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Abstract

Preparative isolation of lipid granules from Rhodotorula glutinis, which has heen studied for long time to
produce edible lipids, was carricd out by flotation methed in Ficoll-linear density gradient. When the isolated
lipid granules were suspended in a series of solutions containing varying concentration of osmotic stabilizer
(sorbitol and mannitol) ranging from 0.8 M to 0 M, the lipid granules appeared to be disrupted at 2 concentration
between 0.8 M and 0.7 M, and again at a concentration below 0.1 M, suggesting that lipid granules have a mem-
braneous structure and that at least two types of lipid granules are present. Compositional analysis of lipids
from lipid granules revealed that lipids are composcd mainly of neuiral lipids {87.8% ol total lipids), predominantly
as triacylglycerols (71.8%). Marked differences were observed in phospholipids between lipids of Hpid granuies
and those of whole cells. The major components of phospholipids in lipid granules and in whole cells are phosp-
hatidylcholine (38.6%) and phosphatidylscrine (42.8%), respectively. In addition, significant differences were also
observed in the fatty acid composition of phosphbolipids. As phospholipids are important structpral components
of membranes, these differences lead Lo the suggestion that the membrane of lipid granules may be distinct func-
tionally and structurally from other membranes of veast cells. The major fatly acid components of neutral lipids
of whole cells and lipid granules are palmilic, olelc, and linoleic acid. However, degree of Faily acid unsaturation

of neutral lipids of lipid granules was much lower than that of neutral lipids of whaole ceils.
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INTRODUCTION

Production of edible cils from microorganisms such as
veasts or fungi has been studied for long time (1,2). The
microorganism has also heen investigated to produce high
value commodities such as polyunsaturated fatty acids of
-3 and n-6 series, some elcosanoids, or vresuat ipids (13).
The living organisms that are used for the production of
lipids contain lipid granules in their cells as an organelle
to store lipids (4-6). The lipid granules have been studied
most extensively In plants, in which there is no douht that
lipid granules is the major site of lipid metabolism (7). In
contrast, lipid granules of veast have been insufiiciently
studied and most of the avallable data were obtained from
respiratory-deficient veast such as Seccharomyces sp., In
which Iipid content is about or less than 109 (48). In the
lipid granules isolated [rom & cerevistae, lipids consist
mainly of triacylglycerols (approximately 47%) and sterolesters
Capproximately 449) (8), However, in an oleaginous veast
Lipomyvcees starkeyi, the lipid granules coniain a large a-
mount of triacyiglycerol {~85%) (9), which is quite different
from the lipid composition of the lipid granules isclated from
the non-oleaginous veast. This leads (o the speculation that
there may be a fundamental difference in the lipid metabolism
between two types of yeast, To the mvestigalors of mi-
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crobial oil production, it has long been questioned as to why
the oleaginous veas: can accumulate so much Hpid {in some
case, 7% of cell-dry weight). Some investigatars have heen
interested in the enzyme-regulation mechanism of oleaginous
veasts (10,11, Another way to approach to answer the ques-
tion may be understanding the role of lipid granules in the
cleaginous veasts that may be an important organelle m the
lipid metabolism and the difference between the lipid gran-
ules of oleaginous yeasts and those of non-oleaginous veasts.
Unfortunately, the lipid granules of oleaginous veasts have
been rarely studied.

In this study, we have isolated the lipld granules from
an oleaginous veast fhodotorula g!urim?s that was grown
in their lipogenic state (ruitrogen limited condition?, and char-
acterized properties and Hpid composition of Hpid granules.

MATERIALS AND METHODS

Microorganism and cultivation

The strain of Bh glutinis NRRL Y- 1091 used in this study
was obtained from Northermn Reglongl Research Laboratory
of UsDA, Peoria, USA. The yeast was maintained and cul-
tivated as described elsewhere (12). Cultivation was carried
out in the two liter Erlenmever flask containing 400 m!
nitrogen-limited medium (12} at 30°C and 300 rpm for 60
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kours {early stationary phase) on controlled environment
-k Sclentific Co., NJ, USA). Lipid content
reached 1o its maximum value at 80-hour cultivation.

shaker (New Brunswic

Cell harvest and disruption

“he 60 hour cultured cells were harvested by centrilu-
gation at 0.000x g for 10 min, and washed twice with pre
cooled 0.1 M potassinm phosphate, ptl 6.0. The cell pallet
was resuspended at 0°C In the isolation medium containing
0.4 M meannitol, 04 M sorbitel, and 0.045 M potassiom phos -
phaze, off 6.8, with which the coll concentration was adjustod
to 0.4 g/mi. The cells were disrupted within two hours after
barvest by a single passage trough a pro-cooled Fronch
press at 20,000 nsig.

Isolation of lipid granules by the rate zonal centri-
Tugation

The method of flotation 1n 4 hnear density gradienl of
Ficoll (Fype 400- DL, Slgma Chemical Co., MO, USA) was
adopted as schematically shown in Fig. T for the preparative
isolation of ipid granules from the cell lysate of R gludings.
Centrifugal force of 8300 X ¢ was selected between 3000~
18,000 ¢

Cell lvsate solution containing 1296 Ficoll (w/v) was pre-
pared by adding 1.7 ¢ Ficoli to 9.3 ml cell Tysate, An allquot
(mi) of this suspension was placed in the hottom of B0 ml
contrifuge tube, and onto this suspension 38 mi Ficoll solution
was lavered to Torm a lincar Fleoll gradient ranging from
0 to 109 {w/v) using a gradienl-forming device, The tube
wis coninfuged for 10 min al 500> g 1n a swinging bucket
tvpe T4 rotor, which yielded two compact layers in the
top, reddish white creamy and floating red thin lavers. The
floating red thin laver was identilied as aggregoted form of
crushed lipid granules by Hght and phase contrast micros
copes, and the reddish while creamy layer as intact lipid
granules from thelr staming property and morphology using
The reddish white creamy layer was collected
by aspiration with a curved ("]" shaped) pasteur pipette, 1t
was important to avold any shock o the tuhe during this
procedure, because the upper layer could be casily dispersed.
The collected ¢
1solation medium by centrifugation and collected.

a microscope.

Tude lipid granules were washed with the

Dve uptake and osmotic properiics of lipid granules
Suspensions of cells or lipid granules were stained with
newiral red, toluidine hlue G, Nile blue A, or Sudan black
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Fig. 1. Schematic disgram of the isolation procedures of lpid granules,

B by adding equal volume of dye and incubating at 4°C for
about 30 min. Neulral red (0.05%., w/v) and toluidine blue O
(0.1%, w/v) were dissolved in water, and the lipophilic dyes
such as Sudan black I3 (0524, w/v) and Nile blue A (0.3%,
w/v) were dissolved in 70% (v/v) cthanol
The isolated linid granules were suspended in the 1so

fation medium containing 04 M mannito!, 044 sorbitol,
0.025 M potassium phosphate, pil 6.8, in which mannitol and
sorbitol were used as osmotic stabilizers, Aliquots (0.1 mib)
of the suspension were diluted with 2.8 mi of series of diluted
stabilizer solution. Then absorbances of the diluled suspensions
were measured at 860 nm after incubation for 10 min and
30 min at 4°C.

Lipid extraction from whele cells and lipid granules

The cells harvested rom about 200 mi cultured broth
were washed twice with 0.1 M potassiom phosphate, pH 6.0,
lyophifized, and slightly ground with a morlay and pestle
The ground cells were used to extract lipids by percolation
method as described (13).

For the extraction of ipids from lipid granules, one volume
of the isolaied Upid granules were mixed with twe volumes
ol chloroform methanol (211, v/v) and fipids were extracted
by stirring for 20 min al 30°C. Then the extract was washed
twice with 0.2 volume of 3 mM MgCly. The chloroform layer
was dehydrated with anhydrous NayS0., fillered through a
Toyo No. 2 filter paper, and then evaporated v a rotary
cvaporator.

Lipid analysis

Lipids extracied from whole colls or ipd granules were
separated into neulral lipids, glvcolipids, and phospholinids
by sificie acid column {1.5X% em) chromategraphy as described
previously (13), Each separaled Hpid fraction was further
fractionated into 1ts components by thin layer chromatography
(TLC) using commercially available TLC plates pre- coated
with silicagel 60 (Merck, Darmstadt, Germany) as described
{13). The TLC plates after separation were visualized by
charring with saturated potassium dichromate in 7024 sul-
furic acid (v/v) followed by heating for 25 min at 100°C. The
quantitative analysis of visualized lipid classes was carried
out using Fiber Optic Seanner (Kontes Maodel 8300, Konles
Co., NJ, USA) as described (13%

Compositional analysis of fatly acids in the frac-
tionaled lipids

Fally acid composition of neutral lipids, glycolipids, and
phospholipids was analyzed by high performance liquid
chromatography using U DBondapak (g reverse phase column
(Waters Co., MA, USAY as described (13). Tn the preparation
of sample, neutral fipids or elveolipids were saponified by
aleoholic alkali hvdrolysis, while phospholipids were safomificd
by acid hydrolvsis (13).

RESULTS AND DISCUSSION

Microscopic observaiion
Rh gluinis cultured In nitrogen limited condition (ip-
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ogenic state, about 31% lipid content in dry weight basis)
contains several large lipid granules (Fig. 2), while the yeast
grown in carbon-iimited condition (non-lipogenic state,
about 109% lipld content) has several relatively small lipid
granules (data not shown). The lipid granules in the cells,
which could be stained by dyes such as Sudan black and
Nile blue A, were clearly visible withoul staining in the form
of spherical particles thal strongly refract light when
examined with a phase contrast microscope. In Fig. 2, it
could he ohserved that many of lipid granules are arranged
closely to the plasma membrane of the cell, which may be
related {o the suggestion that lipid granules are involved
m the plasma membrane biogenesis in addition to the role
1o store lpids (4).

The hpid granules of veast celis were stained redish blue
with neutral red or toluidine blue O {data not shown), in-
dicating accumulation of these dyes in lipid granules of intact
celis. However, these dves stained [aintly lipid granules
isclated from the cell lysate. This chservation suggests that
tipid granules may have vacuolar properties because vacuoles
accumulate compounds such as cationic dyes (for example,
neutral red, toluidine blue O, ete.), Faint staining of the
isclated lipid granules may be because the isolated lipid
granules may not function fully. In contrast, lipophitie dyes
such as Sudan black or Nile blye A stained well hoth lipid
granules of intact yeast cells and lipid granules isolated from
the cell lysate (data not shown).

Osmotic property of lipid granules

[solated lipid granules were suspended in a series of
osmotic stahilizer sclutions containing various concentration
of stabilizer ranging from O to 0.8 M and the absorbances
of the suspensions after 10 or 30 min incubation were deter-
mined (Fig. 3). The absorbance decreased sharply when the
stabilizer concentration decreased from 0.8 w0 0.7 M, sug-
gesting rupturing of the granules. However, the absorbance
increased in the suspensions containing stabliizer below 0.7
M untl stabilizer concentration reached 0.1 M, suggesting

i
Fig. 2. Phase contrast microgram of A glutinis in the early sta
tonary phase of growth that contains several large linid granules.
The lipid granules were preliminarily identified by steining with
a lipophilic dye, Nile blue A.
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Fig. 3. Effect of stabilizer concentrations on the stability of lipid
granules isolated from A glutinis, Aliquots (0.1 ml) of the isolated
lipicd-gramule suspension were dituted with 28 ml of a series of os-
motic stabilizer solutions containing varving concentration of sta—
bilizers {(sorbitol + mannitol) ranging from 0 to 0.8 M. After 10 min
(@) or 30 min ((2) incubation at 4°C, absorbances of the suspensions
were measured at 560 nm.

that the lipid granules increased in volume. In the suspensions
containing stabilizer helow (.1 M, the absorbance decreased
again, These obeervations lead 10 two suggestions. First, the
fipid granules are enveloped by a membraneous structure.
This suggestion is consistent with the results of many other
investigators (7.9,14}, but inconsistent with the suggestion
by a group that at least one of two classes of liptd granules
from S. cerevisige 13 more or less solid lumps of lipids
containing proteins (15}, Second, at least presence of two
clagsses of lipid granules that are different from each other
in the osmotic property is suggested. Presence of more than
two classes of lipid granules in veast have been suggested
by other investigators (14,16),

Lipid analysis

The Yipids from whole cells and Ypid grancies were frac-
tionzted into three classes of lipids' neutral lipids, ghycolipids,
and phospholipids {Table 1). The lipids of lipid granules
were composed mainly of neutral lipid (87.8%), predominantly
as triacvlglycerols (71.8% of neutral lipids) as shown in
Table 2. In contrast, Wriacylglycerol content of neutral lipids
in whole cells is very low (28.8%4), although neutral lipid
content of whole cells (829¢) is a little lower than that in lipid
granules. This result indicates that triacvlglveerols are pref-
erentially accumulated in lipid granules, suggesting that lipid
granules are an organelle that accumuldtes lpids as a re-
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culi o determine what
proportion of lipids i whole :el}s is I the Iipd grancles,
because 1L was not casy to quantitatively determine the vield
of cell disruption and recovery of lipid granules in the
isoition procedures.

Lipid granules have higher conlent of phospholipids (8.0
%) than thal in whole cells (3.8%) (Table 1), suggesting that
Hpid granudes have a membraneous structure and the mem
branesus structure is more concentrated than whole cells.
However, the relative amount of polar lipids (glvcolipids -+
vhospholinids) 1s higher in whole celis, which 18 consistent
with the results reporied hefore (91

Lipids fractionaled into neutral lipids, glycolipids, and
s separated by TLOC
separated linid components on TLO plates wore
defermuned by the densiiometer.
major ipid of neutral lipids of Hpid granules and of whoie
cetls was iacylglycerols (Table 2). The free fatky acid content

sorve material. However, 1L iy diff

phospholipids were larther - and the quan
;

Gitles of

Ay discussed above, the

of neutral iipids o whole cells (85.1%) was much higher
than that in old granules (296) (Table 2). This reiatively

high value of free faliy acids in whole cells may be due
1o the high temperalure extraction of lipids by percolation
method. Compositions of other neutral lipids of whole cells
and up*(‘ granules were quantitabively and qualilatively
Pable 2).

Inlhe mmposm(mai analysis of glyeolipids of whole cells
and lpd granules, the patterns of the spots separated by
TLC were similar between the glveolipids of whole cells and
those of lipld granules (data not shown!, although there were
differences in the contents of monogalactosyldiscyviglveorol
(4.8% in whole cells ve irace in lipid granuies) and of cor-
ebroside (48% in whole cells vs 124% In linld granules)
(Tubie 3.

Phospholipids are considered to he a major structural
component of veast membranes. While the major phosnholipid
in the fipid granules was phosphatidylchaoline (38.6%)

simitar (
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‘Table 3. Composition of ghecolipids of whoele oclls and pid
ordnu]e

4.?%""'_'"' T

Monogalactosyl

diacylglveerdd
Cerebroside 1.8 12.4
Steryiglueoside 1.8 1.6
Digralactosyl- r 1.2

dizcvlglveerol
Unkrown LA _.8

whale cells the content of this phospholipid was only 14.7%4
and instead phosphatidylserine was the major phospholipid
(42.8%) (Table 4). There were also differences in the con-
tenls of phosphatidviethanolamine and phosphiidylinogitol of
phospholipids In the whole cells and in the lipid granules.
These results lead to a specnlation that membranes of lipd
granules are structurally and furthermore functionally distinet
from the membranes of whole cells, in which the eytoplasmic
membrane is probably the major component of membraneous
structures. It was observed that the whole cells contained
much greater amount of }ysophoqphatid_\flcho]ine (22.6%) than
the Tipid granules (4.4%) ¢ ). High content of tvsopho-
sphatides was observed in the lipids oxtracied from the
haker's yeasl, which was attribuled to the action of phos-
pholipase A on the phosphatidyicholine during the extraction
of lipids. A similar explanation could be applied to the high
content of lysophesphatidylcholine in the phospholipids of
whiole cells. The relatively low content. of lvsophosphatidyl-
choline (4.4%) in the lipid granules may be due o the in-
activation or removal of phospholipase A during the isolation
of Hpid granules,

Fable 4)

Compositional analysis of {ally acids of the frac-
ilionated lipuds

Neutral Hpids, glveolipids, and phospholipids fractionated
by silicie acid column chromstography from lipids of whole
cells and of lipid granules were hydrolvzed and the fatty
analyzed by ITPLC (Table 5). The
neutrat fipids of both Hpid granules and whale cells consisted
mainly of palmitic, oleic, and Jincleic acid. In glveolipids, &
big difference between lipid granules and whole cells was
o the oleic acid content (10,994 in the lipid granules versus
irace In the whole cells). The most marked difference in the

acid compositions were

Table 4. Composition of phospholipids of whole cells and lipid
manu!e

( om(,nts of phosplml_l_p_ld le
) Wholc cells  Lipid g,rcmuli
(,fu dioli 1})1 n tr ir

Fpid

Phosphatidylethanolamine 132 46
Phosphatidylinositol 24 146
Phosphatidyiserine 42.3 333
Phosphatidylchofine 147 386
Lysophosphatidylcholine 22.6 4.4
Phosphatic acid tr tr
Upknown 60 37
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Table 5. Fatty acid compositions of the fractionated lipids of whole
cells and lipid granules

Faity acid composition (9%, w/w) _
Neutral lipids Glycolipids ~ Phospholipids
we’ LY WC LG WC LG

Fatty acid

12:0° e 91 64 i 148
16:0 987 332 275 230 158 i
18:0 70 104 i Wy o2 @

1811 05 %26 W6 w4 125 231
18:2 256 198 250 298 432 399
18:3 82 40 107 o1 150 150

Unsaturation, 106 0.84 1.1 1.08 1.34 148
A/mol”
"Whole cells.
?JLipid granules.
#The faity acids are designated xiy, where x is the number of
carbon atoms and v is the number of double honds/molecule,
"Fatty acid not detected.
"Prace less than 19%).
FCaleulated from the following formoula (121 4/mol=10% (% mon -
oene/ 1000+2.0X (% diene/100) +3.0 (% triene/100).

falty acid composition was in the phospholipids, Lauric acid
was detected as trace in the phospholipids of whole cells,
but 14.8% in the lipid granules (Table 3. In addition, ar-
achidenic acid was detected only in the phospholipids of lipid
granules (data not shown). These results suggest that a
marked difference is shown in the membrane structures
between lipid granules and whole cells, when we consider
that phogpholipids are a major structural compenent of the
veast membranes and that the fatty acids are an important
variable in determining the membrane morphology.

Generally storage lipids have higher content of saturated
fatty acids than the total lipids (17), Degree of unsaturation
of fatty acids (A4/mol) in the neutral lipids from lipid granules
and whole cells were 0.84 and 1.06, respectively (Tahle 5,
indicating that fattv acids of the neutral lipids in lipid gr-
anules are more saturated than those in whole cells. This
result suggests again that lipid granules accumulate storage
iipids, In glycolipids and phosphoiipids, which are not con-
sidered as storage lipids, differences of the degree of
unsaturation between whole cells and lipid gramiles were
negligible (Table 5),

t has been known that most phospholipids have a high
level of unsaturated fatty acids (17). It turped out to be true
in A glutinis as the degree of unsaturation of fatty acids
from phosphelipids { A/mol=15) was greater than those
from ather lipid fractions (Tahle ).

From the results described in this article, it is evident
that lipid granules of Rh glitinis are an organelle that
accumulates storage lipids and that is enveloped by a mem-
braneous structure rather than just solid-lipid lumps. It is
still long way to go to answer the questions how the ole~
aginous veast accumulates greater amount of lipids in the
cell than the non-oleaginous veasts do and how the lipid

granules are involved in the lipid metabolism of the oleaginous.

veasts. It will be essential to understand enzymes and other
proteins {for example, proteins like oleosin in plant-lipid

granules) that are associated with Iipid granules. By under-
standing more about lipid granules, we will have rnore
knowledges of the iipid metabolism in the oleaginous veasts
and it will be easier {0 manipuiate the oleaginous yeasis
to produce edible oils we reqguire.
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