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Protoplast Fusion
EFFECT OF LOW TEMPERATURE ON THE MEMBRANE FLUIDITY OF CULTURED CELLS
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ABSTRACT

The relation between the composition of the phospholipid molecular
species in a cell membrane and the velocity of protoplast fusion was studied
using cells cultured at a low temperature (10 C). Cells cultured at a low
temperature contained larger proportions of phospholipids of low phase
transition point, the 1,2diinoleoyl-type, than those cultured at a normal
temperature (25 C). When treated with polyethylene glycol 6000, proto-
plasts from cells cultured at 10 C fused and progressed to the fused sphere
stage more rapidly than did those from ceUs cultured at 25 C.

The compositions of phospholipids and of the fatty acids in
phospholipids, glycolipids, etc. have been analyzed in studies on
frost resistance (15) and in the activity of photosynthesis (14) in
plants. The composition of the fatty acids in the phospholipid
fraction has been shown to be related to temperature (9, 12, 15).
These studies also have shown that saturated fatty acids (16:0')
increased when plants were grown at a high temperature and that
unsaturated fatty acids (18:2 and/or 18:3) increase when grown at
a low temperature. Unsaturated fatty acids have lower Tm (18:2,
-5 C; 18:3, -11 C) than saturated fatty acids (16:0, 63 C). Cells
cultured at a low temperature require a more fluid membrane
than those cultured at standard temperature; thus, the increase in
unsaturated fatty acids means that molecular species with low Pc
should increase.
The increase in membrane fluidity, as determined by the phase

transition of phospholipids, was applied to the improvement of
protoplast fusion in this research. Protoplast fusion is important
in biochemical and genetic engineering studies, but many details
regarding its mechanism are not known. Membrane fluidity may
affect the rate of protoplast fusion.
We previously proposed that membrane fluidity is determined

by the phase transition of the phospholipid molecular species (3,
17). In the present study we have analyzed the relative distribu-
tions of the phospholipid molecular species in cells cultured at two
different temperatures (10 and 25 C) and found that protoplasts
whose membranes have more unsaturated fatty acids increased
the speed of protoplast fusion.

MATERIALS AND METHODS

Conditions for Cell Culture. Suspension-cultured cells of Rau-
wolfia serpentina var. Bentham were used. Growth conditions for

'Abbreviations: 16:0: palmitic acid or palmitoyl group; 18:0: stearoyl;
18:1: oleoyl; 18:2: linoleic acid or linoleoyl group; 18:3: linolenic acid or
linolenoyl group; Pc: phase transition point; PC: phosphatidylcholine; PE:
phosphatidylethanolamine, PI: phosphatidylinositol; PG: phosphatidyl-
glycerol; PEG: polyethylene glycol.

the culture have been described in a previous paper (18). Stock
cells were cultured at 25 C with subcultures every 7th day. To
analyze the phospholipid molecular species and to measure the
speed of protoplast fusion, the following types of cells were used:
A, cells cultured at 25 C for 5 days; B, cells cultured at 25 C for 7
days; and C, cells cultured at 25 C for 5 days, then at 10 C for 2
days.

Analysis of Phospholipids. The relative distribution of the mo-
lecular species in the PC, PE, and PI fractions of A, B, and C cells
were determined as described in previous papers (8, 11, 17).

Isolation of Protoplasts and Measurement of the Speed of
Protoplast Fusion. Protoplasts were isolated from A, B, and C
cells as described previously (18), but with some modifications
(Cellulase Onozuka R-10 1% [w/v], Macerozyme R-10 0.2%
[w/v], potassium dextran sulfate 0.5% [w/v], sorbitol 0.3 M, man-
nitol 0.3 M). After incubation for 40 min (35 C) of the cell-enzyme
mixture, the resulting protoplasts were rinsed with a solution
containing 0.3 M sorbitol, 0.3 M mannitol and 50 mm CaCl2. The
duration of the rinse was 60 min. Forty id of a solution of 40%o
(w/v) PEG 6000 containing 10 mm CaCl2 was added to 20 IlI of
a protoplast suspension whose density had been adjusted to 10-5
cells at room temperature (25 ± 2 C).

Protoplasts treated with PEG 6000 adhere to one another at one
point (point adherence stage); then these point adherent proto-
plasts proceed to the next stage in which the protoplasts adhere
closely face to face (face adherence stage). In time, these face
adherent protoplasts fuse to form a single spherical or oval pro-
toplast (fused sphere stage).

In this experiment, a total ofabout 500 protoplasts were counted
under a microscope at 5, 30, 60, 90, and 120 min after the addition
of PEG solution (15 replicated experiments).

RESULTS

Cell Growth and Composition of Phospholipids. The standard
cultured cells at 25 C went into the exponential growth phase after
about a 24-h lag phase (Fig. 1). To produce C cells, cultured cells
were transferred from 25 to 10 C, on the 5th day at 25 C. These
cells at 10 C stopped dividing, but protoplasmic streaming was
observed as long as 1 week later.

Compositions of the phospholipids in A, B, and C cells are
shown in Table I. All three cell types had similar compositions:
major phospholipids, PC: 55-62%, PE: 22-26%, PI: 8-11%; and
the minor phospholipid, phosphatidylglycerol: trace-3%. Phospha-
tidic acid, detected in a previous experiment (18), was not found
in this analysis. Trace amounts of phosphatidylserine, lyso-PC,
and lyso-PE were present.

Relative Distribution of Molecular Species. Relative distribu-
tions of the molecular species in the PC, PE, and PI fractions of
A, B, and C cells are shown in Table II. The main molecular
species were the 1-16:0/2-18:2-type and the 1-18:2/2-18:2-type in
the PC and PE fractions. In the PI fraction, the 1-16:0/2-18:2-type
predominated. The 1-18:3/2-18:3, 1-18:2/2-18:3 and 1-18:1/2-
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FIG. 1. Growth curves for the suspension culture of R. serpentina. Cells
were subcultured every 7 days. Fresh and dry weights of the cells were
indicated in (0) and (0), respectively.

Table I. Total Cell Numbers and Compositions of Phospholipids in
Rauwolfia Suspension-cultured Cells Cultured at Two Dfferent

Temperatures
Lipids extracted from cultured cells were separated by two-dimensional

TLC; phospholipids were quantified via phosphorus.
Cell Total Phospholipids

Type of Num-
Culture bers per PC PE PI PG Uniden-

Flaskb tified
cells x

107 mo/ %

A' (start) 7.5 54.9 26.3 10.8 2.8 5.2
B (control) 8.3 61.8 22.9 8.3 trc 6.9
C (treated) 7.4 55.5 21.9 11.2 2.2 9.1

a A: cells cultured at 25 C for 5 days; B: cells cultured at 25 C for 7 days;
C: cells cultured at 10 C for 2 days after a 5-day culture at 25 C.

b For every subculture, about 4.8 x 107 cells were inoculated into 25 ml
of conditioned medium.

c tr: trace.

18:3-types in the PC, PE, and PI fractions of A, B, and C were all
found as traces. In the 7-day culture (B cells), the 1-16:0/2-18:2-
type in the PE fraction was slightly less than in the 5-day culture
(A cells; from 79.1 to 72.8%) and the 1-18:2/2-18:2-type was
slightly greater (from 10.1 to 14.9%) in the PC fraction ofA and
B cells. In C cells, the increase in the 1-18:2/2-18:2-type (PC, from
10.1 to 26.2%; PE, from 16.1 to 26.2%) and the decrease in the 1-
16:0/2-18:2-type (PC, from 79.1 to 63.3%; PE, from 77.7 to 66.9%),
were remarkable in the PC and PE fractions in comparison with
the amounts found in A cells. No change in the proportions of the
1-16:0/2-18:2-type and the 1-18:2/2-18:2-type was found in the PI
fraction. The average degree of unsaturation (x) reflects this
change in the proportions of the molecular species; for example,
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FIG. 2. Velocity of the fusion of protoplasts from a R serpentina
suspension culture. A (start): protoplasts from cells cultured at 25 C for 5
days; B (control): protoplasts from cells cultured at 25 C for 7 days; C
(treated): protoplasts from cells cultured at 10 C for 2 days after a 5-day
culture at 25 C. Face adherent (0) and fused sphere (0) protoplasts as a
percentage of the total number ofcounted protoplasts (about 500). Arrows
indicate the time needed to reach the fused sphere stage, for 5% of all the
protoplasts treated with PEG solution.

i in the PC fraction increased from 2.20 (A) to 2.31 (B) or to 2.58
(C).

Velocity of Protoplast Fusion. More than 10%1o of the cells
formed protoplasts in all the cultures (A, B, and C). Production of
fused sphere protoplasts and face adherent protoplasts was higher
in C cells than in A and B cells 5 min after the addition of PEG.
The total percent of fused sphere protoplasts and face adherent
protoplasts in A, B, and C cells at 5 min was about 29, 24, and
36%, respectiVely, with the majority being face adherent proto-
plasts in each treatment (Fig. 2). The time required to progress to
the fused sphere stage, for 5% of all the protoplasts treated with
the PEG solution was 10-15 min for C, about 50 min for A, and
about 100 min for B (Fig. 2).

DISCUSSION

Phospholipid molecules are in the gel phase below and in the
liquid crystal phase above their Pc. Although the Pc of the 1-18:2/
2-18:2-type and the 1-16:0/2-18:2-type is not known, the 1-18:2/
2-18:2-type surely would have a lower Pc than the 1-16:0/2-18:2-
type in view oftheTm ofthe structural fatty acids. The membranes
of cells cultured at 10 C for 2 days after being cultured at 25 C for
5 days contained more of the 1-18:2/2-18:2-type than did those
whose culture continued at 25 C. The cell membranes of the 10 C-
treated cells must have more fluidity because of the increase in
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Table II. Relative Distributions ofMolecular Species in PC, PE, and PI Fractions with Three Types of Cells
Monoacetyldiglycerides derived from phospholipids were separated with AgNO3-TLC and were quantified

with GLC in each phospholipid fraction.

Molecular Species Total Molecular Species

1-posi- 2-posi- A' (start) B (control) C (treated)
tion tion PC PE PI PC PE PI PC PE PI

mol %
18:2 18:2 10.1 16.1 1.0 14.9 17.7 0.6 26.6 26.2 1.2
16:0 18:3 0.9 2.0 1.2 1.2 0.6 2.0 2.0 1.3 2.2
18:0 18:3 trc 0.3 0.2 0.3 0.3 0.4 tr 0.4 0.5
18:1 18:2 1.8 1.4 tr 2.5 2.6 0.3 3.3 2.4 1.1
16:0 18:2 79.1 77.7 91.7 72.8 74.8 90.5 63.3 66.9 92.9
18:0 18:2 4.8 1.7 1.5 4.5 2.7 2.8 2.8 1.3 2.1
18:1 18:1 tr 0.4 0.2 0.6 0.3 0.6 0.4 0.3 tr
16:0 18:1 3.3 0.4 3.1 2.3 0.6 2.8 1.4 0.6 tr
18:0 18:1 tr tr 1.1 1.0 0.5 tr 0.2 0.5 tr

x 2.20 2.36 1.99 2.31 2.38 2.01 2.58 2.55 2.06
a Samples were named as described in the footnote to Table I.
b Average of the degree of unsaturation; average number of double bonds in

phospholipid fraction.
c tr: trace.

the molecular species with low Pc, i.e. the 1-18:2/2-18:2-type. No
change in the PI fraction was found in the relative distributions of
the molecular species in A, B, and C. This suggests that the
function of PI in the cell membrane differs from that ofPC or PE.
Taking advantage of this change in the relative distribution of the
fatty acids we succeeded in accelerating protoplast fusion.

Cultured Rauwolfia cells underwent few divisions at 10 C (Table
I), but the relative distribution of the phospholipid molecular
species in the C cells was distinct from that in the B cells (Table
II). Therefore, at 10 C, cultured Rauwolfa cells at least underwent
a turnover of their membrane phospholipids. The response rate of
the changes in the phospholipid molecular species to temperature
probably depends upon this turnover of phospholipids.

There are two methods of using temperature to fuse protoplasts
effectively. The first is to raise the incubation temperature to
increase membrane fluidity when the protoplasts are treated with
fusogen, chemical and viral agents that cause membranes to fuse
(7, 13). This rise in temperature causes the structural phospholipids
to change from the gel to the liquid crystal phase; this increase in
fluidity accelerates protoplast fusion. The second method is to
culture plant cells at a low temperature before isolating the
protoplasts in order to form a cell membrane that consists ofmore
fluid components. Low temperature culture (e.g. 10 C) leads to an
increase in the proportion of phospholipids oflow Pc, the resulting
phospholipids in the liquid crystal phase increase the fusion rate
at a normal temperature (e.g. 25 C). We observed that the fre-
quency of face adherent protoplasts was determined mainly by
the density of the protoplasts treated with PEG solution. An
increase in fluidity affected the transition from the face adherence
stage to the fused sphere stage. Rivera and Penner (12) reported
that the composition of fatty acids in soybean root cells responded
to an alteration in temperature and changed within 2 days. Our
study also indicates that the change in the plasma membrane takes
place within 2 days.
The method used to extract phospholipids in this experiment

(1), can be used for both the plasma membrane and part of the
inner membrane (but not all of it because of the absence of
cardiolipin as the mitochondrial marker). Kagawa et al. (5) and
Morre (10) reported that the radioactive precursor ofphospholipid
first is incorporated in ER after which radioactivity appears in
order in the Golgi body, mitochondria, and plasma membrane.
Phospholipids of the isolated plasma membrane alone should be

fatty acyl residues in each

analyzed in the future.
Cultures of heterocaryocites obtained by treating protoplasts

with fusogen PEG (4, 6, 16), NaNO3 (2), or a high concentration
of Ca2' at a high temperature (7) have been reported. A shorter
treatment period with low concentrations of fusogen is better for
the subsequent culture of the fusion products because fusogens
disrupt plant protoplasts. The method reported in this paper is
advantageous because it enables protoplast fusion to proceed
quickly.
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