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Abstract 

 

Water stress (drought) is one of the most important abiotic factors influencing plant growth parameters, accompanied 

by changes in biomass ratios and physiological and biochemical alterations depending on the severity and duration of 

drought exposure, as well as plant species. Total lipids and fatty acids (FA) are major components of the plant cell, and can 

be used to understand changes in cell lipid concentrations under water stress. In this study, the aim was to investigate the 

responses of total and fatty acids (FA) being major components of the plant cell, are required to be understood of changes of 

compositions of cell lipids under two water stress levels and recovery periods by rewatering of Cucurbitaceae members. 

Total lipid and gas liquid chromatography (GLC) analyses indicated that the species behaved differently with respect to 

water stress levels and recovery periods. Linolenic (18:3) and eiocosenoic acid (20:1) accounted for the biggest proportion 

of FA in all species. The major effect of water stress was seen in proportions of 18:3, which increased significantly in leaves 

of Cucurbita pepo under moderate stress (MS) and severe stress (SS) , whereas it remained unchanged in Cucumis melo 

under both treatments, but decreased significantly under SS in Ecballium elaterium. During recovery, further changes in FA 

percentages occurred at different rates in individual species. For the short recovery period determined after 2 days 

rewatering, the total leaf lipid content increased significantly in previously stressed plants. The effect of the longer recovery 

period (4d rewatering), was accompanied by a continued increase of total lipid content in all plants in previous MS and SS 

treatments, and was significant in MS and SS Ecballium compared to control plants.  
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Introduction 

 

Water deficit limits plant growth and productivity on 

a global basis. It affects the whole plant, starting in the 

protoplasm where water is crucial for plant cells and the 

protein, sugar and lipid molecules of the cytoskeleton. 

Water shortage (drought) causes to changes in cell 

structure, and ultimately to plant death. (Kramer & Boyer, 

1995; Atkinson et al., 2000; Massonnet et al., 2007; Jaleel 

et al., 2008; Akıncı & Lösel, 2012; Osakabe et al., 2014).  

Lipids play a vital role in the physiology of higher 

plants, for instance phospholipids and glycolipids as non-

protein components found in cell membranes and 

triglycerides (fats and oils) as reduced carbonic storage 

forms particularly in plant seeds (Taiz & Zeiger, 1991). 

As major components of the membrane, lipid content and 

composition have been extensively investigated by many 

workers to assess the impact of different water stress 

levels on lipid changes in different parts of various plants 

(Douglas & Paleg, 1981; Pham-Thi et al., 1982; 

Liljenberg & Kates, 1982; Anh et al., 985; Svenningsson 

& Liljenberg, 1986; Pham-Thi et al., 1987; Navari-Izzo et 

al., 1989; Navari-Izzo et al., 1990; Navari-Izzo et al., 

1993; El Kaoua et al., 2006; Martins Junior et al., 2008; 

Pandey et al., 2010; Moradi et al., 2017). Research has 

showed that plant lipids are related in defense reactions as 

signal mediators (Wang et al., 2006; Munnik and 

Testerink, 2009; Okazaki and Saito, 2014), as well as in 

the mitigation processes occuring in plant cells under 

various stress factors apart from water stress (Nakamura 

et al., 2009; Moellering et al., 2010; Gasulla et al., 2013). 

In the plant cell, the physical state and composition 

of two layers of lipid molecules in which enzymatic 

proteins are embedded, effect both structural and 

functional properties of membranes. The membranes 

selectivity and their functioning range of the types, 

proportions of lipid and protein components (Navari-

Izzo et al., 1993; Sanchez-Martin et al., 2018). The 

features and composition of membrane lipids affect 

enzyme and transport capacity (Gronewald et al., 1982; 

Kuiper, 1985; Whitman & Travis, 1985). Water deficits 

induce decreasing total lipid content (Gigon et al., 2004; 

Junior et al., 2008) and lipid peroxidation index 

(Irigoyen et al., 1992), conformational alterations in 

membrane proteins (Navari-Izzo et al., 2000) and 

increasing membrane damage (lipid peroxidation) 

(Esfandiari et al., 2007). Pham-Thi et al., (1982) and 

Anh et al., (1985) stated that water stress inhibits fatty 

acid desaturation, resulting in sharply decreased 

biosynthesis of linoleic and linolenic acids, reduces 

polar lipid content, and resulted in galactolipid levels 

much lower than phospholipid content. Svenningsson & 

Liljenberg, (1986) found that phospholipids and total 

acyl lipids drastically decreased in rape seedling 

(Brassica napus L. cv. Brink) roots, however individual 

phospholipid distribution was constant. Wilson et al., 

(1987) found that water deficit caused a significant 

decline in the relative degree of acyl-unsaturation (i.e. 

FA-unsaturation) in phospholipids and glycolipids in 

two different water stress tolerant cotton plants. 

According to Navari-Izzo et al., (1993) water stress 

causes a significant decrease in glycolipids and 

diacylglicerol and a reduction of around 24% and 31% 

in total lipids and phospholipids, but increases in 

triacylglicerols and free sterols in plasma membranes of 

sunflower seedlings grown under drought. As a result, 
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the free sterol to phospholipid molar ratio increased 

from 0.4 to 0.7 under water deficit conditions. In water-

stressed plants the ratio of phosphatidylcholine to 

phospatidylethanolamine increased and phosphatidic 

acid rose to 4% of total phospholipids. However, 

unsaturation level of individual lipid classes was not 

significantly affected by dehydration.  

Major studies have been based on plants under stress 

conditions, but few studies continued over a recovery 

period to investigate metabolic changes occurring after 

relief of stress (Gigon et al., 2004). It is clear that a wide 

range of morphological and physiological changes have 

been correlated with differences in drought tolerance in 

various crop plants. Since cucurbits have been less 

studied in this respect, it is of interest in the present study 

to examine these aspects in some members of the 

Cucurbitaceae.  

In terms of Turkish agricultural products, Citrullus, 

Cucumis and Cucurbita are widespreadly grown, and the 

drought-tolerant plant Ecballium is very common to 

Turkey and other Mediterranean countries (Davis, 1972; 

Janick and Paris, 2006; Paris et al., 2006, Mendi et al., 

2010; Sebastian et al., 2010; Paris et al., 2011; Paris, 

2012; Naz et al., 2016).  

The aim of the present work was to compare the total 

and FA (fatty acid) composition of three species of 

Cucurbitaceae, Cucumis melo var. flexuosus (L.) Naudin 

(snake melon or snake cucumber); Cucurbita pepo L. 

(pumpkins, winter and various kinds of summer squash) 

and Ecballium elaterium (L.) A. Rich (squirting 

cucumber), grown in conditions of normal water supply, 

and under two different water stress levels. In addition, 

the changes in leaf lipid content during recovery from 

stress after rewatering were also investigated.  

 

Materials and Methods 
 

Growth of plants and applying water stress: The 

Cucurbitaceae species, Cucumis melo var. flexuosus (L.) 

Naudin, Cucurbita pepo L. and Ecballium elaterium (L.) A 

Rich. from Turkey were exposed to two different water-

stress levels. Seeds of each species were germinated in 

trays. After 10-17 days, the plantlets were transplanted 

singly into pots (9 cm diam, 7 cm height) containing 

compost (85g). Seedlings were grown under controlled 

conditions in a growth room. Light was provided by 

fluorescent tubes giving an irradiance of 63-72 μmol. m
-

2
.sec

-1
, with a temperature of 22±2°C and relative humidity 

of 43-56%. The following investigation examined the 

effects of water loss on the biomass and morphology of the 

different parts of plants, based on their fresh and dry 

weights, according to the methods of Roberts et al., (1993) 

and Beadle (1993). Growth parameters were determined by 

measurements of different plant parts. Water potential of 

leaves (Ψl), relative water content (RWC), number of 

leaves (nl), total leaf area (LA), and fresh and dry weight of 

leaves indicated the water status of aerial parts of seedlings. 

Additional measurements including plant height (PH), fresh 

and dry weights of shoot and root (sfw-sdw and rfw-rdw 

respectively), and ratios of root/shoot (rfw/sfw, rdw/sdw) 

were used as growth parameters. 

After their first leaves were fully expanded, the plants 

were exposed to different stress levels, as determined 

from a previous experiment which was carried out with 

and without the plant, following the equation of Paquin 

and Mehuys, (1980):  

 

Water holding capacity= (W1-W2) x /100 where; 

 

W1 is the soil weight when water-saturated, W2 is the soil 

dry weight  

x/100 is the desired level of moisture 

 

Determination water potential and water deficits: 

Water potentials of leaves were determined by the 

pressure chamber method and the recommendations of 

Scholander et al., (1965) and Boyer (1967, 1995). Xylem 

pressure was represented with a negative sign. Values 

were later converted to MPa (1 MPa = 10 bars).  

Water deficit from the three cucumber cultivars was 

determined according to the methods of Weatherley, 

(1947, 1950); Barr & Weatherley, (1962); Barrs, (1968); 

Sanchez-Diaz & Kramer, (1971); Beadle et al., (1993). 

The fresh weight of 10-15 leaf segments (1cm
2
) was 

determined and the tissue immediately put into petri 

dishes containing distilled water at the room temperature 

(20°C) for 12 h. The segments were then drained on 

blotting paper, quickly weighed to determine the turgid 

weight, finally dried in oven at 75C for 12 h and kept in 

a desiccator until weighing for dry weight determination. 

Relative water content was determined as follows:  

 

Relative water content = 
Fresh weight – Dry weight 

x 100 
Turgid weight – Dry weight 

 

Extraction procedure: Known weights of fresh leaves 

(0.5 - 1 g) were cut into segments and quickly placed in 

hot isopropanol (70°C) in McCartney bottles. After 10 

minutes at this temperature, the tissue was ground in a 

mortar, and the extract transferred to a centrifuge tube. 

The mortar and pestle were washed using a small 

volume of chloroform: methanol (2:1 v/v), which was 

transferred into the same tube. After centrifuging for 5 

minutes at 3600 rpm, the supernatant was poured into a 

rotary evaporator flask, then 5 ml chloroform: methanol 

(2:1) was added to the residue in the centrifuge tube, 

mixed, centrifuged and the supernatant added to the 

evaporator flask. The process was repeated once more 

with the chloroform: methanol 2:1 and further 3 times 

with chloroform methanol 1:2, the supernatant being 

added each time to the rotary flask. The extract was 

evaporated to near dryness and dissolved in 2-3 ml of 

Folch lower phase (FLP) solvent (chloroform: methanol: 

water, 18:14:1), and a similar volume of Folch upper 

phase (FUP) (chloroform:methanol: water-0.74% KCl-, 

3: 48:47) was added, in order to remove non-lipid 

fractions from the lipid extract. After separations of both 

phases by adding FUP to the solution, the lower phase 

was evaporated to near dryness in a rotary evaporator 

and transferred to a 2 ml vial. The content was 

completely dried with air or nitrogen and then made up 

to 1mg/ml with chloroform.  
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Total lipid estimation: Total lipids were determined 

according the method of Marsh & Weinstein, (1966). 

Duplicate 10 μl samples from each extract, and standard 

solutions of 0, 10, 20, 30, 40, 50 mg ml
-1

 of olive oil in 

chloroform for a calibration curve, were transferred to 

thick-walled test tubes. After completely drying under a 

stream of air, 2 ml of concentrated sulphuric acid was 

added to each tube, which was then placed in a heating 

block at 200±2°C for 15 min. The tubes were placed in an 

ice bath for 5 minutes after removal from the heating 

block. Five ml of distilled water was added to the tubes 

and mixed thoroughly before they were allowed to cool 

and settle. The optical density was measured at 375 nm 

against a blank of 10 μl chloroform which was treated the 

same way.  

 

Preparing sample for fatty acid analysis: The 

preparation of fatty acid methyl esters (FAME) for gas 

liquid chromatography was carried out by the method of 

Christie, (1989).  

Lipid extracts (250 μl) were completely dried in a 

stream of nitrogen and 1 ml of 1% sulphuric acid in 

methanol was added and the samples left in the oven at 

50°C for 2 hrs for transmethylation. Sodium chloride 

solution (2 ml 5%) was added, FAME extracted with 2x2 

ml hexane, then the upper layer (hexane) was transferred to 

clean McCartney bottles by means of Pasteur pipettes. The 

hexane layer was washed with 2 ml 2% potassium 

bicarbonate and transferred to another McCartney bottle. A 

small amount of anhydrous sodium sulphate was added to 

remove traces of water and the extract filtered using filter 

paper and completely dried under nitrogen. Dried samples 

were transferred into small injection vials, with the addition 

of 1 ml hexane, then analysed by GLC along with standard 

FAME samples. The results obtained show the amount of 

each individual fatty acid and the percentage of the total 

fatty acid of the polar lipid fraction. 

The unsaturation index (/mol) of leaf polar lipids, 

during the stress treatments and the recovery periods, was 

calculated from the following formula: 
 

/mol = 1 x [% of monoenes] + 2 x [% of dienes] + 3 x 

[% of trienes] + etc. 
 

Statistical analysis: The data from growth parameters 

and lipid experiments of Cucumis melo var. flexuosus (L.) 

Naudin and related species, were subjected to one way 

analysis of variance (ANOVA) to compare means of 

replicates. The results were evaluated using the statistical 

program Minitab 11 for Windows, followed by Tukey’s 

range test 5% to determine significance between means 

indicated with standard error (±S.E.).  
 

Results 

 

Growth parameters and total lipid changes: The two 

different water stress levels clearly affected 

morphological appearances of the species after 3 weeks (4 

weeks for Ecballium) of withholding water. This was 

confirmed by measuring l (leaf water potential) and leaf 

relative water content (RWC) (Table 1) using young 

expanded leaves. The seedlings exposed to moderate 

(MS) and severe (SS) water stress, responded differently 

to growth parameters. However, all except drought 

tolerant Ecballium, showed clear correlations between 

different water stress levels and root and shoot growth 

measurements on harvesting. Under severe stress, leaf 

water potentials, nl, lfw and LA from all plants were 

significantly lower than that of control plants, even in 

Ecballium. Cucumis melo and Cucurbita pepo were more 

or less similarly affected (Akıncı & Lösel, 2009, 2010). 

C. pepo responded to MS with significant decreases in 

PH, stfw, stdw and l, and SS significantly reduced all 

morphological characters as well as l. In C. melo, the 

species with the longest stem, and creeping rather than 

upright habit, MS decreased stfw and stdw but not PH or 

l, whereas SS significantly decreased the stem length 

and other morphological characters as well as l. The 

higher rfw/sfw and rdw/sdw ratios of C. melo control 

plants compared with that in the other two species, may 

be important factors in its drought resistance. C. pepo had 

very small root/shoot ratios, indicating a different 

response to stress, where rfw/sfw was increased slightly 

in MS but, rdw/sdw remained unchanged in SS, compared 

to control plants. Ecballium had the lowest rfw/sfw ratio 

in SS treatments, and only its lfw was affected by SS 

significantly. The RWC of C. melo was not significantly 

changed by water stress, although the closely similar 

values in MS and SS leaves appeared to be lower than in 

unstressed leaves. Similarly, in C. pepo and Ecballium, no 

significant changes in RWC were found under water 

stress, although, unlike the other plants, RWC seemed to 

rise slightly in C. pepo with increasing stress. 

The other growth parameters confirmed that all 

species showed slight resistance to mild water stress. The 

drought-tolerant plant Ecballium, was hardly affected by 

MS, like C. pepo and C. melo, apart from a decrease in 

water potentials, but had a clearer response to SS. C. melo 

and C. pepo were more or less similarly affected. C. pepo 

had very small root/shoot ratios, indicating a different 

response to stress, where rfw/sfw had increased slightly in 

MS but rdw/sdw had remained unchanged in SS 

treatments, where only its lfw was affected significantly 

by SS (Table 1).  

The three species of Cucurbitaceae showed different 

responses to water stress in their total lipid changes. Leaves 

of C. melo showed a slightly different result, with the lipid 

content in plants under SS remaining equal to that of control 

plants. The total lipid content appeared lower in leaves from 

MS C. melo but the difference was not significant. In C. 

pepo, the total lipid content of leaves appeared to decrease in 

proportion to increasing water stress but the differences from 

the control plants were not significant. Under SS, leaf lipid 

content was lower in C. pepo and Ecballium than in the other 

plants investigated and fell to its lowest level in Ecballium. 

Such findings are in agreement with previous studies where 

water stress induced a decline in the amount of total lipids 

(Monteiro de Paula et al., 1993; Svenningsson & Liljenberg, 

1986; Hubac et al., 1989; Dakhma et al., 1995; Gigon et al., 

2004; Moradi et al., 2017). On the contrary, the lipid content 

of leaves of MS was significantly higher than that in controls 

(Table 2) in the relatively stress-resistant plant Ecballium.   
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Table 1. Growth parameters of Cucurbitaceae species under C (control);  

MS (moderate stress); SS (severe stress) treatments. 

Growth parameters 
C. melo C. pepo Ecballium 

C MS SS C MS SS C MS SS 

Plant height (cm) 89.6 
a
 65.2 

ab
 48.6 

b
 59.0 

a
 40.4 

b
 27.0 

b
 42.8 

a
 33.0 

a
 33.8 

a
 

No of leaves 16.4 
a
 12.5 

ab
 7.6 

b
 10.8 

a
 10.8 

a
 7.1 

b
 14.5 

a
 12.3 

ab
 11.0 

b
 

Leaves fresh weight (g) 8.2 
a
 5.3 

ab
 1.2 

b
 11.6 

a
 7.4 

ab
 4.1 

b
 6.2 

a
 4.8 

ab
 1.9 

b
 

Leaves dry weight (g) 0.8 
a
 0.6 

ab
 0.1 

c
 1.4 

a
 1.1 

ab
 1.0 

b
 1.0 

a
 0.5 

a
 0.2 

a
 

Stem fresh weight (g) 9.4 
a
 5.2 

b
 2.5

 c
 20.7 

a
 10.2 

b
 4.1 

c
 5.1 

a
 5.2 

a
 3.3 

a
 

Stem dry weight (g) 0.8 
a
 0.4 

b
 0.2

 b
 1.5 

a
 0.7 

b
 0.3 

c
 0.8 

a
 0.6 

a
 0.4 

a
 

Root fresh weight (g) 6.6 
a
 2.1 

ab
 0.6

 b
 1.7 

a
 1.1 

ab
 0.6 

b
 2.1 

a
 1.8 

a
 0.6 

a
 

Root dry weight (g) 0.9 
a
 0.4 

ab
 0.1 

b
 0.3 

a
 0.2 

ab
 0.1 

b
 0.5 

a
 0.4 

a
 0.2 

a
 

l (-MPa)  0.39 
a
 0.48 

ab
 0.56 

b
 0.57 

a
 0.63 

b
 0.73 

c
 0.31 

a
 0.54 

b
 0.62 

b
 

Leaf area (cm
2
) 41.2 

a
 23.6 

b
 9.9

 b
 64.6 

a
 43.9 

a
 17.3 

b
 12.1 

a
 8.8 

ab
 6.4 

b
 

RWC (%) 70.0 
a
 58.6 

a
 57.3 

a
 69.9 

a
 76.2 

a
 81.9 

a
 75.1 

a
 75.7 

a
 69.9 

a
 

rfw/sfw 0.37 0.19 0.16 0.05 0.06 0.07 0.19 0.18 0.03 

rdw/sdw 0.54 0.39 0.33 0.10 0.11 0.10 0.27 0.38 0.29 

No of replicates varied with the parameter measured as indicated below: 

PH: C. melo >8, C. pepo >7, Ecballium >5; other parameters: >7 for each; W.p: C. melo >5, C. pepo >10, Ecballium >10; LA: >4 for 

all plants. l = 5 replicates; RWC = 2 replicates 

Within each cultivar, means with same superscript letter are not significantly different (one way ANOVA Tukey test, p<0.05) 

 

Table 2. Total leaf lipid (µg/g dry wt) of Cucurbitaceae species 

under control (C), moderate stress (MS) and severe stress (SS) 

conditions: (a) under water stress treatments: (b) 2d, (c) 4d, 

after return to normal water supply   

(means of 3 replicates ± S.E.). 

 Treatment C. melo C. pepo Ecballium 

 C 88.7 ± 7.6 102.9 ± 36.4 39.1 ± 4.8 

a. MS 74.2 ± 7.3 74.7 ± 12.9 71.0± 12.2 

 SS 92.4 ± 9.8 48.6 ± 5.2 31.9**± 2.4 

 C 100.4 ± 9.5 82.7 ± 4.2 38.9 ± 3.8 

b. MS R1 124.8 ± 5.9 99.8 ± 9.9 119.9*± 4.8 

 SS R1 84.6** ± 8.7 92.3 ± 10.5 89.5**± 6.0 

 C 131.9 ± 28.7 183.7 ± 42.9 71.9 ± 7.0 

c. MS R2 357.8 ± 107.1 146.9 ± 32.5 144.6*± 16.9 

 SS R2 278.6 ± 126.7 160.6 ± 25.7 133.4*± 8.7 

* = Sig. diff. from control; ** = Sig. diff. from MS; ** : Sig. 

diff. from MS and C (p>0.05) 
 

The total leaf lipid content of the three related species 

two days after rewatering tended to be higher in 

previously MS exposed plants than in controls, and the 

increase was significant in C. melo and Ecballium but not 

in C. pepo. The total lipid content of leaves of Ecballium 

plants previously exposed to either MS or SS was found 

to be significantly higher than in control leaves, although 

the values from previously SS plants were significantly 

lower than in those recovering from MS (Table 2).  

After a recovery period of four days of normal water 

supply, the leaves of C. melo which had been exposed to 

MS had higher contents of total lipids than control and 

SS plants but the differences were not significant. The 

total leaf lipid content of previously MS and SS plants 

of C. pepo was similar to that of controls. Both MS and 

SS Ecballium showed clear responses to the longer 

recovery period with similar, significant increases in leaf 

lipid content, compared to control plants. The increases 

are likely to be from renewed synthesis of both 

membrane lipids, required for growth and some storage 

lipid (Table 2).  

 

Fatty acids: The major effect of water stress was seen in 

the proportions of 18:3, which was increased 

significantly in C. pepo, whereas it remained unchanged 

in C. melo under MS and SS, but was decreased 

significantly under SS in Ecballium (Table 3). The 

percentage of 20:1 increased significantly under both 

MS and SS in C. pepo, as well as in SS leaves of 

Ecballium. The drought tolerant species Ecballium, 

showed significant decreases in the leaf fatty acids 16:0, 

18:0, and 18:3 with SS. On the other hand, 20:1 

significantly increased in this species. However, 20:1 

remained unaffected by stress in leaves of C. melo. 

Palmitic acid, the major saturated FA in all plants, was 

investigated and showed a tendency to increase under 

stress in C. pepo leaves, whereas 16:0 fell slightly in C. 

melo and decreased significantly in Ecballium compared 

to controls, under both moderate and severe stress. Both 

MS and SS C. pepo showed significantly greater 

proportions of 16:1 than in leaves of control plants, 

whereas it remained unchanged in C. melo and 

decreased slightly in Ecballium. Under MS and SS the 

lipid content of C. pepo significantly increased for 18:2 

and 18:3, but 20:1 significantly decreased. The 

proportion of 16:3 was below 2% of total FA in all cases 

and showed no clear response to water stress. No clear 

effects of stress on 18:0 or 18:1 percentages were found, 

except in Ecballium, where a significant decrease in 

18:1 was observed under SS. Percentages of 18:2 

significantly higher than in control plants were found 

both MS and SS C. pepo, however, 18:2 appeared to be 

unaffected by stress in C. melo and Ecballium. 
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Table 3. Fatty acid (FA) composition (% of total FA) of polar lipids from C. melo, C. pepo and Ecballium under control (C), 

moderate stress (MS) and severe stress (SS) conditions (Means from 6 replicates plants ± S.E.)  

 C. melo C. pepo Ecballium 

C MS SS C MS SS C MS SS 

16:0 15.9 ± 1.1 14.5 ± 0.8 12.2 ± 1.4 7.8 ± 1.6 12.9 ± 2.2 12.8 ± 1.1 12.6 ± 0.9 8.8* ± 0.7 7.2* ± 0.4 

16:1 3.5 ± 0.6 3.5 ± 0.3 3.6 ± 0.3 1.9 ± 0.5 4.4* ± 0.6 4.9* ± 0.4 5.6 ± 0.7 4.0 ± 0.5 3.3 ± 0.7 

16:3 1.7 ± 0.2 1.1 ± 0.1 1.6 ± 0.3 1.4 ± 0.2 2.2 ± 0.3 2.4 ± 0.2 1.6 ± 0.5 0.9 ± 0.1 0.7 ± 0.1 

18:0 2.4 ± 0.2 2.7 ± 0.2 3.1 ± 0.6 3.3 ± 2.1 2.7 ± 0.6 2.4 ± 0.5 4.5 ± 0.5 3.8 ± 0.3 2.9* ± 0.1 

18:1 2.7 ± 0.5 2.0 ± 0.2 2.5 ± 0.4 2.2 ± 1.5 1.7 ± 0.3 2.7 ± 0.8 1.5 ± 0.3 0.8 ± 0.1 1.1 ± 0.3 

18:2 4.7 ± 0.4 5.9 ± 0.7 5.1 ± 0.5 1.2 ± 0.3 2.7* ± 0.3 2.9* ± 0.2 2.6 ± 0.4 1.9 ± 0.2 2.0 ± 0.3 

18:3 40.9 ± 4.3 42.6 ± 2.2 39.4 ± 2.5 24.9 ± 5.7 52.4* ± 3.9 52.3* ± 3.3 60.9 ± 4.1 44.4 ± 3.6 35.4* ± 5.6 

20:1 28.4 ± 5.3 27.7 ± 3.2 30.7 ± 5.4 57.5 ± 8.7 20.7* ± 7.1 20.1* ± 4.5 19.8 ± 4.9 36.2 ± 3.9 47.2* ± 7.1 

* = Significantly different from (C) (p<0.05) 

 

Table 4. Fatty acid composition (% of total FA) of leaf polar lipid from C. melo, C. pepo and Ecballium after 2d of recovery 

with full watering following control (C), moderate stress (MS) and severe stress (SS). (Means from 3 replicate plants ± S.E.) 

 C. melo C. pepo Ecballium 

C MS SS C MS SS C MS SS 

16:0 17.9 ± 0.8 13.8* ± 0.5 10.9* ± 1.1 8.6 ± 0.5 14.9* ± 1.3 13.2* ± 1.2 11.4 ± 0.4 8.8 ± 1.5 9.5 ± 0.7 

16:1 4.5 ± 0.2 3.3* ± 0.1 3.1* ± 0.3 2.1 ± 0.2 5.2* ± 0.2 4.6* ± 0.2 5.0 ± 0.5 4.4 ± 0.8 3.9 ± 0.6 

16:3 1.6 ± 0.4 2.6 ± 0.5 1.5 ± 0.1 1.1 ± 0.3 3.0* ± 0.3 2.7* ±0.2 1.7 ± 0.4 1.4 ± 0.1 1.1 ± 0.2 

18:0 3.1 ± 0.2 3.8 ± 0.5 2.6 ± 0.3 1.3 ± 0.1 2.1* ± 0.1 2.1* ± 0.2 4.6 ± 0.3 3.9 ± 0.8 3.8 ± 0.4 

18:1 3.5 ± 1.1 3.8 ± 1.7 2.2 ± 0.1 1.3 ± 0.1 2.3 ± 0.5 3.9* ± 0.5 2.9 ± 0.8 2.6 ± 0.1 7.5 ± 4.2 

18:2 7.2 ± 0.5 6.6 ± 1.1 5.6 ± 0.4 2.3 ± 0.3 4.3* ± 0.5 4.6* ± 0.3 2.7 ± 0.5 2.7 ± 0.7 4.6 ± 0.2 

18:3 48.6 ± 2.5 38.1 ± 2.4 34.5* ± 3.7 32.4 ± 1.5 62.6* ± 2.3 54.7** ± 1.5 61.6 ± 5.1 49.7 ± 8.7 44.4 ± 5.6 

20:1 13.1 ± 2.1 28.3 ± 6.7 39.5* ± 5.2 51.2 ± 1.7 5.6* ± 2.3 14.1* ± 2.8 10.7 ± 7.3 27.9 ± 13.5 24.9 ± 3.8 

(* = Significantly different from C; ** = Significantly different from MS and C) (p<0.05) 

 

Table 5. Fatty acid composition (% of total FA) of leaf polar lipid from C. melo, C. pepo and Ecballium after 4d of recovery 

with full watering following control (C), moderate stress (MS) and severe stress (SS). (Means from 3 replicate plants ± S.E.) 

 C. melo C. pepo Ecballium 

C MS SS C MS SS C MS SS 

16:0 19.1 ± 2.5 17.9 ± 1.6 17.9 ± 2.1 14.8 ± 0.3 27.2 ± 10.0 28.1 ± 9.1 21.7 ± 5.8 14.6 ± 1.7 16.1 ± 1.4 

16:1 6.2 ± 0.5 6.2 ± 0.0 5.1 ± 0.5 6.4 ± 0.6 5.8 ± 0.3 5.7 ± 0.4 4.9 ± 1.0 6.8 ± 0.5 6.4 ± 0.3 

16:3 1.1 ± 0.0 2.5 ± 0.8 2.5 ± 0.7 2.4 ± 0.4 5.5 ± 2.0 7.5 ± 2.2 2.9 ± 1.0 1.7 ± 0.1 2.1 ± 0.1 

18:0 3.0 ± 0.1 2.5 ±0.0 2.9 ± 0.2 2.3 ± 0.1 4.4 ± 1.4 1.8 ± 0.0 9.8 ± 1.7 7.3 ± 0.6 7.1 ± 0.6 

18:1 2.7 ± 0.1 3.1 ± 1.3 2.6 ± 0.4 3.6 ± 1.2 2.3 ± 2.3 1.9 ± 0.2 2.8 ± 0.6 3.7 ± 0.4 4.7 ± 0.6 

18:2 5.6 ± 3.1 8.4 ± 1.4 8.1 ± 1.6 6.3 ± 1.3 8.2 ± 2.3 9.0 ± 2.2 5.4 ± 0.9 5.9 ± 0.6 7.7 ± 0.5 

18:3 57.9 ± 0.9 54.0 ± 5.8 54.4 ± 5.5 58.7 ± 4.2 42.0 ± 15.2 40.4 ± 10.7 48.7 ± 11.2 55.4 ± 3.0 51.4 ± 2.6 

20:1 4.5 ± 1.6 4.9 ± 0.8 6.0 ± 0.7 5.6 ± 2.3 4.6 ± 1.3 7.1 ± 2.5 3.3 ± 1.0 3.8 ± 0.8 2.4 ± 0.4 

 
Two days after rewatering, the percentages of 16:0 

and 16:1 in leaves of previously MS and SS plants were 
significantly lower in C. melo and significantly higher 
C. pepo than those in control leaves (Table 3). No 
significant differences in proportions of these two FA 
between control and rewatered plants were observed in 
leaves of the other cucumber cultivars, or of Ecballium, 
at this stage (Table 3). Leaves of C. pepo, from plants 
previously exposed to either moderate or severe stress, 
also showed significantly higher proportions of 16:3, 
18:0, 18:1 (only in previously SS plants), 18:2 and 18:3 
than in controls, whereas the other species investigated 
showed no clear differences between previously stressed 
and control plants in these FAs. On the other hand, the 
ratio of 20:1 in rewatered C. pepo plant still remanied as 

lower percentages than that of control leaves. FA 
proportions of leaves of C. melo were found higher 
significantly in previously SS plants compared to control 
plants (Table 4). 

After a further two-day growth in conditions of full 

water supply, no significant differences in fatty acid 

composition of polar lipids could be detected between 

leaves of plants previously exposed to water stress and 

unstressed control plants (Table 5). 

The unsaturation index rose in C. pepo under stress 

but was higher in MS than in SS. In contrast, /mol of 

leaf lipids from C. melo was little changed from control 

values by stress treatments, while in Ecballium, /mol 

decreased with each level of stress (Table 6).  
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Table 6. Unsaturation index of fatty acids under control 

(C), moderate (MS), severe stress (SS) and after 2d (R1) 

and 4d (R2) of recovery with full water supply. 

 C. melo C. pepo Ecballium 

C 1.41 0.83 1.98 

MS 1.47 1.72 1.45 

SS 1.36 1.43 1.16 

C 1.70 1.05 1.97 

MS R1 1.37 2.03 1.61 

SS R1 1.20 1.81 1.55 

C 1.99 1.99 1.72 

MS R2 1.92 1.55 1.92 

SS R2 1.91 1.52 1.85 

(Means of 6 replicates for stress, 3 replicates for R1 and R2 treatments) 

 

C. melo leaves recovering from stress had lower 

/mol than controls two days after rewatering but, after a 

further four days, these values had increased to nearly the 

control level. C. pepo showed increases in /mol after 

two days of return from both SS and MS to normal 

watering, the values still being higher than in controls, 

and a slight decrease in /mol after four days of recovery, 

to a value lower than control leaves. In Ecballium, /mol 

rose slightly in the first recovery phase of plants which 

had been previously under MS or SS, still remaining 

below that of controls, and after four days of normal 

water supply, /mol was slightly higher in both cases than 

in control plants (Table 6). 
 

Discussion 
 

Many studies on different crop species showed that 

long term water deficiency causes a decrease in 

phospholipid, glycolipid and linoleic acid, but an increase 

in triacylglycerol of leaf tissues exposed to long periods 

of water deficit (Anh et al., 1985; Martin et al., 1986; 

Navari-Izzo et al., 1989). Liljenberg (1992) pointed out 

that there are implications for membranes and membrane 

lipids and dehydration at cellular level under stress. 

Nevertheless, the reasons for increasing or decreasing 

amounts of different lipids in plants exposed to water 

stress are still unclear and vary by species and stress 

levels, as well as between the different organs of plants 

(Pham-Thi et al., 1982; Draper, 1969; Navari-Izzo et al., 

1993; Douglas & Paleg, 1981; Pham-Thi et al., 1985; 

Navari-Izzo et al., 1990; Svenningsson & Liljenberg, 

1986; Benadjaoud et al., 2013) and intra-specific varieties 

showing different degrees of stress resistance appear to 

respond differently to water deficits, depending on the 

degree of stress (Monteiro de Paula et al., 1990; Akinci & 

Lösel, 2012; Scotti-Campos & Pham-Thi, 2016).  

Three species of Cucurbitaceae showed a different 

response to the water stress, with total lipid changes and 

leaves of C. melo showing only a slight difference, with 

the lipid content in plants under SS remaining equal to 

that of control plants. The total lipid content was lower in 

leaves from MS C. melo although not significantly 

different. In C. pepo, the total lipid content of leaves 

decreased in proportion to increasing water stress, but had 

insignificant differences compared to the control plants. 

The total lipid content of C. pepo did not change 

significantly under water stress but C. pepo showed 

reduction in lipid content with each level of stress. 

Ecballium differed from the other species compared here 

in showing a significant rise in total lipid content under 

MS. This could indicate either some storage of 

photosynthate or increased synthesis of membrane lipids. 

Under SS, leaf lipid content was lower in C. pepo and 

Ecballium than that of other plants and fell to its lowest 

level in Ecballium, while the lipid content of leaves of 

MS plants of Ecballium was significantly higher than that 

in controls. The leaf polar lipid content increased under 

moderate stress while a sensitive variety of lipid content 

decreased due to moderate levels of stress in a variety of 

Vigna unguiculata (Monteiro de Paula et al., 1990).  

In C. melo, where previous growth studies have 

shown it to be relatively drought resistant, the total lipid 

content of leaves showed no response to stress conditions 

in the present experiment. In this species, severe stress 

has appeared to reduce leaf lipid content. This is likely to 

correspond to the inhibition of photosynthesis, which 

results, together with reduced transpiration, from closure 

of stomata, and might indicate the inhibition of 

homeostasis maintenance, since RWC dropped to 57.3% 

in severely stressed plants (Gigon et al., 2004) (Table 1). 

In the first recovery phase of the species, two days 

after return to full water supply, they appeared to be in a 

compensating stage, with recovery of most of the lost 

lipid content to levels similar to those of the controls. At 

this stage, there were also significant differences between 

plants recovering from MS and from SS in the most 

stress-resistant species, C. melo and Ecballium. Leaves of 

previously MS C. melo and Ecballium had increased 

significantly in lipid content after the two day recovery 

period and contained significantly more lipid than leaves 

which had been under SS. Previously SS plants of C. pepo 

and Ecballium similarly showed a significant increase in 

leaf lipid at this stage of recovery, compared to their lipid 

content while under SS. 

In the second recovery phase, the significant 

increases in lipid seen after two days in Ecballium 

continued to give a significantly higher content than in 

unstressed controls. Similarly, the leaf lipid content of C. 

melo recovering from MS and SS had risen to very high 

levels, about three times that of control leaves, four days 

after rewatering, but with high plant to plant variation, so 

that the differences were not significant. The higher lipid 

contents of control plants of all types at this stage may 

also relate to the maturity of the plants as well as the 

species ability to withstand, and recover from, 

dehydration stages (Gigon et al., 2004).  

The increased levels of lipid found in C. melo and 

Ecballium leaves, four days after rewatering, may represent 

increased photosynthetic production during the recovery 

period, either already incorporated into membrane lipids or 

stored as carbon reserve, as growth resumes. Few papers 

report a decrease of membrane polar lipids as distinct from 

total lipids (Klein et al., 1986; Premachandra et al., 1991; 
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Zuniga et al., 1990). The changes in proportions of 

constituent FA, recorded in this study, give some 

indications of metabolic adjustments taking place at 

different water stress levels. In all plants examined, 18:3 

and 20:1 accounted for the biggest proportion of polar lipid 

fatty acids and were most affected by water stress. These 

two FAs, taken together, made up between 70% and 80% 

of the total polar lipid fatty acids in leaves of control plants 

of each type. Under water stress, this combined percentage 

decreased in C. pepo, but was unchanged in C. melo and 

Ecballium. Since 18:3 is particularly associated with 

chloroplast membranes and is normally the major FA of 

leaves, it could be expected to respond to factors affecting 

the photosynthetic system and thus result from an inhibition 

of MGDG biosynthesis (Monteiro de Paula et al., 1993; 

Junior et al., 2008). MGDG has been suggested to stabilize 

and maintain the lamellar bilayer structure (Torres-Franklin 

et al., 2007) to maintain photosynthetic energy supply 

(Gasulla et al., 2013). The decrease in polar lipids is often 

associated with an increase in triacylglycerol level 

(Douglas & Paleg, 1981; Martin et al., 1986) as well as 

indicating disorganization of cellular membranes, 

particularly those of chloroplasts (Dakhma et al., 1995) and 

leaf lipid parameters can discriminate between certain 

cultivars (coconut) with varying protoplasmic tolerance to 

drought stress (Repellin et al., 1997). 

The large percentage of 20:1, which was found in 

even higher proportions than 18:3 in leaves in C. pepo, 

was unexpected, since this FA is less often recorded and 

no information on its location within the cell has been 

found in the literature examined so far. The significant 

increase of 18:3 in C. pepo under water stress was 

accompanied by significant decreases in 20:1 in the same 

plant. This observation strongly suggests that 20:1 may 

contribute to the observed increases in 18:3. A greater 

decrease in polar lipid content without major changes in 

fatty acid composition has been reported for stress 

sensitive varieties when compared with stress-resistant 

ones (Hubac et al., 1989). 

The more stress-resistant C. melo and Ecballium, 

showed different responses from C. pepo. In C. melo, the 

percentages of 18:3 and 20:1 remained unchanged by 

water stress. In SS Ecballium, 18:3 was significantly 

lower than in controls while the proportion of 20:1 

doubled, although this difference was not significant. The 

non-significant decrease in 18:3, and increase of 20:1, 

seen under MS in Ecballium, both lay between their 

respective values in control and SS conditions. Under MS 

and SS, Ecballium also showed significant decreases in 

16:0, the only other FA which generally formed over 10% 

of the polar lipid fatty acids in these plants. Under SS, 

18:0 also decreased in this species. It is possible that this 

decrease could have contributed to the synthesis of the 

longer chain FA 20:1. The increases in both 16:1 and 18:2 

in C. pepo, under water stress, are likely to indicate other 

stress-induced changes in lipid metabolism. These 

changes might be related to the limited phosphate 

availability from the soil, as the roots stop absorption, 

causing phospholipid biosynthesis to decrease (Monteiro 

de Paula et al., 1993).  

After the first recovery stage, polar lipids of 

previously stressed plants of C .pepo contained 

significantly higher percentages of 16:0, 16:1, 16:3, 18:0, 

18:1, 18:2, 18:3 and significantly lower proportions of 

C20:1, than in controls. This may indicate active synthesis 

of fatty acids taking place at this stage of recovery, with 

less accumulation of photosynthate in 20:1, than in 

unstressed plants. As discussed above, active lipid 

metabolism, including synthesis of polar lipid fatty acids 

at this stage of recovery, would be expected from the 

increases in total lipid content in leaves of C. melo, C. 

pepo and Ecballium which were recorded in previously 

stressed plants, during their return to normal water supply.  

Liljenberg (1992) suggested that, when stress 

intensity is high, physiological ageing might be 

accelerated by injuries arising from by water stress. 

During recovery following rewatering, further changes in 

FA percentages occurred at different rates in individual 

cultivars and species. The changes in degree of 

unsaturation accompanying these responses to water 

supply may indicate some alterations affecting membrane 

permeability and stress tolerance of the plants in these 

experiments. 

 

Conclusion 
 

In the present study, results indicate a number of 

differences in the ways in which lipid metabolism may 

respond to water stress in the related species examined. 

The two parameters concerned are:  

1. Total lipid changes, giving some idea of the effects 

of stress on the partitioning of photosynthate into this 

fraction;  

2. The fatty acid composition of the leaf polar lipids, 

which should indicate the major effects of water stress on 

membrane composition, including chloroplast membranes. 

Some previous reports state that polar lipid decreased 

in sensitive plants but remained unchanged, moreover, 

increased in resistant varieties under drought stress 

(Monteiro de Paula et al., 1990; Repellin et al., 1997; 

Gigon et al., 2004). High levels of polyunsaturated FAs 

are reported to enhance tolerance to desiccation (Li et al., 

2014), and to improve recovery capacity following re-

hydration (Liu et al., 2013). 

Results from unsaturation index suggested that the 

changes taking place with increasing water stress could 

increase membrane permeability in C. pepo, but at the 

same time might decrease permeability in Ecballium. On 

the other hand, in C. melo, the other stress-resistant 

species, and the results could show no indication of 

altered membrane lipid unsaturation. Relatively drought 

tolerant C. melo showed no significant responses in polar 

lipid composition under these treatments. This seems to 

correspond to the general tolerance of water stress in this 

species. Unsaturation index has often been reported to 

remain constant during stress and help plants maintain 

membrane integrity, (Toumi et al., 2008) or may decrease 

in the later stages of exposure to stress, when stress 

intensity is high (Liljenberg, 1992). The changes in fatty 

acid unsaturation indices of the leaf polar lipids probably 

mainly reflect the changes in 18:3 and 20:1, since these 

accounts for such a high proportion of the total polar lipid 

http://journal.frontiersin.org/article/10.3389/fpls.2014.00151/full#B90
http://journal.frontiersin.org/article/10.3389/fpls.2014.00151/full#B90
http://journal.frontiersin.org/article/10.3389/fpls.2014.00151/full#B29
http://journal.ashspublications.org/content/136/1/35.full#ref-29
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FA. The /mol values calculated would suggest changes 

with increasing water stress which could increase 

membrane permeability in C.pepo, but would decrease 

permeability in Ecballium, whereas C. melo, the other 

stress resistant species, showed no indications of altered 

membrane lipid unsaturation.  

As a conclusion, the tendency for proportions of 

18:3, in some plants to increase under stress, relative to 

other FA, may indicate protection of the photosynthetic 

apparatus. It would be of interest to examine this 

apparently reciprocal relationship of 20:1 and 18:3 in 

more detail. 
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