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Abstract
Background The generation of new eggplant (Solanum melongena L.) cultivars with drought tolerance is a main 
challenge in the current context of climate change. In this study, the eight parents (seven of S. melongena and one 
of the wild relative S. incanum L.) of the first eggplant MAGIC (Multiparent Advanced Generation Intercrossing) 
population, together with four F1 hybrids amongst them, five S5 MAGIC recombinant inbred lines selected for their 
genetic diversity, and one commercial hybrid were evaluated in young plant stage under water stress conditions 
(30% field capacity; FC) and control conditions (100% FC). After a 21-day treatment period, growth and biomass traits, 
photosynthetic pigments, oxidative stress markers, antioxidant compounds, and proline content were evaluated.

Results Significant effects (p < 0.05) were observed for genotype, water treatments and their interaction in most of 
the traits analyzed. The eight MAGIC population parental genotypes displayed a wide variation in their responses to 
water stress, with some of them exhibiting enhanced root development and reduced foliar biomass. The commercial 
hybrid had greater aerial growth compared to root growth. The four F1 hybrids among MAGIC parents differed in their 
performance, with some having significant positive or negative heterosis in several traits. The subset of five MAGIC 
lines displayed a wide diversity in their response to water stress.

Conclusion The results show that a large diversity for tolerance to drought is available among the eggplant MAGIC 
materials, which can contribute to developing drought-tolerant eggplant cultivars.

Keywords Eggplant, Water stress, Breeding, Hybrids, MAGIC population, Oxidative stress

Growth and antioxidant responses to water 
stress in eggplant MAGIC population parents, 
F1 hybrids and a subset of recombinant inbred 
lines
Martín Flores-Saavedra1*, Mariola Plazas1, Pietro Gramazio1, Oscar Vicente1, Santiago Vilanova1 and Jaime Prohens1

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-024-05235-w&domain=pdf&date_stamp=2024-6-13


Page 2 of 18Flores-Saavedra et al. BMC Plant Biology          (2024) 24:560 

Introduction
Amongst the abiotic factors that adversely affect crops, 
water stress stands out as a significant and persistent 
challenge in many areas, leading to significant reductions 
in agricultural productivity [1–3]. Despite advances in 
agricultural techniques, the detrimental effects of water 
stress have been partially mitigated by improvements in 
irrigation systems and efficient management practices 
[4, 5]. Nevertheless, changes in precipitation patterns 
observed in recent decades continue to reduce water 
availability, and more than two-thirds of the world’s 
population is expected to face water scarcity in the near 
future [6]. Given this predicament, there is an urgent 
need to identify and breed genotypes capable of sustain-
ing optimal growth under deficit irrigation conditions [7].

Horticultural crops with high irrigation requirements 
[8] are particularly vulnerable to reduced precipitation, 
a scenario exacerbated by climate change [9]. In this 
context, eggplant (Solanum melongena L.) is emerging 
among vegetables as a promising candidate for cultiva-
tion under water-stressed conditions [10, 11]. A remark-
able drought tolerance response has been observed in 
this species at the biochemical level, involving increased 
phenolic compounds and flavonoids to alleviate oxida-
tive stress induced by water deficit [12]. It has also been 
observed that eggplant genotypes with rapid growth and 
extensive root development perform better under water 
stress [13]. On the other hand, introgression of genomic 
regions from the wild parent S. incanum into eggplant 
has led to improvements in water content, water use effi-
ciency and chlorophyll content, improving tolerance to 
water stress [14].

The use of hybrid varieties has led to significant 
advances in agriculture, with the potential to increase 
production and resilience to biotic and abiotic stresses 
[15]. In eggplant, promising responses under water stress 
conditions have been identified through hybridization, 
with interspecific hybrids of S. melongena × S. incanum 
and S. melongena × S. insanum showing superior growth 
under limited water supply compared to their parents 
[16]. In addition, Multiparent Advanced Generation 
Intercrossing (MAGIC) populations are increasingly rec-
ognised as a powerful tool for plant breeding, facilitating 
the identification of genomic regions and the selection of 
recombinant lines with desired traits [17]. These popula-
tions have proven effective in locating quantitative trait 
loci (QTLs) and selecting water stress-tolerant materials 
in several crops, including maize [18], beans [19], and 
chickpeas [20]. In the case of eggplant, the first MAGIC 
population, which includes an accession of the drought-
tolerant S. incanum amongst its eight parents [21], prom-
ises to be a valuable resource for improving water deficit 
tolerance in this crop.

The objective of this study is to investigate the variation 
in water stress tolerance and related traits amongst the 
eight parents and their four F1 hybrids used to develop 
the MAGIC population, as well as amongst a subset of 
genetically diverse MAGIC recombinant inbred lines 
under control and water stress treatments. The aim is to 
identify materials with contrasting performance under 
water stress and to assess the potential of the MAGIC 
population for breeding for increased tolerance to water 
stress.

Materials and methods
Plant material
A total of 18 genotypes were included in the present 
study. The plant materials included the eight parents 
from a multi-parent advanced generation intercross 
(MAGIC), seven of which were from Solanum melon-
gena (accessions MM1597 (A), DH ECAVI (B), AN-S-26 
(D), H15 (E), A0416 (F), IVIA-371 (G), ASI-S-1 (H)) and 
one from the wild relative S. incanum (accession MM577 
(C)) [19], as well as four F1 hybrids amongst the eight 
parents (A × B, C × D, E × F and G × H) and a subset of 
five genetically distant MAGIC lines (M40, M45, M194, 
M204, M262). The five lines were selected from a total of 
420 using a neighbour-joining tree based on genotypes 
[21] and selecting one line from each of the five main 
branches. The commercial F1 hybrid Petra (Semillas Fitó, 
Barcelona, Spain) was included to assess the response to 
drought of the MAGIC materials compared to a widely 
grown hybrid.

Growing conditions
The seeds of the 18 genotypes were germinated in petri 
dishes according to a published protocol [22]. After ger-
mination, the seeds were placed in seedling trays with 
growing substrate (Humin substrate N3, Klasmann-Deil-
mann, Germany) in a growth chamber. When the plants 
reached the stage of two developed leaves (46 days after 
sowing), they were transferred to a controlled tempera-
ture benched greenhouse (maximum 30ºC and minimum 
15ºC) and transplanted into 1.3  L pots with the same 
substrate as the seedlings and fertilised with 200  ml of 
Hoagland solution [23]. Fifteen homogeneous plants 
from each genotype, corresponding to five replicates for 
the baseline measurements at the start of the treatments, 
as well as for each of the control and water stress treat-
ments, were used. The pots were randomly distributed on 
the greenhouse benches.

The treatments consisted of watering the pots every 
two days to 100% (control) and 30% (water stress) of 
the substrate field capacity (FC). The level of irrigation 
required to induce water stress in plants was determined 
in a previous study (unpublished data). This was done 
using the gravimetric method [24] by weighing each pot 
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and watering it with the appropriate quantity of water to 
reach the target FC. To determine the weight of the pots 
at 100% and 30% FC, six pots were watered to saturation 
with a dry substrate content equivalent to 148 g. Subse-
quently, covering the top to prevent evaporation, they 
were left to drain for 48 h. The weight of the pot after this 
period was considered to be 100% FC. After subtracting 
the weight of the pot and the dry substrate, it was found 
that 100% FC was reached with 651 g of water, whereas 
for the water stress treatment, 195.3  g of water were 
required to reach 30% FC.

Three weeks after transplanting, before starting the 
treatment, a baseline assessment of growth and biomass 
was made on five plants of each genotype (67 days after 
sowing). The aim was to establish a baseline measure-
ment for treatment effects. After 21 days of treatment, 
growth characteristics and biochemical data were col-
lected on the plants subjected to the control and water 
stress treatments (Fig. 1).

Morphological evaluation, relative water content, and 
water use efficiency
At the start of the treatments (baseline plants) and after 
21 days (control and water stress treatments), the num-
ber of leaves, stem length, total fresh weight and fresh 
weight of each plant organ (leaf, stem and root) were 
determined. The roots of each plant, after cleaning and 
washing, were scanned and analysed using the RhizoVi-
sion Explorer software [25] to determine the area of the 
roots. Growth traits were analysed as the value of each 
plant under control or water-stressed conditions minus 
the average value of the baseline plants.

To measure the relative water content (RWC), a piece 
of about 1.5 × 1.5  cm was cut from the blade of the last 
fully expanded leaf and the fresh weight (FW) was taken, 
then it was hydrated in distilled water for 24 h to obtain 
the saturated weight (SW), and finally, it was placed in 
an oven at 75ºC for 72 h to obtain the dry weight (DW). 
From these data, the RWC was calculated as follows:

 
RWC =

FW −DW

SW −DW

The water use efficiency (WUE) was determined from 
the total fresh weight (Total FW) and the fresh weight 
measured in the plants before the start of the treatments 
(Baseline FW) divided by the irrigation applied during 
the 21 days of treatment for each plant:

 
WUE =

Total FW −Baseline FW

Irrigation (ml)

The day before the end of the experiment, after 20 days 
of treatment, the nitrogen balance index (NBI), which is 

a measure of the nitrogen status of the plant based on 
the ratio between chlorophyll and flavonoid content in 
plant leaves, was non-destructively measured using the 
Dualex® Scientific optical sensor (Force-A, Orsay, France) 
[26]. Data were collected from the adaxial and abaxial 
sides of two developed leaves from the top of the plant, 
and a mean was obtained for each experimental unit.

Biochemical analyses
Biochemical analyses were carried out using spectropho-
tometry on different extracts from fresh leaves collected 
at the end of the experiment. To avoid dilution effects of 
the compounds by leaf water status, concentrations were 
expressed in dry weight (unit in weight of compound / 
DW of the leaf ) by calculating the water content of a leaf 
sample from each plant.

To determine chlorophyll and carotenoid content in 
leaves, pigments were extracted from 0.1 g of leaf mate-
rial in 1 mL of 80% (w/v) acetone. The samples were kept 
in the dark and mixed for 16 h before being centrifuged 
at 13,000 × g for 14 min at 4 °C to collect the supernatant. 
Using a spectrophotometer, the absorbance was mea-
sured at 470, 646 and 663 nm. Finally, pigment concen-
trations were calculated using the equations proposed by 
Lichtenthaler & Wellburn [27].

 Chlorophyll a
(
µ gml−1

)
= (12.21A663 − 2.81A646)

 Chlorophyll b
(
µ gml−1

)
= (20.13A646 − 5.03A663)

 Carotenoid
(
µ g ml−1

)
= 1000A470−3.27[Chlorophyll a]−104[Chlorophyll b]

229

The hydrogen peroxide (H2O2) content was measured 
according to Loreto & Velikova [28]. Extraction was per-
formed on 0.1 g of leaf material with 1 mL of 0.1% (w/v) 
trichloroacetic acid (TCA) solution. The extracts were 
centrifuged at 13,000 × g for 12 min at 4 °C, and 0.5 mL 
of the supernatant was mixed with 0.5 mL of 10 mM 
trisaminomethane at pH 7.0 and 1 mL of 1  M Kl. The 
absorbance was then measured at 510 nm, and the con-
centration was quantified using an H2O2 standard curve.

The concentrations of malondialdehyde (MDA), total 
phenolic compounds (TPC) and total flavonoids (TF) 
were determined from the same extract of 0.1  g of leaf 
material in 2 mL of 80% (w/v) methanol, mixed for 12 h 
and then centrifuged at 13,000 x g for 14 min at 4  °C to 
collect the supernatant. For MDA quantification, 0.2 mL 
of extracts were diluted in 0.4 mL of methanol and mixed 
with 0.6 mL of 0.5% (w/v) thiobarbituric acid (TBA) pre-
pared in 20% (w/v) trichloroacetic acid (TCA), and for 
the blank of each sample, 0.2 mL of extracts were diluted 
in 0.4 mL of methanol and mixed with 0.6 mL of 20% 
TCA. The samples were incubated at 95  °C for 20  min, 
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Fig. 1 Eggplant MAGIC materials (parents, F1 hybrids and a subset of S5 lines) and an F1 commercial hybrid (Petra) after 21 days of irrigation treatments 
at 100% (control) and 30% (water stress) of field capacity
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then placed on ice for 5  min to stop the reaction. The 
absorbance was then measured at 440, 532 and 600 nm, 
and the MDA concentration was calculated according to 
Hodges et al. [29].

Total phenolic compounds (TPC) were measured by 
reaction of the 0.1 mL of methanol extract diluted in 1.4 
mL of H2O with 0.1 mL of Folin-Cicateau reagent [30], 
then adding 0.35 mL of 15% Na2CO3 15% (w/v) and incu-
bating at room temperature for 90  min in the dark. To 
quantify TPC, the absorbance was measured at 765 nm, 
and the concentration was calculated in relation to a 
standard curve with gallic acid. Meanwhile, TF quanti-
fication was performed according to Zhishen et al. [31]. 
First, 0.03 mL of 5% (w/v) NaNO2 was added to 0.05 
mL of the methanol extract diluted in 0.45 mL of H2O, 
then 0.03 mL of 10% (w/v) AlCl3 and then 0.2 mL of 1 M 
NaOH. The absorbance was then measured at 510  nm, 
and the concentration was quantified using a catechin 
standard curve.

The proline content was determined according to the 
protocol of Bates et al. [32]. An extract was prepared 
from 0.1 g of leaf material in 1 mL of 3% sulphosalicylic 
acid. The extracts were centrifuged at 13,000 × g for 
12 min at 4 °C, and 0.5 mL of the supernatant was mixed 
with 0.5 mL of ninhydrin acid and 0.5 mL of glacial acetic 
acid. The samples were incubated at 96 °C for 60 min, and 
then proline was extracted by adding 3 mL of toluene. 
Absorbance was measured at 520 nm, and the concentra-
tion was quantified using an L-proline standard curve.

Statistical analysis
The experiment was conducted using a completely ran-
domised design. Statistical analyses were performed 
using Infostat software version 2020 [33]. For each trait, 
data were analysed using two-way analysis of variance 
(ANOVA) with genotype and water treatment as the 
main factors. The statistical significance of the results 
was determined using a significance level of p < 0.05. 
Means were separated by the student-Newman-Keuls 
(SNK) multiple comparison test to determine differences 
between treatments and genotypes, using a significance 
level of p < 0.05.

To analyse the performance of the hybrids, the hetero-
sis values over mid-parent (HMP) was calculated as [34, 
35]:

 
HMP = 100× F1 − PM

PM

where F1 is the value of the hybrid and PM is the mean of 
the two parents. The significance of heterosis was deter-
mined by a Student’s t test, using a significance level of 
p < 0.05.

To evaluate the performance of the MAGIC lines, the 
percentage of increase or decrease was calculated with 
respect to the average of the MAGIC parents and with 
respect to the parent with the highest and lowest value 
for each trait. The significance of the percentage value 
was determined by a Student’s t test, using a significance 
level of p < 0.05.

Multivariate analysis was performed using R-studio 
[36]. Pairwise Pearson correlations were calculated 
between the analysed traits within each water treatment 
(control and water stress), and their significance was 
assessed at p < 0.001 with the Bonferroni correction using 
the R psych [37] and corrplot [38] packages. To identify 
relationships between the evaluated traits, genotypes and 
water treatments, a principal component analysis (PCA) 
was performed using the R package gglot2 [39].

Results
Analysis of variance
The two-way analysis of variance (ANOVA) revealed a 
significant (p < 0.05) effect of genotype, treatment, and 
genotype x treatment interaction for most of the traits 
evaluated, except that genotype had no significant effect 
on RWC, water treatment was non-significant for WUE 
and chlorophyll, and genotype x treatment interaction 
was non-significant for RWC, MDA and TF (Table  1). 
The genotype effect was the main contributor to the sum 
of squares (SS) for NBI, chlorophylls and carotenoids, 
whereas for irrigation amount, leaf number, stem length, 
total FW, leaf FW, stem FW, root FW, root area and pro-
line the main contributor to SS was the treatment effect. 
The genotype x treatment effect was not the main con-
tributor for any of the traits, and the residue had the 
highest percentage of SS for RWC, WUE, H2O2, MDA, 
TPC and TF (Table 1).

Growth and biochemical responses of the eight parents of 
the MAGIC population
The irrigation amount for eight parents of the MAGIC 
population and the commercial hybrid Petra averaged 
2.37  L and 0.64  L during the 21 days of treatment for 
the control (100% FC) and water stress (30% FC) treat-
ments, respectively. The nine genotypes displayed simi-
lar patterns regarding the consumption of water in both 
irrigation conditions, with D, E and H consuming high 
amounts of water, A, B, C, G and Petra having an inter-
mediate water consumption and F having a lower con-
sumption of the available water (Fig. 2).

Water stress caused a significant decrease in the num-
ber of leaves in all genotypes except for B (Table 2). Com-
paring the selected genotypes, there were no significant 
differences within the control treatment. In contrast, 
under water stress, genotype F had a higher number of 
leaves than genotypes D, E and H. Stem length showed 
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less growth under water stress conditions in six parents 
and Petra, whereas genotypes B and F had similar growth 
under both irrigation conditions. The genotypes with 
the highest stem length growth under both irrigation 
conditions were D, E and H; the stem did not lengthen 

in genotypes C and Petra during the 21 days of reduced 
irrigation (Table 2).

Total FW gain was affected by water stress with reduc-
tions up to 89% (genotype E), but genotypes B and F 
were not significantly affected by treatments. Genotypes 
with high growth in both treatments were A, B, D, E, G, 

Table 1 ANOVA on eighteen eggplant genotypes under water stress and control (Treatment) and their interaction (Genotype x 
Treatment)
Trait Genotype Treatment Genotype x Treatment Residual

SS (%) p-value SS (%) p-value SS (%) p-value SS (%)
Irrigation amount 11.6 < 0.0001 80.2 < 0.0001 2.9 < 0.0001 5.3
Leaf number 9.4 < 0.0022 48.1 < 0.0001 11.0 0.0004 31.6
Stem length 19.9 < 0.0001 44.0 < 0.0001 10.8 < 0.0001 25.3
Total FW 10.5 < 0.0001 59.5 < 0.0001 9.1 < 0.0001 21.0
Leaf FW 11.3 < 0.0001 61.5 < 0.0001 7.1 0.0003 20.1
Stem FW 21.0 < 0.0001 48.3 < 0.0001 8.9 < 0.0001 21.8
Root FW 29.2 < 0.0001 34.6 < 0.0001 10.4 < 0.0001 25.8
Root area 28.0 < 0.0001 30.6 < 0.0001 11.0 0.0002 30.3
RWC 12.2 0.1166 9.3 < 0.0001 9.5 0.3216 68.9
WUE 27.8 < 0.0001 1.3 0.0530 24.5 < 0.0001 46.4
NBI 41.0 < 0.0001 32.2 < 0.0001 8.5 < 0.0001 18.3
Chlorophylls 48.4 < 0.0001 0.7 0.2803 10.9 0.0232 40.1
Carotenoids 48.4 < 0.0001 2.2 0.0472 11.3 0.0145 38.2
H2O2 42.3 < 0.0001 1.4 0.0440 7.3 0.2563 49.0
MDA 17.3 0.0027 17.0 < 0.0001 6.4 0.5932 59.3
TPC 34.2 < 0.0001 2.7 0.0059 15.4 0.0009 47.8
TF 34.9 < 0.0001 7.9 < 0.0001 9.7 0.0523 47.5
Proline 6.3 0.0041 63.8 < 0.0001 7.6 0.0005 22.3
The numbers represent the percentage of the sum of squares (SS) and the p-value. The parameters evaluated were the amount of irrigation water (Irrigation amount), 
gains with respect to the baseline (value of control or water stress minus value of baseline plant) of leaf number, stem length, total fresh weight (Total FW), leaf fresh 
weight (Leaf FW), stem fresh weight (Stem FW), root fresh weight (Root FW) and root area, and relative water content (RWC), water use efficiency (WUE), nitrogen 
balance index (NBI), total chlorophylls, total carotenoids, hydrogen peroxide (H2O2), malondialdehyde (MDA), total phenolic compounds (TPC), total flavonoids (TF) 
and proline

Fig. 2 Irrigation applied during the 21 days of water treatment of the eight parents of the MAGIC line and the commercial hybrid Petra under both con-
trol (100% FC) and water stress (30% FC) conditions. Different letters in each treatment (uppercase letter for control and lowercase italics for water stress) 
indicate significant differences between genotypes, determined using the SNK multiple comparison test at a significance level of p < 0.05. The asterisk 
indicates a significant difference between the control and water stress treatments for each genotype, according to the SNK method for a p-value < 0.05. 
Vertical bars indicate ± standard error
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H and Petra, with F being the genotype with the low-
est mean growth under control conditions (9.6 g) and C 
being the genotype with the lowest mean growth under 
water stress (3.3 g) (Table 2). The reduction in total FW 
gain under water stress was due to the reduction in the 
three plant organs, with the leaf, stem and root showing 
an average reduction in growth of 85.6, 69.4 and 62.8%, 
respectively. The genotypes with the highest gain in leaf 
FW in both conditions were A, B, F, G and Petra, whereas 
genotypes D and E even showed negative growth under 
stress (due to leaf abscission). For stem FW gain, only 
genotype H stood out in both growth conditions; for root 
FW gain, genotypes D and E showed the highest growth 
in both conditions. Root area decreased on average by 
45.0% when grown under water stress, with genotypes D 
and E showing superior growth in both conditions.

Compared to control conditions, RWC decreased sig-
nificantly under water stress for A, G and H, but the irri-
gation treatment had no significant effect on the other 
six genotypes; no genotype was significantly different 
from the others within each treatment (Table  2). WUE 
decreased under water stress conditions with respect 
to the control in D and E, but increased by 186% in F. 
Regarding genotype effects, A, B, G and H showed higher 
values than the other genotypes in both treatments 
(Table  2). As for NBI, water stress caused an increase 
over the control in five genotypes (B, D, E, G, Petra), but a 
decrease in C. The genotypes with the highest values for 
NBI in both environments were F and G (Table 2).

Regarding the photosynthetic pigments, the treatments 
did not affect most of the genotypes (Fig.  3). Chloro-
phylls contents decreased in C and increased in D under 
water stress. Carotenoids increased under water stress 

Table 2 Differences in the values of growth and physiological traits under control and water stress conditions
Trait Treatment A B C D E F G H Petra
Leaf number Control 1.8 a 1.8 a 2.2 a 3.8 a 3.2 a 0.8 a 1.4 a 3.1 a 2.2 a

Water stress -0.2 ab 0.2 ab -0.6 ab -0.8 b -1.0 b 1.6 a -0.4 ab -1.6 b 0.6 ab
Change % -111** -89ns -127** -121*** -131*** 100ns -129* -152*** -73*

Stem length (cm) Control 6.5 bc 4.5 cd 3.4 cd 8.9 ab 8.1 ab 1.8 d 4.3 cd 10.4 a 3.0 cd
Water stress 1.4 abc 2.4 a 0.0 c 2.0 ab 0.3 abc 1.4 abc 0.7abc 2.1 ab 0.0 bc
Change % -78*** -47ns -100** -78*** -96*** -23ns -84** -80*** -101*

Total FW (g) Control 31.6 a 24.8 ab 12.5 bc 36.9 a 36.9 a 9.6 c 29.2 a 38.3 a 21.0 abc
Water stress 10.0 a 9.0 ab 3.3 b 6.4 ab 3.9 ab 4.8 ab 6.7 ab 6.8 ab 7.9 ab
Change % -68** -64ns -74*** -83*** -89*** -50ns -77*** -82*** -63*

Leaf FW (g) Control 18.9 a 14.5 a 5.0 b 15.0 a 11.1 ab 4.7 b 15.1 a 15.3 a 13.9 a
Water stress 5.2 a 5.0 a 0.4 b -0.1 b -3.8 c 2.7 ab 2.2 ab 0.1 b 4.7 a
Change % -72*** -65* -92*** -101*** -134*** -43ns -85*** -99*** -66*

Stem FW (g) Control 4.3 bcd 3.2 cd 1.8 d 5.4 bc 6.2 b 2.8 cd 4.6 bcd 8.7 a 2.8 cd
Water stress 1.1 bcd 1.2 bcd 0.8 cd 1.7 bc 1.8 b 0.6 d 1.2 bcd 2.6 a 1.1 bcd
Change % -73** -61ns -56** -69*** -71*** -78ns -73*** -70*** -61**

Root FW (g) Control 8.6 cd 7.2 cd 6.1 cd 17.5 a 21.0 a 2.2 d 9.9 bc 15.0 ab 4.5 cd
Water stress 3.9 bcd 2.9 cd 2.6 d 5.9 ab 7.2 a 1.6 d 3.7 bcd 5.0 bc 2.3 d
Change % -55* -60ns -58*** -67** -66*** -26ns -63** -66*** -50ns

Root area (cm2) Control 746.8 bcd 499.5 cde 431.0 de 1204.4 ab 1328.4 a 169.0 e 763.6 bcd 1015.9 abc 356.4 de
Water stress 371.6 bc 279.5 bc 202.7 c 489.0 ab 588.1 a 184.2 c 355.5 bc 390.0 bc 198.2 c
Change % -50* -44ns -53** -59** -56** 9ns -53* -62*** -44ns

RWC (%) Control 83.1 a 80.3 a 72.6 a 77.1 a 69.3 a 81.8 a 80.1 a 79.1 a 82.0 a
Water stress 73.3 a 79.7 a 69.1 a 70.5 a 70.9 a 62.5 a 68.2 a 67.1 a 75.2 a
Change % -12* -1ns -5ns -9ns 2ns -24ns -15* -15** -8ns

WUE Control 13.9 a 10.9 ab 6.2 b 12.3 ab 11.6 ab 6.4 b 12.5 ab 11.3 ab 10.9 ab
Water stress 15.7 ab 15.5 ab 6.3 cd 7.5 bcd 4.3 d 18.4 a 11.1 abcd 7.3 bcd 14.4 abc
Change % 13ns 42ns 2ns -39** -63** 186* -11ns -36ns 32ns

NBI Control 21.0 ab 19.4 bc 24.8 a 12.3 d 10.6 d 21.7 ab 23.4 ab 16.5 c 19.5 bc
Water stress 24.3 bc 25.3 ab 21.6 cd 18.3 e 16.8 e 25.8 ab 28.2 a 20.0 de 24.5 bc
Change % 16ns 30* -13* 49** 58*** 19ns 20*** 21ns 26***

Traits evaluated: Leaf number, stem length, total fresh weight (Total FW), leaf fresh weight (Leaf FW), stem fresh weight (Stem FW), root fresh weight (Root FW) and 
root area for control (100% FC) and water stress (30% FC) conditions, expressed as gains over the baseline measurements (value of control or water stress condition 
minus value of baseline plant), and relative water content (RWC), water use efficiency (WUE) and nitrogen balance index (NBI) for the eight parents of the MAGIC 
line and the commercial F1 hybrid Petra. Change (%) represents the percentage change of the water stress value relative to the control value. Different letters within 
each row indicate significant differences between genotypes, according to SNK method at a p-value < 0.05. ns, *, **, *** indicate, respectively, non-significant at a p-
value < 0.05 and significant for a p-value < 0.05, < 0.01 and < 0.001 for the difference between the control and water stress treatment, for each genotype
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conditions in genotypes A, D and E. On the other hand, 
the genotypes having higher values in both conditions 
were B, C, F, G and Petra for both chlorophylls and carot-
enoids; genotype E was the one that had the lowest aver-
age value in both conditions (Fig. 3).

As for the oxidative stress parameters, H2O2 increased 
by 182% in G when grown under water stress, but the rest 
of the genotypes were unaffected. The genotypes with the 
highest H2O2 levels in both treatments were A, F, G and 
H (Table  3). The MDA content increased under stress 
conditions in genotypes B, C, D and G. Within the con-
trol treatment, the MDA content was higher in F than in 
D, whereas under water stress, there were no differences 
between the genotypes. For the non-enzymatic antioxi-
dants, TPC increased in B and C and decreased in A and 
D, and TF decreased in A but did not change significantly 
in the other genotypes (Table  3). The genotypes with 
higher TPC content in both treatments were A, E, G and 

H, whereas C was the only genotype that showed lower 
TF, being significantly lower than most of the other geno-
types (Table 3).

Traits evaluated: Hydrogen peroxide (H2O2), malondi-
aldehyde (MDA), total phenolic compounds (TPC) and 
total flavonoids (TF), for control (100% FC) and water 
stress (30% FC) conditions, for the eight parents of the 
MAGIC line and the commercial F1 hybrid Petra. Change 
represents the percentage change of the water stress value 
relative to the control value. Different letters within each 
row indicate significant differences between genotypes, 
according to SNK method at a p-value < 0.05. ns, *, **, *** 
indicate, respectively, non-significant at a p-value < 0.05 
and significant for a p-value < 0.05, < 0.01 and < 0.001 for 
the difference between the control and water stress treat-
ment, for each genotype.

Proline content increased significantly in all genotypes, 
except for F, under the water stress treatment. Increases 

Fig. 3 Chlorophyll a (A), chlorophyll b (B), total chlorophyll (C) and carotenoids (D) of the eight parents of the MAGIC line and the commercial hybrid 
Petra under control (100% FC) and water stress (30% FC) conditions. Different letters in each treatment (uppercase letter for control and lowercase ital-
ics for water stress) indicate significant differences between genotypes, determined using the SNK multiple comparison test at a significance level of 
p-value < 0.05. The asterisk indicates a significant difference between the control and water stress treatments for each genotype, according to the SNK 
method for a p-value < 0.05. Vertical bars indicate ± standard error
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of proline in the other genotypes ranged from 45.2% in 
genotype C to 1495.0% in genotype E. Under control 
conditions, genotype C showed a higher proline con-
tent, whereas, under water stress conditions, no geno-
type showed values significantly different than the others 
(Fig. 4).

Response of F1 hybrids and MAGIC lines
The four hybrids evaluated, like their parents, were 
affected in their growth under water stress conditions. 
To evaluate their performance in relation to the parents, 
heterosis was calculated for each parameter evaluated 
(Table  4). In this way, hybrid A × B showed heterotic 
effects with a higher water consumption (irrigation) 
under water stress and a higher TPC content under con-
trol conditions, but negative heterosis effects were also 
detected for total FW, leaf FW, RWC, WUE, carotenoids 
and proline under water stress and also H2O2 under both 

irrigation conditions. The hybrid C × D showed no signif-
icant heterotic effects with respect to the parents, except 
for NBI, which had positive heterosis under water stress 
and for proline, which had negative heterosis under water 
stress. Similarly, hybrid E × F showed significant heter-
otic effects in only two parameters: positive heterosis for 
leaf FW under control conditions but negative heterosis 
under water stress, whereas NBI displayed positive heter-
osis under water stress. Finally, hybrid G × H showed sig-
nificant positive heterotic effects for irrigation amount, 
leaf number, root FW under water stress conditions and 
significant negative heterosis for stem length, stem FW, 
WUE, H2O2 and proline under water stress, NBI in both 
irrigation conditions, and chlorophylls and carotenoids 
in control conditions (Table 4).

To compare the five MAGIC S5 lines with their par-
ents, the percentage increase or decrease was calculated 
with respect to the mean of the parents and with the 

Table 3 Differences in the values of oxidative stress markers and antioxidant compounds
Trait A B C D E F G H Petra
H2O2
(µmoles g− 1 DW)

Control 8.5 a 2.7 a 2.2 a 3.5 a 3.9 a 6.7 a 2.5 a 6.9 a 2.6 a
Water stress 8.9 a 3.1 b 2.2 b 3.8 b 3.5 b 9.5 a 7.0 ab 5.3 ab 2.9 b
Change % 4 15 1 8 -11 42 182* -23 11

MDA
(µmoles g− 1 DW)

Control 315.5 ab 270.7 ab 381.5 ab 139.0 b 233.3 ab 406.4 a 295.1 ab 235.3 ab 272.3 ab
Water stress 373.5 a 448.2 a 598.6 a 426.8 a 352.0 a 527.7 a 504.1 a 346.7 a 334.8 a
Change % 18 66* 57* 207*** 51 30 71* 47 23

TPC
(mg eq. GA g− 1 DW)

Control 35.1 ab 14.8 d 13.6 d 27.7 abc 30.0 ab 23.7 bcd 33.6 ab 37.0 a 18.9 cd
Water stress 28.1 ab 30.8 ab 16.8 c 20.8 bc 35.3 a 17.4 c 29.9 ab 30.3 ab 21.7 bc
Change % -20** 108* 23* -25 18 -26* -11 -18 15

TF
(mg eq. C g− 1 DW)

Control 15.7 a 7.0 ab 4.0 b 12.5 a 14.2 a 9.1 ab 15.5 a 16.3 a 7.0 ab
Water stress 9.9 ab 11.7 a 3.6 b 6.6 ab 14.1 a 6.2 ab 13.9 a 12.7 a 8.3 ab
Change % -37* 66 -9 -47 -1 -32 -10 -22 19

Fig. 4 Proline of the eight parents of the MAGIC line and the commercial hybrid Petra under control and water stress conditions. Different letters in each 
treatment (uppercase letter for control and lowercase italics for water stress) indicate significant differences between genotypes, determined using the 
SNK multiple comparison test at a significance level of p < 0.05. The asterisk indicates a significant difference between the control and water stress treat-
ments for each genotype, according to the SNK method for a p-value < 0.05. Vertical bars indicate ± standard error
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highest and lowest parental values for each trait evalu-
ated in each treatment. It can be seen that no line was 
inferior to the lower parent or superior to the higher par-
ent for any of the traits, with the exception of TPC, which 
increased by 20.8% in line M45 under control conditions 
(Table  5). Line M40 showed higher leaf number, RWC 
and TPC content, and lower irrigation, stem length, 
stem FW, H2O2 and proline content than the mean of the 
parents under control conditions; under water stress, it 
had higher values for leaf number, leaf FW and NBI, and 
lower values for H2O2 and proline. Regarding line M45, 
it showed higher growth than the average of the parents, 
with higher values of irrigation, stem length, total FW, 
stem FW, root FW and TF, and lower values of NBI, H2O2 
MDA in both treatments, as well as higher values for the 
number of leaves, root area and TPC, and lower values of 
chlorophyll and carotenoids in control conditions. In the 
case of line M194, it had higher values than the average 
of the parents for irrigation in control conditions, and for 
irrigation, WUE and NBI in the water stress condition, 
but lower values for H2O2 and proline in control condi-
tions and for leaf FW, H2O2 and TF under water stress. 
Line M204 had higher values than the average of the par-
ents for the traits RWC and MDA in control and for stem 
length, stem FW, RWC, NBI, H2O2 and TF in water stress 
and lower values than the average of the parents for the 
traits irrigation, root FW, root area in control and root 
FW, root area in water stress. Finally, line M262 displayed 
higher values than the parental averages for the traits 
stem length, total FW, leaf FW, stem FW, TPC and TF in 
control conditions, and H2O2 in water stress conditions, 
whereas it showed lower values for the traits WUE, NBI, 
chlorophylls, carotenoids and proline in control condi-
tions and leaf number and root FW in water stress condi-
tions (Table 5).

Multivariate analysis
Correlation analysis performed separately for control 
and water stress conditions showed more significant cor-
relations in the control treatment than the water stress 
treatment (Fig.  5). In control conditions, all FW traits 
were positively correlated with each other and with irri-
gation, stem length, root area and WUE. Stem length 
and stem FW were positively correlated with TPC, and 
stem length, total FW and stem DW were positively cor-
related with TF. Total DW was negatively correlated with 
proline content, whereas fresh weight traits (except leaf 
FW) were negatively correlated with NBI, chlorophylls, 
carotenoids and MDA. Photosynthetic pigments, chlo-
rophylls and carotenoids, were also positively correlated 
with NBI, MDA and proline. The antioxidant compounds 
TPC and TF showed a highly positive correlation, but no 
significant relationship was detected with the oxidative 
stress markers H2O2 and MDA (Fig. 5).

Under water stress conditions, total FW was posi-
tively correlated with leaf, stem and root FW, root area 
and WUE. Root growth (root FW and root area) was 
positively correlated with increased water consump-
tion (irrigation amount) and stem length, and negatively 
correlated with NBI, chlorophylls, flavonoids and MDA. 
Irrigation was negatively correlated with FW, WUE, NBI, 
chlorophylls, carotenoids and MDA. On the other hand, 
the antioxidant compounds, TF and TPC were strongly 
positively correlated, and TF was negatively correlated 
with the oxidative stress marker MDA (Fig. 5).

The first two principal components of the princi-
pal component analysis (PCA) accounted for 73.2% of 
the observed variation, with the first principal compo-
nent (PC1) and the second principal component (PC2) 
accounting for 60.1% and 13.1% of the variation, respec-
tively (Fig. 6). In the loading plot, PC1 showed high posi-
tive correlations (> 0.5) with chlorophylls, carotenoids, 
NBI, MDA and proline, and high negative correlations 
(<-0.5) with irrigation, number of leaves, stem length, 
FW, root area, TF and TPC. On the other hand, PC2 
showed high negative correlations (<-0.5) with RWC, 
WUE, chlorophylls and carotenoids (Fig. 6). In the score 
plot, the genotypes with negative values for the traits cor-
related with PC1 under control conditions were located 
on the first and fourth quadrants of the PCA (negative 
values for PC1). In contrast, the genotypes with posi-
tive values for the traits correlated with PC1 under 
water stress conditions were located on the second and 
third quadrants of the PCA, although genotypes C and F 
grown under control conditions display positive values 
of PC1 next to the genotypes grown under water stress 
(Fig. 6).

Discussion
Breeding for water stress tolerance is challenging due 
to the complex mechanisms of tolerance [40]. To iden-
tify genotypes of interest and use them for breeding, the 
evaluation of diverse panels of plant genetic resources 
is essential [41]. In this regard, the eight parental geno-
types of the first eggplant MAGIC population, along with 
their four F1 hybrids and a subset of MAGIC S5 recom-
binant inbred lines, exhibited a high variation and differ-
ent responses to the water stress conditions for the traits 
evaluated, revealing genotypic effects in the vast major-
ity of traits evaluated. The observed genetic variability, 
which leads to varying response to water stress, positions 
these MAGIC materials as invaluable tools for studying 
and advancing the genetic enhancement of eggplant for 
water stress tolerance.

Water stress in plants affects their physiological pro-
cesses leading to a reduction in growth [42], and, as 
expected, all genotypes evaluated were affected in their 
growth when cultivated under water stress conditions. 
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Trait Parents M40 M45 M194 M204 M262
C WS C WS C WS C WS C WS

Irrigation amount Mean -18.8* -1.7 25.5* 29.9* 25.4* 22.4* -17.3* -14.1 4.6 -12.7
Highest -37.7* -29.7* -3.8* -7.0 -3.9 -12.4 -36.5* -38.5* -19.8* -37.5*

Lowest 38.8* 156.7* 114.5* 239.4* 114.2* 219.7* 41.4* 124.3* 78.8* 128.1*

Leaf number Mean 59.8* 427.3* 24.3* -145.5 15.4 18.2 -37.9 -145.5 -20.1 -309.1*

Highest -5.3 -50.0* -26.3* -137.5* -31.6* -112.5* -63.2* -137.5* -52.6* -162.5*

Lowest 350.0* 150.0* 250.0* 62.5* 225.0* 87.5* 75.0 62.5 125.0* 37.5
Stem length Mean -37.6* -10.2 89.5* 98.0* 26.8 55.8 -0.1 125.5* 83.9* 118.1

Highest -66.2* -59.2* 2.6 -10.0 -31.3* -29.2 -45.9* 2.5 -0.4 -0.8
Lowest 99.7* 313.0* 507.1* 569.6* 306.2* 469.6* 220.0* 634.8* 488.9* 617.4*

Total FW Mean -15.5 28.4 36.6* 23.9* 23.0 -50.6 -27.0 4.8 24.3* -23.5
Highest -41.0* -16.2 -4.6 -19.1* -14.0 -67.7* -49.0* -31.6 -13.2 -50.0*

Lowest 135.0* 156.3* 280.0* 147.2* 242.3* -1.3 103.2 109.2* 245.9* 52.7
Leaf FW Mean 9.0 130.8* 24.4 -21.9 25.8 -130.1* -17.5 33.3 40.8* -1.6

Highest -27.3 -19.4 -17.0 -72.7* -16.0 -110.5* -44.9* -53.4* -6.1 -65.6*

Lowest 191.4* 212.7* 232.8* 138.1* 236.5* 85.3* 120.8* 165.1* 276.5* 148.1*

Stem FW Mean -44.1* -18.6 47.6* 37.9* 7.6 16.8 -10.5 54.1* 53.3* 10.6
Highest -71.5* -57.4* -24.8* -27.9* -45.2* -38.9 -54.4* -19.4 -21.9* -42.2*

Lowest 34.5 76.9* 255.4* 199.7* 159.0* 153.8 115.5* 234.9* 269.0* 140.4*

Root FW Mean -32.5 -7.7 47.4* 43.6* 25.1 -29.7 -46.0* -30.8* -9.6 -42.0*

Highest -67.1* -50.2* -28.1* -22.5* -39.0* -62.1* -73.7* -62.6* -55.9* -68.7*

Lowest 214.1* 120.9* 586.2* 243.6* 482.6* 68.2 151.5 65.6 320.9* 38.8
Root area Mean -33.4 -8.5 45.3* 18.9 15.2 -23.5 -44.3* -23.3* -1.1 -39.6

Highest -61.4* -44.4* -15.8* -27.7* -33.2* -53.5* -67.7* -53.4* -42.7* -63.3*

Lowest 203.3* 77.5 561.6* 130.8* 424.9* 48.4 153.5 48.8* 350.6* 17.2
RWC Mean 9.7* 0.9 -7.9 2.7 -1.9 -5.2 7.4* 13.9* -1.7 4.8

Highest 2.9 -11.1 -13.6 -9.6 -8.0 -16.5* 0.7 0.3 -7.9 -7.7
Lowest 23.4* 13.3 3.6 15.3* 10.3 6.4 20.8* 27.9* 10.5 17.7*

WUE Mean 5.0 11.1 -7.6 21.7 4.4 1.0* -6.3 -5.6 -2.0* 7.6
Highest -17.3 -10.5 -27.2 -2.0* -17.7* -18.7* -26.1* -24.0 -22.8 -13.3
Lowest 60.9* 48.3* 41.6* 62.5* 60.0* 34.8 43.6 26.0* 50.2* 43.7

NBI Mean 20.0 29.4* -20.2* -8.3* -6.8 13.2* 6.3 15.5* -24.7* 10.2
Highest -9.3 3.4 -39.8* -26.7* -29.6* -9.6* -19.7* -7.7* -43.2* -11.9*

Lowest 111.3* 73.5* 40.4* 22.9* 64.1* 51.8* 87.2* 54.9* 32.5* 47.8*

Chlorophyll Mean 16.1 33.4 -30.9* -17.4 -19.5 0.9 15.3 9.0 -22.3* 14.6
Highest -13.4 10.4 -48.5* -31.7* -40.0* -16.5 -14.1 -9.8 -42.0* -5.1
Lowest 80.4* 89.5* 7.3 17.3 25.1 43.3* 79.1* 54.9* 20.8 62.9*

Carotenoids Mean 20.0 33.8 -32.9* -16.2 -21.2 6.8 21.0 14.8 -22.0* 12.1
Highest -7.5 16.8 -48.3* -26.8* -39.3* -6.7 -6.7 0.2 -39.8* -2.1
Lowest 84.2* 78.5* 3.0 11.8 20.9 42.5* 85.7* 53.1* 19.8 49.6*

H2O2 Mean -67.5* -64.1* -54.5* -58.9* -51.9* -52.7* 76.0 57.2* 18.3 135.6*

Highest -82.4* -79.5* -75.3* -76.5* -73.9* -72.9* -4.5 -10.1 -35.8* 34.7
Lowest -31.8 -12.6 -4.5 0.0 0.9 15.3 269.1* 282.9* 148.2* 473.9*

MDA Mean 47.1 -16.6 -12.7* -28.5* -23.6 -11.3 40.6* -5.4 -20.7 -8.5
Highest 3.0 -37.7* -38.9* -46.6* -46.5* -33.8* -1.6 -29.3* -44.5* -31.7*

Lowest 201.1* 7.5 78.6* -7.8 56.3 14.3 187.7* 22.1 62.3 17.9
TPC Mean 22.6* 5.8 38.7* -3.4 7.4 -26.2 16.9 14.3 37.7* 0.4

Highest -10.8* -21.4* 0.9 -28.3* -21.8* -45.2* -14.9 -15.1 0.3 -25.5*

Lowest 142.0* 65.4* 173.8* 51.0 112.0* 15.4 130.8* 78.7* 172.0* 56.8*

TF Mean 17.9 13.3 67.1* 12.5* 13.2 -47.2* 6.0 33.4* 42.2* 10.0
Highest -14.8 -21.1* 20.8* -21.6* -18.2 -63.3* -23.3 -7.1 2.8 -23.4
Lowest 248.7* 207.8* 394.2* 205.7* 234.8* 43.3 213.6* 262.4* 320.6* 198.9*

Table 5 Percentage increase or decrease of the MAGIC S5 lines compared to the eight parents in control (C) and water stress (WS) 
conditions
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Variation in the response to water deficit was observed 
amongst the eight MAGIC parents evaluated, indicating 
variability in drought response mechanisms according to 
their genetic diversity [43]. Among the traits that allowed 
survival under water stress conditions, a greater root 
development, enabling increased water absorption, and 

a reduced leaf area, limiting transpiration surface, were 
prominent. These traits were found in parental genotypes 
D, E and H, which differed significantly from the com-
mercial hybrid Petra; therefore, they could be considered 
genotypes of interest for breeding eggplant for tolerance 
to drought. Similarly, Delfin et al. [13] postulate that the 

Fig. 5 Correlation matrix coefficients for control (upper right diagonal) and water stress (lower left diagonal) in eighteen genotypes evaluated. Only 
statistically significant correlations (p-value < 0.001) are shown

 

Trait Parents M40 M45 M194 M204 M262
C WS C WS C WS C WS C WS

Proline Mean -59.6* -33.8* -13.5 -22.0 -72.5* -0.8 25.8 0.4 -68.7* 6.4
Highest -84.1* -45.2* -66.0* -35.5* -89.2* -17.9 -50.6* -17.0 -87.7* -12.0
Lowest 92.4 -11.9 311.7* 3.8 30.8 32.0 498.5* 33.6 48.9 41.5

The values of the lines were compared with the mean, highest and lowest values in the eight MAGIC parents. The asterisk indicates a significant difference between 
MAGIC line and parents, according to the test t for a p-value < 0.05

Table 5 (continued) 



Page 14 of 18Flores-Saavedra et al. BMC Plant Biology          (2024) 24:560 

Fig. 6 Loading plot (above) and score plot (below) of the principal component analysis (PCA) for the eighteen eggplant genotypes evaluated under 
control (100% FC) and water stress (30% FC) conditions, based on the first two principal components. The first and second components (PC1 and PC2) 
represent 60.1% and 13.1% of the variation, respectively
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best strategy in eggplant against moderate stress is rapid 
growth with small leaves and a higher allocation to root 
biomass. However, these traits may result in low produc-
tivity in crop plants [44], and further studies are needed 
to determine the effects on yield. The tolerance response 
to water stress can be defined as the ability to maintain 
growth under limited water conditions [45]. In this sense, 
genotype B did not significantly reduce their growth 
under water stress and was characterized by their high 
total FW and leaf FW, which indicates tolerance to water 
stress. Future experiments on the recovery of stressed 
plants after irrigating them to 100% FC may provide 
further relevant information on the capacity of eggplant 
plants to recover after being subjected to drought stress.

We did not observe a clear effect of water stress on 
photosynthetic pigments such as chlorophyll and carot-
enoids, although increases, decreases or stability of their 
contents have been reported in eggplant when compar-
ing water-stressed plants to well-watered controls [46]. 
Although most genotypes maintained their values, a 
lower chlorophyll or carotenoid content was sometimes 
observed under control conditions. This phenomenon 
could be attributed to the fact that higher irrigation led to 
fertiliser dilution, explaining a possible negative correla-
tion between irrigation and chlorophyll, carotenoid and 
NBI concentrations [10].

At the molecular level, one of the negative effects of 
water stress on plants is oxidative stress due to increased 
production of reactive oxygen species, where antioxi-
dant enzymes and compounds are essential to reduce 
the damage [47]. Two oxidative stress markers were used 
in this assay: H2O2, which is not an inducer of oxidative 
damage but plays an essential role in oxidative signal-
ling [48], and MDA, which increases during lipid oxi-
dation [49]. Thus, eggplant has been shown to increase 
both peroxidase and MDA levels when exposed to water 
stress conditions [50]. Amongst the genotypes analysed, 
G showed an increase in both H2O2 and MDA, while 
B, C and D showed an increase in MDA only, indicat-
ing a lower tolerance to stress in these genotypes. As a 
defence mechanism against oxidative stress, plants acti-
vate enzymatic and non-enzymatic antioxidant systems 
that reduce reactive oxygen species (ROS) levels [51]. In 
this study, the TPC content was evaluated, which did not 
seem to play an important role as an antioxidant; TF, on 
the other hand, had an interesting negative correlation 
with MDA, which could indicate a role as an antioxidant 
compound in eggplant, in agreement with what has been 
reported previously [12], where it is observed that toler-
ant genotypes maintain their MDA levels and increase 
flavonoids.

Under stressful conditions, a drastic increase in pro-
line content is common in plants, as it functions as an 
osmoregulatory, signalling and oxidative stress reducer 

[52]. As observed in this case, proline showed a signifi-
cant increase when plants were grown under low irri-
gation conditions, indicating a clear response of the 
genotypes to the stress treatment. Other studies in egg-
plant have reported that genotypes with greater tolerance 
to drought show a greater increase in concentration [12, 
53]. Although proline levels were high under water stress 
conditions, there were no significant differences between 
genotypes; on the contrary, the basal level under control 
conditions was much higher in the C parent, represent-
ing the wild eggplant (S. incanum), than in the other gen-
otypes. However, high proline contents do not seem to be 
important for non-stressed plants [54]; in our case, even 
a negative correlation between proline and total FW was 
observed under control conditions.

Hybrids can result in new genotypes with a superior 
response, but it is also easy for biological processes to 
be disrupted, resulting in individuals that perform worse 
than their parents [55]. In the case of the four hybrids 
evaluated, the responses were varied and unpredictable, 
with two hybrids having a high number of traits with a 
significant increase or decrease in hybrid value. Predic-
tion of polygenic traits, such as those tested in this trial, 
is usually a major challenge in hybrid generation [56]. 
These results are similar to those found in other stud-
ies that have evaluated F1 eggplant hybrids under water 
stress, where the responses were diverse and complex 
due to the genetic distance of the parents [16, 57], the 
generation of hybrids with parents presenting moderate 
genetic distances could be a better strategy, as it has been 
seen that they achieve better results in eggplant [58]. At 
the growth level, the hybrids did not stand out in any trait 
under water stress, but it was observed that two hybrids 
had lower H2O2 content, which could indicate a lower 
level of oxidative stress [59], and one hybrid had lower 
proline content, which could indicate a lower level of 
stress [60]. These are traits that could be of interest for 
increased drought tolerance. However, the evaluation of 
a much larger number of genotypes is needed to deter-
mine the efficiency of eggplant breeding through hybrid-
ization for drought tolerance, as the response of hybrids 
is difficult to predict [61].

The generation of MAGIC lines has been shown to be a 
valuable tool for enhancing genetic diversity and develop-
ing genotypes with greater adaptation to different envi-
ronments [62, 63]. The five MAGIC S5 lines evaluated 
in this study were selected because they were genetically 
different [21], and this genetic divergence was matched 
by a different response to water stress. Amongst the lines 
evaluated, line M45 stood out as tolerant due to its high 
root growth and low oxidative stress, whereas line M262 
showed high susceptibility to stress with low root growth 
and high oxidative stress. However, no lines were found 
to be statistically superior to the best parent or to have a 
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large combination of traits favourable for increased toler-
ance to water stress. Thus, it would be of great interest 
to evaluate a larger number of lines to search for geno-
types with an appropriate combination of traits to maxi-
mize tolerance to water stress. With the results found in 
the tomato MAGIC lines by Diouf et al. [64] on tolerance 
to abiotic stress, it is to be expected that the evaluation 
of the complete set of eggplant MAGIC lines will result 
in the identification of high water-stress tolerant recom-
binant lines of interest for selection and breeding for 
resilience.

Conclusions
Irrigation of eggplant at 30% of field capacity induced 
water stress in the genotypes evaluated, allowing the 
analysis of growth and biochemical responses associated 
with tolerance to water stress. The eight hybrid parents 
and the S5 MAGIC lines showed a remarkable variabil-
ity in their responses, making them initial materials of 
great interest for breeding. Compared to the commer-
cial hybrid Petra, some genotypes showed increased 
root growth, suggesting potential avenues for improv-
ing the eggplant root system. Analysis of photosynthetic 
pigments showed that increased growth could lead to a 
reduction in chlorophyll and carotenoid content. With 
regard to oxidative stress, it was observed that flavonoid 
levels might be involved in mitigating the adverse effects 
of water stress, suggesting that selection for this trait may 
be of interest for drought tolerance in eggplant. Concern-
ing the F1 hybrids, diverse and unpredictable responses 
were observed, with heterosis manifesting both posi-
tively and negatively in the traits evaluated. The genetic 
diversity in the MAGIC lines resulted in a wide range of 
responses to tolerance, highlighting the diversity of traits 
present. Our results indicated a considerable variation in 
the MAGIC materials evaluated for tolerance to water 
stress, which is of interest for breeding new resilient 
eggplant cultivars. Screening larger sets of MAGIC lines 
may result in the identification of recombinant lines with 
increased tolerance to water stress.
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