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Abstract-After 2, lOand 24 hr labclling with [1-‘*Cl acetate, radioactivity incorporated into the lipids ofcotton leaves 
is mainly found in phosphatidylcholine, phosphatidylglycerol and neutral lipids. Galactolipids are slowly synthesized 
and after 24 hr, account for only 10% of the total radioactivity. Under water stress, a marked decrease of precursor 
incorporation into leaf lipids occurs, particularly in phosphatidylcholine and galactolipids. Relative incorporation into 
neutral lipids, on the contrary, increases. Water deficits provoke an inhibition of the fatty acid desaturation, resulting in 
a sharp decrease of linoleic and linolenic acid biosynthesis. The decrease in unsaturated fatty acid biosynthesis occurs in 
all lipid classes, but is most pronounced in the galactolipid fractions. In the drought-resistant cotton variety 
(Mocosinho), the variations in lipid and fatty acid metabolism under water stress are less pronounced than in the 
drought-sensitive variety (Reba), and this attests a greater stability of the membrane systems. 

INTRODUCHON 

Water stress can provoke modifications in lipid and fatty 
acid composition of plant cells [l-4]. Most attention is 
given to the polar lipids and their compositional change-s 
in fatty acids, as they can reflect the cell membrane status. 
If galactolipid content seems to decrease with water 
deficits [4], phospholipid variations depend on plant 
material and drying method [3]. 

In cotton, it has been shown [SJ that, under water stress, 
polar lipid content of leaves decreases, the galactolipids 
being more a&ted than the phospholipid content. A 
marked decrease in the degree of unsaturation of fatty 
acids was also observed, due essentially to a decrease in 
linolenic acid (18:3) percentage. The aim of this study is 
then to investigate the effects of water deficits on the lipid 
metabolism ofcotton leaves, by supplying [ l-14C] acetate 
to leaves from two varieties of Cotton (Reba and 
Mososinho) varying in their capacity to withstand 
drought. 

RI?.SULTS* 

Kinetics of [1-14C]acetate incorporation into lipids of well 
hydrated cotton leaves 

Figure 1 shows that in both cotton varieties (Reba and 
Mocosinho), the labelled precursor was incorporated into 
lipids; incorporation proceeded at a constant rate for 
24 hr in Reba leaves while a decrease in the rate of 
incorporation was observed in Mocosinho leaves after 
10 hr. 

Table 1 shows that the most highly labelled lipid classes, 

*Abbreviations-DGDG: digalactosyldiacylglycero~ MGDG: 
monogalactosyldiacylglycero~ Nk neutral lipids; PC phospha- 
tidykholine; PG: phosphatidylglycerol; PE: phosphatidylethanol- 
amine; PI: phosphatidylinositol. 

at all times of incubation, were phospholipids, particularly 
PC (45 % labeling at 2 hr and 49 % at 24 hr in Reba leaves, 
37 % at 2 hr and 50 % at 24 hr in Mocosinho leaves) and 
PG (15 % at 2 hr in Reba, 18 % in Mocosinho). Neutral 
lipids were also actively synthesized. Radioactivity in- 
corporated in pigments and sterols, which was relatively 
high at 2 hr (13 % in Reba, 17 % in Mocosinho) declined 
with time. Galactolipids, though representing the most 
abundant polar lipids of the leaves [5], were slowly 
synthesized and, after 24 hr incorporation, accounted 
only for 10 % of the total lipids synthesized from [l- 
14C]acetate. This confirms the relative stability of this 
compartment, at least in well developed leaves [6]. Results 
of Table 1 do not show sign&ant differences between 
labeling patterns of lipids from the 2 cotton varieties. 

Kinetics of [l-14C]acetate incorporation intofatty acids of 
well-hydrated cotton leaves 

In well hydrated cotton leaves, saturated fatty acids 
were actively synthesized at 2,10 and 24 hr. Oleic acid was 
highly labeled at 2 hr, but its relative radioactivity de- 
creased regularly with time of incorporation, while that of 
linoleic and linolenic acid increased (Table 2). This 
confirms the progressive desaturation pathway for the 
biosynthesis of linolenic acid [7]. Interestingly, the newly 
synthesized linolenic acid was incorporated exclusively 
into both galactolipids MGDG and DGDG (Tables 3 
and 4). In the major phospholipids (PG and PC) fatty acid 
desaturation only led to the formation of diunsaturated 
fatty acids, which is in agreement with previous work by 
TrbmolSres and Mazliak [8]. 

E&ccts of water stress on [l- “C]acetate incorporation into 
lipids of cotton leaves 

When submitted to dehydration, leaves incorporated 
much less radioactivity from [1-‘4C]acetate in their total 
lipids (Fig. 1). The decrease in lipid labeling was more 
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Fig. 1. Effect of water stress on the rate of incorporation of 
[l-‘4C]acetate into total lipids from cotton leaves. Spmole 
[l-‘%]acetak (specific activity 134.7 x 10” Bq. mole-‘) are 
deposited on the abaxial surface of the leaf. Reba is a drought 
sensitive cotton cultivar, Mocosinho is a more resistant one. 
Radioactivity incorporated into total lipids is expressed in cpm 
per g dry wt. O-O, Reba control (C). A-A, Reba middle 
water-stressed (Sl). 0 -0, Reba severely stressed (S2). (For 
water potentials, see the text.) 0. . - -0, Mocosinho C. Aa - - .A, 

Mocosinho Sl. n . . . .D, Mocosinho S2. 

pronounced in the drought sensitive cotton variety (Reba) 
than in the resistant one (Mocosinho). However, it is 
difficult to know whether this decrease in lipid labeling 
was due to a decrease in lipid biosynthesis or resulted from 
a slower penetration of the radioactive precursor: indeed, 
under water stress, changes in stomatal resistance and 
modifications of biomembrane permeability could occur. 
Therefore, only results concerning the distribution of the 
radioactivity among lipid classes will further be presented. 

Under water stress, the relative labeling of PC and 
galactolipids decreased (Figs. 2 and 3). Due to the very 
slow biosynthesis of galactolipids, it was not possible to 
detect any radioactivity in these lipids at severe water 
deficits. The relative incorporation into neutral lipids, on 
the contrary, increased with decreasing water potentials. 
Variations of PG and of other phospholipids (PEand PI) 
labeling were less clear: it seems that in Mocosinho (Fig. 3) 
relative incorporation into PG increased with water 
stress, while in Reba, it remained constant or decreased 
slightly. Figures 2 and 3 also show that the increase in NL 
relative labeling and the decrease in galactolipid bio- 
synthesis were more pronounced in Reba than in the 
drought resistant variety (Mocosinho). 

Table 1. Relative incorporation of [1J4C]acetate (in 
% of total) into lipids from well hydrated cotton leaves 

after 2, 10 and 24 hr labeling 

Reba % total radioactivity 

NL 
Pt. + sterols 
PC 
PG 
PE+PI 
MGDG 
DGDG 

2 hr 

19.6 
12.8 
45.2 
14.7 
3.4 
2.6 
1.7 

10hr 24 hr 

24.6 15.9 
7.0 4.3 

44.8 49.2 
15.1 16.9 
4.8 3.9 
2.7 8.1 
1.0 1.6 

Mocosinho 

NL 13.7 7.1 18.5 
Pt. + sterois 17.0 11.8 3.7 
PC 37.1 51.2 40.0 
PG 18.5 10.9 23.5 
PE+PI 1.9 2.8 3.6 
MGDG 4.4 5.0 7.6 
DGDG 7.4 11.2 3.1 

Reba is drought sensitive, Mocosinho is drought 
resistant. 

NL: neutral lipids; MGDG: Monogaiactosyl- 
diacylglycerol; DGDGz digalactosyldiacylglyoerol; 
PC: phosphatidylcholine; PG: phosphatidylglycerol; 
PE: phosphatidylethanolamine; PI: phosphatidylino- 
sitol; P? pigments. 

Table 2. Relative radioactivity (in “/ of total fatty acids 
from well-hydrated cotton leaves., after 2, 10 and 24 hr 

incorporation of [l-“C]acetate 

% Total radioactivity 

hr Saturated* 18:l 18:2 18:3 

Reba 2 30.8 61.8 7.2 0.1 
10 43.1 43.0 13.0 0.9 
24 34.5 42.4 19.4 3.6 

Mocosinho 2 44.8 54.3 0.9 - 
10 27.6 43.0 18.4 1.0 
24 43.4 35.3 19.3 2.0 

*Mostly 16:0, with < 10% 18:0. 

Effects of water stress on the incorporation of [l- 
14C 1 acetate into fatty acids of cotton leaves 

Drought provoked an increase in the saturated fatty 
acid labeling, and a decrease in the unsaturated fatty acid 
biosynthesis (Fig. 4). These variations were apparent after 
only 2 hr of acetate incorporation. The decrease in 
unsaturated fatty acid biosynthesis occurred in all lipid 
classes, but was most pronounced in galactolipid frac- 
tions; 18 : 3 biosynthesis was particularly affected, as shown 
in Table 3, where no 18: 3 labeling is detectable after 24 hr 
incorporation in leaves submitted to mild water defi- 
cits. In Mocosinho, unsaturated fatty acid biosynthesis 
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Table 3. Effects of water stress on the relative radioactivity of fatty acids from lipid 
classes of cotton leaves (cv. Reba) after 2,lO and 24 hr Welling from [l-‘*C$cetate 

Plant treatment and duration of 1-14C acetate incorporation 

Lipids 

C Sl s2 
Fatty 
acids 2 lo 24 2 10 24 2 10 24 

PC Satd.* 10.3 31.9 26.0 23.9 26.3 40.8 38.0 35.8 57.6 
18:l 79.2 59.4 50.2 73.7 68.8 50.9 58.1 51.4 27.5 
18:2 10.5 17.8 23.7 2.4 4.9 8.3 3.9 12.8 14.9 

PG Satd. 74.2 65.5 63.3 72.4 86.1 81.5 83.6 83.2 91.8 
16:l 
18.1+ 25.8 34.5 36.7 27.6 13.9 18.5 16.4 16.8 8.2 

MGDG Satd. 75.7 43.8 20.5 63.8 58.0 57.8 - - - 
18:l 24.0 21.9 18.3 25.7 30.1 26.0 - - - 
18:2 0.3 20.3 28.3 10.5 11.9 16.2 - - - 
18:3 - 14.0 32.8 - - - - - - 

DGDG Satd. 29.6 72.3 47.4 71.2 57.0 81.7 - - - 
18:l 70.4 22.7 21.2 22.3 31.5 9.8 - - - 
18:2 - 5.0 20.7 6.5 8.1 8.6 - - - 
18:3 - - 10.7 - 3.4 - - - - 

l Satd. = mostly 16:0, with < 10% 18:0. 
C = control. 
Sl = middle water stress. 
S2 = severe water stress. 
For water potentials, see the text. Same abbreviations as in Tables 1 and 2. 

Table 4. Effect of water stress on the relative radioactivity of fatty acids from lipid 
classes of cotton leaves (cf. Mocosinho) after 2, 10 and 24 hr labeling from 

[1J4C]acetate 

Plant treatment and duration of I-‘*C acetate incorporation (hr) 

Lipids 

C Sl s2 
Fatty 
acids 2 10 24 2 10 24 2 10 24 

PC Satd. 25.6 21.0 30.1 55.0 61.2 59.5 47.0 39.7 44.3 
18:l 74.3 58.6 41.7 45.0 32.7 34.0 53.0 54.1 43.1 
18:2 - 20.4 28.1 - 6.2 6.5 - 6.1 12.6 

PG Satd. 80.4 68.6 67.2 90.2 88.7 85.9 92.4 88.7 79.9 
16: 1 18.1t 19.6 31.4 32.8 9.8 11.3 14.2 7.6 11.3 20.1 

MGf.Xi Satd. 63.8 31.0 38.8 90.7 72.5 47.3 - 55.5 51.7 
18:l 27.6 26.0 14.6 9.0 17.9 33.5 - 21.5 26.5 
18:2 8.2 27.5 25.9 0.3 9.6 19.2 - 22.9 21.8 
18:3 0.3 15.5 20.8 - - - - - - 

DGDG Satd. 30.7 12.7 50.0 28.4 43.0 925 - 76.6 81.3 
18:l 66.3 63.9 27.5 71.1 47.0 7.5 - 10.0 12.1 
18:2 3.1 23.4 22.5 0.5 9.9 - - 13.3 6.6 

C = control. 
Sl = middle water stress. 
S2 = severe water stress. 
For water potentials, see the text. Same abbreviations as in Tables 1 and 2. 
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Fig. 2. Effect of water stress on the relative radioactivity (in 
% of total lipid radioactivity) of lipid classes from cotton cv. 
Reba leaves, after 2,iO and 24 hr incorporation of [l-‘*C]acet- 

ate. fl , C, 1, Sl; 1, S2. Same abbreviations as in Fig. 1. 
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Fig. 4. Effect of water stress on the relative radioactivity of fatty 
acids from total lipids of cotton leaves after 2, 10 and 24 hr 

labeling with [1-14C]acetate. Symbols as in Fig. 2. 

was still observable in leaves subjected to very low water 
potentials whereas it was entirely inhibited in Reba. IOhr 

DISCUSSION 

Water stress provokes striking changes in the lipid 
metabolism of cotton leaves, especially a marked reduc- 
tion in galactolipid and PC biosynthesis, and a relative 
increase in NL formation. Concerning PC and galacto- 
lipids, these results are in agreement with the variations in 
amounts of these lipids [S]. Nevertheless, due to the very 
slow rate of galactolipid biosynthesis, one can state that 
the sharp decrease in galactolipid content of leaves [S] is 
the result of a degradation process rather than an 
inhibition of the synthesis. 

In barley leaves, a rapid turnover of PC was observed in 
conditions of water deficits [9]. We have not found such 
an increase in PC labeling in cotton leaves. However, it is 
to be noticed that, under water stress, barley accumulates 
betaines whereas cotton which accumulates proline and 
amides, probably does not synthesize much betaine [lo]. 
As PC is a precursor of glycinebetaine biosynthesis [ 111, 
the different lipid metabolisms in barley andcotton leaves 

24hr 

- 
NL MGDG DGDG PC PG PE+PI 

Fig. 3. Effect of water stress on the relative radioactivity (in %) of 
lipid classes from cotton cv. Mocosinho leaves, after 2, 10 and 
24 hr incorporation of [l- ‘*C]acetate. Abbreviations and sym- 

bols as in Fig. 2. 
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can be understood in the light of different mechanisms of Radioactivity of the samples was measured by liquid scintillation 
drought resistance in these two species. with a Packard spectrometer having a 84 % counting yield. 

Fatty-acid desaturation is markedly inhibited by 
drought, resulting in a sharp decrease in linoleic and 
linolenic acid biosynthesis. A net reduction in linolenic 
acid percentage in water-stressed cotton leaves has been 
observed previously [S]. In the drought resistant variety, 
variations in lipid and fatty acid metabolism under 
dehydration are less pronounced than in the drought 
sensitive variety, and this can be related to a greater 
stability of the membrane system, as attested by electron 
microscope observations [ 121, hydrolytic enzyme meas- 
urements [ 131 and leakage of inorganic phosphorus [14]. 

REFERENCES 

1. Douglas, T. J. and Paleg, L. G. (1981) J. Exp. Botany 32,499. 
2. Chetal, S., Wagle, D. S. and Nainawatee, H. S. (1980) 

Phytochemistry 19, 1393. 
3. Stewart, R. C. and Bewley, T. D. (1982) Plant Physiol. 69,624. 
4. Chetal, S., Wagle, D. S. and Nainawatee, H. S. (1982) 

Phytochemistry 21, 51. 

EXPERIMENTAL 

Plant material and drought treatment. Cotton plants 
(Gossypium hirsutum L., cv Reba, drought-sensitive, and cv 
Mocosinho, drought resistant) were grown in conditions pre- 
viously described [ 151. When plants were 5 weeks old, drought 
was induced by withholding irrigation. Labeling experiments 
were made on leaves from well hydrated plants (control C), from 
plants submitted to mild water stress (Sl)and plants submitted to 
severe water stress (S2). 

5. Pham Thi, A. T., Borrel-Flood, C. and Vieira da Silva, J. 
(1982) in Biochemistry and Melabolism of Plant Lipids 
(Wintermans, J. F. G. M. and Kuiper, P. J. C., eds), 
pp. 451-454. Elsevier, Amsterdam. 

6. Tremolieres, A. acd Ma&&, P. (1970) Physiol. V&g. 8, 135. 
7. Harris, R. V. and James, A. T. (1965) Biochim. Biophys. Acta 

106,456. 
8. Tremolieres, A. and Ma&k, P. (1974) Plant Sci. Letters 2, 

193. 

Leaf water potentials, measured in a pressure chamber [16] 
were as follows: Reba C: - 40 MPa, Reba Sl: - 160 MPa, Reba 
S2: -230 MPa, Mocosinho C: - 35 MPa, Mocosinho Sl: 
- 165 MPa, Mocosinho S2: - 275 MPa. 

[ l-‘4C]Acetate incorporation. Microdroplets of sodium [l- 
14C]acetate (5 pmoles, specific activity 134.7 x 10” Bq. mole-‘) 
were deposited on the abaxial surface of the 3rd leaf from the top 
[6]. Labeling experiments started at the beginning of a light 
period and lasted 2, 10 and 24 hr. Leaves were then harvested, 
rinsed with distilled water and lipids were extracted. 

9. Giddings T. H. Jr. and Hanson, A. D. (1982) Planta 155,493. 
10. Wyn Jones, R. G. and Storey, R. (1981) in The Physiology and 

Biochemistry of Drought Resistance in Plants (Paleg, L. G. 
and Aspinall, D. eds), pp. 172-205. Academic Press, New 
York. 

11. Hitz, W. D., Rhodes, D. and Hanson, A. D. (1981) Plant 
Physiol. 68, 814. 

Lipid extraction and analysis. Lipids were extracted in 
CHCII-MeGH (1: 2) [17]. For total fatty acid analysis samples 
of lipid extracts were saponilied in NaOH (0.5 N in MeOH), 
methylated with BF, [18] and analysed by radio-GC [8]. Lipid 
classes were separated by TLC on silica gel plates (Merck G-60) 
[19]. After visualisation with Rhodamine 6-G, the bands were 
scraped off, saponified and methylated. Fatty acid methyl esters 
were analysed by 2 methods: For fractions having more than 
10000 dpm, radio GC was used. For fractions having less than 
10000 dpm, fatty acids were separated by TLC on activated silica 
gel containing AgNOS [20], and detected by radioautography. 

12. Pham Thi, A. T. and Vieira da Silva, J. (1975) C.R. Acad. Sci. 
Paris 280,2857. 

13. Vieira da Silva J. (1976) in Water und Plant L&z (Lange, 0. L. 
ed), pp. 207-224. Springer, Berlin. 

14. Pham Thi, A. T. and Vieira da Silva, J. (1976) in Les Processus 
de la Production V&Ltale Primaire (Moyse, A. ed), 
pp. 183-202. Gauthier-Villars, Paris. 

15. Ferrari-Iliou, R., Pham Thi, A. T. and Vieira da Silva, J. 
(1983) Physiol. Plant. 62, 219. 

16. Scholander, P. F., Hammel, H. T., Hemmingsen, E. A. and 
Bradstreet, E. D. (1964) Proc. Nat. Acud. Sci. U.S.A. 52,119. 

17. Bligh, G. and Dyer, N. J. (1959) Can J. B&hem. 37,911. 
18. Metcalfe, J. D., Schemitz, A. A. and Pelka, J. P. (1966) Analyt. 

Chem. 38,514. 
19. Grenier, G., Tremolieres, A., Therrien, H. P. and Willemot, C. 

(1972) Can J. Botany 50,168l. 
20. Hulanicka, D., Erwin, J. and Block, K. (1964) J. Biol. Chem. 

239, 1778. 


