o . o 6  0 . 08 0 . 03 
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Par t I I .  METHYL KETONES FOUND IN STEAM DISTILLATES 

FROM CHEESE CONTAINING SYNTHETIC TRIGLYCERIDES 
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The p oss ibility exi s ted that methyl ketones were 
being �ormed in Cheddar cheese �rom both a slow breakdown 
o� bound �-keto acids in the milk �at and als o  �rom the 
�-oxidati on o� �ree �atty acids . An attempt was made 
t o  obtain evidence �or the lat ter mechanism  by 
inc orporating into Cheddar cheese synthe t i c  triglycerides 
c ontaining �atty ac ids ( heptanoi c , nonan o i c  and undecanoi c ) 
whi ch do not normally occur in milk �at in  more than 
trace amounts . The assumption was made that the added 
synthetic tri glycerides would be as susc eptible to  
hydrolys is as  the natural triglycerides in  cheese . �at 
s ince there i s  evidence �or the non-spec i�ic nature o� 
l ipases in chees e ( S tadhouders , 1 956) . I� �at ty ac ids 
were degraded to methyl ketones by �-oxidati on ,  ketones 
with six, eight and ten carbon atoms respec tively would 
be expec ted in the experimental cheeses in  addi ti on to 
the norm�l range o� methyl ketones wi th an odd number 
o� carbon atoms �rom c3 to G1 5  • 

The micro-organisms considered mos t l ikely to be 
respons ible �or the breakdown o� milk �at to methyl 
ketones are �ungi and yeas ts . Prel iminary experiments 
were carr i ed out to ensure that  Penic ill ium rogue�ort i  
( chos en as a general r epresentative of l ipolytic 
organisms that might be of importance in producing 
Cheddar �lavour ) was able to oxidise tr i glycerides 
containing �atty ac ids wi th an odd number o� carbon 
atoms , at the pH ' s  to be normally found in  Cheddar chees e ,  
as readily as those c ontaining the even-numbered �atty 
ac i ds . 
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Manufac ture o� cheeses containing synthe tic  triglyc erides . 
Triheptano in , trinonanoin, and triundecanoin were 
prepared by the method o� M alkin & Bevan ( 1 95 7 ) , 

emulsi�ied s eparately in 1 l i tre skim milk and added to  
di�ferent vats o�  milk. From these " a typi cal" milks , 
three 40 lb chees es were manufac tured, each containing 
one of the above synthe tic  triglycerides . Two further 
40 lb chees es wi thout added triglyceride were also made 
to serve as controls . The 5 cheeses were all manufac tured 
from the s ame supply o� milk.  

The pe rcentage amount of each " abnormal" fatty aci d  
incorporated wi th the cheeses was determined by extrac ting 
s amples of �at from each of the five cheeses when 1 4 days 
old.  The methyl es ters of the fatty aci ds were  
prepared by the method of  R aper & Ma ( 1 957) and analysed 
by vapour phas e chromatography. 

Isolati on of carbonyl compounds 

After 9 months ripening the five cheeses were 
analysed for me thyl ketones . The experimental and the 
control che eses were then judged to possess typical 
Cheddar flavour , although a superimposed " �atty" flavour 
was noted in the experimental cheeses . 

The heptanoi c ,  nonanoi c  and undecanoi c  ac ids 
inc orporated into the 3 experimental cheeses as triglycerides 
were c omparable in quant i ty ( 1 . 9 , 1 .2 and 1 . 3 moles % 

respec ti vely) to the guantities of fatty acids of s imilar 
molecular weights normally present in cheese  fat 
( e . g. , oc tanoic 1 . 8 and decanoic  2 .7 mole s % ) . Thus i f  
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methyl ketones are produc ed in Cheddar cheese by the 
enzymic oxidati on of fatty aci ds , i t  was antic ipated that 
the experimental cheeses would at maturi ty contain 
respectively c6 , c8 or c1 0  methyl ketones in quanti t ies 
c omparable to the 11 odd�numbered" ketones to be 
expec ted in both the experimental and the control 
cheeses . Analys i s  of the steam distillates at 
atmospheric pressure , however , showed no differences in 
methyl ketone pattern, the yiel ds of 2-hexanone , 
2-oc tanone and 2-dec anone ( approximately 0 .01  mg per 
Kg cheese ) obta ined from cheeses c ontaining trihexanoin, 
tri oc tanoin and tr idecanoin respec t i vely be ing no greater 
than from the c ontrol cheeses . 
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The resul ts obtained in the pr esent inves t igation show 
that methyl ketones are readily produced as arti�ac ts 
during extrac tion procedures which invol ve the heating o� 
dairy produc ts c ontaining milk fat .  Thus on s team 
distillation at atmmspheric pressure , c ream, milk �at ,  
cheese-oil  and Cheddar chees es from one day to 1 3  months 
old all gave the same range o� methyl ketones with odd 
numbers of carbon atoms �rom c3 to  c:1 5 • The pers i stence 
during distillati on of these substances indicated that 
they were mainly be ing �ormed as arti fac ts . 

Patton & Keeney ( 1 958 ) i denti �i ed 2-pentadecanone 
and poss ibly 2-tridecanone in the high mel ting glyceride 
�ract i on o� milk �at , associat ed. with the protein­
phosphol ipid complex in the s o- called membrane o� milk 
fat gl obul es. However , in general the rate at whi ch 
the methyl ketones distil ( T ables 3 and 4 ) would appear 
to sugges t  that they are not p resent in the free s tate 
s ince , as distillation proceeds , one would expect the 
exponenti al decrease in the c oncentrati ons o� the 
methyl ketones that normally ob tains for s impl e  
distillat ion procedures ( S c ott , 1 955 ) . Thi s  i s  
approximately true only o �  2-heptanone and n o t  a t  all 
�or the other methyl ketones . 

While the present inves tigati on was in progres s ,  
Boldingh & Tayl or ( 1 962 ) als o  obtained a range o� 
methyl ketones wi th an odd. number of carbon atoms �rom 
c7 to 01 5  by the steam distillation at 1 80 °  0� milk 
�at from which volatile c arbonyls had been r emoved 
c ompl etely by high vacuum degass ing. N awar, C ancel & 

F agers on ( 1 962 ) s imilarly detected the c3 t o  c 1 1  methyl 
ke tones �rom milk fat that had been heated �or 3 
hours at 1 30 ° .  As shown in Table 5 the c oncentrati ons 
of methyl ketones obtained by exhaustive s team 
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dis t i llat i on of milk fat at 1 00 °  were in fair agreement 

wi th those given by Boldingh & Taylor ( 1 9 62 )  for 

di stillat i on of milk fat at 1 80 ° . Thes e  appeared to  

be  the maximum c onc entrations of' the methyl lcetones 

obtainabl e by di s tillation and indi cated that the 

precursors ·aert; pres ent in relati vely small amounts in 

milk fat . The average values  given in Table 5 were 

al so c onfir•med b�: t o t all:Lng c onc entrati ons of  methyl 

ketones found in the succ ess ive d i s t i l la t e  frac t i ons 

from cheese and milk f'at ( Tabl es 3 and 4 ) . The c l o s e  

s imilarity o f'  the valu es for cheese  and m i lk fat 

sugges ted that the precursors of the me thyl ketones in 

both producJcs  vvere ident ical . 

The average yields of methyl ketones up to c1 1  
obtained by exhaustive s team distillat i on of different 

milk fat s ampl es  were c7 ( 25 p . p . m . ) /" C 9 ( 1 6  p . p . m . ) ,. 

c 1 1  ( 1 1+ p . p . m . ) > c5 ( 1 3 p . :p . m . ) .  The radioac t ive mill{. 

fat sa. , p l e s  in t;: Lis inves t igation gave a l ower yield of 

o7 
methyl ketone ( 1 4  p . p . m . ) which was however s t ill 

s ignific antly higher than that of the c9 ( 1 0 p . p . m . ) ,  

01 1 ( 1 0  p . p . m . ) , and c5 ( 9  p . p .m. ) methyl ketones 

( Table 6 ) . These results  wer.c s imilar to those of 

P arlcs , Keeney,  Ka t z  & Schwart z  ( 1 964 ) who obtained a 

yield of 2-heptanone ( 1 7  p . p . m . ) whi c h. v1as roughly twice  

that of  the c5 , o9 or o 1 1  me thyl ketones . Desp i t e  

differenc es i n  to tal amount the rel ative abundance of the 

me.thyl ketones vvas much the s ame from all milk fatr. . S ince 

the rates of formation of �-keto  ac ids and the i r  rates of 

c onversion to  fatty acids might be expec ted to  determine the 

relative quant i t ies  of methyl ketones found, i t  i s  

interesting t o  not e that 2-heptanone was the m o s t  abundant 

of the c5 t o  c 1 1  methyl ketones and the c orresponding c8 
ac id the l eas t abundant of the o6 to  c1 2 fatty ac i ds . This 

inverse relati onship may however be c o inc i dental . 
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The detection in s team di still ates o f  chees e  
and milk fat of traces o f  " even-numbere d" methyl ketones 
from c4 to c 1 6 was in agreement with the isol at i on from 
m i lk fat of small quantities ( about 2 . 1% of the tot al 
fatty acids ) of the " odd-numbered" fatty acids from 
c 1 1  to c 1 7  ( see Shorland, 1 963 ) . In thi s  inves tigation 
the pres ence of c3 and c5 fatty ac ids was als o noted . 
The two " even-numbered" me thyl ketones present in 
greates t amount (c6 and c8

) were presumably derived from 
intermediates in the synthes i s  of c7 and c9 fatty ac ids . 
Neither of these fatty ac ids has yet been isolated 
from milk fat . 

The variation in yields of me thyl ketones from 
different s amples of milk fat was not unexpec ted s ince 
the fatty ac id compos i ti on ( particul arly o f  the o6 - c

1 l,_ 
ac ids ) of different milk fats varies cons i derably, be ing 
dependent upon such fac tors as feed and plane of nutri ti on 
(H ansen & Shorland, 1 952 ; J ack & Smith,  1 95 6 ) . I f  
the rre thyl ket ones and fatty acids have a c ommon 
precursor such as �-ket o  ac id i t  seems probable that the 
precurs or and hence the yield of methyl ketones will 
als o  show a s imilar vari ati on. 

There appears to be no connection. bet·ween the 
presence of �-keto ac ids and the large proporti ons of 
�1ort chain ( o4 - c1 4) fatty ac ids in milk fat . The 
s team di stillation of c oc onut oil , which is a l ipid 
c ontaining a much higher proportion of 08 - c1 4 fatty 
ac ids (Hildi tch, 1 956 ) , did not lead to the formation of 
any methyl ke tones other than acetone . I t  mus t  be  
assumed therefore that if any intermediates such as the 
�-keto acids are inc orporated into the tri glycerides of 
coconut oil , they are reduced in situ .  The p resence of 
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(3-keto  ac ids in  milk fat might result there:rbre from 
their inc orporation into the glyceride molecule  and 
subs e quent rapid removal from the s i te of synthesis . 

The use of radi oac t ive milk fat from a lac tat ing c ow 
which had been injec ted intravenously wi th carboxy-1 4c 
ace tate allowed a direct  compar ison to be made between 
the l abell ing patterns of the fat ty aci ds and the 
c orresponding methyl ketones from the s ame milk s ource . 
The advantage of such a c omparison was that two points 
on the bi osynthe tic pathway of milk fat ( (3-keto ac i d  and 
the c orresponding fatty acid) could be examined at the 
aame time .  

A. very s ignificant finding from all three milkings 
was the extremely low ac t ivity of o1 8 ac i d .  This was in 
direc t agreement with the fac t that no o 1 7 methyl ket one 
vms de tec ted in any of the numerous steam distillati ons 
of milk fat or cheese .  S imilarly l ittle ac tivity was 
found in e:1 8 ac id by Pop j ak et al ( 1 95 1 ) in milk fat 
from a goat after inj ec t ion of labelled acetate , al tnough 
Gers on ,  Hawke , Shorland & Melhuish ( 1 960 ) found the 
spe c i fic ac tivity of c1 8 ac id to be almost as high as 
that of o 1 6 ac id in milk fat from a l ac tating c ow which 
had been injected wi th c arboxy-1 4c valerate .  In the 
present inves tigation b oth 0 1 5 and c 1 7  fatty ac ids had 
spec i fi c  act ivities that were of the same order as those 
of the c1 4  and c 1 6  ac i ds ( Table 7) , in agreement wi th the 
de tec t i on of trac es of the corresponding methyl ketones 
(c 1 4  and 0,1 6 ) in steam distillates from milk fat . 

The generally accep ted view ( e . g. F olley & McN aught , 
1 961 ) i s  tha t ,  in the bi osynthesis of milk fat ( Dils & 

Pop j ak,  1 962 ) and other l ipids ( Wakil , 1 96 1 ) , the fatty 
ac ids up to and including palmitic acid  are synthes ised 
from an ace tate pool whereas c1 8 aci ds and above are 
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synthesised by l ess direc t  pathways or �rom the bl o od 
triglyceri des . The d i s tribution o� spec i �i c  act i v i ti es 
o� �atty ac i ds and methyl ketones �rom the radioact ive 
milk �at used in this inves tigat ion was c ons is tent wi th 
the origin o� the milk �at �rom both sourc es . The 
s imilarity in labell ing patterns together wi th the very 
low radioac tivi ty �ound in the unsaturated c

1 8 �at ty 
ac i ds would appear to exclude the poss ibil i ty ,  sugges ted 
by Wong et al ( 1 958) , tha t  the me thyl ket ones are 
products o� the autoxidation o� milk �at .  

S:peci�ic  ac tivi ti es o� both ac ids and methyl 
ketones �rom the �at o� the �irst  milking were l ow,  
con�irrning the observati on o�  R ogers & Kle iber ( 1 95 7 )  

that a del ay o �  several hours oc curs between synthes i s  
and secretion of'  Iflilk �at .  They suggest that thi s  i s  
more l ikely to b e  a delay in ac tual secre t i on o f'  �at 
than either s l ow rate o� actual synthes i s  or o� slow 
transport o� �at to the udder �rom other synthe tic  
s ites . Hardw ick, L inzell & M epham ( 1 963) als o  
observed the relatively s l ow rate o �  secre t i on o� �at and 
�at precurs ors in the alveol i a�ter i ts synthes i s  in 
the cells . 

Speci�ic  ac tivi ties o�  both �atty aci ds and me thyl 
ketoncs from the sec ond mi lking increased approximately 
to t en times the values in the �i :rst  milking , the c 1 0 
ac i d  and c

1 1  
methyl ke tone respec t ively having the 

highest spec i�ic ac tivi t i es . Thi s  may be a ref'lec t i on 
o� the earlier �ormat i on o� �-ket o  acids in the 
SJ�thes is o� �at ty ac ids and sugges ts that they may be  
incorporated more rapidly than the c orresponding �at ty 
ac ids .  

The �atty ac ids and me thyl ke tones �rom the �at or 
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the third milking had spec ifi c  ac tivi ties l ower than 
thos e from the second milking, al though the patterns of 
l abelling were almos t i dentical . The c1 1  to  c1 5  methyl 
ketones contained the maj or part  of  the ac tivi ty of the 
ketones and the c4 to c 1 0  fatty acids were the most active 
ac ids in both t he second and third milkings . 

The decl ine in speci fic ac t ivi ties foll owing the 
maximum at c 1 0 for the fat ty acids and that at  c1 1  

for 
the me thyl ket ones , and als o  the general decrease of 
the extent of labell ing of  the fatty aci ds and methyl 
ketones wi th time ,  can be explained by the replacement 
of l abelled by unlabelled acetate and D-�-hydroxybutyrate 
dur ing the c ourse of' synthesis  ( Pop j !3.lc , French & F olley ,  
1 95 1 ) .  The dilution o f'  1 4c ace tate wi th inac tive 
ac e tate was supported in this inves tigation by the l ow 
spec i fic ac tivity of the acetate i s olated from the 
milk fat . 

The 1 4c labell ing pattern of the fatty acids 
from the second milking was almos t ident ical to  that 
obtained by Pop j ak et al ( 1 951 ) in goat-milk fat during 
the 1 2  hr . period after injection of labelled acetate .  
The pattern from the third milking however differed from 
that found by Pop j ak et al in goat-milk fat from milkings 
taken in the 1 2  - 48 hr . period after inj ec t i on. The 
difference in spec i es and the times of sampling 
presumably have c ontributed to these c onfl i c t ing resul ts . 

While i t  is diffi cul t to draw prec ise  c onclusi ons 
as to the origin of' components of' milk fat c ollec ted 
at a few points in time from the c ow, the data obtained 
in this inves tigation would appear to support the c on.,. 
elus i on of Patton & McCarthy ( 1 963 ) that  the supply of 
fatty ac ids in milk fat synthes i s  comes from at leas t 
two s ources , which may and probably do intermingle t o  



a subs tantial degree ;  namely fatty ac i ds transferred 
to the mammary gland from blood l ipids ( predominately 
c1 2  - o1 8 acids ) and the o4 t o  o 1 6 ac i ds synthes ised 
from ace tate and D-�-hydroxybutyrate in the mammary 
t issue . Part at l eas t of the blood l ipids c an be 
synthesi sed by the bl ood cells , whos e abil i ty to  c onvert 
labelled acetate into all the common saturated and 
unsaturated long chain fat ty acids ( mainly 01 2  and above ) 

was demons trated by James , Lovelock & Webb ( 1 959 ) . 
They rec overed lab el l ed ac ids from both neutral fat and 
phospholipids of the plasma showing that,  after synthes i s ing 
these l ipids ,  the c ells secreted them into the plasma 
where they were inc orporated into �ipoprote ins . 
McO ar thy , Patton & Evans ( 1 960 ) conc luded that the 
blood triglycerides c ould provide al l the oleate , 
l inoleate,  stearat e ,  palmi toleate , myris toleate , 50% 
of the palmitate , 2 5% of the myris tate and all the 
o 1 0 fatty acid necessary for milk fat . 

Ger s on � al ( 1 960 ) pos tulated two s i tes  of fatty 
acid synthesis in the cow, the udder predominately 
synthes i s ing the o4 to o 1 0 fat ty ac ids while  the 0 1 2 
and above were synthesised at other s i tes from s eparate 
pools c ontaining 1 4o acetate . I f  thi s  i s  true it 
is poss ibl e that the fatty acids from the vari ous si tes 
of synthes is enter the fatty acid pool at different rates . 
Fatty ac ids synthes i s ed for instance in the blood or the 
liver rriay be transferred to body depot fats containing 
predominately long chain fatty acids ( o 1 2  upwards ) , 
which will turn over c omparatively sl owly int o  the 
blood s tream and thence into the mammary gland. The 
01 2 - o 1 6 fatty acids may poss ibly therefore be 
contribu t ing to the fatty ac id labell ing pattern in 
milk fat in two ways : firs tly by direc t incorporation into 
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the t r iglyc er i de and s e c ondly by degradat i on in the 

mammary gland t o  Dc e t a t e  and r e - s ynthe s is o f  sh or t  
c h a in fatty ac i ds .  The degradat i oh o f  l ong chain f a t ty 

ac i ds in the manimary gl an.d , an hyp o the s i s  p o s tu l a t e d  by 

H i l di tch in 
1 937 bu t whi ch f�l l  int o d i s r epute aft e r  

t h e  exper iments o f  P op j ak  et al ( 1 9 5 1 ) ,  m i ght the r e fore be 

of p ar t i cul ar imp o r t an c e  s ince each degrada t i ve s t ep 
woul d yield a 2 -C fragment , v1h i c h  pr esum ably woul d  enrich 

the ac e tat e p o ol fr om wh ich fa t ty ac id s;yn.th e s i s  i s  
o c cur r ing . 

The s im i l ar i ty of th e l ab el l ing patt erns of the 

fat t;y a c i ds 8nd. th e c or r e spond ing me thyl 1ce t onc: s  vrt th 
one l e s s  c arbon a t om ,  p ar t i cularly ic the 2nd and 3rd 
mi lkings , sugges ts that the c6 t o  c 1 6 B -ke t o  ac i ds 

and th e coPresponding f:.1.t t;y ac ids have a c ommon 
precurs or ( oP thut one i s  the pPecu r s or o f  the other) 
and a r e  toc;e ther inc orp orated into the t P i glyc erides . 
The r e  does not appear , h ovtever, t o  be a s impl e 

explanat i on foP the f ind ing that the s p e c i fic 

ac t iv i t i es o f  the fat ty ac i ds in all thre e  milk ings 
wePe s i gni fi c ant ly 1 0\'Je r ( 2 to 5 t ime s )  than the 
ac t j.vi t i es of the cor'r e s p onding me thyl k e t ones . 
Howeve r , i f  the c onvers i on from r3-ke t o  ac i ds t o  
fat ty ac i ds i s  r o. t e  l im i ti ng or , al terna t i vely ,  if there 
is a gr eater rate o f  inc orporat i on o f  th e r3-ke to ac i ds 
than th e fa t ty ac ids int o the tr i glJrc er i d e s ,  the 
r3-ke t o  ac i ds ':loul d be expec ted to have the higher 
spec i f i c  ac tiv i t i e s . There is no re ady exp l anat i on 

as t o  Wi!Y the C 1 1  t o  C 1 5 me thyl kc t ones in the s cc ond 
and thi rd mi lk in2:s have sp ec i fi c  o.c t iv i t i e s  that 
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are rel a t ively much higher than both the c ol'r e s p ondine; 

c 1 2 t o  c 1 6 i'at t;y a c i C.s and the c5 t o  c9 me thyl ke t on e s . 

Singh & Kurnar ( 1 963)  h ave r e c ently ob t a in e d  

evidenc e that the bi osyn th e t i c  pa thway o f  bu t yr i c  

a c i d  i n  the l ac t a t ing mammary gl and of r abb i t s  i s  

independent o i'  the ace tyl-C oA c arb oxylas e r e ac t i on ,  

unl ike the b i os yntl:.e s i s  o f  the c6 - c 1 6 fa t ty ac i ds .  

P op j W{ e t  �1 , ( 1 95 1 ) on the bas i s  o f  earl i e r  

s tudi e s  by ShaVl & Knodt ( 1 9lf-1 ) su gges t e d  tha t  D- (3 -hydroxy­

butyra t e  might b e  the d ir e c t  precurs o r  of' the bu tyr a t e  

mo i e ty of' milk fa t and conc luded that l1-0)� o f'  th e c4 
ac i d  was synthe s i s ed in the u dder i'rom ac e t a t e  and 

60}b ( presumc.bly der· i ved i'rom D - (J -hydr oxybu t yr i c  

ac i d) WEtS abs or·bed fr om the bl o od s tream .  vVh i l e  Kumar 

et al ( 1 959 ) have suppor t e d  thi s  v i crJ , o thers ( e . g . 

s e e  G a r t on ,  1 963) have doub t e d  tha t  the c on t r i bu t i on 

o f  D - (3 -h;ydPox;y-butyrate t o  f a t ty ac i d  s;.rnthe s i s pr o c e e ds 

vi a bu tyrate . The find ing in the pr esent inve s t i ga t i on 

that only butyr- i c  ac id of the ell- t o  c 1 6 fat ty a c i ds , 

in a l l  thr ee m i l kings , had a high e r  spe c i fi c  ac t iv i ty 

than the c o r � · e s p ond ing me thyl k e t one sugge s ts 

tha t  the ace t one f ound in s te am d i s t i l l a t e s  o f  

m i lk fat ic formed from a c omp m1nd derived a l mo s t  

ent i rely from a p r ecursor oth er than ac e t &t e . 

The quant i ta t ive abundanc e o f  ac e t one in all mi xtur e s  

of methyl ke tones ob tained by s t e am dis t i l l at i on 

of milk fat and i t s  ac c o mp anying l ow or und.e te c t abl e 

r adi oac t ivi ty in the pre s en t  inve o t i ga t i on may h ave 

p ar t i c 1.1 l ar s i gn i f i c ance in any c ons idera t i on o f  
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rumen rermentat i on pr odu c t s a s  m i lk f a t  pr e c ur s ors . 

The l o\V ac tivi ty in the 2 , J!_ -Dl'TP hydra z on e  o f  

ac e t one c an b e  e xpl ained b y  ac suming that mos t 

of' th e ac c tm1e pr ecur s or , pre sumably ac e t o ac e tate , 

wus de r i ved fr o m  the o x i dat i on of a n on- i s o t op i c  

s ourc e  s uch as D- � -hydr oxybu tyrate . Thi s v1ould be 

in agr e e ment wi th U:e fin d h1g of Bl ack , K l e iber 

&� Brovm ( 1 961 ) that th e c mv c an metabo l i n e  bu t;y·r ate 

v i a  tr.w c l ao c 1 c al (3 - oxidati on pnthway e:md the TCA 

cyc l e . 

'rlw lH' e s cnc e of' unl nbellecL ac e t o ac e t a t e  but 

l abelled l Jj_ c; l w r  P - kc t o ac ids :Ln m :L l k  t r i glyc er i de s  

fell owin� in j c; c t i on o f  l :::'..b e l l e d  a c e t a t e  c ould be 

expl n :Lned. b�r t..i 1.e p._ttl:may , bas ed upon t J J.c me chan i s m  

prop os ed by Ures sl er � aak i l  ( 1 962 ) , ou tl ined in 

S cheme 1 • S i!nll mnmmtn o f'  (3-lcc.. t o  o.c i cls in t r i (:,ly c e r i de s  

w i th s i m i l a r  sp�c i fi c  ac t i v i ty to f&tty ac i ds o f  

the s ame c arbon numb er i mpl i e s  that s ome d i s s o c i 2, t i on 

o f  [)-l<.:e toacyl- cnz�rnJe oc cn N: ; in the mam1 1 1 ary gl and 

which i s  r; i m i l c.r to the dj_ r.; s o c i at i on of acyl - enzyme 

p r i or t o  incorrJorat i on i n t o  t r i gl yc er i d e o . The 

()Uant j_ t a  t i  v e  i mp or t ance o f  a c e t one in the m i xed me thyl 

ketones rr o m  m i lk fat suc�c s ts titat more ace toace tate 

than any of the highe r f·.l-ke t oac ids is p r e o en t  in 

the m e t abol i c  p o ol . 

The hypo the s i s  th:.t t  b ound (3-k e t o  ac icl.r; j_n t i l e  

triglyc e r i de mol ecules o f'  m i l k  fat are the pr• e c i • Ps ors 

of me thyl k e t ones woul d  appe D r  to have b e e n  cL1 t : .t l  . . -l i shed 

1..1.ne c.{Ll i v o c al l ;;r by tvJO o ther gr oups of worlccrG . V:m der 

V en ,  H avePlc amp Begemann & S cho g t ( 1 963)  f'ouwl tl1 a t  m i l k  rc.t 
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yielded a s er i es of six pyrazalones , c orresponding to  
s ix even-numbered �-keto  ac ids ( o6 up to and including 
c 1 6

) , when treated with Girard-T reagent . They 
estimated that  non-volatile �-ke to aci d  es ters were 
present in a c oncentration of approximately 0 .03% in 
milk fat . Parks et al ( 1 964 )  c onfirmed thi s  work 
by direc t i s ol ati on from milk fat of the me thyl ke tone 
precursors which they demonstrated were triglycerides 
c ontaining one �-keto ac id and two fatty ac i d  moieties . 
They concluded that these glycerides acc ounted for 
0 .045% of the milk fat .  

The poss ibility that methyl ke tones were being 
formed in Cheddar cheese from the }:)- oxidat i on of free  
fat ty acids as  well as from a slow breakdovm of bound 
� -keto ac ids in the milk fat was shown to  be improbable.  
S ynthetic tri glyc erides of fatty ac ids ( undecanoic , 
nonanoic , and heptanoic ) , which occur normally only 
in traces in milk fat , were inc orporated in Cheddar 
cheeses . On s team distillati on of these cheeses when 
mature , no s ignifi cant amounts of methyl ketones wi th 
one l ess carbon atom than the fatty acids of the 
synthetic tri glycerides were de tected although the 
" odd-numbered" c3 - 01 5  methyl ke tones to be found in 
di s ti llates of normal cheese were obtained.  S ince 
als o  P .  rogueforti  was unable to oxidise cj 4  and c1 6 
fat ty acids t o  the corresponding methyl ketones , the 
c1 3  and c 1 5  methyl ketones detec ted probably. originated 
from the c 1 4 and c1 6 �-ke to ac ids respec t i vely of milk 
fat . This agreed with the earl i er finding that the 
maximum yield of methyl ketones obtained by exhaust ive 
s te am dis tiilil at i on of mature Cheddar cheese was not 
gre ater than that obtainable from a c omparable wei gh t  
o f  fresh milk fat . I t  i s  perhaps also s ignificant that 
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Bassett & Harper ( 1 958 ) did not isolate free �-ket o  
ac ids from Cheddar cheese , al though such intermedi a tes 
in fatty ac id oxi dation were found in Blue chees e .  
The evidence general ly suggests , therefore,  that me thyl 
ketones found in Cheddar cheese are not formed by 
oxidati on of fatty aci ds to �-ke to aci ds and sub s e quent 
decarboxylati on ,  but only by the breakdovm of �-ke t o  
ac i ds already present in the triglyceride molecule . 

Although the chemical nature of C heddar cheese 
flavour i s  still unknovm there i s  evidence to suggest 
that methyl ketones are partly respons ible ( e . g. Walker , 
1 961 ) ei ther in free form or p ossibly c ombined with 
other flavourful compounds such as hydrogen sulph i de .  
I t  is also not knovm whether the nat�al enzymes in 
milk, the reru1e t enzymes or the bac terial fl ora are 
responsibl e for the devel opment of Cheddar flavour . 
I f  methyl ke tones are respons ibl e ,  at le as t in par t , 
for the devel opment of Cheddar flavour, one can explain 
the re tarding of the fla vour devel opment through 
pas teurisation as the parti al des truction of  natural 
milk lipases or microbial l ipases capable of hydrolys ing 
the �-keto ac id moiety of milk fat .  The addi t i on of 
cul tures of l ipolyti c  bacteria such as micrococ c i  t o  
pas teurised cheese milk c onsiderably enhanced the 
fl avour of the Cheddar cheese made from i t  (Robert s on & 

Perry, 1 962 ) , whi ch would be expected by the above 
theory. The addition to chees e  milk of l ess s tr ongly 
l ip olytic bac teri a  such as lac tobac illi  has a l es s er 
effect,  although a pos i tive one , on Cheddar flavour 
devel opment . S imilarly the l imi ted amount of �-ket o  
ac id precurs or available might explain the observat i on 
of Roberts on & Perry ( 1 962 ) that there appeared to  be 
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a l imiting conc entration of fl avour forming subs trata 
s ince increas ing the s i ze of the inoculum of microc occus 
cul ture from 2% to 1 0% did not accelerate the rate of 
or extent of flavour formation .  

I t  has been sugges ted ( Harvey & Walker , 1 9p0) that 
the time o f  firs t appearanc e of c ertain me thyl ketones 
above c5 c o inc ided with the appearance of the typical 
Cheddar fla vour. S inc e such ketones were found not 
only in d i s tillates from cheGse of any age bu t als o  
from fresh milk fat i t  i s  evident that this i s  not the 
c as e .  The present investigation has shovm that i t  i s  
unlikely that a homologous series  o f  me thyl ket ones is  
formed by microbiol ogical ac t i on dur ing Cheddar cheese 
ripening. S ince , however , wethyl ketones are ob tained 
from mature chee se at room temperature , the breakdovm 
of precurs ors which occurs rap idly on heating of milk fat 
may also take place  slowly at r ipening temperature , 
e i ther by enzyme ac t i on or by a purely phys ic o-chemical 
process . This would result in the formation of 
relatively small �uantities of a range o f  me thyl ke tones 
as cheese matures . 

I t  i s  evident , however , that new methods will have t o  
be employed :Ln the CJUant i tative examinat i on o f  cheese 
in order to  different iate between me thyl ketones present 
as such in ripening cheese and those formed as art i fac ts 
during the extrac tion .  The fur:bher c:JUes t j_ on of whether 
they play any par t  in cheese fl avour then has still to  be 
answered . 
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Part I I I  THE OXIDATION OF FATTY AC IDS N�D 

TRIGLYCERIDES BY PENIC ILLIUM ROQUEFORTI 
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There are two asp ec ts to the s tudy o� the 
physiol ogical and biochemical propert ies o� fungal 
muc el ium ( 1 ) that c onnec ted Wi th the e��ec t of cul t ivation 
and growth and ( 2 ) that concerned wi th the bi ochemical 
ac t ivities o� the c ell material under cond itions where 
growth, in the common s ense o� the term, does not take 
place . The latter utilises pre- �ormed cell mater ial 
and is merely a l ogic al extens i on o� growth experiments . 
0 �  previ ous invest igati ons into the uptake o� oxygen 
by Penicill i a  in the presence o� �at ty acids , only 
two (Rol inson, 1 9.54 ; Girolami & Knight , 1 955 ) have 
made use o� pre-�ormed cell  material . The interpretati on 
o� the resul ts o� other workers has been made di�ficult 
by the c ompl icating e��ec ts o� growth. 

I t  is wel l  known that �ngi are parti cularly 
s ens itive to impos ed environmental c ondi tions which 
fan lead to very marked alterati on in metabol ism. 
Much evidence has accumulated s ince the original s tudy 
o� Kluyver & Per qu in ( 1 933 ) to  show that the b i o chemi cal 
behavi our o� �ngal cell materi al direc tly depends on 
the environmental c ondi tions o�  the organism dur ing i ts 
growth phase .  I t  was shown for example that glucose 
oxidase act ivi ty in Aspergillus niger was c onsi derably 
higher in media with l ow phosphate c oncentration ( Mann 
1 941,.. ) .  Horiuchi , Horiuchi & M i zuno ( 1 95 9 )  and Torriani 
( 1 960 )  have als o  demonstrated that certain phosphatases 
are �ormed only in measurable amount when inorganic 
phosphate bec omes l imi ting.  D arby & Goddard ( 1 95 0 )  
have pointed ou t that the wide di ��erences exi s t ing 
between the resul ts dealing wi th �ngal respirat i on 
from vari ous workers are poss ibly more to be ascribed 
to environmental di��erences rather than t o  real di ��erences 
in physi ol ogy o� the organisms c oncerned .  
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Meyers & Knight ( 1 95 8 )  developed a synthetic medium 
for growth of � rogueforti bu t growth was extremely 
poor unl ess the ini tial pH was adjus ted t o  4 • The 
medium contained both acetate and ol eate. and was thus 
not sui tabl e for the growth of mycelium t o  be used 
subse quently in fatty acid s tudies . I t  was therefore 
nec essary to devel op a new synthetic medium in whi ch 
fat ty acids were not r e quired for growth . 

As Fos ter ( 1 949 )  has pointed out, a charac teris tic 
of fungal metabolism i s  the incons tancy of the metabol ic 
ac tivi ties of  fUngi . A true b iochemical evaluati on of 
a p articular fungus can be secured only by s tudy of 
i ts metabol i sm under different c ondi tions , the extremes 
and one intermediate of any one factor usually being 
sufficient t o  picture the fungus as a me t ab ol ic 
entity. I n  this  inves t igat i on therefore the oxidati on 
of the homol ogous series of fatty aci ds oveE a range 
of pH by b o th mycel ium and spores of P • .  r ogueforti 
was studied . 
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CULTURES 

Two s trains or Penicill ium roguerort� were us ed 
throughou t  these  s tudies . The rirst ( 6989 ) was obtained 
rrom the Americ an  'fype Gul ture C ollec tion, Washington .  
A second s train, isolated rrom N . Z . Blue cheese,  was 
identiried by Dr. Barbara Latch or Massey Univers ity 
as Penic i ll ium roguerorti Thorn. 

The fungus was usually sporulated on slopes or 
C z apek-Dox agar ror 4 - 14 days , al though in prel iminary 
experiments potato dextrase agar and mal t agar s l opes 
were used .  T o  harvest the spores , distil led water or 
buffer was added to each tube and the spores suspended . 
in the l i quid as they were c arefully scraped from the 
surface of the slope wi th a s terile needle . 
suspensi on was used immedi ately. 

S tandardisation of spore suspens i on 

A spore suspens i on was standardised in a 
haemocytometer to a conc entration of 1 x 1 07 

ml . The turbidity of each spore suspens i on 

The spore 

spores p er 
subsequently 

used was measured agains t this standard in a Beckman 
DU spec trophotometer at 32 5 mM and diluted to the 
concentration of the s tandard. 
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MATERIALS 

Acids . Fatty ac ids wi th an even number of  carbon 
atoms ( 9 9 . 8 +% pure ) were obtained from Appli ed S c ience 
Laboratories , Inc . ,  S tate Coll ege , Pa;  ac ids with an 
odd number of carbon atoms from L .  Light & C o .  L td . , 
England; the synthetic triglyc erides from Eas tman 
Organic C;hemicals , Roches ter,  N .Y .  The · s al ts of the 
fatty ac i ds were made by the addi tion of potass ium 
hydroxide to pH 7 . 3  and making up to the required 
concentrat i on with disti lled water . Salts of ac i ds 
with more than 1 2  carbon atoms were warmed t o  45 °  
before addi tion to  the s ide arm o f  a Warburg flask to 
ensure that all the material was in s olution .  

METHODS 

I t  was found that reproducible results were 
obtained only by s tandardis ing the me thod of growing 
the mycel ium and using i t under controll ed and defined 
c ondi ti ons . 

Growth of  �ycelium 

The spores were grown on slopes of C zapek-Dox agar 
( Oxoid preparation) at 22 °C .  After 5-6 days growth the 
spores were transferred to 1 00 ml of the growth medium in 
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500 rnl Erlenmeyer �lasks . The spores were all owed t o  
germinate , wi thout shaking , overnight �all owed by 
shaking �or l1-8 hours at 20 ° on a microid �l ask shaker 
(Gri��en & George Ltd. ) .  This prevented the c lumping 
together o� large individual c ol onies and resulted in 
a uni�orm and homogeneously suspended type o� c ul ture . 
In such a s i tuation all cells have comparable  
nutriti onal c ondi tions and e qual access t o  oxygen. 
I t  was p os s ible to  dupl icate  experiments and to  
obtain reas onable agreement by �allowing the above 
procedures which gave resul ts c omparable wi th the 
re- inoculation method o� F os ter ( 1 949 )  with c onsiderably 
less chanc e o� c ontaminati on .  The cells were harvested 
by �il trat i on on a Buchner �unnel ,  resuspended s everal 
times in about 2 l itres o�  dis tilled water and 
re�il tered. The mycelium was �inally suspended in 
phosphate bu��er and, in most experiments wi th whole 
cells , blended gently in a '' Polytrod' homogeni zer 
( Mobil Aaran A.G , Aahran, Swi t zerland) . 

Gently blended mycelium resul ted in a s lightly 
greater oxygen uptake than . whole cell s ,  in c ontrast t o  
the decrease reported by D arby & Goddard ( 1 950 ) working 
with Myrothec ium Verrucaria , and was used in all 
experiments reported unless otherwi s e  s tated. 

After shaking �or 48 hours the pH fell to about 
2 . 5 ,  being accompanied on occ asions by spore �ormation.  
For this reason the growth peri o d  was seldom c on tinued 
a�ter 48 hours . Spore �ormation in submerged cultur e  
i s  very unusual ( C ochrane , 1 958 )  but both s trains 
o� P. rogue�orti demonstrated this phenomenon. 

The c oncentration o� blended c ells was adjus ted 
to approximately 1 0  mg ( dry we ight ) per ml , the 
exact c oncentration being determined by dry wei ght 
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measurement . The rates of oxygen up take were usually 
calculated on 1 0  mg dry weight . Oxygen uptake 
measurements were made manometrically at 2 7 °G in a 
s tandard Warburg a:pparatus ( Braun, Model 1 1V81 1 ) .  
0 . 2  ml 20% KOH was used in the inner c el l  of the 
Warburg flasks unless  otherwi s e  stated. 

Oxygen uptake by spores 

The measurements were made with spores suspended 
in water or buffer after removal from their parent 
cul tures . The spores were never observed to germinate 
in water or buffer although very slight mycel ial growth 
was usually noted after about 6 hours when incubating 
spores wi th fatty ac ids in buffer .  C are had therefore 
to be taken when interpreting oxygen uptakes , 
particularly as the endogenous respiratory ac tivi ty of 
the sp�res was fairly close to the l ower l imits of 
s ensitivi ty of the s tandard Warburg techni ques . 

At the completi on of the oxygen uptake experiment 
1 ml of the c ontents o f  the Warburg flask was pipe tted 
into 1 ml of 2 ,4-DNP hydrazine ( 2  g in 1 l i tre of 2N 
HCl ) in a s toppered test  tube.  Methyl ketones were 
identified and their c oncentrat i ons determined as 
described bel ow. 
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THE C OMPOSI'l'ION OF THE SYNTHETIC GROWTH MED IUM AND 
SUBSEQUENT OXYGEN UPTAKE OF THE MYCELIUM IN THE PRESENCE 
OF FATTY AC IDS 

A synthetic growth medium was devel oped that would 
l e ad to extensive growth of a mycelium which was capable 
of good oxygen uptake and methyl ketone forma ti on when 
incubated wi th fatty aci ds as s ole carbon substrates . 
These  ini t ial experiments wer e  carried out wi th 
oc tanoic ac i d .  

Effe c t  of phosphate c oncentrat i on.  Reported optimum 
phosphate c oncentrati ons for other filngi have been of 
the order of 0 .001 M .  I t  was found however that the 
growing mycel ium rapidly uti l i s ed the phosphate wi th 
conse quent l os s  of buffering capac ity, the pH fall ing 
bel ow pH 3 . 0 . The phosphate c oncentration was 
increased to 0 .03 M but even thi s  c oncentrati on fa i l ed 
t o  hold the pH s teady for more than 4-8 hours . 

Effe c t  of magnes ium. Varying the concentrat i on of 
magnes ium in the growth medium had l i ttle effe c t  on 
myc elial gro�vth or i ts subsequent bi ochemical 
performanc e .  Spores c oncentrate magnes ium from the 
medium on whi ch they are grovm ( F os ter , 1 91+9 )  and 
presumably contain suffic i ent for myceli al growth. 

Effect  of cal c ium. The pres ence of calc ium in the 
growth medium did not l ead to a s i gnif'icant increase 
in oxidative abi l i ty of the mycel ium. S ince al s o  
c alc ium i s  not c ons i dered to  be an essent ial element 
for mycelial grovvth ( C ochrane , 1 95 9 ) , it was not 
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included in t� final growth medium. 

Nature of i ni trogen s ource .  In early experiments 
ammonium sulphate was used but it was found 
subse quently that  ammonium ni trate gave be tter growth 
of mycelium and higher oxidis ing ability. S ome fungi , 
e . g. certain s trains of Aspergillus niger , have been 
shown to selec t i vely ut ilise  No3 at pH ' s  below 4 •0 
( C ochrane , 1 958· ) .  

Effec t of ini t i al pH of growth medium 

Oxygen uptake by myc elium in the pre s ence of fatty 
ac ids at pH 6 . 3  was a maximum when the mycelium had 
been grovm in a medium which had an ini t ial pH of 
about 6 . 3  ( Tabl e 8 ) . 

Growth medium final�Y adopted. Af�er fur ther preliminary 
tri als  the foll owing synthe tic medium was used to  grow 
mycel ium from spores : 2 g ammonium ni trate ; 0 . 1 5 g 
magnes ium sulphate ( MgS04 • 7H20) ; · 0 . 2 5 g potassium 
chloride ;  0 .0 1 25 g ferrous sulphate (Feso4 . 7H20 ) . 
These 4 components were dissolved in 400 rnl water and 
autoclaved for 20 min. at 1 2  p . s . i .  The resul tant 
brovm prec ipi tate was all owed to s et tle , the supernatant 
be ing decanted after 24 hours . A.  s olut i on of 1 0  g 
gluc ose,  o . 6 g p o tass ium dihydrogen phosphate and 0 .4 g 
di-potassium hydrogen phosphate in 1 00 ml water 
( S ei tz filtered in preference to aut oclaving to  safe ­
guard agains t heat decompos ition) was added. 1 ml of 
a trace element supplement solut i on ( containing per l i tre : 
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The ef'f'ec t of the initial pH of'  the growth 
medium on subs eguent ability of myc el ium to 

oxidise oc tanoic ac id ( 1 .5  Hmoles) 

Init ial pH of Oxygen Uptake ( ul ) 
grov1th medium Endogenous Oc tano ic ac i d  

lf- . 1  80 1 11- 1  

lf- . 5 83 1 85 
5 . 3 1 20 330 
5 . 8 1 35 381  
6 . 3  1 02 402 

6 . 7  1 1 0  370 

(Each Warburg flask c ontained approximately 1 0  mg 
blended myce l ium, 48 hours old,  30 �moles phosphate 
buff'er pH 6 . 3 ,  di stilled water to 3 ml . Per iod of 
incubation 1 20 minutes ) . 



1 02 

1 80 mg zinc sulphate ( znao4 • 7H20 ) ; 1 5  mg c opper 
ni trate , cu (No3 ) 2 . 6H20 ;  80 mg manganes e  ni trate ,  Mn 
( No3) 2 . 6H20, and 1 0  mg ammonium molybdat e ,  ( NH4 ) 6 Mo7o24 • 
4H20 , was als o  added.  The pH of' the f'inal growth 
medium was 6 . 5 .  

Ef'f'ect  of' carbon and ni trogen sources in growth medium 
on ab il ity of' mycel ium to  oxidis e  f'atty ac ids 

The synthetic medium des cribed was c ompared with 
a variant in which the gluc os e and ammoniu@ ni trate 
were replaced by casamino ac ids . In an attempt to 
de termine whe ther spec ific �-ket o  acid decarboxylases 
were induc ible , c1 2  ac i d  was als o  added to two batches 
of' growth medi a .  The f'our media compared were thus : 

Medium A. Synthetic medium as described above 
t t  

1 1 

" 

1 1 1 1 + c 1 2  ac id ( 2  !J.mOles/ml ) 
B " " but glucose and ammonium 

ni trate replaced by casamino ac ids ( 3g/500ml )  
B + c1 2  As medium B + c 1 2  ac id ( 2 !J.moles/ml ) 

Growth of' mycel ium was stronger in the media  t o  
which c 1 2  ac i d  had been added. As the resul ts in Table 9 
show ho·wever the addi tion of' c.1 2  acid  to the growth 
medi·um did not induce a specific �-l<:eto lauryl ac id 
decarboxylase .  On the contrary . such mycel ium showed 
less ability to oxidise c.1 2  ac id to  2-undecanone , and 
to a lesser extent c8 ac i d  to 2-heptanone , than mycelium 
which had been grown in absence of' c 1 2  acid.  The f'ac t  



Table 9 .  The effec t  of c omposi ti on of growth medium on the ability of 
mycel ium to oxidise fatty acids 

Oxygen Uptake ( �1 ) �moles �moles 

Medium* 2-heptanone 2-undecanone 
Endogenous 3 �mol es 3 �moles from 0 8 from o 1 2 

0 8 aci d  c1 2 ac i d  ac id aci d  

A 293 496 253 1 .8 0 .40 
A + C:1 2  acid 373 653 1 76 1 .0 0 . 1 0  
B 4 1 4 609 51 1 . 1  0 . 1 5 
B + o1 2 ac id 270 350 20 0 .92 o .oB 

( Each Warburg c ontained approximately 1 0  mg mycelium, 50 hours old, 50 �moles 
phosphate buffer pH 5 . 2 .  Peri od of incubation 1 35 minutes . 

• Medium A c ontained gluc ose and ammonium nitrate 
" B " casamino ac i ds . ) 

...... 
0 
VJ 
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that methyl ketones were �ormed in two very di ��erent 
growth media would indic ate that the �-ket o  ac i d  
decarboxylases are c ons ti tut ive enzymes . The pres ence 
o� 0 1 2  ac id in the growth medi a  did not pr event the 
myc el ium �rom oxi dising o8 aci d  re adily al though i t  
was unable to oxidis e o 1 2 ac i d .  

Myc el ium grown in casamino ac id media was much 
more s ensitive to subs e quent addit i on o�  o 1 2  acid than 
that grovm in a glucose/ammonium nitrate medium. The 
highes t yield o� ke tone was ob tained in the l atter 
medium. S ince the main aim o� the inves tigation was 
to  examine methyl ketone �ormation this medium was 
used in all subsequent work unl ess otherwise s tated.  

Es timati on o� micro quanti t ies  o �  methy:ll ketones as 
2 14-DNP hydrazones 

In Part  I menti on was made o� the di��icul ties 
involved in the es timation o� methyl ket ones as 
2 ,4-DNP hydrazones because o� the apparent non- quantitative 
nature o� the reac tion with 2 , 4-DNP hydrazine reagent . 
In es timating methyl ketones as products o� the oxidati on 
o� �at ty aci ds by P .  rogue�ort i , the quanti t i es 
involved were much smaller , o�  the order 0 . 1 �moles 
upwards . A colorimetric as say �or amall quanti t i es o� 
2-heptanone has been reported ( Haidle & Knigh t , 1 960 ) , 
in which the ketone was s te am d i s tilled and reac ted 
wi th 2 ,4-DNP hydrazine reagent , N aOH adde d and the 
coloured c omplex that developed measured spec trophoto­
metrically.  Knight ( 1 963) however s tated that the 
method was not entirely sati s�ac t ory. 



1 05 

In view o� the large number o� methyl ketone 
es timati ons to be carried out i t  was necessary to  
de termine the reasons �or the l ow recoveri es o�  methyl 
ke tones as their 2 ,4-DNP hydrazones and then to devis e  
a method that was n o t  only more quantitative but much 
l es s  time c onsuming than the above s team di s tillati on 
me thod.  

Ins tability o� 2 ,4-DNP hydr&zones 

The 2 ,4-DNP hydrazones o� methyl ketones were 
�ound to decompose sl owly in air a�ter their �ormati on ,  
the equil ibrium 
methyl ketone + 2 ,4-DNP hydrazine � 2 ,4-DNP hydrazone 
presumably mlbving to the l e�t w i th time on acc ount o� 
evaporation of the volatile ketones . The s tabil i ti es 
o� the 2 ,4-DNP hydrazones were de termined by adding 
1 ml ali quots of s tandard ketone s olutions ( 0 . 75 �moles 
per ml) to 1 ml 2 ,4-DNP hydrazine reagent in a number 
of 50 ml beakers .  At the same t ime the reac t i on 
was carried out in stoppered tes t tubes . At  intervals 
the 2 ,4-DNP hydrazones were extrac ted wi th c arbonyl-free 
hexane as detailed later . In all cases the yield of 
2 ,4-DNP hydrazones determined in the tes t  tubes was 
virtually quanti tative and of the order o� 30% higher 
than that calculated from the �i rs t beaker which had 
been standing in the air for 30 minutes ( Table 1 0 ) . The 
yield of 2 ,4-DNP hydrazone from the beakers further slowly 
decreased wi th time , those of the c3 to c 7 methyl 
ketones being the le as t s table . 



Table 1 0 . 

S tO:Q:Qered 
Tes t tubes 
30 min. 
20 hrs . 

Beakers 
30 min. 
3 hrs . 
5 hrs .  
20 hrs . 
% decreas e  . 9 1 �n 1 2: hrs . 

Recoveries of methyl ketones (0 . 75 �moles) as the 2 ,4-DNP 
hydrazones from s toppered tes t tubes and from open beakers 

03 04 0 5 0 6 07 c 8 c9 c1 0 0 1 1  

o .  71 0 . 73 o .  72 0 . 75 o .  74 o .  71 0 . 72 0 . 75 0 . 65 
o . 69 o .  71 o .  72 o .  75 o .  70 o .  71 o .  72 0 . 75 o . 68 

0 .38 0 .45 0 . 54 0 .59 0 . 58 0 . 51 0 . 61 o . 68 0 .58  
0 . 1 7 0 . 24 0 .48 0 . 5 1  0 .48 9 .4 7 0 . 54 o . 64 0 .5 6  
0 .09 0 . 1 2 0 .45 0 .4 7 0 .42 0 .43 0 . 50 o . 63 0 . 5 6  
Nil  N il 0 . 23 0 . 25 0 . 23 0 . 28 0 . 34 0 .53  0 .48 

1 00 1 00 58 58 60 45 44 22 1 8  

( 1 ml standard ke tone soluti on added to  1 ml 2 ,4-DNP hydrazine 
reagent . Details of extracti on given in text . ) 

_.. 
0 
0'\ 



1 07 

S.ince i t  was apparent that the l ow rec overi es of 
methyl ketones ob tained in Part I were a result of 

their volatili ty the following method of es timati on 
was developed whi ch cut down the number of ope rati ons 
( detailed in Part I )  leading to the final determinat i on 
of the 2 ,4-DNP hydrazones in a spectrophotometer . 

Method of es timati on finally adopted 

I t  was found that  if 1 ml of the s tandard ketone 
s olution were reac ted with 1 ml of 2 ,4-DNP hydrazine 
in a stoppered test tube and allowed to s tand for 30 
minutes , 1 0  ml of carbonyl-free hexane extrac ted the 
ketone virtually quantitatively as i ts 2 ,4-DNP hydrazone . 

After vigorous shaking in the test tube the aqueous 
and hexane l ayers were allowed to settl e ,  the upper 
hexane l ayer poured direc tly into the Beckman cell 
and its abs orption read at 345 m!J. . A "blank" was 
obtained by shaking 1 ml of 2 ,4-DNP hydrazine reagent 
wi th 1 ml of water and 1 0  ml c arbonyl fre e  hexane . After 
subtrac ting the 11blank11 from the reading of the tes t  
soluti on ,  the c oncentration o f  the methyl ke tones c ould 
be obtained directly from s tandard curves prepared 
relating abs orption at 345 m!J. to the conc entrati on of 
2 ,4-DNP hydrazone . 

Before the es timation was applied to  the oxidati on 
of fatty acids and triglycerides by spores and mycel ium 

it  was demons trated that no c arbonyls other than methyl 
ketones were formed in detactable amounts .  

A natur84. · . c orollary to the above obs ervations on 

the volatil i ty of methyl ketones in aqueous solut i on 
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was the need to carry out all incubations in stoppered 

vess el s . The obs ervation by Thaler ( 1 949 ) that the 

formation of' me thyl ketones was " zig-zag" was c onfirmed 
both in plugged fl asks and wi th s toppered bot tles . 
However the rec overy of' me thyl ke tones from s t oppered 
bot tles was invariably greater and it  is p os s ible tha t  
part of' the variation and low yields of' other inves t igators 
resulted from evaporati on of' methyl ke tone as i t  was 
formed.  

Quantitative es timati on of' methyl c arbinols in the presence 
of methyl ketones 

At appropriate time intervals 1 ml of' the medium 
was analys ed for methyl ke t one by the method described 
above using 2 ,4-DNP hydraz ine reagent .  A t  the same t ime 
1 0  ml of medium were wi thdrawn , made alkal ine until red 
to phenolphthal ein, and extracted with die thyl e ther . 
The extrac t was c oncentrated to approximately 0 . 5  ml 
by carefully removing the e ther in a stream of' air . 

1 �1 of the concentrate was analysed in a gas chromatograph 
( Aerograph Hy-F i ,  Model A-600-B , VVilkins Ins tr1il.ment & 
Resear ch ,  Inc . ) . C olumns normally used were e i ther 
20% UCON 50 HB 2000 or 20% Carbowax 1 540 on Chromos orb 
W ( Mesh 30-60 ) , al though ini tially 20% diethylene­

glycolsucc inate ( D �E .G .S . )  on Firebrick was used. 
I dentification of' the p eaks was acc omplished by 

c o-chromatography with authentic sampl es of' 2-heptanol 
and 2-heptanone . The retention times of' 2-hep tanol 
c ompared to  that of' 2-heptanone were 1 .l�5 on the DEGS 
column ( 1 1 5 ° ) , 1 . 78 with Carbowax ( 90 ° )  and 2 . 0 2  with 
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UCON ( 1 00 ° )  c olumns . Quantitati ve measurements were 
made by measuring the areas under the curves on the 
chromatograms with a planime ter . S ince the 
c oncentrati on o� 2-heptanone was known accurately that 
o� 2-heptanol c ould als o  be de t ermined. Recovery 
trials o� knovm amounts o� 2-heptanone and 2-heptanol 
c arried out us ing the procedure above were quanti tative 
(±  5%) over a range o� concentrations o� the alcohol 
and ketone �rom 0 . 25 - 1 0  �mol es per ml . 

Further charac terization o� any 2-hep tanol �ormed in 
these  inves tigati ons was acc ompl i shed by �orming the 

3 , 5  dinitrobenzoate o� the alcohol �oll owing the procedure 
o� H olley & Holley ( 1 952 ) . The alc ohol was identi�ied 
by c o-chromatography with the authentic 3 , 5  dini trobenzoate 
of 2-heptanol using a modification o� the paper 
chromatographic me thod o� Sundt & Winter ( 1 957 ) . The 

3 , 5  dini trobenzoates wer e  eas ily detectab l e  as violet 

spots a�ter 1 0  minutes irradiati on under ul tra violet 
l ight .  The yield o� 3 , 5  dini trobenzoate �rom the 
secondary alc ohol was however low and could not be us ed 
as a quanti t ative method. 

I denti�ication of free �at ty ac ids 

A modi�ication o� the method o� Harper ( 1 953)  was 
used to determine the formati on of �ree �atty ac ids in 
the incubation medium during the oxidation o� triglycerides 
by spores . 

A s ilica gel column was prepared in two sections 
using a chromatographic c olumn, 35 mm I .D .  by 250 mm in 
l ength wi th a perforated glass disc . 
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Bot tom s e c t i on .  5 g dry s il i c ic ac id ( M all inckrodt 
N o . 24-87 )  were mixed thoroughly with 3 ml of' 2M K2HPo4 -
KH2Po4 buff'er ( pH 6 . 5 ) and s lurried wi th 2 0  ml washed 

chlorof'orm. 

T.op sec t ion .  The s ample , normally 1 0 ml , was ac i dif'ied 
t o  pH 1 . 8  - 2 .0 ( pre-de termined wi th 2o% ( v/v) H2so4 ) ,  
5 g silicic ac id being added for every 3 ml medium. 
The mixture was ground thoroughl�l , slurri ed v1i th 5% 

butanol in chl oroform and transf'erred quanti tatively 
on top of the bottom section .  

E s t imation o f'  acids . The ac ids in the eluate were 
t itrated Vli th 0 . 02N N aOH after the ad<li ti on of' 1 0 ml 
neutral absolute alc ohol and 0 . 1  ml of' phenol red 
indicator . S tandard c ol ours were used t o  f'ac i l i tate 
de tection of' the end point . 

The rel i ability of' the me thod was es tabl ished by 
de termining the recovery of knovm acids ( butyr i c , 
hexanoic and oc tanoic ) added individually to  the 
medium prior to ac idification .  Two trials were made 
in which the conc entration of added aci ds was 1 0  and 60 
microeq_uival ents . All the ac ids were quanti tatively 
recovered by eluti on with 1 00 ml of' the 51b bu tanol in 
chloroform s olven t .  

Blanks . The f'ree  f'at ty aci d  c ontent of the c ommerc ial 

s amples of' tri glycerides used was de termined by running 
al i q_uots of the incubation media 7 bef'ore the add i t i on 
of' spores , down the c olumn. Trihexanoin c ontained 

no f'ree fatty ac id,  tributyr in and tri octanoin 
sufficient to account f'or only a very small p ercentage 
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of the ke tones formed from them. 

Measurement of 1 4co2 during r espiration in Warburg flasks 

The advantages of using l i �uid scintillati on 
tec.hni �ues over o ther rnethods for the measurement of 
radioac tive carbon di oxide have been discus sed by 
Rapkin ( 1 962 ) . 

The hydroxide of Hyamine 1 0-X, ( p-di-isobutyl­
cres oxye thoxy-ethyl ) -dime thyl benzyl ammonium hydroxide , 
was the fi rst ( Passman, R adin & Gooper , 1 95 6) and is 
s till the mos t widely used trapping agent for 1 4co2 • 
M ore rec ently Wakil ( 1 962 ) has used Hyamine impregnated 

fil ter p aper directly in his Warburg ves s els , which 
traps the l iberated c arbon dioxide . The paper is  
then removed, dried, transferred to a c ounting vial 

and c ounted wi th sc intillation solvent wi thout any 
addi ti onal manipulati ono  S imilarly Chiriboga and Ray 
( 1 962 ) have described the same techni que us ing KOH rather 
thm1. Hyamine . 

E ffic i ency of trapping agents . 

Preliminary experiments wi th \Vhatman N o . 50 paper 
impregnated with 0 .0 5  ml 2o% KOH showed reproduc ibility 
of  1 4c.o2 rec overies to be fai r  only.  It was cons i dered 

that the use of DEAE- cellulose paper ( Whatman DE 20 , 
free base form) , impr egnated wi th 20% KOH , might more 
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firmly absorb the 1 1+co2 , the method being adapted from 

that of Sherman ( 1 963)  for enzyme as says . A 
c omparison of the recovery of 1 4co2 , l iberated from a 
s tandard NaH1 4c o3 s olution by 1 0% H2so4 , showed that 
the Vfhatman DE 20 paper gave c ons i s tently higher and 
more reproducible resul ts than the Whatman 50 paper 
( Table 1 1 ) .  

Table 1 1  • The rec over� of 1 4co2 b� the use of Whatman 
N o .50 and DE 20 papers impregnated with 0 .05 ml 20% KOH 

Trial Theor e tical 
1 4co 2 ( c . p . m. ) 

C ounts  vVhat . 50 What .DE20 

1 22 , 800 21 , 860 2 1 , 600 
45 , 600 4 1 , 320 40 , 650 
68 , 400 5 6 ,4 20 63 , 300 

2 4 , 560 3 , 1 85 4 , 045 
9 , 1 20 6 , 095 8 , 040 

1 3 , 680 8 , 1 65 1 2 , 3 1 0 
" 1 0 , 620 1 2 ,4 60 
" 1 o , o 6o 1 2 , 440 
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Synthes i s  o f  non-available substrates 

2-c 1 4  oc tanoic ac id,  2-heptanone-1 -c1 l1- and 2-heptanol 

were not available from c ommerc ial s ources and had to be 
synthesised.  

Synthes is of ?-c 1 4  oc tano ic  ac id. The method us e d  
was a micro adaptation o f  that of Reid & Ruhoff ( 1 94-4- ) 
for the synthes i s  of nonanoic acid.  0 .3 g clean s odium 
was slowly diss olved in 7 ml butanol which had been 
dri ed over sol i d  K2co3 • 0 . 2  me of 2-c1 4  di ethyl 
mal onate , diluted to 2 ml wi th cold die thyl malonate , 
were added and the soluti on heated to 80-90 ° .  2 ml of 
1 -bromohexane were added s l owly ,  refluxed f'or 2 hours , 
followed by 2 g KOH in 2 ml H20 and the s olu t i on 
ref'luxed for a fUrther 5 hours . The contents of the 
flask were then s team di s tilled and 20 ml of' distillate 
c ontaining the butanol were collected. 3 . 5  ml of 
c onc .hydrochloric ac id were added to the residue and the 
mixture renuxed for 1 hou r .  After c ool ing,  the a queous 
layer was removed with a pipette . The residue was now 

refluxed in an oil bath at 1 80 °  f'or 2 hours until co2 
evolution had ceased. The octanoic ac i d  was decanted 
from the sol id res idue and dried over anhydrous Na2so4 , 
the yield be ing approximately 1 5% ( 0 . 3 g) . 

The purity of the acid was checked direc tly by 
ce-chromatography wi th a pure s ample of oc tanoic aci d  
on a gas chromatograph us ing a column packing of 20% 
( w/w) diethylene glycol succ inate and 2% H3Po4 ( 85% H3Po4 ) 

on 60-80 mesh , ac id washed "Celi  te 54511 • (Metcalf,  1 960 ) . 
The homologous s eries of fatty ac ids from c6 to  C1 0  
were run on the c olumn to ensure that the oc tanoic 
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ac id was c omple tely resol ved �rorn any other ac i ds on 
the colurrm . 

The to tal radi oac tivity o� the synthes i sed ac id was 
0 . 0275 me , approxima tely 1 4% o� the ini ti al radi oac t ivi ty 
used ( 0 . 2  me ) , vvhich i s  in agreement wi th the p ercentage 

recovery obtained above . 

B i osynthes i s  o f  2-heptanone-1 -c1 4 . 25 rnl of a s oluti on 
of  the potass ium sal t  o� 2-c 1 4  oc tanoic ac id  ( approximately 
750 �moles ) were incubated with 80 ml potass ium phosphate 
buf�er , pH 6 . 0 ( 50 �moles  phosphate per ml ) and 1 0  ml 
spor e  suspens i on ( strain 6989 , harves ted 6 days arter 
inoculation) . Incubation was c ontinued until  the 
methyl ketone concentration readhed a maximum. 50 ml 

or 2 ,4-DNP hydrazine reagent were then added and the 
mixture l e�t ror 24 hours . The 2 ,4-DNP hydrazone or 
2-heptanone-1 -c 1 4  was extrac ted and puri �ied as described 
in Part I .  The weight or pure 2 ,4-DNP hydrazone was 
0 . 205  g,  the equivalent of 0 .07  g 2-heptanone-1 -c1 4 , 
representing 68% convers i on of ac id to ketone . 

The rree 2-heptanone-1 -c1.4 was liberated from the 

hydrazone wi th laevulinic ac id  as described in Part I .  
The s olution or ketone in pe trol eum ether was evaporated 
carefully in a stream o� air,  the activi t y  of the 
soluti on be i ng measured during the evaporat i on with a 
portable trans i s tori zed monitor ( Phillips type PW 401 2 ) . 
Evaporati on was continued until  the activi ty reached 

a maximum when i t  was assumed that all the petroleum 
ether had evaporated. The residue was shaken up in 
1 00 ml water . 1 ml or thi s s olut i on contained 1 . 95 
�mol es heptanone , the p ercentage recovery of heptanone 
rrom i ts 2 , l1--DNP hydrazone thus being approximately 32% . 
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1 0  ml o� the s olution were extpac ted with 2 x 25 
ml diethyl e ther . The extract was dried  with 
anhydrous Na2so� and evaporated dovm cautiously in 
air to 0 . 5  ml . This c oncentrated etheral soluti on 
was shown to c ontain only 2-heptanone-1 -0

1 � by 

c o-chromatography with a pure sample o� 2-heptanone 
on a gas chromatograph us ing a c olumn packing 
o� 20% ( w/w) carbowax 1 5l .. 6/chromos orb W ( 30-60 mesh) . 

Preparation o� 2-heptanol.  2-heptanol was prepared 
by reducing 2-heptanone with s odium/ethanol . 
( Whi tmore & O tterbacher , 1 9� ) . I t  was pur i�i ed �rom 

unchanged 2-heptanone by shaking with 2 ,4 -DNP 
hydrazine/HCl reagent and �racti onally distilling under 
reduced pressure . Thi s  disti ll ation was repeated 3 

times be�ore the alc ohol was c ompl etely f're e  o� 
ketone,  the puri ty being �ecked by gas chromatography 
us ing a 2o% diethyl ene glycol suc c inate/chromos orb W 
( 30-60 mesh) c olumn . 



1 1 6  

EXPERIMENTAL CONDI TI ONS AFFECTING THE OXIDATION OF FATTY ACIDS 

The effect of age of mycelium on oxygen uptake in presence 
of fatty ac ids 

. 

The optimum age of mycel ium for maximum oxygen 
uptake and methyl ketone formati on in the pr esence of 
fatty ac ids was shown to be be tween 48 and 60 hours . 
The oxidation of fatty acids by mycel ium used when 
about 30 hours old was markedly slower . Thi s  c onfirms 
s imilar observati ons on oxygen uptake by fungi by 
Cochrane & Peck ( 1 953 ) and V inze & Ghosh ( 1 961 ) .  I t  
was als o  observed that mycel ium older than 72 hours 
consis tently gave low yields of methyl ketone . 

Endogenous respiration of mycelium. The interpretati on 
of oxygen uptake during the oxidat ion of added 
subs trate is difficult since i t  has to be dec i ded 
whether endogenous respiration i s  proceeding at  the 
same time . In this study it  was c oncluded that 
endogenous respirati on was not suppressed during the 
exogenous respiration of non-toxi c  c oncentrati ons of 
fatty ac ids ( in agreement wi th the findings of 
Blurnenthal ( 1 963 )  with other Penic illia) for th e 
foll owing reas ons : 
1 .  In the course of mos t  experiments a change in the 

rate of oxygen consumption c ould be clearly shown and 
unambiguously interpreted as a trans ition from the 
breakdovvn of the subatrate  to  respiration of cell 
materi al s  ( endogenous respiration ) . The rates of 
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oxygen uptake due to endogenous respiration bef'ore and after 
the addit i on of subs trate were not s i gnifican tl y  
d ifferent . 

( 2 ) In mru1y experiments quanti tative balances were 
obtained by assuming that endogenous  respirat ion was 
proceeding s imultaneously and subtrac t ing i ts value 
f'rom the oxygen uptake in the presence of subs trate . 
( 3 ) Oxidative as similation of pa rt of the subs trate 
c ould not be demons trated by th e use of' 2 , 4 dini trophenol . 

Oxid.at ive ass imilat ion of fatty ac ids by mycelium 

2 ,4 dini trophenol is knovm to prevent oxida ti ve 
phosphorylation and therefore oxidative ass imilation ,  
i . e . the ability t o  convert a portion of  the substrate 
into c omplex materi al within the c ell . I t  was thought 
therefore that i ts addition in thi s inves tigati on might 
e1ihance the c ompl ete axidation of the oc tanoic ac i d  by 
the mycelium. A range of concentrations of' 2 ,4 dini tro­
phenol was tried but did not effec t  the oxygen uptake 
in any systematic way. The results in Table 1 2 , us ing 
two different batches of mycel ium and a f'inal c oncentration 
in the reac tion fl ask of 1 x 1 0-3M 2 , 4 dini trophenol 
were t;ypical . 

The ef'fect of' pre-s ta:rving mycelium in buffer 

kl though endogenous respiration of' mycel j_um was not 
usually markedly decreased by shaking in buf'f'er , 
pre-s tarving in buff'er enabled the mycelium t o  oxi dise 
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T able 1 2 . The e:f:fect o:f 2 ,lf. D initrophenol ( 2 14- DNP in 
this table) on the oxidati on o:f oc trul.oic acid by myc elium 

Exp t .  Concentration Oxygen 2-heptanone 
Octanoic ac id Uptake ( f.l.l )  ( f.l.moles ) 

1 Endogenous 75 
1 f.l.mole 1 57 0 .03 
1 �Lmole + 1 0-3M 2 , J+ DNP 1 60 0 . 05 

3 f.Lmoles 1 84 0 .4 
3 f.l.moles + 1 0-3M 2 ,4 DNP 206 0 . 35 

2 Endogenous 254 
1 fJ.mOle 384 0-.09 

1 jJ.mole + 1 0-3M 2 ,4 DNP 332 0 . 1 2 

2 j.Lmoles 420 0 . 53 
2 j.Lmoles  + 1 0-3M 2 ,4 DNP 41!-3 0 . 50 

( E ach Warburg c ontained 3 mg myc el ium, lf-8 hours old ,  
5 0  f.l.moles phosphate pH 6 .0 ;  

1 50 minutes) . 

p er i od o:f incubati on 
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Table 1 3 .  The effect  o r  pre-s tarving myc e l ium in burfer 
on its ability t o  oxidise octanoic  acid at pH 2 .5 

Oxygen Uptake ( IJ.l ) 2-hep tanone 
( !J.moles ) 

C oncentration c8 ac id Nil 1 1J.mole 31J.moles  1 1J.mole 31J.moles 

Mycel ium, fresh 1 55 285 2 2  0 .45 0 .32 
ff pre-s tarved 1 5  hrs 1 4-e-- 351 1 04 0 . 1 9 o . so 
t l  I f  20 " 1 4-5 350 1 50 0 . 1 4 0 . 70 

( Each Warburg flask contained abou t 1 0  mg mycelium, 
grown for 65 hours , 50 jJ.moles  phosphate pH 2 .5 and 
disti lled water to 3 ml .  Period o f  incubati on 1 20 minutes ) . 
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c oncentrati ons of fatty ac id which iru1ib i ted the oxygen 
uptake of fresh mycelium ( T able 1 3 ) .  

The oxygen uptake by pre-s tarved mycel ium in the 
• presence of non-toxic concentrat i ons of oc tanoic ac i d  

( 1 j.lmole) was als o  higher than wi th fresh mycel ium but 
a t  the exp ense  of methyl ketone formation .  

Inter-relationship between pH and concentrati on of fatty 
ac id subs trate 

At any one pH i t  was found that ther e  was an opt imum 
c oncentrati on of ac i d  for maximum oxygen uptake and 
optimum convers ion to methyl ketone . F i g .  6a shows the 
vari ati on o f  oxygen uptake and methyl ket one format i on wi th 
c oncentrat i on of oc tanoic ac id  at pH 6 . 5 ,  maximum uptake 
occurring wi th 3 . 5  j.lmoles . The resul ts also show 
clearly that the toxic effect  of octanoi c aci d  at this 
pH becomes more pronounced wi th increas ing subs trate 
c oncentrati on .  

The oxidation o f  any one concentrat i on o f  fatty ac i d  
is  dependent upon the pH o f  the incubati on medium. Thus 
the resul ts of' Table 1 lf. shovv that whereas 3 j.lmoles of 

• Throughout this thes is the term 11 toxi c" ac i d  is 
defined as one that suppresses  the oXYgen uptake of' 
mycelium relative to  endogenous . I t  does  not necess arily 
mean c ompl e te inhib i t i on .  S imilarly a " non- toxic" aci d  i s , 
in this context ,  one whose pres ence enhanc e s  or at l eas t 
does not inhibi t oxygen uptake by mycel ium. 
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Fig �6a.  Variat ion o� oxygen uptake by 
mycelium wit h  concentration 
o� oct anoic  ac id at pH 6 .5 . 
Each �lask cont aine d abo ut 4 
mg mycelium ( dry weight ) and 
50 �mole s phosphate b��er . 
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Fig .6b .  The e��ect  o� pH on the oxygen 
uptake by mycelium in the pre senc 
o� 3 �moles octanoic aci d. Each 
�lask containe d about 4 mg 
mycelium ( dry weight ) and 50  
�moles phosphate b��er . Period  
o�  incubat ion 1 80 min . 
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octanoic ac id inhibi ted oxygen uptake at pH 2 . 6 ,  rorming 
l i ttle  methyl ketone , the same c oncentrati on or ac i d  
a t  pH 5 . 0 and 6 .3 was rapidly oxid.ised with high yields 
of 2-hep tanone . 

Oxygen uptake and methyl ke tone formati on during 
the oxidati on of different concentrations of oc tanoic  
ac id  were obtained at  various pH ' s  in order to  ascertain 
opt i mum condi ti ons . With increas ing concentration of 
oc tanoic acid,  the pH at which oxygen uptake was a 
maximum als o  increas ed. Opt imum pH ' s  for the oxi dation 
of 1 ,  3 and 25 !-Lmol es of ac id were pH 5 . 0 ,  5 . 5  and 6 . 0  
respec tively ( F i gs .  6b , 7 and 8 ) . Simil arly the formati on 
of 2-heptanone f'rom 1 !J.mole of ac i d  was a maximum at 
pH 3 . 0 ( Fig. 7) bu t was optimum at pH 6 . 5  wi th 25  !J.moles 
( Fig.  8 ) . The correlati on be tween pH und the c oncentrati on 
of the ac id be ing oxidis ed is  als o illu strated in Table 
1 4 ·  

E ffec t of puri ty of ac id 

G as chromatographi c  analys is showed that 
redis t i ll ed oc tanoic ac i d  c ontained up to  1 076 butyric 
and hexanoic ac ids as impurities and tl� at dec anoic 
ac i d  c ontained a})proximutely 1 076 l auP ic ac i d .  The 
impuP i ti es affected the oxygen uptake as the c omparison 
between ver�' pure oc tanoi c ( 99 . 8  + % )  and technical 
( BDH ) o c tanoic acid  showed ( Table 1 5 ) .  This was confirmed 
by us ing e Qual amounts of both pure and technical ac i ds 
in the Warburg flaslc when the oxygen uptake was inter­
medi ate be tween the two . 
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incubat ion 1 80 min . 
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Table 1 4 .  The combined ef'f'ect of' pH and c oncentrati on 
on the oxidat i on of' oc tanoic ac id by mycel ium 

Oxygen Uptake ( �Lli tres ) 2-heptanone 
( p.moles)  

pH Endogenous 3 �moles 20 p.moles 3 �moles 20 gtmoles 
ac id acid ac i d  ac id 

2 . 6  335 202 34 0 . 32 nil 
5 . 0  338 570 448 1 . 8  1 . 08 
6 . 3  31 7  606 500 1 .  7 1 . 2  

7 . 5  320 533 440 1 • 2 0 . 9 

( Each Warburg contained approximately 1 0  mg. mycelium ,  
60 hours old , 50 �moles phosphate buff'er . Period of' 
incubat i on 1 50 minutes) .  



Table 1 5 . 

pH 

6 
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The effec t o f  puri ty of oc tanoic ac id 
on oxygen uptake by myc e l ium 

• 
Oxygen Uptake ( IJ.l )  

Pure Technic al 
ac i d  acid 

276 208 
6 . 5  275 1 77 
7 1 96 1 1 0  

( Each Warburg flask c ontained approximately 3 mg 
myc el ium, 48 hours old ,  50 j..Lmoles phosphate buffer , 
3 j..Lmol es oc tanoic aci d .  Peri od o f  incubat i on 1 80 
minutes . * Endogenous respirati on deducted) . 
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C ons e quently pure �atty acids , obtained by means 
o� a preparative gas chromatography c olumn , were used 
in all but the ini tial s tages o� this investigati on.  

E��ect o� inorganic i ons 

( a) Magnes ium and c alc ium i ons . S ince magnes iu!J) i on 
is reported as being generally re quired by oxidative 
sys tems ( Lardy, 1 95 1 ) i ts e��ect was given special 
attent i on .  S t imulation o� oxygen uptake was variable 
( Table 1 6 ) but tended to be slightly enhanced with 
decreas ed methyl ketone �ormati on.  

S imilarly addi tion o� calcium i on gave no c ons is tent 
pattern of' oxygen up take and methyl ketone �ormat i on .  

( b) Phosphate c oncentrat i on. An optimum phosphate 
concentration �or oxygen uptake by fresh myc el ium was 
�ound t o  be about 1 0  �moles/ml ( T able 1 7) ,  whi ch 
con�irms s imilar resul ts obtained by Girolami & Knight 
( 1 95 5 ) . Increasing phosphate concentrati on decreas ed 
oxygen uptake but increas ed the �ormati on of' methyl 
ketones . The c ompl ete abs ence of phosphate in the 
�lask inhibi ted not only oxidation in the pre s ence of 
acid but als o  the endogenous respirati on .  

Shaking the mycelium in phosphate buffer for 
36 hours gave s omewhat dif�erent results ( Table 1 8 ) , 
possibly a re�l ec t i on o f  the observed decrease in toxicity 
o� fatty acids towards pre-s tarved mycelium. Both 
oxygen up take and methyl ke tone formation reached a maximum 
at a phosphate c oncentrati on of 30-35 �.tmoles/ml , c oncentrations 
greater than thi s  resulting in a l owering of both .  



T able 1 6 . 

Magnesium 
C oncentrati on 

( p.moles ) 

0 
0 . 1  
0 . 5 
1 . 0 
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The ef�ect of magnes ium ion on the oxidat i on 
of 1 Hmole oc tanoic acid 

O xygen Uptake ( �1 )  2-hept anone 
( �moles ) 

Endogenous Oc tanoic ac id 

1 1 0  300 0 . 26 
1 34 373 0 . 1 4 
1 2 6 331 0 . 1 4 
1 30 332  0 . 1 9 

(Each w·arburg c ontained approximately 1 0  mg mycelium, 
62 hours old, 50 �moles phosphate buffer , pH 5 . 5 .  
Peri od of incubati on 1 50 minutes ) . 
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Table 1 7 . The effec t of phosphate concentr at i on upon 
oxygen uptake by fre sh mycelium in the presence of 

oc tanoic  ac id ( 1  Hmole)  

Phosphate buffer Oxygen Uptake ( �l)  2-heptanone 
( �Lmoles ) , pH 6 . 0  Endogenous Oc tanoic ac i d  ( 11-moles ) 

0 74- 61 nil 
25  2 1 5 4-1 3 0 .04-
50 232 363 0 .08 

1 00 2 1 2 328 0 . 1 1 
200 204- 31 1 0 . 1 4-

(Each Warburg flask c ontained 1 0  mg fresh myce l ium,  60 
hours old ,  Period of incubation 1 20 minute s ) . 
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Table 1 8 . The e�fect o� phosphate c onc entration upon the 
oxidati on or oc tanoic ac id (3 Hmoles) by pre-s tarved myc e l ium 

Phosphate bu�rer Oxygen Uptake ( �1 )  2-heptanone 
( �moles ) ,  pH 6 . 0  Endogenous O c tanoic ac i d  ( �moles ) 

0 90 nil 
25 328 4 1 6  0 . 70 
50 430 0 .  71 
75 434 1 . 01 

1 25 302 387 0 . 91  
1 50 346 0 . 82 
225 302 365 0 . 75 

( Each Warburg c ontained 1 0  mg mycel ium, grown for 60 hours 
and then shaken in buf�er �or 36 hours , Peri od o� 
incubation 1 20 minutes ) . 
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Sui tability o f  C02 formation as a measure of fatty ac i d  
oxidation 

The method mos t widely used for de termining 
respiration - the abs orption of any e:o2 f ormed by alkali -
i s  valid only i f  the cells respire at the s ame rate ,  to  
the same extent and foll ow the s ame pathways in the 
presence or abs ence of c o2 ( Dixon 1 95 1 ) .  S ince the 
formation of methyl ketones in the oxi da t i on of fat ty 
ac ids by the �Ulgus almos t certainly involved a 
decarboxylati on ,  the effe c t  of removing the c arbon 
di oxide as i t  was formed was investigated.  

Between pH 5 . 2 and 6 . 5 i t  was invariably found that 
the absenc e of KOH in the inner well of the Warburg 
flask increas ed the yield of methyl ketone , usually by 
about 5% when fresh mycel ium was incubated wi th fatty 
ac ids but up to 50% with myc el ium that had be en pre-s tarved 
in buffer ( T ab l e  1 9 ) .  The effec t was even more marked 
wi th spores , the formation of methyl ketones be ing 
enhanced by up to  1 00% ( Table 20 ) when c o2 was not 
abs orbed . 

The addi tion of comparatively l arge amounts o f  
bicarbonate ( 1 0-1 00 jl.moles ) however reduced ketone 
formation almos t c ompl etely. N e i ther was ketone 
det�c ted when the spores were incubated in either an 
atmosphere of c arbon di oxide or o f  nitrogen .  



Table 1 9 . Efrect 
mettyl ketones rrom 

Fatty Aci d  
( 3  IJ.rnole s )  

Hexanoic 
Octanoic 
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or absorb ing Co2 on the rormati on or 
fatty ac i ds by mycelium pre-s tarved ror 
1 2  hours in bufrer 

Methyl Ketone 
( !J.rnoles ) 

+ KOH - KOH 

( E ach Warburg flask c ontained 1 0  rng pre-s tarved mycelium, 
48 hours old, 50 !J.moles phosphate , pH 6 .0 .  Period or 
incubati on 1 80 minute s ) . 



Table 20 . 

F atty ac id 
( 3  (.Lmoles ) 

c4 
Q,6 
08 
0 1 0 
0 1 2 
01 4 
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The e��ect  o� abs orbing C02 on the �ormation 
or me thyl ketones �om �atty ac ids by spores 

M ethyl Ketones ( (.Lmol es ) 
6 hours 20 hours 

+ KOH - KOH + KOH - KOH 

Nil Nil  Nil  N.il 
N il 0 . 1 0  Nil 0 . 1 0 
0 . 70 0 . 95 1 .40 1 . 80 
0 . 1 5 0 . 29 0 . 2 1  0 . 56 
0 . 1 0  0 . 26 0 . 1 1 0 . 27 
N il N il Nil Nil 

( Each Warburg �lask contained 1 x 1 07 spore s ,  4 days 
old, 50 (.Lmoles phosphate  bu��er pH 6 . 25 ) . 
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Oxygen balanc es  for the oxidati on of oc tano ic ac i d  by 
mycelium 

Theoretically the c omplete oxidati on of 1 �mole 
oc tanoic aci d  to co2 and H20 needs 1 1  �moles oxygen 
( 246 IJ.l ) .  I f  allowance were made for the c ons iderable 
amounts of 2-heptanone formed ( 1  �mole oc tanoic ac id 
needs 1 �mole oxygen, i . e . 2 2 .4 �1 , for c omplete 
oxidation to 2-heptanone)  oxygen uptakes were almost 
quanti tative ( T able 2 1 ) .  

C;omparative rates of formati on of me thyl ke tones by 
mycel ium and spores 

In view of the claim by Gehrig & Knight ( 1 963 ) 
that the spores of P .  rogueforti and not the myce l i al 
cell s  were respons ibl e  for formation of methyl ke tones 
from fatty ac ids i t  was of interest  to compare the 
rates of formati on of methyl ke tone by both mycel ium 
and spores . 

Mycelium not containing spores was obtained by 
blending every 2�- hours and re-inoculating in fresh 
medium, any spores envel oped ini tially in the medium 
being releas ed by the b l ending. A por t i on of the s ame 
batch of myce l ium was als o  pre-s tarved in phosphate 
buffer , pH 5 . 2 ,  for 24 hours . Fresh and pre- s tarved 
mycelium, and als o  4 day old and 9 day old spores , were 
incubated with octanoic  ac id ( 3 p.moles) , the flasks being 
analysed for me thyl ketones at hourly intervals . The 
pattern of oxidati on was almos t  the same ( compare 
Figures 1· 0a & 1 01>) , a lag peri od of a1)proximately 1 hour 



Table 21 . Ox�gen balances obtained during the oxi dati on of oc tano ic 
ac id by di fferent �atches of mycel ium 

Oxygen Up take ( �l i tres ) 
C oncentration 
oc tanoic acid pH 2-heptanone � Observed 

( �J,moles ) ( )J.moles ) Obs erved Theoretical Theore t i c al 

1 6 . 2  0 . 1 8 1 94 205 95 
1 6 . 2  0 . 26 1 90 1 88 1 01 
2 6 . 3  0 . 70 3ll- 1 331 1 03 
2 6 . 2  0 . 79 279 297 94 
2 6 . 0  0 . 80 300 295 1 02 
3 5 · 5 1 . 70 31 2 320 98 
3 5 . 2  1 • 61 272 302 91 
1 2 . 9  O . l� 5 1 30 1 45 90 
1 2 . 9 0 . 1 9 21 1 1 99 1 03 

( Each flask c ontained approximately 1 0  mg mycelium, 50 p,moles  phosphate 
buffer and distilled water to 3 ml . Oxygen uptake was measured until 
all subs trate had been oxidised after 2 to 3 hours incubation) . 
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Fig . 1 0a.  Fig.  1 0b .  
Rates of oxygen uptake and me thyl ketone format ion by mycelium (Fig . 1 0a) at 
pH 5 . 2 ,  and by spores (Fig . 1 0b ) at pH 2 . 5 and 5 . 5 ,  in the pre ser.ce of 3 J..l.moles 
octanoic aci d  and 50 J..l.moles phosphate buffer.  
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occurring in each case be�ore methyl ke ton e  fo rmati on 
was detected.  M aximum ke tone �ormation was obs erved 
a�ter 3 to 4- hours and then sl owly decreased.  Both 
�resh and p re-s tarved mycelium �ormed more me thyl 
ketone than the spores ( Table  2 2 ) ,  although the reverse 
was more usual . 

Relationship be tween methyl ketone �ormat i on and growth 
medium o� spores 

The cultural background of' spores have a marked 
in�luence on their enzyme pattern and phys i ologi c al 
properti es ( Darby & Mandels ,  1 95 5 ;  McC ormick & H al vorson,  
1 963) . The ab ility o� spores to oxidi se �atty ac i ds 
to the corresponding methyl ketone however was not 
s ignifi cantly dependent in the present s tudy upon the 
medium ( C zepek-Dox, potato-dextrose and malt agars 
were tested) on which the spores were grovm.  

The e��ect o f' age on the ability o� sporEiS to  metabolise 
�att;y acids 

At pH 5 . 2 ,  4- day old spores oxidised about l+-0% 
and 9 day old spores about 5W� o� the oc tanoic ac i d  
( 3  �moles)  to  2-heptanone . A l ag o� 1 hour occurred 
be�ore any l<:etone was de tected with 4- day old spores 
and one o� about 2 hours �or the 9 day old spores 
( F ig .  9) • The yield o� ketone reached a maximum a�ter 
6 hours �or 4- day old spores and af'ter 7 hours �or 9 day 
old spores . Between the 7th and 2 1 s t  hours o� incubation ,  
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Table 2 2 .  C omparison of'  abi l i ty of' fresh and pre-s tarved 
mycelium and spore s  to  form 2-heptanone from oc tanoic aci d  

(3 !lmol es) 

Time Fresh Pre-starved l,_ day 9 day 
( hours) Mycelium Mycelium old spo�es old spores  

3 1 . 20 1 .  72 0 . 96 0 . 1 2 
4 1 . 60 1 . 70 1 . 1  0 0 .41 
6 1 . 58 1 . 52 1 . 1  9 1 . 3 6  

( Each Warburg flask contained ei ther 1 0  mg myc elium, 60 
hours old, or 1 x 1 07 spores , 4 or 9 days old; 50 !J.moles 
phosphate buf:fer pH 5 . 2 ) . 
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Fig . 9 .  Oxygen uptake and me thyl ke tone formation by 4 day old spores 
(Curve s A1 and A2 respectively) and 9 day old spores  (Curve s B1 
and B2 ) in the presence of 3 jl.moles oc tanoic acid  and 50 jl.mole s 
phosphate buffer,  pH 5 . 2 .  
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0 .4-2  �-tmoles of' 2-hept anone were metabol ised by the 4-
day old spores . The observed oxygen uptake in exc ess 
of'  the endogenous respirati on over the same peri od was 
1 1 2 f.Ll whereas the ore t ically 96 f.Ll would be needed f'or 
the c omplete oxidati on of the 2 -heptanone to co2 and H2o .  
The 9 day old spores metaboli sed the 2-heptanone at 
about the same rate as the younger spor es .  

At pH 6 . 2  the oxygen uptakes during the oxi dation of'  
f'atty ac ids were abou t 3 times greater wi th 4- day old 
than wi th 9 day old spores.  The latter however were 
s ignificantly more ef'f'i c i ent than the young spores in 
oxidis ing c 1 0 and c1 2  ac ids to the c orresponding me thyl 
ketones ( Table 23 ) . In general , older spores ( 9-1 4-
days ) formed greater amounts of' methyl ketone than 
younger spores and were theref'ore used in most 
experiments .  

M etabol ism of'  oc tanoi c  acid over l ong peri ods 

0 . 1% octanoic ac i d  ( approximately 9 . 5  �moles/rnl )  
i n  40 ml o f'  phosphate  buffer , pH 6 .0 , was incubated at 
2 2 °  wi th sporeless mycel ium, 72 hours old .  As F ig .  1 1  
shows , the yield of' ketone reached a maximum af'ter 1 i 

days ( when 36�6 of' the acid had been oxidised t o  
2 -heptanone ) and thereaf'ter was metabol ised slowly but 
c omple tely af'ter 1 0 days . The very slow rate of' 
metabol ism of' methyl ketone es tablished that  the 
percentage l os t  by f'ur ther me tabolism in respiration 
experiments was not s ignificant . As l ong as f'atty aci d  
was available , i t  appeared that any methyl ketone formed 
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Table 23 . Affiounts of methyl ketone formed during the 
oxidation of vari ous fatty a c i ds by 4 and 9 day old spores 

Fatty Ac id M e thyl Ketone ( ).!moles ) 
( 3  ).!moles ) 4 day 9 day 

old spores old s_pores 

c8 2 . 30 2 . 02 
c 1 o  0 . 63 1 . 40 
c1 2  0 . 27 0 . 56 
c1 4 N i l  M.il 

(Each Warburg flask c ontained 1 x 1 07 spore s ,  50 ).!mol es 
phosphate buffer pH 6 . 2 .  Peri od of incubati on 6 hour s ) . 
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Fig . 1 1 .  The formation of  2-heptanone from octanoic ac id ( 8 . 5 �moles/ml ) 
by mycelium, 72 hours old, at pH 6 . 0 (50 �moles phosphate buffer/ml ) . 
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as a by-product was not u t ilised by the �ungus . 
The same experiment was carried out w ith spores 

ins tead of myc el ium. The relatively high c oncentrat i on 
of ac id was only slowly oxidi sed,  a maximum yield ( 1 0%)  
of 2-heptanone b eing reached after 35 days ( Fig.  1 2 ) .  
I t  should be no ted that there was no correlat i on in this 
instance be tween age of spores and the formation of 
2-heptanone �rom octanoic ac id.  

Effe c t  of mal onate and di e thyl malonate on the oxi da t i on 
of fatty ac ids by mycel ium 

I t  was expec ted that the addi tion of mal onate , a 
c omp e titive inhibi tor of succinate oxidati on and thus of 
the TCA cycle , would resul t in an accumulati on of r3-keto 
ac id and thereby in an increase in yield of methyl 
ketone . However mycelium was not only abl e to oxidise  
fatty acids feadily in the presence of  up to 1 00 �moles  
of malonate per 3 ml medium but als o  malonate i tself 
at pH ' s  > 5 .0 .  

S.ince i t  was cons i dered that the lack of inhibi ti on 
at thes e pH ' s  might be due to the absence of a suffi c ient 
concentration of undi s s oc iated molecules in the cell s , 
the mal onate was replaced by diethylmal onate . I ts 
effec t was to suppress  the endogenous respirati on of 
fresh mycelium and als o  both oxygen uptake and methyl 
ket one formati on in the presence o� �atty acids ( Tabl e  24 ) . 
Diethyl malonate was inhibi tory only bel ow pH 5 . 5 ,  in 
reas onable agreement wi th the conclusion of Bier ( 1 955 ) 

that es ters o� dicarboxyl ic acids were not hydrolysed 
above a pH o� about 5 . 0 .  



f·L 2�he:ptanone 
(umoles ) 

I) 

Fig . 1 2 .  

1'0 � -1() 50 PAY� � 

The �ormation o� 2-be:ptanone �rom octanoic acid ( 8 .5  )..l.mole s/ml ) by 
6 and 1 8  day old s:pores ( labelle d 1 2/3 and 28/2 respectively above ) 
at :pH 6 . 0  ( 50  )..l.moles :phosphate buf�er/ml ) . 
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Table 24 . The effect  of diethylmal onate (DEM) on the 
oxidation of fatty ac i ds by fresh mycelium. 

Oxygen Methyl 
Uftake Ke tone 

J.Ll )  ( J.Lmoles )  

Mycel ium, endogenous 525 
11 + 1 00 J.Lmoles DEM 141 
" + 4 �-tmoles  c1 0 ac id 82 0 . 04 
" " " + 1 00 !J,moles  DEM N i l  Nil 
" + 3 !J,moles c8 acid 694 1 . 25 
" If  If + 1 00 !J,moles DEM 1 85 0 . 1 6 

( Each Warburg flask contained approximately 1 0  mg mycelium, 
l,..2 hours old,  50 !J,moles phosphate buffer pH 5 . 2 .  
Per i od of incubation 1 80 minute s ) . 
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SUMMARY OF PRELIMINARY EXPERIMENTS 

1 .  The endogenous respirati on o� mycelium appeared t o  
proceed simultane ously wi th the oxidation of added �atty 
ac id ( in non-toxic c oncentrat i ons ) . 

2 .  Concentrati ons o� fatty aci d  that inhibi ted oxygen 
uptake by fresh mycel ium were u sually readily oxidised by 
mycelium that had been pre-s tarved in bu�fer .  

3 .  The abi l i ty m �orm methyl ketones from �atty ac ids was 
an intrins ic  pr operty of both s pores and mycelium. 48 to 
60 hours old mycelium and spor es  about 1 ll- days old �armed 
maximum amounts of methyl ketone s . 

!1- • Metabol i sm of the c�6 to  c 1 0 �atty acids l ed to the formati o 
of the c orresponding me thyl ketone wi th one less carbon 
atom. Thus only 2-pentanone was formed from hexanoic 
ac id,  2-heptanone from oc tanoic ac i d  and s o  forth.  

5 .  The metabolism of 2-heptanone was slow and not 
s ignificant in short term experiments ( up to 3 hours ) . 

6 .  At any one pH there was an optimum concentration of 
fat ty ac id for maximum oxygen uptake and formation of 
methyl ke tone . 

7 .  The abil ity o f  oc tanoic acid  at any one pH to 
inhibit  mycelial respiration became more pronounced 
with increas ing substrate concentrati on. 

8. The abs ence of KOH in the inner cell of the Warburg 
flasks invari ably increased the yield of methyl ketones 
from fat ty ac id by both spores and mycelium. I t  was 
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not vali d  there�ore t o  measure the co2 evolved by the 
" direct" manometr i c  techni que o:f c omparing oxygen uptake 
in the presence and absence o� KOH . 

9 . I :f  allowance were made �or the c onsi derable amounts 
o:f 2-heptanone :formed, oxygen balances :for the oxidation 
o� oc tanoic ac i d  by mycel ium were almost quantitative . 

1 0 .  Oxidative ass imilation appeared not to be o:f 
importance in the oxidation o:f �atty ac ids by mycelium. 

1 1 . Both oxygen uptake and methyl ketone �ormat i on �ram 
:fatty acids were inhibi ted by the addition o:f diethyl 
malonate at pH ' s  below 5 . 5 .  
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OXIDATION OF FAL"l'Y AC IDS WITH AN EVEN NUMBER OF CARBON 
ATOMS FROM o4 TO c1 8  BY MYCELIUM 

Using the optimum c ondi t i ons determined above , the 
rate of oxi dati on of a range of fatty ac ids ( 1 �mole/ml ) 
by mycel ium ( fresh and pre- s tarved) was inves tigated . 

Oxidati on of fatty aci ds at pH 2 .5 

Increas e in oxygen uptake over endogenous re�piration 
by fresh mycelium in the presence of fatty acid subs trate 
was small and l imited to  a few ac ids . Maximum increase 
was obtained with c4 ac id,  the mos t toxic ac id being c 1 0 
( F ig.  1 3 ) .  Me thyl ke tone format i on from c6 and c8 acids 
was high even although both ac ids partially inhibi ted 
endogenous respirat i on .  The c 1 2  and o1 4 ac ids formed 
a s mall amount of ke tone at thi s pH but subse quent analys is 
showed that this was a mixture of acetone and 
2-undecanone for c 1 2 ac i d  and that only ace tone was 
formed in the oxidation of 0 1l� 

acid.  
S�aking the myc elium in buffer for 48 hours 

c onsiderably increas ed the abil ity of the mycel ium to  
sub s e quently oxidise  added fatty ac ids , part icularly the 
o4 - c1 2  ac ids . Thus where as the c6 to  c 1 2  ac i ds 
suppressed the uptake of oxygen by fresh mycelium, 
c6 was rapidly oxidi s ed by pre-s tarved mycelium and the 
08 - c1 2  ac ids were c ons i derably less toxic . 
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Relat ionship between the chain length of' " even-numbere d" f'atty aci ds and 
( a ) the oxygen uptake and (b ) me thyl ketone f'ormati on by mycelium ( 66 hours 
old) at :pH 2 .5 (Fig . 1 3 )  and at :pH 5 .  2 (Fig . 1 4) . Each f'lask c ont aine d about 
1 0  mg mycelium ( dry weight ) , 3 umoles of' acid, 50 umoles :phosphate buf'f'er 
and di stilled water t o  3 ml . 
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Oxida t i on of fat ty ac ids a t  pH 5 . 2 

The pattern of oxygen uptake ( Fig.  1 4 ) was ess ent i ally 
the same as at pH 2 . 5  except that c1 2 ac i d  was the 
mos t toxic of the ac ids and that c1 0 ac id  was less 
toxic than previously.  Oxidati on o f  o6 and c8 acids 
again gave the maximum yields of the corr esponding me thyl 
ketone,  small amounts only be ing formed i'r om the other 
ac ids up to c1 4 • Pre-s tarving the mycel ium in buffer 
for 48 hours decreased th e toxic action of all acids 
uniformly, the pattern of oxygen uptruce remaining the 
same as with fresh mycel ium.  

Oxida t i on of fatty ac ids at pH 6 . 0 

W i th fresh mycelium both oxygen up take and ketone 
format i on were a maximum when o8 ac id was used as 

subs trate ( Fig.  1 5 ) .  c1 0  acid no l onger inhibited 
oxygen uptake , the rate o f  uptake be ing greater for 
c 1 0  than for the c 1 2 and higher ac ids . Formation of 
2-pentanone from c6 ac id was cons iderably l ower at pH 6 . 0 
than at pH 2 . 5  or 5 .0 .  N o  col'responding methyl ketones 
were fo rmed us ing o1 4  to c 1 8 as subs trates bu t very small 

amounts of ace tone were de tected. 
The inhibi t i on of oxygen uptake by fresh myc el ium 

in the pres enc e o f  o 1 2  and o 1 4  acids was overc ome by 

shaking the myc elium in pH 6 . 0 bu ffer for 30 hours , 
although o1 2 ac id  remained the �as t readily oxidised 

of the acids . The pattern of formation of methyl ketone 

was unaltered by pre-s tarving the mycelium in buffer . 
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Relationship between the chain length of "even-numbere d" fatty aci ds and ( a ) 
the oxygen uptake and (b ) methyl ketone formati on by mycelium ( 66 hours old) 
at pH 6 . 0 (Fig. 1 5 )  and at pH 6 . 8 (Fig . 1 6 ) . Each flask contained about 1 0  mg 
mycelium ( dry weight ) , 3 �moles of ac id,  50  �moles phosphate buffer and 
distilled water t o  3 ml . 
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Oxidati on of fa t ty ac ids at £H 6 . 8  

All fat ty ac ids tes ted were oxi di sed by fre sh myc el ium, 

maximum oxygen up t akes be ing ob tained wi th c 8 and c 1 0  
ac ids as subs trates . The y i elds of c orresp onding 

me thyl ke tone were s i milar t o  tho s e  found at pH 6 . 0 

(F i g . 1 6 ) .  As at other pH ' s hovvever the higher fatty 

ac ids ( c1 4  - c 1 8 ) vvere not oxidised to any s i gnifi c ant 

exten t ,  e i ther by fr esh or by pre- s t arved myc el ium .  

C ontr ary t o the findings o f  Rol ins on ( 1 954 )  and Vin z e  & 

Ghosh ( 1 962 ) , inc r e as ing the c onc entration of c 1 6  ac i d  

from 3 umol es t o  20  umoles did n o t  inc rease t h e  oxygen 

up take . 

Oxi d a t i on of fa t ty ac ids �t pH 8 .0 

Increase of oxygen upt ake over endogenous r e spirat i on 

was very s mall exc ept when us ing c
8 

and c 1 0 a c i ds as 

sub s t r a t e s  ( F i g .  1 7 ) .  Rates were l ov1e s t  for the higher 

fat ty ac ids ( c 1 4 - c
1 8 ) ,  c

1 1,_ ac id ac tually inhibi t ing 

oxygen up take by fresh myc e l ium. Yields o f  the c orrespond­

ing me thyl ke t ones we re al s o  l ow ,  be ing mos t r e adily 

formed wi th c
1 0 ac i d  as subs trate . 

Oxida t i on o f  Qle i c  ac i d  

O l e i c  ac i d  was r e adily oxi di s ed in the p H  r ange 2 . 5 

to 8 .0 ( F i gs . 1 8-20 ) al though no methyl k e t one formati on 

was de tec ted. 
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Fig. 1 7 . Relat ionship between the chain length 
of " even-numbered" fatty ac i ds and ( a ) the 
oxygen uptake and (b ) me thyl ketone formati on 
by mycelium (66 hours old) at pH . S . o .  Each 
flask containe d about 1 0  mg mycelium ( dry we ight ) 
3 �moles of ac id,  50 �moles phosphate buffer ,  
and distille d  water to 3 ml . 
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OXIDATI ON 01�' FAT'I'Y ACIDS WITH AN ODD NUMBER OF CARBON 

ATOMS BY MYCELIUM 

The pattern of oxygen uptake and of me thyl lcetone 

format i on was very s imilar to that obtained with fatty 

ac ids c ontaining an even number of c arbon a toms , 

sugges ting that the oxidative pathway for all fatty ac ids 

i s  s imilar , F i gures 1 8  - 20 show the rate of oxidati on 

of the acids at different pH ' s .  A number of aci ds wi th 

an even number o f  c arbon atoms were included to enable 

c omparison to be made with the pr evi ous experiments .  

A t  pH 2 . 5 the oxygen up take increas ed wi th the 

number of carbon atoms in the molecul e  from c1 to c.5 
ac ids . The higher fatty ac ids from c

7 
t o  c9 ac ids 

suppres s ed the upt ake of oxygen by fresh mycelium 

( Fig.  1 8 ) .  The extent of oxygen uptake over endogenous 

respira t i on us ing c 1 and c3 acids as subs trates was 

suffi c i ent to ac count for the complete  oxi dation of the 

acids t o  c o2 and H2o .  A quantitative oxygen balance 

was obt ained for c 5 ac id when the yield o f  2-butanone 

was als o  taken into account . The pattern of rre thyl 

ketone formation was very similar ( F ig .  2 1  A)  to that 

from " even-numbered" fat ty ac ids at pH 2 . 5 .  

At pH 5 .  2 rates of oxygen up take vvere highes t 

when c 5 m1d c
7 ac ids were us ed as subs trates ( Fig.  1 9 ) .  

c
9

, 0 
0 

and C acids inhibited oxygen upt ake by fresh 
1 1 1  

mycel ium and formed only s mall amounts of  methyl ketone 

( Fig.  2 1 B) . The greatest  yield of methyl ketone was 

obtained �rom c5 • 

At pH 8 . 0  a similar pattern was found as for the 

oxidati on of ac i ds with an even number of c arbon atoms . 

o3 and o5 ac ids were barely oxidised whereas c9 , c1 0 and 

o 1 1 ac i ds wdre those mos t readily oxidised ( Fig .  20 ) . 
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Relationship between the chain length of 
" odd-numbere d" fatty aci ds and oxygen 
uptake by mycelium ( 66 hours old) at pH 
8 . 0 .  Each flask containe d about 1 0  mg 
mycelium ( dry weight ) , 3 �moles of aci d  
and 5 0  IJ,mole s phosphate buffer . E = 
Endogenous respiration .  
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(Fig .21 c ) . C onditions otherwise as f'or F i g . 20 , 



The greate s t  ;yield of' the c orrespondtng me thyl ketone 

was obtained f'rom c9 ac id ( F ig .  2 1 C ) . 

OXIDATION OF FA'r'l'Y AC IDS BY SPORES 

The rate of' oxygen uptake and the format ion of' methyl 

ketones by spores foll owed the s ame patt ern of' 

dependency upon pH as did myce l :Lum. At pH 2 . 6  with 

oc tanoic ac id as subs trate the uptake of oxygen by 4- day 

old spores was low in comparis on t o  that at  pH 5 . 5  

( F ig.  1 0B) . S imilarly the up t ake of' oxygen by 9 day 

old. spores at pH 5 . 2 was l ow us ing a1 0  and c 1 2  ac ids as 

substrate whereas oxygen uptake at pH 6 . 2  in the presence 

of these ac ids was greater than f'or c8 ac i d  ( F ig.  22 ) .  

The corresponding me thyl ke tones were formed in s omewhat 

greater amounts than in exp eriments with mycel ium. 

M aximum ketone formation f'or the C 1 O and C 1 2  aci ds 

between pH 6 . 0 and 6 . 5  was c ons i stent with the finding 

of Fran1� ,  Platzeck & E ichhorn ( 1 961 ) that [3-keto lauryl 

decarboxyl ase ac tivi ty was optimum at pH 6 . 0 .  The 

oxygen upt al�e by spores at  pH 6 . 2  us ing the c4 
t o  c

1 4  
f'atty ac i ds as subs trates followed the s ame pattern as 

that in F ig.  9 ,  slowly increasing af'ter the firs t hour 

and declining af'ter abou t 6 hours . 
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OXIDATION OF OCTANOIC ACID �ID I TS METABOLIC PRODUCTS 

Since a higher perc entage o :f  oc tanoi c  ac id  than 

the other " even-numbered" ac ids was oxidised to the 

c orresponding methyl ketone at pH 5 . 2  and above , i ts 

met ab olism was investigated in greater de tail . 

Oxidation o:f 1 -0
1 4  and 2-e1 4  oc tanoic ac ids by spore s  

The radi oac t ivi ty o f  the 2 -heptanone formed dur ing 

the oxidation of lab elled octanoi c  acids was measured,  

after isol ation from the medium, as the 2 ,4-DNP hydrazone . 

R ad i oac tive c arbon di oxide was abs orbed in the inner cell s  

o:f  the Warburg cells with Whatman D E  20 paper 

impregnated wi th 0 . 05 ml 20/6 KOH . The counts 

were obtained as de tail ed in the M e thods section of 

P art II . 

The question of making a c orrec tion for any :fatty 

ac i d  vapour that might be absorbed on the alkali 

impregnated paper had to  be cons idered . At ac id pH ' s  

:fatty ac ids will exi s t  as undiss oc iated molecul es both 

in s oluti on and as vapour in the flask. The ac id will 

however be abs orbed fairly rap i dly by the spores and 

will not then be available to volatil ise  �rom the s olution .  

A :fatty aci d  11 blank11 ( i . e .  a Warburg fl ask containing 

no  mycelium but merely radi oac t ive fatty ac i d  in the 

phosphate medium) subtrac ted from the readings poss ibly 

introduces as great an error as i f  no c orr ec t i on were 

made . In prac tice 11 blanks11 were recorded but not 

usually sub trac ted from s ample c ounts . 



Duplic ate �lasks c ontaining ini tially 1 .5 �moles 

and 3 �moles 2-c 1 1+ oc tanoic ac id were taken o�� a�ter 

6 hours and 20 hours . Blank values obtained wi th 

�lasks c ontaining ac id in bu��er but no s p ores are 

included in Table 25 bu t have not been subtracted rrom 

the s ample  c ounts . The rate o� appe arance of 1 4c in 

respiratory Co2 was very slow,  less than 1 %  of the original 

ac tivity of the acid ( 1 .5 �moles of 2 -c 1 4  octanoic ac i d  

had c ount of 44 , 750 c . p .m . ) appearing a s  c o2 arter 6 hours 

incugation with spores . 

2-hept anone �rom 1 -C 1 4  oc tanoic was no t radi oac tive, 

showing that the c arbon atom from the c arboxyl group 

was lost during the decarboxyla tion. 2 -heptanone from 

2-c1 4  
oc tanoic ac id was radioac tive, the sp ec ific ac tivity 

of the 2 ,4-DNP hydrazone being very s imilar to  that o� 

2-c1 4  oc tanoic ac id i tsel�. Both these �indings af�ord 

s trong evidence �or a �- oxidati on mechani sm. 

Oxidation of  2-c 1 4 oc tanoic ac i d  by spores in the presence 

of ammonium ion 

1 l  The l ow rate o f  appearance of �c o2 prompted the 

g_ues t i on whether the enzymes re g_ui red for metabol ism or 

the ac id t o  co2 were const i tutive or adaptive . I f  the 

latter were the c as e  i t  seemed possible that enzyme 

format ion c ould be has tened by adding ammonium i on 

t o  the system. H owever , the presence or  ammonium i on 

ac tually s lightly decreased oxygen uptake both arter 6 
and after 20 hours ( T able 26) . Thi s was unusual s ince 

aerobic oxidati on of exogenous subs trate is generally 

markedly increased ir a s ource of ni trogen is provided 
' 

\ .. 



Table 2 5 . 
+ 

The oxidati on of 2-c1 4  oc tanoic ac id+ by spores 

n C one • 
C ounts, p� minute 

ac id Time 
( !J.moles ) ( hr s )  

1 . 5 6 
If 6 
" 20 
" 20 

3 6 
" 6 
If 20  
" 20 

• 
Oxygen 2-heptanone 

uptake ( IJ.l )  ( !J.moles) 

40 0 · '+8 

43 0 .41 

48 0 . 80 

58 0 . 95 

56 0 . 95 

60 0 . 90 

1 .�6 2 . 1 0 

1 4-0 2 . 01 

2-hep tanone co2 Ac id 
Blank 

1 361 0 380 1 95 

1 1  '+45 3ll-5 1 65 

261 1 0  935 600 

35540 760 505 

28280 540 220 

271 45 565 2 1 0 

71 760 1 685 730 

661 40 1 830 71 0 

( E ach Warburg flask contained 1 x 1 07 spores , 1 2 days old, 50 !J.moles phosphate 

buffer , pH 6 . 0 • 

• Endogenous respiration subtrac ted 

+ 1 . 5 !J.moles 2-c 1 4  oc tanoic ac id had activity of 44 , 750 c . p . m. ) . 

� 
{:"" 
-...) 



T able 26 . Oxida t i on of' 2-c 1 11- oc tanoic ac id b;y SJ2ores 

in the presence of ammonium i on 

n n • 
Gone- C. o�c- Oxygen + 

Time ac i d  NHl u{take 2-hep tanone 1 4co + 
2 ( Hrs ) ( )J.moles ) ( )J.m6les ) !J.l )  ( !J.mole s ) C . p .m .  

6 1 · 5 8 0 . 1 7  240 
" 1 1  0 . 1 5  1 85 
" 40 3 0 . 1 4  1 90 
" 40 7 0 . 1 2 200 

3 1 1 o .61  330 
" 1 1  0 . 54 450 
" ll-0 1 1 0 .22  350 
" ll-0 6 0 . 1 9 520 

2 0  1 . 5 44 0 . 83 345 
1 1  55 0 . 8ll- 290 
" 40 36 0 . 70 355 
" 40 39 o . 68 380 

3 1 2 1 1 - 95 1 OJ+O 
" 1 3 1 1 . 82 1 1 20 
" 40 1 23 1 -45 6545 
1 1  40 1 02  1 .30 3255 

( E ach Warburg flask c ontained 1 x 1 07 spores , 8 days old, 

50 �moles phosphate buffer pH 6 . 1 . 1 . 5 )J.moles 2 -c 1 4 

octanoic ac i d  had ac tivity of 44 , 750 c .p . m. 
• Endogenous respirat i on sub trac ted • 
+ Ac id bl anks sub trac ted) . + 
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(Gochrane , 1 958 ) . The yield of me thyl ketone in flasks 

containing ammonium i on was als o  decreased. In the 

oxidation of 1 . 5 �moles 2-01 4 oc tanoic acid,  flasks 

wi thout ammonium i on contained approx:Lmately 2Wo more 

2-heptanone after both 6 hours and after 20 hours . 

The abs ence or presence of ammonium ion made no differenc e 

to the amount of 1 4co2 detec ted after 6 or 20 hours . 

In the oxidation of 3 �moles ac id , flasks without 
ammonium ion c ontained almos t 3 t imes more 2-heptanone 

after 6 hours and L1_0% more after 20 hours . There was 

no difference in 1 lt-co2 detec ted after 6 hours but a 

significant increase ( 3  to  5 times ) after• 20 hours wi th 

ammonium ion present . 

Rates of formati on of 1 4oo2 during the oxidation of 

1 -0 1 4 and 2-c 1 4 oc tanoic �ci ds by mycelium 

R adioactive c arbon dioxide was abs orbed in the 

inner c ells of the Warburg flasks by DE 20 paper 

impregnated wi th 0 . 05 ml 20% KOH . Dupl icate fl asks 

of each acid were analys ed every 30 minutes and the 

counts averaged . A c orrection was made for any 1 4oo2 
abs orbed, as a result of the decarboxylation of 

�-keto  oc tanoic-1 -c
1 4 ac id ,  by measuring the quantity 

of 2-heptanone formed.  1 �mole of 2-heptanone is 

e quivalent to 1 �mole of 1 4oo2 , the specific ac tivi ty 

of' whi ch would be that of the 1 -01 4 oc tanoic  acid 

used . In this particular experiment however no methyl 

ketone was detec ted in the first 1 20 min . and only 

0 .05 �moles after 1 50 min. 
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The rate of appea�ance of c 1 4  in respiratory co2 
was fas ter wi th mycel ium than wi th spores .  Less 
than 1% of the or iginal ac t ivity of 2-c1 4  oc tanoic 
ac i d  appear ed as 1 4co2 after 6 hours incubati on with 
spores ( T able 25 ) wher eas mycel ium oxidi s ed 7% of 
2-c 1 4- oc tanoic acid,  and over 21 ;& of 1 -c 1 4  oc tanoic 
aci d ,  to 1 hc o2 in 1 50 min. ( T able 27 ) . 

Table 27 . The effec t of odd versus even c arbon labell ihg 
in oc tanoic ac id on the r ate of appearance of c1 l1- in 

respiratory co2 

Time 
( mins ) 

Ocf�oic ac id-1 -C1 4  
C 02 found 

C . p . m . % total c 1 4-

Oc.ffnoi c  ac id-2-C1 lf­
I-C02 found 

C . p . m . % total c1 4-
Rati o 

Odd/even 

30 1 1 50 2 . 7  500 
60 1 95 5  1+ . 5 1 4-95 
90 4-380 1 0 . 1  2 235 

1 20 6365 1 4 . 7  2575 
1 50 911-30 21 . 7  31 85 

( Each Warburg flask c onta ined approximately 
l1-8 hours old ,  5 0  �moles phosphate pH 6 .0 .  
of both 1 -c 1 4  oc tanoic ac id ( 43 , 500 c .p . rn . ) 

oc tanoic ac id ( 4-4 , 750 c . p . m. ) were us ed) . 

1 . 1  2 .45 
3 - 3  1 .  7 
5 . 0  2 . 0  
5 - 7  2 . 6  
7 . 0  3 . 1  

1 0  mg mycelium , 
1 . 5 �moles 
and 2-G1 1+ 
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Me tabol ism of 2-heptanone by mycelium 

The rates a t  which three di fferent batches of 

mycelium metabol i s ed 2-heptanone appeared t o  depend 

upon the length of t ime f or which the myce l ium had 

b e en grown ( Tabl e  2 8 ) . In Exp t . 1 the oxygen up take 

in exc ess of end ogenous respirat i on by 4-8 hours old 

mycelium incubated with 0 . 2  and 0 .4- !-tmol es of 2-hep t anone 

was very smal l . The s ame  c oncentrati ons of 2-hep tanone 

in Expt . 2 were more rapidly metabol ised by 63 hours 

old mycel ium and a grea ter uptake of oxygen was rec or de d .  

I n  Expt . 3 ,  7 2  hours old mycelium almos t c ompletely 

metabol ised 0 .  66  f..tmoles of' 2-hep tanone in l ,_  hours . 

B lank runs , i . e .  shaking heptanone in the flasks wi thout 

mycel ium for the duration of the expei'iment , showed 

that no signif i c ant loss of ketone occurred through 

volatilisation.  

An acceptable oxygen balance was only obtained 

in Exp t .  2 ,  an oxygen upt ake of 60 1-tl be ing recorded 

during the oxi dat i on of 0 . 26  !J.moles of heptanone when 

theore tically 58 1-tl would be expec te d  for c ompl ete 

oxida t i on to co2 and H2o .  I t  was thought possible that 

when non- quanti tative oxygen bal ances v1ere obt ained 

part of the loss might be due to reduct i on of 2-heptanone 

to  2-heptanol by DPN ( diphosphopyridinenucleotide )  

l inked reduc tase ( Franke , Platzeck & Ei chhorn,  1 962 ) . 

The addi tion of malate , which was expec te d  t o  regenerate  

the reduced c oenzyme , made no apprec i able difference to  

the rate of metabol i sm of the 2-heptanone ( Table 2 8 ) . 



Table  28 . 

Ex-eer imenU 
Myc el ium 
1,_8 hours old 
Period of 
incub at i on 
H )  hours . 

Expe:£iment 2 
Mycel ium 
63 hours old 
Per• i od of 
incubati on 
7-?i hours 

Experiment 3 
Mycel ium 
72 hours old 
Period of 
incubation 
'1• hours 
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The metabolism of 2-heptanone by mycelium 

Myc el ium, endogenous 
If + 0 .l,.. ).lmol es heptanone 
If  " 1 1  " + 0 . 2  !J.moles 
" " 1 1  11  + .0 .2 1 1  

I f  + 0 . 2  " 1 1  

I f  " 1 1  1 1  + 0 . 2  ! I  

1 1  + 0 . 2  p.moles malate 
N o  mycel ium + O . l� f Lmol es hep tanone 

l11yc e lium, endogenous 
" + 0 . l,.. 11.mol es heptanone 
" 11 1 1  1 1  + 0 . 2  fLmoles 
" " ! I  ! I  1 1  1 1  

1 1  + 0 . 2  1 1  malate 
1 1  + O . J.,_ 1 1  heptanone (N o  KOH ) 
" " 1 1  I f  + 0 . 2  �Lmole s  

Mycel ium , endogenous 
" + 0 . 33 fLmoles heptanone 
" + o . 66 1 1  1 1  

N o  mycelium + 0 . 33 1 1  " 

t l  " + 0 . 33 t l  t l  

mal ate 
" ( no KOH ) 

1 1  

malate 
1 1  

malate ( no KOH ) 

Oxygen 2-heptanone (fJ.rnoles ) 
u� take Ini t i al F inal � fLl ) 

1 07 

1 28 

1 1 4 

1 21 
1 1 6  

1 1 3  

1 56 

2 1 6 

309 
329 

24.3 

388 

' �- 1 1  
4-1 4-

0 .4 

0 .4 
0 ·4-

0 . 2 

0 . 2 

0 .11_ 

0 .4 

0 ·'-� 
O . l,_ 

0 ..-.J,_ 
0 .4 

0 . 33 

0 . 66 

0 . 3 3  
0 . 66 

0 . 25 

0 . 2 5  

0 . 22 

0 . 1 1  

0 . 1 2 

0 . 34 

0 . 1 11-
0 . 1 7 

0 . 1 [,. 

0 . 1 1 

01..1 6  

0 . 1 0  
o . o 6  

0 . 2 8  

0 . 59 

( l<: :.tch Warburg fl ask c ontained 3 mg fresh myc e l ium, 50 ).lrnole s  phosphate buffer pH 6 . 0 ) . 
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The me tabol i sm of 2-heptanone-1 -0 1 4 by mycel ium 

No  signific ant percentage of the radi oact ivi ty of 

the 2-heptanone- 1 -G 
1 4 

that was me tabol ised appeared as 
1 4

co2 after 3i hours ( Table 29 ) . Blanks vvere ob t ained 

by shaking 2 -heptanone-1 -C1 4 in the absence of myc el ium. 

The obs erved oxygen uptake was grea ter than tl1at 

theoretically necessary to ac count for the comple t e  

oxidati on to  C02 and H2o o f  the heptanone metabol i s ed 

by the mycelium. S ince however no 1 2
,_co2 was 

de tec ted tL.e increas ed oxygen uptake was presumably 

due to s timulati on of endogenous respiration in the 

pres enc e o f  2-heptanone . 

The metabol ism of 2-heptanone-1 -C 1 4 by spores 

Tripl i cate flasks of the radi oac ti ve 2-heptanone 

were analysed after incubat i on with spores for 8 h ours . 

Approximately 40�"b of the radi oacti vi ty o f  the 2-heptanone-

1 -C1 4 that v1as me taboli sed appeared as 1 l,_co2 ( 'l'able 30 ) .  

In flask 1 the uptake of oxygen over endogenous 

respirati on was a1)proximately the amount that was 

needed for c or.1plete oxidati on of the methyl ke tone 

that disappeared.  S ince hovvever only about l,_Otb o f  

the radi o ac tivi ty of the 2-heptanone-1 -01 1,_ metab ol ised 

re-appeared as 1 4co2 , i t  would seem that the other 

60'fo was ass imilated int o endogenous material . 



T able 29 . 

Warburg 
f'lask 

1 

2 

3 

4 

5 

6 

1 5Lf-

The me t�bol ism of 2-heptanone-1 -C 1 lf­

by mycelium 

2-heftanone-1 -0 1 4 • 
!J.moles ) Oxygen 

uftake 
Ini t i al F inal Jl.l )  

0 . 34 0 . 1 5  43 
" 0 . 1 8 36 

0 . 1 9 0 . 1 2 49 
" 0 . 1 0  53  

0 . 34 0 . 30 

0 . 1 9 0 . 1 8 

1 lf-co 2 
C . p . m. 

70 

65 

60 

55 

60 

50 

( Each Warburg fl ask contained approximately 1 0  mg 

mycelium , 40 hours old , 50 !J.moles phosphate buffer pH 6 . 0 .  

P eri od o f'  tncubati on 3 . 5 hours . Flaslcs 5 and 6 c ontained 
* 

no mycelium. Endogenous respirat i on deduc ted) . 



T able 30 . 

vYarburg 
f'lask 

1 

2 

3 

4 

5 

1 5 5 

The metab ol i sm of' 2-heptanone- 1 -C 
1 11-

by spores 

* 
Oxygen 

1 l,_C02 as % 2-heft anone- 1 -C
1 h  

).lrnoles ) 
uftake 

1 4co 2 ket one 
Ini t i al F inal ).ll )  C . p . rn .  metab ol i sed 

0 . 25 0 . 1 7 1 8 1 730 43 
I f  0 . 1 6 1 5 1 735 3 9 

If  0 . 1 3 1 5  1 685 30 
I f  0 . 23 1 80 
I f  0 . 22 1 55 

( E ach Warburg f'l ask c ont ained 1 x 1 0
7 

spores , 6 days old,  

50 �tmoles phosphate buf'f'er pH 6 . 1 . Period of' incubati on 

8 h ours . Flaslcs 4 and 5 c ontained no spores . 

• Endogenous resp irat i on deduc ted) . 
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F ormation of me thyl carb inols during the oxidation 

of fat ty acids 

S.ince the que s t i on of whether methyl ket ones were 

formed from, or c onverted to , methyl carbinols had yet 

to  be res olved, i t  was thought des irable to  re- inves tiga t e  

the problem using both mycelium and spores . 

Octanoic aci d  ( 1 0  flmoles/rnl ) was incubated 

wi th spores at room temperature , s amples be ing 

wi thdravm every 24 hr . t o  determine whether the methyl 

ketone or the methyl c arbinol ac cumulated preferent ially. 

2-heptanol was de tected ini t ially in greater c oncentrat i on 

( maxi mum yield 1 . 83 flmoles/ml after 2 days ) than 

2-heptanone but decreased s l owly t o  zero after 5 days 

( Table 31 ) .  At 2 8 ° , 2-heptanol was again de tected 

ini t i al ly in greater c oncentrati on ( maximum yield 0 . 5 

1-1.moles  after 2 days ) , decre asing t o  zer• o after 4 days 

incubation .  

Mycelium grovm from the s ame batch o f  spores 

formed a small amount of 2-heptanol at room temperature 

( T�bl e  3 1 ) bu t n one was de tec ted at 28° . 

These experiments did not c onfirm the finding of 

Franke , Platzeck & E icbhorn ( 1 962 ) that methyl carbinols 

accumul ate during the oxidation of fatty aci ds by 

fungal spores at the same rate as the yield of methyl 

ketone decreases . 

The relationsh ip be tween the me tab ol ism o f  2-heptanone and 

2-heptanol by mycelium 

F resh mycelium was shaken at 2 8 °  in two Warburg 

�lasks , each c ontaining 80 ml of phosphate buffer , pH 6 . 1  
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Table 31 . R a tes of' formati on o f  2-heptanone and 

2-heptanol during o.._�idati on _of' o c tq,noic ac id  ( 1 0  p.mole s/ml ) 

by s-eores and mycel L.un at room temperature 

Incubat i on 
Per i od ( days ) 

Suores .........__ __ 

1 

2 

3 

4. 
5 

* 
Mycel ium 

2 

3 

4. 

2-hep tanone 
( �lmol es/ml ) 

0 . 31 

1 . 02 

1 . 7  

2 . 0  

2 . 0 

N il 

0 .05 

0 . 22 

2-hep tanol 
( � .Lmol es/ml ) 

0 . 63 

1 . 83 

0 . !,_3 

0 .09  

N il 

N i l  

N il 

0 . 03 

2-heptanone 
2-heptanol 

0 . 5 1  

0 . 56 

23 . 0  

7 .0 

8 ( Each V/arburg :fl ask c ont ained either 1 x 1 0  spores , 

9 days old,  or 1 00 mg myce l ium , l,_ 8 ll our•s old;  5000 )-!moles  

phosphat e  buffer ( pH 6 . 1 ) per 1 00 ml . 

* Grovvn from s ame batch of' spores ) . 
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and 0 . 55 �moles/ml o� e i ther 2-heptanol or 2-heptanone . 
At intervals 1 0  ml o� medium were wi thdrawn �or ether 
extrac t i on and analys is by gas chromatography as 
previously described and 1 ml was withdrawn �or 
the determination o� the c oncentrati on of 2-heptanone . 

The rate o� disappearance  o� the 2-heptanol �rom 
the medium was slov1 ini tially , 2';6 only of the 2-heptanol 
having been me tabolised a�ter 4 hours and 5% a�ter 8 
hours . Hovrever 75% had dis appeared a�ter 24 hours 
and 89% a�ter 32 hmurs (Fig . 2 3 ) . The yield o� ketone 
obtained did not c orrespond exac tly to the amount o� 
carbinol that disappeared, the ketone presumably being 
slowly fur ther me tabol ised by the mycelium. 

The ketone ( 0 . 55 �Iilol es/ml initially) was sl owly 
me tabol ised, the c oncentration fall ing by 25?-� to O . ll- 1  
�moles/ml a�ter 24 hours and by 44% to 0 .31 �mol es/ml 
a�ter 32 hours ( Fi g .  23 ) . H owever , the concentrati on 
o� 2-heptanol �armed ( 5% o�  the ini tial 2-heptanone ) 
di d not increase to  any s i gni �ic ant extent between the 
�irs t analys is ( ll- hours ) and the l as t  ( 32 hours ) . 

In a second experiment a lower concentrat i on o� 
2-heptanone ( 0 . 1 4 �moles/ml ) was used. The rate o� 
disappearance o� ketone ( 35�b in 2 days ) and �ormation 
o� 2-heptanol ( less than 5%) was however almos t 
identi c al to the �irs t experiment . 

In vi ew o� the poor y i eld o� 2-heptanol obt ained 
above , its  �ormat i on was c on�i rmed using 2-heptanene-1 -C1 ll­
as subs trate . 25 �moles o� 2-heptanone-1 -0 1 4 

( 750 ,000 c . p . m . ) in 1 00 ml o�  buffer pH 6 . 1  were shaken 
with mycel ium for 24 hours at  28 ° .  The 2-heptanol-1 -G1 4 

was extracted as the 3 , 5  dini trobenzoate and 
chromatographed as described in the Me thods s e c t i on. 
The derivative was detec ted under u . v .  l ight , dried ,  



O•Z 

Fig. 23 . 

2-bept anol 
( !J.moles/ml ) 

fO 2 0  

2-hept anone 
(!J.moles/ml ) 

Hours 

JO 
The oxidation of 2-beptan o l  by myce lium at 
pH 6 . 1 ( 50 IJ.moles phosphate buffer/ml ) . 
Curve A show s the incre ase in 2-beptanone 
and Curve B the decre ase in 2-heptanol wit h 
time . 
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cut out and c ounted directly . 
background were ob tained , which 
of the original radi oactivi ty. 

1 400 c . p . m. above 
was approximately 0 . 2% 

Although thi s  l ow 
rec overy could be p artly attributed to the l ov/ yield 
of 3 , 5  dini trobenzoate o� 2-heptanol and �uenching 
of the derivative in the s c intillati on fluid,  i t  
c onfi rmed that the reduc t i on o� ketone t o  carbinol 
by mycel ium occurred to a l imi ted extent only . 

Oxidati on o� triglycerides to methyl carbinols by spores 

In contras t to the oxi dati on o� fatty ac ids by 
spores , the oxidati on of triglycerides led to a marked 
accumulati on o� both methyl carbinols and me thyl 
ke tones . For exampl e �lask C ( F·ig . 29 ) c ontained 
approximately 1 0  �mol es 2-hep tanone and 2 �moles 
2-heptanol a�ter 1 2  day old spores had been incubated 
with trioc tano�n and ammonium sulphate fo r 38 days . 
Flask D ,  in whi ch there was no source  of ni trogen and 
only traces o� mycelium were detec ted, c ontained 1 1  �moles 
2-heptanone and 3 . 5  �tmol es 2-heptanol . 

Younger spores ( 5  days old) incubated at 30 ° under 
identical c onditions to the above experiment did not 
however give such large �uantities of c arbinol . One 
flask c ontained ,  a�ter 40 days incubation ,  4 · 5  �moles 
2-heptanone and 0 . 25 !J.moles 2-heptanol . 
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INH IBITION OF RESPIRA'riON OF MYCELIUivl BY FATTY AC IDS 

In the pr esent inves tigat i on i t  has been shovm that 
the ability of fat ty ac ids to inhibit  mycel ial 
respirati on depended upon 

( 1 ) the chain l ength of the ac i d .  
( 2 ) the concentrati on of acid.  
( 3 ) the pH at which the ac tivi ty was measured. 
( 4- ) whether fresh or pre-s tarved mycel ium was us ed .  

There appeared to  be no  simpl e  explanati on available 
as t o  why the c 8  to c 1 2  ac ids should be more toxid than 
other ac ids . A number of supplementary experiments 
were therefore c arried out to de termine the mechanism 
of' toxicity,  particularly with reference to a p os s ible 
relationship existing between toxic ity and the fac t  that 
only one methyl ke tone was formed in the oxidat i on of 
a f'at ty acid.  

The c ombined effect of adding toxic  and non- toxic ac ids 
on methyl ketone formation by myce l ium 

When toxic and non- toxic ( e . g .  c.1 1  and c5 ) ac i ds 
wer e  added s imultaneously,  endogenous respiration was 
inhib i ted.  However b o th corresponding methyl ketones 
were formed showing that the acids were oxidised as 
f'ar as the �-ke to ac ids ( T abl e 34- ) .  

When a non-toxic ac id, e . g . , c 5 , was f'irs t shaken 
wi th the myc elium for 30 minutes and oxidat i on was 
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occurring normally, the addi t i on of a toxic ac i d  such 
as 0;1 1  suppres s ed oxygen uptake by the mycel ium 
markedly. The toxic ac id  was not immediately effec t ive 
in inhibi ting oxygen uptake , o1 1  ac id taking 30 minutes 
and the l ess  t oxic o1 0  ac id  45 minutes to reduce the 
oxygen uptake t o  a minimum ( Fig .  24 ) .  The addi tion 
of the toxic ac id however in most cases markedly 
increased the formation of' 04 methyl l<:etone f'rom c 5 
acid ( Table 34-) , the more toxi c ac id (c 1 1 ) be ing more 
effec t ive than the l es s  t oxic ( c

1 0
)

. 

Effect  of c oncentration of t oxic acid added 

The prel iminary experiments had shown tha t  although 
the oxygen upt ake by mycelium in the presence of a 
non- t oxic ac i d  c ould be inhib i ted by the addi t i on of 
a t oxic ac id, methyl ketone formati on from the non-toxic 
acid was ac tually enhanced in mos t cases . I t  was of' 
interes t ther efore to  determine the relationship between 
methyl ke tone forma t ion f'rom the non-toxic ac id and 
the c oncentrat i on of' toxic ac id added.  

Pre-incubation wi th non- toxic ac i d  (08) foll owed by t oxic 
ac id (o1ol 

2 �moles of o 8 acid were shaken wi th mycelium in 
Warburg flasks for 30 min , varying c oncentrati ons of 
c1 0  acid then being added.  At the same t ime , identi c al 
c oncentrations of o 1 0 ac id ware added to fresh rn$cel ium 



The inhibition of oxygen uptake by mycelium 
in the presence of a non-toxic aci d  (c5 ) by 
the addit ion of  a toxic acid (C 1 0 or c11 ) . 
Each flask c ont aine d about 1 0  mg myce].: Urn. ,- ; 
50 �moles of  phosphate buffer,  pH 5 . 2 ,  3 �moles 
of e ach acid and distille d water to 3 ml . 



Table 34 · The c omb ined effect  of adding t oxic and 
non-t oxi c ac ids on meth;zl ket one format i on by 

mycel ium 

Methyl ketone ( IJ.rnol es ) 
c4 c 9 0 1 0  

Ex12eriment 1 Mycelium, 60 hrs . old 
c5 only 0 . 1 9 

01 0  
" 0 .40 

0 1 1  
" 0 . 1 6  

05 & 01 0  t ogether 0 . 39 0 . 37 

c5 f'oll owed by 0,1 0  0 . 39 0 .35 

G5 
f l  fl c 0 . 90 0 . 20 1 1 

ExJ2eriment 2 Mycelium, 4 8 hrs . old 
c 5 only 0 . 26 

0 1 1  
" 0 .30 

C 5 f'ollowed by c 1 1  0 . 90 0 . 25 

0 1 1  
" " c5 0 . 1 8 0 . 20 

0 5 & 01 1  t ogether 0 . 1 5  0 . 1 5  

(E ach Warburg flask contained 1 0  rng myce l ium, 50 �moles 
phosphate buf'fer pH 5 . 2 .  3 �moles of each acid were 
used, the s e c ond of' any pair of' acids being added 
30 min. after the f'irs t and incubation c ontinued for 
a f'urther 1 60 min ) . 



· Table 35 . The ef'f'ect  of' o 1 0 ac id  on the abi l i ty of' mycelium to  

oxidise  o 8 ac id t o  2-heptanone 

Myc elium, c ontrol 
1 1  + 2 !J.moles o8 
1 1  + 11 foll owed by 2 !J.moles o 1 0  
1 1  + 1 1  
1 1  

-:- 1 1  

Myc elium, shaken , 
1 1  1 1  
" 1 1  

Mycel ium + 2 �J.moles o 1 0  " + 3 1 1  1 1  

1 1  11 4- 1 1  " 
1 1  1 1  6 1 1  1 1  
1 1  1 1  2 " 11 
1 1  " l� 11 1 1  
1 1  " 6 1 1  1 1  

" 11 2 1 1  08 " " 2 1 1  " 

2-heptanone 
( !J.moles ) 

N i l  

0 .05 

0 . l�6  
0 . 1 8 

0 . 05 
-

-

-

0 . 80 

0 . 92 

(Each Warburg f'lask contained 1 0  mg mycel ium, 4-8 hours old ,  

2-nonanone 
( !J.moles ) 

N il 

Nil  

0 .08 

o . o6 
0 .08 

0 . 1 4-

0 . 1 0  

0 . 1 0  

0 .07 

0 .09 

50 !J.moles phosphate 

buffer pH 9 . 2 .  The second acid was added 30 minutes af'ter the f'irs t , 

incubation being continued for a further 1 20 min. ) . 

� 
0"\ 
1\) 



as c ontro l s . As the results in Table 35 show the 

produc t i on of 2-heptanone was markedly inc r e ased by 

adding 2 �mol es c1 0 ac i d ,  bu t the addi t i on of hi gher 

c oncentra t i ons of c 1 0  ac i d  resul t ed in s maller 

increases o f  2-heptanone from o c t ano i c  ac i d .  

Pre- incubat i on wi th t oxi c ac i d  foll owed by non- t oxi c ac i d  

Mycel ium from the above experiment was used t o  

inve s tigate the effec t o f  shaking f o r  30 minu tes wi th 

a t oxic ( c 1 0 ) ac id fol l owed by a non- tox i c  ( C B
) ac i d .  

A c onsi derably higher yield o f  2-hep tan one was 

ob tained than wi th the reverse order of ac i ds ( T able 35 ) .  
I n  v i ew of these resul ts mycelium was pre- incubated 

w i th different c onc ent rations of c 1 0  ac i d  for varying 

t imes to de termine whe ther the durat ion of c ontac t 

o f  the c1 0  ac id with the mycel ium influenced i ts 

ab i l i ty t o  subsequent ly oxidi s e  C B ac i d  t o  2-hept an one . 

Pre- incubati on of myc el ium with c 1 0  ac i d  for 3 hours . 

Myc e l ium suspended in phosphate buffer ( pH 5 . 2 ) 
was shaken for 3 hours with two different c oncentrati ons 

o f  c1 0 ac i d  ( Jl- �mol es and 1 0 �tmol es ) . The myce l ium 

was c o l l e c ted on a M i l l ip ore F ilter , washed with 1 00 ml 

of 0 .05 M phosphate buffer ( pH 7 .0) and wi th 50 ml 

of di s t i l l ed water . The myc e l ium was then resuspended 

in 3 ml o f  phosphate buffer ( pH 5 . 2 ) . 2 �moles of 

C B ac i d  were added to the washed mycel ium and oxida t i on 

all owed t o  proceed for 3 hours . The myc el ium 

pretreated wi th h- �moles c1 0  gave an almos t quant i tative 

yield of 2 -heptanone . Oxygen uptake over endogenous 



respirati on was very sl ow ,  the obs erved up t ake of 42 �1 

be ing almos t that the ore t i c ally needed for the format i on 

of 1 . 86 �tmoles o f  2-hep t anone from c.8 ac i d  ( T able 36 , 
Exp t .  1 ) .  Pre-incubat i on of the mycel ium wi th 1 0  
�tmole s  C 1 0 ac i d  however c omple tely inhib i ted i ts 

ab i l i ty sub s e quently t o  oxid i s e  oc tano ic ac i d  to  

2-hept anone . 

Two c ontr ol s  we re obtained by shaking myc el ium 

in phosphate buffer , washing as described ab ove and 

resuspending in pH 5 . 2 buffer . T o  one c ontr ol 2 �mol es 

c8 ac i d  were added, oxygen up take be ing rap i d  and 

almos t quant i t ative after 3 hours , indi c a t ing that the 

myc e lium was unaffec ted by the washing proc edure . The 

s e c ond c ontrol showed the endogenous respirat i on o f  

the washed myc elium t o  b e  the same a s  that before 

washing. 

T o  demons trate that the washing pr o c e dure had not 

rem o ved the inhib i t ory e ffe ct of the 01 0  ac id , myc el ium 

pre- incubated wi th c1 0 acid was washed and resusper1ded 

as ab ove . The oxygen up take by these washed c e l l s  

( T ab l e  36) remaine d very l ow. 

Pre- incubat i on of myc e l ium w i th c 1 0 ac i d  for 40 min. 

and 1 0  min . D-ifferent batches of mycel ium were 

pre- incubated for 40 min. and. 1 0  min . respe c t i vely wi th 

varying conc entrati ons of c 1 0  ac i d .  Th9 time for 

whi ch the c1 0 ac id was in c ontac t with the myce l ium 

d i d  not appear to be important s ince in all c ases the 

pat t e rn of subse quent o x i dati on of oc tano i c  ac i d  t o  

2-hep t anone by the myc e l ium Y1e.s the same ( T able 36 , 

Exp t s . 2 and 3) . 



T abl e 36 . The e ffe c t  o f  pre- incubat ing myc el ium wi th c
1 0 

ac i d  for varying t imes on i ts ab i l i ty 
to oxi d i s e  c

8 
ac id t o  2-he D t anone 

Exper imen t  1 • 

M yc el ium 
1 1  + l,_ 
" + 1 0  

Pre- incuba t i on wi th o
1 0  

ac i d  
' * wasned , c ontrol 

p.mol es 0'
1 0  

" " 

" I f  If " 

for 3 hour s 

Myc el ium c ontr ol , I f  + 2 IJ-moles  c8 ac id 
1 1  + 4-
11 + 1 0  

Experiment 2 .  
Myc e l ium 

1 1  + 2 

I f  + 3 
Myc el ium 

" + 2 
" 3 
1 1  4-
I f  6 

�er:Lme_n� . 
M yc el ium 

" 

If + 2 
I f  

,,_ 

" 6 
" 8 
1 1  1 0  

p.mol es 0 1 0 
I f  1 1  

Pre- incubat i on 

" 

I f  

w i th
,.. 

0 1 0  
ac i d  

washed, c ontrol 
�t.rnol es 0 1 0 

1 1  I f  

" " 11  " 

I f  

" 

f or 

" + 2 �Lmol es C
B 

!Lmoles 01 0  
" 1 1  1 1  

" 1 1  " 1 1  " 

" " " 1 1  1 1  

" " " I f  11 

Pre- incubnt i on Vli th
_._ 

C 
1 Q ac i d  for 

washed: c ontrol 

11 11 

I f  " 

J, .c minutes 

acid 
" 

I f  

" 

I f  

1 0  minutes 

I f  + ') '- ) Lmol e s cs ac id 
p.mol es 0·1 0 

I f  " " 1 1  

I f  1 1  I f  I f  " I f  

I f  " " " " " 

1 1  " " I f  " " 

" I f  " " " " 

2-hei)tanone 
( !J.m�les ) 

N il 

N il 
Nil 
0 . 81 

1 . 8 6  

N i l  

N il 
N il 

Nil 
0 . 80 

1 . 30 

1 . 02 

0 . 2J,. 
0 . 1 2 

N il 
0 . 2 7 

1 . 5 3 

o . so 
0 . 2 1  

0 . 1 0 

0 . 0 9  

Qy_ygen 
uptake ( p.l )  

259 
1 5 

2 
5 78 

5 7  

6 

20 2 
1 0  

3 

l,.38 

75 

69 

1 5  

1 5 

1 79 

J ,. 1 l,_ 

68 
33 

32 
30 

36 

( Each Warburg flask c ont a ine d. 1 0  mg 
* vmohcd mycel ium , z,_ s  hoUI'S old,  50 l.lrnoles phospha te 

pH 5 . 2 .  Period of' incu1) a t i on 3 h011I'S • .•. 
.... s e e  text for de t a i l s ) . 

buffer 
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The use of 2-0. 1 4 oc tanoic ac id  t o  show the extent of 
t oxicity exerted by c 1 0  ac id 

To inves tigate fUrther the toxic ac tion of c 1 0  ac id 
on mycelium, exper iments -were c arried out us ing 2-c 1 4 

octanoic acid.  The mycel ium was shaken for 1 hour 
with 6 �moles of c 1 0  ac id, washed wi th pH 7 . 0  buffer as 
outlined in the previ ous  experiments and re-suspended in 
buffer ( pH 5 . 2 ) . 1 �mole of 2-c 1 1+ octanoic ac id vras 

then incubated wi th. the washed mycel ium for 2 hours . 
An ac id blank, i . e . 1 �mole 2-c 1 4 oc tanoic ac id in 3 ml 
buffer ( pH 5 . 2 )  wi thout added myce l ium, was als o  included.  

Mycelium v1ashed wi th buffer as above was abl e  
t o  oxidise oc tanoic ac i d  to c arbon dioxide . In 2 
hours 5 to 1 w& of the ini tial radi oac tivi ty of the ac id 
appeared as radioac tive C02 ( T able  37) . Mycel ium 
that had been pre- treated wi th c 1 0  ac id formed no 
s ignifi cant amounts of radi oac tive co2 when incubated 
wi th 2-c1 4 oc tano ic ac i d .  A grea ter yield of 
2-heptanone-1 -c 1 4 was obtained after us ing mycelium 
pre- treated wi th c 1 0  ac id than with fresh myce l ium . 

Revers ibility of toxic i ty of oc tanoic acid at l ow pH 

The dependence of the t oxic e ffec t of ac ids upon 
pH has been amply demons trated in the previous 
experiments .  The results in F ig .  25 show that the 
toxic effe c t  of c8 on mycel ium at pH 2 . 5  c ould be 
reversed slowly by the addj_t ion after 1 hour of sufficient 
KOH ( 30 �Lmoles ) to bring the contents of the Warburg 
cell to pH 5 . 5 ,  at which pH c8 ac id i s  normally oxi dised 



T able 37.  The use  of  oc tano ic-2-c 1 4 acid to demonstrate the extent of toxi c i ty 
exerted by 0 1 0  ac id 

Mycelium, washed . C ontrol 
1 1  1 1  " 

1 1  1 1  + 1 !J.mole oc tanoic-2-01 4 ac id 
1 1  1 1  1 1  1 1  " 

1 1  + 6 !J.moles o 1 0  ac i d ,  washed. C ontrol 
1 1  1 1  1 1  1 1  " + 1 !J.mole oc tanoic-2-01 4 acid 
1 1  1 1  1 1  1 1  1 1  " 1 1  " 

N o  mycel ium + 1 !J.mole o c t anoic-2-c 1 4 aci d  ( blank) 

Oxygen 1 40 0  uptake 2 
( !J.l ) C • p .  m 

31,_4 
31 2 
388 21,_00 
1,_45 2 1 20 

40 
74 230 
61,_ 225 
- 2 1 5  

2-heptanone 
-1 -0 1 4 
( !J.moles) 

0 . 05  
0 . 1 2  

0 . 31 
0 . 28 

( Each Warburg flask contained 1 0  mg washed mycelium, 60 hours old,  50 !J.rnoles phosphate 
buffer pH 5 . 2 .  Period of incubation 2 hours ) . 

_..l. 
0'\ 
-.J 



1 68 

T able 38 . The reve rs ib i l i ty o f'  the toxi c i ty of 
oc tanoic  aci d  at pH 2 . 6  t owards mycel ium by add ition of 

alkali 

O c tanoic ac id  2-heptanone 
f.l.moles pH f.l.mol es 

l� 2 . 6  0 . 1 2 
6 1 1  0 . 05 
8 tl 0 . 03 
4- 5 - 5 2 . 61 
6 11 2 . 65 
8 11  2 . 38 

*' 
4- 2 . 6  � 5 · 5 2 . 33 
6 t l  " 1 . 80 
8 11  " 0 . 62 

( E ach Warburg fl ask c ontained 1 0  mg mycelium, 4-8 hours 
old, 50 f.l.mol es phosphate buffer . Incubat i on period 6 hours . 

• 30 f.l.moles KOH added after 1 hour to raise  pH from 
2 . 6  to 5 . 5 ) . 



Fi g . 25 • 

Joo 

zso 

tOO 

z J s " 
Hours 

The reversib ility of the t oxic effect  of  
octanoic ac id  (4, 6 and 8 �moles ) towards 
mycelium at pH 2 .6 by rais ing the pH to  
5 . 5 .  Each flask containe d ab out 1 0 mg 
mycel ium ( dry we ight ) ,  5 0  �moles phosphate 
buffer and distille d water to 3 ml . 30 
�moles KOH adde d after 1 hour to raise pH 
to 5 . 5 .  



readily . The oxygen uptake and yield of' 2-heptanone 
slowly increased after the addi ti on of alkal i . The 
yield of 2-heptanone obt ained from 4 �moles oc tanoic 
aci d  at pH 5 . 5  was not s i gnificantly higher than that 
when the ac i d  was firs t added at pH 2 . 6  and the pH then 
rais ed after 1 hour to 5 . 5  ( Tabl e 38 ) . 

The t ime taken to overcome the toxi c i ty at pH 
2 . 6  depended upon the c oncentrati on of toxic ac id added 
ini tially ( F i g .  25 ) . This was also shown by the 
relatively l ow yield of  2-heptanone obtained when the 
pH o f  the flask containing 8 �mol es of oc tanoi c  acid 
was raised from 2 . 6 t o  �. 5 ( T able 38 ) . 

Ef'fec t  of -GO-CH2-co grouping on oxi dati on of fatty ac ids 

A working hypothes i s  considered was that the 
�-ke to ac i ds themselves were toxic to the oxidis ing 
enzymes . Both -NH2 and -SK groups migh t be expec ted 
to  add read i ly on to the �-ket o  group in the -CO .CH2 .COOH 
grouping s ince the �-ke t o  group will be ac t ivated by 
the pr oximity of the -COOH group . The only readily 
available c ompound c ontaining a -CO-CH2-co grouping was 
ethyl ace toace tate . This was rapidly oxidi sed by 
myce lium at pH 5 . 8 and i ts presence was als o unable 
t o  prevent the oxidati on of octanoic aci d  to any 
s ignificant extent . H owever the presence of ac e toace tate 
par tly inhibi ted the oxidati on of c 1 0  aci d  ( Table 39) ; 
the oxygen uptake was approximately halved and the 
f'ormation of' me thyl ketone decreased by one third. 
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Table  39 . The effe c t  of ethyl ace toace tate (E tAcAc) and 
glutathione (GSH) on the oxidat i on of fatty acids by mycel ium 

Myce l ium, Endogenous 
" 

1 1  
1 1  
1 1  
" 

tt  

" 

" 

1 1  
t t  

+ 3 �moles c 1 0  acid 
+ t t  " + 1 00 !J.moles E tAcAc 
+ If If + 1 00 
+ 1 00 !.Lmoles E tAcAc 
+ 1 00 11 GSH 
+ 2 !J.moles c8 ac i d  

1 1  GSH 

t t  1 1  + 25 �.Lmol es GSH 
t t  

" 

" 

tt  50 " " 

" 
tt 

1 00 
1 00 

1 1  1 1  
" E tAcAc 

Oxygen M ethyl 
u� take ketone 

� !J.l ) ( !J.moles ) 

54 
351 
1 92 

25  
450 

93 
295 
265 
21 6 
200 
300 

0 . 31 
0 . 1 9  
0 . 26 

1 . 07 
0 . 56 
0 .40 
0 . 38 
0 . 94 

( Each Warburg flask contained 1 0  mg mycel ium, 48 hours old, 
50 IJ.IDoles phosphate buffer , pH 5 . 8 .  Incubati on pe riod 
4 hours ) .  
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Erre c t  or glutathi one 

An attempt was als o  made to  determine if the 
toxic i ty or ratty ac ids towards mycelium was a 
cons e qu ence or the deac tivation or the thi ol groups 
of the oxidis ing enzymes . The presence of glutathi one 
was exp ec ted  to  protec t such enzymes . An unexpec ted 
resu l t  was that the glutathione , although s omewhat 
s timulatory to the c ontrol , both suppres s ed th e oxygen 
uptake during the oxi dati on or o8 and 0 1 0  acids and 
l owered the yield or methyl ketone ( Table 39) . 
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OXIDATION OF TRIGLYCERIDES 

Oxidati on of tr iglycerides  by mycel ium 

Mycel ium oxidised tri glycerides slowly , after an 

ini ti al lag period  of about 1 hour ( Fig.  2 6 ) . This 
lag p er i od was poss ibly c aused by the necess i ty for the 
cells t o  synthesise  l ipas es ,  after which accelerated 
oxidat i on took pl ace .  High l ipas e  ac tivity might not be 
expected in mycel ium grown wi th the glucose-ammonium 
nitrate medium s ince many workers ( e . g . Thibode au & M acy,  
1 938 ; Peters & N el s on ,  1 948 ) have shovm glucose  to  
inhib i t  l ipase formation .  This was confirmed b y  growing 
the mycelium wi th casamino ac ids as the sole s ource of 
carbon. In thi s  case oxi dati on was rapid and c ommenced. 
immediately ( Fig.  26 ) . Methyl ketones were not  detec ted 
as oxidation products of fatty acids incubated for 5 hr . 
wi th mycelium grown on e i ther m edium. 

Effect of shaking on l ipolyti c  ac tivi ty. S ince aeration 
has been found to deac tivate other l ipases ( N e l s on,  1 952 ) 

i t  was poss ibl e that shaking the Warburg flasks was 
influencing l ipas e activity . H owever , no d i fference in 
ac tivi ty was observed between flasks shaken and those 
that were not . 

Oxidat i on of triglycerides by spores 

Small quanti ti e s  of free fatty ac ids ( 1 �rnole/ml ) were 
oxidis ed by spore s  t o  yield up to 60% of the c orresponding 
me thyl ketone after 6 hours but only small amounts of 
methyl ketone were obtained from e quivalent quantities  



'" 

Fig . 26 . C omparis on of the rates of oxidation of triglycer i dee  
by mycel ium grown on casamino aci ds ( o - o ) and 
on glucose - ammonium nitrate (� - � ) . E ach 
flask c ont aine d  ab out 1 0 mg mycelium, 1 �mole of 
triglyceride and 50 �moles phosphate buffer , pH 
5 . 2 .  Endogenous resp iration de ducte d .  
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of triglycerides ( Fig.  27 ) in the same period.  S imilarly 
the oxygen uptake was much higher for the f're e  ac ids 
than f'or the triglycerides , trilaurin not be ing oxidised at 
all . These prel i minary experiments indi cated that the 
l ipolytic  ac tivity of' the spores was comparatively l ow .  
Over a period o f'  weeks however spores were found t o  
oxidis e  slowly large concentrations o f  triglyceride to  
me thyl ketone whereas e qu ivalent concentrat i ons of' 
f'ree :rat ty acid were not oxidised. 0 . 2 ml tri octano in, 
i . e .  1+4- f.!moles " a  vai la ble" octanoic ac id  per ml , was 
oxidised to 1 0 . 1  f.!moles 2-heptanone af'ter 9 days and 0 .3 
ml tri oc tanoin to 6 . 6  JJ.moles after 1 4- days ( Table l,_O ) . 
Above these c oncentrati ons however the :rormation of 
2-heptanone was markedly decreased. Thus 0 14- ml 
trioc tanoin yielded only 0 . 6  f.!moles 2-heptanone af'ter 
1 4- days . 

The eff'e c t  of age of' spoPes on methyl ketone :rormat i on .  
No c orrelation was observed between the age of' spores 
and methyl lcetone forrra t i on from triglycerides (F ig. 28 ) , 
a result s imilar t o  that obtained in the oxidation of' 
free :ratty ac ids by spore s .  

Induc t i on of lipolytic  ac tivi ty in germinating spores 

The prel iminary step in the oxidat i on of' triglycerides 
to methyl ketones is  presumably hydrolys i s  of' the 
triglyceride to  f'ree ac i d .  Spores grmm on C zapek-Dox 
agar gave considerably higher yields of 2-heptanone 
f'rom tri oc tanoin than either spores gro1� on potato 
dextros e agar ( Fig.  28 ) or spores grown on malt agar . 
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Fi g . 27 .  

�·, 
'f'�-(:w) 
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A comparison of the oxygen uptake and 
me thyl ke tone formation by 4 day old 
spores in the presence of ( a) fatty 
ac i ds and (b)  triglyceri des . Each 
flask c onta ined either 3 �moles of 
fatty ac id  or 1 �mole of the corre s­
ponding triglyceride , about 1 x 1 07 
spore s ,  5 0  umoles phosphate buffer , 
pH 6 . 2 and distille d  water to 3 ml . 
Incubati on period 6 hours . E = 
endogenous re spiration .  
T G  = triglyceride . 

r--
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T able 40 .  The effect  o f  concentrat i on of' trioc tanoin 
on the forma t i on of' methyl ketones by 1 5  day old spores at 30 ° 

C:oncen tra ti  on "Available" Yield of' methyl ketone ( �moles/ml ) 
trioc tanoin oc tanoic  ac id Days of' incubati on 

( ml ) ( JJ.moles/ml ) 
2 5 9 1 4 1 9  

0 . 1 22  1 . 6 2 . 6  3 . 1  3 . 6  3 . 2 
0 . 2 44 3 . 1  4 · 6 1 0 . 1  6 . 3  6 . 0 
0 . 3 66 1 . 3 4 · 2 ll- . 8 6 . 6  5 . 9  
0 .4 88 0 . 2  0 . 3  0 .4 0 . 6  0 . 5  
0 . 5 1 1 0 0 . 05 0 .05 0 . 08 0 . 08 0 . 09 

(Each flask c ontained 25 ml phosphate buffer pH 6 . 6 ;  7 ml 
spore suspensi on ( 1 x 1 06 spores per ml ) . 

3 6  

3 . 1  
6 . 0 
4 . 1  
0 . 7  
o . o1 
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Compar i s on o� 2-beptanone �ormation �rom tri octanoin by spores grown on 
( a )  C zapek-Dox agar (E , F ,  G ,  H) (b ) Potato-dextrose agar (E1 , J ,  K ,  R) . 
Spore s  use d in �lasks E ,  E1 , F and R were 6 days o l d; those 1n G and J 
were 1 3 days old an d  in H and K were 20 days o l d. Flasks E and E1 c ontained 
arr�onium s ulphate ( 5 0  �moles/ml ) .  
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These three media c ontain di f'f'erent . c oncentrations 
of' sugar ( and, in the case o f'  malt agar , mal tose  ins tead 
of' gluc os e ) which may have af'f'ec ted the rel ative 
l ipoly t i c  behavi our of' the spores . Glucose  i s  known 
to inhibi t  l ipase f'ormat i on in mycel ium ( e . g .  Thibodeau & 

M acy , 1 938 ) and could reas onably be expec ted t o  inhibi t 
the ir f'ormati on in spores al s o .  Attempts were  made t o  
increas e the l ipolytic ac tivi ty o f'  spores by growing 
them on glucose-f'ree media,  whose carbon s ourc e  was 
cas arnino ac ids , peptone , neopeptone or tryptone , bljt the 
mycelium did not sporulate . 

Ef'f'ec t o f'  nitrogen s ource on l ipolyti c  ac tivi ty .  S ince 
bac teri al l ipase produc tion i s  markedly af'f'ected by 
the s ource of' ni trogen in the growth medium ( Cutchins , 
Doe tsch & Pelc zar, 1 952 ) , i t  was thought that l ipas es 
might be induced by adding var i ous s ources of' nitrogen 
to the incubati on medium . The abi l i ty of' spores 
to oxidise  triglycerides to  me thyl ke tones in a medium 
containing no sou rce of' nitrogen was c ompared wi th the ir 
abili ty t o  do so  in media c ontaining vari ous sources of' 
nitrogen. Al though spores can germinate in absence of' 
ni trogen tj:�c;;re is l i ttle or no post germinative 
devel opment ( Levins on & Hyatt,  1 963)  and thus these 
experiments allowed a c omparis on to be made be tween 
germinat ive and post-germinative inf'luence on methyl 
ketone f'ormation .  

( a ) C asamino ac ids ( 3g/500 ml) . The oxidation of' 
tri glycerides to methyl ket ones by spores was much less 
marked i n  the presence of' c asamino acids than in 
experiments with ammonium i on repor ted bel ow. The 
presence of' casamino ac ids resulted in extens ive mycelial 



growth 
yields 

( b ) 
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which appeared to be correlated wi th the l ow 
of me thyl ket ones obtained. 
Ammonium sulphate ( 1 e/500 rnl) . At pH 6 . 3  

spores oxidis ed sample s of tr ioc tanoin ( 22  �moles/ml ) 

more rapidly in the presence of ammonium i on than those 
in i ts absence ( Fig.  29) . 

Format i on of me thyl ketone in the la tter was hov;ever 
s t i ll increas ing arter 36 days whereas those wi th 
ammonium i on had reached a maximum arter 1 0-20 days . 
All rlasks c ontaining ammonium i on formed s ome myc el ium 
but fUrther metabol ism or the 2-heptanone was very s l ow. 

A similar series or experiments was carri ed out at 
the s ame time vri th the s train of' f.!. roguef'or t i  isolated 
from N . Z .  Blue chees e .  Although the maximum yield of' 
ketone ( 1 2  �mol es/ml ) was not as high as obtained with 
s train 6989 ,  the pattern of ketone formation was 
s imil ar.  

Although in general the pres ence of' ammonium i on 
ini tially accelerated the formation of' me thyl ketones 
from triglyc erides i t  was found that far more c onsis tent 
results were ob tained, ir rather more sl owly, by spores 
in the absence of a s ourc e  of' ni trogen ( see , for example ,  
Fig .  28 ) . A feature of the experiments c onc erned 
wi th the me tabol i sm of triglycerides in th e pr esence 
or ammonium i on vms the diffi culty of exac tly 
reproduc ing resul ts in different tri als empl oying 
c omparable cul tures . 

Erf'e c t  of c alc ium, magnes ium and chloride i ons . Addit ion 
of' 0 .027& ( w/v) calc ium chl or ide , f're y_uently added as 
an activator in l ipase systems ( Bier , 1 955 ) , s ometimes 
greatly enhanced,  and at other t imes repre s s e d ,  methyl 
ketone format i on ( F i gs .  2 9 ,  30 , . J2 ) . S imil arly inc ons is tent 
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2-heptanone 
( umoles/ml ) 

Fig. 29 .  

, ID " AAV •. 10 - !10 

A comparison o� the �ormation o� 2-heptanone �rom trioctanoin by 1 2  
day old spores at pH 6 . 3 (50 umole s phosphate buf�er/ml ) in the 
�resence or abse�ce o� ammonium sulphate ( 50 umoles/ml ) and 0 . 02% 
(w/v) c alcium chlori de . Flasks , A,  B ,  C and F containe d ammonium 
i on :  �lasks A,  E ,  F ,  c alcium chloride and �lask D neither ammonium 
i on nor calcium chloride . 
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resul t s  v1ere ob t a ined when magne s ium ion was added.  

Bier ( 1 95 5 )  reported hal ogen i ons t o  be inhib i t ory 

bu t in thi s inve s t igat i on the pre s enc e of chl o r i de i on 

di d not s ignifi c antly al t er the amount o� rr.ethyl ke t one 

forme d .  

E ffe c t  of emul s i fi c ati on of triglyc er ides . M any workers , 

e . g . ,  Kirsch , 1 935 ; have s tated tha t emuls i fi c a t i on i s  

a pre- r e q_ui s i  t e  for l ip'9lys i s  of triglyceride s . 

Tri oc tanoin was there fore emul s i fi ed with 0 . 2;:� s olut i ons 

of gum ac ac i a ,  agar or polyvinyl alc ohol , prepared 

acc ord ing t o  me thods given by B i er ( 1 955 ) . E mul s ificati on 

did n o t  however enhanc e lcc t one forma t i on ( F i g .  30 ) . 

The formati on o f  2 -ilnde canone from Tween 20 by spores 

The s olubi l i ty in vvat e r  of Tween 20 ( p ol ;y- oxye thylene 

s orb i tan mon o l aurate ) , whi ch c on t ains approximately 60'fb 

l aur i c  acid (Ar chibald, 1 946) , was utilised t o  de termine 

if the l ow rate of' formati on of 2-undecanon e  f r ofil 

trilaur in was due to the ins olub i l i ty of the t r i glyc eride . 

F orma t i on of 2-undec anone from Tv1een 20 was l inear but 

very sl ow for ab out 1 0  days and then stopped c ofilple tely 

( F ig .  3 1 ) . This exper iment would appear to c onfirm 

that emul s i fi c a t i on or solub i l i ty· of the subs t r a t e  

tr iglyc eride i �  not cri t i c al . 



2 5  
2-heptanone 
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Fig . 30 . Effect of emulsifying 0 . 2% trioctanoin 
wi th gum ac ac ia or polyvinyl alc ohol on 
subse quent format ion of 2-heptru1one by 
spores . All flasks c ont ained phosphate 
buffer pH 6 . 5 ' ( 50  �J,moles/ml ) and 
am�or.ium sulphate ( 50  �J,mole s/ml ) ; flasks 
2 , 4, 6  and B contained 0 . 2% CaC 1 2 . In 
flasks 3 and 4 the tri oc tanoin vas 
emuls ifi e d_ wi th 0 . 2% gum ac aci a  and in 
flasks 5 and 6 wi th 0 . 2% polyvinyl alcohol . 
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2-unde canone 
(!J.moles/ml) 
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Fig.31 • The formati on of 2-undecanone from Tween 20 
(polyoxyethylene s orbitan monolaurate ) by 1 0  -

day old spores at pH 6 . 5  (M/1 0 phosphate buffer ) . 
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Effe c t  of pH of incubat i on medium . S ince both the 
ini t i al lipolys i s  of' the tr iglyceride and the f'urther 
oxidation of f'ree  ac id  to methyl ke tone are pH dependent ,  
i t  was of interes t to  determir-e the effec t  of' pH on the 
oxidati on of tr iglycerides  by spores in media wi th 
and wi thout ammonium i on.  

In the presence of  ammonium i on the highes t yields 
of c orresponding methyl ket ones f'ormed at pH 2 . 5  and 5 . 2 
were f'rom tribu tyrin , and at pH 6 .  5 fr•om trihexanoin , 

(Table J.f- 1 ) .  At pH 2 . 5  the ketones f'ormed were not 
f'urther metabol i s ed but at pH 5 . 2  and 6 . 5  the yi elds of 
c orresponding methyl lcetones ros e to  a maximum after 
about 8 days and then dec reased.  

In the absence of' ammonium ion a t  pH 5 . 2 ,  all 
triglycer ides but trilaur in were oxidised to the 
c orresponding methyl ketone s to about the same extent . 
At pH 6 . 5 the highes t  yi eld  of' ket one was f'ormed from 
trioc tanoin. In all c as es the yield of' ketone cont inued 
to increase af'ter 34 uays ( Table 41 ) .  In another 
experiment , wi tl1 a di fferent batch of spores , ketone 
formati on increased slowly for 50 days ( F ig .  2 8 ) . 

At all pH ' s ,  in the presence and absenc e of 
ammonium i on ,  trilaurin was not oxidised by spores to 
2-undec anone to  any signifi c ant extent . 

M ethyl ketone formation in a medium weakly buffered at 
pH 5 . 2  and c ontaining ammonium ion 

The medium us ed in the previ ous experiment at pH 5 . 2 

was fairly heavily buffered (100 �mol es phosphat e  per ml) . 
The effect of us ing a medium c ontaining ammonium i on but 



Table /+- 1 . The e ffe c t o f  -oH on rne th;y:l __ l�c t one formn t i o[l from 

_:t;r igl�•c e P i d c s  b_L c·o ores :Ln tj 1 e  c-tb s enc e an d l> re s enc e of aii1mon i u11] 

ion (25 p.mo1es/rnl )  

i-.:yc e l i c.l 
Gr o,:.: th Pcrc ent:Jr;c y i e l d  o f  me thyl ke t one 

... 
l[T [ + after [) 

-·· pH Sub s tr a t e  - - n d;.iyS - · - -4-
:::2 . 5  ':er i bu tyr in + S l i _zht 

Tr ihexanoin + " 

Tr i oc t anoin + " 

'l'r i 1 a-,lrin + N one 

5 . 2 Tr ibu tyr in + ;!; x+. ens i ve 
Trihexanoin + " 

T r i oc tano i E  + " 

T r i l aurin + " 

6 . 5  T r ibu t ;yr in + E xt ens i ve 

TriL ex:c:.no in + " 

Tr i oc tanoin + " 

T r i l aur in + " 

5 . 2 Tr• ilmtyr in - S l i ght 
Trir.exanoin - " 

T r i o c t anoin - H on e  

Tr i l aurin - " 

6 . 5 T r i bu t�li' :Ln - N on e  

Tr H1 exanoir. - " 

T r i oc tanoin - " 

Tr i l o.urin - " 

Tr = trac e = l e s s  than 0 . 0 576 yi e l d  

1 

Tr 

Tr 

3 - 3  
H i l  

N i l  

3 . 0  
� '2; ,) . -' 

Tr 

N i 1  

0 7 . �· 

1 . 9 
Tr 

N i l 

1 � 5  

�� - �  
Tr 

0 . 1  

T r  

3 . 5  

T r  

Days o f  incubat i on 
2 8 

0 . 2 0 . 2 
0 .4- 4- · 8 
3 . 9 3 . 1  
Tr· T r  

1 . 1  1 1  . o  

0 -;; . _, 0 . 3 

o .z... 0 . 3  
Tr Tr 

2 . 2 8 . 8  
23 . 7 2j . 8  

1 . 9 1 0 . 0 
Tr Tr 

1 • 7 1 • 8 
9 . 0  9 . 2  
9 . 6  9 · h 

T r  T r  

0 . 1 0 . 2  
0 . 2 1 . 8  

1 2 .0 2 1 . 1  

Tr o :;_  7 

20 

0 . 6 

4- · 5  

3 . 1  

T r  

6 . 7  
N i l  

N il 

Tr 

2 . 2  
4- . 1 
)+ . 3  
T r  

5 0 - • ..,I 

1 0 . 0 

1 0 . 1 

N i l  

0 . 2  

1 0 . 8  

22 . 1  
1 • 2 

�" �+ 

6 . 1  
l,_ . 8  

� 7. :J • .J 

T r  

1 . 7 
Nil  

N i l  

Tr 

o . s  
3 . 0 

0 0 • J' 

Tr 

1ll- . o  
1 3 . 0  
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l e ss buffer ( 30 �mol es phosphate per ml) was als o 
de termined. As expec ted tributyrin and trihexanoin 
were oxidised to  the c orresponding me thyl ketones in 
greater amounts than when the pH was kept at pH 5 . 0 -
pH 5 . 2 .  There was a lag peri od of 6 days dur ing whi ch 
time the yield of ketones from tributyrin and trihexanoin 
was l ow (Fig.  32 ) . In this  time the pH of the 
medium fell to pH 3 . 5  and thereafter the yield of ketone 
rapidly increased . In 20  days 2�fo of the tributyrin was 
oxidised t o  acetone and 1 5% of the trihexanoin t o  2-
pentanone . 

Free fatty ac ids in incubati on media 

No  significant  amounts of free fatty acids were 
detec ted in any of the media examined at any s tage of 
the incubation .  S ince appreciable breakdown of the 
triglycerides to me thyl ketones occurred, even a t  pH ' s  
< 3 at which lipolyti c  activity by fungi had never been 
reported , i t  can only be assumed that either the spores 
metabol i s ed the fatty aci ds as soon as they were 
l iberated or that the methyl ketones vvere formed by 
a pathway not involving free fatty ac id. 
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methyl ke tone 
(JJ.moles/ml ) 

( 1 ) trioctanoin 

. H  / / ( 2 )  tri octanoin + C aC1 2 
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( 3 )  trihexanoin 

( 4) tributyrin 

( 5 )  trilaurin 
( 6 )  trihexanoin + CaC 1 2 

I I / / ........ 

Days 

Fig.32 . The format i on of me thyl ke tone s from triglyceri des  by 1 4  day old 
spores in a me dium weakly buffere d initiall� at pH 5 . 2 .  Each flask 
contained 0 . 1  ml triglyceride , about 1 x 1 06 spores/ml , phosphate 
buffer ( 30 umoles/ml ) and ammonium sulphate ( 25 JJ.moles/ml) .  Flasks 
2 and 6 c ont aine d 0 . 2% cac 1 2 • 
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THE OXIDATION OF :B'ATTY ACIDS BY CELL FREE EXTRACTS 
PREPARED FROM MYCELIUM 

Metab olic s tudi es wi th mycelium were c ompl icated by 
the high rate of endogenous respiratory ac tivi ty o f  the 
intac t cells . I t  was c ons i dered des irable as a c oncurrent 
approach to study fatty ac i d  oxidati on by cell free  
extrac ts . Such preparat i ons eliminate permeab il i ty 
effe c ts as well as high endogenous respiration but ,  as 
pointed out by C as ida & Kni ght ( 1 954) , introdu c e  the 
problem of phosphatase ac t i on on e o- fac tors . They 
found that of the dehydrogenases of the T .C .A.  cycle 
i s olated from P. chrysogenum only the succinic  
dehydrogenase ,vih i ch re Quired no phosphoryl ated e o- fac tors , 
func tioned in cell- free preparations . Al though fatty 
ac id dehydrogenases ( Mukher j ee ,  1 95 1 ; Franke & Heinen, 
1 958 ) and T .C .A.  cycle dehyclrogenas es ( C as i da & Knight , 
1 954 ) had been i s olated from fungi , a c ompl ete fatty acid 
oxidis ing sys tem had no t been prepared. Such sys tems 
isol ated from rat l iver were shovm by Munoz & Leloir 
( 1 943 ) t o  need Mg++. , Po4

3- , ATP and cytochrome C .  
They als o  rec ogni sed that fatty ac id oxidati on c ould 
not be sus tained unless s ome c i tric ac id cycl e  oxidati on 
was proceeding. The end product of fatty ac id  
oxidation is ace tyl C oA ,  which undergoes no  fur ther 
chnnge unl ess oxalacetate i s  present . The c onvers i on 
of the fatty ac i d  to i ts thi ol es ter with C oenzyme A 
id an ATP -dependent reac t i on and thus the suppl y  both 
of ATP and of oxalace_tate i s  guaranteed by the operati on 
of the citric ac i d  cycle . 

C antino ( 1 953) demons trated that succ inic ac id 
dehydrogenas e ac tivity c ould be obtained from aquati c  
phycomycetes b y  s impl e  dis integration o f  the mycelium 
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in a mechanical blender .  C as ida & Knight ( 1 95l� ) 

and Godzeski & S t one ( 1 955 ) obtained TCA cycle 
dehydrogenases  by grinding the mycelium of P .  chrysogenurn 
with sand . S ome inves t igators have used methods of' 
obtaining enzyme prepara tions which c ontain also the 
enzymes otherwise left behind in the cell fragments . 
Thus Kni ght ( 1 948 ) suc cessfully obtained ac etone powders 
with amino ac i d  oxidase ac tivi ty from P .  chrysogenum 
and Karrer & Haab ( 1 948 )  found that dried mycel ial 
p owders from var i ous  Penic ill i a  were capabl e of 
decarboxyla t ing �-keto ac ids to the c or•Pesponding methyl 
ketone . 

Preparation of cell free extrac ts 

A ttempts  to ob tain preparations c apable of oxidis ing 
octano ic ac id ,  us ing the above methods of Karrer & Haab 
( 1 948 )  Kni ght ( 1 948 )  and Godzeski & S tone ( 1 955 ) ,  were un­
successful . In other experiments mycel ium was washed 
with dilute e thanol or acetone ( 1 0-1 276 ) to increas e the 
permeabil i ty of the cell  walls , but such cells ·were 
c ompl etely inac tive . 

Extrac ts wi th slight ac t iv i ty were obtained by 
dis integrati on of the cells wi th a Polytron homogeniser . 
M ore ac tive extrac ts were obt ained by dras tic 
dis integrat i on wi th a Hughes Press . In this techn i que 
the mycelium was bl ended in a modified Krebs-Ringer 
buffer ( Krebs & Eggles ton, 1 9h.C ), 5ml of the suspens i on 
be ing put through the press .  Thi s appl J ed ins tantaneously 
pressure o f  about 1 5 tons per s q_uare inch. The c e lls  
were pre-c ooled to  -20 ° to  -30 ° , the ice  crys tals formed 
s erving as an abras ive . The frozen extract and broken 
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c ells were all owed t o  warm, resuspended us ing the 
Polytron homogeni ser and c entri ruged at 1 000 g ror 20 
min. The supernatant was dec anted, leaving b ehind 
uncrushed cells and c ell debri s . The extrac ts  
remained ac t ive ror at leas t 2ll- hours in a rerr i gerator. 

Factors arrec t ing the ac tivi ty or cell-free extrac ts 

( 1 ) C ompo s i tion or bufrer s olut i on .  S ince other 
workers , e . g. Lehninger ( 1 945 ) , have round the c omposition 
or the burfer used in the preparati on of cell rre e  
extrac ts t o  b e  or great import anc e ,  dirrerent phosphate 
bufrers were us ed to obtain extrac ts rrom the Hughes 
Press . L i t tl e  dirference in ac tivity was however 
obs erved ( F ig.  33 ) and in mos t experiments Krebs-Ringer 
buffer , rnodi ried to give a pH of approximately 6 . 0 ,  was 
used. 

( 2 ) Rate of spinning down of debris . An ac t ive extract 
was not obtained arter blending ( or after us ing the 
Hughes Pres s ) i f  the suspens i on was centrifuged at 
speeds greater than 3000 g.  S ince the supernatants 
obtained by centriruging at 1 000 g. for 20 min. 
occas i onally c ontained spores , they were dec anted and 
recentriruged at 2000 g ror a further 1 0  min . 

Suc c inic deh�dro.B.,enase ac tivi t;y. In prel iminary 
experiments i t  was round that a c orrel ati on exi s ted 
be tween the abil i ty or a ce11 rre e  extract to oxi dis e  
fatty acids and i ts succinic dehydrogenase ac tivity.  
The l at ter was therefore routinely checked in a Thunberg 



tube t o  ensure that at l eas t part of the respiratory 
sys tem was present. 

1 ml of supernatant was added t o  a mixture of 2 ml 
0 . 2M s odium suc c inate,  2 ml 0 . 1 M  phosphate buffer ( pH 6 .1,_ ) 

and 0 . 5 ml O .O�fo ,  2 , 6-dichlorophenol-indophenol . 
Wi th extrac ts from the Hughes Press the c ol our dis appeared 
wi thin 30 minutes  at 30 ° .  Extrac ts obtained by 
homogenisation took l onger ( up to  45 minu tes ) to 
dec ol ourise the dye . 

Oxidation of oc tanoic aci d  by cell-free extrac ts from 
the Hughes Press 

The pattern of oxygen uptake during the oxidation 
o� oc tanoic ac id by the extrac ts  was usually similar 
t o  that shown in Fig.  33 . Oxygen uptake increased  
rapidly after a lag peri od of  1 t o  2 hours and was 
normally complete after 6 hours . Li ttle difference 
in ac tivity was observed in the presence of added 
magnes ium i on .  On one occas i on addi tion o f  015 �moles 
magnes ium i on eliminated the l ag phase ,  but this 
e ffe c t  could not be repeated wi th other cell free 
preparations . The enzyme preparations were only 
able to oxidise l ow c oncentrati ons of oc tanoic ac id ( less  
than 1 �mole/ml ) . Thus one extrac t was able to  
oxidise  0 . 5 �moles c8 ac id but not 2 �moles . Such 
resul ts are s imil ar t o  t!10se of S tumpf & Barber ( 1 95 6 ) 
who found that high c oncentrati ons of butyric acid 
( 5 and 1 0  x 1 0-3M ) inhibi ted the respiratory sys tem 
of the peanut mitochondrion al though lower c oncentrati ons 
wer e  readily oxidised . 
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Fig .33 . The oxi dat ion of oct anoic aci d  at pH 6 . 0  by 
cell free preparati ons extracte d from 4 day 
old mycelium in the Hughes Pre ss  with modifie d 
�ebs Ringer buffer (flasks A and B )  and wi th 
Mt60 potassium phosphate buffer (pH 6 . 0) + M/1 5 KCl (flasks C and D) . Flask A containe d  
1 umole an d  flasks B ,  C and D 0 .75 umoles 
octanoic ac id. 0 .5  �moles Mg++ were added t o  
flask D . 
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The poss ibility was c ons idered that the oxygen 
uptakes obs erved were due t o  c ontamination o f  the 
extrac ts by b ac teria or spores but none was however 
detectable under the mi cros c ope . Spores als o  invari ably 
partially oxidi sed added ac id  substrate t o  me thyl ket one 
yet none was is olated vvhen c ell  free extrac ts were 
incubated with fatty ac i ds . 

Addition of c o-fac �ors, inhibi t ors __ �d TCA cycle 
intermediates 

At temp ts to eliminate the l ag phas e by supplement ing 
the cell-free preparati ons with 1 0-3M adenos ine 
triphosphate (ATP) were not successful . Indeed in 
higher c oncentrat ions ( 1 o-2M ) ATP vvas inhibitory. 
M cGilvery ( 1 957 ) als o obs erved the t oxic effect of 
commerc i al ATP samples  and su.��::ested that heavy metal 
c ontaminat i on was resp ons ible .  In an a t tempt to overc ome 
poss ible heavy me tal e ffec ts, EDTA ( ethylene diamino tetracetic  
ac id) was added ( 0 . 2 5  ml of  a 1 )6 solution) with ATP 
but this  d. id not enhance oxygen uptake . Gluc ose ,  
added as a potential s ource of ATP , was not oxidised 
by the extrac ts . 

Acc ording to Hunter ( 1 95 5 ) the addi t i on of s odium 
fluoride ( 0 . 01 M) to reduce ATP- ase and phosphatase 
ac tivity was es sential in broken cell preparat i ons . 
I t  tends hov::ever al s o  t o  inhibi t  Mg2+ dependent en�,�ymes 
and it was f'ound in t.his inves tigation that oxygen uptake 
was fas ter in extrac ts not supplemented with N aF . 

During the preparat ion of cell-free extrac ts the 
t erminal respiratory sys tem i s  usually disrupted 
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( C ochrane , 1 958 ) but ne i ther cytochrome C ( 1 0-4M )  nor 
methylene blue ( 1 0-3M ) enhanced oxygen uptake . 
M e thylene blue was int ended to  serve as an arti:fic ial 
hydrogen c arri er in order to repl ace the still unknown 
terminal elec tron sys tem. 

O ther suppl ements which had no e :ffec t  upon the 
oxidati on o:f oc tanoic ac i d  by the cell-:free  extrac ts 
were 1 0-3M adenos ine diphosphate ( ADP) , 1 0-3M 
diphosphopyridinenucle o t i de (DPJ:'J ) , 1 o-6M :flavin adenine 
dinucleotide ( FAD )  and TCA cycle intermediates ( 1 �tmole 
each o:f  succinate , oxal acetate and fumara te ) . 

Ac t ivi ty o:f . ..!!hZ£.�lial depri s  from the Hughes Press 

In order to determine to what extent , if any, 
the oxidative enzymes were des troyed by homogenisation 
or by pass age thr ough the Hughes Press , the abi l i ty of 
debris a:fter such treatments to  oxidise :fatty acids 
was c ompared \'! i th oxidation by whole c ells  and blended 
suspens i ons . 
as :foll ov1s : 

D ebris :for this comparison was obtained 

( a) Mycelium vras blended at t op speed in phosphate 
bu:f:fer , pH 6 . 0 , :for 2 min , the debris being centri:fuged 
:for 20 min . at 1 000 g .  
( b ) Mycelium vras put thr ough the Hughes pres s ,  the 
debris being washed in buf:fer and the suspens i on 
c entri:f'uged at 1 000 g for 20 min . The debr i s  was 
again washed in buffer and re-centrifuged for a further 
20 min . 

The rate o:f oxygen uptake by the debr is :fro!71 the 
Hughes press in the presence o:f oc tanoic acid vvas about 
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25% of that by the whole mycel ium. On the o ther hand 
oxygen uptake by d ebris obtained after blending 
mycel ium at high speed was slightly higher than that of  
whole cells . Endogenou s  
the Hughes Pres s was als o  
whol e cells ( Table 4-2 ) .  

respiration of  debris from 
very much lower than wi th 
It would appear that cer t a in 

enzymes or c ofac tors; are c ommon to both endogenous 
respiration ru1d the oxidation of exogenous fat ty ac i d .  
This was confirmed by c omb ining the debri s  from the 
Hughes Press w i th the supernatant ob tained by 
cen tr i fUging. The resul tant suspens i on was still 
unable to oxidise the fatty ac id at the normal rate 
showing that partial damage had be en done to  the 
oxi dis ing system. 

S ince no c ell-free extrac t examined possessed the 
ab ility to form methyl ketones from fatty acids , the 
finding that the debris  from the Hughes Press vvas as 
ac tive as whol e cells in forming methyl ke tones was 
no t surprising. This is also in agreement wi th Karrer 
& Haab ( 1 94-8 )  who c oncluded that the r3-keto ac id 
dec arboxylases of Penic illia were bound very f i rmly t o  
the cell . 



T·able lj.� . A c ompar ison of the abil i ty of gtcelial whole cells and 
debris  to oxidise  octanoic ac i d  

Whole �cel ium 
Endogenous 
1 !J.mole C 8 ac i d  
2 !J.moles 1 1  " 

D���1� from vigorousl� bl ended myc el ium 
Endogenous 
1 �J.mole c 8 ac id 
2 !J.moles " I f  

Debris  from Hu�hes P�ess 
Endogenous 
1 !J.mole C 8 aci d  
2 !J.moles " 1 1  

Suspens i on from Hughes Press 
Endogenous 
1 !J.mOle C8 aci d  
2 �Lmoles " 1 1  

Oxygen 
U:fl take 

� !J.l ) 

1 40 
294 
4J+O 

1 30 
308 

J.f- 71 

5 1  
1 1 6  
1 5 6 

88 
207 
260 

Yield 
2-heptanone 

( !J.moles ) 

0 . 1 6 
0 . 80 

0 . 1 5 
0 . 70 

0 . 24 
0 . 77 

0 . 20 
0 . 65 

Time for 
c omplete 
oxidation 
( hours ) 

1 . 75 
2 . 0 

1 . 5 
1 .  75 

3 . 5  
3 . 5  

3 - 5  
3 - 5 

(Each Warburg flask c ontained 1 0  mg mycel ium or debris , 50 !J.IDoles 
phosphate buffer , pH 6 .0 . )  

� 
CP 
CP 
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Cons iderable emphas i s  has been placed r ec ently 

on the bi ochemical uniformi ty of bi ol ogical s ys tems and 

yet the oxidat i on of fatty ac i QS to the c orresponding 

methyl ke tones V!i th one carbon atom leos hns only been 

reported with fungi .  Many o f'  the .dissimi lati on 

products of' fungal metabol i sm are never p reo ent in more 

than traces in o ther biologic al systems ( animal tissues , 

b ac teri a ,  yeas t ) , being formed and transformed so  

quickly that they never accumulate . The mechanism of 

formation of methyl t:etones , i . e .  deac;>fla t i on foll owed 

by decarboxylati on,  has however an anal ogy in animal 

t issues , the ketogenic ac t i v i ty of' animals on high fat 

diets for ins tanc e be 1ng well knorm ( C ampbe}l & Bes t ,  1 956 ) . 

S imilarly, is olated liver mi tochondria have been shown 

to ac cumulate ace toace tate almost quant i tatively during 

fatty ac id  oxidat ion in the presence of' malonate . 

This accumul&ti on appears to be a cons e q_u ence of two 

c ircums tanc es - the deacylat i on of' acetoac etyl C oA 

to  ace toac etate and the abs ence in liver of a thi okinas e 

for c onverting acetoace tate back to ace toac e tyl C oA 

( Green, 1 963 ) . 

The demons trati on by Bu tts , Cutler , Hal lrnan & Deuel 

( 1 935 ) that the excretion of ace tone bodies from rats 

was s ignificantly greater after the administrat ion of 

c8 ac id than other ac ids was s imilar to tLe finding in 

this investigation that s ome ac ids , parti cul arly c8 
acid , were more readily oxidised  thru1 others t o  methyl 

ketones . Kennedy & Lehninger ( 1 950 ) found a fundamental 

differenc e in the metabolism of short and l ong chain fat ty 

ac ids by isolated rat liver m i t ochondria . Those with 

an even number of carbon atoms > c1 2 gave C02 as the main 
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product and those  wi th an even number <  c 1 2 gave 

primarily ac e toace tate . These findings were simil ar t o  

those in the pres ent study where only the ell- t o  c 1 2  
ac ids were oxidis ed to  the c orresponding methyl ke tone . 

The pattern of' oxidation of' 11 even and odd numbered" 

f'atty acids in this  investigati on was identical ,  in 

agreement wi th the c onclus i on of' M i i  & Green ( 1 9511- ) that 

i s olated enzymes of' the f'atty ac id oxidati on cycle  f'rom 

l iver made no dis t inction be tween the odd and even 

numbered ac i ds . 

Although the higher ( c1 4 
- c 1 8 ) f'atty aci ds were 

not oxidised by f'ungi to  the corresponding methyl ketones , 

small quanti ties of' ace t one were f'ormed,  a s imilar 

s i tuation oc curring under certain c ondi tions in animal 

tissues such as the liver.  The presence of' 

acetoacetic decarboxylase in f'ungi was not unexpec ted  

s inc e the enzyme has been f'ound , f'ol' instance , in 

C l os tridium acetobutyl icuE ( Wood , 1 961 ) .  

The mechanism of' �-oxi dati on of' f'atty acids by 

f'ungi has s ome unexpl ained f'ace ts . The oxidat ion of' 

oc tano ic ac i d  by the classical pathway ( F i g .  34 ) would 

allow the format ion of' f)-keto  ocjmnoyl C oA ,  �-ket o  

hexanoyl C oA ru�d f3-ke to butanoyl C aA  and the subsequent 

formati on of' the c orresponding me thyl ketones . However 

only 2-heptanone was de tec ted ( when oc tano i c  acid was 

oxidised ) although the s ame batch of' myce l ium was shovvn 

t o  be guite  c apable of' oxidising hexanoi c  ac i d  to  �-keto 

hexanoyl C oA since 2-pentanone was f'orme d .  S ince the 

f'ree -SH and -NH2 groups of' sulphydryl enzymes or 

c of'actors such as glutathi one might be expec ted to add 

readily across the ac tive �-keto group o f'  the -co .cH2 .cooH 

m oiety, i t  i s  poss ible that the f'irs t �-ket o  ac id 

f'ormed i s  t oxic to  some enzymes of' the f'at ty ac id oxidati on 
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cyc le .  The inhibi t i on o f  the ac tion of thiolase 

upon the firs t (3-ketoacyl C oenzyrne A. formed would 

explain the subse quent de tection of only one methyl 

ketone . 

Franke , Platzeck & Eichhorn ( t96t ) c oncluded from 

the ir s tudies that the (3-ket o  ac id decarboxylases were 

c onst i tutive enzymes .  They c ons idered that the removal 

of (3-keto ac ids was i mportant t o  fungal c ells and that 

this property ( to give methyl ke tones ) s e rved as a non­

specific inhibitor agains t sens i tive c ompet i tors for 

the "LebensPaum" during germinat i on. The present 

inves tigati on however throws some doubt on this c onclusi on 

s ince the rate of methyl ke tone formati on ( Figs . 1 0a and 

1 0b) sugges ts the synthesis  of adaptive dec arboxyl as es 

after a lag peri od of 1 to 2 hours . The accumula t i on 

of a toxic (3-ke to ac i d  in the cells migh t  be expec ted to 

induce the synth es i s  of a (3-keto ac i d  dec arboxylas e ,  

w i th subse quent format ion o f  methyl ketone , s ince this 

would aid the removal of a toxic metabol i te .  

An hypothesis  bas ed upon the possible  toxi c i ty of 

the c6 to c1 2  (3-keto acids does explain a number of the 

experimental results : 

1 .  Only one methyl ketene and thus presumably only one 

(3-meto ac id was formed . 

2 .  The mos t toxic ac ids , c1 0 , c1 1  and c 1 2  acids , were 

those  which gave the l eas t amount of meth�rl ketone . 

3 .  Concentrations of the c8 to c1 2  fat ty ac ids that 

markedly iru1ibited the respirati on of myc e l ium were 

nevertheless oxi dised to  cons iderable quantities of the 

c orresponding methyl ketone . I t  would appear that the 

enzymes responsible for the oxidati on of the fatty acids 

to  (3-ke to ac ids are less  sensi tive to high c oncentrations 
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of' the ac i ds than those  enzymes respons ible for the further 
oxidation of the �-keto  acids . 
4- •  C ells shaken in a l ow concentration ( 2  to 4- f..Lmol es ) 
of c1 0  acid ,  and then thoroughly washed ,  were subse g_u ently 
abl e  to oxidise C

� 
ac i d  to  2-heptanone but not ,  as sho�m 

by the us e of' 2-G 4- oc tanoi c  ac id,  to c arbon di oxide and 
water . I f' the c1 0  acid almost c ompletely inhibited the 
enzymes r espons ible for the oxidation of �-keto ac i ds ,  
c8 �-keto  ac i d  might then be expec ted t o  accumulate , 
resulting in a greater formation of 2-heptanone . 
5 .  Increas ed yields of 2-heptanone were also  ob tained if' 
the c1 0  ac id were added af'ter the c 8 ac id,  al though the 
yield was l ower than wi th th� reverse order.  I f  the 
c8 had already been s lowly oxidised by the cell , up t o  
and inc luding the c8 (3-keto ac id,  the add i t i on o f  the 
c1 0  acid presumably prevented i ts further oxidation and 
henc e decarboxylati on o ccurred to a grea ter extent . 

The toxicity of oc tanoic ac id at  pH 2 . 6  was shown 
to  be revers ible sinc e rais ing the pH to  5 . 5  wi th alkal i 
allovJed the mycelium to rapidly oxidise the ac id. The 
ac tivity was not res tored i mmediately , lag period be ing 
dependent upon the c oncentrati on of octan o i c  ac id ini tially 
added . The enzymes do not themselves appear to be pH 
dependent s ince they readily oxidised non- toxic c oncentrati ons 
of c8 ac id ( e .g . , 1 � Lmole )  at pH 2 . 5 .  

In direc t contras t to  the numerous experiments 
c arried out in this inves tigati on ,  S tadtrnan & Barker 
( 1 94-9) found that the rate of butyrate oxidati on by 
Clos tridium kluyveri was unaffec ted by the addit i on of a 

t oxic c oncentration of c1 0  ac id.  They c oncluded ,  from 
one experiment only at an unspe c i fied pH , that the 
b ac terial enzymes were spec ific for fatty ac ids of eight 
or f'ewer c arbon atoms . 
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The se s tudie s  of the me tabol i sm of fatty acids by 

fungi have allmved inferenc es to be made c oncerning an 

intermediate ( the �-keto ac id) whi ch are not possible 

in other biologic al sys tems . For exampl e ,  i f  the 

sugges t i on of N ieman ( 1 954 ) that fat ty ac i ds are toxi c 

becau se of their ads orption on the c ell wall were true , 

then increased inhib i t i on of oxidati on wi th increas ing 

chain l ength as well as with increas ing c oncentrat i on 

would be  strj_c tly phys ical . Since cells shaken in a 

toxic c oncentrat i on of c1 0  acid, and then thoroughly 

washed wi th pH 7 .  0 buffer , were unable subsequently t o  

oxidise  oc tanoi c  ac i d  to  co2 , the toxic ac t i on o f  the c 1 0  
ac id must  be intrac ellular. S imilarly the fac t that 

the o 6 - c1 2 fatty ac ids were able  t o  inhibi t  endogenous 

respiration of mycelium at pH ' s  below 6 . 0  and yet be 

oxidi sed to methyl ketones sugges ts that the ac ids 

mus t  ac tually enter the cell , supporting the hypothes i s  

o f  C ochrane ( 1 95 8 )  that the primary in.hib i tory eff'e c t  

o f  t oxic compounds oc curs after they have pene trated the 

c ell wall . 

I t  has been generally observed ( e . g. O ochrane , 1 958 ) 
that toxic ity does not c ontinue to  increas e above a certain 

chain l ength , the ac tual l ength depending on the homol ogous 

s eries and on the test organism. The pr e s ent inves tiga t i on 

c onfirmed thi s but als o  added the new dimensi on of' pH . 

The chain length of the mos t toxic fatty a c i d  increas ed 

with pH , be ing o 1 0  ac id at pH 2 . 5 and o 1 2 ac id at pH ' s  

5 . 2 and 6 . 0 . At pH 6 . 8  none of the ac ids from c4 to 

c1 8  inhil.Ji ted oxygen uptake but c 1 4 ac id  was the most 

toxic at pH 8 .0 . It seems l ikely however that this 

t oxic i ty at pH 8 . 0 is  probably a det ergent e ffe c t  on the 

surface af the mycelium and di stinc t from the toxic i ty 

observed at pH 6 . 0 and bel ow. The relat i onship between 
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opt imum chain l ength and the toxi c ac tion of fatty ac i ds 

is  thus very dependent upon pH . Thi s c onclus i on all ows a 

ready explanat i on of the apparent c ontradiction be twe en 

the resul ts of Rolinson ( 1 95 5 )  who reported that o8 
and c 1 0 acids were toxic t o  P .  chrys ogenum at pH 6 . 3  
and those o f  G irolami & Knigh t  ( 1 955)  who found that 

at  pH 7 . 3  thes e  2 ac ids s timulated oxygen uptake by 

P .  roguefort i  t o  a greater extent than other acids . 

S imilarly in thi s  investigation the o9 and 01 0 ac ids 

more actively inhibi ted the respira ti on of mycelium 

at pH 2 .5  than other ac ids but wer� the most r apidly 

oxidis ed at pH 8 . 0 . C onversely those ac ids ( c3 , o4 , 
c5 and o1 4 ac ids ) most readily oxid ised a t  pH 2 . 5  were 

those  which were the least rapidly oxidised at pH 8 . 0 . 
The observed var i a t i on wi th pH of the inhibitory 

effect  of fatty acids upon oxygen uptake by mycelium is 

most eas ily e xplained by assuming that 6nly urtdiss oc iated 

molecules of' fatty ac i ds are  oxidised and that in high 

c oncentrat i ons they or the ir• oxidati on products are 

toxic .  Permeability effec ts prevent dis s oc iated fat ty 

ac ids from pene trating the cell wall and being oxidised .  

The relatively l ow c oncentrati ons o f  undi ssoci ated ac id 

present above pH 7 . 0 would explain the slower oxidati on 

of acids obtained at pH 8 . 0 in thi s investigat i on.  

In  general four patterns of  fatty ac id oxidation by 

myce l ium were dis t ingui shable : ( a ) The short chain 

aci ds from 0 1 t o  c6 were readily oxidised only at pH ' s  

bel ow 5 . 5 ,  the o5 and c6 acids giving high yields ( up 

t o  75%) of the c orresponding methyl ke tone . Ac etone 

formati on was never observed, apart from butyri c  ac id ) . 

( b ) The c7 and c8 ac ids were t oxic below pH 5 . 2 but 

were readily oxidised above thi s  pH . Both f ormed the 

c orresponding lee tones readily,  up to 7Cf/o in the pH r ange 



1 96 

5 . 0  to  6 . 5 .  N o  ac etone format i on was detec t ed . 

( c ) The c9 - c
1 2 ac i ds were t oxic  bel ow pH 6 . 0  bu t were 

readily oxidi sed above this pH . Only small amounts of 

the corresponding meth;yl ketone ( op -tj_mum about 257b at 

pH 8 . 0 )  were de tected. Bel ow pH 6 . 0  approximately 

e g_ual propor t i ons of ace t one and the cor•r-espondj_ng 

me thyl ke tone were :for·med . 

( d) The long chain fatty acids ( c 1 11_ - c 1 8 ) were ox idi sed 

only very sl owly in ac id c ondi t i ons and even less readily 

in alkal ine . They formed no c orresponding methyl ke tone 

but ,  at pH 5 . 2 and bel ow, very small amounts of ac e t one 

were de tec ted . 

D ifferences in oxygen uptake and methyl ketone 

formati on "'JVere obs erved w i th the s ame c onc entration of 

ac id but wi th different batches of mycel ium. I t  was , 

however ,  poss ible in all the experiments to  show 

s ignificant trends and no results were obtained 

s ignificantly at vari ance wi th each other . The ac i d  

whi ch was oxidised to  m ethyl lce tone in high yiel d  mos t 

c ons i s tently over a wide r anee of pH vvas c8 ac id. 

Thi s  w a s  contrar�r to the f'inding of Franke & Heinen ( 1 95 8 )  

that f'ungi , including P .  r ogueforti , oxi d i sed c1 + 
and c 1 2  aci ds most re .;tdily to  the c orresponding methyl 

ketones . The experimental condit ions described b�r 

these  v10rkers were s j.mul ated but the IEaximum yield of' 

ketone was s till  obtained from c 8 ac id.  They als o 

reported the oxidat ion of 0 11.,._ ac i d  t o  2- tridecanone 

in higher yi elds than that of 2-heptanonc from oc tanoic 

ac id.  No 2-tridecanone a t  all was de tec ted from c 1 , + 
ac id w i th the tvto strains of P.  roouefort i  used in thi s 

inve s t i gation ,  al though small amounts  of acetone wer e  

obtained. 
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The toxic i ty of any p articular fatty acid t o  

mycel ium v1as markedly al tered when the cells vmre 

pre-s tarved by shaking them in phosphate buffer for 

at leas t 2!1_ hours . The respiration of fresh myce l ium 

v1as almos t  c ompl etely inhibi ted by 3 p.moles oc tanoi c  ac id  

at pH 2 . 5  whereas the s ame mycel ium shaken for 48 hours in 

buffer v1as able t o  oxidis e  the ac id rapidly.  The c ells 

used in tl:!.i s s tudy were grovln v1i th Glucose which i s  

known t o  inhibi t  the synthes is  of many c onst i tu t i ve 

enzymes of fungi ( Magasanik 1 957 ) . I t  has been 

sugg.€s ted (Neidhardt , 1 960 ; Magasanik, 1 961 ) tha t  

this r epre s s i on b�v glucose rcsul t s  from the high 

intracel lul ar c oncentrat i on of intermedi ates of gluc ose 

catabol ism which prevents the s �mthesis  of those  

enzymes whose products  would only augment the already 

large metab ol ic pool s . When cells are shaken in b�.l_f:f.'er 

i t  is pos s ible that these intermediates arc used for 

rc;s:piratory purposes , th1J.S :r:emoving the PepreGs i on 

governing the syntheG is of enzymes whose func t i on i s  to 

supply energy , in thi s  case by the oxidat i on o f  fat ty 

acids . 

The fac t that there was no defini te increas e in 

respirati on in t�n is  inves tigat i on when 2 ,h dinitrophenol 

was added shows that  li ttle oxi dat ive ass imi lati on 

occurred betvveen pH 5 . 5 and pH 6 . 5 .  This was c onfi rmed 

by the virtually quantitative oxygen balances ob tained 

in many experiments . Thes e  resul ts  were unusual 

s ince :f'ungi in general are charac terised by thei r  hi gh 

oxidative ass imi l a t i on ( Fos ter , 1 9lJ-9 ) . I t  is  p o s s ible , 

however, that fatty ac ids themselves ( and in p ar t i cular 

l ong chain fatty ac ids ) are to s ome extent 1 1 dec ouplers" 

s ince Borst ,  Loos , Chri s t  & Slater ( 1 962 ) have shovr.n 

that l ong-chain fatt�r aci ds can s t imulate the l atent 
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ATP- a s e  ac t i v i ty o� �re sh r a t- l i v e r  m i t ochondr i a  i n  
+ +  

p r e s ence o� M g  • It is intere s t i ng t o  note th a t  the 

� a t t y  ac ids in the i r  exp e r imen ts were s c arcely s t i mula tory 

ab ove pH 8 and in the pres ent s tu dy al s o  the oxygen 

u p t ake and TIB thyl k e t one �orma t i on wi th s atur a t e d  �atty 

ac i ds were m i nimal a t  pH 8 .  

The l i p i d  c ontent o� P en i c i l l i a  i s  gene rally very 

high and c an c ons t i tu t e  up t o  50/6 o� the dry myc e l ium .  

The �re e  �a t ty ac id c ontent r ange s  �rom 8 t o  7(J}S o �  the 

�at ( O ochran e , 1 958) , and th i s  may be r e l a t e d  to the 

eas e vvi th \Vh i ch both s p oP e s  and mycel ium o x i d i s e d  �atty 

ac i ds i n  thi s  s tudy . The general bel i er. that the normal 

me t ab ol i s m  o� spores i s  a �at me tab ol i s m  dur ing the �i r s t  

s tages of g e rminati on was supp o r t e d  by P arkas & L e dingham 

( 1 959 ) v1ho �ound that P e s  t i ng ru s t  uredospores v1e r e  abl e  

t o  u t i l i s e  fa t ty ac i ds abou t 1 0  t o  20 t imes m o r e  r e adily 

than c arb ohydrates and amino ac i ds . They ob 8 erved that 

a 50 to 1 00j� inc P e a s e  in oxygen up t ake in the p r e s enc e 

of' �at t;>r a c i d�:> VJas fur ther s t i mul ot ted by the p r e s ence of 

c arb on d i oxi de , whi ch was shown t o  be inc o rpor at e d  into 

the Kreb s  cycl e .  S imi l arly i n  the pres ent inve s t i g a t i on 

the �ormat j_ on of' me thyl ke t one was s t j.mu l a t e d  b�r the 

s mall amounts o� me tab ol i c  002 evolved . 

The c on t enti on o� Ber r i dge , H i s c ox & Z i e l inska ( 1 9 53 )  

and G ehr i g  & Kni ght ( 1 963 ) that s p or es bu t n o t  myc e l ium 

are ab l e  to m e t abol i s e  �atty ac i ds t o  m e t hyl ke t ones 

was n o t  c onfirmed . G ehr i g  & Kni gh t  us e d  r e l a t i vely 

high c oncentrat i ons o� o 8 ac i d  ( 20 J.-Lmol e s/3ml ) whj_ ch 

were c onc e i vably tox i c  to the my c e l ium u s e d  but n o t  t o  

the s p or e s . They de t e c te d  n o  me thyl k e t on e s  when l ow 

c onc entrat i ons ( not s pe c i �i ed) of o c tano i c  ac i d  we r e  

oxi d i s e d  by spores . Thi s  inab i l i ty fo � o rm me thyl 

k e t on e s  would appe ar tJ1spec i�ic t o  the s train o� 
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P .  r o·guef'orti they used s ince the 2 strains empl oyed 

in this investigation,  wer e both able to oxidise 

between �0 and 75% of' added oc tanoic ac i d  to  2-heptanone , 

even wi th c onc entrati ons as lovr as 0 . 25  !J.moles/ml . 

In this inves tigation there did not appe ar t o  be 

a sharp dividing l ine be tween the metabolic  ac t ivi ty, 

with respec t to  fatty ac ids , of' spores and myce l ium. 

The results obtained support the conclus i on of' 

Cochrane ( 1 958)  that there is  as yet no reas on t o  bel ieve 

that spore respiration di f'f'ers f'undament al ly from that of 

mycel ium. Mycelium oxidi s ed fatty ac ids rapidly giving 

varying amounts of methyl ke tone but cons iderably more 

co2 than spores . The l atent ability o f'  mycelium to  

form ketones was shown by pre-incubation with a low 

concentrati on of c 1 0  ac i d  when the yield of' 2-heptanone 

from oc tanoic ac id subsequently added was inc reas ed 

greatly . In general ungerminated spores formed higher 

amounts of' methyl ke tones than mycelium but showed 

als o a sl ight but defini te abi l i ty to  form co2 from 

oc tanoi c  ac :Ld,  which was greatly enhance d  by incubating 

the spores for a short per i od wi th ammonium i on .  

0:02 f'ormation a t  the expens e of methyl ketone 

formation in the presence of ammonium i on may be due 

to the drawing o:ff of intermediates for the synthes is 

of amino ac ids . I f' ,  for example ,  glutami c ac i d  were 

formed from oc-ke to glutarate , an increas ed f'ormat i on 

of glutamic acid,  and its subse quent removal for 

prote in synthes i s ,  might accelerate the entire s e qu ence 

of reac t i ons leading from oc tanoic ac id via ace tyl C oA 

to  intermedi ates of the tricarboxyli c  ac id cyc l e . 

Such a mechanism f'or the alternative util isation of 

a-ke to ac id formed from fatty aci d  c ould account for 

both the increased formati on o f'  labelled co2 and decreas ed 

L i ·  .. . . ', 
. :'.�-.-::....: ( li�-�� v�t� .... ; iY .;:= i'.�·\�,'1\\VA � Ll 
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formati on o�  2-heptanone from 2-c 1 4 oc tanoic  ac id 

in the pres ence of ammonium i on.  

The l ow rate of c onvers ion of 2-c1 4 oc tanoi c  ac i d  

t o  
1 4oo2 by spores ( Table 25 ) may b e  a resul t o f  the 

ass imilation of part o f  the uti l is ed c arbon into 

reserve mate1•ial of' the cell . O li fton ( 1 963 )  put 

forward the hypothesis  that endogenous pools are a maj or 

s ource of energy in glucose metab olism and that exogenous 

subs trate in part at leas t s erves to repl eni sh the 

supply of endogenous res erves . This i s  als o the 

opinion of Blumenthal ( 1 963)  who c ons idered i t  l ikely that 

there is  an interplay between exogenous and endogenous 

subs trates and that the question as to when the 

subs trate c eas es to  be exogenous and bec omes endogenous 

is difficult to  de fine . If the newly-ass imilated fatty 

ac i d  " pooled" rapidly wi th the endogenous reserve , the 

rec overy of radi oac tive c arbon as 
1 4co2 might be 

exp ected to be l ow s ince the c arbon of the added fatty 

ac i d  would s erve L'l p art to r epl enish the endogenous 

res erves being oxidi sed.  

The 2-heptanone f'ormed during the oxi dati on of' 

1 -o 1 4-
oc tanoic ac i d  was not radi oac tive shmving . that the 

carbon atom from the c arboxyl group was l os t  during the 

dec arboxylation.  2-heptanone from 2-c 1 1
� oc tanoi c  ac i d  

was radi oac tive , i ts spec ific ac tivi ty b ei ng almost 

ident i c al to that of the original ac id, Both thes e  

f'indings afford strong evidence for a �-oxidati on 

mechanism.  

The s i gnificance of a T .O . A .  cycle in fungal 

respiration has however yet t o  be clearly es tablished, 

large diff'erences in the abil i ty o f  fungi to oxidise TCA 
intermediates apparently exis ting even between s trains 

of' the s ame spec ies ( A j l ,  1 95 1 ) .  Al though evidence i s  
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generally in favour or a TCA cycle oper a t ing , C lel and 

& Johnson ( 1 953)  have claimed findings t o  the c ontrary. 

I t  was therefore of interes t to  examine , as a func ti on 

of time, the extent or labell ing of the r·espiratory co2 
from oc tanoic ac i d- 1 -c 1 l,.. and octanoi c  ac i d-2-c

1 4 . The 

results summarised in Table 25 supp o�t the hyp o thesi s  

that the mycelium was oxidis ing fat ty ac i ds primarily 

through the �-oxida tive pathway, since the rate of appearance 

of 
1 4c in r e spiratory carbon di oxide was 1 . 5 t o  3 t imes 

greater for 1 -c 1 4 oc t ano$c ac id than for 2-c 1 4 oc tanoic 

ac i d .  As c i trate is handled as symmetr i c ally by the 

enzymes of the TCA cycle , at l eas t 3 turns or the cycle 

are required berore an even numbered carbon atom of a 

ratty acid  ( the methyl group or the ac t i ve ace tate uni t) 

appears in the rt�spi ratory c:o2 • On the o ther hand , an 

odd numbered carbon atom or a fatty ac i d  ( the c arboxyl 

group or the ac tive ace tate uni t )  appears in 

resp iratory co2 as soon as the second turn of the cycle 

is c ompl eted ( Katz  & Chaikorf,  1 95 5 ) . 

The evidence indi cated a rather slow movem ent 

or c ompounds through the TCA cycle under the experimental 

c ondi tions . S ince methyl ke tone formati on was als o 

slow, none be ing detec ted until 1 to 2 h ours after 

addit i on of ac id, it is pos s ible that the rate of fat ty 

ac id  oxi dat i on i s  determined by the ini.t ial reactions 

l eading to �-keto aci d .  

High c oncentrati ons o r  triglycerides were readily 

oxidi sed by spores to methyl ketones when e qu i valent 

c oncentrat i ons of the rree ac id  ( up to 66 llmoles/ml ) were 

barely oxidised.  It  would appe ar that the s l ow hydrolysi s  

o f  the tri glycerides resul ted i n  the inc orpor a t i on o f  the 

fatty ac ids ! at a sufficiently l ow rate t o  p re vent a toxic 

c oncentrat i on of the ac id ( or an oxidat i on pr oduc t such 
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as [3-ke to acid ) ac cumulating but whi ch all ovred high 

me thyl ke tone format i on.  W i th increas ing c oncentration 

o f  triglyc eride the amount of free acid available 

presumably reached a point wher e  it was t oxic to  the 

c ell , the yield of methyl ketone being c orrespondingly 

very l ow ( T able 40 ) . 

No free fatty acids accumul ated in the medium dur ing 

the incubati on whi ch indicated that the l ipolyti c  s tep 

was rate governing and not the inc orporat i on of the ac id 

into the spores and i ts subse quent oxidation t o  methyl 

ke tone . Attempts t o  increase l ipase ac tivi ty by the 

addi tion of ammonium i on usually resul ted in a much 

greater yield of methyl ketone initially bu t the extens ive 

mycel ium als o  formed was generally accompanied by a 

s l ow decrease in the amount of! methyl ket one de tec ted 

( Fi g .  29) . More c ons istent r e sul ts wer e  obtained 

by using spores without an external sourc e  of ni trogen, 

the rates of format i on of methyl ketone being l ower but 

eventually giving higher yields . Lipase s  in spor es of 

P .  rogueforti do not appear to  be adaptive enzymes 

s ince , unl ike bacteri al l ipas es ,  they were pro duced in 

media devoid of materi als that ordinarily s erve as 

subs trates for l ipas e  forma t i on .  

Weins tein & Wynne ( 1 93 6 )  found that 3 . 7 x 1 0-3M 

2- oc tanone ( i . e .  3 . 7  �moles/ml ) decreased the rate of 

hydrolysis  by pancreatic l ipase by 80% in 1 5  minutes . 

S ince in thi s  inves tigation up t o  1 7  �moles  2-heptanone 

per  ml were formed ,  i t  seems probable that the very slow 

formati on of me thyl ketone was due to the inhibi t ory 

effect  of the ket ones themselves on the l ipases . This 

m i ght account for the finding that emuls ification or the 

addi tion of knmm l ip ase ac tivators such as c alc ium sul ts 

had no consi s tent ef?ect on methyl ketone format ion from 

tri glycerides . 
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This inves tigation supported the sugge s t i on of 

F o s ter ( 1 947)  that accumulat ed produc ts of fungal 

met abol ism ( in thi s  case mainly 2-heptanone ) are not 

further me tab ol i sed until the organism exhau s ts the more 

eas ily attacked and preferred energy source . Spores were 

found to be as c apable as mycel ium of me t abolis ing 

methyl ket one s , c ontrary to the hypothes is of Berridge 

et al . ( 1 95 3 ) . M e thyl carbinols were not  de tec ted in 

s i gnifi c ant amounts as pr oducts of the me tabol ism of 

methyl ketones , evidence being obtained , on the contrary, 

that the c arbinols were possibly precurs ors of the 

ketones during the oxidation of fatty ac i ds by spores . 

Thus 2-hept anol was ini t i ally pres ent in greater conc entrati on 

than 2-hept anone during the oxidation o f  oc tanoic ac id 

by spores ( Table 31 )  bu t only 2�heptanone was de tec ted 

after 4 days . This may be related to the finding that 

mycel ium oxidis ed 2-heptanol readily and virtually 

quant itatively to 2-heptanone whereas i t  was difficult 

t o  demons trate that the reduc t ion of  2-heptanone to  

2-heptanol occurred at all . The s e  results  did not 

c onfirm the finding of Franke , Pla t zeck & E ichhorn ( 1 962)  

that methyl c arbinols accumulate during the oxi dati on of 

fatty ac ids by fungal spores at the same rate as the 

yield of methyl ketone decreases . Subs tantial amounts 

of methyl c arbinol s  accumulated how·ever on incubating 

triglycerides with spores , up to 1 0%  of tri oc tanoin being 

metabol ised t o  2 -heptanol after 50 days . T o  what 

extent , if  any, this was a cons e qu ence of the presence of 

free glycerol in the medium has yet to be de termined.  

C ell fre e  extrac ts obtained from mycelium were abl e  

to oxidise l mv c oncentrati ons o f  oc tanoi c  aci d  ( 0 .5 

�mole s/ml or les s)  after a lag of up to  3 hou rs .  A 
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possible explanati on ror the time l ag might be the 

absenc e or some key intermediate , which only slowly 

accumul ated during the oxi dation .  Thus , for instanc e ,  

the absence of oxalace tate would prevent the rormat i on 

or c i tric  ac id from ace tyl C oA and the c onse quent release 

or C oenzyme A.  The c onc entrati on of C oenzyme A in vivo 

is l imi ted a�d mus t be regenerated ror a repeat of the 

�-oxidat ion cycle .  The supplementati on or the cell 

free extracts wi th several c oenzymes , knovvn t o  be 

assoc i ated wi th fat ty ac id oxidati on ,  or  with TCA cycle 

intermedi ates vvere unable , however , to  decreas e the l ag 

before oxidati on s tarted. 

The ac tivi ty or different preparat i ons vari ed 

widely, which was perhaps t o  be expec ted in v i ew of 

the number of factors involved in thi s  sys tem and the 

somewhat c rude extracti on methods used. No methyl 

ketones were detec ted arter the oxi dati on or fatty 

acids by cell-free extrac ts bu t were formed when cell 

debris rrom the Hughes Pre s s  was used.  Thi s  suggests 

that the �-keto ac id decarboxylases were t i ghtly bound 

to the c ell  walls . 
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The s imil ar i ty o f'  the pa t te rn of' me thyl ke t ones 

obtained f'rom the s t eam d i s t i l l ates at atmosphe r i c  

p re s sure of' cheeses made tmder c ontrolled asep t i c 

c ondi t i ons , despi t e  the wide differ ences in bac t e r i al 

f'l o r a ,  led t o the susp ic i on tha t  the methyl ke tones Vfere 

b e ing formed as art i fac ts . Thi s VIas c onfi rmed by s te am 

d i s t i l l inc; cheeses f'rom 1 day t o  1 3  months old when the 

qua l i tat ive patterns and quant i t a t ive amounts dif'fered 

l i tt le wi th the a�e of the chee s e .  Evi dence was 

p roduced to show tha t ti1e  gre a t e r  par t or these me thyl 

k e t ones mus t  be formed dur ing the heat t r e atment of 

milk fat . The maximum quant i t i es of' me thyl ke t ones 

ob tainabl e f'rom che e s e  and fr om mill<: f'a t , determined by 

exhaus t ive s team dis t i l lat i on at atmospher i c  pr essu r e ,  

averaged from 1 4  p . p . m . for 2-unde c anone t o  4 6  p . p . m .  

f'or 2-pentadecanone . S ome art i fac t format i on of' 

me thyl ket ones also oc curr ed , al though to a gre u.tly 

reduced extent , v1hen da iry pr o clucts c onta ining mllk 

f'at were s te arrt dis t i l l ed under r educed pr e s sure at  11_0 ° .  
As methyl ke tones in low c onc entrat i ons c ould be 

extrac ted fr om ma�Ire ch ees e at room temperature by 

s olvents or by flushing che e s e  suspens ion -vvi th ni trogen
, 

mi lk fat app ears to c ontain precurs ors v1h i c h  break down 

t o  methyl h:et ones sl owly during chees e r i p ening , t:rlis  

breakdovm be ing ac celerated a t  higher temper•atures . 

Two po s s ibl e modes of f o rm a t i on of the me thyl 

ke tones wi th an odd number of c arbon at oms
1

found in 

l i mi t ing �1ant ity in the s t e am d i s t i l l a t e s  of Cheddar 

cheese, were c ons idered : -
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( a) From pre:cursors , probably [3-keto  ac i ds , .  bound 
in milk fat . 

( b ) The f3- oxidati on of' free fatty ac ids , formed by the 
l ipolysis of' milk tr izlycerides , and subse �len t  
decarboxylat i on o f  the f3-keto ac ids formed . 

The use of radioac tive milk fa t from a lac tat ing 
c ov1 which had been inj ec ted intr·avenous1�/ with carboxy-1 l

f-C 
ac e t ate  allowed a direct  c ompar i s on t o  be made between 
the l abelling patt erns of' fat ty acicls and the c orresponding 
me thyl ketones from the same milk s ource .  The s imilarity 
of' the labell ing pat terns su�ges ts that the c6 to  c 1 6 
0-kcto ac ids and the corresponding fatty ac ids have a 
c owmon prec urs or ( or thEtt one i s  the precuT·sor of' the 
other ) ancl are together incorporated into the tri glyc ericles . 
Only butyric ac i d  of' the �� to c 1 6 fatty ac ids  in all 3 
mill{ings had a h i gher spec ific ac t i vi ty than the 
c orresponding methyl ketone . Thi s  sugges ts that the 
ac e t one f'mmd in s team dis t illates of milk fat is 
formed from a c ompound ( probably D- [3-hydroxybu tyrate ) , 
der ived almos t ent irely from a precurs or other than 
ac e tate . 

The finding that the s aturated C 1 8 ac id in all 3 

samp l es of' radioac tive m i lk fat had an extreme ly low 
ac tivi ty vas in agreement with the fac t that  n o  c 1 7 
me thyl ketone was de tec ted in any of' the numerous s team 
di s t illates fr om milk fat or cheeee . Thi s  suppor ts the 
generally accepted view tha t ,  in the b i o r3ynthes is of' 
milk fat , the fatty ac ids up to c1 6 acid are synthes i s ed 
from an acetate pool , whereas c1 8 acids and above are 
obt a ined from the blood tr iglyc erides . 
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The p o s s ibi l i ty tha t  m e thyl ke tone s wer e  b e ing 

formed in Cheddar che e s e  from the (:3 - o x i d a t i on o f  free 

fat t y ac i ds ,  as wel l  as fr om a s l oD bre akdo:m of 

bound (:3-kc t o  ac i ds in m i lk fat , was cll ovm to be im-

pr ob abl e . Tr iglyc er i de s  of ac ids ( uncle c ano ic , nonano i c , 

and heptarwj_ c ) , 11h i ch o c cur normal ly only in trac e s  in 

m i l l<: fat , I:'Iere cynthcs i s ed and inc orp or a t e d  in Cheddar 

ch e es e s . On s team di s t i l l a t i on of the s e  c he e s e s  wh en 

ma tui' e , no me thyl k e t ones c or r e s p onding t o  the ac i ds 

i n  the adde d t r i gl yc er ides vJer e  ob taine d ,  al thou gh the 

n o rmal range of me thyl lce t ones vvi th an o o.d number o f  c a rbon 

a t oms was found in the d i s t i l l a t e s . 

A d e t a i l ed s tudy o f  the metabol i sm o f'  fat ty ac i ds and 

synthe t i c  t r i glyc e r i d e s  by c v ores ancl myc e l ium o f  

P en i c i l l ium ro cuefort i  was under taken , t.h i s  fu_ngus be ing 

chos en as a gru1eral r ep r es ent a t i ve of l ip ol yt i c  

o r gan i s ms that rni ·_ht b e  o f'  i mp o r t anc e in p r o du c ing 

Cheddar fl avour . The e ffe c t  of' ti:.e gr owth m ed ium , -oH 
of s olut i on ,  c oncent1·Fltion of <J c i c  ;:tr:d in or gan i c i ons on 

b o th oxygen u p t dce and m e thyl k e t one form at i on '.''/aB 

d e termin ed . 

Th e r a t e  of methyl ke t on e  format i on sugge s t ed th e 

s ynthe s i s  o f  adap t i ve [:)-ke t o  ac i ct dac arl1oxyl as e s  after 

& lag per i o d  of 1 to 2 hour s . An hyr) Q the s i s b as ed up on 

the p O S S ib l e  t oxi c i ty of' th e C 6 t o  C1 2 (3-ke t o  C<C i dS C ail 

explain a numb e r  of the exp er i ment al rem1. l  t s : 

( 1 ) Only one m e thyl lce t one v.ras formed 

( 2 )  The m o s t t ox i c ac ids vrer e  those ·which gave th e l eas t 

amount of m e thyl ke t one 
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( 3 ) C oncent ra t i ons o f  the c8 t o  c 1 2 fa t ty ac i �s tha t 

markedly iYLhibi t e d  the respirat i on of myc e l ium vre r e  

ne ve r the l e s s  o x i di s ed to c ons i der•._:;_ble g_u ant i t i c s  of the 

c or r esponding me thyl k e t one . 

The r e l a t i onship b e tw e en the t oxic ac t i on o f  f'a tty 

ac i ds and chain length vvas fOlmd to be de1) endent upon 

pH . The chain l ength of the mos t  toxic n c i d. increas ed 

·w i th pH , be j ng c1 0  ac i c_ a t  pH 2 . 5  and c1 2  a t  pH ' s  5 . 2  and 

6 . 0 .  A t  pH 6 . 8  none o f  the ac i ds froo c4 t o  c 1 8  
inhibi ted oxygen up tc.ilie but c 1 }+ a c i d  vms the m o s t  t o x i c  

ac i d  at p H  8 . 0 .  

Ther e  app e ar ed t o  be no sharp d ividing l ine b e tvveen 

the me tab ol i c  ac t i vi ty ,  wi th respe c t  to :fa t ty ac i ds , o f  

s p ores and myc e l ium . M ycel ium o x i d i s e d  :fat t y  a c i ds 

r ap i dly giving varying amounts o f  methyl k e t one bu t 

c ons ider ably more co2 than sp ores . In e;eneral spores 

formed h i gher amounts o f  me thyl ke tones th;::m m;,r c c l ium but 
s howe d als o a s l i gh t  but de fini t e  abi l i ty t o  form C 0 0 ..... 
fr om o c t ano i c  a c i d .  

EvideEce for a !3- oxidut i on me chan i s m  i n  the fungal 

me t abol i sm of fatty ac i ds was ob t a ined by tte use of 1 -c 1 4 
d 2 C 1 k t 

· " d  A 1 t ·  1 1 t f an - · oc ano l c  ac l _s . re & l ve y s 0\'1 movemen o 

int e rmed i a t es through the T .C .A . c yc l e  v;as al s o  ind i c at ed . 

:H i gh c onc entro. t i ons of tri glyc erides were oxi C. i s ed 

s l owly by s p or e s  to me thyl ke t ones nhen e :��J i valent 

c onc en t r a t i ons of the :fr ee ac id ( up to 66 !.lmoles/ml ) 
inhibi t ed methyl ket one fo rmat i on . I t  s eems probable 

tha t  the very s l ovr r a t e  o f  forma t i o n  of me thyl ket one s 

i s  du e t o  the iriliib i t ory e ffec t o f  th e ke t ones tt ems e lves 

on th e l ipas cs . 

M e thyl c arbinols v:e r e  n o t  de tec t ed in s i e,ni fi c an t  

amounts a s  p r o du c ts o f  the me t abol ism o f  me thyl lc e t ones , 
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evidenc e being obtained on the c ontrary that the c arbinols 
were pos s ibly precurs ors of' the ketones during the 
oxidati on of' fat ty ac i ds by spores . 

C ell  f'ree extrac t s  obtained from mycel ium wer•e abl e  
to oxidise l ow c oncentrati ons o f'  oc tano ic  8Ci d  ( 0 . 5 �moles/ 

ml or less ) after a l ag of' up t o  3 hours .  The 
suppl ementation of' the extrac ts with several coenzyme s ,  
known to b e  ass oc iated wi th f'atty ac id oxi dat i on ,  or wi th 
T . C .A .  cyc le intermedi ates were unable ,  however , t o  decrease 
the lag bef'ore oxidation s tarted . No  methyl ket ones 
were de tec ted af'ter the oxi dati on of' fatty ac ids by c el l­
f'ree extrac ts but were  formed when cell debris  f'rom the 
Hughes Press was used . Thi s  suggests that the �-ket o  ac i d  
dec arboxylases were t i ghtly bound t o  the cell walls . 
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