
Citation: Ortega-Albero, N.;

González-Orenga, S.; Vicente, O.;

Rodríguez-Burruezo, A.; Fita, A.

Responses to Salt Stress of the

Interspecific Hybrid Solanum insanum

× Solanum melongena and Its Parental

Species. Plants 2023, 12, 295.

https://doi.org/10.3390/

plants12020295

Academic Editor: Dayong Zhang

Received: 18 November 2022

Revised: 4 January 2023

Accepted: 5 January 2023

Published: 8 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

plants

Article

Responses to Salt Stress of the Interspecific Hybrid
Solanum insanum × Solanum melongena and Its
Parental Species
Neus Ortega-Albero 1 , Sara González-Orenga 2 , Oscar Vicente 1 , Adrián Rodríguez-Burruezo 1

and Ana Fita 1,*

1 Institute for the Conservation and Improvement of Valencian Agrodiversity (COMAV),
Universitat Politècnica de València, Camino de Vera S/N, 46022 Valencia, Spain

2 Department of Plant Biology and Soil Science, Faculty of Biology, Universidad de Vigo,
Campus Lagoas-Marcosendre, 36310 Vigo, Spain

* Correspondence: anfifer@btc.upv.es

Abstract: Soil salinity is becoming one of the most critical problems for agriculture in the current
climate change scenario. Growth parameters, such as plant height, root length and fresh weight, and
several biochemical stress markers (chlorophylls, total flavonoids and proline), have been determined
in young plants of Solanum melongena, its wild relative Solanum insanum, and their interspecific hybrid,
grown in the presence of 200 and 400 mM of NaCl, and in adult plants in the long-term presence
of 80 mM of NaCl, in order to assess their responses to salt stress. Cultivated eggplant showed a
relatively high salt tolerance, compared to most common crops, primarily based on the control of
ion transport and osmolyte biosynthesis. S. insanum exhibited some specific responses, such as the
salt-induced increase in leaf K+ contents (653.8 µmol g−1 dry weight) compared to S. melongena
(403 µmol g−1 dry weight) at 400 mM of NaCl. Although there were no substantial differences in
growth in the presence of salt, biochemical evidence of a better response to salt stress of the wild
relative was detected, such as a higher proline content. The hybrid showed higher tolerance than
either of the parents with better growth parameters, such as plant height increment (7.3 cm) and fresh
weight (240.4% root fresh weight and 113.3% shoot fresh weight) at intermediate levels of salt stress.
For most biochemical variables, the hybrid showed an intermediate behaviour between the two
parent species, but for proline it was closer to S. insanum (ca. 2200 µmol g−1 dry weight at 200 mM
NaCl). These results show the possibility of developing new salt tolerance varieties in eggplant by
introducing genes from S. insanum.
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1. Introduction

Global food production should increase by 50% by 2050 to feed a population that will
rise to 10 × 109 people [1]. However, soil salinity affects over 109 × 106 ha of cropland
worldwide, reducing yields in more than 50% of the surface of the most productive agri-
cultural areas—those cultivated under irrigation in arid and semi-arid regions [2–6]. The
source of high salt concentration is primarily the presence of salt in irrigation water and
the accumulation of Na+ and Cl− in soils [2].

The effects of soil salinity on plants vary widely depending on multiple factors, but
salt tolerance is mainly controlled by genotype [7,8]. An operational threshold has been
established to classify species into salt-sensitive (glycophytes) and salt-tolerant (halophytes),
as well as those able to complete their life cycle under soil salinities equivalent to more
than 200 mM NaCl [9–11]. Different species have developed protective mechanisms to cope
with salt stress, from the physiological and biochemical to the molecular level, involving
complex networks of genes, proteins and metabolites [12].

Plants 2023, 12, 295. https://doi.org/10.3390/plants12020295 https://www.mdpi.com/journal/plants

https://doi.org/10.3390/plants12020295
https://doi.org/10.3390/plants12020295
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/plants
https://www.mdpi.com
https://orcid.org/0000-0002-5989-4841
https://orcid.org/0000-0003-3505-0721
https://orcid.org/0000-0001-5076-3784
https://orcid.org/0000-0002-8637-5852
https://doi.org/10.3390/plants12020295
https://www.mdpi.com/journal/plants
https://www.mdpi.com/article/10.3390/plants12020295?type=check_update&version=2


Plants 2023, 12, 295 2 of 26

Salinity induces detrimental effects in glycophytes, such as (i) reduced water avail-
ability, (ii) ion toxicity, (iii) oxidative stress and (iv) K+ deficiency [13,14], which lead to a
reduction in plant growth and biomass accumulation, and eventually, plant death [15,16].

Salt stress alters the normal metabolic processes of the plant: photosynthesis and en-
ergy production, lipid metabolism, nutrient acquisition, the integrity of cellular membranes
and the activity of enzymes [17]. Plant growth under such stressful conditions depends on
the efficiency of the mechanisms of stress responses in each species. In this regard, tolerance
mechanisms can be divided into two major groups: defence against osmotic stress and ion
toxicity, which includes the control of ion transport and osmolyte biosynthesis and defence
against oxidative stress, which includes the activation of antioxidant mechanisms.

To maintain intracellular osmotic balance, some plants accumulate toxic ions such
as Na+ and Cl− in the vacuoles [18,19]. An excessive accumulation of Na+ is generally
accompanied by K+ deficiency by competition between the two cations because of their
similar physicochemical properties. Thus, maintaining Na+/K+ homeostasis is crucial to
develop normal metabolic processes in the cytoplasm, such as enzymatic reactions and
protein synthesis [14]. In addition, different metabolites are involved in the responses to
osmotic stress as osmolytes and osmoprotectants, including sugars, polyalcohols, amino
acids, ammonium compounds, betaines and sulphonium compounds. Sugars are direct
products of photosynthesis that play essential functions in the cell; their increase could
be a response to stress or a signal for activating other cellular processes. During abiotic
stress, their primary role is stress mitigation by osmoprotection, carbon storage and the
scavenging of Reactive Oxygen Species (ROS). Amino acids also have some regulatory and
signalling functions. In stress tolerance mechanisms, a significant role is played by the
flagship compatible solute proline (Pro) [18,20–22].

Toxic ions absorbed by roots move into photosynthetic organs, causing harmful nutri-
tional imbalances and the generation of oxidative stress by an increase in the production
of ROS. Through the oxidation of fatty acids, amino acid residues in proteins and the
DNA bases, ROS accumulation leads to membranes degradation, protein inactivation and
DNA mutations, causing cellular damage, and eventually, cell death [23–25]. To cope
with oxidative stress, plant cells activate antioxidant systems, including the activation of
redox regulatory enzymes, such as superoxide dismutase (SOD), catalase (CAT), ascorbate
peroxidase (APX) (and other peroxidases) or glutathione reductase (GR), and the synthesis
of antioxidant metabolites, such as phenolic compounds [26].

Eggplant (Solanum melongena L.) is one of the most economically important crops
worldwide, reaching 1.86 × 106 cultivated hectares and an annual production of over
54 × 106 tonnes [1]. Eggplant is moderately sensitive to salinity [27], which partially re-
duces growth and yield. Solanum melongena can be crossed with many wild relatives
from the primary, secondary and tertiary gene pools, adapted to a wide range of environ-
ments [28]. Therefore, it should be possible to identify new sources of genetic variation in
wild relatives adapted to saline areas. The responses of Solanum insanum L. to salt stress
have recently been studied, and the wild genotype seems more tolerant than the cultivated
eggplant, as it can stabilise its growth and photosynthetic rate under saline conditions [29].
In S. insanum, toxic Na+ and Cl− ions are transported to the leaves at high external salinity,
where they most likely accumulate in vacuoles, according to the ‘ion compartmentalisation
hypothesis’ [30,31], whereas K+ concentrations are maintained. In the presence of high salt
concentrations, compared with cultivated eggplant, the wild species also shows a higher
accumulation of proline, an excellent marker of a stress tolerance phenotype [27].

Little is known about the inheritance of quantitative or complex traits such as stress
tolerance. However, introgression can be used to introduce favourable characteristics in
cultivated S. melongena [32–34] for future breeding prospects.

This study compares the response of cultivated eggplant (S. melongena L.), a wild
relative (S. insanum L.) and their interspecific hybrid, under salt stress conditions in short-
and long-term treatments by determining growth parameters and the levels of several
biochemical stress markers—such as ions, osmolytes or antioxidant compounds—and
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the activity of antioxidant enzymes. This work represents the first step in assessing the
possibilities of success of the introgression of salt tolerance traits from the wild relative into
the cultivated species.

2. Results
2.1. Substrate Electrical Conductivity

The electrical conductivity (EC1:5) of the substrate in the pots was measured at the end
of the short-term salt treatments of young plants. The obtained values were in concordance
with the treatments applied: 4.9 dS m−1 on average for the control, 23.5 dS m−1 on average
for irrigation with 200 mM of NaCl and 31.5 dS m−1 for irrigation with 400 mM of NaCl.
No significant differences were found in these levels among the three genotypes within
each treatment (Table 1).

Table 1. Electrical conductivity values (EC1:5 mean ± SD; n = 5) in the pot substrates of
Solanum melongena (MEL), Solanum insanum (INS) and their hybrid (HYB), when applying the salt
treatments. Different lowercase letters within the same row indicate statistically significant differences
between treatments, and different uppercase letters within the same column indicate statistically sig-
nificant differences between genotypes (p < 0.05), according to the Student–Newman–Keuls multiple
range test.

Treatment (NaCl Concentrations)

Control 200 mM 400 mM

EC1:5

MEL 5.2 ± 1.6 aA 21.8 ± 3.2 bA 32.2 ± 4.1 cA

HYB 5.2 ± 2.001 aA 26.4 ± 3.2 bA 31 ± 5.9 bA

INS 4.4 ± 1.9 aA 22.1 ± 2.9 bA 31.8 ± 3.9 cA

2.2. Young Plant Growth Parameters

Salt stress inhibited growth in both parents and the hybrid (Figure 1). For a better
comparison among genotypes, the leaf number (LN) and the plant height (PH) are shown in
the figures as their increase compared with the corresponding values at the beginning of the
treatment. Root length (RL), stem diameter (SD) and leaf surface (LS) are expressed in per-
centages of the corresponding mean values of the control, non-stressed plants, considered
as 100%.
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week growth period, in the control, and the 200 mM NaCl and 400 mM NaCl salt treatments (from 
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Figure 1. Solanum melongena (a), hybrid (b) and Solanum insanum (c) plants at the end of the four-week
growth period, in the control, and the 200 mM NaCl and 400 mM NaCl salt treatments (from left
to right).
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Under control, non-stress conditions, S. insanum (INS) plants apparently grew faster
than the S. melongena (MEL) counterparts, as indicated by a larger increase in LN (Figure 2a)
and PH (Figure 2b) during the four-week period, whereas values that were intermediate be-
tween those of the parents were obtained for the hybrid (HYB) plants. The three genotypes
showed a significant concentration-dependent reduction in both parameters in the presence
of salt (Figure 2a,b). However, the relative salt-induced growth inhibition suggested that
the hybrid is somewhat more tolerant than either parent, especially at the highest salinity
tested (Figure 2).

Plants 2023, 12, 295 4 of 26 
 

 

2a) and PH (Figure 2b) during the four-week period, whereas values that were interme-
diate between those of the parents were obtained for the hybrid (HYB) plants. The three 
genotypes showed a significant concentration-dependent reduction in both parameters in 
the presence of salt (Figure 2a,b). However, the relative salt-induced growth inhibition 
suggested that the hybrid is somewhat more tolerant than either parent, especially at the 
highest salinity tested (Figure 2). 

 

 

(a) (b) 

Figure 2. Increase in leaf number (LN) (a) and plant height (PH) (b) (mean ± SD; n = 5) in Solanum 
melongena (MEL), Solanum insanum (INS) and their hybrid (HYB) in comparison with the beginning 
of the salt treatment (control, 200 and 400 mM of NaCl, as indicated). Different lowercase letters 
within the same genotype indicate statistically significant differences between treatments, and dif-
ferent uppercase letters within the same treatment indicate statistically significant differences be-
tween genotypes (p < 0.05), according to the Student–Newman–Keuls multiple range test. 

Similarly, the salt treatments led to a concentration-dependent reduction in RL (Fig-
ure 3a), SD (Figure 3b) and LS (Figure 3c) in all plants, compared with the corresponding 
non-stressed controls. These differences were always statistically significant in the pres-
ence of 400 mM of NaCl but also, in most cases, in response to the lower salinity (200 mM 
NaCl) treatment. Regarding these growth parameters, however, no significant differences 
were detected between the three tested genotypes (Figure 3). 

 
 

(a) (b) 

Figure 2. Increase in leaf number (LN) (a) and plant height (PH) (b) (mean ± SD; n = 5) in
Solanum melongena (MEL), Solanum insanum (INS) and their hybrid (HYB) in comparison with the
beginning of the salt treatment (control, 200 and 400 mM of NaCl, as indicated). Different lowercase
letters within the same genotype indicate statistically significant differences between treatments,
and different uppercase letters within the same treatment indicate statistically significant differences
between genotypes (p < 0.05), according to the Student–Newman–Keuls multiple range test.

Similarly, the salt treatments led to a concentration-dependent reduction in RL
(Figure 3a), SD (Figure 3b) and LS (Figure 3c) in all plants, compared with the corre-
sponding non-stressed controls. These differences were always statistically significant in
the presence of 400 mM of NaCl but also, in most cases, in response to the lower salinity
(200 mM NaCl) treatment. Regarding these growth parameters, however, no significant
differences were detected between the three tested genotypes (Figure 3).

Water content (WC) was homogeneous in all plants and treatments, around 80%,
indicating that the salt stress did not cause dehydration in the treated plants, except for
slight water stem loss for INS (Table 2). In fact, MEL and the hybrid seemed to accumulate
more water in the roots and showed better maintenance of humidity than INS in both roots
and leaves. Nevertheless, fresh weight (FW) was considered the most relevant growth
parameter. Root fresh weight (RFW, Figure 4a) was not affected by any of the treatments
in the parent species; interestingly, however, the plants of the hybrid showed a significant
increase in root growth in response to the 200 mM NaCl treatment (Figure 4a). On the
other hand, stem fresh weight (SFW, Figure 4b) and leaf fresh weight (LFW, Figure 4c) were
significantly reduced with increasing salt concentrations. Nevertheless, the hybrid was less
affected at 200 mM than any of the parents, supporting the notion of its relatively higher
salt tolerance.
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Table 2. Root (RWC) (a), stem (SWC) (b) and leaf (LWC) (c) water content (%) (mean ± SD; n = 5) in
Solanum melongena (MEL), Solanum insanum (INS) and their hybrid (HYB) in the conditions tested
(control 200 mM and 400 mM of NaCl, as indicated). Different lowercase letters within the same
genotype indicate statistically significant differences between treatments, and different uppercase
letters within the same treatment indicate statistically significant differences between genotypes
(p < 0.05), according to the Student–Newman–Keuls multiple range test.

Treatment (NaCl Concentrations)

Control 200 mM 400 mM

RWC
MEL 77.6 ± 1.4 aA 84.2 ± 1.2 bB 83.5 ± 0.9 bB

HYB 75.4 ± 1.6 aA 83.1 ± 0.5 bB 83.6 ± 0.4 bB

INS 77.5 ± 1.8 aA 78.3 ± 0.4 aA 78.2 ± 0.3 aA

SWC
MEL 90.1 ± 4.5 bA 84.3 ± 1.7 aA 83.5 ± 0.9 aA

HYB 79.9 ± 11.3 aA 77.3 ± 26.2 aA 75.1 ± 18.9 aA

INS 78.7 ± 3.02 bA 76.2 ± 1.8 bA 71.1 ± 0.9 aA

LWC
MEL 81.8 ± 5.1 aA 86.1 ± 2.4 aA 85.6 ± 1.4 aB

HYB 87.9 ± 6.3 aA 85.9 ± 0.9 aA 83.6 ± 0.4 aB

INS 82.6 ± 3.2 aA 83.8 ± 1.3 aA 81.2 ± 1.5 aA



Plants 2023, 12, 295 6 of 26

2.3. Photosynthetic Pigments

In general, no significant differences were found between treatments or genotypes in
the major pigments under most experimental conditions tested (Table 3). For photosynthetic
pigments, only chlorophyll a (ChlA) showed significantly higher values in the hybrid than
in the parents in the presence of 400 mM of NaCl. The carotenoid (Caro) contents did
not vary between the three genotypes, although the values calculated for INS plants were
significantly lower at 400 mM of NaCl than in the control or at 200 mM of NaCl.
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INS = 7.4] and LFW (g): [MEL = 13, HYB = 13.1, INS = 16.2]. Different lowercase letters within
the same genotype indicate statistically significant differences between treatments, and different
uppercase letters within the same treatment indicate statistically significant differences between
genotypes (p < 0.05), according to the Student–Newman–Keuls multiple range test.

2.4. Ion Contents

The mean Na+ contents significantly increased with increasing external salinity in a
concentration-dependent manner; the patterns of Na+ accumulation were roughly the same
in roots and leaves and for the three genotypes (Figure 5a), and the absolute Na+ levels were
also similar for each treatment, with a few exceptions. For example, the differences between
200 and 400 mM of NaCl were always non-significant, except in the roots of the hybrid,
with values of 1778 and 1284 µmol g−1 DW, at 400 and 200 mM of NaCl, respectively.
Moreover, the Na+ contents in INS were significantly higher in leaves than in roots for all
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treatments; this eggplant wild relative also showed somewhat lower Na+ levels in the roots
compared to MEL and the hybrid (Figure 5a). The observed Cl− content patterns were
similar to those of Na+, although its absolute concentrations were somewhat higher for
each treatment in both organs and the three genotypes (Figure 5b).

Table 3. Chlorophyll a (ChlA) (mg g−1 dry weight), chlorophyll b (ChlB) (mg g−1 dry weight) and
carotenoids (Caro) (mg g−1 dry weight) values (mean ± SD; n = 5) in Solanum melongena (MEL),
Solanum insanum (INS) and their hybrid (HYB) in the conditions tested (control, 200 mM and 400 mM
of NaCl). Different lowercase letters within the same row indicate statistically significant differences
between treatments, and different uppercase letters within the same column indicate statistically
significant differences between genotypes for each measured compound (p < 0.05), according to the
Student–Newman–Keuls multiple range test.

Treatment (NaCl Concentrations)

Control 200 mM 400 mM

ChlA
MEL 2.8 ± 0.8 aA 3.1 ± 1.7 aA 2.2 ± 0.9 aA

HYB 2.7 ± 1.3 aA 2.7 ± 1.4 aA 4.4 ± 1.9 aB

INS 1.5 ± 0.9 aA 2.9 ± 1.9 aA 1.8 ± 1.1 aA

ChlB
MEL 0.9 ± 1.4 aA 1.6 ± 1.3 aA 0.8 ± 0.9 aA

HYB 0.5 ± 0.4 aA 0.3 ± 0.1 aA 0.7 ± 0.5 aA

INS 1.0 ± 1.1 aA 0.9 ± 0.3 aA 0.4 ± 0.2 aA

Caro
MEL 0.8 ± 0.4 aA 0.9 ± 0.4 aA 0.6 ± 0.4 aA

HYB 1.0 ± 0.3 aA 0.6 ± 0.2 aA 0.8 ± 0.3 aA

INS 0.9 ± 0.3 bA 1.0 ± 0.2 bA 0.5 ± 0.2 aA

In the plants of all three tested genotypes, the salt treatments did not cause any
significant change in K+ concentrations in roots compared to the corresponding non-
stressed controls (Figure 5c). In leaves, however, different K+ accumulation patterns were
observed in the two parent species upon the salt treatments: a significant salt-induced
decrease of about 50% in MEL, whereas K+ levels significantly increased by more than
40%, in INS plants subjected to 400 mM of NaCl—although the lower salinity treatment
(200 mM) had no effect. In the hybrid, leaf K+ concentrations neither decreased nor
increased in response to the salt treatments and were maintained around 500 µmol g−1 DW
in the control and the stressed plants (Figure 5c)

The Ca2+ contents followed the same pattern in both parents, in leaves and roots,
significantly increasing in the presence of NaCl. In the hybrid, the measured values were
intermediate between those of the parents; they showed a significant difference between
200 mM and 400 mM of NaCl. The average Ca2+ concentrations were higher in roots than
in leaves for each salt concentration; in the case of INS, these differences (about two-fold)
were statistically significant (Figure 5d).

The Na+/K+ ratio values were similar under the control conditions, near 1, in all
samples except in hybrid roots, near 2. The ratios were higher in the salt-treated plants,
with some differences between genotypes (Figure 6). In leaves, the hybrid and INS showed
lower values than MEL. In roots, however, a higher average ratio was calculated for
the hybrid than for both parents, at 200 mM of NaCl, although the differences were not
statistically significant (Figure 6).

2.5. Osmolyte Quantification, MDA, H2O2 and Antioxidant Compounds

Proline (Pro) is a reliable stress marker in most species of the Solanaceae family. Leaf
Pro contents increased in response to the salt treatments in the three genotypes but reached
absolute values about 25-fold higher in INS and the hybrid than in MEL (Table 4). In the
non-stressed controls, the hybrid tended to accumulate more Pro than both parents. Under
salt stress conditions, both the hybrid and INS accumulated more Pro than MEL.
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The total soluble sugars (TSS) contents did not vary significantly between treatments
or genotypes, with values around 200 mg equiv. glu g−1 DW in all cases (Table 4). Similarly,
the levels of oxidative stress biomarkers (MDA, H2O2) and total phenolic compounds
(TPC, representative antioxidant metabolites), in general, did not significantly increase in
response to the salt treatments, except for H2O2 in INS plants watered with 400 mM of NaCl
(Table 4). Total flavonoids (TF) levels showed significant differences between genotypes in
the control and 200 mM NaCl treatments, with the values of the hybrid closer to the wild
parent species than the cultivated eggplant; however, no differences were detected between
treatments for each genotype (Table 4).
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Figure 5. Na+ (a), Cl− (b), K+ (c) and Ca2+ (d) content (μmol g−1 dry weight) in roots (left) and leaves 
(right) (mean ± SD; n = 5) in Solanum melongena (MEL), Solanum insanum (INS) and their hybrid 
(HYB) in the conditions tested (control, 200 mM and 400 mM of NaCl). Different lowercase letters 
within the same genotype indicate statistically significant differences between treatments, different 
uppercase letters within the same treatment indicate statistically significant differences between 
genotypes, and an asterisk indicates statistically significant differences between roots and leaves for 
the same treatment and genotype (p < 0.05), according to the Student–Newman–Keuls multiple 
range test. 

The Na+/K+ ratio values were similar under the control conditions, near 1, in all sam-
ples except in hybrid roots, near 2. The ratios were higher in the salt-treated plants, with 
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hybrid than for both parents, at 200 mM of NaCl, although the differences were not sta-
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Figure 5. Na+ (a), Cl− (b), K+ (c) and Ca2+ (d) content (µmol g−1 dry weight) in roots (left) and leaves
(right) (mean ± SD; n = 5) in Solanum melongena (MEL), Solanum insanum (INS) and their hybrid (HYB)
in the conditions tested (control, 200 mM and 400 mM of NaCl). Different lowercase letters within the
same genotype indicate statistically significant differences between treatments, different uppercase
letters within the same treatment indicate statistically significant differences between genotypes,
and an asterisk indicates statistically significant differences between roots and leaves for the same
treatment and genotype (p < 0.05), according to the Student–Newman–Keuls multiple range test.
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Figure 6. Na+/K+ relation in roots (left) and leaves (right) (mean ± SD; n = 5) in Solanum melongena
(MEL), Solanum insanum (INS) and their hybrid (HYB) in the conditions tested (control, 200 mM
and 400 mM of NaCl). Different lowercase letters within the same genotype indicate statistically
significant differences between treatments, different uppercase letters within the same treatment
indicate statistically significant differences between genotypes, and an asterisk indicates statistically
significant differences between roots and leaves for the same treatment and genotype (p < 0.05),
according to the Student–Newman–Keuls multiple range test.
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Table 4. Proline (Pro) (µmol g−1 dry weight), total soluble sugars (TSS) (mg equiv. glucose g−1 dry
weight), malondialdehyde (MDA) (nmol g−1 dry weight), hydrogen peroxide (H2O2) (µmol g−1 dry
weight), total phenolic compounds (TPC) (mg equiv. gallic acid g−1 dry weight), and total flavonoids
(TF) (mg equiv. catechin g−1 dry weight) values (mean ± SD; n = 5) in Solanum melongena (MEL),
Solanum insanum (INS) and their hybrid (HYB) in the conditions tested (control, 200 mM and 400 mM
of NaCl). Different lowercase letters within the same row indicate statistically significant differences
between treatments, and different uppercase letters within the same column indicate statistically
significant differences between genotypes for each measured compound (p < 0.05), according to the
Student–Newman–Keuls multiple range test.

Treatment (NaCl Concentrations)

Control 200 mM 400 mM

Pro
MEL 11.9 ± 1.4 aA 85.7 ± 13.9 bA 134.1 ± 22.6 cA

HYB 107.8 ± 42.4 aB 2155.9 ± 258.9 bB 3217.5 ± 697.9 bB

INS 27.3 ± 35.5 aA 2233.5 ± 265.5 bB 3717.1 ± 318.1 cB

TSS
MEL 160.2 ± 39.7 aA 133.0 ± 63.7 aA 224.1 ± 60.6 aA

HYB 205.8 ± 69.9 aA 180.9 ± 50.1 aA 209.9 ± 32.8 aA

INS 227.4 ± 120.0 aA 144.6 ± 78.9 aA 187.9 ± 31.4 aA

MDA
MEL 623.7 ± 277.5 aA 544.4 ± 119.8 aA 493.9 ± 77.3 aA

HYB 658.3 ± 111.6 aA 437.2 ± 147.5 aA 443.3 ± 162.0 aA

INS 569.1 ± 323.2 aA 597.3 ± 131.9 aA 477.9 ± 171.3 aA

H2O2

MEL 6.6 ± 0.9 aA 5.6 ± 1.8 aA 11.4 ± 7.33 aAB

HYB 5.5 ± 1.6 aA 5.1 ± 2.8 aA 9.4 ± 4.7 aA

INS 28.5 ± 6.7 aB 21.3 ± 5.5 aB 50.8 ± 11.8 bB

TPC
MEL 23.3 ± 8.6 aA 26.7 ± 9.6 aA 36.2 ± 11.4 aA

HYB 37.8 ± 11.6 aB 25.2 ± 3.3 aA 32.5 ± 14.2 aA

INS 31.2 ± 6.5 aAB 34.5 ±4.6 aA 41.3 ± 11.3 aA

MEL 4.6 ± 3.5 aA 7.8 ± 4.4 aA 11.8 ± 6.6 aA

TF HYB 11.9 ± 4.2 aB 11.3 ± 2.8 aAB 9.7 ± 5.5 aA

INS 12.3 ± 1.5 aB 15.2 ± 2.7 aB 16.6 ± 5.1 aA

2.6. Antioxidant Enzymes

The salt treatments did not increase the specific activity of relevant antioxidant en-
zymes, such as superoxide dismutase (SOD), aspartate peroxidase (APx) or glutathione
reductase (GR) in any of the studied genotypes (Table 5), as should be expected, since no
salt-induced oxidative stress was observed. Under the assay conditions, no catalase (CAT)
activity could be detected (data not shown). The enzymes activities showed great variability
within the same genotype and treatment, as shown by the relatively high SD values.

2.7. Adult Plant Performance

To complement the previous data, adult plants at the pre-flowering stage were sub-
jected to longer (eight weeks) treatments with lower (80 mM of NaCl) salt concentrations.
After the treatment, growth parameters, root and leaf ion contents, and leaf Pro levels were
determined in the plants of MEL, INS and their hybrid.

Regarding root length (RL), the salt treatment caused a small but significant increase in
MEL plants, whereas it did not affect INS; on the other hand, RL was significantly reduced
in HYB plants in the presence of 80 mM of NaCl (Figure 7a). The mean leaf surface (LS)
values saw a similar decrease in the three genotypes, although to a somewhat lesser extent
in MEL plants (Figure 7b).
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Table 5. Superoxide dismutase (SOD), ascorbate peroxidase (APx) and glutathione reductase (GR) spe-
cific activities (units mg−1 protein) (mean ± SD; n = 5) in Solanum melongena (MEL), Solanum insanum
(INS) and their hybrid (HYB) in the conditions tested (control, 200 mM and 400 mM of NaCl). Different
lowercase letters within the same row indicate statistically significant differences between treatments,
and different uppercase letters within the same column indicate statistically significant differences be-
tween genotypes for each measured compound (p < 0.05), according to the Student–Newman–Keuls
multiple range test.

Treatment (NaCl Concentrations)

Control 200 mM 400 mM

APx
MEL 48.9 ± 29.2 aA 89.9 ± 58.2 aB 87.4 ± 28.2 aA

HYB 98.5 ± 65.3 aA 124.5 ± 20.7 aB 267.2 ± 161.8 aA

INS 62.7 ± 64.0 aA 16.7 ± 11.2 aA 83.0 ± 28.6 aA

SOD
MEL 90.2 ± 47.3 aA 84.3 ± 34.9 aA 89.2 ± 35.3 aAB

HYB 144.2 ± 55.0 aB 92.3 ± 24.8 aA 128.3 ± 34.4 aB

INS 61.9 ± 20.1 aA 56.3 ± 13.1 aA 55.2 ± 21.7 aA

GR
MEL 948.1 ± 203.5 aA 703.7 ± 196.8 aAB 638.4 ± 68.6 aA

HYB 1018.9 ± 363.5 aA 863.9 ± 369.0 aB 1175.6 ± 438.7 aA

INS 349.1 ± 172.7 aA 313.6 ± 157.0 aA 359.7 ± 232.6 aA
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No effect of the salt treatment on biomass accumulation was observed at the root 
level (Figure 8a). However, salt stress significantly reduced the growth of the aerial part 
of the plants to a similar degree for MEL, INS and their hybrid, as shown by the decrease 
in SFW and LFW (Figure 8b,c). 

Figure 7. Root length (RL) (a) and leaf surface (LS) (b) (mean ± SD; n = 5) in adult plants of
Solanum melongena (MEL), Solanum insanum (INS) and their hybrid (HYB) in control conditions and
under long-term (eight weeks) 80 mM NaCl irrigation. Values are shown as percentages of the corre-
sponding controls of each genotype, taken as 100%, with absolute values for RL (cm): [MEL = 65.2,
HYB = 68.6, INS = 71.6] and LS (cm2): [MEL = 141, HYB = 172.4, INS = 140.8]. Different lowercase
letters within the same genotype indicate statistically significant differences between treatments,
and different uppercase letters within the same treatment indicate statistically significant differences
between genotypes (p < 0.05), according to the Student–Newman–Keuls multiple range test.

No effect of the salt treatment on biomass accumulation was observed at the root level
(Figure 8a). However, salt stress significantly reduced the growth of the aerial part of the
plants to a similar degree for MEL, INS and their hybrid, as shown by the decrease in SFW
and LFW (Figure 8b,c).

The adult plants showed significant differences between leaf and root ion content for
all analysed ions and the three tested genotypes. Thus, Na+ concentrations were much
higher in roots than in leaves; K+ and Ca2+, on the contrary, accumulated to significantly
higher levels in leaves than in roots, although the differences between organs were relatively
small compared to those observed for Na+ (Figure 9).
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Figure 8. Root (RFW) (a), stem (SFW) (b) and leaf (LFW) (c) fresh weight (mean ± SD; n = 5)
in adult plants of Solanum melongena (MEL), Solanum insanum (INS) and their hybrid (HYB) in
control conditions and under long term (eight weeks) 80 mM NaCl irrigation. Values are shown as
percentages of the corresponding controls of each genotype, taken as 100%, with absolute values for
RFW (g): [MEL = 129.9, HYB = 177.4, INS = 111.2], SFW (g): [MEL = 120.1, HYB = 185.3, INS = 131.2]
and LFW (g): [MEL = 130.2, HYB = 195.1, INS = 174]. Different lowercase letters within the same
genotype indicate statistically significant differences between treatments, and different uppercase
letters within the same treatment indicate statistically significant differences between genotypes
(p < 0.05), according to the Student–Newman–Keuls multiple range test.

Regarding the effect of the salt treatment on ion levels, Na+ concentrations increased
after eight weeks in the presence of 80 mM of NaCl, as expected; the differences with
the controls were statistically significant in all samples, except in the leaves of INS plants
(Figure 9a). Interestingly, the leaf Na+ contents were significantly higher in the hybrid than
in its two parents (Figure 9a). Contrary to Na+, mean K+ (Figure 9b) and Ca2+ (Figure 9c)
concentrations varied little in response to the salt treatment, neither in the roots nor in
the leaves of the plants of the three genotypes. Indeed, a slight NaCl-induced reduction
in leaf K+ contents in MEL and HYB plants was the only significant difference detected
(Figure 9b). It should also be pointed out that the mean K+ and Ca2+ leaf contents were
higher than those of Na+ for the three analysed genotypes (Figure 9).

The Na+/K+ ratios remained low, below 1.0, under the control conditions for the three
genotypes tested, especially in leaves, which showed much lower values than roots. These
ratios significantly increased, in all cases, in response to the NaCl treatment (Figure 10).

The leaf Pro contents increased significantly in response to the salt treatment in MEL
and HYB plants, about ten- and five-fold, respectively, with respect to the corresponding
controls. The mean Pro content also increased in salt-treated INS plants, but the difference
with the control was not statistically significant (Table 6). Therefore, in the hybrid, abso-
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lute Pro levels under control and salt stress conditions, and their relative increase, were
intermediate between those of the parent species.
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Figure 9. Na+ (a), K+ (b), and Ca2+ (c) content (µmol g−1 dry weight) in roots (left) and leaves (right)
(mean ± SD; n = 5) in Solanum melongena (MEL), Solanum insanum (INS) and their hybrid (HYB) in
the conditions tested (control, 80 mM of NaCl). Different lowercase letters within the same genotype
indicate statistically significant differences between treatments, different uppercase letters within
the same treatment indicate statistically significant differences between genotypes, and an asterisk
indicates statistically significant differences between roots and leaves for the same treatment and
genotype (p < 0.05), according to the Student–Newman–Keuls multiple range test.
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Figure 10. Na+/K+ ratio in roots (left) and leaves (right) (mean ± SD; n = 5) in Solanum melongena
(MEL), Solanum insanum (INS) and their hybrid (HYB) in the conditions tested (control, 80 mM of
NaCl). Different lowercase letters within the same genotype indicate statistically significant differ-
ences between treatments, different uppercase letters within the same treatment indicate statistically
significant differences between genotypes, and an asterisk indicates statistically significant differ-
ences between roots and leaves for the same treatment and genotype (p < 0.05), according to the
Student–Newman–Keuls multiple range test.
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Table 6. Proline (Pro) values (µmol g−1 dry weight) (mean ± SD; n = 5) in adult plants of
Solanum melongena (MEL), Solanum insanum (INS) and their hybrid (HYB) in control conditions
and under long-term (eight weeks) 80 mM NaCl irrigation. Different lowercase letters within the
same row indicate statistically significant differences between treatments, and different uppercase let-
ters within the same column indicate statistically significant differences between genotypes (p < 0.05),
according to the Student–Newman–Keuls multiple range test.

Treatment (NaCl Concentrations)

Control 80 mM

Pro
MEL 13.6 ± 3.7 aA 125.1 ± 54.1 bB

HYB 9.8 ± 6.1 aA 46.5 ± 22.8 bA

INS 6.7 ± 4.8 aA 18.6 ± 18.8 aA

3. Discussion

Recent studies have revealed that, even though Solanum melongena has been described
as moderately susceptible—or tolerant—to salt stress, the response largely depends on the
genotype [35–38]. The effects of salt stress on plant development are well established [3,16],
although specific response mechanisms depend on the genotype and the experimental
conditions tested [29,39]. The present work compared the behaviour of an eggplant cultivar
(MEL), the wild relative Solanum insanum (INS) and their hybrid (HYB), with the aim of
establishing possible differences in salt tolerance between the tested genotypes and the
inheritance of those tolerance mechanisms. Our general assumption was that both parents,
closely related genetically, would not differ in the type of responses to salt stress but could
differ in the magnitude or efficiency of those responses.

High salt concentrations cause growth inhibition in plants [35,36,40], which was also
observed in the present work for the three studied genotypes, especially at 400 mM NaCl.
Some quantitative differences between both parents were detected in our experiments;
for example, the wild relative seemed to grow more rapidly than the cultivated eggplant
in the absence of salt, as shown by the larger increase in leaf number and plant height.
However, considering most measured growth variables, MEL and INS plants did not differ
substantially in terms of their relative growth inhibition under salt stress, indicating that
the degree of salt tolerance was similar for the tested S. melongena cultivar and S. insanum.
However, in a previous study, another S. melongena cultivar was shown to be less salt-
tolerant than the wild relative at high salinities [29], confirming the genotype dependence
of this trait in eggplant. On the other hand, our results pointed to a higher tolerance of the
hybrid than either parent: a smaller relative reduction in the leaf surface and plant height
and, most importantly, a relatively higher biomass accumulation (FW of stems and leaves)
in the presence of 200 mM of NaCl. Moreover, while root FW did not change in response to
the salt treatments in MEL and INS plants, it significantly increased in hybrid plants treated
with 200 mM of NaCl. Since the primary root length actually decreased, the intermediate
salt treatment most likely induced the growth of secondary roots to enhance water uptake
from the soil, as has been observed in some other species [41–44], suggesting a specific
adaptation to salt stress in the hybrid. The higher efficiency of the defence mechanisms
against salt stress observed in the hybrid may relate to the well-known phenomenon of
heterosis that hybrids show in comparison to their parents, leading to improving important
agronomical quantitative traits, such as growth vigour, seed production, yield or even
stress survival [45,46]. Heterosis has been observed and studied in many different plant
species, including, for example, maize, rice or tomato [47–49], as well as in eggplant [50].
This hybrid vigour would be of great interest in future eggplant breeding prospects, but
the genetic basis of heterosis is still under study.

Salinity is generally associated with the degradation of photosynthetic pigments,
which is more pronounced in less tolerant species, reducing photosynthesis activity in the
plant. Consequently, chlorophylls a and b (ChlA and ChlB), and carotenoid (Caro) contents,
might be used as stress biomarkers [51,52]. In the present work, however, we did not
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observe a significant salt-induced reduction in ChlA, ChlB or Caro in any of the genotypes,
thus, supporting the moderate salt tolerance of eggplant and its wild relative. Interestingly,
the ChlA contents were higher in the hybrid than in both parents in the presence of 400 mM
of NaCl, which was probably also due to an heterotic effect.

Na+ and Cl− contents accumulated in leaves and roots when salinity increased, with
similar patterns for S. melongena, S. insanum and the hybrid, as previously reported in
different eggplant cultivars [53,54]. However, we did not observe significant differences
between roots and leaves, except for S. insanum, with a more significant Na+ accumulation
in leaves. This result supports the idea that in S. insanum, Na+ is transported from roots to
leaves and is sequestered in leaf vacuoles with a somewhat higher efficiency than in the
cultivated eggplant.

An increase in Na+ contents in response to increasing salinity would generally promote
a decrease in K+ concentration, as both cations compete for the same transport proteins
of the membrane [36,53,54]. For this reason, the Na+/K+ ratio has been reported as a
possible indicator of salt tolerance in plants [14,55]. Some studies revealed a limited Na+

accumulation in eggplant leaves to maintain lower Na+/K+ ratios, reducing Na+ uptake
or compartmentalising it into root vacuoles [56,57]. In this study, we observed that the
plants of the three genotypes maintained root K+ levels under salt stress, which likely
contributes to salt tolerance in eggplant, its wild relative and their hybrid. Changes in
leaf K+ concentrations were also not detected in salt-treated HYB plants, which in this
respect showed an intermediate behaviour between its parent species. The Na+ contents
measurements indicated that ion transport in response to salt differs in both parental
species. In INS, Na+ levels were higher in leaves, whereas Na+ predominantly accumulated
in roots in MEL and the HYB, which in this respect was more similar to the cultivated
eggplant than the wild relative.

The Ca2+ contents increased in the presence of salt, with higher accumulation in roots
than in leaves, supporting the notion that Ca2+ is beneficial for maintaining Na+ and K+

homeostasis, at least partly via the SOS pathway [58]. Moreover, due to its critical regulatory
and signalling roles in plant growth and development [59], increasing Ca2+ in the leaves of
salt-stressed plants is important to maintain essential metabolic and cellular processes.

Proline (Pro) is a reliable marker of abiotic stress in many plant species, increasing
its concentration in stressed plants in relation to its background levels in non-stressed
controls [15,60]. In addition to its role in osmotic adjustment, Pro is an osmoprotectant
because of its function as a low-molecular-weight chaperon, maintaining protein structure
and membrane integrity, as well as ROS detoxification under stress conditions [61]. Several
reports have shown a positive correlation between Pro accumulation and stress tolerance
when comparing related taxa, suggesting the direct participation of Pro in the mechanisms
of tolerance [20,62,63]. In other cases, however, Pro contents simply indicate the relative
degree of stress affecting the plants, accumulating at higher levels in the more-stressed,
less-tolerant genotypes, indicating that Pro is not directly involved in relevant tolerance
mechanisms [37,38,64]. Our results showed higher Pro contents in the control plants of
the hybrid than in S. melongena or S. insanum, suggesting a constitutive mechanism of
stress response. The salt treatments led to significant, concentration-dependent increases
in Pro accumulation in all three genotypes; however, the absolute concentrations reached
were much higher, around 25-fold, in INS and HYB than in MEL. Therefore, regarding Pro
biosynthesis and accumulation in response to salt stress, the hybrid was much closer to the
wild relative than the cultivated eggplant.

Soluble sugars (TSS) play a role in osmoregulation under stress environments in
some plant species, amongst other multiple functions unrelated to specific responses to
stress [65,66]. This report does not show any significant variation in TSS contents in
response to salt stress, indicating that sugar accumulation is not a relevant mechanism of
salt tolerance in eggplant.

Malondialdehyde (MDA), a product of lipid peroxidation, is an excellent marker of
oxidative stress generated as a secondary effect of high salinity and other abiotic stresses due
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to the increase in cellular ROS levels [67]. Therefore, in general, it should be expected that
MDA contents increase in plants in the presence of salt, as should the levels of antioxidant
compounds and enzyme activities, in order to counteract oxidative stress [68–70]. In this
study, however, MDA contents did not vary significantly in response to the salt treatments.
Similarly, no salt-induced increase in H2O2 contents was detected, in agreement with
the maintenance of low ROS levels, but for a slight increase in INS at 400 mM of NaCl.
These data suggest that salt stress responses based on the control of ion transport and Pro
accumulation are efficient enough to avoid the generation of oxidative stress in salt-treated
MEL, INS or HYB plants under our experimental conditions. In the absence of oxidative
stress, the activation of antioxidant enzymes or the synthesis of antioxidant metabolites,
such as phenolic compounds, was not detected, as should be expected.

The responses of adult plants to lower salt concentrations during longer treatment
were qualitatively similar, in most cases, to those described above for younger plants, albeit
generally weaker. This behaviour could be explained by the increase in stress tolerance
with plant age, which has been observed in many plant species [71–73]. The salt treatment
also caused an inhibition of growth in adult plants, mainly reflected in a reduction in the
FW of the aerial part, stem and leaves, but without significant differences between the
three genotypes.

The Na+ contents significantly increased in salt-treated plants with respect to the
non-treated controls, in roots and leaves. However, contrary to what was observed in
younger plants, Na+ concentrations were much lower in leaves than in roots. It seems
that adult plants can efficiently block the transport of the toxic ion to the aerial part of the
plants. On the other hand, K+ and Ca2+ concentrations were slightly (but significantly)
higher in leaves than in roots and did not vary in response to the salt treatment or between
genotypes. Compared to young plants, where Ca2+ is accumulated primarily in roots, Ca2+

concentrations were slightly but significantly higher in leaves in adult plants. Moreover,
Na+/K+ ratios were significantly lower in adult hybrid roots compared to young hybrid
roots. The relatively low accumulation in the leaves of Na+ ions, and the higher contents of
K+ and Ca2+, partly counteracting the deleterious effects of salt stress, most likely contribute
to the higher tolerance of adult plants.

Finally, Pro contents increased in the plants treated with 80 mM of NaCl, although the
relative increase over control levels and the maximum values reached were lower than in
young plants. In this case, however, the lowest Pro concentrations were measured in INS
plants and the highest in MEL, with the hybrid showing intermediate values. Since toxic
Na+ accumulated in leaves at much lower levels than in young plants, it seems logical to
assume that lower Pro concentrations are also required for osmotic adjustment.

4. Materials and Methods
4.1. Plant Material, Seed Germination and Plant Growth

Seeds of Solanum melongena (MEL), Solanum insanum (INS) and their hybrid
S. insanum × S. melongena (HYB), originally obtained from Sri Lanka and maintained in the
COMAV eggplant collection (Universitat Politècnica de València, Spain) [28], were sown
following the protocol of Ranil et al. [74]. The seeds were immersed for 24 h in distilled
water, followed by 24 h in a solution of 1.4 mM of gibberellic acid (GA). After the treatment,
the seeds were placed in standard Petri dishes (90 mm in diameter) with a sterile cotton
layer covered with filter paper and wetted with 10 mM of potassium nitrate (KNO3). The
seeds were incubated at 4 ◦C covered with aluminium foil for seven days, followed by
24 h at 37 ◦C, before placing them in the germination chamber (25 ◦C, 78% humidity and a
photoperiod of 16/8 h with a mean light intensity of 1000 lux).

Plants with four leaves were transplanted in the greenhouse into pots of 14.5 cm in
diameter, 12.5 cm in height (1.3 L Series CD Alto Thermoformed Pots) with commercial
soil (Neuhaus Huminsubstrat S), and a 1 cm layer of vermiculite; the pots were placed in
plastic trays distributed in groups of ten. One week later, treatments were started.
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4.2. Salt Treatments

Five plants of each genotype were watered with solutions containing either 200 or
400 mM of NaCl, or with water for the controls, every three days for four weeks (n = 5). At
the beginning of the treatments, the number of leaves (NL) and plant height (PH) (cm) were
measured in all plants. At the end of the experiment, the same parameters were measured,
plus the following: stem diameter (SD) (mm), length of the primary root (LR) (cm), leaf
surface (LS) (cm2), and the electrical conductivity of the substrate (EC) (dS m−1). Once
these parameters were determined, the plants were taken into the laboratory to measure
the leaf fresh weight (g) (LFW), shoot fresh weight (g) (SFW) and root fresh weight (g)
(RFW). Part of the fresh leaf material was deep-frozen in liquid N2 to perform some of the
biochemical assays. Part of the fresh material was weighed and dried for three days at
65 ◦C and then weighed again. The water content (WC) percentage was calculated using
Equation (1) [22].

WC (%) = [(FW − DW)/FW] × 100 (1)

4.3. Substrate Electrical Conductivity

The EC of the substrate was measured at the end of the treatments using a 1:5 soil:water
suspension prepared in deionised water and stirred for two h at 600 rpm and 4 ◦C. EC1:5
(dS m−1) was measured with a Crison Conductivity-meter 522 (Crison Instruments SA,
Barcelona, Spain).

4.4. Photosynthetic Pigments

Total carotenoids (Caro), chlorophyll a (ChlA) and chlorophyll b (ChlB) were measured
following the procedure of Lichtenthaler and Wellburn [75], as modified in [76]. Pigments
were extracted from 0.05 g of fresh leaf material in 10 mL of 80% ice-cold acetone. After
mixing overnight and centrifuging for 10 min at 13,300× g, the supernatant was collected,
and its absorbance was measured at 663, 646 and 470 nm. Pigment concentrations were
calculated following the equations given by Lihtenthaler and Wellburn [75], and pigment
contents were expressed in mg g−1 DW.

4.5. Ion Content Measurement

The ion contents were determined in samples of 0.05 g of dry leaf, stem and root mate-
rial after extraction in 15 mL of H2O, according to the original protocol of Weimberg [77],
with minor modifications [78]. The samples were heated at 95 ◦C for one hour in a water
bath, mixed overnight in a rocker shaker, and centrifuged for 10 min at 13,300× g. Cations
(Na+, K+ and bioavailable Ca2+) were quantified with a PFP7 flame photometer (Jenway
Inc., Burlington, VT, USA), and Cl- was measured using a chloride analyser Corning 926
(Sherwood Scientific Ltd., Cambridge, UK).

4.6. Osmolyte Quantification

Proline (Pro) was extracted from 0.05 g of fresh leaf material with two mL of 3%
(w/v) sulphosalicylic acid and quantified according to the ninhydrin method [79], as
described [29]. The extract mixed with acid ninhydrin was heated at 95 ◦C in a water bath
for one hour, cooled on ice and extracted with toluene; the absorbance of the organic phase
was measured at 520 nm. Samples with known Pro amounts were assayed in parallel to
obtain a standard curve. Pro concentrations were expressed as µmol g−1 DW.

The total soluble sugars (TSS) were quantified using 0.05 g of fresh leaf material. The
samples were extracted with 3 mL of 80% (v/v) methanol and mixed overnight. The extracts
were centrifuged for 10 min at 13,300× g, concentrated sulphuric acid and 5% phenol were
added to the supernatant, and the absorbance was measured at 490 nm. The TSS contents were
expressed as equivalents of glucose, used as the standard (mg eq. gluc g−1 DW) [80,81].
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4.7. MDA, H2O2 and Antioxidant Compounds

The malondialdehyde (MDA) contents were determined following the method de-
scribed by Hodges et al. [82], with some modifications [78]. Leaf methanol extracts (80%
v/v) were supplemented with 0.5% thiobarbituric acid (TBA) in 20% trichloroacetic acid
(TCA), or with 20% TCA without TBA for the controls, and incubated for 15 min at 95 ◦C in
a water bath. The reaction was stopped on ice, and the absorbance was measured at 440, 600
and 532 nm. The MDA concentrations were calculated using the equations described in [83].

The hydrogen peroxide (H2O2) contents were quantified using the method described
by Loreto and Velikova [84]. An amount of 0.05 g of fresh leaf material was extracted with
a 0.1% (w/v) TCA solution and centrifuged for 10 min at 13,300× g. The supernatant was
mixed with one volume of potassium phosphate buffer (10 mM, pH 7.0) and two volumes of
1 M potassium iodide. The absorbance was measured at 390 nm, and H2O2 concentrations
were calculated against a standard calibration curve and expressed as µmol g−1 DW.

Total phenolic compounds (TPC) and total flavonoids (TF) were determined in the
same methanol extracts used for the TSS measurement. TPC were quantified by reaction
with Folin–Ciocalteu reagent [85]. The absorbance was measured at 765 nm, and the results
were expressed as equivalents of gallic acid, used as the standard (mg equiv. acid gallic g−1

DW). TF were measured following the method described by Zhishen et al. [86], based on
the nitration of phenolic rings containing a catechol group, followed by reaction with AlCl3
at basic pH. The absorbance was measured at 510 nm, and TF contents were expressed in
equivalents of the standard catechin (mg equiv. cathechin g−1 DW).

4.8. Antioxidant Enzymes Activities

Crude protein extracts were prepared from leaf material, as previously described [20],
and stored at −75 ◦C. The protein concentration was determined according to Bradford [87,88],
using the Bio-Rad reagent and bovine serum albumin (BSA) as the standard. The specific
activities in the protein extracts of the four selected antioxidant enzymes were determined
by spectrophotometric assays.

Superoxide dismutase (SOD) activity was determined by monitoring, at 560 nm, the
inhibition of nitroblue tetrazolium (NBT) photoreduction in reaction mixtures containing
riboflavin as the source of superoxide radicals [89,90]. One SOD unit is defined as the
amount of enzyme causing 50% inhibition of the NBT photoreduction.

Catalase (CAT) activity was measured following the consumption of H2O2 added to
the extracts by the decrease in absorbance at 240 nm [90,91]. One CAT unit is defined as the
amount of enzyme necessary to decompose one mmol of H2O2 per min at room temperature.

Ascorbate peroxidase (APx) activity was determined following the decrease in ab-
sorbance at 290 nm, caused by oxidation of the ascorbate present in the plant extract [92,93].
One APx unit is defined as the amount of enzyme catalysing the consumption of one mmol
of ascorbate per min at room temperature.

Glutathione reductase (GR) activity was quantified by the decrease in absorbance at
340 nm, the oxidation of nicotinamide adenine dinucleotide phosphate (NADPH), and the
cofactor in the GR-catalysed reduction in oxidised glutathione (GSSG) [94,95]. One GR unit
is defined as the amount of enzyme required to oxidise one mmol of NADPH per min at
room temperature.

4.9. Adult Plant Evaluation

Before the salt treatments, ten plants per genotype were transplanted into pots of 33 cm
diameter and 28.5 cm height with coconut fibre. A controlled-release fertiliser, CoteN Mix,
with NPK = 20−5−10, was added to each pot. Fertilisation was repeated after four weeks.
Five plants were maintained until the pre-flowering stage when a long-term salt treatment
started, by watering with a solution containing 80 mM of NaCl (n = 5). Automatised
irrigation was set to water each plant with 1.65 litres daily. Once a week, the plants were
irrigated with a control solution without salt to avoid salt accumulation in the coconut fibre
and the pot.
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After eight weeks, growth parameters (RL, LS, LFW, SFW and RFW) were determined,
as well as the DW and WC of leaves, stem and roots, as described above for young plants.

Considering the results obtained for young plants, only ions and Pro were quantified
in adult plants. Na+, K+ and Ca2+ were measured using 2 g of dry leaf or root material in
an Agilent ICP-EOS 710 photometer (Agilent Technologies, Santa Clara, CA, USA). Pro
contents were determined following the protocol described in 4.7.

4.10. Statistical Analysis

Data were analysed using the software Statgraphics Centurion v.XVII (Statpoint Tech-
nologies, Warrenton, VA, USA). A factorial analysis of variance was performed for all
parameters analysed in the plants, considering two factors of variability—treatments and
genotypes—and their interaction. An analysis of variance was carried out separately for
each species. Differences between the treatments were evaluated by the Student–Newman–
Keuls test.

5. Conclusions

Our results confirm the relatively high tolerance of eggplant to moderate salinity
compared to most common crops, primarily based on the control of ion transport and
Pro accumulation. These mechanisms seem efficient enough to avoid the generation of
oxidative stress and, therefore, the activation of antioxidant systems as an additional
defence mechanism.

The hybrid S. melongena x S. insanum showed a heterotic effect on plant growth, being
more salt-tolerant than either parent. It appeared closer to the wild species in some crucial
responses, such as the NaCl-dependent Pro accumulation in young plants. Wild relatives
have been exploited to introgress novel genes that increase the fitness of the cultivated
species. The results presented here suggest that S. insanum and the hybrid can be used as
new sources of variation for breeding programmes, in order to obtain eggplant varieties
that are better adapted to salt stress and, consequently, more sustainable.

Author Contributions: Conceptualization, A.F. and O.V.; methodology, S.G.-O. and N.O.-A.; soft-
ware, S.G.-O. and A.F.; validation, O.V., A.R.-B. and A.F.; formal analysis, S.G.-O. and N.O.-A.;
investigation, N.O.-A. and S.G.-O.; resources, A.R.-B. and O.V.; data curation, A.F. and N.O.-A.;
writing—original draft preparation, N.O.-A.; writing—review and editing, A.F. and O.V.; visual-
ization, S.G.-O., O.V. and A.F.; supervision, O.V. and A.R.-B.; project administration, A.F.; funding
acquisition, A.F. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by the project AICO/2020/174 from Generalitat Valenciana and
FPU19/04080 from Ministerio de Educación, Cultura y Deporte of Spanish Government; and with
project CIPROM/2021/020 from Conselleria d’Innovació, Universitats, Ciència i Societat Digital
(Generalitat Valenciana, Spain).

Data Availability Statement: Not applicable.

Acknowledgments: The authors also thank Jaime Prohens for providing the plant material.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. FAO. Food and Agriculture Organization Corporate Statistical Database. Available online: https://www.fao.org/statistics/es/

(accessed on 15 April 2022).
2. Shahid, S.A.; Zaman, M.; Heng, L. Soil Salinity: Historical Perspectives and a World Overview of the Problem. In Guideline for

Salinity Assessment, Mitigation and Adaptation Using Nuclear and Related Techniques; Springer: Berlin/Heidelberg, Germany, 2018;
pp. 43–53. ISBN 978-3-319-96189-7.

3. Munns, R. Genes and Salt Tolerance: Bringing Them Together. New Phytol. 2005, 167, 645–663. [CrossRef] [PubMed]
4. Mahajan, S.; Tuteja, N. Cold, Salinity and Drought Stresses: An Overview. Arch. Biochem. Biophys. 2005, 444, 139–158. [CrossRef]

[PubMed]

https://www.fao.org/statistics/es/
http://doi.org/10.1111/j.1469-8137.2005.01487.x
http://www.ncbi.nlm.nih.gov/pubmed/16101905
http://doi.org/10.1016/j.abb.2005.10.018
http://www.ncbi.nlm.nih.gov/pubmed/16309626


Plants 2023, 12, 295 23 of 26

5. Wicke, B.; Smeets, E.; Dornburg, V.; Vashev, B.; Gaiser, T.; Turkenburg, W.; Faaij, A. The Global Technical and Economic Potential
of Bioenergy from Salt-Affected Soils. Energy Environ. Sci. 2011, 4, 2669–2681. [CrossRef]

6. Daliakopoulos, I.N.; Tsanis, I.K.; Koutroulis, A.; Kourgialas, N.N.; Varouchakis, A.E.; Karatzas, G.P.; Ritsema, C.J. The Threat of
Soil Salinity: A European Scale Review. Sci. Total Environ. 2016, 573, 727–739. [CrossRef]

7. Hesami, A.; Bazdar, L.; Shahriari, M.H. Effect of Soil Salinity on Growth, Proline, and Some Nutrient Accumulation in Two
Genotypes Seedlings of Ziziphus spina-christi (L.) Willd. Commun. Soil Sci. Plant Anal. 2020, 51, 804–815. [CrossRef]

8. Sumalan, R.M.; Ciulca, S.I.; Poiana, M.A.; Moigradean, D.; Radulov, I.; Negrea, M.; Crisan, M.E.; Copolovici, L.; Sumalan, R.L.
The Antioxidant Profile Evaluation of Some Tomato Landraces with Soil Salinity Tolerance Correlated with High Nutraceutical
and Functional Value. Agronomy 2020, 10, 500. [CrossRef]

9. Tang, X.; Mu, X.; Shao, H.; Wang, H.; Brestic, M. Global Plant-Responding Mechanisms to Salt Stress: Physiological and Molecular
Levels and Implications in Biotechnology. Crit. Rev. Biotechnol. 2015, 35, 425–437. [CrossRef]

10. Himabindu, Y.; Chakradhar, T.; Reddy, M.C.; Kanygin, A.; Redding, K.E.; Chandrasekhar, T. Salt-Tolerant Genes from Halophytes Are
Potential Key Players of Salt Tolerance in Glycophytes; Elsevier: Amsterdam, The Netherlands, 2016; Volume 124, ISBN 0114802411244.

11. Flowers, T.J.; Troke, P.F.; Yeo, A.R. The Mechanism of Salt Tolerance in Halophytes. Annu. Rev. Plant Physiol. 1977, 28, 89–121.
[CrossRef]

12. Kumar, K.; Kumar, M.; Kim, S.R.; Ryu, H.; Cho, Y.G. Insights into Genomics of Salt Stress Response in Rice. Rice 2013, 6, 27.
[CrossRef]

13. Blumwald, E. Sodium Transport and Salt Tolerance in Plants. Curr. Opin. Cell Biol. 2000, 12, 431–434. [CrossRef]
14. Shabala, S.; Cuin, T.A. Potassium Transport and Plant Salt Tolerance. Physiol. Plant. 2008, 133, 651–669. [CrossRef] [PubMed]
15. Munns, R.; Tester, M. Mechanisms of Salinity Tolerance. Annu. Rev. Plant Biol. 2008, 59, 651–681. [CrossRef] [PubMed]
16. Gupta, B.; Huang, B. Mechanism of Salinity Tolerance in Plants: Physiological, Biochemical, and Molecular Characterization. Int.

J. Genomics 2014, 2014, 701596. [CrossRef] [PubMed]
17. Nishiyama, Y.; Murata, N. Revised Scheme for the Mechanism of Photoinhibition and Its Application to Enhance the Abiotic

Stress Tolerance of the Photosynthetic Machinery. Appl. Microbiol. Biotechnol. 2014, 98, 8777–8796. [CrossRef] [PubMed]
18. Kumari, A.; Das, P.; Parida, A.K.; Agarwal, P.K. Proteomics, Metabolomics, and Ionomics Perspectives of Salinity Tolerance in

Halophytes. Front. Plant Sci. 2015, 6, 537. [CrossRef]
19. Flowers, T.J.; Colmer, T.D. Salinity Tolerance in Halophytes. New Phytol. 2008, 179, 945–963. [CrossRef] [PubMed]
20. Szabados, L.; Savouré, A. Proline: A Multifunctional Amino Acid. Trends Plant Sci. 2010, 15, 89–97. [CrossRef]
21. Hildebrandt, T.M. Synthesis versus Degradation: Directions of Amino Acid Metabolism during Arabidopsis Abiotic Stress

Response. Plant Mol. Biol. 2018, 98, 121–135. [CrossRef]
22. Gil, R.; Bautista, I.; Boscaiu, M.; Lidón, A.; Wankhade, S.; Sánchez, H.; Llinares, J.; Vicente, O. Responses of Five Mediterranean

Halophytes to Seasonal Changes in Environmental Conditions. AoB Plants 2014, 6, plu049. [CrossRef] [PubMed]
23. Shabala, S. Salinity and Programmed Cell Death: Unravelling Mechanisms for Ion Specific Signalling. J. Exp. Bot. 2009,

60, 709–712. [CrossRef]
24. Demidchik, V.; Maathuis, F.J.M. Physiological Roles of Nonselective Cation Channels in Plants: From Salt Stress to Signalling and

Development. New Phytol. 2007, 175, 387–404. [CrossRef] [PubMed]
25. Apel, K.; Hirt, H. Reactive oxygen species: Metabolism, Oxidative Stress, and Signaling Transduction. Annu. Rev. Plant Biol. 2004,

55, 373–399. [CrossRef] [PubMed]
26. Ozgur, R.; Uzilday, B.; Sekmen, A.H.; Turkan, I. Reactive Oxygen Species Regulation and Antioxidant Defence in Halophytes.

Funct. Plant Biol. 2013, 40, 832–847. [CrossRef] [PubMed]
27. Ünlükara, A.; Kurunç, A.; Kesmez, G.D.; Yurtseven, E.; Suarez, D.L. Effects of Salinity on Eggplant (Solanum melongena L.) Growth

and Evapotranspiration. Irrig. Drain. 2010, 59, 203–214. [CrossRef]
28. Plazas, M.; Vilanova, S.; Gramazio, P.; Rodríguez-Burruezo, A.; Fita, A.; Herraiz, F.J.; Ranil, R.; Fonseka, R.; Niran, L.; Fonseka, H.;

et al. Interspecific Hybridization between Eggplant and Wild Relatives from Different Genepools. J. Am. Soc. Hortic. Sci. 2016,
141, 34–44. [CrossRef]

29. Brenes, M.; Solana, A.; Boscaiu, M.; Fita, A.; Vicente, O.; Calatayud, Á.; Prohens, J.; Plazas, M. Physiological and Biochemical
Responses to Salt Stress in Cultivated Eggplant (Solanum melongena L.) and in S. insanum L., a Close Wild Relative. Agronomy
2020, 10, 651. [CrossRef]

30. Peng, Z.; He, S.; Sun, J.; Pan, Z.; Gong, W.; Lu, Y.; Du, X. Na + Compartmentalization Related to Salinity Stress Tolerance in
Upland Cotton (Gossypium hirsutum) Seedlings. Sci. Rep. 2016, 6, 34548. [CrossRef]

31. Maathuis, F.J.M. Sodium in Plants: Perception, Signalling, and Regulation of Sodium Fluxes. J. Exp. Bot. 2014, 65, 849–858.
[CrossRef]

32. Kouassi, B.; Prohens, J.; Gramazio, P.; Kouassi, A.B.; Vilanova, S.; Galán-Ávila, A.; Herraiz, F.J.; Kouassi, A.; Seguí-Simarro, J.M.;
Plazas, M. Development of Backcross Generations and New Interspecific Hybrid Combinations for Introgression Breeding in
Eggplant (Solanum melongena). Sci. Hortic. 2016, 213, 199–207. [CrossRef]

33. Prohens, J.; Gramazio, P.; Plazas, M.; Dempewolf, H.; Kilian, B.; Díez, M.J.; Fita, A.; Herraiz, F.J.; Rodríguez-Burruezo, A.; Soler, S.;
et al. Introgressiomics: A New Approach for Using Crop Wild Relatives in Breeding for Adaptation to Climate Change. Euphytica
2017, 213, 158. [CrossRef]

http://doi.org/10.1039/C1EE01029H
http://doi.org/10.1016/j.scitotenv.2016.08.177
http://doi.org/10.1080/00103624.2020.1729366
http://doi.org/10.3390/agronomy10040500
http://doi.org/10.3109/07388551.2014.889080
http://doi.org/10.1146/annurev.pp.28.060177.000513
http://doi.org/10.1186/1939-8433-6-27
http://doi.org/10.1016/S0955-0674(00)00112-5
http://doi.org/10.1111/j.1399-3054.2007.01008.x
http://www.ncbi.nlm.nih.gov/pubmed/18724408
http://doi.org/10.1146/annurev.arplant.59.032607.092911
http://www.ncbi.nlm.nih.gov/pubmed/18444910
http://doi.org/10.1155/2014/701596
http://www.ncbi.nlm.nih.gov/pubmed/24804192
http://doi.org/10.1007/s00253-014-6020-0
http://www.ncbi.nlm.nih.gov/pubmed/25139449
http://doi.org/10.3389/fpls.2015.00537
http://doi.org/10.1111/j.1469-8137.2008.02531.x
http://www.ncbi.nlm.nih.gov/pubmed/18565144
http://doi.org/10.1016/j.tplants.2009.11.009
http://doi.org/10.1007/s11103-018-0767-0
http://doi.org/10.1093/aobpla/plu049
http://www.ncbi.nlm.nih.gov/pubmed/25139768
http://doi.org/10.1093/jxb/erp013
http://doi.org/10.1111/j.1469-8137.2007.02128.x
http://www.ncbi.nlm.nih.gov/pubmed/17635215
http://doi.org/10.1146/annurev.arplant.55.031903.141701
http://www.ncbi.nlm.nih.gov/pubmed/15377225
http://doi.org/10.1071/FP12389
http://www.ncbi.nlm.nih.gov/pubmed/32481154
http://doi.org/10.1002/ird.453
http://doi.org/10.21273/JASHS.141.1.34
http://doi.org/10.3390/agronomy10050651
http://doi.org/10.1038/srep34548
http://doi.org/10.1093/jxb/ert326
http://doi.org/10.1016/j.scienta.2016.10.039
http://doi.org/10.1007/s10681-017-1938-9


Plants 2023, 12, 295 24 of 26

34. Mangino, G.; Plazas, M.; Vilanova, S.; Prohens, J.; Gramazio, P. Performance of a Set of Eggplant (Solanum melongena) Lines
with Introgressions from Its Wild Relative S. Incanum under Open Field and Screenhouse Conditions and Detection of QTLs.
Agronomy 2020, 10, 467. [CrossRef]

35. Zayova, E.; Philipov, P.; Nedev, T.; Stoeva, D. Response of in vitro cultivated eggplant (Solanum melongena L.) to salt and drought
stress. AgroLife Sci. J. 2017, 6, 276–282.

36. Hannachi, S.; Van Labeke, M.C. Salt Stress Affects Germination, Seedling Growth and Physiological Responses Differentially in
Eggplant Cultivars (Solanum melongena L.). Sci. Hortic. 2018, 228, 56–65. [CrossRef]

37. Mustafa, Z.; Ayyub, C.M.; Amjad, M.; Ahmad, R. Assesment of Biochemical and Ionic Attributes against Salt Stress in Eggplant
(Solanum melongena L.) Genotypes. J. Anim. Plant Sci. 2017, 27, 503–509.

38. Plazas, M.; Nguyen, H.T.; González-Orenga, S.; Fita, A.; Vicente, O.; Prohens, J.; Boscaiu, M. Comparative Analysis of the
Responses to Water Stress in Eggplant (Solanum melongena) Cultivars. Plant Physiol. Biochem. 2019, 143, 72–82. [CrossRef]

39. Brenes, M.; Pérez, J.; González-Orenga, S.; Solana, A.; Boscaiu, M.; Prohens, J.; Plazas, M.; Fita, A.; Vicente, O. Comparative
Studies on the Physiological and Biochemical Responses to Salt Stress of Eggplant (Solanum melongena) and Its Rootstock s.
Torvum. Agriculture 2020, 10, 328. [CrossRef]

40. Ünlükara, A.; Kurunç, A.; Kesmez, G.D.; Yurtseven, E. Growth and Evapotranspiration of Okra (Abelmoschus esculentus L.) as
Influenced by Salinity of Irrigation Water. J. Irrig. Drain. Eng. 2008, 134, 160–166. [CrossRef]

41. Wang, Y.; Li, K.; Li, X. Auxin Redistribution Modulates Plastic Development of Root System Architecture under Salt Stress in
Arabidopsis Thaliana. J. Plant Physiol. 2009, 166, 1637–1645. [CrossRef]

42. Zolla, G.; Heimer, Y.M.; Barak, S. Mild Salinity Stimulates a Stress-Induced Morphogenic Response in Arabidopsis Thaliana
Roots. J. Exp. Bot. 2010, 61, 211–224. [CrossRef]

43. Franco, J.A.; Bañón, S.; Vicente, M.J.; Miralles, J.; Martínez-Sánchez, J.J. Root Development in Horticultural Plants Grown under
Abiotic Stress Conditions—A Review. J. Hortic. Sci. Biotechnol. 2011, 86, 543–556. [CrossRef]

44. Julkowska, M.M.; Koevoets, I.T.; Mol, S.; Hoefsloot, H.; Feron, R.; Tester, M.A.; Keurentjes, J.J.B.; Korte, A.; Haring, M.A.;
De Boer, G.J.; et al. Genetic Components of Root Architecture Remodeling in Response to Salt Stress. Plant Cell 2017, 29, 3198–3213.
[CrossRef] [PubMed]

45. Botet, R.; Keurentjes, J.J.B. The Role of Transcriptional Regulation in Hybrid Vigor. Front. Plant Sci. 2020, 11, 410. [CrossRef]
[PubMed]

46. Bernardes, J.P.; Stelkens, R.B.; Greig, D. Heterosis in Hybrids within and between Yeast Species. J. Evol. Biol. 2017, 30, 538–548.
[CrossRef]

47. Kutka, F. Open-Pollinated vs. Hybrid Maize Cultivars. Sustainability 2011, 3, 1531–1554. [CrossRef]
48. Cheng, S.H.; Cao, L.Y.; Zhuang, J.Y.; Chen, S.G.; Zhan, X.D.; Fan, Y.Y.; Zhu, D.F.; Min, S.K. Super Hybrid Rice Breeding in China:

Achievements and Prospects. J. Integr. Plant Biol. 2007, 49, 805–810. [CrossRef]
49. Krieger, U.; Lippman, Z.B.; Zamir, D. The Flowering Gene single flower truss Drives Heterosis for Yield in Tomato. Nat. Genet.

2010, 42, 459–463. [CrossRef]
50. Kumar, A.; Sharma, V.; Jain, B.T.; Kaushik, P. Heterosis Breeding in Eggplant (Solanum melongena L). Plants 2020, 9, 403. [CrossRef]
51. Sudhir, P.; Murthy, S.D.S. Effects of Salt Stress on Basic Processes of Photosynthesis. Photosynthetica 2004, 42, 481–486. [CrossRef]
52. Hamani, A.K.M.; Wang, G.; Soothar, M.K.; Shen, X.; Gao, Y.; Qiu, R.; Mehmood, F. Responses of Leaf Gas Exchange Attributes,

Photosynthetic Pigments and Antioxidant Enzymes in NaCl-Stressed Cotton (Gossypium hirsutum L.) Seedlings to Exogenous
Glycine Betaine and Salicylic Acid. BMC Plant Biol. 2020, 20, 434. [CrossRef]

53. Shaheen, S.; Naseer, S.; Ashraf, M.; Akram, N.A. Salt Stress Affects Water Relations, Photosynthesis, and Oxidative Defense
Mechanisms in Solanum melongena L. J. Plant Interact. 2013, 8, 85–96. [CrossRef]

54. Shahbaz, M.; Mushtaq, Z.; Andaz, F.; Masood, A. Does Proline Application Ameliorate Adverse Effects of Salt Stress on Growth,
Ions and Photosynthetic Ability of Eggplant (Solanum melongena L.)? Sci. Hortic. 2013, 164, 507–511. [CrossRef]

55. Zhu, J.K. Regulation of Ion Homeostasis under Salt Stress. Curr. Opin. Plant Biol. 2003, 6, 441–445. [CrossRef] [PubMed]
56. Ashraf, M.; Akram, N.A. Improving Salinity Tolerance of Plants through Conventional Breeding and Genetic Engineering: An

Analytical Comparison. Biotechnol. Adv. 2009, 27, 744–752. [CrossRef]
57. Li, J.; Gao, Z.; Zhou, L.; Li, L.; Zhang, J.; Liu, Y.; Chen, H. Comparative Transcriptome Analysis Reveals K + Transporter Gene

Contributing to Salt Tolerance in Eggplant. BMC Plant Biol. 2019, 19, 67. [CrossRef] [PubMed]
58. Mahajan, S.; Pandey, G.K.; Tuteja, N. Calcium- and Salt-Stress Signaling in Plants: Shedding Light on SOS Pathway. Arch. Biochem.

Biophys. 2008, 471, 146–158. [CrossRef] [PubMed]
59. Hepler, P.K. Calcium: A Central Regulator of Plant Growth and Development. Plant Cell 2005, 17, 2142–2155. [CrossRef]
60. Ábrahám, E.; Rigó, G.; Székely, G.; Nagy, R.; Koncz, C.; Szabados, L. Light-Dependent Induction of Proline Biosynthesis by

Abscisic Acid and Salt Stress Is Inhibited by Brassinosteroid in Arabidopsis. Plant Mol. Biol. 2003, 51, 363–372. [CrossRef]
[PubMed]

61. Alvarez, M.E.; Savouré, A.; Szabados, L. Proline Metabolism as Regulatory Hub. Trends Plant Sci. 2022, 27, 39–55. [CrossRef]
62. Al Hassan, M.; López-Gresa, M.D.P.; Boscaiu, M.; Vicente, O. Stress Tolerance Mechanisms in Juncus: Responses to Salinity and

Drought in Three Juncus Species Adapted to Different Natural Environments. Funct. Plant Biol. 2016, 43, 949–960. [CrossRef]

http://doi.org/10.3390/agronomy10040467
http://doi.org/10.1016/j.scienta.2017.10.002
http://doi.org/10.1016/j.plaphy.2019.08.031
http://doi.org/10.3390/agriculture10080328
http://doi.org/10.1061/(ASCE)0733-9437(2008)134:2(160)
http://doi.org/10.1016/j.jplph.2009.04.009
http://doi.org/10.1093/jxb/erp290
http://doi.org/10.1080/14620316.2011.11512802
http://doi.org/10.1105/tpc.16.00680
http://www.ncbi.nlm.nih.gov/pubmed/29114015
http://doi.org/10.3389/fpls.2020.00410
http://www.ncbi.nlm.nih.gov/pubmed/32351526
http://doi.org/10.1111/jeb.13023
http://doi.org/10.3390/su3091531
http://doi.org/10.1111/j.1744-7909.2007.00514.x
http://doi.org/10.1038/ng.550
http://doi.org/10.3390/plants9030403
http://doi.org/10.1007/S11099-005-0001-6
http://doi.org/10.1186/s12870-020-02624-9
http://doi.org/10.1080/17429145.2012.718376
http://doi.org/10.1016/j.scienta.2013.10.001
http://doi.org/10.1016/S1369-5266(03)00085-2
http://www.ncbi.nlm.nih.gov/pubmed/12972044
http://doi.org/10.1016/j.biotechadv.2009.05.026
http://doi.org/10.1186/s12870-019-1663-8
http://www.ncbi.nlm.nih.gov/pubmed/30744551
http://doi.org/10.1016/j.abb.2008.01.010
http://www.ncbi.nlm.nih.gov/pubmed/18241665
http://doi.org/10.1105/tpc.105.032508
http://doi.org/10.1023/A:1022043000516
http://www.ncbi.nlm.nih.gov/pubmed/12602867
http://doi.org/10.1016/j.tplants.2021.07.009
http://doi.org/10.1071/FP16007


Plants 2023, 12, 295 25 of 26

63. Dar, M.I.; Naikoo, M.I.; Rehman, F.; Naushin, F.; Khan, F.A. Proline Accumulation in Plants: Roles in Stress Tolerance and Plant
Development. In Osmolytes and Plants Acclimation to Changing Environment: Emerging Omics Technologies; Iqbal, N., Rahat, N.,
Khan, N.A., Eds.; Springer: Berlin/Heidelberg, Germany, 2016; pp. 155–166. ISBN 978-81-322-2615-4.

64. Kaur, G.; Asthir, B. Proline: A Key Player in Plant Abiotic Stress Tolerance. Biol. Plant. 2015, 59, 609–619. [CrossRef]
65. Pipatsitee, P.; Theerawitaya, C.; Tiasarum, R.; Samphumphuang, T.; Singh, H.P.; Datta, A.; Cha-um, S. Physio-Morphological

Traits and Osmoregulation Strategies of Hybrid Maize (Zea Mays) at the Seedling Stage in Response to Water-Deficit Stress.
Protoplasma 2022, 259, 869–883. [CrossRef] [PubMed]

66. Ozturk, M.; Turkyilmaz Unal, B.; García-Caparrós, P.; Khursheed, A.; Gul, A.; Hasanuzzaman, M. Osmoregulation and Its Actions
during the Drought Stress in Plants. Physiol. Plant. 2021, 172, 1321–1335. [CrossRef]

67. Gouiaa, S.; Khoudi, H.; Leidi, E.O.; Pardo, J.M.; Masmoudi, K. Expression of Wheat Na +/H + Antiporter TNHXS1 and H +-
Pyrophosphatase TVP1 Genes in Tobacco from a Bicistronic Transcriptional Unit Improves Salt Tolerance. Plant Mol. Biol. 2012,
79, 137–155. [CrossRef] [PubMed]

68. De Rossi, S.; Di Marco, G.; Bruno, L.; Gismondi, A.; Canini, A. Investigating the Drought and Salinity Effect on the Redox
Components of Sulla coronaria (L.) Medik. Antioxidants 2021, 10, 1048. [CrossRef] [PubMed]

69. Aleem, M.; Aleem, S.; Sharif, I.; Wu, Z.; Aleem, M.; Tahir, A.; Atif, R.M.; Cheema, H.M.N.; Shakeel, A.; Lei, S.; et al. Characteriza-
tion of SOD and GPX Gene Families in the Soybeans in Response to Drought and Salinity Stresses. Antioxidants 2022, 11, 460.
[CrossRef] [PubMed]

70. Birhanie, Z.M.; Yang, D.; Luan, M.; Xiao, A.; Liu, L.; Zhang, C.; Biswas, A.; Dey, S.; Deng, Y.; Li, D. Salt Stress Induces Changes
in Physiological Characteristics, Bioactive Constituents, and Antioxidants in Kenaf (Hibiscus cannabinus L.). Antioxidants 2022,
11, 2005. [CrossRef]

71. Vicente, O.; Boscaiu, M.; Naranjo, M.Á.; Estrelles, E.; Bellés, J.M.; Soriano, P. Responses to Salt Stress in the Halophyte Plantago
Crassifolia (Plantaginaceae). J. Arid Environ. 2004, 58, 463–481. [CrossRef]

72. Ragab, K.; Taha, N. Evaluation of Nine Egyptian Bread Wheat Cultivars for Salt Tolerance At Seedling and Adult-Plant Stages.
J. Plant Prod. 2016, 7, 147–159. [CrossRef]

73. Johnson, D.W.; Smith, S.E.; Dobrenz, A.K. Genetic and Phenotypic Relationships in Response to NaCl at Different Developmental
Stages in Alfalfa. Theor. Appl. Genet. 1992, 83, 833–838. [CrossRef]

74. Ranil, R.H.G.; Niran, H.M.L.; Plazas, M.; Fonseka, R.M.; Fonseka, H.H.; Vilanova, S.; Andújar, I.; Gramazio, P.; Fita, A.; Prohens, J.
Improving Seed Germination of the Eggplant Rootstock Solanum Torvum by Testing Multiple Factors Using an Orthogonal
Array Design. Sci. Hortic. 2015, 193, 174–181. [CrossRef]

75. Lichtenthaler, H.K.; Wellburn, A.R. Determinations of Total Carotenoids and Chlorophylls a and b of Leaf Extracts in Different
Solvents. Biochem. Soc. Trans. 1983, 11, 591–592. [CrossRef]

76. Yangen, F.; Xiuxiu, Z.; Hanyue, W.; Yueyue, T.; Qinzeng, X.; Lixia, Z. Effects of Light Intensity on Metabolism of Light-Harvesting
Pigment and Photosynthetic System in Camellia Sinensis L. Cultivar ‘Huangjinya’. Environ. Exp. Bot. 2019, 166, 103796. [CrossRef]

77. Weimberg, R. Solute Adjustments in Leaves of Two Species of Wheat at Two Different Stages of Growth in Response to Salinity.
Physiol. Plant. 1987, 70, 381–388. [CrossRef]

78. González-Orenga, S.; Al Hassan, M.; Llinares, J.V.; Lisón, P.; López-Gresa, M.P.; Verdeguer, M.; Vicente, O.; Boscaiu, M. Qualitative
and Quantitative Differences in Osmolytes Accumulation and Antioxidant Activities in Response to Water Deficit in Four
Mediterranean Limonium Species. Plants 2019, 8, 506. [CrossRef] [PubMed]

79. Bates, L.S.; Waldren, R.P.; Teare, I.D. Rapid Determination of Free Proline for Water-Stress Studies. Plant Soil 1973, 207, 205–207.
[CrossRef]

80. Dubois, M.; Gilles, K.A.; Hamilton, J.K.; Rebers, P.A.; Smith, F. Colorimetric Method for Determination of Sugars and Related
Substances. Anal. Chem. 1956, 28, 350–356. [CrossRef]

81. Gill, P.K.; Sharma, A.D.; Singh, P.; Bhullar, S.S. Osmotic Stress-Induced Changes in Germination, Growth and Soluble Sugar
Content of Sorghum bicolor (L.) Moench Seeds. Bulg. J. Plant Physiol. 2002, 40, 157–162.

82. Hodges, D.M.; DeLong, J.M.; Forney, C.F.; Prange, R.K. Improving the Thiobarbituric Acid-Reactive-Substances Assay for
Estimating Lipid Peroxidation in Plant Tissues Containing Anthocyanin and Other Interfering Compounds. Planta 1999,
207, 604–611. [CrossRef]

83. Taulavuori, E.; Hellström, E.K.; Taulavuori, K.; Laine, K. Comparison of Two Methods Used to Analyse Lipid Peroxidation from
Vaccinium myrtillus (L.) during Snow Removal, Reacclimation and Cold Acclimation. J. Exp. Bot. 2001, 52, 2375–2380. [CrossRef]

84. Loreto, F.; Velikova, V. Isoprene Produced by Leaves Protects the Photosynthetic Apparatus against Ozone Damage, Quenches
Ozone Products, and Reduces Lipid Peroxidation of Cellular Membranes. Plant Physiol. 2001, 127, 1781–1787. [CrossRef]

85. Blainski, A.; Lopes, G.C.; De Mello, J.C.P. Application and Analysis of the Folin Ciocalteu Method for the Determination of the
Total Phenolic Content from Limonium brasiliense L. Molecules 2013, 18, 6852–6865. [CrossRef] [PubMed]

86. Zhishen, J.; Mengcheng, T.; Jianming, W. The Determination of Flavonoid Contents in Mulberry and Their Scavenging Effects on
Superoxide Radicals. Food Chem. 1999, 64, 555–559. [CrossRef]

87. Bradford, M.M. A Rapid and Sensitive Method for the Quantitation of Microgram Quantities of Protein Utilizing the Principle of
Portein-Dye Binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

88. Pedrol, N.; Ramos, P. Protein Content Quantification By Bradford Method. In Handbook of Plant Ecophysiology Techniques; Springer:
Dordrecht, The Netherlands, 2001; pp. 283–295.

http://doi.org/10.1007/s10535-015-0549-3
http://doi.org/10.1007/s00709-021-01707-0
http://www.ncbi.nlm.nih.gov/pubmed/34581924
http://doi.org/10.1111/ppl.13297
http://doi.org/10.1007/s11103-012-9901-6
http://www.ncbi.nlm.nih.gov/pubmed/22415161
http://doi.org/10.3390/antiox10071048
http://www.ncbi.nlm.nih.gov/pubmed/34209774
http://doi.org/10.3390/antiox11030460
http://www.ncbi.nlm.nih.gov/pubmed/35326109
http://doi.org/10.3390/antiox11102005
http://doi.org/10.1016/j.jaridenv.2003.12.003
http://doi.org/10.21608/jpp.2016.45248
http://doi.org/10.1007/BF00226705
http://doi.org/10.1016/j.scienta.2015.07.030
http://doi.org/10.1042/bst0110591
http://doi.org/10.1016/j.envexpbot.2019.06.009
http://doi.org/10.1111/j.1399-3054.1987.tb02832.x
http://doi.org/10.3390/plants8110506
http://www.ncbi.nlm.nih.gov/pubmed/31731597
http://doi.org/10.1007/BF00018060
http://doi.org/10.1021/ac60111a017
http://doi.org/10.1007/s004250050524
http://doi.org/10.1093/jexbot/52.365.2375
http://doi.org/10.1104/pp.010497
http://doi.org/10.3390/molecules18066852
http://www.ncbi.nlm.nih.gov/pubmed/23752469
http://doi.org/10.1016/S0308-8146(98)00102-2
http://doi.org/10.1016/0003-2697(76)90527-3


Plants 2023, 12, 295 26 of 26

89. Beyer, W.; Fridovich, I. Assaying for Superoxide Dismutase Activity: Some Large Consequences of Minor Changes in Conditions.
Anal. Biochem. 1987, 161, 559–566. [CrossRef]

90. Lee, D.H.; Kim, Y.S.; Lee, C.B. The Inductive Responses of the Antioxidant Enzymes by Salt Stress in the Rice (Oryza sativa L.). J.
Plant Physiol. 2001, 158, 737–745. [CrossRef]

91. Aebi, H. Catalase in Vitro. Methods Enzymol. 1984, 105, 121–126. [PubMed]
92. Nakano, Y.; Asada, K. Hydrogen Peroxide Is Scavenged by Ascorbate-Specific Peroxidase in Spinache Chloroplasts. Plant Cell

Physiol. 1981, 22, 867–880. [CrossRef]
93. Neto, A.D.D.A.; Prisco, J.T.; Enéas-Filho, J.; Rolim Medeiros, J.V.; Gomes-Filho, E. Hydrogen Peroxide Pre-Treatment Induces

Salt-Stress Acclimation in Maize Plants. J. Plant Physiol. 2005, 162, 1114–1122. [CrossRef]
94. Connell, J.P.; Mullet, J.E. Pea Chloroplast Glutathione Reductase: Purification and Characterization. Plant Physiol. 1986,

82, 351–356. [CrossRef]
95. Madhu; Kaur, A.; Tyagi, S.; Shumayla; Singh, K.; Upadhyay, S.K. Exploration of Glutathione Reductase for Abiotic Stress Response

in Bread Wheat (Triticum aestivum L.). Plant Cell Rep. 2022, 41, 639–654. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/0003-2697(87)90489-1
http://doi.org/10.1078/0176-1617-00174
http://www.ncbi.nlm.nih.gov/pubmed/6727660
http://doi.org/10.1093/oxfordjournals.pcp.a076232
http://doi.org/10.1016/j.jplph.2005.01.007
http://doi.org/10.1104/pp.82.2.351
http://doi.org/10.1007/s00299-021-02717-1

	Introduction 
	Results 
	Substrate Electrical Conductivity 
	Young Plant Growth Parameters 
	Photosynthetic Pigments 
	Ion Contents 
	Osmolyte Quantification, MDA, H2O2 and Antioxidant Compounds 
	Antioxidant Enzymes 
	Adult Plant Performance 

	Discussion 
	Materials and Methods 
	Plant Material, Seed Germination and Plant Growth 
	Salt Treatments 
	Substrate Electrical Conductivity 
	Photosynthetic Pigments 
	Ion Content Measurement 
	Osmolyte Quantification 
	MDA, H2O2 and Antioxidant Compounds 
	Antioxidant Enzymes Activities 
	Adult Plant Evaluation 
	Statistical Analysis 

	Conclusions 
	References

