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ABSTRACT 

Little information is available on the physiological and biochemical responses to 

water stress in eggplant (Solanum melongena). We evaluated four genetically diverse 

eggplant varieties (MEL3-MEL6) under control and water stress conditions. 

Measurements were taken for plant growth, tissue water content traits, content in 

chlorophylls a and b, carotenoids, proline, malondialdehyde, total phenolics, total 

flavonoids, superoxide dismutase, catalase (CAT), ascorbate peroxidase (APX), and 

glutathione reductase (GR) activities. For most traits, the water stress treatment had a 

greater contribution than the variety effect to the total sums of squares in an ANOVA 

analysis, except for total flavonoids, SOD, APX, and GR. The water stress treatment 

had a strong effect on plant growth and tissue water content. In general, water stress 

reduced the three photosynthetic pigments, increased proline, malondialdehyde, total 

phenolics, and total flavonoids, although some varietal differences were observed. 

Different patterns were also detected in the activities of the four enzymes evaluated, but 

few differences were observed for individual varieties between the control and water 
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stress treatments. Many significant phenotypic correlations were observed among the 

traits studied, but only eight environmental correlations were detected. A PCA analysis 

distinctly separated individuals according to the treatment, and revealed a clearer 

separation of varieties under water stress than under control conditions, pointing to 

varietal differences in the responses to stress. Our results suggest that proline could be 

used as a marker for drought stress tolerance in this species, and provide relevant 

information about the physiological and biochemical responses of eggplant to drought 

stress.  
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1. Introduction 

Eggplant (Solanum melongena L.) is an important vegetable crop in many 

tropical and subtropical areas of the world. According to FAO statistics, eggplant ranks 

6th, after tomatoes, watermelons, onions, cucumbers, and cabbages, in total global 

production, with 52.3 million tons produced in 2017 (FAO, 2019). In addition, eggplant 

is one of the 35 food crops considered as most important for global food security and, as 

such, is included in the Annex 1 of the International Treaty on Plant Genetic Resources 

for Food and Agriculture (Fowler et al., 2003). Many of the areas where eggplant is 

cultivated are already suffering dramatic modifications in the current agricultural 

environment, which will aggravate in the future, due to the ongoing climate change 

(Anwar et al., 2013). 

Reductions in the eggplant productivity results from a number of factors that 

will be intensified in the near future, including increased abiotic stresses derived from 
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climate change (Kirnak et al., 2002; Lovelli et al., 2007; Karam et al., 2011; Tani et al., 

2018). Global warming represents one of the major threats for agriculture, and increased 

temperatures, alteration of normal seasonal weather patterns, ‘heat waves’, and more 

frequent, longer, and more intense drought spells, will be especially intense in arid and 

semiarid regions, where there is already a scarcity of water for irrigation (IPCC, 2014). 

Therefore, in these areas, drought may be considered as one of the most limiting factors 

for crop production, in particular for vegetables such as eggplant that require large 

amounts of water (Lovelli et al., 2007; Karam et al., 2011).  

Research on the responses of crops to abiotic stresses and on the mechanisms 

underlying these responses is growing and contributing to the design of strategies for 

the genetic improvement of crop stress tolerance (Fita et al., 2015; Van Oosten et al., 

2016; Nakashima and Suenaga, 2017). General responses of plants to abiotic stresses 

include a reduction of growth, an alteration of the shoot/root ratio, degradation of 

photosynthetic pigments, and activation of mechanisms of defence, such as the 

synthesis and accumulation of different osmolytes for cellular osmotic adjustment or the 

activation of antioxidant systems (Kaur and Asthir, 2015; Anjum et al., 2017; Arbona et 

al., 2017; Singh et al., 2017). Drought stress is associated with increased production and 

accumulation of reactive oxygen species (ROS), leading to oxidative stress and the 

activation of antioxidant mechanisms (Das and Roychoudhury, 2014; Choudhury et al., 

2017). Phenols, flavonoids, ascorbic acid, and carotenoids are amongst the most 

common antioxidant metabolites (Panche et al., 2016; Sun et al., 2018; Vicente and 

Boscaiu, 2018), whereas superoxide dismutase (SOD), catalase (CAT), ascorbate 

peroxidase (APX) (and other peroxidases), or redox regulatory enzymes such as 

glutathione reductase (GR) represent the most relevant antioxidant enzymatic systems 

activated in plants to counteract the deleterious effects of oxidative stress (Gill and 

Tuteja, 2010, Karuppanapandian et al., 2011). 

Not much information is available on the mechanisms of response and tolerance 

to drought in eggplant. In this way, drought has been found to reduce leaf chlorophyll 

contents (Kirnak et al., 2002; Gobu et al., 2017), and to increase proline (Sarker et al., 

2004, 2005; Tani et al., 2018), hydrogen peroxide and malondialdehyde (Tani et al., 

2018) concentrations in eggplant. Also, a two-year study by Helyes et al. (2015) did not 

reveal significant differences in the total phenolics content in the fruit of eggplant as a 

consequence of water deficit stress. All the aforementioned studies were performed 

using a single eggplant variety, except that of Tani et al. (2018), which involved two 
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varieties. In the close eggplant relative S. aethiopicum (Prohens et al., 2012), studies 

with several accessions found an increase in proline, glutamate, sucrose, fructose and 

tricarboxylic acid cycle metabolites concentrations, and a decrease in the chlorophylls 

and total carotenoids contents in response to drought stress (Mibei et al., 2017a, 2017b).   

Given the lack of systematic studies to evaluate the physiological and 

biochemical mechanisms of response and tolerance to drought in diverse eggplant 

materials, we compared the responses to water stress in four varieties of eggplant with 

the aim of generating novel information on the mechanisms that are activated under 

drought conditions in this important vegetable crop. Therefore, we correlated the 

reduction of vegetative growth and tissue water content with: (i) photosynthetic 

pigments degradation; (ii) accumulation of proline, as one of the commonest osmolyte 

in plants; (iii) levels of malondialdehyde, as a reliable oxidative stress marker; (iv) 

accumulation total phenolic and flavonoid contents, as non-enzymatic antioxidants; and, 

(v) specific activities of four antioxidant enzymes: superoxide dismutase (SOD), 

catalase (CAT), glutathione reductase (GR), and ascorbate peroxidase (APX). 

 

2. Material and methods 

 

2.1. Plant material and experimental design 

Four S. melongena varieties corresponding to stable open-pollinated local 

varieties (MEL3, MEL4, MEL5 and MEL6) were used for the present study. These 

varieties are placed in different branches of an eggplant genetic relationships 

phenogram, although the Dice’s genetic similarity coefficient is in all cases above 0.9 

(Acquadro et al., 2017). The four varieties are morphologically very different in plant 

and fruit traits (Kaushik et al., 2016). In this way, MEL3 has medium sized semi-long 

green fruits, MEL4 has medium-sized round black fruits, MEL5 has medium sized 

semi-long light purple fruits, and MEL6 has large long purple fruits (Kaushik et al., 

2016). Seeds of the four varieties are conserved in the germplasm bank of Universitat 

Politècnica de València (FAO code ESP026) and are available from both the 

corresponding author (JP) and the germplasm bank. Seeds of each of them were 

germinated in Petri dishes using the protocol described by Ranil et al. (2015). 

Germinated seeds were transferred to seedling trays containing Humin-substrat N3 

(Klasmann-Deilmann, Germany) substrate and kept in a climatic chamber with a 14 h 

light / 10 h dark photoperiod and a 25°C (light) / 18°C (dark) temperature regime. When 
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the stem of the plantlets reached a length of 6-8 cm, they were transferred to individual 

1.3 L Serie CD alto (14.5 cm of external diameter and 12.5 cm of height) thermoformed 

pots (Projar, Quart de Poblet, Spain) filled with the same Humin-substrat N3 substrate 

and kept in a greenhouse with controlled temperature (maximum of 30ºC and minimum 

of 15 ºC). Plants were irrigated with tap water so that the substrate was always 

sufficiently moistened to avoid any water deficit stress. When all plants developed at 

least five true leaves, ten plants with similar size from each variety were selected to be 

used for the experiment, and randomly assigned to two groups (control and water stress 

treatment) of five plants each. Control and treated plants were distributed at random in a 

greenhouse bench. Control plants were watered every two days with tap water (300 

mL/pot) allowing free drainage of excess water. The water stress treatment was 

performed by completely withholding irrigation of the plants. Pots of both control and 

water stress treatments were elevated from the bench surface by placing an inverted 

Petri dish (9 cm in diameter) below each pot, to allow drainage in control plants and to 

avoid absorption of drainage water through the base of the pot in the stressed plants. 

Substrate humidity (% vol) was measured every other day throughout the treatments 

with a WET-2 Sensor (Delta – T Devices, Cambridge, UK). Eleven days after starting 

the treatments the experiment was finished and the aerial part of all plants were cut and 

separated into stem and leaves. At this stage plants had not yet started flowering. The 

substrate was washed out from the roots, which were also collected. All traits were 

measured in each of the five individual plants of each combination of variety × 

treatment in the experiment. For the plant growth and tissue water content traits, 

measures were taken for roots, stem, and leaves, while for photosynthetic pigments, 

proline, malondialdehyde, non-enzymatic antioxidants, and antioxidant enzyme activity, 

measurements were performed in leaves.  

 

2.2. Plant growth and tissue water content 

The initial length of stem was measured at the beginning of the treatments. The 

following growth parameters were determined at the end of the experiment: length of 

the stem, fresh weight of roots, fresh weight of stem, and the fresh weight of leaves. To 

obtain the water content, part of the fresh material was weighed (fresh weight; FW), 

dried for four days at 65ºC, until constant weight, and then weighed again (dry weight; 

DW); the water content (WC) percentage was calculated by the following formula: WC 

(%) = ((FW-DW)/FW)×100 (Gil et al., 2014). 
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2.3. Photosynthetic pigments 

Total carotenoids, chlorophyll a and chlorophyll b were measured following 

Lichtenthaler and Wellburn (1983). Ten mL of ice-cold 80% (v/v) acetone was used to 

extract the pigments from 0.05 g of fresh leaf material. After mixing overnight and 

centrifuging for 10 min at 12000 rpm, the supernatant was collected, and its absorbance 

was measured at 663, 646, and 470 nm. Chlorophyll a, chlorophyll b, and carotenoids 

concentrations were calculated using the equations described by Lichtenthaler and 

Wellburn (1983). Pigment concentrations were expressed in mg g-1 DW. 

 

2.4. Proline quantification 

Proline concentration was determined in fresh plant material by the ninhydrin-

acetic acid method described by Bates et al. (1973). Proline was extracted in 3% 

aqueous sulfosalicylic acid, the extract was mixed with acid ninhydrin solution, 

incubated for 1 h at 95 ºC, cooled on ice and then extracted with two volumes of 

toluene. The absorbance of the supernatant was read at 520 nm, using toluene as a 

blank. Proline concentration was expressed as µmol g–1 DW. 

 

2.5. Malondialdehyde and non-enzymatic antioxidants  

Extracts were prepared from fresh leaf material in 80% methanol, in a rocker 

shaker, for 24-48 h. Malondialdehyde concentration was determined following the 

method described by Hodges et al. (1999). The samples were mixed with 0.5 % 

thiobarbituric acid (TBA) prepared in 20% TCA (or with 20% TCA without TBA for 

the controls), and then incubated at 95ºC for 20 min. After stopping the reaction on ice, 

the absorbance of the supernatants was measured at 532 nm. The non-specific 

absorbance at 600 and 440 nm was subtracted and malondialdehyde concentration 

determined using the equations by Hodges et al. (1999). 

Total phenolic compunds were quantified by reaction with the Folin–Ciocalteu 

reagent following the method described by Blainski et al. (2013). The methanol extracts 

were mixed with sodium bicarbonate and the reagent, and absorbance was recorded at 

765 nm using gallic acid (GA) as standard. The measured total phenolics concentrations 

were expressed as GA equivalents (mg eq. GA g−1 DW). 

Total ‘antioxidant flavonoids’ were determined by the reaction with NaNO2 and 

AlCl3 at a basic pH, as described by Zhishen et al. (1999), with catechin (C) used as 
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standard. The absorbance of the samples was measured spectrophotometrically, at 510 

nm. Although this method is considered for detection of ‘total flavonoids’ in the sample, 

this is not strictly true. The method is based on the nitration of aromatic rings containing 

a catechol group. Several groups of flavonoids (e.g., flavonols and flavanols) but also 

other phenolics, such as caffeic acid and derivatives, react in this way. Nevertheless, 

phenolic compounds detected in the assay are all strong antioxidants and there is a good 

correlation between their levels and the total antioxidant activity of the samples 

(Zhishen et al. 1999). To simplify, AlCl3-reactive compounds will be referred 

throughout the text simply as “total flavonoids”, and their concentrations expressed as 

equivalents of catechin (mg eq. C g−1 DW). 

 

2.6. Antioxidant enzyme activity assays 

Crude protein extracts were prepared from fresh plant material as described by 

Gil et al. (2014). Samples were ground in liquid N2 and then mixed with extraction 

buffer [20 mM Hepes, pH 7.5, 50 mM KCl, 1 mM EDTA, 0.1% (v/v) Triton X-100, 

0.2% (w/v) polyvinylpyrrolidone, 0.2% (w/v) polyvinylpolypyrrolidone, and 5% (v/v) 

glycerol]. A 1/10 volume of ‘high salt buffer’ (225 mM Hepes, pH 7.5, 1.5 M KCl, and 

22.5 mM MgCl2) was added to each sample, and the homogenates were centrifuged for 

20 min at 20,000 x g and 4ºC. Supernatants were collected, concentrated in U-TubeTM 

concentrators (Novagen, Madison, USA), and centrifuged to remove precipitated 

material. The final samples (referred to as ‘protein extracts’) were divided into aliquots, 

flash-frozen in liquid N2 and stored at -75ºC until used for enzyme assays. Protein 

concentration in the extracts was determined by the method of Bradford (1976), using 

bovine serum albumin as a standard and the Bio-Rad commercial reagent. 

Superoxide dismutase (SOD) activity in the protein extracts was determined 

according to Beyer and Fridovich (1987), by following spectrophotometrically (at 560 

nm) the inhibition of nitrobluetetrazolium (NBT) photoreduction, in reaction mixtures 

containing riboflavin as the source of superoxide radicals. One SOD unit was defined as 

the amount of enzyme causing 50% inhibition of NBT photoreduction under the assay 

conditions. Catalase (CAT) activity was analysed as indicated by Aebi (1984), 

following the decrease in absorbance at 240 nm which accompanies the consumption of 

H2O2 added to protein extracts. One CAT unit was defined as the amount of enzyme 

that will decompose 1 mmol of H2O2 per minute at 25ºC. Ascorbate peroxidase (APX) 

activity was determined according to Nakano and Asada (1981), by measuring the 
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decrease in absorbance at 290 nm as ascorbate becomes oxidized in the reaction. One 

APX unit was defined as the amount of enzyme required to consume 1 mmol of 

ascorbate per minute, at 25ºC. Glutathione reductase (GR) activity was determined 

according to Connell and Mullet (1986), following the oxidation of NADPH [the 

cofactor in the GR-catalysed reduction of oxidized glutathione (GSSG)] by the decrease 

in absorbance at 340 nm. One GR unit was defined as the amount of enzyme that will 

oxidise 1 mmol of NADPH per minute at 25ºC. Minor modifications to the original 

enzymatic assays are described in Gil et al. (2014). 

 

2.7. Data analyses 

Individual data of each plant (n=5 for each combination of variety and 

treatment) for all the traits measured were subjected to a two factorial (variety and 

drought) analysis of variance (ANOVA) including the variety × treatment interaction 

effect. Both variety and drought effects were treated as fixed factors. The total sums of 

squares were partitioned in the sums of squares for variety, treatment, variety × 

treatment, and residual effects. Significance of each effect was obtained from the F-

value in the ANOVA. Significance of differences among combinations of variety and 

treatment were evaluated using the Student-Newman-Keuls multiple range test at 

P<0.05. Pairwise phenotypic linear (Pearson) correlations among traits for individual 

plant data were calculated. In addition, environmental correlations (i.e., those in which 

the effects of variety, treatment, and the variety × treatment interaction have been 

removed) were calculated from the residual effects (Jackson, 1994). The signification of 

the calculated phenotypic and environmental correlations was evaluated with the 

Bonferroni test, which provides a strong control of the familywise error rate resulting 

from multiple pairwise correlations (Hochberg, 1988), at a significance level of P<0.05. 

A principal components analysis (PCA) was performed using standardised data for the 

traits evaluated. 

 

3. Results 

 

3.1. Substrate moisture analysis 

At the start of the experiment, the substrate moisture of the control and the water 

stress treatment were similar, with non-significant differences and values above 70%. In 

the control treatment, the moisture content dropped quickly during the two days that 
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elapsed between waterings, with values ranging between 38% and 50%, indicating a 

high rate of water extraction by the plants. However, after watering the substrate 

moisture recovered, reaching values similar to those of the initial moisture content. For 

the water deficit treatment, the drop in substrate moisture content was similar to that of 

the control for the first two days. After that, a gradual reduction with time in the 

decreases of moisture content was observed, which obviously increased the difficulty of 

the plants to absorb water. In this way, the moisture content in the substrate of the 

drought treatment at the end of the experiment was only of 4.1% (Figure 1).  

 

3.2. Analysis of variance 

Significant differences (P<0.05) were detected in the ANOVA among varieties 

for 12 out of the 18 traits (Table 1). Traits for which no differences were observed were 

stem length increase, stem fresh weight (stem FW), stem water content (stem WC), 

malondialdehyde content, and catalase activity. For the comparison between the control 

and the water stress treatments, highly significant differences (P<0.001) were found for 

all traits, except for the activity of the enzymes superoxide dismutase, ascorbate 

peroxidase and glutathione reductase for which no significant differences were observed 

(Table 1). Eleven interactions between variety and treatment were significant and 

involved the three traits related to fresh weight (root FW, stem FW, and leaf FW), the 

root and stem WC, total carotenoids, proline, malondialdehyde and antioxidants 

contents, and the glutathione reductase activity. The percentage of sums of squares of 

variety ranged between 0.0% for stem FW and 75.4% for superoxide dismutase activity 

(Table 1). However, its values were very low (below 2%) for all growth parameters 

(except root FW), tissue water content, proline and malondialdehyde, and low (below 

10%) for root FW and catalase activity. For the three photosynthetic pigments, and total 

phenolics the contribution of variety to the total sums of squares was moderate (between 

14.6% and 33.0%), while for total flavonoids, superoxide dismutase, ascorbate 

peroxidase, and glutathione reductase, the variety effect was the greatest contributor to 

the total sums of squares, and for the three latter traits it had values above 50% (Table 

1). The water stress treatment effect was by far the greatest contributor to the total sums 

of squares for the rest (14) of traits, and in these cases, the value was always above 50% 

and reached over 75% and 95% for 12 and 7 of them, respectively. Traits for which the 

contribution of the water stress treatment to sums of squares was particularly high (over 

75%) included all growth and tissue water content traits, as well as chlorophylls content, 
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proline content, and catalase activity (Table 1). The interaction variety × treatment had a 

low to moderate contribution to the total sums of squares for most traits, and only for 

five traits (carotenoids, malondialdehyde content, and superoxide dismutase, ascorbate 

peroxidase, and glutathione reductase activities) had values above 10%, reaching a 

maximum of 23.1% for ascorbate peroxidase. The residual effect was very low for 

growth traits, tissues water content, photosynthetic pigments, osmolytes and 

antioxidants, with contributions to the total sums of squares always below 2.2% (Table 

1). For the four enzymatic activities, the contribution of the residuals to the total sums 

of squares was somewhat higher (between 2.8% for glutathione reductase and 10.5% for 

ascorbate peroxidase). In any case, the residual effect was never the first or even second 

contributor to the sums of squares of the four effects studied.  

 

3.3. Growth and tissue water content parameters 

Lack of watering for 11 days induced severe water deficit stress symptoms in the 

four varieties tested. Stem length elongation (Figure 2) was calculated as the difference 

between the length of stem at the end and at the beginning of the treatments, and a 

notable difference between plants from control and WS treatments was noticed, despite 

the brief period of time the treatments were applied. No differences were observed 

among varieties for the increase in length within each of the treatments. In this way, in 

the control plants stem length elongation varied between 7.0 and 9.4 cm, whereas in the 

water stress treatment a variation between 1.0 and 3.3 cm was measured.  

The water stress treatment had a strong effect on the fresh weight of roots, stems 

and leaves, with a considerable stress-induced reduction in FW in all varieties for the 

three traits, although it was lower for the stem FW than for the leaf FW or root FW 

(Figure 3). Significant differences among varieties were also found in the control plants 

for growth parameters. In this way, variety MEL4 had a higher root weight than the 

other three varieties, whereas MEL3 and MEL6 showed higher stem and leaf fresh 

weights. However, no differences in FW were observed among varieties subjected to 

water stress for any of the three FW traits measured (Figure 3). This different pattern for 

the FW traits in the control and stress treatments reveals that some differences existed 

among varieties for the percentage of reduction of FW in stressed plants as compared to 

the corresponding controls. For example, for root FW the reduction was of 84.6% for 

variety MEL4, but only 69.7% for MEL5 (Figure 3).   
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The period of water deficit applied (11 days) was long enough to induce a 

significant dehydration in all genotypes, in particular for roots and stems, where WC 

percentage was reduced to almost half in the four cultivars (Figure 3). For the stem, the 

reduction in WC percentage was smaller, being of only 23.7% for MEL4. The only 

significant differences among varieties for the three traits in the control treatment were 

observed for root water content between MEL4 and MEL5, with the former showing a 

significantly higher value (88.2%) than the latter (80.5%). For the stress treatment, 

variety MEL6 had a higher root WC (45.2%) than MEL5 (38.9%), variety MEL4 had a 

higher stem WC (59.1%) than the other three (<50%), while varieties MEL4 and MEL6 

had higher leaf WC (>50%) than MEL3 and MEL5 (<45%) (Figure 3).  

Although there were some variations among the responses of varieties 

depending the growth or water content parameter analysed, none of them, nor their 

combination, allowed a clear ranking of cultivars in terms of tolerance, with water stress 

affecting in a similar manner the four selected cultivars.  

 

3.4. Biochemical analyses 

Water deficit stress induced a significant reduction in photosynthetic pigments 

levels (chlorophyll a, chlorophyll b and carotenoids), with the exception of the cultivar 

MEL3, and also carotenoids in MEL4 (Figure 4). The strongest reduction of all 

pigments was noticed in MEL5 (6-fold in chlorophylls a and b, and twofold in 

carotenoids). Some differences among varieties were observed in the pigments contents 

of control plants, with MEL6 having significantly higher contents in chlorophyll a and 

carotenoids than the other three varieties. Also, some varietal differences were observed 

in stressed plants: MEL5 had significantly lower contents of the three photosynthetic 

pigments than MEL3 and MEL6 , whereas MEL4 also had chlorophyll a levels 

significantly lower than those of MEL3 and MEL6 (Figure 4).  

Proline concentration increased dramatically as a consequence of water stress. 

Leaf proline levels were above 200 µmol·g-1 in the stressed plants, while they were 

always below 15 µmol·g-1 in the controls (Figure 5). No significant differences among 

varieties were observed in the controls, whereas in the stress treatment varieties MEL3 

and MEL4 showed significantly higher proline concentrations (322.6 and 310.6 µmol·g-

1, respectively) than those of MEL5 and MEL 6 (225.2 and 218.8 µmol·g-1, 

respectively) (Figure 5).  
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Malondialdehyde also increased significantly as a consequence of water stress in 

MEL3 and MEL4, but not in MEL5 and MEL6. No significant differences among 

varieties were found in the malondialdehyde contents  of control, non-stressed plants; 

however, under water stress conditions, values in MEL3 and MEL4 were significantly 

higher than those of MEL5, while  the malondialdehyde concentrations measured in 

MEL4 plants were also significantly higher than those of MEL6 (Figure 5).  

A similar pattern of variation was also observed for total phenolics and total 

flavonoid contents (Figure 5), which significantly increased under stress in MEL3 and 

MEL4, but not in MEL5 and MEL6. However, in these cases some differences existed 

among varieties in the control treatment, with significantly higher values of total 

phenolics of MEL4 compared to the rest of varieties, and also a significantly higher 

content in total flavonoids in MEL3 and MEL4 compared to MEL5. Also, under the 

drought stress treatment, values of total phenolics and total flavonoids of MEL3 and 

MEL4 were significantly higher than those of MEL5 and MEL6 (Figure 5). 

Regarding enzyme activities, significant differences between the control and the 

water stress treatments for each cultivar, or among cultivars for stressed or non-stressed 

plants, were observed only in a few specific cases (Figure 6). Superoxide dismutase 

(SOD) activities did not change significantly in response to water stress, in any of the 

four selected eggplant varieties; however,  higher levels were measured in MEL5 than 

in MEL3 and MEL6 in the controls, and the specific activity of this enzyme was also 

higher in MEL4 than in MEL6 under water stress conditions (Figure 6a). On the 

contrary, mean catalase (CAT) activities increased in all four varieties when the plants 

were subjected to water deficit, although the differences with the corresponding controls 

were only significant for MEL4 and MEL6; in this case, no significant differences were 

observed among different varieties, neither in the control treatment nor under stress 

conditions (Figure 6). Ascorbate peroxidase (APX) activities varied widely in the 

different plant samples, but the statistical analysis of the data revealed significant 

differences among varieties only when comparing water-stressed plants of MEL3 and 

MEL4, but not in the control treatments; moreover, water stress did not induce 

significant changes of APX activity in any of the varieties (Figure 6). Finally, the 

glutathione reductase (GR) specific activity of MEL3 was significantly higher than that 

of MEL6 under control conditions, and also higher than in stressed MEL3 plants; no 

other significant differences were detected when comparing all samples with each other 

(Figure 6). 
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3.5. Correlation analysis 

A total of 59 phenotypic correlations among individual plant data were 

significant according to the Bonferroni test at a significance level of P<0.05 (Table 2). 

A group of traits formed by growth, tissue water content, and photosynthetic pigments 

generally presented significant positive phenotypic correlations among them, with a few 

exceptions, such as stem length increase with the three photosynthetic pigments, 

carotenoids content with root FW, stem FW, and leaf WC (Table 2). Also, this group of 

traits generally displayed significant negative phenotypic correlations with proline and 

malondialdehyde contents (which in turn were significantly positively correlated at the 

phenotypic level), with the exception of proline with carotenoids content and 

malondialdehyde with the three photosynthetic pigments. In particular, very high 

negative values, always below -0.76, have been found for the correlations among 

proline and all growth and tissue water content parameters (Table 2). For 

malondialdehyde significant negative values, although not as high as those of proline, 

have also been found with all growth and tissue water content parameters. Significant 

positive phenotypic correlations were also detected for total phenolics content with 

proline, malondialdehyde, and total flavonoids (Table 2). However, no significant 

correlations with any other traits were detected for the activity of any of the four 

enzymes (Table 2). 

 Only eight significant environmental correlations were detected according to the 

Bonferroni test at P<0.05, including those of leaf WC with root WC, stem WC and 

chlorophyll a. Also, the three pigments displayed a significant positive environmental 

correlation with each other (Table 2). Finally, total phenolics and total flavonoids also 

showed a significant positive environmental correlation. These eight traits for which 

environmental correlations were significant (positive) were also significant (and 

positive) in the case phenotypic correlations (Table 2). 

 

3.6. Principal components 

The first and second components of the PCA analysis accounted, respectively, 

for 53.72 % and 11.57% of the total variation among individual plants (Figure 7). The 

loading plot of the PCA shows that the first principal component was positively 

correlated with all growth and tissue water content traits, as well as with photosynthetic 

pigments, and negatively with proline, malondialdehyde and the antioxidant compounds 
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(particularly with proline and malondialdehyde contents) as well as with CAT activity. 

The second component was positively correlated with the photosynthetic pigments, 

proline, malondialdehyde and antioxidants (in particular with total phenolics and total 

flavonoids), and with APX and CAT activities (Figure 7).  

 The projection of the five individual plants of each combination of variety and 

treatment in the PCA score plot shows a clear separation along the first component 

between the plants from the control and water stress treatments, which have positive 

and negative values, respectively, for the first component (Figure 7). The second 

component separates the individuals according to variety, although this separation is 

clearer for the stressed plants. In this way, while in the water stress treatment the four 

varieties cluster in different areas of the graph, with a limited overlap between varieties 

MEL3 and MEL4, in the control treatment the areas of distribution of the individuals in 

the PCA score plot are less dispersed and the areas of distribution of each variety are 

overlapped, with the exception of varieties MEL5 and MEL6, individuals of the 

different varieties display a greater degree of admixture. Interestingly, the distribution 

of individuals of each variety in the control and water stress treatments have some 

similitudes (Figure 7). For example, MEL5 always has negative values for the second 

component and is the variety with lowest average values for this second component. 

Similarly, variety MEL6 has the highest average value for the first component for both 

treatments, and varieties MEL3 and MEL4 are those having a higher degree of overlap 

under both conditions (Figure 7).  

The PCA loading plot (Figure 6) is in agreement with the phenotypic correlation 

values obtained (Table 2). In this way, all growth and tissue moisture traits cluster 

together with high values for the correlation with the first component and low absolute 

values for the correlation with the second component. A similar situation occurs for the 

three photosynthetic pigments, which cluster together with high values for the 

correlations with both the first and second components (Figure 6). Total phenolics and 

total flavonoids also cluster in the same area of the loading plot, with high values for the 

correlation with the second principal component and moderately negative with the first 

principal component.  

 

Discussion 
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Although eggplant is considered as tolerant to mild water stress (Sarker et al., 

2004; Díaz-Pérez and Eaton, 2015), and even among the most resilient crops to drought 

by some authors (Behboudian, 1977), the results obtained indicated that the complete 

absence of irrigation strongly affects the four cultivars of eggplants selected for the 

present study. Similar results were obtained by Sarker et al. (2005) when completely 

withholding watering in eggplant plants. In our case, after eleven days, when wilting of 

plants was intense and water content of the tissues revealed extreme dehydration 

(Rabara et al., 2015), the treatments were stopped. This brief period of lack of irrigation 

had a strong effect on most of the traits measured, generally higher than that of the 

cultivar effect, indicating that the drought stress applied was severe. In this respect, the 

fact that the contribution of the residual effect to the sums of squares was generally low 

indicates that the influence of uncontrolled environmental influences in our experiment 

was small, allowing a maximization of the statistical power of the experiment (Lovell, 

2013).   

Similar results to those obtained by us regarding a strong effect on growth and 

tissue water content parameters have also been reported by Gobu et al. (2017) after 

exposing eggplant plants to 15 days of water stress during vegetative growth. Although 

in our experiment some variations of growth parameters could be detected among 

cultivars, establishing a clear rank of drought tolerance of the four cultivars was not 

possible. A similar result was obtained by Tani et al. (2018) when comparing two 

eggplant varieties subjected simultaneously to drought stress and Verticillium dahliae 

infection. 

  Decreases in chlorophyll content, such as those observed by us, due to drought 

have been reported in many crops (Kiani et al., 2008; Batra et al., 2014; Dbira et al., 

2018), ornamental plants (Cicevan et al., 2016), and woody species (Schiop et al., 2017; 

Kebbas et al., 2018). This decrease appears to be due to a combined effect of 

chloroplasts alteration, inhibition of enzymes such as Rubisco and PEP carboxylase, 

associated with chlorophyll biosynthesis and activation of chlorophyllase, involved in 

chlorophyll degradation (Flexas and Medrano, 2002; Munné-Bosch and Alegre, 2004). 

In the present experimental conditions, chlorophylls a and b levels were lower in all 

water stressed plants, as it has been reported in other cultivars of eggplant (Mibei et al., 

2017a, Gobu et al., 2017). Chlorophyll content variation under drought has been 

proposed as a suitable stress marker in different eggplant materials allowing the ranking 

of the analysed genotypes in combination with other morphological and physiological 
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parameters (Gobu et al., 2017; Sseremba et al., 2018). Of the four cultivars analysed 

here, the reduction in chlorophyll a and b levels was greater in MEL5, whereas it was 

much smaller in MEL3 and MEL6 plants.  

Besides the main function of carotenoids in plants as accessory photosynthetic 

pigments and precursors of plant hormones, they also protect chlorophylls from 

destructive photooxidation, having pronounced radical scavenging and singlet oxygen 

quenching abilities (Edge and Truscott, 2018; Sun et al., 2018). Carotenoid 

concentrations were lower in the stressed plants than in their respective controls, but 

these differences followed the same pattern as the chlorophylls. This finding is in 

agreement with a carotenoid profiling in the African eggplant S. aethiopicum by Mibei 

et al. (2017a), who registered a drought-induced decrease of all quantified carotenoids, 

with the exception of zeaxanthin, and suggested that carotenoids are very susceptible to 

oxidative destruction in this species.  

Besides the essential role of osmolytes in maintaining water absorption and 

turgor in the leaves, they also protect the cell membrane, stabilise enzymes, and have a 

protective role against oxidative stress (Ashraf and Foolad 2007; Sanders and Arndt, 

2012), and generally their accumulation does not interfere with the normal cell 

metabolism (Singh et al., 2015). Osmolites include a large diversity of chemical 

compounds: amino acids (such as proline), sugars, sugar alcohols, and quaternary 

ammonium compounds. In this respect, proline is one of the most typical compatible 

solutes in plants (Verbruggen and Hermans, 2008, Szabados and Savouré, 2010) and it 

has been reported to significantly increase in many plant species, including Solanum 

melongena, under environmental stresses such as drought (Sarker et al. 2005, Tani et al. 

2018), high salinity (Hassen and Al- Zubaidi, 2018; Shishira et al., 2016), or K stress 

(Marques et al., 2011). In all cultivars analysed in this work, proline concentration was 

enhanced under stress, but the increase was more pronounced in cultivars MEL3 and 

MEL4, whereas the lowest increment was detected in MEL5, which was the cultivar 

that had the highest degradation of chlorophylls and carotenoids. The increase in proline 

concentrations in our study was much higher than that obtained by Tani et al. (2018) in 

response to drought, although the drought stress treatment used by these authors was 

mild (25% of field capacity) compared to ours, in which irrigation was completely 

withhold. However, the proline increases observed by us and concentrations in severely 

stressed eggplant plants in which irrigation was completely arrested is similar to the 

results obtained by us. Interestingly, the cultivar MEL3, which accumulated the highest 

https://link.springer.com/chapter/10.1007/978-3-642-32653-0_8#CR7
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proline concentration in water-stressed plants, showed the smallest relative reduction of 

photosynthetic pigments. Therefore, our results suggest that a higher concentration of 

proline might be related with a better adjustment to drought in S. melongena. This 

suggestion is supported by the results of Sarker et al. (2004), who also highlighted the 

essential role of proline in osmotic adjustment in one eggplant cultivar (‘Baladi’), 

correlating increased levels of this osmolyte with the maintenance of photosynthetic 

activity under their experimental drought conditions. In addition, the high negative 

correlations betwee proline and all the growth and tissue water content parameters 

suggest not only a likely association of proline with tolerance to drought in eggplant, 

but also indicate that it could be used as a marker for drought stress tolerance in this 

species.  

Malondialdehyde is a reactive aldehyde generated by increased free-radical 

production, which induces oxidation of membrane lipids, and is used as a suitable 

biomarker of cellular oxidative stress (Del Rio et al., 2005). Of the four cultivars, a 

significant increase of malondialdehyde in water-stressed plants was detected only in 

two cultivars (MEL3 and MEL4), but reached levels less than double than in the 

controls, indicating the activation of efficient antioxidant mechanisms. Although 

malondialdehyde is negatively correlated with all growth and tissue water content 

parameters, in absolute values, the correlation values are lower than those of proline, 

suggesting that it does not have a prominent role in the response and/or tolerance to 

stress in eggplant. Phenolics, especially flavonoids, are strong antioxidants in eggplant, 

which is included in the category of functional food, and has been ranked in the top 10 

among 120 vegetables regarding antioxidant activity (Okmen et al., 2009; Hanson et al., 

2006; Peng et al., 2016). In this respect, there is a wide variation of total phenolic acid 

content in eggplant fruits (Prohens et al., 2013). Flavonoids isolated from S. melongena 

fruits showed a potent free radical scavenging activity (Nisha et al., 2009). . In the four 

cultivars analysed here, leaf phenolic and flavonoid levels were similar in control plants, 

but the differences were enhanced under stress, with a pattern of variation similar to that 

of malondialdehyde. According to Fini et al. (2011), antioxidant phenolics and 

flavonoids belong to the secondary ROS scavenging systems that are activated only 

when the activity of the antioxidant enzymes decline under severe stress.  

Of the four enzymes evaluated, CAT was the only one showing a clear increase 

in its specific activity in all cultivars (except MEL5) submitted to water stress. CAT acts 

after SOD, decomposing the generated H2O2 into H2O and O2, and is induced by 
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accumulation of its substrate (Anjum et al., 2016; Wang et al., 2018). For the other three 

antioxidant enzymes tested, in general we did not detect a significant increase in activity 

in response to water stress, suggesting that their involvement in drought tolerance in 

eggplant is limited.  

Our comparison of water-stressed vs. control plants by PCA analysis revealed, as 

in other Solanaceae plants (Rabara et al., 2015), a clear impact of the water stress 

treatment on the physiological and biochemical responses of eggplant to drought, as 

well as high correlations among morphological growth traits, and among the three 

photosynthetic pigments. Similarly, since flavonoids constitute the most numerous and 

complex subgroup of phenolic compounds (Williams and Grayer, 2004), total 

flavonoids and total phenolics were highly correlated. The fact that the separation in the 

PCA plot among varieties is much clearer under water stress than in the controls 

suggests that different mechanisms of response to the water stress exist in different 

cultivars (Obidiegwu et al., 2015; Zandalinas et al., 2018). These differences might be 

exploited for breeding more drought tolerant varieties of eggplant (Rauf et al., 2016).  

In conclusion, although the four cultivars used displayed genetic differences 

(Acquadro et al., 2017) and were morphologically very different (Kaushik et al., 2016), 

the growth parameters analysed did not allow a clear ranking of tolerance to drought in 

the four eggplant genotypes analysed, as they all responded in a similar manner. Also, 

in the four cultivars the concentrations of the putative biochemical stress markers 

measured was similar in the control plants, whereas some differences were registered in 

the water-stressed plants. Overall, our results of correlations with growth and tissue 

water content parameters indicate that proline is involved in the response, and likely 

tolerance, to drought stress in eggplant. MEL3 and MEL4 responded in a similar 

manner, and differing from MEL5 and MEL6, with MEL3 and MEL4 having smaller 

reduction of carotenoids (and in MEL3 also of chlorophylls a and b), higher levels of 

proline, malondialdehyde, phenolics and flavonoids, and activation of SOD, CAT and 

APX enzymatic activities. These differences in the response to drought in otherwise 

similarly tolerant cultivars suggest that there is variability within the crop in the 

mechanisms of response and tolerance to drought that might be exploited for breeding. 

Our results provide relevant information about the physiological and biochemical 

responses of eggplant to drought stress. We suggest the evaluation of larger panels of 

eggplant genotypes and of eggplant wild relatives growing in dry habitats in order to 
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identify materials of interest for breeding, as well as tolerant and susceptible cultivars 

that may be used as controls in this crop.   
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Table 1. Percentage of the total sums of squares for each trait for the effects of variety, 

treatment, interaction between variety and treatment, and residual. 

 
Sums of squaresa 

Traits Variety Treatment Variety x Treatment Residual 

d.f.b 3 1 3 32 

Growth 

Stem Length Increase 1.5ns 96.6*** 1.2ns 0.7 

Root FW 6.4*** 87.9*** 5.5*** 0.2 

Stem FW  0.0ns 98.5*** 1.3** 0.2 

Leaf FW  0.7** 98.5*** 0.7** 0.1 

Tissues water content 

Root WC 0.3* 99.4*** 0.3* 0.1 

Stem WC 0.5ns 97.7*** 1.6** 0.3 

Leaf WC 1.9** 96.8*** 1.1ns 0.3 

Photosynthetic pigments 

Chlorophyll a 14.6*** 81.7*** 2.5ns 1.2 

Chlorophyll b 16.7*** 77.4*** 3.8ns 2.1 

Carotenoids 23.6*** 63.1*** 11.1** 2.2 

Proline, malondialdehyde and antioxidants 

Proline 1.2** 97.6*** 1.0** 0.2 

Malondialdehyde 1.2ns 84.2*** 12.9*** 1.7 

Total phenolics 33.0*** 59.8*** 6.3** 1.0 

Total flavonoids 47.1*** 45.5*** 5.7* 1.8 

Enzymatic activity 

SOD 75.4*** 3.3ns 14.6ns 6.7 

CAT 9.4ns 77.6*** 8.4ns 4.5 

APX 53.4** 13.0ns 23.1ns 10.5 

GR 68.1*** 10.0ns 19.0** 2.8 
a ns, *, **, and *** indicate, respectively, non-significant, and significant at P<0.05, <0.01, 

or <0.001. 
bDegrees of freedom in the ANOVA analyses.



29 
 

Table 2. Phenotypic (above diagonal) and environmental (below diagonal) correlations among the morphological, physiological and biochemical 

traits measured in the 40 eggplant individuals corresponding to four varieties (MEL3-MEL6) subjected to two treatments (control and water 

stress). Values in bold are significant according to the Bonferroni test at P<0.05. The correlations involving the four enzyme activities (SOD, 

CAT, APX, GR) are not displayed as none of the correlations of any of these enzymes was significant according to the Bonferroni test. 

 

Stem 
Length 

Increase Root FW Stem FW Leaf FW 
Root 
WC 

Stem 
WC Leaf WC 

Chlorophyll 
a 

Chlorophyll 
b Carotenoids Proline Malondialdehyde 

Total 
phenolics 

Total 
flavonoids 

Stem Length Increase  0.6605 0.8207 0.8236 0.8130 0.8364 0.8207 0.5164 0.4771 0.3976 -0.8070 -0.5434 -0.4282 -0.3227 
Root FW -0.2626  0.7272 0.7707 0.8582 0.7286 0.7732 0.5935 0.5812 0.2850 -0.7620 -0.6562 -0.2558 -0.1376 
Stem FW -0.1768 0.0016  0.9363 0.9205 0.9194 0.8848 0.6283 0.5661 0.4911 -0.8875 -0.6362 -0.4833 -0.3316 
Leaf FW 0.0415 0.2749 -0.1054  0.9502 0.9325 0.9046 0.7487 0.6600 0.6092 -0.9008 -0.6670 -0.5136 -0.3110 
Root WC -0.2649 0.2568 0.1128 0.1801  0.9272 0.9245 0.7535 0.6915 0.5380 -0.9193 -0.6761 -0.4892 -0.3295 
Stem WC 0.0214 -0.0705 -0.0212 0.1775 0.4828  0.9672 0.7326 0.6632 0.5920 -0.8507 -0.5895 -0.4177 -0.2889 
Leaf WC -0.0181 0.0371 -0.0028 0.2765 0.6340 0.8076  0.7274 0.6693 0.5373 -0.8456 -0.5932 -0.4174 -0.3140 
Chlorophyll a 0.0898 0.2746 -0.1334 0.4481 0.3980 0.5160 0.6021  0.9547 0.8513 -0.6276 -0.4387 -0.3113 -0.1315 
Chlorophyll b 0.1865 0.2253 0.0241 0.2893 0.3781 0.5029 0.6094 0.8974  0.7528 -0.5418 -0.3769 -0.1804 -0.0250 
Carotenoids 0.1392 0.2146 -0.2874 0.3783 0.1672 0.3007 0.3456 0.7620 0.6103  -0.4488 -0.1953 -0.3360 -0.2008 
Proline -0.0331 0.0455 -0.0984 -0.0481 0.0716 0.0431 0.1499 0.0981 0.0629 0.1754  0.7181 0.6069 0.4228 
Malondialdehyde -0.0363 -0.0904 -0.0601 0.0898 0.1227 -0.0958 -0.0115 0.0434 0.0719 0.2283 -0.1143  0.6518 0.4898 
Total phenolics 0.1362 -0.0144 0.1806 0.0374 0.0790 0.1440 0.1761 -0.0423 0.0376 -0.1808 0.2504 -0.1727  0.8699 
Total flavonoids 0.1688 -0.0004 0.1846 0.3261 0.0187 0.2293 0.2505 0.1184 0.0750 -0.0138 0.1669 -0.1639 0.6841  
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Figure 1. Pot substrate moisture (%) for the control (black columns) and water stress 

(white columns) treatments in four eggplant varieties (MEL3-MEL6) after 11 days of 

treatment. Bars represent the SE (n=5). Means for the combination of treatment and 

variety separated by different letters are significant (P<0.05) according to the Student-

Newman-Keuls multiple range test. 
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Figure 2. Stem length increase for the control (black columns) and water stress (white 

columns) treatments in four eggplant varieties (MEL3-MEL6) after 11 days of 

treatment. Bars represent the SE (n=5). Means for the combination of treatment and 

variety separated by different letters are significant (P<0.05) according to the Student-

Newman-Keuls multiple range test. 
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 Figure 3. Fresh weight and water content of the root (a, b), stem (c, d) and leaf (e,f) for 

the control (black columns) and water stress (white columns) treatments in four 

eggplant varieties (MEL3-MEL6) after 11 days of treatment. Bars represent the SE 

(n=5). For each trait, means for the combination of treatment and variety separated by 

different letters are significant (P<0.05) according to the Student-Newman-Keuls 

multiple range test. 
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Figure 4. Chlorophylls a (a) and b (b), total carotenoids (c) for the control (black 

columns) and water stress (white columns) treatments in four eggplant varieties (MEL3-

MEL6) after 11 days of treatment. Bars represent the SE (n=5). For each trait, means for 

the combination of treatment and variety separated by different letters are significant 

(P<0.05) according to the Student-Newman-Keuls multiple range test. 

  

b b
b

c

b

a

a

b

0

1

2

3

4

5

MEL3 MEL4 MEL5 MEL6Ch
lo

ro
ph

yl
l a

 (m
g 

g-1
D

W
)

a

c
c

bc

c

bc

ab

a

bc

0

0,5

1

1,5

2

MEL3 MEL4 MEL5 MEL6Ch
lo

ro
ph

yl
l b

 (m
g 

g-1
D

W
)

b

b
ab

b

c

b
ab

a

b

0

0,2

0,4

0,6

0,8

1

MEL3 MEL4 MEL5 MEL6Ca
ro

te
no

id
s (

m
g 

g-1
 D

W
)

c



34 
 

 
Figure 5. Proline (Pro; a), malondialdehyde (MDA; b), total phenolics (TPC; c), and 

total flavonoids (TF; d) contents, for the control (black columns) and water stress (white 

columns) treatments in four eggplant varieties (MEL3-MEL6) after 11 days of 

treatment. Bars represent the SE (n=5). For each trait, means for the combination of 

treatment and variety separated by different letters are significant (P<0.05) according to 

the Student-Newman-Keuls multiple range test. 
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Figure 6. Superoxide dismutase (SOD; a), catalase (CAT; b), ascorbate peroxidase 

(APX; c), and glutathione reductase (GR; d) enzyme activities for the control (black 

columns) and water stress (white columns) treatments in four eggplant varieties (MEL3-

MEL6) after 11 days of treatment. Bars represent the SE (n=5). For each trait, means for 

the combination of treatment and variety separated by different letters are significant 

(P<0.05) according to the Student-Newman-Keuls multiple range test. 
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Figure 7. Diagram showing the relationships among the 18 morphological, 

physiological and biochemical traits (above; a) and among the 40 eggplant individuals 

from four varieties (MEL3-MEL6) subjected to two treatments (control vs. water stress) 

(below; b) based on the two first principal components of a principal components 

analysis (PCA). The first and second principal components account, respectively for 

53.72% and 11.57% of the total variation. The four varieties are represented in the 

accessions plot (below; b) by different symbols: triangle for MEL3, diamond for MEL4, 
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circle for MEL5, and square for MEL6. Solid and open symbols represent, respectively, 

the control and water stress treatments. 


