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Oat and rye plants were treated with either teteydacis (an experimental plant growth regulator), nuarimol (a fungicide) 
or 7-ketotriazole (an experimental herbicide). These treatments reduced shoot growth and changed the lipid composi- 
tion of the shoot plasma membranes. In oat, both tetcyciacis and nuarimol treatments increased plasma membrane 
cholesterol and increased the phosphatidylethanolamine/phosphafidylcholine (PE /PC)  ratio, whereas v-ketotriazole 
treatment reduced cholesterol and the P E / P C  ratio. In rye, all treatments reduced the P E / P C  ratio. Generally, the 
sterol/pbospholipid ratio was less in oat than in rye but the cholesterol/phospbolipid ratio was greater. With all 
treatments in oat and rye, increases were observed in unsaturation of the phospholipid acyl chains. The fluidity of 
membranes was measured by steady-state fluorescence polarisation of the probe diphenylhexatriene; oat membranes 
were more fluid than rye. Membrane fluidity was greater in plasma membranes from plants treated with the xenobiotics 
than the controls, The results are discussed in the context of the effect of plasma membrane lipid composition on 
membrane fluidity, and it is concluded that there appears to be no overall simple relationship between membrane lipid 
composition and fluidity that holds for all treatments in both species. 

Introduction 

The relationship between membrane fluidity (or order 
parameter) and lipid composition is of considerable 
interest because of the connection between these param- 
eters and acclimation or adaptation of plants to stress. 
Correlations between fluidity and lipid composition have 
been frequently sought in connection with temperature 
acclimation or injury; such work has been reviewed by 
Steponkus [1]. Changes in membrane lipids and fluidity 

* Present address: King's College School of Medicine and Dentistry 
of King's College London, Thrombosis Research Unit, Rayne In- 
stitute, London, U.K. 

Abbreciations: PE, phosphatidylethanolamine; PC, phosphatidyl- 
choline; RH, relative humidity; PAR, photosynthetically active radia- 
tion: DTT, dithiothreitol; PVP, poly(vinylpyrrolidone); PEG, 
poly~.ethylenegiyco[); DPH, 1,6-diphenyl-l,3,5-hexatriene; THF, tetra- 
hydrofuran. 

Correspondent.e: D.T. Cooke, Department of Agricultural Sciences, 
University of Bristol, AFRC Institute of Arable Crops Research, 
Long Ashton Research Station, Bristol, BS18 9AF, U.K. 

have been observed in wheat subjected to drought stress 
[2] and in citrus cultivars susceptible to salt stress [3]. 

A number of different membrane systems of stressed 
plants have been studied, including mitochondria [4], 
chloroplasts [5], plasma membranes [6] and isolated 
protoplasts [7], as well as phospholipid vesicles made 
from lipid extracts of wheat seedlings [8]. However, 
attempts to study a relationship between the composi- 
tion and physical state of a membrane by stressing the 
system may not provide reliable information, because 
there may be unsuspected interactions between the 
products of stress metabolism and membranes which 
involve components other than lipids. Also the results 
from isolated synthetic systems such as liposomes, may 
not reflect accurately those from native membranes. 

Therefore, in this present work it was decided to 
treat whole oat and rye plants with a range of 
xenobiotics with known and reproducible effects on 
lipid composition. They were, 5-(4-chlorophenyl)-3,4,5, 
9,10-pentaazatetracyclo-5,4,1,O2'6,O s.tl.dodeca.3,9_diene 
(tetcyclacis), an experimental plant growth retardant, 
which dramatically alters oat plasma-membrane sterol 
composition [9]; a-(2-chlorophenyl)-a-(4-fluorophenyl)- 
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5-pyrimidine methanol (Nuarimol), a fungicide which 
has been found to inhibit C14-demethylation in oat and 
rye sterol biosynthesis [10] and 1-[2-methoxyphenyt]- 
4,4-dimethyl-l-(I,2,4-triazol-l-yl)-l-penten-3-one (-/-ke- 
tetriazo!e), an experimental herbicide which also in- 
hibits C14-demethylation [11]. The changes in lipid 
composition and fluidity (as measured by steady state 
fluorescence polarisation of the probe diphenyl- 
hexatriene) were measured in the shoot plasma mem- 
branes of treated and untreated plants. 

Materials and lethods 

Plant culture 
Plants were grown as described by Cooke and Burden 

[12]. Winter oats (cv. Peniarth) or winter rye (cv. Rhei- 
dol) were sown in vermiculite and supplied with a 
balanced nutrient regime comprising (mg. 1-~) K-156, 
N-140, Ca-40, P-31, Mg-18 and Fe-5 plus micronutri- 
ents. The plants were grown in a controlled environ- 
ment of 16 h day at 20°C, 8 h night at 16°C, relative 
humidity (RH) 70% and photosynthetically active radia- 
tion (PAR) 350 /~mol. m -2.  s -~. Treated plants were 
supplied with either tetcyclacis (1 #M), nuarimol (3/tM) 
or %,-ketotriazole (1/~M) at the time of sowing and then 
twice a week, by root drench after emergence. After 14 
d the shoots of both treated and untreated plants were 
harvested and the plasma membrane extracted im- 
mediately. 

Isolation and puri[icat~on of plasma membranes 
The aqueous two-phase polymer technique of Lars- 

son et al. [13] was used to isolate and purify the plasma 
membranes as follows. 

Shoot material, 30 g, was chopped finely and 
vacuum-infiltrated with 90 ml 50 mM Hepes and 0.5 M 
sucrose, made to pH 7.5 with NaOH; plus 1 mM DTT, 
5 mM aseorbic acid and 0.6% (w/v)  PVP. This and all 
subsequent operations were done at 4°C. The buffer- 
saturated material was homogenised, filtered tlu'ough a 
240 /,m nylon cloth and centrifuged for 15 mill at 
10000 × g. The supernatant was then centrifuged for 30 
rain at 100000 × g to yield a microsomal pellet which 
was resuspended in 4 ml 0.33 M sucrose/5 mM phos- 
phate buffer (pH 7.8). For oat, 3 ml of the suspension 
was added to 9 g phase mixture to produce a 12 g 
two-phase system with a final composition of 6.3% 
(w/w) Dextran T500, 6.3% (w/w) PEG 3350, 3 mM 
KCI, 5 mM phosphate buffer (pH 7.8) and 0.33 M 
sucrose. For rye, 3 ml of suspension was added to a 
similar volume of phase mixture to give a 12 g system 
composed of 6.4% (w/w) Dextran T500, 6.4% (w/w) 
PEG 3350, 5 mM KC1, 5 mM phosphate buffer (pH 7.8) 
and 0.33 M sucrose. The phase system was mixed and 
centrifuged in a swing-out rotor for 3 rain at 4000 × g. 
The resulting plasma membranes (upper-phase) were 

purified using a batch procedure [13] and the third 
upper-phase was diluted with phosphate buffer (pH 7.8) 
and centrifuged at 100000 x g for 30 min. The resulting 
pellet was resuspended in 1.5 ml 5 mM Mes-Tris (pH 
6.5)/0.33 M sucrose and aliquots taken for sterol, phos- 
pbolipid and protein analysis, and steady-state fluores- 
cence polarisation determinations. 

Sterol analysis 
Sterols were analysed using the method previously 

described by Cooke et al. [12]. Resuspended plasma 
membrane (0.5 ml) plus 15-25/~1 of fl-cholestanol (0.1 
mg. ml-~) as an internal standard, were added to 596 
KOH in 80% ethanol (2.5 ml). The mixture was warmed 
to 80°C, cooled, 10 ml hexane added along with 5 ml 
water and shaken. The hexane layer was removed and 
retained and a further 10 ml hexane was added to the 
original extract_ The mixture was shaken and the hexane 
layer was removed. The hexane extracts were pooled, 
dried under a vacuum, and acetylated for I h with 50/,1 
pyridine and 50 /,1 acetic anhydride. The solvent was 
removed under nitrogen and the residue dissolved in 
ethyl acetate (about 50 ~1). The sterol acetates were 
analysed by gas-chromatography (GC) using an SE-52 
bonded capillary column (25 m x 0.25 mm i.d.) with 
hydrogen (0.75 kg -cm -~) as the carrier gas and a 
temperature programme of 120-260°C at 10 C o. rain- i 
The identities of all sterols were confirmed by compari- 
son with authentic compounds under identical condi- 
tions using a GC mass-selective detector. 

Phospholipid analysis 
This was done using the method previously described 

by Cooke et al. [12]. Plasma membrane suspension (0.5 
ml) was added to 0.75 ml chloroform/methanol (1 : 2) 
in an Eppendorf tube and the mixture was shaken, after 
which a further 0.25 ml chloroform was added, followed 
by more shaking and centrifugation at t0000 x g for 6 
min. The chloroform layer was removed, the solvent 
evaporated under nitrogen, and 0.2 nfl propan-2-oi: 
hexane/water  (54: 40 : 6 (v/v)) added. Phosphatidyt- 
ethanolamine (PE) and phosphatidylcholine (PC) were 
separated by HPLC using the method of Patton et aI. 
[14]. The PE and PC fractions were collected, 50 ~! 
methyl heptadecanoate added as internal standard and 
the solvent evaporated under nitrogen. 2 ml of sodium 
methoxide (0.5 M) containing 5% (v/v) 2,2'-dimethoxy- 
propane was added to the residue and heated for 10 re_in 
at 40°C. After cooling the solution, 2 ml hexane and 1 
rrd water were added, the mixture shaken and the hexane 
layer, containing the methyl esters of the fatty acids 
from the hydrolysed phospholipids, transferred to 
another tube. The hexane was evaporated under nitro- 
gen and the residue dissolved in 25/LI ethyl acetate. The 
resultant solution was analysed for fatty acids by GC 
using an RSL 500 BP-bonded capillary column (25 



158 

TABLE 1 

Sterol composition (pg/  mg protein)of oat (cv. Peniarth) shoot plasma membranes treated with tetcyclacis, nuar/mol or y.ketotriazole or of untreated 
controls ( + S.E.) 

Control Tetcyclacis Nuarimol •-Ketotriazole 

Cholesterol 4.37 (0.31) 10.89 (2.0) * 
14cr- Met hyl-zlS-cholestenol - - 

Campeslerol 0.89 t'0.08) 0.66 (0.12) 
l,l-a-Methyl-/tLergostenol - - 
Stigmastero| 3,59 (0.35) 2.46 (0.38) " 
Obtusifoliol - - 
Dihydroobtusifoliol - - 
Sitoslerol 1.42 (0.19) 0.92 (0.20) 
Cy¢loartenol 4.86 (0.39) 4.91 (0.73) 

( n  = 9)  ( n  = 6 )  

10.27 (1.I8) * 3.35 (0.46) 
6.81 (0.99) 5.49 (0.72) 
0.76 (0.18) 0.65 (0.12) 
0.29 (0.13) 0.33 (0.03) 
1.33 (0.16) * 1.88 (0.I5) * 
0.92 (0.17) 1.51 (0.12) 
0.51 (0,10) 0.51 (0.10) 
0.61 (0.81) * 0.84 (0.05) * 
2.89 (0.29) * 4.21 (0.67) 

( n  = 6)  ( n  = 6)  

" Signilicant at the 95% level of confidence or better (unpaired t-tests), compared with controls. 

m × 0.25 m m  i.d.) with hel ium as the carrier  gas (0.75 
kg-  cm -~)  and  a t empera ture  p r o g r a m m e  of  170 -200°C  
at 2 C ° . r a in  -*. The  phosphol ip id  con ten t  was ex- 
pressed as the a m o u n t  of  fa t ty  acid found  in the PE and  
PC fractions and  the P E / P C  ra t io  was calculated f rom 
these data.  

Fluorescence  po lar i sa t ion  d e t e r m i n a t i o n s  

Steady-state  f luorescence polar i sa t ion  measu remen t s  
were made  using a Perkin E |mer  LS5 luminescence  
spect rometer  fit ted with a polar i sa t ion  accessory. The  
de te rmina t ions  were m a d e  at 25°C  using the resus- 
pended  membranes ,  d i lu ted  wi th  an  assay m e d i u m  of  40 
m M  H e p e s / K O H  (pH 7,0), 100 m M  KC1, 5 m M  MgSO4 
and 0.1 m M  EC3TA, to give a prote in  concen t ra t ion  o f  
150/xg-  m1-1. Samples  con ta ined  0.5 p l  1 m M  D P H  in 
T H F .  Individual  f luorescence intensi t ies  were corrected 
for light scat ter ing by scat ter ing emission values ob- 
tained f rom the same m e m b r a n e s  samples wi thou t  the 

f luorescent  probe.  The  s teady-s ta te  f luorescence polari-  
sa t ion ( P )  was  ca lcula ted  accord ing  to the re la t ionship  

I w - I v N G  p =  
l v v  + l v H  G 

where I refers to the f luorescence in tens i ty  th rough  

polarisers o r i en ta t ed  vert ical ly (V) and  hor izonta l ly  (H) 
wi th  respect  to the p lane  of  polar i sa t ion  of  the excita-  
t ion beam.  G ( the  gra t ing  correc t ion  factor)  is descr ibed 
by the  ra t io  I n V / I H N .  The  wave length  of  the  exci ta t ion  
light was 360 n m  a n d  the  slit w id th  5 nm.  The  emiss ion 
wavelength  was  430 n m  with  the slit wid th  10 nm.  

P r o t e i n  d e t e r m i n a t i o n s  

Prote in  c o n c e n t r a t i o n  was es t imated  by  the m e t h o d  
of  Bradfo rd  [15] us ing Bio-Rad  reagents  wi th  thyro-  
globul in  as the s t andard .  

D a t a  ana lys i s  

All exper iments  were repea ted  at  least three  t imes 
and  the d a t a  were ana lysed  using unpa i red  t-tests. 

TABLE II 

Sterol composition ¢pg/ rag protein) of rye (co. Rheidol) shoot plasma membranes treated with tetcyclacis, nuarimol or ¥-ketotriazole. or of untreated 
controls ( :t: S.E.) 

Control Tetcyclacis N uarimot "r-Ketotriazole 

Cholesterol 1.57 (0.12) 1.81 (0.46) 0.88 (0.24) 0.66 (0.18) * 
Campesterol 23.77 (1.10) 18,11 (5.05) 13.29 (2.31) * 6.06 (1.50) * 
14a-Methyl-z~Lergoste.nol - - 9.77 (2.90) 14.93 (4.33) 
Stigraasterol 5.55 (0.82) 2.26 (0.67) * 1.37 (0.24) * 0.83 (0.32) * 
Obtusifoliol - - 4.73 (1.35) 5.87 (1.81) 
Dihydroobtusifoliol - - 8.79 (3.24) 15.05 (4.67) 
Sitosterol 54.02 (4.49) 47.62 (15.52) 19.47 (4.19) * 8.39 (2.97) * 
Cycloarteno| - - 1.69 (0.74) 2.01 (0.65) 

(n = 3) (n -- 3) (n -- 3) (n = 3) 

* Significant at the 95% tevel of confidence or better (unpaired t-tests), .~ompared with controls. 



R e s u l t s  

Shoot growth was reduced by up to 50% following 
tetcyclacis and 7-ketotriazole treatment in oat and rye. 
NuarimoI reduced shoot growth by about 30% in both 
species. Since such dilute solutions of xenobiotics were 
used, the results indicated very effective mechanisms for 
their absorption and transport. 

The results of the sterol analyses in oat and rye are 
shown in Tables I and 1I, and indicate that the major 
oat plasma membrane sterols of control plants were 
cholesterol, stigmasterol and cycloartenol (the common 
precursor of the other sterols), whereas in rye, 
campesterol and sitosterol comprised the greatest con- 
stituents. 

With tetcyclacis treatment in oat (Table I), cholesterol 
was increased significantly, without the formation of 
14a-methylsterols seen with nuarimol treatment, which 
also caused an increase in cholesterol. A significant 
decrease in stigmasterol was common to ~11 treatments, 
and with nuarimoi apd 7-ketotriazole a significant re- 
duction in sitosterol occurred along with the formation 
of  14a-metbylsterols ,  part icularly 14a-methyl-A 8- 
cholestenol. 

In rye (Table II), the only effect of tetcyclacis was a 
decrease in stigmasterol. For nuarimol --':~ 7-ketotri- 
azole treatments, the effects were similar to those found 
in oat, as they also resulted in significant decreases in 
sitosterol and campesterol accompanied by the forma- 
tion of 14a-methyl sterols as well as small amounts  of 
cycloartenol. A significant reduction in cholesterol was 
observed with 7-ketotriazole (Table II). 

The P E / P C  ratios in the plasma membranes of oat 
and rye are shown in Table III. In oat, both tetcyclacis 
and nuarimol treatment resulted in a significant in- 
crease in the P E / P C  ratios (Table III), compared with 
control. This was caused by an increase in PE (Table 
IV). However', with 7-ketotriazole treatment a reduction 
in the P E / P C  ratio was observed, due to a decrease in 
PE and an increase in PC (Table IV), although this was 

TABLE III 

Ratio of phosphatidylethanolamine (PE) to phosphatidylcholine (PC) in 
the plasma membranes of oat and rye shoots treated with tetcyclacis (1 
pM), nuarimol [3 pM), 7.ketotriazole (1 !AM) or in untreated controls 
(+S.~,.) 

PE/PC 
oat  rye 

Control 0.91 (0.06) 1.45 (0.15) 
Tetcyclacis 1.64 (0.06) * 0.87 (0.08) * 
Nuarimol 1.47 (0.06) * 0.81 (0.05) * 
• t-Ketotriazole 0.69 (0.09) 0.87 (0.06) * 

(n = 3) (n = 3) 

* Significant at the 95% level of confidence or better (unpaired 
t-tests), compared with controls. 
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TABLE 1V 

Phosphatidyleo~an~dam~ne (PE) and phosphatidylcholine (PC) content 
(y~g/mf¢ protein) tn the plasma membrane .from oat and rye shoots 
treated with tetcw'tacis (I ~xM). nuarimol (3 ItM) or 7-ketotriazole (I 

M) or from untreated control_¢ (average of three determinations) 

Oat Rye 

PE PC PE PC 

Control 70.3 77.3 109.7 73.5 
Tetcyclacis ! 21.9 72.9 77. l 89.9 
Nuarimol I00.0 6eLl 90.3 ! 12.1 
7-Ketotriazote 62.3 91.9 69.6 81.9 

not significant. A significant increase in the P E / P C  
ratio was found with all treatments in rye plants (com- 
pared with controls, Table III). Again, this was due to a 
reduction in PE and increase in PC, compared with the 
control plants (Table IV). 

The fatty acid composit ion of PE and PC in oat and 
rye plasma membranes was found to be essentially the 
same in terms of acyl chain length, irrespective of 
phospholipid, treatment or species (Tables V, VI, VII 
and VIII). However, increases in the bond index (BI), 
which represents the degree of unsaturation of the fatty 
acids (a greater BI indicates more unsaturation), were 
found in the acyl chains of treated oat plasma mem- 
brane PE and PC (Tables V and V1). These increases 
were greater in PE than in PC and also for 7-ketotri- 
azole-treated material. In rye, increases in BI were ob- 
served for the fatty acids of PE and PC from nuarimol 
and 7-ketotriazole-treated plant  plasma membranes, but 
not tetcyclacis treatment (Tables VII and VIII). Like 
oat, the degree of unsaturation was g~eater in PE than 
in PC. 

The mole percentage total sterol of the total hpid 
(sterol and phospholipid) for oat and rye (assuming an 
average molecular weight of 390 for sterols and 750 for 
phospholipids) is shown in Table IX. These data indi- 
cated that there was no difference in the total sterol to 

TABLE V 

Fatty acid composition (%) and bond index (:81) of phosphatidylethanol, 
amine from plasma membranes of oat shoots treated with tetcyelacis (1 
/xAf). nuarimol (3 pM) or ¥.ketotriazole (! f~M) or from untreated 
conlrols ( ± S.E.) 

Fatty acid Control  Tetcyclacis Nuarimol y-Ketotriazole 

16 : 0 41.1(1.7) 35,6(2.4) 37.0(5.2) 32.5(0.7) 
16 : I 5.2(3.0) 5.3(19) 5.5(3.3) 2.6(0.3) 
! 8 : 0 2,3(0.8) 2.2(0.8) 3.1(1.4) 3.3(0.5) 
18 : I 3.2(0.8) 4.0(1.4) 3.9(1.2) 3.8(0,5) 
18:2 27.2(2.9) 33.6(4.4) 32.1(5.7) 39.9(1.4) 
18: 3 20.0(3.5) 19.3(2.8) 18.5(5.2) I7.9(1.7) 
Bond index 122.8 134.4 129.1 139.9 

(. = 3) 
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TABLE VI 

The fatty acid compositwn (%) and bond index (BI) of phosphatidyl- 
choline from plasma membranes of oat st, oots treated with tetcyclacis ¢1 
#M), nuarimol (3 ~M) or 7-ketotriazole (1 #M) or from untreated 
controls ( 4=_ S.E.) 

Fatty acid Control Tetcyclacis Nuarimol 7-Ketotriazole 

16 : 9 40.5(6.2) 38.5(3.6) 37.9(4.0) 33.7(3.1 ) 
16: 1 7.6(2.5) 6.5(2.4) 6.4(2.4) 4.5(2.2) 
18:0 5.3(I.1) 5 .7(0.6)  5 .1(0.7)  4.3(1.4) 
18 : t 5.5(0.3) 5.5(0.5} 4 .9(0 .3)  3.9(0.7) 
18  : 2 23.6(4.8) 26.2(1.2) 30.0(2.3) 34.4(5.0) 
18:3 17.5(5.2) 17.6(2.4) 15.7fl.5) 19.2(1.9) 
Bond index |12.8 117.2 118.4 134.8 

(n= 3} 

TABLE VII 

The fatty acid composition (%) and bond index (BI) of phosphatidyl- 
ethanolamme from plasma membranes of rye shoots treated with 
tetcyclacis II ttM). nuaritnol (3 ltM) or y.ketotriazole (! ttM) or from 
untreated controls ( + S.E.) 

Fatty acid Control Tetcyclaeis Nuarimol "g-Ketotriazole 

16:0 37.8(2.3) 38.0(3.2) 32.5(1.8) 35.3(2.3) 
16 : 1 4.0(1.1 ) 5.9(0.6) 4. 3(0.9) 3.9(0.9) 
18:0 2.4(0.5) 3 .2(0 .8)  2 .6(0 .1)  2.0(0.3) 
18 : I 3.3(0.3) 3.4(0.5) 2.8(0.5) 2.2(0.5) 
18 : 2 31.0(1.2) 24.9(1.7) 33.4(3.9) 34.9(1.4) 
18 : 3 21.5(2.4) 24.6(2.8) 24.4(3.3) 21.7(2.5) 
Bond index 133.8 132.9 I47.1 141.0 

(n=3)  

TABLE VIII 

Fatty acid composition (%) and bond index (Bl) of phosphatidylcholine 
from plasma membranes of rye shoots treated with tetcyclacis (1 ILM), 
nuarimal (3 pM) or 7-ketotriazole (I I~M) or from untreated controls 
( + S.E.) 

FetJ.;. acid Control Tetcyclacis Nuarimol y-Ketotriazole 

16:0 38.1(4.3) 40.1(3.8) 37.1(0.0) 31.8(3.9) 
16:1 6.9(!.8) 5 .9(0 .6)  3 .8(0.7)  4.5(1.0) 
18:0 4.5(I.t) 3 .5(1 .3)  3 .2(0 .2)  4.5(0.5) 
18 : 1 4.6(0.3) 3 .3(0.6)  3 .3(0 .3)  4.1(0.5) 
18 : 2 25.7(3.1) 21.1(2.1) 28.5(1.0) 33.5(4.6) 
18 : 3 20.2(1.9) 26.1(2.9) 24.2.(1.5) 22.1(1.5) 
Bond index 123.5 129.7 136.4 141.9 

(n = 3) 

phosphol ip id  rat io between cont ro l  and  t rea ted p lan ts  
for oat  and  rye. However,  the rat io was greater  in  rye, 
compared  with oat ,  for all t rea tments ,  and  was due  to 
the difference in sterol con ten t  be tween  the two species 
(Tables I and  II). The  mole  percentage  cholesterol  o f  
total  lipid is also shown in Table  IX. Wi th  oat ,  tetcyclacis  
and  nuar imol  t rea tments  p roduced  s ignif icant  increases 
in this rat io compared  with the controls .  This  was due  
to the changes in cholesterol  which resulted f rom these 
t rea tments  (Table I). Similarly, for rye, changes  in 

cholesterol  with t rea tment ,  i.e., a t rend towards  an 
increase with tetcyclacis and  decreases with nuar imol  
and 7-ketotr iazole compared  with control  (Table l l )  
were reflected in the mole  percentage  cholesterol  o f  
total  lipid (Table IX). Compar i son  of this pa ramete r  
be tween  oat  and  rye, showed tha t  it was much  greater  in 
oat  than  in rye, a reverse of  the case with the mole  
percen tage  total  sterol (Table  IX). 

The  results o f  the f luidi ty measurements ,  as de- 
t e rmined  by s teady-s ta te  f luorescence polar isat ion,  are 
shown in Table  X. Signif icant  increases in f luidi ty (indi-  

TABLE IX 

Mole percentage total sterol, and cholesterol of total lipid (sterol and 
phospbolipid) in the plasma membrat~es of oat and rye shoots treated 
with tetcyclacis (1 i~M), nuarimol (3 ItM) or 7-ketotriazole (1 FtM) or of 
untreated controls ( + S.E.) 

Assume average Mf sterol = 390 and phospholipid = 750; Mr 
cholesterol = 386.7. 

Oat (tool%) Rye (Mol%) 

total cholesterol total cholesterol 

Control 22.6 6.2 46.9 0.93 
(12) (0.9) (1.5) (0.19) 

Teteyclacis 25.2 13.9 48.2 1.27 
(l.l) (0.7) (3.6) (0.37) 

Nuarimol 24.1 10.2 38.5 0.59 
(0.9) (1.1) (0.9) (0.14) 

7-Ketotriazole 27.9 4.9 44.9 0.57 
(2.8) (1.0) (4.1) (0.06) 

n - 3  

TABLE X 

Fluidity as determined by steady-state fluorescence polarisation (P) at 
25°C, of  plasma membranes from oat and rye shoots treated with 
tetcyclacis (1 I~M), nuarimol (3 I~M), ¥.ketotriasole (1 I~M) or from 
untreated controls ( + S.E.) 

oat rye 

Control 
Tetcyclacis 
Nuarimol 
y-Ketotriazole 

0.298 (0.1102) (n = 5) 0.325 (0.003) (n = 4) 
0.230 (0.004) * (n = 3) 0.293 (0.008) * (n -- 3) 
0.266 (0.001) * (n = 3) 0.285 (0.006) * (n = 3) 
0.259 (0.008) * (n = 3) 0.292 (0.010) * (n -- 3) 

* Significant at the 95~ level of confidence or better (unpaired 
t-tests), compared with controls. 

TABLE XI 

The protein content (rag" cm - 3) of oat and rye shoot plasma membranes, 
treated with tetcyelacis (I f~g), nuarimol (3 IxM) or 7-ketotriazole (1 
I~M) or of untreated controls ( 5= S.E.) 

Control Teteyclacis Nuarimol 7-Ketotriazole 

Oat 0.72 (0.o5~ 0.76 (0.10) 0.93 (0.10) 0.93 (0.09) 
Rye 0.69 (0.07) 0.52 (0.07) 0.55 (0.08) , 0.70 (0.07) 

(n=6)  



cated by lower P values) were found for all treatments 
co~npared with control, in both oat and rye. Oat was 
found to be more fluid than rye, control for control and 
treatment for treatment (Table X). 

The total protein content of the plasma membranes 
of both oat and rye were found to bc unaffected by 
treatment (Table XI). 

Discussion 

A comparison of the mole percentage total sterol of 
total lipid (sterol + phospholipid) and fluidity between 
oat and rye, irrespective of treatment (Tables IX and 
X), confirmed the known relationship between these 
parameters, [16,17], i.e., fluidity increased as the sterol 
to phospholipid ratio decreased. However, there are also 
differences in fluidity between control and treated plants 
with oa t and rye, although the total sterol to phospho- 
lipid ratios (expressed as mole percentage sterol of 
sterol + phospholipid) are essentially the same within 
each species (Table IX). This suggests that the relation- 
ship between membrane lipid composition and fluidity 
may be more complex than previously appreciated, a 
fact recognised recently by Vincent and Gallay [18] and 
Lee et al. [191. Thus, although differences in fluidity 
between oat and rye can be explained in simple terms, 
the differences between control and treated membranes, 
for each species, may be more complex and a simple 
interpretation of the results of our experiments, based 
on a unique sterol-phospholipid interaction that applies 
to both oat and rye, may not be possible. 

No changes were found in tota.1 membrane-protein 
content with treatment (Table XI). Althgugh changes in 
membrane-bound enzyme activity ihave been observed 
after xenobiotic treatment [12], these were related to 
changes in lipid composition and no evidence for a 
direct protein-xenobiotic interaction was found. 

With oat, both the tetcyclacis and nuarimol treat- 
ments resulted in large increases in membrane fluidity 
(Table X). It has been shown, with lipid extracts from 
natural membranes, that fluidisation of the membrane 
will occur when the mole percentage of cholesterol is 
between 7 and 50 [20]. However, it has been demon- 
strated, using liposomes, that increases in cholesterol 
only fluidise membranes composed of phospholipids 
with saturated acyI chains [21]. Tetcyclacis and nuari- 
mol treatments resulted in a membrane cholesterol con- 
tent of 14 and 10 mol%, respectively (Table IX). At 
these levels, cholesterol increases membrane fluidity in 
the presence of phospholipids with saturated acyl chains. 
However, when only unsaturated acyl chain phospho- 
lipids are present, cholesterol makes the membrane less 
fluid [211. 

These results give no indication of the role played by 
the other plant sterols in modulating plasma membrane 
fluidity, although it is interesting to note that the in- 
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crease in fluidity with tetcyclacis was significantly 
greater in oat, than with any other treatment (Table X). 
In this case no 14a-methylsterols were produced (Table 
I), and the mole percentage of cholesterol was greatest 
(13.9%; Table IX). Also, the value for P (0.23; Table 
IX) found with this treatment is almost exactly the same 
as that found for liposomes made from phospholipids, 
extracted from rat liver plasma membranes, with 14 
mol% cholesterol added [21]. With the other treatments, 
cholesterol is lower (Table IX) and P greater (Table X). 

There was also aa increase in the P E / P C  ratio (Table 
III), caused by an increase in PE (Table IV) and it has 
been argued that PE reduces membrane fluidity, while 
PC increases it [22]. Diffe::ences have been found in the 
mobil;.ties of PE and PC which have led to the sugges- 
tion that PE may decrease membrane fluidity, either 
locally or in general, but that this may be compensated 
for by their carrying more unsaturated (fluid) fatty 
acids [23]. The results of the analyses of the fatty acids 
associated with the phospholipids of the oat plasma 
membranes showed increases in unsaturation (expressed 
as BI) of the PE and PC acyl chains in tetcyclacis- and 
nuarimol-treated plants, compared with controls (Ta- 
bles V and VI). 

Thus, the increase in fluidity observed in oat shoot 
plasma membranes with higher cholesterol levels might 
have been modulated by the increased unsaturation of 
PE and PC acyl chains or vice versa. 

This idea is supported by results from the 7-ketotri- 
azole treatment, where increased fluidity was accompa- 
nied by a reduced cholesterol content and P E / P C  ratio 
(Tables I and III), the latter effect being the conse- 
quence of an increase in PC (Table IV). There was also 
a larger increase in BI for both PE and PC with 7-keto- 
triazole treatment of oat, than with either of the other 
two treatments indicating more unsaturation (Tables V 
and VI). This factor may also have influenced mem- 
brane fluidity in this case. 

However, the rble of cholesterol in modulating mem- 
brane fluidity is difficult to define from these data as 
the analytical technique used to assess the phospho- 
lipids and their associated fatty acids did not dis- 
tinguish which acyl chains were attached to which phos- 
pholipid. It was therefore impossible to determine the 
presence of a phosphofipid such as DPPC, which exerts 
a similar membrane-ordering effect to cholesterol [21]. 
Therefore, interpretation of the data in terms of individ- 
ual phospholipid species has not been attempted. 

The results from rye plasma membranes do not sup- 
port the notion of cholesterol-phospholipid mediated 
membrane fluidity. Like oat, rye plasma membrane 
fluidity was increased by all treatments (Table X), along 
with decreases in the P E / P C  ratio (Table III), which 
were due to increases in PC (Table IV). Also the BI for 
PE and PC in both the nuarimol and 7-ketotriazole 
plant plasma membranes were increased compared with 
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controls (Tables VII and VIII), indicating greater un- 
saturation of the acyl chains. These changes might 
explain the increases in fluidity found in the nuarimol 
and y-ketotriazole treated plant plasma membranes, but 
in the tetcyclacis treated plants there was only an in- 
crease in the BI of PC (Table VIII). 

Unlike oat plasma membranes,  the cholesterol con- 
tent of  rye membranes  was almost an order of  magni- 
tude less and was little affected by  tetcyclacis or  
nuarimol treatment, although it was reduced by  "t-keto- 
triazole (Tables I and II). Therefore it is hard to see 
what r61e, if any, is played by  cholesterol in moderat ing 
membrane fluidity in rye, as our  results indicated that 
there was no obvious balance between PE, PC and 
cholesterol. Instead, the changes in membrane  fluidity 
could be explained by the increases in PC along with a 
possible effect of  increased unsaturat ion of  the 
phospholipid acyl chains. Again, it was impossible to 
determine which fatty acyl chains were associated with 
each phospholipid and so we were unable  to assess 
whether a phospholipid such as D P P C  directly in- 
fluenced membrane  fluidity. 

These results seem to imply that our  interpretat ion of  
the oat data  is wrong or, that the two species are 
different in respect of their lipid modula t ion  of  mem- 
brane fluidity. The large differences in plasma mem- 
brane sterol composi t ion between oat  and rye (Tables I 
and II) suggest they may have different lipid require- 
ments. Also the rble played by  one sterol may  vary from 
one species to another. It, therefore, has to be  con- 
cluded that it may not be possible to make  direct 
comparisons of  changes in fluidity and lipid composi-  
tion between different plant  species. 
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