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CHAPTER I 

INTRODUCTION 

A. FAT PRODUCTION BY MICROORGANISMS 

During the past eighty years many investigations have been carried out on fat 
production by microorganisms; yeasts and moulds in particular have been 
studied. Excellent surveys of the literature on this subject have been made by 
BERNHAUER (1943), KLEINZELLER (1948), HESSE (1949) and STEINER (1957). Only 
some aspects of the fat synthesis will be described here, for full details the reader 
is referred to the literature cited. 
NÄGELI and LOEW (1878) were the first to demonstrate the formation of fat in 
microorganisms. The original observations by LINDNER (1912, 1922) on the 
fungus Endomyces vernalis may be regarded as fundamental to all later achieve
ments in the field of fat production. In 1919 LINDNER and UNGER showed that 
bottom brewery yeasts, press yeasts and Torula utilis could form fat from alcohol. 
An abundant supply of carbohydrates appeared to be essential for fat biosyn
thesis. After these discoveries many investigations on fat synthesis were carried 
out, the results of which will be briefly summarized below (HEIDE, 1939 ; RAAF, 
1941 ; SCHULZE, 1950). 

The temperature for optimal fat formation from carbohydrate by microorga
nisms generally coincides with their optimal growth temperature. The optimal 
pH of the medium for growth depends largely on the type of organism used. In 
many microorganisms growth and fat synthesis proceed best at a pH between 
3.5 and 6.0. The presence of phosphate and magnesium ions appears to be 
essential for fat synthesis. The nitrogen content of the culture solution is of great 
importance. Increase in the nitrogen content of the medium results in a decrease 
in fat production, more carbohydrate being used for an increase in number and 
for the growth of the cells. 

The nitrogen/glucose ratio which is optimal for fat synthesis approximates 
1/200 (w/w). Thus limiting amounts of nitrogen are favourable for fat synthesis, 
whereas relatively more protein is formed when an excess of nitrogen is supplied 
to the cells. The fat must be regarded as a reserve food, which is produced when 
protein synthesis is for some reason impossible, or at least blocked (FOSTER, 
1949; STEINER, 1957b). 

Much attention has also been given to the composition of the fat in different 
yeasts and moulds. Analyses of the fatty acids were carried out chiefly by the 
method of HILDITCH (HILDITCH, 1949). The fats of almost every yeast species con
tain palmitic acid (20-40%), stearic acid (4-15%), oleic acid (20-55%) and 
linoleic acid (3-10%), (MEARA, 1955). The relative amounts of these four fatty 
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acids, however, differ from one species to another. The iodine number of the fats 
often shows a decrease at higher cultivation temperatures. 

The formation of extra-cellular fat by a yeast species was first noticed by DI 
MENNA (1958). Subsequently (DI MENNA, 1959) an analysis of the fat of this 
yeast has been given. 

The formation of lipid-like substances by higher plants is a normal phenome
non. The leaves of many plants are covered with a thin layer of wax and this wax 
excretion occurs on the surface of young leaves (FREY-WYSSLING, 1948 ; LINSKENS, 
1952; MUELLER, 1954; KREGER, 1958). In general the long chain compounds of 
the waxes are formed or at least preformed in the protoplasm. They undergo 
chemical changes either on the cuticle or on their way to the surface of the 
cuticle. The mechanism of this wax formation, however, is still far from clear 
and the constitution of the plant waxes is not yet fully known (MEARA, 1957). 

B. THE CHEMISTRY OF FAT SYNTHESIS 

At present the chemistry of fatty acid oxidation is largely understood. All of 
the intermediate steps in the breakdown of fatty acids have been elucidated and 
practically all of the component enzymes have been characterized or isolated in a 
state of high purity. Only the most important discoveries in this field of bio
chemistry will be mentioned. 

KNOOP (1905) and DAKIN (1912) were the first to conceive of ß-oxidation as 
the pathway for fatty acid oxidation on the basis of their remarkable experiments 
with phenyl substituted fatty acids. In these experiments the fatty acid oxidation 
was studied in the whole animal. Our present knowledge depends in the first 
place on the work of LELOIR and MUNOZ (1939), who reconstructed fatty acid 
oxidation in a particulate preparation of guinea pig liver. Subsequently many 
investigations with enzyme preparations have been carried out. 

The discovery of Coenzyme A by LIPMANN (1945) and NACHMANSOHN (1946) 
and the demonstration by the LIPMANN group (1948-49) that CoA was connected 
with the generation of an active acetyl compound were of fundamental impor
tance in the elucidation of the mechanism of fatty acid oxidation. BARKER (1951) 
and STADTMAN (1951) established that Coenzyme A was also involved in the 
generation of active fatty acids in their cell-free system of Clostridium Kluyveri. 

LYNEN (1951) found that the active form of acetate was acetyl CoA and that 
the thiol group of CoA was linked to the carboxyl group of acetate by a thiol 
ester linkage. Now the main outlines of the fatty acid oxidation have been 
established (LYNEN and OCHOA, 1953 ; GREEN, 1954). The following scheme gives 
the fatty acid oxidation cycle; all reactions are reversible. After the complete 
system for fatty acid oxidation had been reconstructed with combinations of 
separated, soluble enzymes and most of the steps in the cycle had been found to 
be reversible under appropriate conditions, it seemed to be a foregone conclu
sion that the conditions for synthesis might be found in the same system. 

This optimistic view, however, soon turned out to be unfounded. STANSLY and 
BEINERT (1953) reported that they could synthesize butyryl CoA from acetyl CoA 
under appropriate experimental conditions in the presence of the fatty acid oxi
dation system, but the synthesis did not proceed beyond the C4 stage. Our 
knowledge of the mechanism of fatty acid synthesis, at least in the whole animal, 
is based on the work of POPJAK (1951). He showed that the synthesis of long-
chain fatty acids in the mammary gland proceeds by successive addition of C2 
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Lipids 

The Fatty Acid Cycle (OCHOA, 1954) 
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Y 

to KREBS cycle 

units. In this sense, synthesis is the reverse of ß-oxidation. The nature of the 
enzymes concerned, however, still remained unsolved. 

GURIN and his colleagues (1950, 1952) studied a soluble system from pigeon 
liver, which catalysed the formation of long-chain fatty acids from acetate. This 
synthetic system was purified 50 fold by subfractionation of extracts from pigeon 
liver acetone powder. An absolute requirement for ATP, CoA, DPNH, TPN, 
isocitrate and Mnions has been demonstrated. The optimal level of CoA was 
found to be very low; higher concentrations were completely inhibitory (GREEN, 
1956). The enzyme system encountered in these soluble fractions of pigeon liver 
brought about a net synthesis of fatty acids. The chief fatty acids formed in this 
system were free palmitic acid and progressively smaller amounts of free myristic, 
lauric and decanoic acids (PORTER, 1957a, b, c, d). 

It was also possible to obtain fatty acid synthesis with a system of soluble 
enzymes from chicken liver (TIETZ, 1957), the main product was here palmitic 
acid. WAKIL et al. (1958,1960) worked with enzyme fractions from avian liver to 
study the enzymatic synthesis of fatty acids. They showed a minimum require
ment of two enzyme fractions (Rigc and R^c), acetyl CoA, ATP, Mn, HCOjF, 
TPNH and biotin, for the synthesis of long chain fatty acids. 

WAKIL (1959) and GANGULY (1960) demonstrated that the first step of fatty 
acid synthesis was the carboxylation of acetyl CoA, catalysed by the biotin con-
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taining R lgc fraction in the presence of ATP. The formed malonyl CoA was 
readily converted to palmitate in the presence of R2gc and TPNH. These obser
vations suggested the following possible mechanism of fatty acid synthesis : 

H3C-CO-SCoA + C0 2 +ATP b * ° t m . HOOC-CH2-CO-SCoA 
Rlgc 

H3C-CO-SC0A +HOOC-CH,-CO-SCoA > 
^ 2 8 0 

H 
I 

H3C-CO-C-CO-SC0A 
I 
COOH 
( + HSCoA) 

TPNH H H " H 2 ° H 

> H3C-C -C-CO-SCoA > H3C-OC-CO-SC0A 
I I I 

OH COOH COOH 

•H-2 H-2 

-> H3C-C-C-CO-SC0A + CO, 
TPNH H a H 

> H3C-C-C-CO-SCoA 
I 

COOH 

The significant aspect of these studies was the demonstration that malonyl 
CoA could serve as a universal substrate for fatty acid synthesis in animal tissues. 
The enzyme fraction R2gc of avian liver contained, moreover, an enzyme which 
decarboxylated malonyl CoA to C0 2 and acetyl CoA. Therefore with malonyl 
CoA as starting point, R2gc and TPNH were enough to give total synthesis and 
the rate of formation of fatty acids, in any given tissue, was many times faster 
with malonyl CoA, as compared to acetyl CoA. 

From these investigations it may be concluded that the synthesis of fatty acids 
proceeds via CoA esters and that the enzyme system for this synthesis differs 
from the system necessary for fatty acid oxidation. 

C. OUTLINE OF THE INVESTIGATION 

A study was made of the growth of yeasts and the synthesis of lipids. Initially 
use was made of two strains, which formed large amounts of lipids within their 
cells. In the course of a study on the microflora of the surface of leaves, it was 
found that a number of isolated yeast strains were able to produce extra-cellular 
lipids. After this discovery it was considered of interest to study this particular 
lipid synthesis in comparison with the formation of the intra-cellular lipids. 

The following six strains of yeast were included in this investigation: Lipomy-
cesstarkeyiSTARKEY, C.B.S. 1S07, Rhodotorulagracilis RENNERFELT, which both 
formed intra-cellular lipids only, Rhodotorula graminis DI MENNA, C.B.S. 3043, 
Rhodotorula glutinis (FRES.) HARRISON, C.B.S. 3044and C.B.S. 4648 and Candida 
bogoriensis nov. spec, C.B.S. 4101, which in addition formed extra-cellular 
lipids. 

Growth, synthesis of lipids and CoA content of these yeasts were estimated in 
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shake cultures containing glucose or other C-compounds. In these experiments 
nutritional conditions (nitrogen supply, pH) or incubation temperature varied. 
The intra- and extra-cellular lipids, derived from the yeasts grown in these expe
riments, were analysed and their fatty acid composition compared. 

Finally the influence of the lipid content of the yeast cells on their longevity 
was studied. 

CHAPTER II 

EXPERIMENTAL METHODS 

A. CULTURAL METHODS 

1. Cultivation of the yeast 
The experiments were carried out in liquid media of the following composition: 3-4% 

glucose, 0.1-0.2% ammonium sulphate, 0.1% potassium dihydrogen phosphate and 0.02% 
magnesium sulphate. Erlenmeyer flasks of 5 1 capacity were filled with this culture solution up 
to one fifth of their volume. After inoculation with the appropriate yeast, the cultures were 
incubated at 29 °C. Shaking of the media was necessary for a good aeration, as without oxygen 
neither growth nor fat synthesis occurred. Good aeration could be obtained by bubbling air 
through the liquid, but shaking was equally efficient and easier. The inoculation was carried 
out in the following way: 100 ml of the basal medium were inoculated with the yeast cells, 
grown on a malt agar slant. When the culture had reached the end of the logarithmic growth 
phase, 10 ml of the turbid solution were pipetted into 1000 ml of the basal medium. Glucose 
generally was consumed within 5-7 days and by that time the greater part of the cell contents 
consisted of 1 or 2 large fat globules. 

2. Determination of the number of viable cells 
This determination was carried out by the plate-count method. A one ml sample was taken 

from the culture liquid and from this sample a dilution series was made. Four 0.1 ml samples 
(giving 10-100 colonies per plate) were taken from the final dilution and pipetted into sterile 
Petri dishes (diam. 10 cm), containing 15 ml solidified agar. Each inoculum was distributed 
over the entire agar surface by means of a sterile, bent glass rod. Colonies were counted after 
3-4 days' incubation at 25 °C. 

B. CHEMICAL METHODS 

1. Determination of ammonia 
The micro diffusion method (CONWAY, 1950) was used for this determination; 1 ml of boric 

acid (1 % solution containing bromocresol green-methyl red indicator, brought to the desired 
red colour) was introduced in the central chamber of a Conway unit as modified by LIPS (1937). 
In the outer chamber were run 1 ml of culture liquid and 1 ml of saturated potassium carbonate 
solution, respectively. After applying the fixative, described by Conway, to the lid, the unit 
was closed and culture liquid and carbonate were tipped together. The units were left over
night at room temperature and then the fluid in the central chamber was titrated with 0.02 N 
H2S04. 

2. Determination of organic nitrogen 
In the experiments with yeast extract as the nitrogen source, the nitrogen concentration was 

estimated by the Kjeldahl method. Samples of 5-10 ml cell-free liquid were digested with 
2-4 ml concentrated sulphuric acid, until the liquid was free from charred particles. With a 
few drops of a 30% H202 solution the liquid was made colourless and heated for another 
15 min. The ammonia was distilled into boric acid (2% solution containing bromocresol green-
methyl red) and titrated with 0.02 N H2S04. 

3. Determination of glucose 
The yeast cells were separated from the culture liquid by centrifugation and the supernatant 

used for the determination of glucose by the method of Luff as described by SCHOORL (1929). 
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To a 300 ml Erlenmeyer flask were added: 25 ml Luff solution, 1 ml culture liquid (maximum 
glucose content 45 mg) and 24 ml distilled water. The solution was boiled for 10 min (with 
reflux condenser) and cooled under the tap. Then 3 ml 1 N KI solution and 20 ml 25% HCl 
were cautiously added and the solution titrated with 0.1 N thiosulphate. Just before the end-
point of the reaction was reached 10 ml 20% KCNS and 1 ml of starch solution (1%) were 
added and the reaction mixture titrated to a starch endpoint. A blank determination (25 ml 
Luff solution and 25 ml distilled water) was carried out in the same way. The difference 
between the titration values was calculated and the corresponding amount of glucose could be 
found, using the table given by SCHOORL. 

4. Isolation of the intra-cellular lipids 
The cells were separated from the liquid by centrifugation in a high speed Cepa centrifuge 

with a continuous flow system and dried at 45 °C. After weighing, the dried yeast was treated 
with 0.25-0.5% HCl at 100° for 3 hours and the residue filtered off and washed thoroughly 
with water until all acid had been removed. The material was then dried at 45° and extracted 
with ethyl ether in a Soxhlet apparatus for 12 hours, followed by evaporation of the ether. 

5. Isolation of the extra-cellular lipids 
After centrifugation of the culture solution, the cell-free supernatant was percolated with 

ethyl ether for at least 12 hours. The ether was then evaporated and the lipids thus obtained 
were stored in the deep-freeze where they remained unchanged for a few weeks. 

6. Determination of fat numbers 
a. Saponification value. 
The saponification value indicates the number of milligrams of potassium hydroxide re

quired for the complete saponification of one gram of a fat or wax. From this value the mean 
molecular weight of the fatty acids in the fat can be calculated. Approximately 0.5 g fat was 
weighed and 10 ml 0.5 N alcoholic potassium hydroxide were added. The alcoholic KOH 
solution was prepared by dissolving KOH in hot ethanol. The solution was refluxed for one 
hour on a water bath and the excess of alkali titrated back with 0.1 N H2S04. A blank test 
was made with the same amount of alcoholic KOH and from the difference in the amount of 
added H2S04 the mean molecular weight of the fatty acids in the fat was calculated. 

b. Acid value. 
The acid value indicates the number of milligrams of KOH required to neutralize the free 

fatty acids in one gram of a fat. This value is therefore a measure of the amount of free fatty 
acids. A sample of fat was dissolved in a mixture of ethanol and ether and titrated with 0.1 N 
alkali, using Phenolphthalein as an indicator. 

c. Iodine value. 
This value indicates the number of grams of iodine that can be bound by 100 g of fat. The 

determination of the iodine value was carried out according to the method of Wus (1948). 

7. Determination of unsaponifiable matter 
The fat was saponified in 0.5 N alcoholic KOH to bring about a complete saponification. 

The extraction of the unsaponifiable matter was effected by repeatedly shaking the saponified 
mass, dissolved in an adequate amount of water, with ethyl ether and separating the two layers 
by means of a separating funnel. The small quantities of soap that passed into the extract were 
removed by repeatedly washing the ethereal solution with water. The ether was distilled off 
and the unsaponifiable matter left behind was dried at 100 °C and weighed. 

8. Determination of sterols 
The sterols could be detected qualitatively by means of an alcoholic digitonin solution. On 

adding a few drops of a 1% solution of digitonin to a solution containing 1-2 g of fat or un
saponifiable matter, obtained after hydrolysis, a precipitate was formed immediately by com
bination of one molecule of digitonin and one molecule of sterol. 

9. Determination of phosphatides 
Phosphatides in fat were determined by dissolving it in acetone. The insoluble fraction re

maining contained the phosphatides. 

8 Meded. Landbouwhogeschool, Wageningen 61 (2), 1-54 (1961) 



10. Determination of higher fatty acids 
a. C o l u m n c h r o m a t o g r a p h y 
The analysis of the various fats and lipids was carried out by C. A. Landheer, Laboratory 

of Organic Chemistry, Wageningen. The yeast fat, obtained from the experiments with Lipo-
myces starkeyi STARKEY, C.B.S. 1807 and Rhodotorula gracilis RENNERFELT were analysed by 
means of rubber powder column chromatography (BOLDINGH, 1953 ; DEINEMA and LANDHEER, 
1956). Mealorub rubber powder swollen with ligroin (100-140°C) formed the immobile phase. 
Various acetone-water mixtures were the mobile phases. Fractions of 20 or 10 ml of the mobile 
phases were eluted and titrated with 0.01 N ethanolic sodium hydroxide. With this method 
the higher saturated fatty acids were eluted each one with another mobile phase: lauric acid 
with A58, myristic acid with A63, palmitic acid with A 68 and stearic acid with A74 (A58 
contains 58% acetone by volume, etc.). 

Of the unsaturated acids, oleic acid was eluted with A 68, together with palmitic acid ; lino-
leic and palmitoleic acids left the column between myristic and palmitic acid and could not 
be separated completely from these two saturated acids. The polyunsaturated acids, lino-
leic and linolenic acids, were determined spectrophotometrically. The acids were isomerized 
during 45 min. at 180° in glycerol containing 11 % potassium hydroxide. 

b. Gas-liquid chromatography 
The lipids of Rhodotorula graminis DI MENNA, C.B.S. 3043, Rhodotorula glutinis (FRES.) 

HARRISON, C.B.S.3044 and C.B.S.4648 and Candida bogoriensis nov.spec, C.B.S.4101 were 
analysed with the aid of gas-liquid chromatography (MARTIN and JAMES, 1956). The fatty 
acids were converted to their methyl esters, which were more volatile than the corresponding 
acids. A Becker gas-chromatograph was used with a thermal conductivity cell as detector. 
The columns consisted of spiralized copper tubes of a length of 200 cm and a diameter of 
4 mm. They contained a mixture of Celite 545 (or chromosorb W) and polyglycolglutarate in 
the ratio 100/20 (w/w) as the stationary phase (ORR, 1958; LIPSKY, 1958). The column tem
perature was usually 210 °C. Hydrogen proved to be the best carrier gas, no reduction of the un
saturated fatty acids occurred at this high temperature. With a gas rate of 30 ml/min. methyl-
stearate appeared after 8 min. on the chromatogram, the methyl ester of C22 after 24 min. The 
identification of the peaks on the chromatogram was carried out by comparing them with the 
peaks obtained from the methyl esters of known fatty acids. 

The mean error in the determination of the fatty acids, with both methods of analysis, was 
+ or-5 to 10%. 

11. Determination of volatile fatty acids and hydroxy-, keto- and dicar boxy lie acids by filter-
paper partition chromatography 

The volatile (lower) fatty acids were separated, as their NH4-salts, by the method of KENNE
DY (1951). The solvent used was 100 ml 95% ethanol containing 1 ml concentrated ammonia. 
Before bringing the paper in contact with the alkaline alcoholic solution, the spots containing 
the fatty acids were exposed for two minutes to the vapour of concentrated ammonia, to 
convert the fatty acids to their corresponding salts. The detection of the spots was carried out 
by spraying the paper with a solution of bromocresol green (0.5%) in ethanol. The location 
of the spots was shown by the intense blue (alkaline) colour of the indicator in these regions, 
while the background was green-yellow. 

Qualitative analysis of hydroxy-, keto and dicarboxylic acids was carried out with one of the 
solvents described by CHEPTEL, MUNIER and MACHEBOEUF (1951; cf MUNIER, 1952). It con
sisted of a mixture of n-butanol, methylbenzoate and formic acid in the following proportions : 
50:50:20. Due to the presence of methylbenzoate in the solvent mixture the paper could 
easily be freed from the solvent, including formic acid, by drying it at 60-70° for 4 hours. The 
dried strips were sprayed with a bromocresol green solution (0.5 g per 100 ml ethanol 95%), 
the pH of the solution was brought to 8 with a few droplets 0.1 N KOH. The spots became 
yellow on a blue background. 

12. Determination of polyalcohols 
a. C o l o r i m e t r i c m e t h o d 
This method is based on the oxidation of polyalcohols by periodic acid (BURTON, 1957). 

80 ml of 24 N sulphuric acid were added to a filtered solution of 200 mg of 4,5 dihydroxy-
2,7-naphthalene disulfonic acid (sodium salt) in 20 ml water. This solution had to be protected 
from light during storage. The sample was diluted with water until the resulting solution con
tained from 0.05 to 0.3 jx M of glycerol or sorbitol per 0.4 ml. To this 0.4 ml were added sub
sequently: 0.1 ml of 2.5 N H2S04 , 0.2 ml 0.1 M H I0 4 and 0.2 ml M sodium arsenite and then 
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FIG. 1. 
Standard curve for sor
bitol determinations. 

2 4 
y Sorbitol 

the mixture was incubated for 15 min. at room temperature. The solution was diluted to 
2.0 ml with water. To an aliquot of 0.5 ml was added 5 ml chromotropic acid reagent and the 
solution heated on a waterbath for 30 min. After cooling to room temperature the optical 
density was measured at 570 m^. The amount of polyalcohol could then be determined with 
reference to the standard curve (fig. 1). 

b. F i l terpaper par t i t ion chromatography 
For the analysis of polyalcohols the following solvent mixture was used: n-butanol:etha

nol : water = 1:2:2. K solution of silver nitrate (5%), to which ammonia (s.g.o. 88) had been 
added in excess, was used for the detection of the spots on the chromatogram. After spraying 
the wet chromatogram was dried at about 70°C whereupon the spots turned brown on a light 
brown background (HOUGH, 1950). 

13. Preparation of Nile blue sulphate solution 
This dye is best known from its use in the Lorrain Smith fat stain (SMITH and MAIR, 1911). 

To prepare this stain for use the dye is boiled with dilute sulphuric acid and thus partly 
+ 

hydrolysed, with introduction of oxygen in the place of the group = NHS. In this way a new 
dye, of the class known as oxazones, is produced (THORPE, 1907; MOHLAU, 1896). This oxa-
zone dye is red and fat soluble but combines readily with fatty acids. As a result trie technique 
serves to distinguish between the free fatty acids and the neutralized fats, the former staining 
blue, the latter red. Other dyes (e.g. neutral red or methylene blue) can be employed similarly. 
Nile blue sulphate is, in contrast with other fat staining dyes (Sudan III), easily soluble in 
water. The preparation of the stain for use was carried out by adding 1 ml 0.5% H2S04 to 
100 ml of a saturated watery solution of Nile blue sulphate and boiling the mixture under a 
reflux condenser for two hours. The solution was tested by shaking a sample in a test tube with 
xylol; when the red oxazone had been formed in a sufficient amount in the presence of xylol 
an intensely red colour could be observed. The H2S04 might be neutralized by adding KOH, 
or the stain might be used in acid condition. If desired, the solution could be diluted with 
water. 

S04 

hydrolysis 

(C2H5)2Ny^Y"0' 

Nile blue sulphate 3-diethylaminophenonaphtoxazone 
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C . E N Z Y M A T I C A L M E T H O D S 

1. The assay of coenzyme A 
a. Principle 
This method, first described by KAPLAN and LIPMANN (1948), is based on the fact that a 

bicarbonate extract of acetone dried pigeon liver catalyses the acetylation of sulphanilamide 
in the presence of ATP, CoA and acetate (NOVELLI, 1957). The reaction is measured by ob
serving the disappearance of sulphanilamide with the diazotization method of BRATTON and 
MARSHALL (1939). 

b. P reparat ion of the pigeon liver acetone powder extract 
Freshly removed pigeon livers were blended with 15 vol. of cold (-10°) acetone for two mi

nutes in a blender. After rapid filtration on a Büchner funnel the semi-dry filter cake was 
blended with 5 vol. of cold ether. The filter cake was pulverized by hand, spread over a large 
surface and allowed to dry at room temperature. It was then stored at -14°C. A crude extract 
was prepared by making a 10% suspension of the acetone powder by careful hand homogeni-
zation in ice cold 0.02 M potassium bicarbonate until a smooth suspension was obtained, 
which was centrifuged for 20 min. in a Martin Christ centrifuge at 30.000 x g in the cold 
(0°). The supernatant was decanted and frozen overnight in the deep-freeze. On the next day 
the red coloured material was allowed to thaw and to stand for 4 hours at room temperature. 
This ageing procedure destroyed indigenous CoA and the enzymes, which inactivated CoA. 
The enzyme solution was centrifuged again for 20 min. in the cold in 3-4 ml quantities and 
stored at-14°C. 

Reagents for the assay of CoA. 
1. Assay mixture: 10 ml 0.004 M sulphanilamide; 8.0 ml 0.05 M Na2H2ATP.4H20; 2.5 ml M 

sodium acetate; 10 ml 0.2 M sodium citrate. This mixture was dispensed in 4 ml quantities 
and stored at -14°C. 

2. Glutathione, 0.1 M; stored at-14°. 
3. Freshly prepared sodium bicarbonate, 1 M. 
4. Standard CoA solution, ca 20 units per ml distilled water. 
5. Sodium nitrite, 0.1% solution in water. 
6. Ammonium sulphamate, 0.5% solution in water. 
7. N-(l-naphthyl)ethylenediamine.dihydrochloride, 0.1% solution in water. 
8. Trichloroacetic acid, 5% solution in water. 

09n 

FIG. 2. 
Standard curve for sulpha
nilamide determinations. 1 2 3 

X sulphanilamide 
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c. S tandardizat ion of the CoA solution 
In the absence of a standardized preparation, CoA had to be standardized in the following 

way: 
a) Ten tubes (15 x 100 mm) were set up as follows: 1) No CoA, no enzyme. 2) No CoA. 

3) -10) varying amounts of a CoA solution containing approximately 20 units of CoA per 
milliliter to cover the range 0.2 to 6.0 units. 

b) To each tube 0.08 ml of NaHC03 solution, 0.1 ml glutathione solution and 0.3 ml of 
assay mixture were added. 

c) To tubes 2-10 enzyme solution (0.25 ml) and distilled water were added to bring the 
final volume up to 1.03 ml. 

d) The tubes were incubated in a water bath at 37 °C for 2 hours and the reaction was stop
ped by adding 4.0 ml of 5% trichloroacetic acid. 

e) The coagulated proteins were removed by filtration. To a 1.0 ml aliquot were added 1 ml 
of sodium nitrite and three minutes later 1 ml of ammonium sulphamate solution. After a 
further 2 min. 1 ml of N-(l-naphthyl)ethylene-diHCl solution was added. The purple coloured 
liquids obtained were measured in an Engel colorimeter at 550 mjj,. 

f) The difference in the amount of sulphanilamide present in tubes 1 and 2 is a measure of 
the amount of residual CoA in the enzyme. The pigeon liver extracts used contained no de
tectable amounts of CoA, so that tubes 1 and 2 gave the same readings. From tube 2 dilu
tions were made and the readings were plotted in fig. 2. This curve shows the relationship 
between extinction and amount of sulphanilamide. 

g) The amount of sulphanilamide acetylated in the tubes 3-10 was plotted against the 
amount of CoA added to the various tubes. One unit of CoA was defined as the amount of 
CoA required to produce half maximum acetylation. For the purpose of calculation, effective 
saturation was taken as the point where the curve began to deviate sharply from linearity 
(fig- 3). 

1 2 
Units Coenzym« A 

FIG. 3. 
5 Standard curve for 

12 

CoA determinations. 
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d. Determinat ion of CoA content in the yeast cells 
The yeast cells, to be assayed for CoA, were boiled in distilled water for at least 10 min. to 

inactivate any enzymes which destroy CoA. The assay was conducted as described above 
except that the following tubes were included: tube 1: no CoA, tube 2: 0.75 units of CoA, 
tube 3:1.5 units of CoA. Enough additional tubes containing various dilutions of the unknown 
samples as was convenient were included. The rest of the procedure was identical to step b 
through f. 

e. Calculations 
The amount of sulphanilamide (SAM) acetylated by the sample was divided by the amount 

acetylated in the presence of 1 unit CoA. 

SAM acetylated by sample . _ . . 
= units CoA in sample. SAM acetylated by 1 unit CoA 

2. Detection of lipase activity 
a. Method 1 
Use was made of the method of EYKMAN (1901). Beef fat (0.5 ml) was poured into a warm, 

sterile Petri dish to form a very thin layer on the bottom. The excess of the fat was discarded. 
Then the dish was placed in a refrigerator for one hour. Hereafter Gorodkowa agar, (con
taining 1% peptone, 0.5% NaCl, 0.1% glucose, 0.1% CaCl2 and 1% agar) cooled to40°C, was 
poured cautiously on the fat. After hydrolysis of the fat by lipase activity a chalky region 
appeared under the inoculation streak due to the formation of the Ca salts of the fatty acids. 

b. Method 2 
Here the same procedure was followed as in method 1, with the exception that several drop

lets of a dilute Nile blue sulphate solution were added to the fat to give it a pink colour. After 
hydrolysis of the fat by lipase activity, the colour changed to blue as a result of the formation 
of fatty acids. 

c. Method 3 
In this method the fats were substituted by Tweens (SIERRA, 1957). Tweens are water-

soluble esters of higher fatty acids and a polyoxyalkylene derivative of sorbitan; Tween 60 
is a stearic acid ester and Tween 80 an oleic acid ester. The basal medium contained: 1% 
peptone, 0.5% NaCl, 0.01% CaCl2 and 1% agar. 500 ml of this medium were sterilized and 
cooled to about 50 °C. The Tweens 60 and 80 were sterilized separately for 20 min. at 120°C. 
Then 0.5% of each Tween was added to the basal medium. Due to lipase activity opaque zones 
could be observed around the yeast colonies after 2 to 3 days at 25 °C. 

CHAPTER III 

FAT FORMATION BY LIPOMYCES STARKEYI STARKEY, C.B.S. 1807 

A. INTRODUCTION 

STARKEY (1946) isolated from soil a new species of yeast, which was able to 
produce large quantities of fat in its cells. The taxonomy of this yeast is des
cribed by LODDER and KREGER-VAN RIJ (1952) and it is classified as Lipomyces 
starkeyi. STARKEY (1946) .studied the influence of the composition of the nu
trient medium on fat production and found that growth and fat formation were 
good in aerated glucose solutions containing small amounts of yeast extract as 
the nitrogen source. Under favourable conditions, 20 to 25 per cent of the glucose 
consumed was converted to yeast cells which contained about 50 per cent fat, 
i.e. 10 to 13 per cent of the consumed glucose was recovered as fat. The fat con
tent of the cells decreased as the nitrogen content of the medium increased. The 
chemical composition of the fat was not examined. 

In the present investigation use was made of a strain of Lipomyces starkeyi 
STARKEY, C.B.S. 1807, obtained from the Microbiological Laboratory at Delft. 
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B. EXPERIMENTAL RESULTS 

1. Growth, fat formation and Co A content 
A nutrient solution of the following composition was used: 3 % glucose, 0.2% 

ammonium sulphate, 0.1 % potassium dihydrogen phosphate and 0.02 % mag
nesium sulphate. Shake cultures were incubated at 29 °C. 

A study was made of changes in dry weight and number of yeast cells, nitro
gen uptake, fat production and coenzyme A content of the yeast cells during the 
consumption of glucose. The results of these experiments, derived from two 
separately analysed cultures, are given in figures 4 and 5. It will be seen that 
during the greater part of the experiment yeast growth and decrease in the 
nitrogen content of the culture medium proceeded proportionally to the sugar 
consumption. This decrease of the nitrogen content was found to be equal to the 
amount of nitrogen taken up by the yeast cells. GRABAR (1957) reported that 
strains of Lipomyces starkeyi are able to fix atmospheric nitrogen. This was not 
the case with the strain used in our experiments. 

The number of viable cells (fig. 4) increased rapidly during the early logarith
mic growth phase and no fat formation took place during this phase. When 
multiplication slowed down, the cells increased in size and fat globules were 
formed inside the cells. The CoA content of the yeast cells (fig. 5) increased 
sharply when the fat production started. After reaching a maximal value of 90-
100 units CoA per gram dry yeast, it dropped again to a value similar to that in 

14 

FIG. 4. 
Lipomyces starkeyi STARKEY, C.B.S. 
1807 growing in a glucose containing 
nutrient medium. 
O—O, dry yeast (g/1); 
x — x , amount of N in the culture 

liquid (mg/10ml); 
A— A log, viable cells in 1 ml cult. 

medium ; 
glucose consumption g/_100ml D—G, fat (g/1). 
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FIG. 5. 
Lipomyces starkeyi STARKEY, C.B.S. 
1807 growing in a glucose containing 
nutrient medium. 
O—O, dry yeast (g/1); 
D—D,fat(g/1); 
•—• , units CoA per 0.1 g yeast. 

1 2 
glucos» consumption g/100ml 

the beginning of the experiment. The amount of fat in the dry yeast reached a 
value of about 35 %. 

2. Effect of pH and nitrogen concentration of the culture solution on yeast 
growth and fat synthesis 

Most yeast species show an optimal growth at pH values between 4.5 and 6.5. 
Lipomyces starkeyi, however, also grows readily at pH 2.2. In the shake cultures, 
containing glucose, (NH^SO^ KH2P04 and MgS04, the initial pH was appro
ximately 5.5, but after inoculation with yeast cells, it soon dropped to a value 
below 3. This rapid acidification was found to be almost entirely due to the 
uptake of the ammonium ions and release of H-ions by the yeast cells. The 
concentration of organic acids was very low (a few mg per 100 ml of culture 
liquid). For the estimation of these acids a sample of 50 ml of yeast-free nutrient 
solution was acidified with H2S04 to pH = 1 and percolated with ethyl ether. 
By means of paper partition chromatography citric, a-ketoglutaric, succinic, 
maleic, pyruvic, oxalic, lactic and acetic acids were detected. 

Two experiments were carried out with increasing amounts of nitrogen in the 
growth medium. In one set of flasks the pH was kept at a value of about 4.5 by 
periodical manual addition of sterile potassium hydroxide solution, whereas in a 
second set no KOH was added so that an ultimate pH value of 2.2 was reached. 
The results of these experiments are recorded in table I. It may be seen that the 
fat content of the cells was lower in cultures with a high initial nitrogen concen
tration. This effect was more pronounced at pH 4.5 than at pH 2.2. 
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TABLE I. Effect of increasing amounts of nitrogen, on dry weight and fat percentage of the 
cells of Lipomyces starkeyi STARKEY, C.B.S. 1807, grown at 2 pH-levels 

Initial 
glucose 

g/1 

3.25 
3.25 
3.25 
3.10 
3.10 
3.10 

N 
g/1 

Initial 

0.20 
0.41 
0.56 
0.20 
0.40 
0.56 

Final 

0 
0.06 
0.26 
0 
0.12 
0.26 

pH 

Initial 

5.5 
5.5 
5.5 
5.5 
5.5 
5.5 

Final 

4.5 
4.5 
4.5 
2.2 
2.2 
2.2 

Dry 
weight 

g/1 

9.38 
9.75 

10.10 
9.34 

10.32 
11.80 

Fat, % 
in dry yeast 

29 
25 
17 
35 
32 
27 

3. The influence of different carbon compounds on growth and fat synthesis 
Besides glucose other carbon compounds were tested as the substrates for 

growth and fat synthesis of Lipomyces starkeyi. First xylose, acetic, pyruvic and 
succinic acids and glycerol were tested. It appeared that xylose (after adapta
tion), succinic acid and glycerol gave positive results, but with the first two com
pounds the yeast and fat production was much less than with the same amount 
of glucose. Acetic acid could only be used in combination with glucose. With 
pyruvic acid no growth occurred, presumably due to the fact that it was not 
taken up by the cells. Glycerol gave better results than glucose ; the fat percen
tage of the dry yeast wasabout45, whereas with glucose this was only 35 %. 

Fat produced by Lipomyces starkeyi, grown on some of the above-mentioned 
substrates, was isolated and analysed as described before (page 8). It contained 
less than 1 % phosphatides, 2-3 % unsaponifiable matter and about 8-9 % free 
fatty acids. The alcoholic component in the yeast fat was glycerol. The compo
sition of the fat is given in table II. From the results it may be concluded, that 
the composition of the fat in the yeast cells was not greatly affected by the 
different C-compounds used. Palmitic and oleic acids were always the principal 
fatty acids. The stearic and linoleic acid contents of the fat were highest when the 
yeast cells were grown on succinic acid, whereas palmitoleic acid was produced 
in greater amount when glucose had been used as the growth substrate. In the 
yeast fat obtained from glycerol as the C-source the linoleic acid concentration 
was very low. Sometimes traces of lauric acid, myristic acid and fatty acids with 
20 or 22 C atoms were found. They were present in amounts less than 1 %. 

TABLE II. Effect of the carbon compound in the growth medium on the component acids 
(wt. per cent) of the fat of Lipomyces starkeyi STARKEY, C.B.S. 1807 

Fatty acid 

Palmitic acid 
Stearic acid 
Palmitoleic acid 
Oleic acid 
Linoleic acid 
Auto oxidation*) prod. 

Carbon compound 

Glucose 

30.0 
3.5 
6.0 

55.5 
3.5 
2.5 

67% Glucose + 
33% Acetic acid 

33.0 
3.5 
2.5 

54.0 
5.0 
2.5 

Succinic 
acid 

33.0 
5.5 
3.5 

50.0 
6.5 
1.0 

Glycerol 

33.0 
4.5 
4.5 

54.5 
1.0 

*) The percentage of the auto oxidation products was calculated using an average mole
cular weight of approximately 300. 
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In a second experiment higher fatty acids were tested as the C-source. The 
entire range of fatty acids, from C4 up to C^, was tested in Warburg experiments. 
The yeast cells showed a pronounced increase in the oxygen uptake with oleic 
and linoleic acids ; the saturated fatty acids tested, however, had practically no 
effect on the oxygen uptake of the yeast cells. With the two unsaturated acids, 
experiments were carried out in Erlenmeyer flasks to study their effect on the 
composition of the yeast fat. The normal nutrient medium was used with 1.2% 
glucose. Shake cultures were incubated at 29 °C. In this way, active yeast cells 
were obtained which contained practically no fat. When the glucose had been 
used up, 1 g of the respective fatty acids was added to 200 ml of culture liquid. 

The addition of the fatty acid gave some difficulties. The pure acid is insoluble 
in water and therefore the potassium salt was prepared in the following way. 
Five grams of the fatty acid were dissolved in a concentrated potassium hydro
xide solution (20-30 %) ; the volume of the solvent was kept as small as possible. 
The solution was diluted to about 200 ml and adjusted with H2S04 (10 %) to a 
pH of approximately 7.5; no residue was formed. Afterwards the solution was 
concentrated as far as possible without loosing its liquid character at room tem
perature. The solution was sterilized by means of a Chamberland-candle and 
part of the sterile liquid was added to the above-mentioned culture medium con
taining fat-free cells. Two g of oleic acid were added to 200 ml culture solution. 
In the shake culture at 29 °C the fatty acid was used up in about 10 days. The 
cells then contained some fat which was analysed. In the case of linoleic acid, 
approximately 50 % was consumed by the yeast cells. 

The third fatty acid tested was palmitic acid. Three grams of its potassium salt 
were added to 600 ml of culture liquid. After three weeks only part of the pal
mitic acid had been used, but the experiment was stopped and the fat analysed. 
The amount of free fatty acids in the yeast fat in these three experiments was 
always less than 10 % ; in cells which had been used palmitic acid it was only 2 %. 
The results of the analyses are recorded in table III. These data demonstrate that 
the addition of fatty acids to the culture medium had a pronounced effect on 
the composition of the yeast fat. Apparently part of the fatty acids, after being 
taken up by the yeast cells, was used directly for fat synthesis ; this was particularly 
clear in the case of oleic and linoleic acids. 

TABLE III. Effect of some fatty acids on the component acids (wt. per cent) of the fat of Lipo-
myces starkeyi STARKEY, C.B.S. 1807 

Fatty acid 

Palmitic acid 
Stearic acid 
Palmitoleic acid 
Oleic acid 
Linoleic acid 
Linolenic acid 
Total C16 acids 
Total Cjs acids 

Oleic acid 

13.0% 
1.5 
2.0 

81.0 
-
-

15.0 
82.5 

Carbon source 

Linoleic acid 

20.0% 
2.5 
-

33.0 
43.0 
-

20.0 
78.5 

Palm, acid 

44.5% 
3.0 
7.0 

40.0 
2.0 
1.5 

51.5 
46.5 

Glucose 

30.0% 
3.5 
6.0 

55.5 
3.5 
-

36.0 
62.5 

4. The influence of the cultivation temperature on the composition of the y east fat 

STEINER ( 1957b) has shown that with a rise in cultivation temperature the iodine 
value of the fat, formed in cells of many kinds of microorganisms, decreased. A 
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temperature increase of approximately 10° often gave a decrease in content of 
unsaturated fatty acids. In some experiments with moulds, however, this tempe
rature dependence was not confirmed (PRILL, 1935). 

To study the effect of the cultivation temperature on the composition of the 
yeast fat, an experiment was carried out in which the yeast was grown at 18 °C 
and at 29 °C respectively. At both temperatures the glucose was used up in 5 to 6 
days. Table IV gives the results. They show that an increase of about 10 °C left 
the ratio saturated : unsaturated acids practically unchanged. 

TABLE IV. Effect of the cultivation temperature on the 
component acids (wt. per cent) of the fat of 
Lipomyces starkeyi STARKEY, C.B.S. 1807 

Fatty acid 

Myristic acid 
Palmitic acid 
Stearic acid 
Palmitoleic acid 
Oleic acid 
Linoleic acid 
Auto oxyd. prod. 

18 °C 

0.5 
31.0 
4.0 
8.5 

52.0 
3.5 
-

29 °C 

30.0 
3.5 
6.0 

55.5 
3.5 
2.5 

5. The influence of the fat content of the cells on their longevity 

In two experiments the influence of the fat content on the longevity of the 
yeast cells was examined. In the first experiment two Erlenmeyer flasks with 
glucose and inorganic salts were inoculated with yeast cells and incubated at 

FIG. 6. 
Lipomyces starkeyi STARKEY, C.B.S. 1807, containing 
30% fat, in a shake culture, without C- and N- com
pounds. 

O—O, dry yeast (g/1); 
A— A, log viable cells in 1 ml cult, medium; 
D— D, fat (g/1). 
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FIG. 7. Lipomyces starkeyi STARKEY, C.B.S. 1807, 
containing 1-2% fat, in a shake culture 
without C-and N-compounds. O—O, dry 
yeast (g/l); A—A, log viable cells in 1 ml 

1 

1 2 3 4 S 6 7 8 9 10 11 12 
months. 

29 °C. When the glucose was used up and the cells contained much fat, shaking 
was continued for several months at 29 °C. Samples were taken at intervals and 
the amounts of dry yeast and fat and the number of viable cells were esti
mated. The results of this experiment are plotted in fig. 6. It appeared that the 
yeast fat was completely consumed by the cells after a month. The number of 
viable cells decreased slowly when yeast fat was still present but more rapidly 
when the fat had disappeared. The dry weight dropped somewhat during the 
first month of incubation but remained unchanged during the further nine 
months. 

The second experiment was carried out with yeast cells, containing only 1-2 % 
of fat. These cells had grown in shake cultures which contained 1 % glucose in
stead of the usual 3 %. The Erlenmeyer flasks were kept shaking at 29 °C. Sam
ples were taken at intervals and the amount of dry yeast and the number of 
viable cells estimated. The results are plotted in fig. 7. The amount of dry weight 
remained constant for more than one year. The number of viable cells decreased 
immediately after the disappearance of the glucose. 

6. Summary 

Lipomyces starkeyi STARKEY, C.B.S. 1807 was grown at 29 °C in shake cultures 
containing glucose and inorganic salts. In these cultures yeast growth and 
decrease of nitrogen concentration of the culture medium were nearly propor
tional to the glucose consumption. Fat production already started before the 
available nitrogen had been used up and reached a value of about 30 % of dry 
weight. 

The CoA content of the cells increased considerably when the fat production 
started. It reached a maximal value of 90-100 units per g of dry yeast. 

The fat content of the cells was lower with an increased supply of available 
nitrogen in the culture medium; this effect was more pronounced at a pH value 
of 4.5 than at 2.2. 

The main fatty acids in the yeast fat were palmitic and oleic acids ; the amounts 
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of these acids did not change very much if glucose was replaced by succinic acid 
or glycerol. However, with oleic, linoleic or palmitic acids as the C-source, the 
yeast fat showed a large increase in the amounts of the respective fatty acids (cf 
table III). 

Decrease of the temperature of cultivation had not much influence on the 
fatty acid composition. If the fat containing cells were left shaking at 29 CC in the 
absence of C- and N-sources, the fat was consumed by the cells in one month. 
The number of viable cells dropped only slightly when fat was present in the 
cells, but much more readily when it had been used up. 

CHAPTER IV 

FAT FORMATION BY RHODOTORULA GRACILIS RENNERFELT 

A. INTRODUCTION 

In Sweden LUNDIN (1946) isolated the yeast Rhodotorula gracilis. The name is 
synonymous to Rhodotorula glutinis, the properties of which are described in 
"The Yeasts" by LODDER (1952). 

During the last ten years many investigations have been carried out with 
Rhodotorula gracilis (PAN, 1949; NIELSEN, 1950; STEINBERG, 1954). The influence 
of carbon source, salt concentration, temperature and pH on growth and fat 
formation of this yeast were examined by SPOTHOLZ (1956) and an analysis of 
the fat was carried out by HOLMBERG (1948). 

In the present investigation a strain of Rhodotorula gracilis has been used, 
which Dr. Lundin kindly provided. With this strain only those experiments were 
done, which were necessary to compare the results with those obtained with 
Lipomyces starkeyi STARKEY, C.B.S. 1807, Rhodotorula graminis DI MENNA, 
C.B.S. 3043 and a second strain of Rhodotorula glutinis (FRES.) HARRISON, C.B.S. 
3044. 

B. EXPERIMENTAL RESULTS 

1. Growth, fat formation and Co A content 

The yeast was cultivated in shake cultures as described in the Experimental 
Methods. The medium contained 4 % glucose, 0.1 % ammonium sulphate, 0 .1% 
potassium dihydrogen phosphate and 0.02 % magnesium sulphate. The pH was 
kept between 4.5 and 5.5 by adding sterile KOH solution if necessary. A pH 
value below 4 was found to be very unfavourable for growth of yeast and fat 
synthesis. During glucose consumption, dry weight, number of viable cells, ni
trogen content of the culture liquid, fat percentage and Co A content of the cells 
were estimated. The results of these determinations are presented in figure 8. 
The yeast growth and the decrease of the nitrogen content of the nutrient me
dium were found to be nearly proportional to the glucose consumption. It is 
evident that in this yeast the fat synthesis only started when the available nitrogen 
was used up. The fat percentage in the dry yeast reached a value of about 35 %. 
The CoA content of the cells reached a maximum value of about 105 units per 
gram dry yeast shortly after the fat synthesis had started. 
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FIG. 8. 
Rhodotorula gracilis RENNERFELT, 
growing in a glucose containing 
nutrient medium. 

O—O, dry yeast (g/1) ; 
X — x, amount of N in the culture 

liquid (mg/10 ml); 
A— A, log viable cells in 1 ml cult. 

medium; 
D—G, fat (g/1); 
•—• , units CoA per 0.1 g dry yeast. 

I 2 
glucose consumption 

g/TOO ml 

A second experiment was carried out with 0.2 % (NH^SC^ to determine the 
effect of a higher nitrogen concentration of the nutrient solution on fat forma
tion and CoA content of the cells. The results are given in fig. 9. They show that 
the rise of the CoA content in the cells again occurred at the beginning of the 
fat formation. A maximum value of 130 for this coenzyme was found. 

TABLE V. Effect of increasing amounts of nitrogen on dry weight and fat percentage of the 
cells of Rhodotorula gracilis RENNERFELT 

Cult. 

1 
2 
3 

Glucose 
g/1 

41 
41 
41 

Nitrogen 
g/1 

0.14 
0.29 
0.45 

Dry yeast 
g/1 

8.20 
11.30 
11.20 

Fat % 
(in dry yeast) 

48 
31 
10 

Subsequently an experiment was set up with varying amounts of nitrogen. 
The pH of the culture medium was kept between 4.5 and 5.5. At the end of the 
incubation period the available nitrogen had been used up. The results of this 
experiment are given in table V. It will be seen that the fat percentage in the dry 
yeast decreased with increasing ammonium sulphate concentration. The total 
amount of fat produced in Cultures 1 and 2 was nearly the same, but in Cult. 3 it 
was considerably lower. The nitrogen content of the cells increased from 1.8% 
in Cult. 1 to 4.0% in Cult. 3. 
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FIG. 9. 
Rhodotorula gracilis RENNERFELT, 
growing in a glucose containing 
nutrient medium. 

O—O, dry yeast (g/1); 
x — x, amount of N in the culture 

liquid (mg/10 ml); 
• — D , fat (g/1), 
•— •, units CoA per 0.1 g dry yeast. 

1 2 3, 
glucose consumption g ƒ 100 ml 

2. The composition of the yeast fat at two cultivation temperatures 

The isolation of the fat from the cells was carried out as described in the 
Experimental Methods on page 8. Some charcoal was added to the ethereal 
solution to remove the carotenoids. The crude fat had a light yellow colour and 
contained 10-12% free fatty acids; the alcoholic component was glycerol. The 
amount of sterols was less than 1 %. The composition of the yeast fat is given in 

TABLE VI. Effect of the cultivation temperature on the 
component acids (wt. per cent) of the fat of 
Rhodotorula gracilis RENNERFELT 

Fatty acid 

Myristic acid 
Palmitic acid 
Stearic acid 
Palmitoleic acid 
Oleic acid 
Linoleic acid 
Linolenic acid 
Unknown 

18°C 

2.5 
32.5 
1.0 
3.0 

46.0 
7.5 
4.5 
2.0 

29 °C 

2.0 
27.0 
4.5 
1.5 

48.0 
12.5 
4.5 
1.0 
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table VI. The analyses show that an increase of the cultivation temperature of 
about 10° gave an increase in the content of unsaturated acids. These results did 
not agree with those obtained by Bass (1953) with a strain of Rhodotorula gra
cilis. He found a decrease in iodine value with increasing temperature due to the 
formation of more higher saturated fatty acids. 

3. The Influence of the fat content of the cells on their longevity 

In a further experiment the influence of the fat content on the longevity of the 
yeast cell was examined. An Erlenmeyer flask of 51 capacity with the usual cul
ture medium was incubated at 29 °C. When the glucose and the available nitro
gen in this solution had been used up and the cells were completely filled with 
fat, the Erlenmeyer flask was left shaking for several months. Samples were taken 
at intervals and the amount of dry yeast, the percentage of fat and the number of 
viable cells were estimated. The results are given in fig. 10. During the period of 
fat consumption the number of viable cells remained nearly constant, but the 
dry weight of the yeast decreased considerably. When the fat was used up 
the viability of the cells decreased rapidly but dry weight remained constant. 

4. Summary 

Rhodotorula gracilis RENNERFELT was grown at 29 °C in shake cultures con
taining glucose and inorganic salts. In these cultures yeast growth and decrease 
of nitrogen concentration of the nutrient medium were found to be nearly linear 
to the glucose consumption. 

The fat synthesis started when the available nitrogen was used up; the Co A 

FIG. 10. 
Rhodotorula gracilis RENNERFELT, in a shake cul
ture, without C- and N-compounds. 
O—O, dry yeast (g/l);| 
A— A, log viable cells in 1 ml of culture medium • 
• — D,fat(g/1). 

9 10 l7~?2 
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content reached a value of 105 units and in a second experiment, with more 
nitrogen, of 130 units. The beginning of the fat formation coincided with a 
steep rise of the CoA content of the cells. 

Analysis of the fat showed that palmitic and oleic acids were the main fatty 
acids. At a cultivation temperature of 29 °C the content of unsaturated acids 
was higher than at 18°. 

When the fat containing yeast cells were left shaking at 29° in the absence of 
C- and N-sources, the fat was consumed by the cells within three months. The 
number of viable cells remained constant as long as fat was present in the cells 
but it dropped rapidly after the fat had been used up. 

CHAPTER v 

LIPID FORMATION BY RHODOTORULA G RAM INIS DI MENNA, 

C.B.S. 3043 

A. INTRODUCTION 

This red yeast was isolated from the leaf surface of citrus plants. The strains 
isolated from citrus leaves from Bogor (Indonesia) and Surinam proved to be 
identical in morphology and in lipid production. The yeast cells contained con
siderable amounts of lipids and in addition a lipid-like substance, which could 
be stained with Nile blue sulphate, was present on the outside of the cells.1 

B. TAXONOMY 

For the classification of this yeast use was made of the methods described by 
LODDER and KREGER-VAN RIJ (1952). 

Growth in mal t ex t rac t : After three days at 25°C, the cells were long-
oval (2-3) x (5-6.5) [L, single or in pairs; sometimes a small lipid globule outside 
the cell was seen. After one month at 17 °C a sediment and a thin ring were 
formed. 

G rowth on mal t agar : After 3 days at 25°C, the cells were oval, (2-3) x 
(4-6) [A, single or in pairs. In many cells two small lipid globules were present and 
in addition some lipid droplets appeared on the outside of the cells. After one 
month at 17°C, the streak cultures were smooth and glistening with an orange-
light red colour. Much lipid was formed in- and outside the cells. 

Slide cu l tu re : No pseudomycelium was formed. 
F e rmen t a t i on : Absent. 
Sugar a s s imi la t ion : Glucose + Maltose -

Galactose + Lactose -
Saccharose + 

*) The strain has been received from Dr. J. Ruinen together with Rhodotorula glutinis, C.B.S. 
3044 and Candida bogoriensis, C.B.S. 4101. The yeasts were isolated in the course of an in
vestigation of the microbial population of leaf surfaces, the phyllosphere, RUINEN (1956). The 
method followed was to place the leaves in 10 ml sterile water, containing some potassium 
dihydrogen phosphate and after 2 to 3 days a drop of this solution was streaked on plates con
sisting of a nitrogen free agar. This medium contained 2% glucose, 0.1% KH2P04, 0.05% 
MgS04 and 2% agar. 
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Ass imi la t ion of po ta s s ium n i t r a t e : Positive. 
E thano l as sole source of c a rbon : Growth. 
Sp l i t t ing of a r bu t i n : Positive. 
Presence of l ipase : Positive. 
Spo ru l a t i on : Absent. 

The properties of this red yeast did not correspond with the Rhodotorula spe
cies, described by LODDER and KREGER-VAN RIJ (1952), but they were similar to 
those of a red yeast, Rhodotorula graminis, C.B.S. 2826, isolated by DI MENNA 
(1958/1959) from the leaf surface of pasture grasses. Therefore our yeast was 
called Rhodotorula graminis m MENNA, C.B.S. 3043. It has the peculiar property 
of releasing a lipid-like substance into the culture medium. The formation and 
the characteristics of these extra-cellular lipids will be discussed in detail in the 
following sections. 

C. EXPERIMENTAL RESULTS 

1. Cultivation of Rhodotorula graminis in a moist chamber 

The extra-cellular lipids are produced in slide cultures as well as in liquid 
media. These lipids stain pink with Nile blue sulphate, i.e. they show a neutral 
reaction. 

In order to find out whether lipid production was carried out by living cells, 
the following experiment was set up. A few yeast cells were transferred into a 
small shallow agar droplet on a cover glass. The agar droplet contained glucose 
and inorganic salts but was poor in nitrogen. The cover glass was placed upon a 
depression slide and the edges of the cover glass were sealed with paraffin wax to 
protect the moist chamber from drying out. This slide was placed under a Wild 
M 20 phase-contrast microscope with an outfit for photomicrography; the tem
perature was kept at 20 °C. At intervals of three to five hours photomicrographs 
were taken. Plate I, A-F show the results of this experiment. It will be seen that 
after five hours a distinct multiplication of the cells had taken place while the 
lipid content of the cells had increased. After eight hours the extra-cellular lipid 
production had started and after 18 hours it was particularly evident. Twenty-
four hours later this excretion showed a further considerable increase. From the 
27th to the 42nd hour after the start of the experiment the cells were still multi
plying and continued to produce intra- and extra-cellular lipids. 

From this experiment it may be concluded that the synthesis of intra-cellular 
lipids starts earlier than that of extra-cellular lipids. It is evident that the latter 
process is performed by living cells and is not the result of lysis of dead cells. 

2. Growth, lipid formation and CoA content 

In these experiments the yeast was cultivated in shake cultures at 29 °C in 
a nutrient solution of the following composition: 3.5-4% glucose, 0.1% 
(NH4)2S04, 0 .1% KH2P04 and 0.02% MgS04 .6H20. Ammonium sulphate 
could be replaced by yeast extract (0.15-0.20%) without effecting lipid produc
tion, but if potassium nitrate was used, less extra-cellular lipids were formed 
and a marked slime production was noticed. The decrease of pH, due to the 
preferential absorption of the ammonium ions by the yeast cells, was counter-
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FIG. 11. 
Rhodotorula graminis Di 
MENNA, C.B.S. 3043, grow
ing in a glucose containing 
nutrient medium. 

O — O , dry yeast (g/1); 
x — x , amount of N in the 
culture liquid (mg/10 ml); 
A— A, log viable cells in 1 
ml cult, medium; 

D — • , intra-cellular lipids 
(g/D; 

• — • . extra-cellular lipids 
(g/1). 

1 2 3 4 
glucose consumption. g/l00ml 

acted by periodical addition of sterile KOH solution, to keep the pH between 
4.5 and 6. The glucose of these cultures was used up in 5 to 6 days. After 
centrifugation the cell-free medium showed a milky appearance due to the pre
sence of numerous minute lipid droplets (diameter 0.1 to 2.0 y., cf. Plate II A). 

During the growth of the yeast, increase in number of viable cells, glucose 
consumption, nitrogen uptake and lipid formation were determined at intervals. 
The results, derived from two separately analysed cultures, are given in figures 11 
and 12. It will be seen that the number of viable cells increased at a much higher 
rate in the beginning of the experiment, when nitrogen from the medium was 
still available, than later on, when it had been completely consumed. Increase of 
dry weight continued after the nitrogen supply of the culture medium had been 
exhausted and multiplication had slackened down. By that time formation of 
intra-cellular lipids started ; it proceeded practically proportional to the glucose 
consumption and finally reached a value of 3.7 g per 1 of culture solution. This 
corresponded with approximately 40 % lipids in the dry yeast. The extra-cellu
lar lipids amounted to 2 grams per 1. 

The CoA content of the yeast cells is plotted in fig. 12. This component 
reached a maximum value of about 100 units per gram dry yeast at the beginning 
of the lipid synthesis and decreased soon afterwards to a value of 50 to 40 units. 
For the purposes of comparison, the strain of Rhodotorula graminis, C.B.S. 
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FIG. 12. 
Rhodotorula graminis Dl MENNA, C.B.S. 
3043, growing in a glucose containing 
nutrient medium. 

O—O, dry yeast (g/1); 
G—D, intra-cellular lipids (g/1); 
• — • , extra-cellular lipids (g/1); 
•—• , units CoA per 0.1 g dry yeast. 

1 2 
glucose consumption g/100ml 

375 

2826, isolated by DI MENNA (1958), was cultivated under similar conditions in a 
glucose shake culture. It appeared that di Menna's strain released less extra
cellular lipids, therefore the experiments with this strain were discontinued. 

3. Effect of the nitrogen concentration of the culture solution on yeast growth 
and lipid synthesis 

Three Erlenrneyer flasks of 5 1 capacity, filled with 1 1 of the usual nutrient 
medium, were provided with ammonium sulphate in concentrations of 0.085, 
0.155 and 0.22% respectively. The pH of the solution was kept at 4.5 to 6.0 by 
adding periodically a few drops of a sterile KOH solution. With increasing 

TABLE VII. Effect of increasing amounts of nitrogen on dry weight and lipid production of 
Rhodotorula graminis DI MENNA, C.B.S. 3043 

Glucose 

g/1 

36.2 
36.2 
36.2 

Nitrogen 

g/1 

0.18 
0.33 
0.46 

Dry yeast 

g/1 

8.90 
9.20 
9.20 

Intra-cellular 
lipids 

g/1 

3.0 
0.92 
0.10 

Extra-cellular 
lipids 

g/1 

2.5 
0.5 

amounts of nitrogen in the nutrient medium the contents of intra- and extra
cellular lipids decreased markedly (cf table VII). With 0.46 g nitrogen per 1 of 
culture solution practically no lipids were formed. Apparently the synthesis 
of lipids only started when the available nitrogen had been used up. The dry 
weight was not affected by the various nitrogen concentrations. 
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4. The influence of the cultivation temperature on y east growth and lipid synthesis 

A pronounced effect of the cultivation temperature on yield of dry yeast and 
production of extra-cellular lipids was observed, as may be seen from table 
VIII. At 18°C the amount of extra-cellular lipids produced was approximately 
twice the amount produced at 29 °C. The amount of intra-cellular lipids pro
duced per 1 of culture medium was similar at both temperatures, but as the dry 
weight of yeast at 18° was lower than at 29°, the percentage of intra-cellular 
lipids was highest at the lower cultivation temperature. 

TABLE VIII. Influence of cultivation temperature on yeast growth and lipid synthesis of 
Rhodotorula graminis DI MENNA, C.B.S. 3043 

Temperature 

29 °C 
29 °C 
18°C 
18°C 

Glucose 

g/1 

35.0 
37.5 
35.0 
40.0 

Dry yeast 

g/1 

9.5 
10.0 
7.5 
8.0 

Intra-cellular 
lipids 

g/1 

3.3 
3.0 
3.0 
3.6 

Extra-cellular 
lipids 

g/1 

2.0 
2.2 
4.0 
4.5 

5. The influence of the pH of the nutrient medium on yeast growth and lipid 
synthesis 

The yeast was cultivated in the usual shake cultures and the pH was kept 
nearly constant at four different values viz : 4.25, 5.5, 6,5 and 7,75 respectively. As 
nitrogen source in one series ammonium sulphate (0.10%) was added and in a 
second one potassium nitrate (0.15%). When the glucose had been used up, the 
dry weight of the yeast cells and the amounts of intra- and extra-cellular lipids 
were estimated. The results are presented in figures 13 and 14. From fig. 13 it 
will be seen that with (NH4)2S04 as the nitrogen source, yield of dry yeast was 
practically constant between pH 5.5 and 7.75. The curve for intra-cellular 
lipids reached maximal values at pH 5.5 and 7.75. In both cases the dry matter 
contained approximately 45 % lipids. At pH 4.25 and 6.5 considerably lower 
values were obtained. The synthesis of extra-cellular lipids was highest at pH 
5.5. With increasing pH the curve declined sharply. 

With nitrate as the nitrogen source the general trend of the curves was similar 
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FIG. 13. 
Effect of pH of the nutrient medium 
on growth and lipid synthesis in Rho
dotorula graminis m MENNA, C.B.S. 
3043. N-source: 0.10% (NH4)2S04. 

O—O, dry yeast (g/1); 
• — D , intra-cellular lipids (g/1); 
• — • , extra-cellular lipids (g/1). 
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