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INTRODUCTION characterization, and structural determination of

Although lipids were among the first natural
products to be examined in detail (30), their
study lagged far behind that of the proteins and
carbohydrates for over a century. This neglect
was due in large part to the unattractive physical
properties of the lipids, which sometimes ren-
dered impossible, and always very tedious, the
isolation of these products in a state of purity
meeting the strict requirements of the chemist.
This unfavorable situation began to change
after World War II with the development of
elegant new methods for the separation, analysis,

organic compounds. At about the same time,
there was an abandonment of the old view that
the only function of importance for lipids was
their role as long-term storage materials. This
restricted outlook was replaced by recognition of
the great significance of minor lipid constituents
(41), such as phospholipids, sphingolipids, and
lipoproteins, some of which were finally becom-
ing available in the pure state as a result of the
advances in technique. This combination of a
fresh viewpoint and improved laboratory prac-
tice resulted in a resurgence of interest in lipid
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FiG. 1. Rhodotorula graminis cells and extracellular
fat drops; fat drops are heavily outlined circles. X
2,500.

chemistry and physiology, which has covered the
whole range from the simplest to the most com-
plex forms of life. One facet of the work with
microorganisms is the subject of this review.

Intracellular lipids of yeasts have received con-
siderable attention since the initial work of
Nigeli and Loew (84) in 1878 on fat production
by a beer yeast. The literature on this sutject
that has since accumulated was ably reviewed by
Woodbine (145) in 1959. The study of extra-
cellular lipids of yeasts, on the other hand, is of
rather recent origin. No doubt many observers
in the past encountered oily droplets in yeast
cultures, but dismissed them as autolysis prod-
ucts. It was not until 1954 that Spencer obtained
from a Torulopsis species lipids that were clearly
extracellular. However, chemical work (38) on
this product could not be initiated at the Cana-
dian laboratory until 1960, so that the first
report of extracellular lipid production by yeasts
came from di Menna (78), who showed in 1958
that young cells of a new yeast from New Zealand
pasture grass secrete lipids into the culture me-
dium (Fig. 1).

Reports on the chemistry of extracellular
lipids of yeasts soon followed from three widely
separated laboratories: in 1960 from the Agri-
cultural University at Wageningen, in the same
year from the Northern Regional Research
Laboratory at Peoria, and soon after from the
Prairic Regional Laboratory at Saskatoon.
These investigations disclosed a new aspect of
yeast biochemistry, and paved the way for a
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series of papers which show that many yeasts
form appreciatle amounts of extracellular
lipids that are markedly different chemically
from intracellular ones.

ORGANISMS

During the past 9 years the formation of
extracellular lipids has teen observed in over
200 strains of yeasts (102, 103). Most of these
have been isolated from a neglected habitat, the
phyllosphere, the importance of which was first
demonstrated by Last (61) during a study of
fungus incidence on cereal leaves in England,
and by Ruinen (99-101) in the course of an in-
vestigation of the relation between the different
components of epiphytic vegetation in Indonesia
and Surinam. The technique used by Ruinen for
the isolation of yeasts from the phyllosphere has
been described by Deinema (31) as follows:
leaves were placed in 10 ml of sterile water con-
taining some potassium dihydrogen phosphate;
after 2 to 3 days, a drop of this solution was
streaked on a nitrogen-free medium containing
glucose, KH,PO,, MgSO,, and agar.

One of the yeasts isolated by Ruinen (99) in
Indonesia and Surinam was designated as Rho-
dotorula graminis di Menna CBS 3043 by Dei-
nema (31) because of its similarity to the red
yeast identified as R. graminis CBS 2826 by
di Menna (78). The nature of the extracellular
lipids produced by the Ruinen strain was de-
scribed by Deinema and Landheer (32) in 1960
in a preliminary report. The following year,
Deinema (31) gave the details of this work in
her doctoral thesis, together with a description
of the extracellular lipids formed by two strains
of R. glutinis (Fres.) Harrison (CBS 3044 from
the leaf surface of Desmodium repens and CBS
4648 from cacao plants) and by Candida bogo-
riensis CBS 4101, first isolated by Ruinen from
the leaf surface of Randia malleifera grown in
Indonesia.

In 1963, Ruinen (101) summarized her work
on yeasts isolated from the phyllosphere of
tropical foliage, noting that the 65 strains iso-
lated belonged to 22 species of the genera Han-
senula, Cryptococcus, Candida, Sporobolomyces,

. and Rhodotorula. Except for two strains of Can-

dida guillermondii, all isolates produced extra-
cellular lipids. Almost all strains which formed
such lipids were lipolytic in action. Cryptococcus
was the predominant genus recovered from the
leaf surfaces examined, being represented by 30
strains of the 65 isolated.

In 1964, Ruinen and Deinema (104) described
the extracellular lipids produced by strains of R.
glutinis (CBS 3044 and 4648), Cryptococcus
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laurentii (no. 45 = CBS 4932), Candida javanica
(no. 33 = CBS 5236), and C. bogoriensis (no.
61 = CBS 4912).

Compared with the extensive work of the
Dutch on the phyllosphere yeasts, the efforts of
the American and Canadian investigators have
been rather limited in scope insofar as the num-
bter and variety of organisms are concerned.
Only two species of yeasts have been studied at
the Peoria latoratory. The first included mating
types of Hansenula ciferri NRRL Y-1031, par-
ticularly isolate F-60-10, which produces acety-
lated sphingosines (74, 123, 124, 144). The
second species of yeast, NRRL YB-2501, which
is closely related to Torulopsis fujisanensis NRRL
YB-4824 but is a separate species (114), was iso-
lated in 1950 from frass of white spruce (Picea
glauca). It excretes 8,9,13-triacetoxydocosanoic
acid (122), as well as 8,9-dihydroxy-13-oxodo-
cosanoic acid, presumably in the acylated form
(R. F. Vesonder and F. H. Stodola, in prepara-
tion).

The Canadian group (38, 116, 141) has worked
mostly with an osmophilic yeast which forms
hydroxy fatty acid glycosides of the disaccharide
sophorose. This organism, first isolated from
sow thistle petals and originally classified as
Torulopsis magnoliae, is now believed to be
Torulopsis apicola Hajsig (J. F. T. Spencer,
unpublished data) and is designated as PRL
123-64. More recently, A. P. Tulloch and J. F. T.
Spencer (unpublished data) studied the extracellu-
lar products of R. glutinis (CBS 4648 and a new
isolate, 16 A8) and of R. graminis 6 CB. It has
also been shown by these workers that an uniden-
tified species of Rhodotorula, isolated in Cali-
fornia from trout stomach contents, produces an
8,9,13-trihydroxydocosanoic acid identical with
the one isolated by Stodola et al. (122).

Except for the trout organism, all the yeasts so
far reported as producers of extracellular lipids
have been isolated from plant sources. Some
connection with insects is indicated in two cases:
the yeast YB-2501, which resembles T. fujisanen-
sis, having been isolated from frass produced by
beetles, and T. apicola, from honey collected
from bumblebees’ nests. It is of interest that
none of these organisms has been isolated from
soil.

Yeasts capable of excreting lipids are distrib-
uted throughout the three main groups into
which Lodder et al. (73) divided the yeasts. The
genus Hansenula is placed with the ascosporo-
genous yeasts, the genus Sporobolomyces with
the ballistosporic yeasts, and Cryptococcus,
Torulopsis, Candida, and Rhodotorula appear
with the asporogenous yeasts.

In addition to the true yeasts just considered,
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yeastlike smuts of the genus Ustilago and the
yeastlike fungus Pullularia pullulans have been
studied from the standpoint of extracellular lipid
production.

PRODUCTION, ISOLATION, AND CHEMICAL NATURE
OF EXTRACELLULAR LIPIDS OF YEASTS

Detailed chemical studies disclose that four
different types of compounds are excreted by
yeasts: polyol fatty acid esters, in which satu-
rated, unsaturated, and hydroxy fatty acids are
joined by ester linkages to C; and Cg polyols;
sophorosides of hydroxy fatty acids, in which
saturated and unsaturated hydroxy fatty acids
are linked glycosidically to the disaccharide
sophorose; acetylated sphingosines, in which all
of the hydroxy and amino groups of C,s-phyto-
sphingosine and C-dihydrosphingosine are
acetylated; C,, acids, in which trihydroxy and
dihydroxyoxo fatty acids are acylated.

Polyol Fatty Acid Esters

Natural fatty acid esters of alcohols can be
classified on the basis of the number of hydroxyl
groups in the alcohol moiety: monohydric (e.g.,
hexadecyl hexadecanoate of spermaceti wax);
dihydric, esters of ethylene glycol, propane-1,2-
diol, propane-1,3-diol, butane-1,3-diol, and
butane-1,4-diol, for which the general term diol
lipids was suggested by Bergelson et al. (5); tri-
hydric, esters of glycerol (e.g., common fats and
oils); tetrahydric, none reported; pentahydric,
the only member of this class, except for the R.
graminis and R. glutinis lipids described below,
being arabityl margarate, isolated by Yabuta et
al. (146) in 1941 from inekoji; hexahydric, the
yeast extracellular lipids from R. graminis and R.
glutinis being the only examples of this group.

From Rhodotorula graminis. Strains of a red
yeast isolated by Ruinen (99) from the leaf sur-
face of citrus plants in Indonesia and Surinam
were classified by Deinema (31) as R. graminis
di Menna CBS 3043. For production of lipids by
this organism, cultures were grown on a medium
containing 49, glucose, 0.25%, yeast extract,
0.19, KH,PO,, 0.029, MgSO,, and tap water.
After 7 days of incubation at 28 C in shaken 5-
liter Erlenmeyer flasks containing 1 liter of
medium, the yeast cells were separated by cen-
trifugation and the cell-free supernatant fluid
was extracted with ethyl ether. After removal of
the solvent, the lipids were hydrolyzed and the
free fatty acids were converted to methyl esters
with diazomethane. The ester mixture was
analyzed by gas-liquid chromatography (GLC)
with the following results (percentage of weight
of free acid): acetic (45.0), myristic (1.0), pal-
mitic (3.0), stearic (1.0), Cyu? (1.5), Cy? (31.0),
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TaBLE 1. Component acids of extracellular lipids of
Rhodotorula glutinis (Fres.) Harrison,
CBS 3044 and 4648

CBS 3044 CBS 4648
Fatty acid
18C 2C 18C 29C

Acetic acid........ 55.0| 40.0| 50.0{ 40.0
Myristic acid. . ... 0.0 1.0 0.5 1.0
Palmitic acid..... 50| 14.0| 13.0| 15.5
Stearic acid....... 3.0 1.5 2.5 4.0
Oleic acid........ 16.0| 29.0| 14.0| 19.0
Linoleic acid...... 3.0 3.0 3.0 4.0
Linolenic acid....| 3.0 0.5 2.0 1.0
3-Hydroxy-

hexadecanoic

acid............ 11.5 8.5 7.5 12.5

s The alcoholic component in all cases was a
mixture of C; and Cs alcohols. The fermentations
were conducted at the two incubation tempera-
tures shown. The results are expressed as per-
centages by weight.

and C,? (5.5). In later work, Van Ammers et
al. (142 and unpublished data) established that
the Cy? product was 3-hydroxyhexadecanoic
acid and the C,? material was 3-hydroxyocta-
decanoic acid.

The mixture of polyhydric alcohols obtained in
the hydrolysis of the original oil was analyzed
qualitatively by paper chromatography. Only
pentitols and hexitols were found; they formed
20 to 309, of the crude lipid.

A strain of yeast (6 CB) similar to R. graminis

H H
H—C—OH

&
fon L

H—C—OH H—
(o]

HO—CI—H HO—C—H
(liH L——CH
CH3 H3

was investigated by Tulloch and Spencer (140).
On a glucose-yeast extract medium, this or-
ganism formed 1 to 2 g of extracellular lipid per
liter when grown in aerated fermentors. Acid
methanolysis of the lipid yielded ethyl acetate,
hydroxy fatty acid esters, and polyols. Saponifica-
tion of the hydroxy acid ester gave 3-D-hydroxy-
hexadecanoic acid (85%) and 3-p-hydroxyoc-
tadecanoic acid (159,). The polyols were analyzed
as acetates by GLC and consisted of D-mannitol
(76.9%), D-aratinitol (15.6%), and xylitol
(71.5%).
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From Rhodotorula glutinis. Using conditions
already described for R. graminis, Deinema (31)
examined extracellular lipid production by R.
glutinis (Fres.) Harrison CBS 3044, a red yeast
isolated from the leaf surface of Desmodium repens
grown in tropical greenhouses in Wageningen.
The results are given in Table 1, together with
data on another strain of R. glutinis (CBS 4648),
from cacao plants. It will be noted that the acetic
acid content of the extracellular lipids is con-
siderably higher at 18 than at 29 C. The 3-
hydroxyhexadecanoic acid was identified by Van
Ammers et al. (142).

Tulloch and Spencer (140) compared the extra-
cellular lipids produced by R. glutinis CBS 4648
and a strain of this organism (16 AS8) isolated
from Canpadian flowers. In both, the lipids con-
sisted of a mixture of mannitol and pentitol esters
of two new acids, 3-p-hydroxyhexadecanoic and
3-p-hydroxyoctadecanoic. One molecule of the
long-chain acid is attached to each polyol mole-
cule, and most of the remaining hycroxyl groups,
including the one on the fatty acid, are acetylated.

Sophorosides of Hydroxy Fatty Acids

The first natural product in which a hydroxyl
group of a fatty acid is joined glycosidically to a
carbohydrate moiety was pyolipic acid, reported
by Bergstrom et al. (7) in 1946. This oily product
of Pseudomonas pyocyanea (P. aeruginosa) is a
rhamnoside of L-8-hydroxydecanoic acid. Three
years later, Jarvis and Johnson (47) assigned the
following structure to a crystalline acid from the
same organism:

& 0—CH—CH,—C00—CH—CH,—COOH
(CH,)e

G
CH;,

I
CH;

In 1950, Haskins (44) described the extracellular
formation of a carbohydrate-containing lipid
when corn smut (Ustilago zeae) was grown on
glucose; later chemical studies showed the lipid
to consist in part of hydroxy acids in the form of
cellobiosides. Recently, Legler (64) isolated from
the leaves of Ipomoea fistulosa a resin in which
7-hydroxydecanoic acid, 11-hydroxytetradecanoic
acid, 11-hydroxyhexadecanoic acid, and 3,11-
dihydroxytetradecanoic are bound glycosidically
to several residues of D-glucose, p-fucose, D-
quinovose, and L-rhamnose to form glycosidic
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acids. The lipids from C. bogoriensis and T.
apicola, now to be described, provide further
examples of this rather rare type of structure.
From Candida bogoriensis. A cream-colored
yeast isolated from the leaf surface of the shrub

FIG. 2. Cells of Candida bogoriensis and needles of compound which melts at 74 to 76 C. X 2,000. Phase con-

Randia malleifera grown in Indonesia was shown
by Deinema (31) to be a new species to which
the name Candida bogoriensis was given. When
grown on a glucose-yeast extract medium, the
organism produced two types of extracellular
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lipids. One was obtained as a liquid by solvent
extraction of the cell-free culture left after cen-
trifugation. The other product remained as crys-
tals with the yeast cells (Fig. 2).

The crystalline lipid, separated from the yeast
cells by acetone or alcohol extraction, melted at
74 to 76 C after recrystallization from aqueous
acetone. Acid hydrolysis yielded 15 to 209, acetic
acid and 259, glucose, but attempts in 1961 to
determine the nature of the remainder of the
molecule were unsuccessful. In 1965, however, it
was shown by Tulloch, Deinema, and Spencer
(unpublished data) that the crystalline lipid is
composed of sophorose (2-O-8-glucopyranosyl-
D-glucopyranose) linked glycosidically to 13-
hydroxydocosanoic acid. Nuclear magnetic reso-
nance spectral studies also indicated that two
acetate groups are probably attached to the
sophorose moiety in the 6 and 6’ positions. The
structure of the deacetylated glycoside can be
represented as follows:

CH,OH

Wy

In the latter work it was noted that the lipid melts
at 74 to 76 C when isolated from some fermenta-
tions, and at 59 to 61 C when obtained from
others, a difference which is probably accounted
for by a variation in the positions of the acetate
groups.

From Torulopsis apicola. For some time, the
osmophilic yeasts have been under investigation
by Spencer and his associates at the Prairie
Regional Laboratory (115). In the course of this
work, a Torulopsis yeast (now known to be T.
apicola), which converted glucose to a heavy oil
(38), was isolated. The material was produced in
highest yields in a medium consisting of glucose,
yeast extract, and urea, the fermentation being
conducted in 5-liter fermentors aerated for 8 to
10 days at 30 C.

Chemical studies (38) of the oil were carried out
as follows: acetyl groups, about two per mole,
were removed with methanolic sodium methox-
ide; the deacetylated product, containing ap-
proximately equal quantities of lactonic and acidic
products, was reacted with methanolic HCI to
yield 2 moles of methyl a-D-glucopyranoside and
1 mole of a mixture of hydroxy fatty acid esters.
The structure of the disaccharide was established
as that of sophorose, already mentioned as the
sugar portion of the crystalline compgund pro-
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duced by C. bogoriensis. The hydroxy acids were
found to be 17-L-hydroxyoctadecanoic and 17-L-
hydroxyoctadecenoic acids. Hence, the structure
of the deacetylated T. apicola glucoside would be
the following:

H.OH

R=CH;—CH—(CH,),; COOH
or
o—
R=C_H;,—éH-(CHz)eCH=CH—(CH,)1COOH

CH,OH

O—CH—(CH,),COOH
( i Ha)s
H CH,

It was later found by chromatography on silicic
acid that the original oil consists of a mixture of
acidic and neutral glycosides (A. P. Tulloch and
J. F. T. Spencer, unpublished data). The acidic
glycoside has two acetate groups, probably at the
6 and 6’ positions of the sugar. Thus, this glyco-
side is remarkably similar to that produced by C.
bogoriensis, except that the hydroxy acids are
different. The neutral glycoside is a very unusual,
perhaps unique, type of macrocyclic lactone in
which the carboxyl group of the hydroxy acid is
esterified with a hydroxyl group of the sophorose.
Two acetate groups are also present in the neutral
glycoside.

The formation of sophorose derivatives by T.
apicola is unique in that the yield of the product
and the nature of the fatty acid portion of the
molecule can be varied to a considerable extent
by changing the substrate. When fatty acid esters,
hydrocarbons, or glycerides were added over a
period of 3 to 4 days to a 1-day-old culture
containing glucose, yeast extract, and urea, the
yields of crude lipid increased 5 to 289, by
volume, and the composition of the product
reflected directly the nature of the added lipid
(116, 141). Addition of such compounds as
heptadecane, octadecane, stearic or oleic acids,
which are converted to a single hydroxy acid,
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TaBLE 2. Composition of hydroxy fatty acid portion of fermentation products formed from fatty acid meth yl
esters and from hydrocarbons by Torulopsis apicola

Hydroxy fatty acid (% of total)
Added compound
15-OH | 16-OH | 16-OH | 17-OH | 17-OH |17-OH® |18-OH°* | 18-OH | 19-OH | 20-OH
C16 C16 Ci17 C17 C18 C18 C18 C19 C20 C21

None.............ooiiiiiiia... 9 10 21 50 6
CH;3(CH,):4COOCHs;.............. 40 40 5 14 1
CH;(CH;)sCOOCH;. ............. 87 13
CH;(CH;);6COOCH;.............. 2 2 80 9
CH;3(CH,);sCOOCH;. ............. 3 5 24 9 6 53
CH;3(CH,)1COOCH;. ... .......... 4 9 54 17 5 8 3
CH;(CH,).CH=

CH(CH;);COOCHs;. ............ 2 2 6 71 13
CH;(CH,)sCH=CH—CH,CH=

CH(CH,).COOCH;. ............ 1 2 4 37 56
CH;(CH,);CH=

CH(CH;)COOCH;............. 2 3 9 56 11
CHj;3(CH;);CH=

CH(CH,);COOCH;s............. 2 4 5165 | 12
CH3;(CH)14CHs. ... 36 43 5 13 2
CH;(CH:)16CHs. ... 2 4 85 4
CH3(CH2)sCHs. ... .o e 8 7 57 8 2 14
CH;3(CHy)xCHs. .o 8 9 67 9 3
CH;(CH)CHs. . ... .. 8 8 63 16 5

o Unsaturated.

gave good yields of a pure crystalline lactonic
glycoside.

Table 2 gives the results obtained with fatty
acid esters and hydrocarbons. The work with
added glycerides is summarized in Table 5 of the
paper by Spencer et al. (116).

From Table 2 it can be seen that: (i) when esters
of acids with more than 18 carbons are used,
there is a shortening of the chain as well as
hydroxylation; (ii) unsaturated acids can be hy-
droxylated without interference with the double
bonds; (iii) with the C,, C,, and C, hydro-
carbons, there is simultaneous hydroxylation,
chain shortening, and acid formation.

It is interesting to note the correlation between
chain length and the position of the hydroxyl
group. w-Hydroxylation did not occur with stearic
acid (25.05 A in length) or with elaidic acid (24.91
A); however, with the shorter acids such as oleic
(24.22 A), heptadecanoic (23.80 A), linoleic
(23.31 A), palmitic (22.55 A), and linolenic
(22.51 A), this reaction takes place to a consider-
able extent. The maximal w-hydroxylation oc-
curred with linoleic acid, which may indicate that
the other acids are slightly too long or too short.
It was first assumed that pentadecanoic and
myristic acids, which are readily oxidized, are too
short for proper attachment to the enzyme surface
and subsequent biosynthesis. However, later work
has shown that palmitoleic acid is rapidly hy-

droxylated. Since its length is very close to that o ¢
pentadecanoic acid, this indicates that other fac-
tors must be involved. Final elucidation of the
protlem must await studies with purified enzymes,
isolation of which has proven difficult.

Acetylated Sphingosines from Hansenula ciferri

Although sphingosine (D-erythro-1,3-dihy-
droxy-2-amino-4-trans-octadecane)

OH NH,
CH;(CH,),,CH=CH—CH—CH--CH,OH

was discovered by Thudichum before 1880 (138),
it was not until 1953 that all aspects of its struc-
ture were elucidated by the Carter group (18)
and others, particularly Mislow, Kiss, Fodor,
Jenny, and Grob. This amino alcohol is a com-
ponent part of the so-called sphingolipids (15, 28,
88), found principally in the brain and spinal cord
(23) and in smaller amounts in various animal
tissues and fluids (20, 28). Sphingosine also
occurs in the following: the ceramides, which are
amides of sphingosine and higher fatty acids
(134); the ceramide monohexosides (cerebrosides;
19, 26, 28, 135, 137); cerebroside sulfuric esters or
. sulfatides (ceramide-galactose-sulfate; 8, 125);
‘% sphingomyelins (ceramide-phosphate-choline; 19,
‘I"3\42, 139); ceramide dihexosides (11, 59, 93, 129);
tyceramide trihexosides (76, 128, 129); ceramide
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polyhexosides (40, 57, 75, 92, 128, 147); and the
many gangliosides, which are phosphorus-free
glycosphingolipids containing sialic acid (neura-
minic acid; 55, 58, 63, 127, 148). Among the lesser
known natural derivatives of sphingosine are
sphingosine phosphoryl chloride (54), ceramide
aminoethylphosphonate (98), the cyclic acetal of
Teets et al. (133), and the plasmalogens (60).

In addition to the well-known C,g-sphingosine,
a number of related compounds have been re-
ported: Cy-sphingosine, isolated from brain lip-
ids by Prostenik and Majhofer-Orescanin in 1960
(89), Klenk and Gielen in 1961 (56), and Stanacev
and Chargaff in 1962 (118); C,- and Cg-
sphingosines, obtained by Karlsson in 1964 (49)
from human plasma; and C-sphingosine, from
corn in 1965 (51).

The sphingosines, so common in higher ani-
mals, have as their counterparts in the plant world
the phytosphingosines, which have the basic
structure

OH OH NH,
R—CH—CH—CH—CH,OH

Surprisingly, a simple phytosphingosine deriva-
tive made its appearance during a taxonomic
study of the genus Hansenula; the sequence of
events was as follows.

Tetraacetyl C.g-phytosphingosine. In December
1955, Wickerham observed that mating types of
Hansenula ciferri NRRL Y-1031 produce fine
needles on agar within 24 hr after transfer. This
finding was of interest tecause the parent hetero-
thallic culture did not exhibit this tehavior. In
February 1957, chemical studies (144) were tegun
on material obtained from cultures grown on an
agar medium containing yeast extract, malt ex-
tract, glucose, and peptone. The yeast cells were
removed from the agar with water after growth
for 10 days at 25 C, and the resulting yeast
suspension was extracted with petroleum ether.
Removal of solvent gave a crude crystalline
product, which was separated by countercurrent
distributionintoa maincomponent (90%), melting
at 49 to 50 C, and another product, melting at
97 to 98 C.

Saponification of the main product yielded
acetic acid and phytosphingosine; from the
molecular formula C;H4NO; , it was concluded
that the material is tetraacetyl C-phytosphingo-
sine (123):

OCOCH,
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mixture was obtained in a single run in a 750-liter
aerated tank on a 49, glucose solution (74).

The first phytosphingosine was isolated by
Reindel (94) in 1930 from yeast, and by 1940
its structure had teen only partially elucidated
(95). In 1952, Oda (86) obtained from Penicillium
notatum a phytosphingosine in which R =
CH;3(CHy);5—; 2 years later, Carter and his
students (17) reported the occurrence of this base
in plant seeds, in which it is attached through
phosphate ester linkages to an oligosaccharide
containing inositol, glucuronic acid, glucosamine,
arabinose, and mannose (16, 22, 25). In 1958,
ProStenik and Stanacev (91), and Oda and
Kamiya (87), demonstrated that the cerebrin of
beer yeast yields upon hydrolysis a Cy-phyto-
sphingosine.

More recently, Stanacev and Kates (120) re-
ported C;;- and Cy-phytosphingosines as con-
stituents of the cerebrins of Candida utilis (Toru-
lopsis utilis), and Sastry and Kates (106, 107)
found C,s-phytosphingosine in the lipids of run-
ner bean leaves. In 1964, Karlsson (50) demon-
strated for the first time that C,- and Cy-
phytosphingosines occur in animal tissues; this
was confirmed by Michalec and Kolman (81).
Evidence for a C,;-phytosphingosine was pro-
vided by Karlsson and Holm in 1965 (51). In
1966, Wagner and Zofcsik (143), in an examina-
tion of the sphingolipids of Saccharomyces cere-
visiae and Candida utilis, showed them to have
C,s- and Cy-phytosphingosines as components.
In a recent study of the sphingolipids of protozoa,
Carter, Gaver, and Yu (21) found, in addition to
C20-phytosphingosine, a 19-methyl Cy-phyto-
sphingosine.

An unsaturated phytosphingosine (dehydro-
phytosphingosine) is also known. It was first
isolated by Mueller (83) in 1953, and its structure
was established in 1961 as

OH OH NH,

| | |
CH,(CH,),CH=CH—(CH,);CH—CH—CH—CH,0H

by Carter et al. (25) and by ProStenik and
Majhofer-OreS¢anin (90). It has been found in
wheat flour (25), peanuts (24, 90), soybeans (24),
corn (24), and runner bean leaves (106, 107). Of
the naturally occurring phytosphingosines, only
the one from H. ciferri is produced extracel-
lularly.

I~|IHCOCH3

C Ha(c Hz) la_CH CH

Large-scale production of the crude lipid pre-
sented no problems; as much as 175 g of the

C CH,0COCH;,

Triacetyl Cis-dihydrosphingosine. The minor
component accompanying the tetraacetyl phyto-
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sphingosine from H. ciferri proved to be triacetyl
C,s-dihydrosphingosine (124):
OCOCH; NHCOCH,
CH,(CH,),,—CH CH———

CH,0COCH;,

The parent base Cs-dihydrosphingosine was
first obtained from a natural source by Lesuk and
Anderson (72) in 1941, who found it in Cysticer-
cus fasciolaris larvae. It was not isolated from the
sphingolipids of brain and spinal cord until 1947
(27). With the advent of gas chromatography, the
detection of dihydrosphingosine was greatly fa-
cilitated, and in 1959 Sweeley and Moscatelli
(131) were able to demonstrate its presence in
human plasma, as well as in bovine intestinal
mucosa, spinal cord, and brain. These workers
(131), in an examination of a yeast phosphatide,
were also the first to show that this reduction
product of sphingosine is produced by a micro-
organism. In 1961, Carter et al. (25) concluded
from a careful study of wheat flour cerebrosides
that dihydrosphingosine is likewise elaborated by
higher plants. C- and Cy-dihydrosphingosines

OCOCH,
CH,(CH,),—CH

have also been reported recently (48, 80, 105,
119). All naturally occurring dihydrosphingosines
except that from H. ciferri were intracellular in
nature.

Substituted Cy, Acids from an) Unidentified Yeast

The naturally occurring aliphatic hydroxy acids
have been reviewed by Downing (33), who
‘pointed out that until recently they have been
regarded as curiosities, their isolation being in-
cidental to other work. However, as a result of
the growing realization that these acids may be
of importance as structural materials in plants
and animals, they are now commanding more
attention; this is especially true of the monohy-
droxy acid components of the lipids obtained
from the central nervous system. Of the dihydroxy
acids, only a few have been isolated and studied
chemically: corynolic acid (Cs:HisOs4; 29, 132);
mycolic acid (CgHpsO4; 4, 121); 9, 10-dihy-
droxyoctadecanoic acid (53); 2,3-dihydroxytet-
racosanoic acid (86); 15,16-dihydroxyhexade-
canoic acid (66); 10,16-dihydroxyhexadecanoic
acid (77); 10,18-dihydroxyoctadecanoic acid
(77); and 3,11-dihydroxytetradecanoic acid
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(110). The four trihydroxy acids of known struc-
ture have been tabulated by Stodola et al. (122);
a new member of this series was encountered in
the work on the lipids of the yeast NRRL
YB-2501.

Erythro-8,9 ,13-triacetoxydocosanoic acid. The
yeast NRRL YB-2501, isolated from frass, formed
extracellular lipid in a yield of 1.42 g per liter
when grown for 7 days at 25 C in shaken flasks
on a medium containing malt extract and glucose
(122). The crude lipid, obtained by extraction of
the culture liquor with hexane, gave, on silicic
acid chromatography, a pure liquid having the
composition CxHgOs . Saponification yielded
acetic acid and a C»H.O; acid melting at 157 to
158 C. The C,, acid was shown to be 8,9,13-
trihydroxydocosanoic acid by conversion to su-
beric acid [HOOC(CH,)¢COOH] and 5-oxotetra-
decanoic acid

(CH3(CH2)3("3(CH2)3COOH)

The structure of the Cys compound is represented
by the following:

OCOCH; OCOCH,

CH

(CH,)s—COOH

The erythro configuration of the 8,9-hydroxyls
was suggested by the slow reaction of the tri-
hydroxy acid with acetone containing dry HCI
(R. F. Vesonder and F. H. Stodola, unpublished
data).

Tulloch and Spencer (unpublished data) estab-
lished that a lightly pigmented species of Rhodo-
torula, strain 62-506, isolated from trout stomach
contents, produces an 8,9, 13-trihydroxydoco-
sanoic acid that is partially acetylated and par-
tially esterified with long-chain fatty acids. The
free trihydroxy acid was shown to be identical
with the one of Stodola et al. (122).

It is of interest that the only naturally occurring
tetrahydroxy fatty acids have been isolated from
lichens (112, 113).

Erythro-8,9-dihydroxy-13-oxodocosanoic  acid.
During the isolation of the 8,9,13-trihydroxy
acid, the existence of a closely related acid was
indicated. To obtain enough of the material for
study, about 100 g of the crude lipid was prepared.
A portion of this (48.3 g) was saponified, the
trihydroxy acid (34.0 g) was removed by crystal-
lization, and a new acid (5.0 g) with a melting
point of 129 to 130 C was obtained from the
mother liquors. Its structure

H OH

CH,4(CH: Q—E—CHZCHQCHg—CH_CH—(CHz)s_‘COOH
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TABLE 3. Fatty acid composition® of palm oil and
some intracellular microbial lipids

Rhodo- Asper-
Acid Palm oil | torula  |R. gracilis| gillus

(145) graminis 46) nidulans
3 (111)
Myristic. .. ... . 2.4 3.9 1.1 0.7
Palmitic. .... .. 41.6 | 31.9 29.8 20.9
Stearic....... 6.3 3.2 8.8 15.9
Oleic.......... 38.9 | 37.2 40.1 40.3
Linoleic....... 9.5 10.2 11.2 17.0
Linolenic.. .. .. 0.4 4.6 4.8 0.2

e Expressed as percentages of total weight.

was proven by its preparation from the trihydroxy
acid by oxidation of the 13-hydroxyl group after
protection of the other hydroxyls as an acetonide
(R. F. Vesonder and F. H. Stodola, in prepara-
tion). The erythro configuration was established
by application of the method of Ames and Bow-
man (2) to 8,9-dihydroxydocosanoic acid ob-
tained from the oxo dihydroxy acid by reductive
desulfurization.

This appears to be the only naturally occurring
dihydroxyoxo aliphatic fatty acid so far reported.
The only related compounds are the prosta-
glandins, which are C, dihydroxyoxo acids
containing a cyclopentane ring (6).

COMPARISON OF INTRA- AND EXTRACELLULAR
LipiDs OF YEASTS

The types of compounds excreted by yeasts are
structurally quite different from those found
inside the cell.

Esters

The esters within the yeast cell are almost
entirely in the form of typical glycerides, in which
the glycerol is esterified with unsubstituted fatty
acids, mainly palmitic and oleic acids. Table 3
gives analytical data on intracellular fatty acids
from microorganisms, and shows their similarity
to those of palm oil. In the extracellular lipids of
R. graminis and R. glutinis, the main acids are
acetic, 3-hydroxyhexadecanoic, and 3-hydroxyoc-
tadecanoic acids, and the alcohol components are
mannitol, arabinitol, and xylitol.

Glycosides

No glycosides corresponding to those from C.
bogoriensis and T. apicola have been isolated from
the yeast cell.

Sphingosines

Sphingosines, which are excreted by H. ciferri
in the form of acetyl derivatives, exist within the
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yeast cell in quite different form. Preliminary
work by Kaufman and Roseman (52) indicated
that a cerebroside consisting of phytosphingosine,
fatty acids, and a neutral carbohydrate is present
within the H. ciferri cell.

Recently, Stanacev and Kates (120) surveyed
the literature on the nature of the sphingosines
occurring in yeasts. They also carefully studied a
cerebrin from T. utilis and showed the presence
of C,- and Cy-phytosphingosine and Cis-
dihydrosphingosine. The acids with which these
bases were combined had hydroxyl groups in the
2 position and contained 18, 24, or 26 carbon
atoms.

Hydroxy Acids

There have been no reports of the isolation of
trihydroxy or dihydroxyoxo fatty acids from the
intracellular lipids of yeasts.

EXTRACELLULAR LIPIDS FROM
YEASTLIKE ORGANISMS

The only organisms resembling yeasts that have
been examined for lipid excretion are the yeastlike
smut, U. zeae, and the yeastlike fungus, P.
pullulans.

Ustilago zeae

In 1950, Haskins (44) at the Prairie Regional
Laboratory reported the formation of a crystalline
product by the corn smut, Ustilago zeae PRL 119.
Chemical studies by Lemieux and his associates
(65, 66, 68-71) disclosed that the material was a
mixture of acylated acids A and B, in which
ustilic acid A

OH
HOCHZ——(!H——(CHz)wCOOH

and ustilic acid B

IH OH
HOCH,— H———(CH2)|2(J:H—C00H

are joined by glycosidic linkages to 8- cellobio-
pyranoside units as follows:

CH,OH
o

H/h
HOOH HA
H OH

For glucoustilic acid A, R=C,sH;0,
For glucoustilic acid B, R=Cs H; O,

These acids are closely related structurally to
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TABLE 4. Acids of the intra- and extracellular lipids
of Pullularia pullulans grown at 20 C*

Fatty acid Intracellular Extracellular
Myristic , 0 4.5
Palmitic 30.5 17.0
Stearic 17.0 6.5
Oleic 37.0 20.0
Linoleic 15.0 26.0
Linolenic 0 19.5

¢ Results expressed as percentages of the total
weight of acids.

the C. bogoriensis and T. apicola acids in which
monohydroxy acids are linked glycosidically to
the disaccharide sophorose.

The high yields and ease of preparation of the
U. zeae products suggest their possible industrial
use, perhaps in the synthesis of rare and expensive
perfume bases as suggested by Lemieux (67).

Ustilago sp. PRL 627

In later studies on the Ustilaginales, Haskins
noted that a Ustilago sp., PRL 627, produced an
extracellular oil when grown in sutmerged cul-
ture. It was characterized as a mixture of com-
pounds in which D-mannopyranosyl-1-meso-
erythritol is esterified with acetic, lauric, myristic,
palmitic, and stearic acids (45). Other natural
carbohydrate esters are the cord factor of Noll
and Bloch (3, 85) from the tubercle bacillus, and
the toxic trehalose fatty acid esters of Alimova
(1) from Corynebacterium diphtheriae.

Pullularia pullulans

The intra- and extracellular lipids of P. pul-
lulans 272 were isolated by Ruinen and Deinema
(104) and analyzed for acid and alcohol com-
ponents. Glycerol was found in the intracellular
lipid as expected; the alcohol in the extracellular
lipid was a hexitol. The distribution of the fatty
acids is shown in Table 4.

In a recent study of the fatty acids from
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intracellular lipids of P. pullulans, Merdinger (79)
also found that the predominant acids are palmitic
and oleic.

BIOSYNTHESIS OF EXTRACELLULAR
LipIDS OF YEASTS

Polyol Fatty Acid Esters

Very little is known about the biosynthesis of
extracellular esters produced by yeasts. A few
experiments have been carried out by Deinema
(unpublished data) with several strains of Rhodo-
torula glutinis. Since the products obtained from
this yeast contain mannitol esterified with fatty
acids, it was of interest to determine the con-
centration of mannitol dehydrogenase in cell-free
extracts. The cells were found to contain two
mannitol dehydrogenases, one specific for nico-
tinamide adenine dinucleotide (NAD) and one
for nicotinamide adenine dinucleotide phosphate
(NADP). Strains of yeast which produce extra-
cellular lipids all showed an NADP activity of the
mannitol dehydrogenase that was two to three
times higher than the activity with the coenzyme
NAD. With strains of Rhodotorula which do not
produce extracellular lipids, the results were the
reverse of these, and the total activity was always
lower. Cells cultivated on mannitol yielded higher
values for dehydrogenase activity than those
grown on glucose, demonstrating an adaptation of
the organism to the substrate.

In another series of experiments by Deinema
and Tulloch (in preparation), glucose, mannitol,
arabinitol, and glycerol were found to be suitable
carbon sources, whereas erythritol was not (Table
5).
Table 5 shows yields of extracellular lipids
obtained from glucose that are lower than those
reported by Deinema (31) in 1961, indicating a
change in the organisms as a result of repeated
transfer on malt-agar. The higher yields of extra-
cellular lipids from mannitol and arabinitol are
not surprising, since these polyalcohols form part
of the glycolipid synthesized by the organisms. On
the other hand, before glucose and glycerol can

TaBLE 5. Effect of different carbon sources on yield of cells and extracellular lipids produced by
Rhodotorula glutinis CBS 4648 at 30 C

(28 t53%°:7‘ii°ter) .Dry yeast Extracellular lipids Acetic acid Polyalcohol of lipid
g/liter g/liter %
Glucose 6.0-6.5 0.35-0.40 3540 Cs, trace Cs
Mannitol 6.0-6.5 1.0 -1.20 45-50 Cs, trace Cs
Arabinitol 5.5-6.0 1.0 -1.20 45-50 C;, trace Cs
Glygerol 5.56.0 0.2 -0.25 45-50 Cs, trace Cs

e The same experiments were carried out with R. glutinis CBS 3044, and gave similar results.
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FiG. 3. Rhodotorula glutinis CBS 4648. The cells are surrounded by a fringe of osmiophilic material; at some
places, it is connected with the same material in the cell wall (arrows). Air bubble. Osmium, uranyl acetate, and
lead citrate staining. For abbreviations see legend to Fig. 4.
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FiG. 4. Rhodotorula gracilis (Fres.) Harrison. The osmiophilic material in the cell wall is only faintly visible;
no fringe. Agar strip. Osmium and lead citrate staining. CW, cell wall; Gl, glycogen, which can be seen as black
spots; L, lipid; M, mitochondrion, OM, osmiophilic material; P, plasmalemma; Po, plasmalemmosome; R, ribo-
somes, which can be seen as very small gray spots; Ps, polysaccharide; TE, tubular elements; and V, vacuole.
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Fi1G. 5. Cryprococcus laurentii (Kufferath) Skinner strain 45 grown on malt-agar at 25 C for 1 week. Yeast
cells surrounded by a slime capsule in which the lipid material is imbedded and made visible by staining with Nile
Blue sulfate. X 2,000.
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be utilized they must be converted to mannitol,
which necessarily involves losses.

Sophorosides of Hydroxy Fatty Acids

The biosynthesis of the sophorosidesfrom C.
bogoriensis and T. apicola has not been inves-
tigated. Such studies have, however, been made
on the rhamnose-containing compound from
Pseudomonas aeruginosa by Burger et al. (14) and
on ustilagic acid from U. zeae PRRL 119, by
Boothroyd et al. (9).

Acetylated Sphingosines

In recent years, there has been a greatly in-
creased interest in the chemistry of the nervous
system which has given rise to the new discipline
of neurochemistry (62). This branch of chemistry
“is unique largely because it functions in a
complex cytoarchitectural environment.” So new
is this subject that in 1963 Roterts and Baxter
(96) could state that “Only recently pharma-
cology, electrophysiology, electron microscopy,
and ultramicro analytical biochemistry have be-
gun to achieve sufficient power to enable the
biological and chemical disciplines to tegin to
meet at the level of the neurons and glia to
attempt to delineate and integrate those proper-
ties which are germane to their unique function,
the generation, conduction, and regulation of
nerve impulses.”

One concern of neurochemistry has been with
the biosynthesis of sphingosine, which is a com-
ponent part of all nerve tissue (10, 97). Knowl-
edge of this pathway and identification of neces-
sary cofactors was needed for a better under-
standing of problems of nerve regeneration and
the lipidoses (126) such as Gaucher’s (34),
Niemann-Pick (35), Tay-Sachs (36), and Fabry’s
(130) diseases, the Pfaundler-Hurler syndrome
(109), and the leukodystrophies (82). This group
of clinical conditions is characterized by the
accumulation of excessive quantities of sphingo-
lipids in brain, spleen, liver, lung, and other
organs.

The first work on the biosynthesis of sphingo-
sine and dihydrosphingosine was carried out on
whole animals by Zabin and Mead (150, 151)
and Sprinson and Coulon (117). These studies, in
conjunction with others on tissue homogenates
(12, 13, 37, 149), have established that the
sphingosines are produced through the condensa-
tion of serine or a serine derivative with some
form of palmitaldehyde or palmitic acid. Because
the study of the enzyme systems from animal
brain presents some difficulties, Greene et al. (39)
turned to the simpler system H. ciferri as a source
of extracts that would carry out the enzymatic
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synthesis of sphingolipid bases at an appreciable
rate. Unfortunately, this goal was not realized,
but at least it was possible to show that the path-
way to sphingosine in whole yeast cells is similar
to that in animal systems. In a recent elaborate
study of the lipids formed by H. ciferri, Thorpe
and Sweeley (136) were able to eliminate those
pathways to phytosphingosine which involve
either water or molecular oxygen as a precursor
of the hydroxyl group at carbon four. The exact
source of this oxygen remains to be determined.

Substituted C22 Acids

There have been no reports on the biosynthesis
of di- and trihydroxy fatty acids from any source.

ELECTRON MICROSCOPY AND EXTRACELLULAR
Lirip FORMATION

A study has teen made by Ruinen, Deinema,
and van der Scheer (in preparation) of the fine
structure of two yeasts which secrete lipids and
two which do not, in order to ascertain whether
there is a difference between these two types of
yeasts. The electron micrographs, prepared by a
special fixation and emtedding technique (108),
gave some information about structural details of
the slime capsule and parts of the yeast cell, but
no definite conclusions can be drawn about the
structure of the cell wall.

In Fig. 3 and 4, the fine structure of examples of
the two groups of yeasts can be seen. In the
lipid-excreting yeast R. glutinis, the lipid material
in the fringe is connected with the same material
in the cell wall (Fig. 3). In the nonexcreting yeast
R. gracilis, the osmiophilic material is present in
layers parallel to the plasmalemma (Fig. 4). The
cell wall in this case appears to consist mainly of
polysaccharides (electron-transparent), only a
small amount of lipid teing present.

EXTRACELLULAR LipID FORMATION IN
YEAST TAXONOMY

The occurrence of extracellular lipids can be a
useful criterion in the classification of yeasts, since
oily droplets or crystals in the culture medium are
easily recognized. In some cases, as with certain
Cryptococcus species (104), the appearance of the
yeast on a solid medium is quite characteristic,
minute droplets being visible in the enveloping
slime capsules radiating in rows from the margin
of the cell (Fig. 5).

SUMMARY

The yeasts, which until recently were known to
form mainly intracellular triglycerides of a very
ordinary sort, have now teen shown to excrete a
number of unusual lipids. Polyol esters of 3-
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hydroxy fatty acids from Rhodotorula species,
sophorosides of hydroxy fatty acids from Candida
bogoriensis and Torulopsis apicola, acetylated
sphingosines from Hansenula ciferri, and hy-
droxylated C,. acids from a yeast resembling
Torulopsis fujisanensis have all been observed and
characterized. Yeastlike organisms also produce
similar extracellular lipids. Little is known about
the biogenesis of these compounds and nothing
about where they are synthesized in the yeast
cell.
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Volume 30, no. 3, p. 664, column 2: on Fig. 4, the left-hand scale should read “cols. per 0.2 sq.

ft. per 24 hour” and the figures on the right-hand scale should read, from top to bottom, “0.05,
0.025, and 0.005.”



