
Plant Physiol. (1982) 69, 296-299
0032-0889/82/69/0296/04/$00.50/0

Senescence and the Fluidity of Rose Petal Membranes'
RELATIONSHIP TO PHOSPHOLIPID METABOLISM

Received for publication February 10, 1981 and in revised form September 11, 1981

AMIHUD BOROCHOV, ABRAHAM H. HALEVY, AND MEIR SHINITZKY
The Hebrew University of Jerusalem, Department of Ornamental Horticulture (A. B., A. H. H.); and The
Weizmann Institute of Science, Department ofMembrane Research (M. S.); Rehovot, Israel

ABSTRACT

In previous work, senescence of rose petal cells has been shown to be
accompanied by a gradual decrease of membrane fluidity, as measured by
a fluorescence polarization technique. Concomitantly, an increase in the
free sterol-to-phospholipid ratio was found. Both observations were verified
in this study. Further, experiments carried out on whole tissue and isolated
protoplasts during senescence revealed that there was no quantitative
change in the level of free sterols. The content of phospholipids decreased
without any significant change in their composition. Results from experi-
ments measuring the incorporation of 132Plorthophosphate indicated a
reduced capacity for phospholipid synthesis in senescent cells. Both young
and old tissue showed phospholipase A and D activity, the former increasing
with age.

It was concluded that the fluidity of rose petal membranes decreases
with age as a result of a decrease in phospholipid content, brought about
by both reduced synthesis and enhanced degradation. Evidence supporting
the view that the phenomena observed are related specifically to changes
in the plasmalemma is discussed.

Senescence of flower petals is accompanied by many visual and
physiological changes (13). Recently, attention has been directed
to changes in plasma membrane characteristics with age, assuming
that they play a primary role in the senescence process (2, 21, 28).

In previous reports (3, 4), we showed that senescence of rose
petals is accompanied by a decrease in fluidity of the lipid core of
its membranes, as deduced from microviscosity values calculated
from fluorescence polarization measurements of protoplasts. This
phenomenon occurs in both intact and cut flowers as well as in
isolated protoplasts (3, 4), and it was attributed to an increase in
the ratio of the free sterols to phospholipids in the plasmalemma
with increasing age (4).
The present report summarizes experiments attempting to elu-

cidate the metabolic processes leading to the change in the ratio
of sterols to phospholipids, which influences the fluidity of rose
petal membranes upon aging.

MATERIALS AND METHODS

Plant Material and Environmental Conditions. Roses ([Rosa
hyb.] Golden Wave [Syn. Dr. Verhage]) were grown in a green-
house under standard cultural conditions. Flowers were picked
and treated as described previously (4). The procedures and the
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techniques for protoplast isolation and handling and for viability
evaluation were as described previously (4).

Evaluation of Fluidity. Membrane lipid fluidity was determined
by calculating the microviscosity (which is the reciprocal value of
fluidity) from fluorescence polarization measurements of 1,6 di-
phenylhexatriene, as described previously (4). Microviscosity mea-
surements for liposomes and isolated membranes were carried out
under the same conditions as those for protoplasts.
Membrane Isolation. The procedure for isolation of the plasma-

membrane enriched fraction from protoplasts was based on two
recent works (6, 12), which described isolation and purification of
plasmalemmas from protoplasts. A 5-ml aliquot of 2 x 106 pro-
toplasts x ml-1 was spun down at lOOg for 5 min, and the pellet
was resuspended in 10 ml buffer containing 300 mm sucrose
(fluorescence-free; Merck), 10 mm Tris-HCl (pH 7.0), and 1 mm
MgCl2. The protoplasts were disintegrated, using a glass homog-
enizer, until no intact protoplasts could be observed under a
microscope (x 1000). The suspension was centrifuged for 5 min at
480g. The supematant was diluted with 10 ml of the same buffer
and loaded onto 10 ml buffer containing 1.8 M sucrose, 10 mm
Tris HCI (pH 7.0), and 1 mM MgCl2; then it was centrifuged for
60 min at 130,000g in Beckman ultracentrifuge L5-65, SW27 rotor.
Six ml of the interface were collected, diluted with the same
volume of homogenizing buffer, and loaded onto the top of a
sucrose step gradient constructed from 12 ml of35% (w/w) sucrose
(lower layer) and 30%o (w/w) sucrose (upper layer). Both layers
contained 10 mm Tris-HCl (pH 7.0) and I mm MgCl2. The samples
were centrifuged for 3 h at 100,OOOg as before, at the end of which
the interface above the 35% sucrose fraction was collected, diluted
with 0.6 M mannitol solution to yield 0.5 mg lipid x ml-', and
used immedtately.
Chemical Analysis. Lipid extraction and quantitation of total

phospholipids and free sterols were carried out as previously
described (4). Phospholipid analysis was carried out by TLC.
Samples were loaded on preactivated TLC plates (Kieselgel 60;
Merck) and developed with chloroform:methanol:acetic acid:H20
(32:4:19:2, v/v). The different phospholipids were located using
authentic markers (Sigma) and specific stains (27). Quantitation
of the different phospholipids was carried out in the presence of
the silica, according to the method of Rouser et al. (22). Protein
determination was carried out according to Branhall et al. (7).
Carotenoid content was estimated spectroscopically by the method
of Jensen (15).

Liposome Preparation. Sonicated liposomes were prepared from
cholesterol, stigmasterol (Sigma), or sitosterol (Aldrich), with egg
lecithin (Sigma; grade I) in different ratios, as described previously
(26).

I32PlOrthophosphate Incorporation. The degree of incorpora-
tion of [32P]orthophosphate into protoplast lipids was measured
by incubating 1.5 ml protoplast suspension of 5 x 10W protoplasts
x ml-' with 10 ,ICi (0.3-1.0 Ci x M-1) of [32Pjorthophosphate
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(Negev Nuclear Center, Israel) for 60 min at 20°C. Preliminary
experiments demonstrated no difference in the accumulation of
the [32P]orthophosphate for protoplasts of different ages. This
incorporation was terminated by extracting the lipids with chlo-
roform:methanol (5:8, v/v) from the suspension. The chloroform
fraction was dried under N2 in scintillation vials, and the dried
lipid film was dissolved in scintillation cocktail composed of 150
mg POPOP (Packard) and 7.5 g PPO (Packard) in 1 L of toluene.
The samples were counted in liquid scintillation counter (Searle;
Isocap 300) using programs 3 and 6.

Assays. Cyt c oxidase and K+-stimulated ATPase activities, as
mitochondrial and plasma-membrane marker enzymes, respec-
tively, were measured according to Hodges and Leonard (14).
NADPH-Cyt c reductase activity, as a marker enzyme for ER,
was measured by the method of Lord et al. (18).

Phospholipase Activity. Determination of phospholipase activ-
ity was done on the crude extract of petals of differing ages. All of
the different steps were conducted at 0 to 4°C. A 15-g sample of
petals was homogenized in 30 ml 200 mm sucrose, 3 mm 2-
mercaptoethanol, 2 mm EDTA, 0.1% Triton X-100 (Packard) (pH
7.0), using ultra turrax for 60 s. The homogenate was filtered
through two layers of cheese cloth, and the fitrate was dialyzed
for 1 h against 35 volumes of the homogenization buffer and then
against another 30 volumes of the same buffer for an additional
2 h. After dialysis, the samples were diluted to 2 mg protein x
ml-'. Phospholipase activity of the extract was determined by
measuring the amounts of phosphatidic acid and lysophosphati-
dylcholine liberated from phosphatidylcholine by the action of
the petal extract. For this, 1 ml of extract was suspended with 100
ml of sonicated liposomes prepared from egg lecithin at 20 mg x
,LI-1, 100 ,.d of 375 mM CaCl2, and 300 ,ul of 200 mm citrate buffer
at pH 4.5 or 6.5. The reaction was carried out for 60 min at 30°C
and was terminated by the addition of a solution of chloroform:
methanol (5:8, v/v) to the sample for lipid extraction. The lipid
extract was concentrated under N2 and analyzed on TLC, as
described above. The spots corresponding to phosphatidic acid
and lysophosphatidylcholine were scraped off the plate, and their
phospholipid contents were measured.

All measurements reported in this work were repeated at least
three times, and the results are means of four replications.

RESULTS AND DISCUSSION

The fluidity of the lipid core of biomembranes has been shown
to play a significant role in the control of many physiological
processes, including permeability, enzyme activity, and protein
accessibility (25). We have used fluorescence polarization tech-
nique (24) to measure actual values of the reciprocal parameter of
fluidity, namely the microviscosity of rose petal membranes. In
previous reports (3, 4), we demonstrated an increase of membrane
microviscosity of rose petal cells with age which was affected by
temperature, pH, and Ca2 . The results summarized in Table I
confirm our previous observations (3, 4) that plasmalemma micro-
viscosity in protoplasts isolated from rose petals is higher in old
flowers than it is in younger ones. Protoplasts isolated from petals
of young flowers which were held for 24 h in acidic solution (pH
4.5) gave values similar to those of protoplasts from old flowers
(Table I).
An isolated membrane fraction showed essentially the same

microviscosity as did the original protoplasts (Table I). These
membrane fractions were isolated according to two recent detailed
reports (6, 12). Measurements of enzyme activities generally con-
sidered as markers of the mitochondrial, plasma-membrane, and
ER membranes (14, 18) were carried out with the crude membrane
fraction (interphased at 1.8 M sucrose) and the purified membrane
fraction (interphased at 35% sucrose). These assays revealed a
recovery of 40%o and almost 3-fold increase in K+-ATPase activity
in the purified fraction as compared to the crude membrane

fraction (1.70 versus 0.59 ,umol Pi/mg protein * h-', respectively)
and only one-fifth of the carotenoid content (10 versus 51 ,ug
carotenoids/mg protein, respectively). No activity of either Cyt c
oxidase or NADPH-Cyt c reductase was detected in the purified
membrane fraction.
On the basis of these results, we are inclined to believe that this

fraction, though containing some contaminations, is at least en-
riched with plasmalemmas. Their measured microviscosity val-
ues support the view that the microviscosity measurements carried
out on the intact protoplast give information on the plasmalemma
microviscosity. Additional support for this view comes indirectly
from two observations. First, using fluorescence microscopy, we
observed fluorescence only from the outer surface of DPH-labeled
protoplasts (4). Inasmuch as fluorescence polarization measures
only the visible fluorescence (24), it is likely that measurements
made on intact protoplasts represent the microviscosity of the
outer surface of the protoplasts. Further, single-cell measurements,
using a different instrumentation, revealed similar observations
(5). Second, sterol depletion and enrichment of intact protoplasts,
a treatment which affects only the outer membrane (8), resulted
in corresponding changes in the protoplast membrane microvis-
cosity (Table III of Ref. 4). As the outer surface, the outer
membrane, and the plasmalemma of the protoplast are actually
the same, we concluded that results obtained from DPH-labeled
intact protoplasts represent plasmalemma microviscosity. These
considerations do not rule out the possibility of similar fluidity
changes in other cell membranes. In fact, age-related fluidity
changes have been reported for microsomal and chloroplast mem-
branes from Phaseolus leaves (20). Reduced fluidity of plasma
membranes with age appears to be a general phenomenon and
has also been demonstrated for both bacterial (1) and animal cell
membranes (23).
The presence of cholesterol in membranes is known to increase

their microviscosity (9, 24, 25) in temperature above the phase
transition of the phospholipids, which is the normal situation for
active organisms (25). Since cholesterol in only a minor component
of the total plant sterols (10), we have studied the effect of
increasing content of several typical plant sterols on the microvis-
cosity of sonicated egg lecithin liposomes (Fig. 1). As shown, the
elevation of the ratios of sitosterol and stigmasterol to egg lecithin
results in an increased lipid microviscosity in a similar way as it
does with cholesterol. Though it would be much more desirable to
conduct the lipid analysis on the isolated membranes, the yield
obtained was too low for reliable quantitative analysis. Therefore,
we decided to make the different measurements on a whole cell
basis.

Table I also shows that there is no change in the free sterol level
in the protoplasts with age. We purposefully examined the free
sterols alone, as it is widely accepted now that sterol derivatives
(e.g. sterol esters) do not participate in the functional composition
of biomembranes (9). In contrast to sterols, the phospholipid level
of the protoplasts decreased with senescence to about one-half of
its original level. The results were similar both for protoplasts
isolated from petals of old flowers and for protoplasts aged for 24
h after isolation from young petals. The amount of total phospho-
lipids decreased with increasing age, but the relative amount of
each phospholipid class remained about the same (Table II).
Similar results were found for Ipomea and Tradescantia flowers of
different ages (2, 28).
As a result of the reduction in the phospholipid content relative

to the free sterol content, there was an increase of the free sterol
to phospholipid ratio (Table I), similar to our previous results (4).
Liposomes made from sitosterol and egg lecithin of the same mole
ratio found in the protoplasts exhibited similar microviscosities to
the corresponding protoplasts and membranes (Table I).
The above results suggest that the main reason for the changes

observed in the rose petal membrane microviscosity with increas-
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Table I. Microviscosity of Liposomes and Protoplast Membranes of Different Ages and Lipid Composition of
Protoplasts Aged in Situ and in Vitro

Membrane Microviscosity Free Sterols/
Protoplast Age-a s Free Ster- Phospholip- Phosphopid Lposome M-

Intact proto- Isolated ols Ids (MLM)croViSCOSety
plasts membranes

poise at 22°C nmol.mg ' lipid ratio

A 1.97 cc 1.90 b 70 a 315 a 0.24 c 2.0 c
A,agedd 3.70a 70a IlOb 0.64a 3.8a
D 2.82 b 2.85 a 71 a 145 b 0.49 b 3.0 b

a A, Protoplasts isolated from young flower petals; D, protoplasts isolated from old flower petals (see Ref. 3).
b Liposomes were made from sitosterol and egg lecithin of the same mole ratio as that found in the protoplasts.
c Values followed by different letters are significant at the 5% level (multiple range test).
d Protoplasts isolated from young flower petals were aged in dark for 24 h at 37°C (pH 4.5).

30
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FIG. 1. The effect of different mole ratios of sitosterol (A), cholesterol
(0), and stigmasterol (0) to egg lecithin on microviscosity of sonicated
liposomes. Measurements were done at 22°C.

Table II. Relative Content of Phospholipid Classes of Protoplasts
Obtainedfrom Young (Stage A) and Old (Stage D) Petals

Relative Content
Phospholipid Class

Young Old

% of total phospholipids

Phosphatidylcholine 45 a' 43 a

Phosphatidylethanolamine 30 b 31 b
Phosphatidylserine 10 c 9 c

Phosphatidylinositol 9 c 8 c

Phosphatidic acid 6 c 9 c

a Values followed by different letters are significant at the 5% level
(multiple range test).

ing age is the decrease in phospholipid level. The decrease in
phospholipid level with age has been found also in other plant
tissues (2, 11, 28), and it may result from a reduction in the
phospholipid synthesis, an increase in degradation, or both.
To examine the reason for the decrease in phospholipid level

with age, we first measured the ability of protoplasts of different
ages to sy'nthesize new phospholipids by following the incorpora-
tion of [' Plorthophosphate into lipids (Table III). Reduced counts
in the protoplast lipid fraction with senescence were found both
for protoplasts isolated from old petals and for protoplasts held
for 24 h at pH 4.5 after isolation from young petals. Similar
protoplasts, incubated for 24 h at higher pH (6.5), did not show
reduction of orthophosphate incorporation (Table III). A similar
age-related reduction in phospholipid synthesis capacity has been
demonstrated in castor bean endosperm (16) and cucumber en-

dosperm (19).

Table III. Effect of the Protoplast Age on [32PlOrthophosphate
Incorporation into Lipid Fraction

ProtoplastAge' [3PJlncorporation into LipidProtoplast Agea Fraction
cpm/1o6 protoplasts- h-'

A 8,295 ab
A, agedc, at pH 6.5 8,000 a
A, aged, at pH 4.5 3,507 b
D 1,915 b

a A, Protoplasts isolated from young flower petals; D, protoplasts iso-
lated from old flower petals (see Ref. 3).

bValues followed by different letters are significant at the 5% level
(multiple range test).

c Protoplasts isolated from young flower petals were aged in dark for 24
h at 370C.

Table IV. Effects ofAge andpH on the Phospholipase Activity of Rose
Petal Crude Extract

Phospholipase A Phospholipase D
Petal Stage of Activityb Activityc
Developmenta

pH 4.5 pH 6.5 pH 4.5 pH 6.5

A 0.12 bd 0.09 b 0.29 a 0.26 a
D 0.32 a 0.15 b 0.32 a 0.30 a

a A, Young flower petals; D, old flower petals (see Ref. 3).
bPhospholipase A activity defined as nmol lysophosphatidylcholine

production from phosphatidylcholine per mg protein-h-'.
c Phospholipase D activity defined as nmol phosphatidic acid produc-

tion from phosphatidylcholine per mg protein.h-'.
d Values for each enzyme followed by different letters are different at

the 5% level (multiple range test).

Evaluation of the phospholipase activity in petals of different
ages was carried out by measuring the degradation products of
egg lecithin liberated by the action of petal extracts, which yields
phosphatidic acid and lysophosphatidylcholine (Table IV). The
production of phosphatidic acid from lecithin was referred to
phospholipase D activity, while the activity leading to formation
of lysophosphatidylcholine was referred to phospholipase A (17).
Results shown in Table IV demonstrate the presence of both
phospholipase A and phospholipase D activities in rose petals.
The activity of phospholipase D did not change with age, while
that of phospholipase A more than doubled in senescent petals. A
similar phenomenon was demonstrated recently (28) in Trades-
cantia, in which the phospholipase activity which results in age-
related phospholipid reduction was attributed to acyl hydrolases.
In rose petals, there was no detected activity of both phospholi-
pases in the absence of Ca2". However, only phospholipase A
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activity is pH-dependent, i.e. increased at acidic pH (4.5 compared
to 6.5) (Table IV). Indeed, it was demonstrated earlier (4) that the
change in rose petal protoplast membrane fluidity with age is
enhanced by low pH.
The present results, together with those reported previously (3,

4), suggest some of the biophysical and biochemical processes
which may occur in the rose petal membranes during aging. The
apparent decrease in the membrane fluidity with age appears to
be caused by the increase of the free sterol to phospholipid ratio
(4), brought about by a decreased phospholipid content (Table I).
This process was found both in cells aged in the tissue and in those
aged after isolation (Ref. 4; Table I). The observed similar behav-
ior of protoplasts which were aged in situ to those held after
isolation at 37°C (pH 4.5), with regard to their lipid metabolism,
makes protoplast in vitro aging a suitable model for plant mem-
brane senescence studies. Senescence of rose petals appears to be
characterized by a decrease in the ability of cells to synthesize
phospholipids (Table III) and an increase in phospholipase A
activity (Table IV). These two changes may be responsible for the
reduction in phospholipid content which, in turn, results in an
increase in the ratio of free sterol to phospholipid, leading to a
decrease in the membrane fluidity.

These senescence-related changes in phospholipid metabolism
and membrane fluidity are probably affecting metabolic processes
of the cells and their hormonal responses, as has been shown for
mammalian tissues (25).
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