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Preface to ”Plant Response and Tolerance to Abiotic

Oxidative Stress: Antioxidant Machinery as a

Paradigm of Defense”

Plants are continuously exposed to a large number of abiotic stress factors during their life

cycles. These influence their cellular metabolisms, physiological processes, and growth as well as

development. Thus, plants have evolved inherent strategies with which to acclimatize to changing

abiotic stress conditions and adapt through in-built tolerance mechanisms; however, drastic changes

in climatic conditions further aggravate the impact of stress on plants, which exceeds plants’

tolerance capacities. Factors such as low or high temperatures, drought or waterlogging, high

salinity, ultraviolet radiation, heavy metals, nutrient stress, etc., are grouped under abiotic stress,

which generates the excessive production of reactive oxygen species (ROS), causing oxidative stress.

One of the essential ways through which to improve plants’ tolerance and relieve the pressure

of abiotic-stress-induced oxidative changes for the survival of plants is to improve the capacity

of antioxidant machinery. The research/review articles included in this book provide collective

knowledge on the antioxidant machinery for abiotic stress tolerance mechanisms.

Nafees A. Khan

Editor
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Article

Effect of Thallium(I) on Growth, Nutrient Absorption,
Photosynthetic Pigments, and Antioxidant Response of
Dittrichia Plants

Francisco Espinosa *, Alfonso Ortega, Francisco L. Espinosa-Vellarino and Inmaculada Garrido

Research Group FBCMP(BBB015), Faculty of Sciences, Campus Avenida de Elvas s/n, University of Extremadura,
06006 Badajoz, Spain
* Correspondence: espinosa@unex.es

Abstract: Dittrichia plants were exposed to thallium (Tl) stress (10, 50, and 100 μM) for 7 days. The
Tl toxicity altered the absorption and accumulation of other nutrients. In both the roots and the
leaves, there was a decline in K, Mg, and Fe content, but an increase in Ca, Mn, and Zn. Chlorophylls
decreased, as did the photosynthetic efficiency, while carotenoids increased. Oxidative stress in the
roots was reflected in increased lipid peroxidation. There was more production of superoxide (O2

.−),
hydrogen peroxide (H2O2), and nitric oxide (NO) in the roots than in the leaves, with increases in both
organs in response to Tl toxicity, except for O2

.− production in the roots, which fluctuated. There was
increased hydrogen sulfide (H2S) production, especially in the leaves. Superoxide dismutase (SOD),
ascorbate peroxidase (APX), dehydroascorbate reductase (DHAR), monodehydroascorbate reductase
(MDHAR), and glutathione reductase (GR) showed increased activities, except for APX and MDHAR
in the roots and GR in the leaves. The components of the ascorbate–glutathione cycle were affected.
Thus, ascorbate (AsA) increased, while dehydroascorbate (DHA), reduced glutathione (GSH), and
oxidized glutathione (GSSG) decreased, except for in the roots at 100 μM Tl, which showed increased
GSH. These Tl toxicity-induced alterations modify the AsA/DHA and GSH/GSSG redox status. The
NO and H2S interaction may act by activating the antioxidant system. The effects of Tl could be
related to its strong affinity for binding with -SH groups, thus altering the functionality of proteins
and the cellular redox state.

Keywords: antioxidant defense system; ascorbate; Dittrichia; glutathione; hydrogen sulfide; nitric
oxide; photosynthesis; reactive oxygen species; thallium toxicity

1. Introduction

Plants’ response to stress includes a sharp increase in reactive oxygen, nitrogen, and
sulfur species (ROS, RNS, and RSS, respectively) production, which alters the cellular redox
balance [1–4]. The damage that is induced by this alteration, and by the excess ROS, is
dealt with by the enzymatic and non-enzymatic antioxidant systems [5–7]. The former
includes superoxide dismutase (SOD, EC 1.15.1.1), peroxidases (POD, EC 1.11.1.7), catalases
(CAT, EC 1.11.1.6), ascorbate peroxidase (APX, EC 1.11.1.11), glutathione reductase (GR,
EC 1.6.4.2), monodehydroascorbate reductase (MDHAR, EC 1.6.5.4), and dehydroascorbate
reductase (DHAR, EC 1.6.4.2), and the latter includes ascorbate (AsA), reduced glutathione
(GSH), phenolics, alkaloids, non-protein amino acids, α-tocopherols, and carotenoids [2,8].
The ascorbate–glutathione (AsA–GSH) cycle removes hydrogen peroxide (H2O2), main-
taining redox homeostasis [2]. The production of nitric oxide (NO), the main RNS, is also
related to plants’ response to stress [9–11]. It acts at the level of the expression of the
defense genes that are involved in eliminating ROS [12–14] and plays a key role in the
defense mechanisms against different stressors [15], including heavy metals, such as Cd
and As [9,16–19]. Heavy metals increase the synthesis of NO [9,16,20], which is involved
in activating the antioxidant defense system and in eliminating the excess ROS that is

Antioxidants 2023, 12, 678. https://doi.org/10.3390/antiox12030678 https://www.mdpi.com/journal/antioxidants1
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produced, thus contributing to the maintenance of redox homeostasis [9,21–23]. Hydrogen
sulfide (H2S) is involved in numerous metabolic processes in plants [24–26], including the
response to heavy metal toxicity [20,25,27,28]. The exogenous application of H2S enhances
the antioxidant defense system’s response, allowing the oxidative stress that is induced by
heavy metals to be reduced [29,30]. H2S modulates the activation of the antioxidant system
and the gene expression of its components [31,32]. Both NO and H2S act by controlling
the AsA–GSH cycle components and the ROS levels, efficaciously removing H2O2 [33].
The levels of GSH are key in the processes of defense against heavy metals, being able to
bind to them and also contribute to the biosynthesis of phytochelatins [27,34]. Through
the induction of the antioxidant system, the interaction between H2S and GSH lowers ROS
production under conditions of heavy metal toxicity [29,35,36]. The increase in NO and
H2S, and their interaction, may act on the antioxidant systems that are involved in the
stress response, enhancing their activity and the expression of the genes that are involved
in these antioxidant defense systems, thus contributing to the elimination of ROS and the
maintenance of redox homeostasis [26,32,37].

Thallium (Tl) is a very toxic element for living beings. It belongs to group IIIA of
the periodic table, occurring as Tl(I) and Tl(III). The former is the most stable form, and
the latter is the most toxic [38]. Tl forms minerals, including silicates and sulfates [39].
It is widely distributed in the environment in low concentrations of between 0.3 and
0.5 μg g−1 [40]. It is used as a catalyst in alloys, optical lenses, jewelry, low-temperature
thermometers, semiconductors, dyes, etc., and its salts as rodenticides and insecticides;
although, the WHO recommends against its use due to its great toxicity [40]. It is found in
ionic form in drainage waters [41–43], being released from the aqueous waste and soils of
disused Pb–Zn and As mines.

Since Tl and K have similar ionic radii, they can be absorbed by plants through the
same mechanisms, depending on the plant species [38]. Tl-induced toxicity is commonly a
symptom of the replacement of K with Tl [44]. While in Arabidopsis thaliana Tl and K have
antagonistic effects in that they mutually interfere with each other’s absorption [45], in
Biscutella laevigata, increased K does not inhibit the uptake of Tl and, therefore, it seems that
the absorption of Tl would not be carried out through the same systems as K, but it will be
carried out through specific transporters [46].

Tl hyperaccumulator plants have been identified in the Brassicaceae family [44]. They
accumulate Tl in their leaves and roots, and, to a lesser extent, in their stems and fruits,
with a dependence on species and soil type. Thus, in Brassica juncacea, the maximum
Tl accumulation in the aerial part is in the leaves and the minimum in the flowers [39],
whereas in other species, Tl accumulation occurs mainly in the roots, then the leaves, and,
to a lesser extent, in the stem [47–49]. Some ferns and aquatic plants of the genus Lemna are
reported to have a great capacity for Tl accumulation, which would make them interesting
for use in Tl phytoremediation processes [42,43].

Various hydroponic culture studies have been carried out on the absorption, accumu-
lation, and toxicity of Tl [46,50,51]. In Sinapis alba under these conditions, most of the Tl is
transported to the leaves [50]. In Silene latifolia and Biscutella laevigata, low Tl concentrations
induce a hormetic increase in biomass in response to slight toxic stress [46,51–53]. This
contrasts with the results of the in vitro culture of Arabidopsis, which show a decline in
biomass [45]. Although Tl(I) is not a redox metal, it can alter photosynthetic electron
transport, leading to increased ROS and MDA [49]. The oxidation of pigments, the al-
teration of complexes, and the disappearance of the grana occur in the discolored foliar
areas [44]. Chang et al. [45] describe the inhibition of gene expression of LCH II subunits.
Tl toxicity induces oxidative stress [44], with increases in H2O2 and in SOD, APX, and
POX activities [49,54]. These enzymes are also positively regulated at the gene expression
level under Tl toxicity [44]. The effect differs between the ionic forms, with Tl(III) inducing
greater ROS production than Tl(I) [55]. Pu et al. [48] describe a decrease in the SOD activity
and an increase in POX, while Liu et al. [56] describe increases in both of these activities.
This activity in response to heavy metal toxicity can vary with exposure time and can
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also inhibit the synthesis of these enzymes and alter their assembly [57]. Tl has a strong
affinity for the amino imino and the sulfhydryl groups of proteins and other biological
macromolecules, an example being glutathione, which decreases in its reduced form (GSH)
due to oxidation or to the formation of complexes with Tl (Tl(SG)3) [27,34]. There has yet
to be evidence for the participation of NO and H2S in these defense responses. Dittrichia
viscosa (L.) Greuter is a species belonging to the Asteraceae family that develops in a wide
range of soils and climatic conditions in the Mediterranean basin. Dittrichia can colonize
poor soils and also those that are degraded due to anthropic activities, such as mining,
with high concentrations of heavy metals and metalloids [58]. Dittrichia are capable of
absorbing and accumulating large amounts of Cd, Cu, Fe, Ni, Pb, Zn, As, and Sb [11,58–64].
The participation of the components of the AsA–GSH cycle, as well as NO and H2S, in
the Sb accumulation process has recently been reported [11,63]. However, this capacity
varies depending on the different genotypes or populations, which shows great genetic
plasticity [60–62]. In accordance with this, Dittrichia can be considered a good candidate to
carry out phytoremediation processes for heavy metals and metalloids, despite not being a
hyperaccumulator plant [62]. The present study was therefore aimed at determining the
involvement of ROS, NO, H2S, and the antioxidant systems in Dittrichia plants’ response to
Tl, and the morphophysiological alterations that areinduced by the toxicity of this element.

2. Materials and Methods

2.1. Plant Materials, Growth Conditions, and Treatments

The seeds of Dittrichia viscosa (L.) Greuter obtained from “Semillas Silvestres, SL”
were surface sterilized for 15 min in 10% sodium hypochlorite solution (40 g L−1), rinsed
several times with distilled water, and, before their germination, were imbibed in distilled
water, aerated, and agitated for 2 h at room temperature. After imbibition, the seeds
were germinated in a plastic container (30 × 20 × 10 cm) filled with a sterilized perlite
mixture substrate wetted with Hoagland solution and were kept at 27 ◦C in the dark for
48 h. After germination, the seedlings were cultivated for 5 days at 27 ◦C and 85% relative
humidity, with a light/dark photoperiod of 16 h/8 h, and a constant illumination under
photosynthetic photon flux density of 350 μmol m−2 s−1 during the day.

After 7 days, the plants were grown in hydroponic culture in lightweight polypropy-
lene trays (20 × 15 × 10 cm; 4 plants per container) and the same environmental conditions
(except for relative humidity, 50%). The plants were cultivated in a basal nutrient solution
composed of the following: 4 mM KNO3, 3 mM Ca(NO3)2 4H2O, 2 mM MgSO4 7H2O,
6 mM KH2PO4, 1 mM NaH2PO4 2H2O, 10 μM ZnSO4 7H2O, 2 μM MnCl2 4H2O, 0.25 μM
CuSO4 5H2O, 0.1 μM Na2MoO4 2H2O, 10 μM H3BO3, and 20 μM NaFeIII-EDTA. After
10 days in hydroponic culture, we started our assay with Tl. For the Tl treatment, the
basal solution was supplemented with Tl (I) sulfate (Tl2SO4) in final concentrations of
0 μM (control), 10 μM, 50 μM, and 100 μM Tl. Each cultivation solution was adjusted to
pH 5.8, continuously aerated, and changed every 5 days. The plants were exposed to the Tl
treatments for 7 days.

The plants of each treatment were divided into roots and shoots, which were washed
with distilled water, dried on filter paper, and weighed to obtain the fresh weight (FW).
Half of the roots and shoots from each Tl treatment were dried in a forced-air oven at
70 ◦C for 24 h to obtain the dry weight (DW) and the subsequent analysis of the concen-
tration of Tl. The other half of the fresh roots and leaves were used for the biochemical
analyses. The relative water content (RWC) of the leaves was determined at the time
of harvest from fresh material in accordance with the method described by Smart and
Bingham [65]. Leaf disks were collected from the different treatments, and their FWs
were determined. They were then immersed in distilled water for 1 h, dried externally
with filter paper, and weighed again to obtain the turgid weight (TW). Finally, they were
oven-dried at 70 ◦C for 24 h and weighed to obtain the DW. The RWC was calculated as
RWC% = (FW − DW)/(TW − DW) × 100.

3
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2.2. Determination of Tl and Mineral Content

The plant material (roots and leaves) of the control and Tl treatments was harvested
and rinsed with distilled water. After 24 h of drying at 70 ◦C, the root and leaf material
was crushed in a marble ceramic mill. The Tl, K, Mg, Ca, Fe, Mn, Cu, and Zn content was
measured by inductively coupled plasma-mass spectrometry (ICP-MS, model NexION 300,
PerkinElmer) in accordance with Lehotai et al. [66]. The bioaccumulation factor (BF) was
calculated from the ratio between the concentration of the element in the roots or leaves and
that present in the hydroponic solution, and the de translocation factor (TF) was calculated
from the ratio between the concentration of the element in the leaves and in the roots.

2.3. Determination of the Soluble Amino Acid and Protein Contents

The fresh plant material (roots and leaves) of the control and Tl treatments was
homogenized (0.2 g mL−1) in 50 mM sodium phosphate buffer, pH 7.0, then filtered
through muslin, centrifuged at 12,360× g for 15 min, and the supernatant was used for the
protein and amino acid assays. For the protein assay, Bradford’s method was used [67].
The results are expressed as mg g−1 FW against an albumin standard curve. For the amino
acid assay, the method of Yemm and Cocking [68] was used, with ninhydrin reagent. The
results are expressed as mg g−1 FW against a glycine standard curve.

2.4. Determination of Photosynthetic Pigment Contents and Photosynthetic Efficiency

The chlorophyll and carotenoid contents of the leaves were determined at the end of
each trial. About 0.125 g of fresh leaves were incubated in 10 mL methanol for 24 h in the
dark. The concentrations of chlorophylls and carotenoids were measured spectrophotomet-
rically (Shimadzu UV1603) at A666, A653, and A470. The total chlorophyll and carotenoid
content was calculated as described by Wellburn [69] and expressed as μg g−1 FW.

For the determination of the photosynthetic parameters, the middle region of the
fully expanded upper leaves at the end of each Tl treatment were adapted in the dark
for 10 min, and then the minimal fluorescence (F0), the maximal chlorophyll fluorescence
(Fm), and the maximum photosynthetic efficiency (Fv/Fm) were recorded with a handheld
fluorometer (Chlorophyll Fluorometer, OS-30p, Opti-Sciences). The variable fluorescence
(Fv) and the rate constants of photochemical and nonphotochemical deactivation of excited
Chl molecules (Fv/F0) was calculated.

2.5. Determination of Lipid Peroxidation and Reactive Oxygen Species (O2
.− and H2O2), NO, and

H2S Contents, and SOD Activity

To analyze oxidative stress, the formation of malondialdehyde (MDA) was determined
using thiobarbituric acid (TBA). Briefly, 0.25 g of plant material (roots or leaves) was
homogenized with 2.5 mL of solution containing 0.25% TBA and 10% trichloroacetic
acid (TCA). The mixture was incubated at 95 ◦C for 30 min. The reaction was stopped
by immersing the tubes in ice, then filtering, and centrifuging at 8800× g for 10 min.
The MDA was determined spectrophotometrically in the supernatant at A532−A600 with
ε = 155 mM−1 cm−1 and expressed as μmol MDA g−1 FW [70]. The H2O2 content was
analyzed in accordance with Velikova et al. [71]. Fresh material (roots or leaves) was
homogenized (0.2 g mL−1) in 0.1% TCA. The homogenate was centrifuged at 12,000× g for
15 min. The reaction mixture contained 0.5 mL of supernatant, 0.5 mL 10 mM of potassium
phosphate buffer (pH 7.0), and 1 mL of 1 M KI solution. The H2O2 concentration was
estimated based on the reaction mixture absorbance at A390 using a standard curve of
H2O2. The O2

.− generating and SOD activities were measured in an extract obtained from
roots or leaves that was homogenized (0.5 g mL−1) at 4 ◦C in 50 mM phosphate buffer,
pH 6.0, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM β-mercaptoethanol, and
1 g L−1 plyvinylpolypyrrolidone (PVPP). The homogenate was filtered and centrifuged
at 39,000× g for 30 min at 4 ◦C, and the supernatant was collected as an enzyme extract.
The O2

.− generation was assayed spectrophotometrically by measuring the oxidation of
epinephrine to adrenochrome at A480 (ε = 4.020 mM−1 cm−1) [72]. The reaction mixture
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contained 1 mM epinephrine in acetate buffer 25 mM, pH 5.0. The SOD activity was
determined in 50 mM phosphate buffer, pH 7.8, 0.1 mM ethylene diamine tetra-acetic
acid (EDTA), 1.3 μM riboflavin, 13 mM methionine, and 63 μM nitro blue tetrazolium
(NBT) [73]. The reaction mixture was maintained in the dark at 25 ◦C, and the reaction
was started by the addition of the riboflavin and enzyme extract and was illuminated
for 2 min. The changes in absorbance A560 were measured. A unit of SOD is defined
as the amount of enzyme required to cause 50% inhibition of NBT reduction. The NO
content was determined using the method described by Zhou et al. [74]. Roots or leaves
(0.5 g) were homogenized in 3 mL of 50 mM cool acetic acid buffer (pH 3.6, containing
4% zinc diacetate). The homogenates were centrifuged at 10,000× g for 15 min at 4 ◦C.
The supernatant was collected. The pellet was washed in 1 mL of acetic acid buffer and
centrifuged as before. The two supernatants were combined, and charcoal was added,
followed by vortexing and filtration. A mixture of filtrate and the Griess reagent (1:1)
was incubated at room temperature for 30 min. The absorbance was determined at A540.
The NO content was calculated by comparison against a standard curve of NaNO2 and
expressed as nmol NaNO2 g−1 FW. The H2S concentration was determined using Li’s
method [75]. Roots or leaves were ground in liquid nitrogen, homogenized (0.5 g mL−1)
in 20 mM Tris-HCl buffer, pH 8.0, containing 10 mM EDTA and 20 mM Zn(OAc)2, and
centrifuged at 15,000× g for 15 min at 4 ◦C. The supernatant was combined with 30 mM
FeCl3 (in 1.2 M HCl) and 20 mM DMPD (in 7.2 M HCl) (1:1:1). The mixture was incubated at
room temperature for 15 min and the A670 was determined. The H2S content was calculated
by comparison against a standard curve of NaHS and expressed as nmol H2S g−1 FW.

2.6. Determination of the Components and Antioxidant Enzymes of the AsA–GSH Cycle

To determine the total ascorbate and glutathione, fresh roots or leaves (1 g mL−1) were
homogenized at 4 ◦C in 5% metaphosphoric acid. The homogenate was centrifuged at
20,000× g for 20 min at 4 ◦C, and the supernatant was collected for the determination of
ascorbate and glutathione. The total ascorbate pool (AsA + DHA) and total glutathione pool
(GSH + GSSG) were determined in accordance with De Pinto et al. [76]. Total ascorbate was
determined by the reduction of DHA to AsA, and the concentration of DHA was estimated
from the difference between the total ascorbate pool and the AsA. The ascorbate pool was
determined at A525. The glutathione pool was determined from the change in absorbance
at A412 over 1 min. GSH was estimated as the difference between the amount of total
glutathione pool and that of GSSG.

To determine the activities of the enzymes involved in the AsA–GSH cycle—APX,
MDHAR, DHAR, and GR—the roots or leaves (0.5 g L−1) were homogenized at 4 ◦C in
50 mM phosphate buffer, pH 7.5, 0.5 mM PMSF, 1 mM β-mercaptoethanol, 1 g L−1 PVPP,
and 5 mM AsA for the APX activity. The homogenate was filtered and centrifuged at
39,000× g for 30 min at 4 ◦C, and the supernatant was used for the enzyme determinations.
The APX activity was determined spectrophotometrically by measuring the oxidation of
ascorbate at A290 for 2 min (ε = 2.8 mM−1 cm−1) [77]. The reaction mixture contained
0.5 mM ascorbate, 0.2 mM H2O2, and the enzyme extract, at 25 ◦C, in 0.1 M phosphate
buffer, pH 7.5, and EDTA 0.5 mM, expressing the result as μmol ascorbate min−1 mg−1

protein. The DHAR activity was determined from the oxidation of DHA at A265 for 1 min
(ε = 14 mM−1 cm−1) [78] in a medium containing 0.1 M phosphate buffer (pH 6.5), 0.5 mM
EDTA, 2.5 mM GSH, 0.5 mM DHA, and the enzyme extract. The DHAR activity is ex-
pressed as nmol ascorbate min−1 mg−1 protein. The MDHAR activity was determined
from the oxidation of NADH at A340 for 1 min (ε = 6.22 mM−1 cm−1) [79] in a medium
containing 50 mM Tris-HCl buffer (pH 7.8), 10 mM AsA, 0.2 mM NADPH, 0.5 units of ascor-
bate oxidase, and the enzyme extract, expressing the result as μmol NADH min−1 mg−1

protein. The GR activity was determined at A340 from the oxidation of NADPH for 3 min
(ε = 6.22 mM−1 cm−1) [78] in a medium containing 0.1 M phosphate buffer (pH 7.5), 0.5 mM
EDTA, 0.5 mM GSSG, 0.2 mM NADPH, and the enzyme extract, expressing the result as
nmol NADPH min−1 mg−1 protein.
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2.7. Statistical Analyses

The data to be presented are the means ± SE of at least 10 replicates obtained from
three independent experiments. For each measurement, a Shapiro–Wilk normality test was
performed (since n < 50) to verify if they had a normal distribution. Later, we applied a
parametric test of one-way ANOVA. Those values where there are significant differences
are marked with different letters, that is, where p ≤ 0.05. All statistical analyses were
performed with Microsoft Excel 365 (Microsoft Inc., Alburquerque, NM, USA) and the SPSS
v. 24 package (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Effect of Tl on the Growth, Accumulation of Mineral Elements, and Soluble Amino Acid and
Protein Content of Dittrichia

The growth of Dittrichia is very similar at all of the Tl concentrations, with little
difference between them (Figure 1A, Table 1). On the contrary, the growth that can be
observed in the control plants, with 0 μM Tl, is much greater. The plants that were grown
under Tl toxicity show a significantly smaller size than the control plants in both the shoot
and the root parts (Table 1); furthermore, the leaves appear chlorotic, especially in the
venal area and, to a lesser extent, in the interveinal area. The length of the shoots decreases
drastically with the Tl concentration to values of 38% and 32% for 10 μM and 100 μM,
respectively. The effect of the three concentrations of Tl on the growth of the roots is similar,
with an inhibition of 48% with respect to the length of the control roots.

Table 1. Effect of Tl on the length, fresh weight (FW), dry weight (DW), and fresh weight percentage
(%DW) of the D. viscosa plants. The data are the means ± SE from ten independent experiments ± SE,
each carried out in triplicate. The different letters indicate significant differences at p < 0.05.

Treatments
Length (cm) FW (g) DW (g) % DW

Roots Shoots Roots Shoots Roots Shoots Roots Shoots

Control 46.29 ± 2.33a 17.21 ± 1.89a 2.135 ± 0.332a 4.603 ± 0.495a 0.181 ± 0.010a 0.690 ± 0.047a 6.47 ± 0.15b 11.78 ± 0.29c
10 μM Tl 18.10 ± 2.08b 6.55 ± 0.81b 0.532 ± 0.077b 1.267 ± 0.132b 0.079 ± 0.004b 0.237 ± 0.032b 10.05 ± 0.38a 18.03 ± 0.50b
50 μM Tl 19.90 ± 1.32b 6.27 ± 0.50b 0.520 ± 0.075b 1.094 ± 0.113c 0.072 ± 0.008b 0.230 ± 0.031b 9.81 ± 0.73a 17.62 ± 0.87b

100 μM Tl 19.25 ± 1.68b 5.67 ± 0.43b 0.500 ± 0.053b 0.845 ± 0.055d 0.046 ± 0.009c 0.183 ± 0.036c 7.20 ± 0.97b 22.16 ± 1.07a

The fresh weight of both the shoots and the roots decreases in response to the Tl dose.
This weight decreases significantly in the shoots as the Tl concentration increases (73%,
77%, and 82% for 10 μM, 50 μM, and 100 μM Tl, respectively). On the contrary, in the roots,
the fresh weight is similar in the different concentrations of Tl that were used, being 75% of
the control values. The dry weight decreases in both the shoots and the roots, depending
on the concentration of Tl in the medium. The DW/FW percentage increases in the plants
that were subjected to Tl toxicity, with the greatest value in the shoots being observed at
100 μM Tl. In the roots, an increase in this percentage can be observed due to the effect
of Tl, although this increase is less when increasing the Tl. The RWC (Table S1) shows no
alteration in the roots, while it decreases very slightly in the shoots (≈9%).

The absorption and the accumulation of Tl increases with the concentration of Tl in
the medium (Table 2). In the roots, the Tl content is positively correlated with that of the
medium, but not in leaves, where the accumulation of Tl is similar for 50 μM and 100 μM.
The accumulation observed here is much greater in the roots than in the shoots. Thus, in the
treatment with 10 μM Tl, the accumulation in the roots is 6× that produced in the leaves,
with this accumulation being of greater magnitude with the higher Tl concentrations. This
greater capacity for accumulation in the roots is reflected in a higher BF (i.e., BFroots > 350,
BFshoots < 100). On the other hand, the value of TFTl is low, decreasing progressively with
the increase in Tl in the medium. As the concentration of Tl in the roots increases, its
transport capacity decreases (from 0.163 to 0.043 for 10 μM and 100 μM Tl, respectively).
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Table 2. Tl content in roots and leaves, bioaccumulation factor (BF), and translocation factor (TF) in
D. viscosa plants. The data are the means ± SE from 10 independent experiments, each carried out in
triplicate. The different letters indicate significant differences at p < 0.05. nd = not detect.

Treatments
Tl (mg kg−1 DW) BF

TF
Roots Shoots Roots Shoots

Control 1.9d nd nd nd nd
10 μM Tl 2286.0 ± 378.2c 374.7 ± 48.9b 571a 93a 0.163a
50 μM Tl 7991.2 ± 786.0b 623.9 ± 89.5a 399b 31b 0.078b

100 μM Tl 14,035.7 ± 634.9a 601.1 ± 121.0a 351b 15c 0.043c

Table 3 shows the effect of Tl toxicity on the absorption and the accumulation of
different macroelements (K, Mg, and Ca) and microelements (Fe, Mn, Cu, and Zn). The
K content in the root and shoot samples shows a decreasing trend as the Tl concentration
increases, and this decrease is greater in the roots than in the leaves. However, there is
a wide variability in the measured data for this microelement. With regard to the value
of TFK, it is similar to the control value, except with 10 μM Tl, in which a slight decrease
can be observed (Table S2). Similarly to K, the Mg content (Table 3) decreases due to Tl
independently of the concentration, and this is more pronounced in the roots than in the
shoots. The TFMg values increase (×2) with respect to the control, although they are similar
for the three Tl concentrations. The lowest Ca content in the roots is observed in the plants
that were grown in 10 μM of Tl, with a decrease of 52%, relative to the control. However,
in the roots of the plants that were grown with 50 μM Tl, the decrease is 20%, and with
100 μM Tl, the amount of this element increases (by 28%, relative to the control). In the
shoots, the Ca content is not significantly modified.

Table 3. Effect of Tl on the K, Mg, Ca, Fe, Mn, Cu, and Zn contents in roots and shoots of D. viscosa
plants. The data are the means ± SE from ten independent experiments, each carried out in triplicate.
The different letters indicate significant differences at p < 0.05.

Treatments
K (mg kg−1 DW) Mg (mg kg−1 DW) Ca (mg kg−1 DW)

Roots Shoots Roots Shoots Roots Shoots

Control 84,014.1 ± 27,699.2a 96,366.0 ± 31,295.4a 34,884.6 ± 2213.3a 6093.3 ± 1696.1a 44,796.5 ± 10,631.2ab 14,465.0 ± 3990.8a
10 μM Tl 75,916.4 ± 29,047.9a 61,058.8 ± 17,123.4a 11,205.2 ± 4113.9b 4863.9 ± 782.5b 21,418.2 ± 5794.7c 15,267.4 ± 3134.7a
50 μM Tl 58,217.0 ± 20,738.0b 61,336.0 ± 21,882.6a 12,748.7 ± 5783.5b 4729.2 ± 918.6b 35,963.2 ± 10626.0b 14,249.8 ± 2799.5a

100 μM Tl 50,594.4 ± 21,353.5b 72,777.5 ± 32,277.6a 13,252.0 ± 4551.0b 5813.6 ± 1731.1a 57413.1 ± 10,935.5a 16,019.9 ± 5930.9a

Treatments
Fe (mg kg−1 DW) Mn (mg kg−1 DW) Cu (mg kg−1 DW) Zn (mg kg−1 DW)

Roots Shoots Roots Shoots Roots Shoots Roots Shoots

Control 5466.5 ± 3559.0a 134.9 ± 68.2a 882.2 ± 131.3c 55.3 ± 5.0c 45.7 ± 12.5 12.1 ± 2.8a 52.7 ± 20.7b 38.7 ± 7.8
10 μM Tl 2530.1 ± 1131.4b 151.2 ± 75.8a 1450.3 ± 694.1a 225.9 ± 93.9a 41.9 ± 12.5 8.4 ± 2.6b 83.2 ± 35.8ab 51.2 ± 17.9a
50 μM Tl 3031.6 ± 1149.0b 111.6 ± 69.0b 1083.1 ± 128.5b 144.6 ± 69.8b 51.2 ± 17.3 8.3 ± 4.0b 103.0 ± 32.6a 47.0 ± 23.9ab

100 μM Tl 4134.8 ± 1034.3a 84.1 ± 39.5b 1345.4 ± 17.3a 172.6 ± 72.3a 74.4 ± 15.5a 8.3 ± 2.6b 161.7 ± 56.5a 53.8 ± 23.4a

With regard to the absorption and the accumulation of Fe, Mn, Cu, and Zn (Table 3),
in the roots there is an increase in the content of Mn, Cu, and Zn, while the content of Fe
decreases. While Cu and Zn increase with an increasing Tl dose, the increase in Mn is
similar for all of them. The decrease in the Fe content is smaller in response to an increase
in the concentration of Tl in the medium (54%, 45%, and 24% for 10 μM, 50 μM, and 100 μM
Tl, respectively). In the leaves, Fe decreases with the increase in Tl in the medium and
Cu decreases by 30% (independently of the Tl concentration), while Mn and Zn increase.
With regard to the values of TF (Table S2), the TFFe increases at 10 μM Tl, but is similar
to the control value for the other concentrations. The TFMn increases, while TFCu and
TFZn decrease.

Tl induces an increase in the amino acid content, which is greater in the leaves (≈×4.3)
than in the roots (≈×1.8) (Table 4). This strong increase does not depend on the dose of Tl
that is used. With regard to the protein content (Table 4), in the roots that were subjected to
10 μM of Tl toxicity, there is little difference from the control, with a slight increase being
observed; however, with 50 μM and 100 μM, a progressive decrease can be observed, being
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by 16% and 41%, respectively. In the leaves, there is a decrease, which is greatest with
10 μM Tl (by 43%, relative to the control).

Table 4. Effect of Tl on the soluble amino acid and protein contents in D. viscosa plants. The data are
the means ± SE from ten independent experiments, each carried out in triplicate. The different letters
indicate significant differences at p < 0.05.

Treatments
Total Soluble Amino Acids (mg g−1 FW) Total Proteins (mg g−1 FW)

Roots Leaves Roots Leaves

Control 2.375 ± 0.517b 2.540 ± 0.236b 2.12 ± 0.18a 2.82 ± 0.43a
10 μM Tl 4.176 ± 0.461a 10.816 ± 1.628a 2.39 ± 0.07a 1.60 ± 0.17c
50 μM Tl 4.439 ± 0.665a 10.171 ± 0.920a 1.77 ± 0.16b 1.90 ± 0.12b
100 μM Tl 4.459 ± 0.759a 11.192 ± 1.015a 1.25 ± 0.28c 1.82 ± 0.21b

3.2. Effect of Tl on Photosynthetic Pigment Content and Photosynthetic Efficiency

Tl toxicity induces a decrease in both chlorophyll a and b, and, consequently, in total
chlorophyll (Figure 1A–C). The decrease in these contents is smaller and very similar in
10 μM and 50 μM, with values of 54% and 63% of the control, respectively. For 100 μM Tl,
this content is 45% of the control. The chlorophyll a/b ratio (Figure 1D) increases in response
to Tl, going from 1.60 to 1.92 for the control leaves and the leaves that were subjected to
Tl, respectively. In contrast, the carotenoid content (Figure 1E) shows a clear increase (by
around 140%) in the plants that were subjected to Tl, although with no difference between
the different concentrations that were used. The decrease in chlorophylls and the increase
in carotenoids caused by Tl translate into an increase in the carotenoids/chlorophylls ratio
(Figure 2F).

In the Tl treatments, the F0 value increases as the Tl concentration increases (Figure 1G).
Thus, the F0 increases by 10% for 10 μM Tl, while with 50 μM and 100 μM Tl the increases
are much greater, at 65% and 71%, respectively. The efficiency of photosystem II (Fv/Fm)
(Figure 1H) is also strongly affected by the Tl doses, with the decreases being dependent on
the increase in Tl, ranging from 10% to 36% for 10 μm and 100 μM Tl, respectively. With
regard to the Fv/F0 ratio (Figure 1H), there is a marked decrease with the increase in the Tl
concentration that was used. Thus, while in the control plants the Fv/F0 ratio is 3.604, in
those that were treated with 100 μM this ratio is 1.026.

3.3. Lipid Peroxidation, Production of O2
.− and SOD Activity, and H2O2, NO, and H2S Content

Figure 2 shows the response to the treatments with Tl at the level of lipid peroxidation
production of O2

.− and SOD activity, and H2O2, NO, and H2S content. In the roots, lipid
peroxidation increases in response to Tl (Figure 2A). On the contrary, in the leaves, the
levels of lipid peroxidation are lower, with similar values for the three concentrations
of Tl that were used. The production of O2

.− (Figure 2B) also differs between the roots
and the leaves, being greater in the former. In the roots, the differences between the
treatments are slight and varying, with decreases of 18% and 23% for 10 μM and 100 μM Tl,
respectively, but with no significant change for 50 μM Tl. In the leaves however, the O2

.−
production increases with increasing Tl concentrations in the medium. The SOD activity,
in response to Tl (Figure 2C), increases in both the roots and the leaves, with the latter
presenting the greatest values. In both of the organs, the SOD activity increases for all of
the concentrations of Tl. For the treatment with 10 μM Tl, the SOD activity increases by
×1.8 and ×1.4 for the roots and the leaves, respectively, and for 50 μM Tl, by ×2.3 and
×1.8, respectively. With 100 μM of Tl, the SOD activity also increases, although at lower
values (×1.6 and ×1.4, in the roots and the leaves, respectively). In both of these organs,
the lowest and highest Tl concentrations cause similar increases in SOD activity. The H2O2
content (Figure 2D) increases in both the roots and the leaves in response to Tl-induced
stress. The H2O2 content in the roots increases from 125 μmol g –1 FW in the controls to
values that reach 844 μmol g−1 FW for 100 μM Tl and shows a strong positive correlation
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with the Tl concentration. The relative increases are ×2.5, ×4.8, and ×6.7 for 10 μM, 50 μM,
and 100 μM Tl, respectively. A similar response is seen in the leaves, although in this case
the levels of H2O2 stabilize at 50 μM Tl, with values for 50 μM and 100 μM being similar.
The production of NO (Figure 2E) is much greater in the roots than in the leaves, and it
increases in response to the increase in Tl treatments. Thus, 10 μM of Tl induces a ×1.8
increase, with the increases for the two greater concentrations being very similar to each
other (×2.5 and ×2.6, respectively). In the leaves, there are also increases in response to
Tl toxicity, by very similar factors (≈×1.25) for all of the concentrations. With regard to
the production of H2S (Figure 2F), the levels are higher in the leaves than in the roots. In
the roots, the greatest increase in H2S content corresponds to the treatment with 10 μM Tl
(×1.8). The greater Tl concentrations induce only slight changes in the H2S content, with
values that are very similar to the control. In the leaves, there is increased H2S content
for all of the concentrations, with the maximum value corresponding to the 100 μM Tl
treatment (×3.7, relative to the control).

 

Figure 1. Effect of Tl on photosynthetic pigments and parameters in leaves of D. viscosa. Chlorophyll
a content (A), chlorophyll b content (B), total chlorophylls (C), chlorophyll a/b (D), carotenoids
content (E), carotenoids/total chlorophylls (F), Fo (G), and Fv/Fm and Fv/Fo (H). The data are the
means ± SE from ten independent experiments. The different letters indicate significant differences
at p < 0.05.
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Figure 2. Effect of Tl on the lipid peroxidation (A), O2.– production (B), SOD activity (C), and
H2O2 (D), NO (E), and H2S (F) content in roots (orange) and leaves (green) of D. viscosa. The data
are the means ± SE from ten independent experiments. The different letters indicate significant
differences at p < 0.05.

3.4. APX, DHAR, MDHAR, and GR, and Ascorbate and Glutathione Pool

The effect that Tl has on the enzymes of the AsA–GSH cycle was determined (Figure 3).
APX, DHAR, MDHAR, and GR all present behavior that differs between the roots and the
leaves. In the roots, the APX activity (Figure 3A) decreases after the stress that is induced
by 10 μM Tl but is unaltered by 50 μM or 100 μM Tl. On the contrary, in the leaves, the
APX activity increases at the higher Tl concentrations, but is unaffected by 10 μM Tl. The
DHAR activity in the roots increases strongly with 10 μM Tl, but the greater concentrations
show less activation (Figure 3B). In the leaves, DHAR increases by very similar factors
(≈×2.0, relative to the control) in response to all of the Tl concentrations. The MDHAR
activity (Figure 3C) also differs in behavior between the roots and the leaves; while in the
roots there are slight decreases in this activity at 10 μM, in the leaves there are increases
(by between ×2.8 and ×3.7) for all of the Tl concentrations, as was the case for the DHAR
activity. The GR activity (Figure 3D) increases in the roots, but this increase is less the
greater the Tl concentration (1.8- and 5.4-fold for 10 μM and 100 μM Tl, respectively). In the
leaves, the GR activity decreases with 10 μM and 50 μM Tl but is not significantly altered
with 100 μM Tl.
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Figure 3. Effect of Tl on the APX (A), DHAR (B), MDHAR (C), and GR (D) activities in roots (orange)
and leaves (green) of D. viscosa. The data are the means ± SE from ten independent experiments. The
different letters indicate significant differences at p < 0.05.

The AsA and DHA contents are altered by Tl (Figure 4A,B). Thus, in the roots, the
control AsA content is 121 nmol g −1 FW, and Tl duplicates (×2.0) this content for 10 μM
and 50 μM Tl, while 100 μM does not alter from the control value. On the contrary, the DHA
content decreases by 14–48%, relative to the control, depending on the Tl concentration.
In the leaves, the result is very similar, although the contents of both AsA and DHA are
greater than those in the roots. The increase in AsA content is 2.23-fold in the presence of
10 μM Tl, and 1.63- and 1.49-fold for 50 μM and 100 μM Tl, respectively. The DHA content
decreases for all of the concentrations. The total ascorbate pool (AsA + DHA) (Figure 4C)
is unaltered, except with 100 μM Tl, which reduces this pool in both of the organs. The
redox state (AsA/DHA) (Figure 4D) is altered, increasing in the roots and the leaves, in
response to the Tl concentrations. With regard to the GSH content (Figure 4E), in the roots
there is an increase only in those that were subjected to 100 μM Tl, but not for the other
concentrations. The GSSG content (Figure 4F) decreases for the two lower concentrations,
but not for 100 μM Tl, which produces levels that are similar those of to the control. In the
leaves, both the GSH and the GSSG content (Figure 4G) decrease with the Tl concentration,
with very similar values for 50 μM and 100 μM Tl. With regard to the glutathione pool,
in the roots that were subjected to 10 μM and 50 μM Tl, there is a reduction of 35% of
the total content, relative to the control. On the contrary, 100 μM causes a 23% increase
(1.23-fold) in the AsA + DHA pool. Whereas, in the leaves, this pool decreases for all of the
concentrations of Tl that were used. The GSH/GSSG ratio (Figure 4H) increases in the roots
from 1.32 in the control to 4.06, 6.02, and 2.14 for 10 μM, 50 μM, and 100 μM, respectively.
In the leaves, this ratio presents a different behavior, decreasing with Tl.
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Figure 4. Effect of Tl on the AsA (A), DHA (B), and ascorbate pool (AsA + DHA) (C) contents;
the AsA/DHA ratio (D), the GSH (E), GSSG (F), and glutathione pool (GSH + GSSG) (G) contents;
and the GSH/GSSG ratio (H), in D. viscosa. The data are the means ± SE from ten independent
experiments. The different letters indicate significant differences at p < 0.05.

4. Discussion

In Dittrichia viscosa, the concentrations of Tl that were used here cause a decrease
in growth and biomass production (Figure S1, Tables 1 and S1), with these results being
similar to those that have been observed in other plants [45,47,48,80–82]. The effect of
Tl on the dry matter content and RWC is not significant. Only in the shoots is a slight
decrease in RWC observed, a result that is very similar to that described by Radić et al. [49].
This contrasts with the decreases in RWC that has been observed in plants stressed by
Cd [83–85].
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The Tl that is absorbed accumulates mostly in the roots [48,49,86,87], with high values
of BFTl, and decreases in TFTl with an increasing dose of Tl in the medium (Table 2). This
preferential accumulation in the roots may obviate more serious damage to photosynthetic
pigments [49].

Tl toxicity produces alterations in the absorption and accumulation of other elements
(Table 3). There is a tendency to decrease the K content, although this is not significant. This
variability may be due to the great genetic variability that is evidenced in Dittrichia [61,62].
Thus, the decline in K content is similar to that described by Buendia-Valverde et al. [88]
for Capsicum annuum leaves, with decreases in the content at a low Tl concentration and a
recovery of control values at a greater concentration. The Tl affects K uptake by the roots,
but not its mobility within the plant, with TFK (Table S2) being unaltered and the lower
shoot content being due to the decrease in the root concentration rather than any reduced
translocation. This effect of Tl on K uptake is a result of their mutual antagonism, since Tl
uses K transport systems [34]. Chang et al. [45] also describe the antagonistic effect of Tl
and K in Arabidopsis, in which Tl interferes with the K uptake. In Sinapis alba that are grown
in hydroponic culture, the effect of Tl is to reduce the K content in the roots, as well as in
the stems and leaves [50]. With regard to Mg, the Tl inhibits its absorption in Dittrichia,
decreasing the content in the roots. In the leaves, the decrease in the Mg content is less,
since there is a significant increase in TFMg. However, despite the increase in TFMg and
the lower effect that is observed on the Mg content in the leaves, this does not prevent
the decrease in the chlorophyll content. In contrast, in S. alba, Holubick et al. [50] describe
low Tl concentrations leading to a decrease in Mg in shoots but not in roots, whereas, in
C. annuum, the changes in the Mg content depend on the variety [88]. With regard to the
Ca content, the data show that there is a decrease in its accumulation in the roots, except
for those with the highest concentration that was used. The content of this element in
the leaves is unaffected, however. Once again, the effects of Tl on the absorption and
accumulation of Ca are diverse, depending, as in the case of Mg, on the variety [88] and
the accumulating organ [50]. The microelements Fe, Mn, Cu, and Zn behave in different
ways. While Fe decreases in both the roots and the leaves [50], Mn and Zn increase in
both of these organs, and Cu only increases in the roots but decreases in the leaves. The
inhibited growth that is induced by Tl stress may be due to this alteration in the absorption
of essential mineral nutrients [89]. Our results show decreases in the absorption of K, Mg,
and Fe, and alterations in the absorption and the accumulation of other essential elements,
such as Ca, Mn, Cu, and Zn, which have increased presence in both the roots and the leaves,
except for Cu, which is below the control levels in the leaves (Tables 3 and S2).

The increase in amino acid content in response to Tl toxicity could be associated with
the observed decrease in the protein content, as well as with an accumulation of amino
acids in response to this toxicity [90–93]. The increase in the soluble amino acid content
and the decrease in the protein content show a clear effect of Tl toxicity (Table 4). Similar
results have been described in different plants that were subjected to toxicity, not only of
Tl [81], but also of other heavy metals, such as Cu, Cd, and Ni [94–96]. The decrease in
protein content could be due to the effect of oxidative damage on protein synthesis, to
alterations at the DNA level that would affect protein synthesis, or to the inhibition of the
absorption of other elements, such as Mg and K [94]. It could also be due to increases in
protease activity [97]. The increase in amino acid accumulation could be due to protein
turnover increasing proteolysis, as well as due to the de novo synthesis of osmoprotectant
amino acids, which is usually the case for stress-induced proline accumulation [90,91,93].
The amino acids can act on osmoregulation, heavy metal detoxification, and the formation
of polyamines and glutathione, secondary metabolites, or the organic nitrogen reserve [92].

The decrease in the chlorophyll content that was observed in Dittrichia in response to
stress that was induced by Tl toxicity (Figure 1A–D) coincides with results that have been
described by other authors, but not the increase that has been observed in the carotenoid
content (Figure 1E,F). Thus, Naumann et al. [80] in Lemna minor and Mazur et al. [44] in
Sinapis alba find Tl to induce decreases in both the chlorophyll and the carotenoid content.
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In Arundo donax and Coix lacryma-jobi, Pu et al. [48,86] find 50 μg L−1 Tl to cause a decrease
in the chlorophyll content, while lower concentrations have no effect. The increase in the
carotenoid content and the carotenoid/chlorophyll ratio that has been observed in Dittrichia
could be due to the role of carotenoids as ROS scavengers, thus protecting PSII functionality
from oxidative damage [11,98–101]. The chlorophyll a/chlorophyll b ratio indicates the
degree of appression of the thylakoid membranes in the chloroplast, being inversely
proportional to the degree of appression, which, in turn, causes the “light harvesting
complexes II” (LHCII) to be more closely connected, increasing the light-gathering capacity,
and, therefore, the efficiency of energy transmission. In addition, the increase in the
thylakoid appression enhances the electron transfer from photosystem II to the cytochrome
b6f complex, thus increasing non-cyclic photosynthetic electron transport [102]. That ratio
is lower in control plants than in those that were grown in the presence of Tl, which would
mean that the control plants capture light more efficiently. The interaction between Tl and
the -SH groups affects the functionality of the enzyme systems that are involved in the
biosynthesis and/or degradation of chlorophylls and the stability of the chloroplasts, as
described for Sb toxicity [11,102].

The photosynthetic efficiency of control plants and those that were treated with 10 μM
Tl are very close to the values that are described as normal by Murchie and Lawson [103].
The higher concentration Tl treatments show greater decreases, indicating an impairment of
the photochemical activity. The stress that is induced by Tl toxicity causes an increase in the
minimum fluorescence value (F0) (Figure 1G), reflecting an alteration in the photosynthetic
apparatus. This reveals that there is excess O2

.− production in the chloroplasts, which
negatively affects the PSII activity. The F0 fluorescence originates from the chlorophylls
that are associated with the antenna complexes. Its increase thus implies a reduced energy
transfer from LHCII to PSII, i.e., there is a disconnection of the antennas in response to
stress [104,105]. The Fv/Fm ratio represents the maximum PSII quantum yield, which
correlates with the net photosynthesis quantum yield. It is indicative of the level of
photoinhibition affecting the PSII complexes [106]. Tl toxicity reduces Fv/Fm (Figure 1H)
to different degrees depending on the Tl concentration, these results being similar to
those that have been described in other plants [44,47,48,86]. Changes in the PSII activity
reduce photosynthesis levels [105,107]. In addition, the ratio Fv/F0, which indicates the
maximum ratio of the quantum yields of the photochemical and non-photochemical PSII
processes, allows the photosynthesis capacity to be estimated. Dittrichia viscosa under Tl
toxicity conditions show large decreases in this ratio (Figure 1H), which may indicate an
interruption of donor-side PSII photosynthesis [108]. These results indicate that Tl toxicity
leads to a strong alteration of photosynthetic activity, affecting PSII, as indicated by the
increases in F0 and the decreases in the Fv/Fm and Fv/F0 ratios. Recently, Chang et al. [45]
have described the negative effect of Tl on the photosynthetic process by decreasing the
expression levels of the LCHII subunit genes, thus reducing the aggregation of the LCHII
complexes, and, with them, the levels of photosynthesis.

With regard to ROS, by accumulating the Tl preferentially in the roots (Table 2), there
is an increase in ROS production, which can cause the lipid peroxidation that is observed
in the roots (Figure 2A). This behavior is similar to that described in Dittrichia plants
in response to stress induced by Sb toxicity [11]. The increase in lipid peroxidation has
also been described in response to Tl-induced stress [49,81]. On the contrary, Sirova and
Vaculik [109] describe an increase in lipid peroxidation in leaves due to Cd toxicity, but not
in roots, since a large part of the Cd is translocated to the leaves, provoking oxidative stress
that would damage the membranes. Yao et al. [55] describe a decrease in lipid peroxidation
in rice roots that were subjected to Tl(I) toxicity. In Dittrichia, TFTl decreases progressively
with increasing Tl (Table 2), and this, together with the increase in SOD activity, may
prevent increases in lipid peroxidation in leaves [110]. In the roots, the accumulation of Tl is
very high, inducing strong increases in the production of O2

.− and H2O2, and, although the
SOD activity increases, damage by lipid peroxidation occurs (Figure 2). The stress induced
in Dittrichia by Tl leads to increases in the content of O2

.− and H2O2 and in the SOD activity
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(Figure 2B–D), which is a response that is similar to that described in other plants [49,81].
On the contrary, while decreases in O2

.− and H2O2 content have also been observed, the
SOD activity increases [55]. However, the toxicity that is induced by Cd and As induces
increases in the production of O2

.− and H2O2, as well as in SOD activity [9,23,85,111]. NO
and H2S perform signaling functions, both under physiological conditions and under stress
conditions, intervening at the level of nitration, nitrosation, and persulfidation [112,113].
Tl induces increases in the NO content in Dittrichia (Figure 2E), similar to those that have
been described in response to toxicity by heavy metals such as As and Sb [10,11,16,114].
However, a decrease in the NO content in As toxicity has also been described [85,115,116].
These contradictory results could be explained by the magnitude of the stress, the plant
age, the organ, or the treatment duration [116,117]. Increases in the H2S content (Figure 2F)
have also been described in response to toxicity by Sb [11], Cd [9,85], and Cr [118]. The
amount of H2S is greater in leaves than in roots, possibly because of the greater production
of H2S in chloroplasts than in cytoplasm [119].

AsA and GSH are involved in the activation of the antioxidant systems of plants
against stress [120]. In addition, they maintain cellular redox homeostasis [121]. Our
results show that Tl toxicity induces alterations in APX, DHAR, MDHAR, and GR activities
(Figure 3), as well as increases in AsA content and decreases in DHA, GSH, and GSSG
(Figure 4). The AsA content in the roots increases, and that of DHA decreases, thus raising
the AsA/DHA ratio (Figure 4A–D). The increase in AsA may be due to the increase in
DHAR and GR and a decrease in the APX activity (Figure 3A,B,D), with an increase in
H2O2 content. However, the MDHAR activity decreases (Figure 3C) despite it being the
main enzyme responsible for AsA levels. In roots, although there is an increase in NO, the
H2S levels only increase significantly with 10 μM of Tl, whereas the greater concentrations
barely raise this content. In leaves, as in roots, the AsA content increases and the DHA
content decreases, with consequent increases in the AsA/DHA ratio. Both DHAR and
MDHAR increase, which raises the AsA content, since APX, although increasing in activity,
does so to a lesser extent. The increases that are observed in the levels of NO and H2S
in leaves may increase the APX activity, which is modulated by both S-nitrosation and
by persulfidation [122,123]. Espinosa-Vellarino et al. [11] describe Sb toxicity in Dittrichia
leading to increased AsA and decreased DHA in leaves, with a decrease in both in the roots.
On the contrary, decreases in AsA content have been described due to the toxicity of Tl [74],
Cd, and As [85,124]. Hasanuzzaman et al. [125], also with Cd toxicity, describe decreases in
AsA and increases in DHA.

In the roots, the GSH content does not change with 10 or 50 μM of Tl, but increases
with 100 μM Tl, while that of GSSG decreases with 10 and 50 μM and remains at the control
levels with 100 μM of Tl. The GSH/GSSG ratio increases with Tl (Figure 4H), and, although
there is greater GR activity, the GSH content does not increase in absolute terms, although
it does so relative to GSSG. The increased DHAR might consume the GSH that is produced
by the GR, or this GSH might be used for other reactions, such as the direct elimination
of ROS, phytochelatin synthesis, or direct binding to Tl, which has a high affinity for -SH
groups [27,34]. In leaves, GSH and GSSG decrease, as does the GSH/GSSG ratio, which
could be due to increased DHAR activity and decreased GR activity. These alterations
are similar to those that are described by Hasanuzzaman et al. [125], with a decrease in
the content of GSH and redox pool, an increase in APX activity, decreases in DHAR and
MDHAR, and variable behavior of the GR. In Dittrichia under Sb toxicity [11], there are
similar alterations in the leaves, although in the roots, the GSH content also decreases,
as well as that of GSSG. The decrease in the GSH content in the leaves contrasts with
the increase that has been described in response to Zn toxicity [126]. Alterations in the
AsA/DHA and GSH/GSSG ratios are fundamental as a protective mechanism of the cell
against ROS [127]. In our case, Tl produces an increase in the AsA/DHA ratio (Figure 4D)
in both the roots and the leaves, and in the GSH/GSSG ratio (Figure 4H) in the roots,
but with this ratio remaining constant, or slightly lowered, in the leaves. Tl induces an
alteration of the cellular redox state. These results show the great capacity of Dittrichia to
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activate antioxidant defense systems, from amino acids, carotenoids, antioxidant enzymes,
and AsA, maintaining a reduced state of the main antioxidants, especially in the leaves, in
response to Tl stress.

5. Conclusions

In Dittrichia, the stress induced by Tl led to a major reduction in plant biomass, with
reductions in the size and FW, altered the DW/FW ratio, but hardly affected RWC, strongly
increased the amount of soluble amino acids, and decreased that of proteins. At the level
of nutrient absorption and accumulation, it induced a major decrease in K, Mg, and Fe
contents in both the roots and the leaves. On the contrary, Ca, Mn, and Zn accumulated to
a greater extent in both of the organs. While chlorophylls decreased, carotenoids increased,
possibly to act as a protection system by reducing the photosynthetic efficiency. With
regard to stress markers, an increase in lipid peroxidation was observed, especially in the
roots. The production of O2

.−, H2O2, and NO was greater in the roots than in the leaves,
increasing in both of the organs in response to Tl toxicity, except for O2

.− production in
roots, which presented fluctuations. There was also greater H2S production, especially in
the leaves. The activities of SOD, APX, DHAR, MDHAR, and GR increased, except for APX
in the roots and GR in the leaves. The components of the AsA–GSH cycle were also affected,
with AsA increasing while DHA, GSH, and GSSG decreased. These Tl toxicity-induced
alterations modified the AsA/DHA and GSH/GSSG redox status. The effects of Tl could
be related to its high -SH group binding affinity, altering the functionality of proteins and
the cellular redox state.
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10.3390/antiox12030678/s1, Figure S1: Dittrichia viscosa plants subjected to Tl toxicity for 7 days;
Table S1: Effect of Tl toxicity on the relative water content (RWC) in roots and leaves of D. viscosa
plants; Table S2: Effect of Tl toxicity on the translocation factor of K (TFK), Mg (TFMg), Ca (TFCa),
Fe (TFFe), Mn (TFMn), Cu (TFCu), and (TFZn) of D. viscosa plants.
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Abstract: Heavy metal contamination has a severe impact on ecological health and plant growth
and is becoming increasingly serious globally. Copper (Cu) is a heavy metal that is essential for
the growth and development of plants, including peach (Prunus persica L. Batsch); however, an
excess is toxic. In plants, amino acids are involved in responses to abiotic and biotic stresses, such
as water deficit, extreme temperatures, high salinity, and heavy metal stress. However, the role of
leucine in the regulation of heavy metal stress is currently unclear. Therefore, we investigated the
effects of exogenous leucine on the growth of peach seedlings under Cu stress. Exogenous leucine
improved the leaf ultrastructure and ionic balance and increased the chlorophyll content, the net
photosynthetic rate, and the maximum photochemical efficiency. Furthermore, it attenuated Cu-
stress-induced oxidative damage via a decrease in reactive oxygen species (ROS) and the regulation of
the antioxidant and osmotic systems. These effects, in turn, ameliorated the reductions in cell viability,
cellular activity, and biomass under Cu stress. Moreover, exogenous leucine increased the activities of
nitrate reductase (NR), glutamine synthetase (GS), and glutamic acid synthetase (GOGAT) and thus
improved the nitrogen metabolism efficiency of plants. In conclusion, leucine significantly improved
the photosynthetic performance and antioxidant capacity, reduced Cu accumulation, and promoted
nitrogen metabolism, which in turn improved the resistance of peach seedlings to Cu stress.

Keywords: antioxidant systems; Cu stress; leucine; nitrogen metabolism; peach

1. Introduction

Heavy metal pollution of farmland soil is one of the most severe environmental
problems in the world [1]. Globally, there are 5 million sites of soil pollution, covering
500 million ha of land in which the soils are contaminated by different heavy metals or
metalloids [2]. Heavy metal pollution in soil has a combined worldwide economic impact
that is estimated to be in excess of USD 10 billion per year [3]. Heavy metal pollution
not only decreases crop yield and quality but also affects human health via the food
chain [4]. However, certain heavy metals, such as Cu at lower concentrations, are critical
for plant growth and development. Cu is an essential trace element involved in many
physiological processes of plants. It acts as a cofactor of enzymes such as the Cu/Zn-
superoxide dismutase (Cu/Zn SOD) enzyme and polyphenol oxidase. It is involved
in physiological processes such as photosynthesis, cell wall metabolism, and ethylene
perception [5]. Cu is a component of the plastocyanin in plant chloroplasts, which is
involved in the photosynthetic electron transport process and is also an activator of certain
enzymes during chlorophyll formation [6]. Cu deficiency in plants can hinder normal
growth, while excess Cu can be toxic. At higher concentrations, Cu ions (Cu2+) combine
with oxygen to produce free radicals and other reactive oxygen species (ROS), which induce
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oxidative stress and lead to cell death. Moreover, the accumulation of Cu in the food chain
can lead to poisoning in humans due to excessive consumption [7]. In recent years, Cu
has become a major environmental pollutant due to overuse in the manufacturing and
agricultural industries [8]. Therefore, in order to reduce plant damage due to Cu stress in
soil, it is necessary to improve plant tolerance to Cu stress and reduce Cu ion enrichment
under Cu stress.

Under normal conditions, the production and removal of reactive oxygen species
(ROS) in plants are in dynamic balance. Oxidative stress occurs when the accumulated
concentration of ROS exceeds the threshold of plant defense mechanisms under heavy
metal stress [9]. Cu stress can induce cells to produce a large amount of ROS, leading to lipid
peroxidation of the cell membrane and resulting in an increase in malondialdehyde (MDA)
content, a reduction in the selective permeability of the plasma membrane, the leaching of
intracellular materials, and then damage to photosynthetic organelles, thereby affecting
the normal operation of physiological metabolic processes such as material exchange and
photosynthesis [10]. ROS can change the distribution of ions and initiate the expression
of nuclear genes in the process of transmitting and amplifying signals so that plants can
tolerate various stresses [11]. Amino acids enhance the adaptive responses in plants to
various stresses by directly/indirectly influencing the physiological processes or regulating
stress-related gene expression and enzyme activities in plants [12]. In plants, leucine is
not only a nutrient matrix for cell metabolism but also a signal molecule that can mediate
protein metabolism, lipid decomposition, and other biological reactions. Leucine spray at
different stages increased biomass and nitrogen content, promoted nitrogen absorption,
and improved grain yield in rice [13].

Peach (Prunus persica L. Batsch) is one of the most widely cultivated fruit trees in
China [14]. Previous studies have found that excessive copper in peach orchard soil can
reduce the dry matter content of peach trees, reduce the photosynthetic rate of peach leaves,
and reduce the chlorophyll content of leaves, which are not conducive to fruit yield and
quality [15]. Therefore, it is crucial to reduce the Cu content in plant parts and alleviate
the impact of Cu stress to improve the yield and quality of peach. Several studies have
reported the beneficial effects of amino acids in plants exposed to metal stress [16]. In
general, amino acid molecules have three major functions in response to heavy metal stress,
namely metal binding, antioxidant defense, and signaling [17]. Due to their ability to bind
metals, amino acids and their by-products can be used to respond to metal toxicity. Amino
acids facilitate the chelation of heavy metal ions in cells and xylem sap, thereby resulting in
the detoxification of heavy metals and an increase in plant resistance to toxic metal ions
by activating antioxidant systems [18]. However, the role of leucine in the regulation of
heavy metal stress is currently unclear. Therefore, in this study, peach seedlings were used
as experimental materials to explore the mechanism of leucine alleviating Cu stress in
peach seedlings.

2. Materials and Methods

2.1. Experimental Design

Experiments were performed in the experiment center of Shandong Agricultural Uni-
versity (Tai’an, China) in April 2020 (117◦13′ E and 36◦16′ N). First, 60-day-old ‘lu xing’
peach plants, Prunus persica (L.) Batsch., were planted in pots. Seedlings (10 cm tall) grown
from peach seeds with the same growth trend and without diseases or insect pests were
selected and planted. The pots were cylindrical with an inner diameter of 20 cm and a
height of 30 cm. Approximately 2.5 kg of garden soil was placed in each pot, and each
treatment was repeated in 60 pots (replicates). The basic physical and chemical proper-
ties of the tested soil were as follows: the pH value was 6.68, the alkaline hydrolyzable
nitrogen content was 45.65 mg·kg−1, the organic matter content was 12.57 g·kg−1, the
available phosphorus content was 35.33 mg·kg−1, and the available potassium content
was 83.72 mg·kg−1. The growing conditions for the peach trees were day and night tem-
peratures of 29 ◦C/23 ◦C, a natural photoperiod of around 12.5 h, and a constant relative
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humidity of 30%. The seedlings were maintained following conventional management
practices. In the preliminary Cu stress screening test (Supplementary File, Figure S1), we
found that Cu-induced damage to the peach seedlings began to appear after their treatment
with 5 mmol·L−1 CuCl2·2H2O for 6 days, and leucine (10 mmol·L−1) significantly allevi-
ated Cu stress for 6 days, which met the test requirements. Therefore, in this experiment,
the concentrations of 5 mmol·L−1 for CuCl2 ·2H2O and 10 mmol·L−1 for leucine were
chosen. The seedlings were treated as follows: water (control), 10 mmol·L−1 leucine (Leu,
Shanghai Yuan ye Biotechnology Co., Ltd., Shanghai, China), 5 mmol·L−1 CuCl2·2H2O
(Cu), and 5 mmol·L−1 CuCl2·2H2O + 10 mmol·L−1 leucine (Cu+Leu). In this experiment,
CuCl2·2H2O and leucine were uniformly applied to the soil one time at a reagent dosage of
200 mL per tree. All treatments were applied in soil pots at 9 am to avoid excessively high
temperatures. On the sixth day after treatment, image indicators were tested with fresh
samples, and for the other indicators samples were frozen in liquid nitrogen and placed
in an ultra low temperature refrigerator at −80 ◦C for further testing. Three biological
repetitions were included per treatment.

2.2. Determination of Endogenous Leucine Content

On the sixth day after treatment, the leaves, stems, and roots were dried and sifted
through a 100-mesh sieve. Approximately 0.5 g of the powdered sample was accurately
weighed, placed in a 10 mL centrifuge tube, and mixed with 10 mL of ultrapure water. This
mixture was ultrasonicated for 30 min and centrifuged at 10,000 rpm for 2 min. The pH of
the supernatant was adjusted from 5.3 to 2.2 with 1 mol/L hydrochloric acid. The resultant
sample was used to determine the leucine content with an automatic amino acid analyzer
(Biochrom, Cambridge, UK) [19].

2.3. Determination of SPAD Value, Photosynthetic Rate, and Maximum Photochemical Efficiency

In order to observe the dynamic changes in the physiological indexes of peach
seedlings after the treatments, we chose to measure them on the 2nd, 4th, and 6th days after
treatment. Chlorophyll fluorescence was measured using an Imaging-PAM chlorophyll
fluorometer (HeinzWalz GmbH, Effeltrich, Germany). Before the determination of Fo,
the plants were dark-adapted for 30 min. Then, the leaves were adapted to actinic light
(250 mmol/m2/s), and the maximum fluorescence (Fm) and steady-state fluorescence (Fs)
under actinic light were measured with a saturated pulse (3000 mmol/m2/s). The variable
fluorescence/fluorescence maximum (Fv/Fm), the quantum efficiency of PSII (φPSII), the
photochemical quenching coefficient (qP), and the non-photochemical quenching coefficient
(NPQ) were automatically calculated by the software.

The fifth and sixth uppermost leaves from the top of the plant were selected and
fully unfolded. The SPAD values were measured using a chlorophyll tester (SPAD-502
plus, Tokyo, Japan), and the photosynthetic rate was measured using a ciras-3 portable
photosynthetic instrument (PP Systems, Hitchin, UK). On the sixth day after treatment,
the maximum photochemical efficiency (Fv/Fm) was measured using a portable pulse
adjustment fluorometer (Handy PEA, Hansatech, UK). Two leaves per plant and three
plants per treatment were used.

2.4. Determination of Biomass

Thirty days after the treatment, the peach seedlings were uprooted, washed, and dried
off with an absorbent paper. Then, the fresh weights of the aboveground and belowground
parts were measured. The dry weights of the aboveground and belowground parts were
measured after drying the samples in an oven at 80 ◦C for 30 min and at 60 ◦C to a
constant weight.

2.5. Analysis of Leaf Ultrastructure

On the sixth day after treatment, mesophyll tissue (2 mm × 2 mm) was cut with a
blade (avoiding the vein), immersed in 2.5% glutaraldehyde, vacuum-dried, and stored
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at 4 ◦C for 24 h. The samples were dehydrated with alcohol, soaked in resin, and heated.
The sections were stained and observed under an electron microscope (JEOLTEM-1230EX,
Tokyo, Japan) [20].

2.6. Determination of Cu Element Contents

On the sixth day after treatment, the powdered peach seedling sample was digested
with a combination of nitric acid and perchloric acid, boiled to a constant volume, and
filtered through a filter membrane (0.22 μm). The Cu element content in the final sample
was analyzed with an atomic absorption spectrometer [21].

2.7. Determination of Evans Blue Assay and Reactive ROS

On the sixth day after treatment, the leaf blades and roots were cleaned with ultrapure
water, dried with an absorbent paper, and soaked in an Evans blue dye solution (0.25%)
for 24 h. The stained leaf blades were washed with ultrapure water, dried, and boiled in a
mixture of anhydrous ethanol and glycerin (9:1) to remove the chlorophyll entirely. Images
were captured. Then, the cell viability of the roots was quantified with Evans blue using a
standard curve. Fluorescence was measured at 600 nm [22].

The production rate of superoxide radicals (O2
•−) and the content of hydrogen per-

oxide (H2O2) were determined as described previously [23]. The production rate of O2
•−

was determined by analyzing the formation of nitrite (NO2-) from hydroxylamine in the
presence of O2

•−. The leaf sample was homogenized and centrifuged. The supernatant
was mixed and incubated. The absorbance of the supernatant was read at a wavelength
of 530 nm, and a standard curve with NO2- was used to calculate the production rate of
O2

•−. The content of H2O2 was determined by monitoring the formation of the hydrogen
peroxide–titanium complex. The sample was homogenized with cold acetone. Then, a
titanium reagent (15% Ti(SO4)2) was added to a final concentration of 4%. To precipitate
the peroxide–titanium complex, 0.2 mL of concentrated NH4OH was added per 1 mL of
the reaction mixture. After centrifugation (5 min at 10,000× g), the pellet was washed twice
with acetone and solubilized in 2 mL of 2 N H2SO4. The absorbance of the solution was
measured at 410 nm.

2.8. Determination of Proline, Malondialdehyde, and Antioxidant Enzyme Activities on the Sixth
Day after Treatment

The determination of the free proline content was performed according to Bates et al. [24].
Leaf samples (0.5 g) from each group were homogenized in 3% (w/v) sulfosalicylic acid,
and the homogenate was filtered through filter paper. After the addition of acid ninhydrin
and glacial acetic acid, the resulting mixture was heated at 100 ◦C for 1 h in a water bath.
The reaction was then stopped using ice bath. The mixture was extracted with toluene,
and the absorbance of the fraction with toluene aspired from the liquid phase was read at
520 nm. The proline concentration was determined using a calibration curve and expressed
as μmol proline g−1 FW.

Lipid peroxidation can be measured by determining the malondialdehyde (MDA)
content. The MDA determination followed the method described by Zhao [25] with minor
modifications. Briefly, we took 1 mL of the sample supernatant extracted above and added
2 mL of 0.67% thiobarbituric acid (TBA). We used a sample containing only 1 mL of water
as a negative control. Next, we placed the samples in a boiling water bath for 15 min,
rapidly cooled them by immersion in cold water, and poured them into 10 mL centrifuge
tubes. We then centrifuged all tubes at 4000 rpm for 20 min and determined the absorbance
of all samples at 600 nm, 532 nm, and 450 nm using a spectrophotometer. The MDA content
was determined using the following formula: MDA (μmol·g −1) = [6.452 (A532 − A600) −
0.56 × A450] × VT/(V0 × W), where VT = the total volume of the extract; V0 = the assay
volume; and W = plant fresh weight.

All enzymatic activities were determined at 25 ◦C and expressed as U g−1 protein.
The CAT activity was measured by monitoring the decrease in H2O2 at 240 nm for 1 min
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at 25 ◦C. The 3 mL reaction mixture contained 100 μL of enzyme extract and 2.9 mL of
sodium phosphate buffer (50 mM, pH 6.0) containing 10 mM H2O2. The CAT activity
was calculated as the amount of enzyme that caused a reduction in the absorbance at
240 nm of 0.01 per minute [25]. The peroxidase (POD) activity was determined by a
colorimetric method [25] in a reaction mixture containing guaiacol as the substrate. The
POD activity was determined based on the change in absorbance at 470 nm due to the
oxidation of guaiacol to tetraguaiacol. The POD activity was defined as the amount of
enzyme that caused an increase in absorbance at 470 nm of 0.001 per minute. The superoxide
dismutase (SOD) activity was determined based on the ability to inhibit the photochemical
reduction in nitroblue tetrazolium (NBT) [25]. The 3 mL reaction mixture was initiated
by illumination for 2 min at 25 ◦C, and the absorbance of blue formazan was measured
with a spectrophotometer at 560 nm. One unit of SOD activity (U) was defined as the
amount of enzyme that caused a 50% inhibition of the NBT reduction. The APX activity
(ascorbate peroxidase) was determined by measuring the oxidation rate of ascorbate at
290 nm according to Zhao [25]. The decrease in the AsA concentration was followed as a
decline in the optical density at 290 nm, and the activity was calculated using the extinction
coefficient (2.8 mM−1 cm−1 at 290 nm) for AsA. One unit of APX was defined as the amount
of enzyme that breaks down 1 μmol AsA min−1. The guaiacol peroxidase (GPX) activity
was measured using a modification of the procedure by Zhao [25]. The reaction mixture
in a total volume of 2 mL contained 25 mM (pH 7.0) sodium phosphate buffer, 0.1 mM
EDTA, 0.05% guaiacol (2-ethoxyphenol), 1.0 mM H2O2, and 100 μL of enzyme extract.
The increase in absorbance due to the oxidation of guaiacol was measured at 470 nm
(E = 26.6 mM−1 cm−1). The dehydroascorbate reductase (DHAR) activity was determined
according to Zhao [25]. The reaction mixture in a total volume of 2 mL contained 25 mM
(pH 7.0) sodium phosphate buffer, 0.1 mM EDTA, 3.5 mM GSH, 0.4 mM dehydroascorbate
(DHAR), and 100 μL of enzyme extract. The DHAR activity was measured by the formation
of ascorbate at 265 nm (E = 14 mM−1 cm−1). The enzyme activity was expressed as unit
g−1 min−1 FW.

2.9. Total RNA Extraction and Quantitative PCR Analysis on the Sixth Day after Treatment

Genes of the antioxidant system were identified from the NCBI database (https://
www.ncbi.nlm.nih.gov/, accessed on 14 November 2022). RNA of leaves was extracted
using the RNA Extraction Kit (Kangwei Century Technology Co., Ltd, Beijing, China)
and reverse-transcribed to cDNA (Takara). The primers used in this study are shown in
Supplementary Table S1. Quantitative PCR was performed to determine the expression
of related genes. The reactions were performed using an Ultra SYBR Mixture (Kangwei,
Beijing, China) Kit. Three biological replicates and three technical repeats were used in
all qPCR reactions. The relative gene expression levels were calculated using the 2 –ΔΔCT

method [26].

2.10. Determination of TTC Assay and Electrolyte Leakage on the Sixth Day after Treatment

The root viability was determined by the 2,3,5-triphenyltetrazolium chloride (TTC)
reduction method and expressed as the amount of TTC reduced by per gram of root [25].

The root electrolyte leakage was determined according to a previously described
method [27]. Approximately 0.5 g of a root was taken in a test tube, mixed with 20 mL
of distilled water, and the vacuum was evacuated three times for 20 min each time. The
initial conductivity (S1) of the mixture was measured with a conductivity meter (DDS-
11A, Shanghai Kanglu Instrument Equipment Co., Ltd., Shanghai, China). The mixture
was then sealed and incubated in a boiling water bath for 10 min. The conductivity was
measured after cooling (S2). The conductivity of the distilled water was also measured
(S0). Then, the percentage of electrolyte leakage was calculated as follows: electrolyte
leakage (%) = [(S1 − S0)/(S2 − S0)] × 100.
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2.11. Determination of Nitrogen Content and Nitrogen-Metabolism-Related Enzyme Activities
in Leaves

On the sixth day after the treatment, the nitrate–nitrogen (NO3-N) content of the
leaves was determined by salicylic acid colorimetry [25]. Under an acidic condition, the
leaf extract was mixed with salicylic acid to form nitrosalicylic acid, whose absorbance was
read at 410 nm.

The ammonium–nitrogen (NH4
+-N) content was determined by Nessler’s spectro-

photometric method [28]. The leaf extract was mixed with hypochlorite and phenol under
a strong alkaline condition to form a water-soluble blue indophenol whose absorbance was
measured at 625 nm.

The nitrate reductase (NR) activity in the leaves was determined by sulfanilamide
colorimetry [25]. The leaf extract was mixed with sulfanilamide in hydrochloric acid and
N-1-naphtyl-ethylenediamine to form a red azo dye whose absorbance was measured at
520 nm.

We determined the glutamine synthetase (GS) activity using the plant GS enzyme
activity assay kit and determined the glutamic acid synthetase (GOGAT) activity using the
plant GOGAT enzyme activity assay kit (Jiangsu enzyme label Biotechnology Co., Ltd.,
Jiangsu, China), following the manufacturer’s instructions.

2.12. Data Processing and Analysis

We collected three biological replicates for each treatment. Origin version 9.8 was used
to conduct all statistical analyses. Duncan multiple range tests, which are included in SPSS
version 20.0, were performed to detect any statistically significant differences in the mean
values (IBM SPSS, Chicago, IL, USA). The threshold of statistical significance used for all
tests was p < 0.05.

3. Results

3.1. Effects of Exogenous Leucine on Growth, Chlorophyll Fluorescence Imaging, Net
Photosynthetic Rate, SPAD Value, and Maximum Photochemical Efficiency of Peach Seedlings
under Cu Stress

It can be seen from Figure 1a that exogenous Leu can enhance the tolerance of peach
seedlings under copper stress. Chlorophyll fluorescence can reflect the photosynthetic
efficiency and the degree of stress of plants. We measured the changes in chlorophyll
fluorescence (Figure 1b), the net photosynthetic rate (Figure 1c), the SPAD value (Figure 1d),
and the maximum photochemical efficiency (Fv/Fm) (Figure 1e) of peach seedlings under
Cu stress after leucine treatment. Figure 1a shows that the photosynthetic efficiency of
leaves decreased under Cu stress, while the application of Leu improved the photosynthetic
efficiency under Cu stress. The net photosynthetic rate, SPAD value, and maximum
photochemical efficiency of peach seedlings decreased with an increase in time under
Cu stress. However, Leu could alleviate the damage of photosynthetic system under
Cu stress. Cu stress reduced the net photosynthetic rate, SPAD value, and maximum
photochemical efficiency by 53.8%, 28.2%, and 14.5% compared with control, respectively,
in peach seedlings within 6 days. Exogenous leucine increased the net photosynthetic
rate, SPAD value, and maximum photochemical efficiency of seedlings under Cu stress
by 83.35%, 28.6%, and 8.5% compared with the Cu treatment, respectively, within 6 days.
The difference in the effect of Leu on the photosynthetic system was not significant under
normal conditions compared to the control.

3.2. Effects of Exogenous Leucine on Leaf Ultrastructure of Peach Seedlings under Cu Stress

The ultrastructural changes in the cells of peach leaves under Cu stress and with
exogenous leucine are shown in Figure 2a–c. In the control seedlings, mesophyll cells and
organelles were visible, and cell walls were intact and smooth. The chloroplasts appeared
full and fusiform, and the inner grana lamellae were stacked closely and arranged in order.
Few starch granules and plastid globules were observed. Under Cu stress, compared with
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the control, the starch granule volume increased significantly; starch grains occupied almost
half of the chloroplast space. In addition, the number of plastid globules increased, and
the chloroplast structure was deformed. With exogenous leucine, the volume of starch
granules and the number of plastid globules decreased, and the chloroplast structure was
similar to control, even under Cu stress.

Figure 1. Effects of different treatments on growth, chlorophyll fluorescence imaging, net photo-
synthetic rate, SPAD value, and maximum photochemical efficiency of peach seedlings. (a) Peach
seedlings under different treatments; (b) chlorophyll fluorescence imaging; (c) net photosynthetic
rate; (d) SPAD value; (e) maximum photochemical efficiency. Each data point represents the mean
(±SD) of three replicates. Error bars represent standard deviations of the means (n = 3). Different
lowercase letters indicate significant differences among different treatments (Duncan test, p < 0.05).

3.3. Effects of Exogenous Leucine on Antioxidant Enzyme Gene Expression and Enzyme Activities
in Peach Seedlings under Cu Stress

We took the logarithm of the relative expression of antioxidant protective enzyme
genes based on log2, so that the final value > 0 was positive regulation and otherwise
it was negative regulation. We found that the relative gene expression of antioxidant
protective enzymes in the control and Leu treatments was negative, indicating that the
control and Leu treatments did not activate the antioxidant protective enzyme system.
However, the Cu treatment and the Cu+Leu treatment could activate the antioxidant
protective enzyme system in order to remove ROS in the plant. The relative expression of
antioxidant protective enzymes in the Cu treatment with Leu addition was higher than
that in the Cu treatment, indicating that Leu could reduce the production of ROS in the
plant under Cu stress (Figure 3a). The activities of CAT, SOD, GPx, APX, POD, and DHAR
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increased by 67.6%, 148.9%, 50.3%, 152.1%, 187.1%, and 181.4% compared with control,
respectively, under the Cu+Leu treatment. However, the activities of CAT, SOD, GPx, APX,
POD, and DHAR decreased by 29.5%, 28.9%, 14.7%, 6.8%, 41.3%, and 51.3%, respectively,
under Cu stress compared with the Cu+Leu treatment, indicating that the production of
ROS could be effectively reduced by Leu (Figures 3b–g and 4e,f).

Figure 2. Electron micrographs of leaf mesophyll cells of peach seedlings under different treatments.
(a) Overall structure of cells with different treatments (bars correspond to 5 μm); (b,c) Organelle
architecture with different treatments (bars correspond to 2 μm). CW: Cell wall; Chl: Chloroplast; SG:
Starch granule; Pb: Plastid globule.

3.4. Effects of Exogenous Leucine on Biomass, Leucine Content, Cell Viability, and ROS
Accumulation in Leaves of Peach Seedlings under Cu Stress

The fresh weights of the aboveground and belowground plant parts of seedlings
under Cu stress were significantly lower than those of the control seedlings after 20 days.
However, the fresh weights of the aboveground and belowground parts of seedlings
under Cu stress with exogenous leucine were higher than those without exogenous leucine
(Figure 4a). These findings indicate that Cu stress inhibited plant growth and reduced
the fresh and dry weights of peach seedlings; exogenous leucine alleviated these effects
and helped plants retain growth under Cu stress. The endogenous leucine contents in the
leaves, stems, and roots of peach seedlings under Cu stress were significantly increased
compared to those in the control seedlings. The exogenous leucine further significantly
increased the endogenous leucine contents in the leaves, shoots, and roots (Figure 4b).
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Figure 3. Effects of different treatments on antioxidant protective enzyme gene expression and
enzyme activities in peach seedlings. (a) The expression of antioxidant enzyme genes; (b) CAT
activity; (c) SOD activity; (d) GPx activity; (e) APX activity; (f) POD activity, (g) DHAR activity).
Error bars represent standard deviations of the means (n = 3). Different lowercase letters indicate
significant differences among different treatments (Duncan test, p < 0.05).

Evans blue staining was used to analyze the extent of damage in leaf cells after 6 days
under Cu stress. The leaves of peach seedlings under Cu stress were darker, with a large
percentage of the area stained. Meanwhile, the leaves of peach seedlings under Cu stress
with exogenous leucine were lighter, with a smaller percentage of the area stained compared
with that of the leaves under Cu stress alone (Figure 4c). These findings indicate that cell
viability decreased under Cu stress and exogenous leucine mitigated Cu-stress-induced cell
death (Figure 4d). High levels of ROS induced under heavy metal stress disrupt membrane
stability and hinder plant growth. Cu stress significantly increased the production rate of
O2

•− and the content of H2O2. However, exogenous leucine reduced the Cu-stress-induced
O2

•− production rate and the H2O2 content (Figure 4e,f).
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Figure 4. Effects of different treatments on biomass, leucine content, cell viability, and ROS accumula-
tion in leaves of peach seedlings. (a) Fresh weight and dry weight of peach seedlings thirty days after
the treatment; (b) leucine content; (c) Evans blue staining of leaves; (d) cell viability of leaves; (e) leaf
O2

•− production rate; (f) H2O2 content. Error bars represent standard deviations of the means (n = 3).
Different lowercase letters indicate significant differences among different treatments (Duncan test,
p < 0.05).

3.5. Effects of Exogenous Leucine on Root Biomass, Root Cell Viability, Root Viability, Proline,
Malondialdehyde Contents, and Electrolyte Leakage of Peach Seedlings under Cu Stress

Figure 5a and Supplementary Table S2 show that Leu had little effect on the roots
of peach seedlings under normal conditions; however, the root biomass was significantly
reduced under Cu stress, and Leu could effectively reduce the reduction in root biomass
of peach seedlings. The plant root system is the organ that is directly exposed to heavy
metals in soil. Evans blue staining was used to analyze the viability of root cells under Cu
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stress. The roots were darker under Cu stress, and the color became lighter with exogenous
leucine (Figure 5b). In addition, the Cu+Leu treatment significantly increased root cell
viability and root viability relative to the Cu treatment (Figure 5c,d). The contents of proline
in the peach seedlings under Cu stress were significantly higher than those in the control
seedlings (1.3 times higher, Figure 5e). Exogenous leucine significantly reduced the Cu-
stress-induced increase in proline contents in peach seedlings. The results indicate that the
leucine treatment significantly alleviated the osmotic stress caused by high concentrations
of Cu in peach seedlings. The malondialdehyde (MDA) content of seedlings under Cu stress
was significantly higher than that of the control seedlings. Exogenous leucine reduced the
stress-induced increase in the MDA content; however, the content was significantly higher
than that of the control. The results indicate that leucine reduced the MDA content and
that electrolyte leakage improved membrane stability in peach seedlings under Cu stress
(Figure 5f,g). As can be seen from Supplementary Table S3, Cu ions were mainly enriched
in the roots of peach seedlings, and the Cu+Leu treatment could significantly reduce the
Cu ion content in the roots compared with the Cu treatment.

Figure 5. Effects of different treatments on root biomass, root cell viability, root viability, proline,
malondialdehyde content, and electrolyte leakage of peach seedlings. (a) Root biomass; (b) Evans
blue staining of roots; (c) root cell viability; (d) root viability; (e) proline content; (f) MDA content;
(g) electrolyte leakage. Error bars represent standard deviations of the means (n = 3). Different
lowercase letters indicate significant differences among different treatments (Duncan test, p < 0.05).
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3.6. Effects of Exogenous Leucine on Nitrogen Metabolism in Peach Seedlings under Cu Stress

Under normal conditions, the activities of NR, GS, and GOGAT treated with control
and Leu were at high levels from 0 to 6 days. The activities of NR, GS, and GOGAT
decreased significantly with time under Cu stress. Although the enzyme activity of leucine-
treated seedlings under Cu stress was significantly lower than that of control seedlings, the
enzyme activity decreased slightly after 4 days, which was significantly higher than that of
pure Cu stress seedlings (Figure 6a–c). Cu stress decreased the nitrate–nitrogen content and
increased the ammonium–nitrogen and free amino acid contents in the peach seedlings
(Figure 6d–f). The application of leucine to the seedlings under Cu stress increased the
nitrate–nitrogen content; however, it was lower than that in the control group. Meanwhile,
with exogenous leucine, the ammonium–nitrogen content was the same as that in the
control group, while the total free amino acid content was significantly higher than that in
control group.

Figure 6. Effects of different treatments on nitrogen metabolism in peach seedlings. (a) Nitrate
reductase (NR) activity; (b) glutamine synthase (GS) activity; (c) glutamic acid synthetase (GOGAT)
activity; (d) nitrate–nitrogen (NO3-N) content; (e) ammonium–nitrogen (NH4+-N) content; (f) free
amino acid content. Error bars represent standard deviations of the means (n = 3). Different lowercase
letters indicate significant differences among different treatments (Duncan test, p < 0.05).

3.7. Correlation Analysis of Leucine Content with Osmotic System and Antioxidant System in
Peach Seedlings

Figure 7 exhibits a heatmap correlation matrix among different physiological and
molecular traits. For the correlation study, the leucine content of the peach seedlings as
well as osmotic regulatory system and antioxidant system activity (SOD, POD, CAT, APX,
GPx, and DHAR) were evaluated. As can be seen from Figure 7, the leucine content in
peach seedlings was positively correlated with plant antioxidant enzyme activities, and the
correlation was significantly different and was negatively correlated with the hydrogen
peroxide content and the MDA content. The MDA content was negatively correlated with
the proline content, the SPAD value, the cell viability of roots, the cell viability of leaves,
the APX activity, and the net photosynthetic rate. The hydrogen peroxide content was
negatively correlated with the SOD activity, POD activity, DHAR activity, CAT activity, and
GPx activity.

34



Antioxidants 2022, 11, 2455

Figure 7. Correlation analysis of leucine content with the osmotic system and the antioxidant system
in peach seedlings (Duncan test, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001).

4. Discussion

Plants are inevitably challenged by various environmental stresses, in particular salt,
heat, intense irradiance, and heavy metal stress. Abiotic stress can reduce crop growth, plant
leaf area, and photosynthesis rates [29]. Leaves, the central organs of photosynthesis in
plants, respond to changes in the external environment or internal metabolism via changes
in the ultrastructure, opening angle, aspect ratio, or photosynthesis [30]. It has been
reported that a low concentration of Cu2+ (<300 mg·kg−1) could increase the chlorophyll
content of ‘Hanfu’ apple seedlings and keep the leaves in a healthy state. However, when
the Cu2+ concentration exceeded 300 mg·kg−1, the plants were stressed, and the chlorophyll
content and photosynthetic efficiency of seedlings decreased [31]. Under Cu stress, the net
photosynthetic rate of peach seedlings decreased, probably due to the change in chloroplast
composition [32]. Chlorophyll a/chlorophyll b were significantly decreased after the
application of 600 mg·kg−1 Cu2+, indicating that a high Cu concentration seriously inhibited
the synthesis process of chlorophyll and thus reduced plant photosynthetic efficiency [33].
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The maximum photochemical efficiency is a useful indicator of photosystem function
and efficiency. The maximum photochemical efficiency is inversely proportional to stress,
and any significant change in this value reflects the influence of stress on plants [34]. In
this study, the SPAD values of leaves decreased significantly under Cu stress. However,
exogenous leucine significantly increased the chlorophyll fluorescence, net photosynthetic
rate, SPAD value, and maximum photochemical efficiency (Figure 1b–e).

The morphology and ultrastructure of chloroplasts also directly affect the photosyn-
thetic performance of plants. Several studies have investigated the effect of Cu on the
chlorophyll ultrastructure [35,36]. Lin et al. (2008) found that higher concentrations of
Cu ruptured the chloroplasts completely with an expanded thylakoid matrix [37]. Ji et al.
(2007) also found expanded chloroplasts, distorted grana lamella, and ruptured membranes
in Potamogeton malaianus under Cu stress [38]. An appropriate concentration of Cu2+ can
promote plant photosynthesis, but an excessive concentration of Cu2+ will inactivate chloro-
phyll proteins, change the chloroplast ultrastructure, destroy the structure and function
of thylakoids, ultimately inhibit photosynthesis, and seriously affect nutrient accumula-
tion [39]. In this study, under Cu stress the cell ultrastructure changed, the chloroplasts
were distorted, and the number and volume of starch granules and plastid globules in-
creased. In addition, the cell walls were ruptured, and starch granules occupied almost
half of the chloroplasts. After the application of leucine, the number of starch granules and
plastid globules decreased significantly, and the chloroplast morphology returned to nor-
mal (Figure 2). The possible reason is that exogenous leucine inhibited pigment oxidative
decomposition, increased protochlorophyllide reductase activity, promoted chlorophyll
synthesis, increased the SPAD value, and maintained the shape of chloroplasts, which in
turn improved the photosynthetic system of leaves.

Plants suffering from adverse heavy metal stress, including Cu stress, iron stress, and
arsenic stress, produce excess internal reactive ROS, such as superoxide (O2-), hydrogen
peroxide (H2O2), and hydroxyl radicals (·OH-), which negatively elicit oxidative stress
on cellular structures and metabolism [40–43]. The antioxidant system is divided into the
enzymatic system and the non-enzymatic antioxidant system. These enzymes include SOD,
POD, CAT, APX, GPx, and other antioxidant enzymes as well as non-enzymatic antioxidant
substances such as GSH, ascorbic acid (ASA), MTs, and proline [44]. Previous studies
found that the activities of POD, SOD, and CAT in grape roots increased first and then
decreased under different Cu concentrations (0.5, 1, 1.5, and 2 mmol/L) [45]. In this study,
we found that the expression levels of antioxidant genes were significantly upregulated
when seedlings were exposed to Cu stress, among which the expression levels of PpCAT,
PpSOD, and PpGPx were more upregulated. Under Cu stress, the expression of antioxidant
genes and the activity of antioxidant enzymes were increased after adding Leu, indicating
that Leu could reduce the peroxidation damage under Cu stress (Figure 3). According to
Figure 4e,f, compared with the Cu treatment, Cu+Leu can significantly reduce the content
of H2O2 and the production of O2- in plants. Therefore, it is speculated that Leu has no
obvious effect on the antioxidation system under normal conditions, but under Cu stress
Leu can activate the antioxidant system and reduce the oxidative damage caused by ROS.

The AsA-GSH cycle is an important way for plants to respond to stress, mainly through
the joint action of multiple enzymatic reactions involving the reduced antioxidant AsA
and GSH as well as APX and DHAR so as to realize the process of H2O2 removal and the
regeneration of ASA and GSH and maintain the REDOX homeostasis of cells, improving
the stress resistance of plants under stress conditions [46]. Previous studies have shown
that the ASA and GSH contents in wheat roots were significantly higher under the high
concentration of Cu2+ at 1 mmol/L than in the control treatment [47]. Wu et al. found
that Taxus chinensis var. chinensis synthesized a large amount of ASA, which was used
to remove a large amount of H2O2 accumulated in the root system to weaken high Cu
toxicity [48]. In addition, plants can regulate the osmotic balance by increasing the contents
of proline and other osmotic regulators, thus maintaining normal cell metabolism and
improving plant stress resistance under heavy metal stress. Our results showed that the
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relative expression and enzyme activities of PpAPX, PpGPx, and PpDHAR were enhanced
by Leu supplementation under Cu stress, which partially explained the enhanced ROS
scavenging capacity and the decreased proline and MDA contents in Leu-treated peach
seedlings under Cu stress (Figures 3–5). As can be seen from the Figure 7, the leucine content
in peach seedlings was positively correlated with plant antioxidant enzyme activities, and
the correlation was significantly different and was negatively correlated with the hydrogen
peroxide content and the MDA content. These results indicate that exogenous leucine
reduced the accumulation of ROS in peach seedlings under Cu stress, thus reducing the
oxidative damage.

Excessive Cu2+ is preferentially accumulated in plant roots, and root length will de-
crease with an increase in the Cu2+ concentration, which will affect the absorption of
water and mineral elements by roots and inhibit the growth of the aboveground parts [49].
Michaud et al. found that the root length of wheat decreased by 10%, 25%, and 50%, re-
spectively, when the Cu ion concentration in the root reached 100, 150, and 250–300 mg/kg,
indicating that, in a certain range, the higher the Cu ion concentration, the more obvious
the inhibitory effect on root growth [50]. In this study, the Cu content was the highest in the
roots and the lowest in the stems (Supplementary Table S3). In the seedlings treated with
leucine under Cu stress, the Cu contents in the roots, stems, and leaves were significantly
lower than those in the seedlings under Cu stress alone. In addition, the Cu content in the
roots decreased to a greater extent with exogenous leucine. The decrease may be due to the
chelating function of amino acids such as leucine and their derivatives [51]. As a result, Cu
ions may not be transported through the roots to the aboveground parts. Thus, exogenous
leucine also increased the root viability under Cu stress by reducing the accumulation of
Cu in the roots and leaves, which in turn improved the root absorption ability, nutrient
transportation, and photosynthetic performance, which finally promoted plant growth.
Root damage can directly affect the growth and development of plant aboveground parts,
in which biomass is usually used as a physiological index to detect the degree of the metal
toxicity of plants. Huang et al. found that the biomass of white pomelo did not change
significantly under the Cu concentration of 0.5–300 μmol/L, but when the Cu concentration
reached 400 μmol/L, the biomass decreased significantly. Studies have shown that Cu
stress inhibits plant growth [52]. In Abutilon theophrasti, Cu inhibited root tip cells [53].
Meanwhile, sublethal levels of Cu resulted in lipid peroxidation, which destroyed the
membrane structure and affected the root physiological function of beans [54]. In this study,
Cu stress significantly reduced the length, area, and volume of roots, the number of root
tips, and the number of bifurcations and fibrous roots (Figure 5a, Supplementary Table S2).
In addition, the fresh and dry weights of the aboveground and belowground plant parts
were significantly reduced (Figure 4a). These changes are consistent with a reduction in
root viability under Cu stress (Figure 5b–d).

Nitrogen metabolism is the primary source of protein and amino acids in plants [55].
Plants use a series of enzymes, such as NR, GS, and GOGAT, that are involved in nitrogen
metabolism to absorb and efficiently utilize nitrogen [56]. NR is a rate-limiting enzyme in
the nitrate assimilation pathway, and its activity is sensitive to H2O2 [57]. In this study,
Cu stress significantly increased the H2O2 content of plants, which led to a decrease in
NR enzyme activity. GS and GOGAT are key enzymes that convert inorganic nitrogen to
organic nitrogen. The higher content of ammonium–nitrogen in peach seedlings under
Cu stress may be related to the decrease in GS/GOGAT activities. The inhibition of
the GS/GOGAT pathway hindered the assimilation of inorganic nitrogen into soluble
protein [58]. However, a high ammonium–nitrogen content was harmful to peach growth.
Cu stress also induced an increase in free amino acids, which may be related to autophagy
and accelerated protein degradation [59]. In seedlings with exogenous leucine under Cu
stress, the free leucine content increased significantly, probably from exogenous leucine. To
maintain an amino acid balance, plants absorb and synthesize more of other amino acids,
which further increases the total amount of free amino acids in the peach seedlings. Thus,
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in this study, leucine retained nitrogen metabolism efficiency in peach seedlings under Cu
stress (Figure 6).

5. Conclusions

Exogenous leucine improved the leaf ultrastructure, ionic balance, and photosynthetic
parameters. Furthermore, it improved the nitrogen metabolism efficiency of plants and
attenuated Cu-stress-induced oxidative damage via a decrease in reactive oxygen species
(ROS) and the regulation of the antioxidant and osmotic systems. These effects in turn
ameliorated cell viability and biomass accumulation with improved resistance of peach
seedlings to Cu stress. This study illustrates that leucine alleviates the damage caused by
Cu stress in peach seedlings, which may provide more reference data for environmental
risk assessments of Cu and make it possible to reuse soils with excessive copper contents
caused by heavy metals.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/antiox11122455/s1, Table S1, Primer sequences, Figure S1, growth of 66-day-old peach
seedlings under different amino acid treatments, Table S2, Effect of exogenous leucine on root
architecture of peach seedlings under copper stress, Table S3, Effect of exogenous leucine on the
copper ions content of peach seedlings under copper stress.
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Abstract: Vanadium (V) is a heavy metal found in trace amounts in many plants and widely dis-
tributed in the soil. This study investigated the effects of vanadium concentrations on sweet potato
growth, biomass, root morphology, photosynthesis, photosynthetic assimilation, antioxidant defense
system, stomatal traits, and V accumulation. Sweet potato plants were grown hydroponically and
treated with five levels of V (0, 10, 25, 50, and 75 mg L−1). After 7 days of treatment, V content at
low concentration (10 mg L−1) enhanced the plant growth and biomass; in contrast, drastic effects
were observed at 25, 50, and 75 mg L−1. Higher V concentrations negatively affect the relative water
content, photosynthetic assimilation, photosynthesis, and root growth and reduce tolerance indices.
The stomatal traits of sweet potato, such as stomatal length, width, pore length, and pore width, were
also decreased under higher V application. Furthermore, V concentration and uptake in the roots
were higher than in the shoots. In the same way, reactive oxygen species (ROS) production (hydrogen
peroxide), lipid peroxidation (malondialdehyde), osmolytes, glutathione, and enzymes (catalase and
superoxide dismutase) activities were increased significantly under V stress. In conclusion, V at a
low level (10 mg L−1) enhanced sweet potato growth, and a higher level of V treatment (25, 50, and
75 mg L−1) had a deleterious impact on the growth, physiology, and biochemical mechanisms, as
well as stomatal traits of sweet potato.

Keywords: vanadium stress; sweet potato; oxidative damage; antioxidant defense system; photosyn-
thesis; stomatal traits

1. Introduction

Vanadium (V) is world’s fifth most abundant transition element and deposit, mainly
in China, the USA, Russia, and South Africa [1,2]. China is the leading producer and
consumer of V, with 57% of V production globally. Around 26.5% of V-contaminated soil is
present in southwest China [3,4]. V is widely distributed and mobilized in the surrounding
environments by several natural events and anthropogenic activities, including weathering
of parental rocks, redox processes, leaching, fertilizers usage, combustion, and industrial
wastes, which as a result, contaminates the water, soil, and atmosphere [4,5]. V is deposited
naturally in the soil in different mineral forms, and the average concentration of V ranges
from 3 to 310 mg kg−1 in soil. The average V concentration in fresh, ground, and drinkable
water is 0.5 μg L−1, with peak concentrations in volcanic areas reaching 127.4 μg L−1 [6].
Accumulating V in the natural habitat increases soil and water contamination, ultimately
affecting human health by causing nausea, vomiting, dizziness, and more seriously, leading
to kidney damage [7]. Different studies have reported that V has detrimental effects on the
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growth and development of plants [6,8]. V toxicity, bioaccumulation, and bioavailability
rely on the oxidation state of vanadium. Vanadate is the toxic chemical compound of V,
and at high concentrations hinders phenotypic, physiological, and biochemical processes
of plants, eventually obstructing plant growth and yield [8–10].

V can be easily uptake by the plants from the soil; however, the effect is dependent on
the V content in the soil. A low level of V treatment enhances plant growth, photosynthesis,
and gas exchange elements [11,12]. Furthermore, Altaf et al. reported that 35 mg L−1

V treatment caused a drastic decline in the biomass of rice plants [13]. Similarly, Chen
et al. exposed Ipomoea aquatica to 0–2.50 mg L−1 V treatments, and they concluded that
concentration-dependent effects of V can be observed for the physiological properties and
the plants may adapt to the toxicity of V [12]. Another study demonstrated that tobacco
has good vanadium tolerance at < 2.0 mg L−1 [10]. A high level of V treatment negatively
influences plant growth and yield by increasing reactive oxygen species (ROS) production,
hindering lipid membranes, antioxidant enzyme activity, the metabolic process, and gene
expression [14,15]. The plants overcome oxidative stress and scavenge ROS by enhancing
the production of osmolytes, antioxidants, and stimulating the activities of the antioxidant
enzymes [16,17].

Previous studies highlighted the V effect on plant physiology by reducing or altering the
photosynthetic rate, shoot and root survival, and leaf chlorosis [8,18]. Photosynthesis is a vital
plant metabolic process that increases carbon absorption and yield production; however, its
production and fixation can be strongly hindered under heavy metal stress [13,19]. Different
studies reported a significant reduction in photosynthetic pigments and gas exchange elements
in pepper and watermelon under heavy metals, including vanadium, nickel, and selenium
stress [11,20]. Photosynthetic pigments can be impaired by obstructing electron transport and
hindering the membrane integrity of the chloroplast. Similarly, plant roots are the essential
organ that interacts with and absorbs metal and other components of the soil. Roots are
considered the first line of defense and give structural support to the plant against heavy
metal toxicity. It helps to defend itself by minimizing the absorption of unnecessary metal [21].
Previous studies also depicted that a higher level of V supplementation significantly reduced
root architecture in several plants [11,13,22]. Different plants react differently to V stress, so
more research is needed to determine the best concentration of V as a biostimulant in different
cultivars of the crops.

Sweet potato (Ipomoea batatas L.) has been used as a major source of carbohydrate in
many countries around the word, especially Asia and Africa [23]. Additionally, sweet potato
roots are used for biofortification and bioethanol production. Thus, the production of sweet
potato can be an integral part of food security in the future [24,25]. Moreover, sweet potato
stems and leaves can be used as a vegetable for humans and animal feed [26,27]. In addition,
sweet potato leaves are rich in protein, iron, calcium, fiber, carotenoids, vitamins, and total
polyphenols and possess medicinal properties [28,29]. Sweet potato can severely affect
productivity and quality under heavy metal stresses [23,30]. Several studies found that trace
amounts of certain elements may stimulate the growth and production of horticultural
crops [11,31]. Conversely, V application showed deleterious effects on the growth of
different plant species by obstructing their antioxidant defense system [13,20]. However,
the physiological and biochemical response of the sweet potato plant under V stress has
not been well-studied and requires further research. Therefore, it is essential to explore
the influence of V in sweet potato plants, primarily to determine the toxicity level of V
for sweet potato. We designed this study to investigate V’s effects on sweet potato plants
and identify the toxic level of V. Our objective was to determine the effects of V on sweet
potato growth, biomass, root morphology, photosynthesis, photosynthetic assimilation,
antioxidant defense, stomatal traits, and V uptake.
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2. Methodology

2.1. Seedling Collection, Growth Conditions, and Experimental Design

In this experiment, we used the “Haida HD7791” sweet potato cultivar. For the disin-
fection of sweet potato cuttings, 1 g L−1 carbendazim was used for 5–8 min. Afterwards,
the sweet potato cuttings were kept in Ro water until the roots appeared. For the acclima-
tion, the cuttings of sweet potato were grown in half Hoagland media (pH 5.8 ± 0.2). A
hydroponic experiment in a controlled environment (25–27 ◦C for 16 h of photoperiod) was
conducted to assess V’s effect on sweet potato plants. For proper nutrient availability, the
nutrient media were replaced after every 5 to 6 days. Subsequently, healthy and uniform
seedlings were distributed among the five treatment groups. V (0, 10, 25, 50, and 75 mg/L)
was applied as ammonium metavanadate (NH4VO3). For the analysis of morphological
and physiological measurements, samples were collected after 7 days of treatment with V
or normal growth conditions and immediately transferred into a liquid nitrogen tank.

2.2. Growth Variables

Three independent seedlings were used to measure plant height (PH), the leaf area
(LA), number of leaves (LN), and fresh and dry weights of the roots and shoots. A portable
laser leaf area meter (CI-202) was used to measure the LA (topmost leaves). A ruler was
used to measure the height of the seedlings. The seedlings were cut, and the fresh weight
of the shoot and root was recorded. For recording the dry weight (DW), the samples were
first dried at 105 ◦C for 30 min and then kept for drying at 70 ◦C for 3 days [32]. The plant’s
shoot DW susceptibility index (SDSI) was calculated as follows:

SDSI =
Shoot DW (stressed plants)

Shoot DW (controlled plants)
× 100 (1)

Similarly, the following formula was used to calculate the plant’s RDSI;

RDSI =
Root DW (stressed plants)

Root DW (controlled plants)
× 100 (2)

2.3. Relative Water Content Analysis

After recording the FW, the sweet potato leaves were immersed in ddH2O for four
hours. After 4 h the leaves were weighed to determine the turgor weight (TW). To determine
the dry weight (DW), the leaves were oven-dried for one day at 70 ◦C [32]. Finally, the
RWC was measured using the following formula:

RWC% = [(FW − DW)/(TW − DW)] × 100 (3)

2.4. Root Morphology

After surface rinsing, the roots were washed with ddH2O and scanned with the
Imagery Screen (Epson Expression 11000XL, Regent Instruments, Chemin Sainte-Foy, QC,
Canada) to observe different root traits. The images obtained from the root scanner were
analyzed with the WinRHIZO 2003a software program [13].

2.5. Gas Exchange Parameters

Gas exchange parameters of sweet potato leaves were determined for completely
matured leaves utilizing a portable photosynthesis system (CIRAS-3, Hansatech Co., Ames-
bury, MA, USA) [13].

2.6. V Determination, Uptake, and Translocation

A super microwave-assessed digestion system (Anton Paar, Multiwave 7000, Styria,
Garz, Austria) was used to digest plant samples (100 mg dry weight) with 2 mL HNO3,
0.5 mL H2O2, and 1 mL deionized water. We used the standard reference material
(GBW10015) in triplicate for quality control and assurance (obtained from the Chinese
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Academy of Geological Sciences, Langfang, China). The reference CRM standard value
was V(10−6) 0.87 ± 0.23. The working standards of V (0–200 μg/L) were made using a
standard stock solution (GSB04-1759-2004, Beijing, China) containing 1000 mg/L of V. The
inductively coupled plasma mass spectrometer (ICP-MS) (Perkin Elmer, NexION 5000,
Waltham, MA, USA) was used to measure the V content [32]. The detection limit (DL)
of standard V in solution was 0.01 μg/L (0.001522 ppb), the correlation coefficient was
0.999977, and the recovery of CRM standard V ranged from 86.5% to 93%. The subsequent
formula to measure V uptake and translocation was used:

V uptake (mg) = V concentrations in the tissues × dry weight of the tissues (4)

Translocation =
V concentration in the plant shoots
V concentration in the plant roots

(5)

2.7. Measurement of Photosynthetic Pigments

Leaf samples (0.1 g FW) were mixed with 80% acetone, followed by centrifugation for
15 min at 8000× g. A microplate reader (Infinite M200 PRO, TECAN, Männedorf, Swiss)
was used for measuring the absorbance of chlorophyll a (chl a), chl b, and carotenoids
(Car) at 663, 646, and 470 nm, respectively. Finally, the concentration of chlorophyll was
calculated with the subsequent formula reported by Kumar et al. [16].

2.8. Determination of Malondialdehyde (MDA)

A kit (A003-1-1) was used to quantify MDA following the thiobarbituric acid (TBA)
method. A glass homogenizer was used to properly homogenize 100 mg of fresh leaves in
900 μL of extraction buffer provided by the company. The homogenate was centrifuged at
5000× g for 15 min, followed by three centrifugations of 15 s each at 4000× g, with a 30 s
interval between each centrifugation, with the final centrifugation of 3500× g for 10 min.
After that, the supernatant was collected and mixed with the working fluid (combination
of R1: clarifying agent, R2: buffering agent, and R3: color developer in the ratio of 0.1:3:1)
provided by the company, then the mixture was boiled at 95 ◦C for 20 min. After cooling, the
absorbance at 530 nm was determined using a full-wavelength microplate reader (Infinite
M200 PRO, TECAN, Männedorf, Swiss) [32].

2.9. Determination of Hydrogen Peroxide, Proteins, GSH, and Antioxidant Enzymes

A homogenized sample of 500 mg of fresh leaves was centrifuged at 10,000× g for
15 min with 4.5 mL of 0.1 M PBS. The hydrogen peroxide (H2O2), total proteins, reduced
glutathione (GSH), and antioxidant enzymes, catalase (CAT), peroxidase (POD), superoxide
dismutase (SOD), and ascorbate peroxidase (APX) activities were measured using com-
mercially available test kits purchased from Nanjing Jiancheng Bioengineering Institute,
Nanjing, China and their absorbance were determined using a full-wavelength microplate
reader (Infinite M200 PRO, TECAN, Männedorf, Swiss) [17,32,33].

2.10. Determination of Proline and Soluble Sugars

Proline was calculated by using an assay kit (A107-1-1). Fresh leaf samples were
homogenized with buffer available in the kit and tested at 520 nm following the company’s
protocol. Approximately 50 mg of fresh leaves were homogenized in 0.45 mL ddH2O for
the analysis of soluble sugars. The homogenate was boiled at 95 ◦C for 15 min and then
centrifuged at 7500× g for 15 min. After that, the supernatant was collected and diluted
with ddH2O at 1:9. Using a test kit (A145-1-1), the soluble sugar content of the diluted
extracts was determined at 620 nm [17,32].

2.11. Determination of Total Polyphenols and Flavonoid Content

A fresh leaf sample of 1 g was homogenized with 60% ethanol. After that, 1.25 mL of
10% Folin–Ciocalteu reagent was added to 250 μL of extract and 1 mL of sodium carbonate
(0.75 g/mL). After incubating for 15 min at 45 ◦C, the mixture was allowed to remain at
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room temperature for 30 min. As a final step, the absorbance was recorded at 765 nm, and
the results were presented as Gallic acid equivalents per gram (GAE/g) to quantify total
polyphenols [16,34].

Approximately 0.25 mL of NaNO2 solution (0.5 g/mL) and 2 mL ddH2O were mixed
with 0.5 mL of extract to measure flavonoids. After being retained at 25–28 ◦C for 5 min,
150 μL of aluminium chloride (1 g/mL), 1 mL of NaOH (1 M), and 1.2 mL of ddH2O
were added simultaneously. As a final step, its absorbance was measured at 510 nm with
Catechin (CAE) used as a standard, and its results were presented as CAE/g [16,34].

2.12. Scanning Electron Microscopy (SEM)

To observe the stomatal morphology, we used a published protocol [30]. To remove
any debris, leaves were acetylated in 80% ethanol for two to three min. The tiny sections of
leaf were prepared using s-cutting, and after that platinum was used to fix the abaxial and
adaxial surfaces and sputtered using Leica Mikrosystem GmbH (ACE600) for 25 min, and
finally examined under a SEM (Thermo Scientific, Verios G4 UC, Waltham, MA, USA).

2.13. Statistical Analysis

Three individual replications were used to obtain phenotypic, physiological, and
biochemical indices. Significant differences (p ≤ 0.05) between means were determined
using SPSS 25.0 software, and Duncan tests were applied for the means comparison,
while ± represents a standard error (S.E). Figures were plotted with GraphPad Prism 7.
The “ggplot2” package in R (version 3.3.4, https://CRAN.R-project.org/package=ggplot2
(accessed on 24 August 2022)) was used for principal component analysis (PCA) and
Pearson correlation analysis.

3. Results

3.1. Growth Parameters, RWC, and Tolerance Index (TI)

After 7 days of V treatment, the growth traits of sweet potato were significantly
influenced by the treatment of V stress (Figure 1). The phenotypic parameters, such as PH,
LA, LN, shoot and root FW, DW, SDSI, and RDSI were increased at 10 mg L−1 V treatment.
Conversely, a significant reduction in the mentioned parameters was observed at 25, 50, and
75 mg L−1 V treatment compared to the control (p < 0.05; Tables 1 and 2). The PH (8.6%),
LN (11.7%), LA (7.6%), SFW (14%), RFW (16.4%), SDW (25.5%), RDW (28.9%), root-to-shoot
ratio (3.1%), SDSI (25.5%), and RDSI (30.2%) were increased at 10 mg L−1 V treatment
than the control. In contrast, at higher concentrations, V treatment showed a negative
correlation with plant growth. Furthermore, a drastic reduction in the PH (40.6%), LN
(58.8%), LA (61.1%), SFW (57.8%), RFW (68.6%), SDW (62.2%), RDW (77.2%), root-to-shoot
ratio (38.8%), SDSI (62.1%), and RDSI (76.3%) were observed at 75 mg L−1 V treatment
(Tables 1 and 2). Moreover, RWC in the leaves of sweet potato reduced significantly as
the level of V treatment increased, and the utmost reduction was noted at 75 mg L−1 V
treatment (Table 1).

 

Figure 1. The influence of various V treatments on the growth of sweet potato.
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Table 1. The influence of various V treatments on growth parameters of sweet potato.

Vanadium
(mg L−1)

Height
(cm)

Leaf Area
(cm2)

Number
of Leaf

Shoot FW
(g)

Root FW
(g)

RWC
(%)

Ck 42.67 ± 4.0 cd 69.55 ± 8.0 c 5.67 ± 0.6 c 5.18 ± 0.4 d 2.55 ± 0.5 cd 92.98 ± 0.88 e

10 46.33 ± 3.1 d 74.86 ± 5.8 c 6.33 ± 0.6 c 5.90 ± 0.5 e 2.97 ± 0.4 d 90.18 ± 1.66 d

25 38.00 ± 4.6 bc 52.27 ± 4.3 b 4.33 ± 0.6 b 4.09 ± 0.4 c 2.03 ± 0.3 bc 83.89 ± 0.68 c

50 31.67 ± 3.5 ab 44.24 ± 5.6 b 3.67 ± 0.6 b 3.08 ± 0.3 b 1.49 ± 0.2 b 76.52 ± 1.33 b

75 25.33 ± 4.2 a 27.03 ± 4.7 a 2.33 ± 0.6 a 2.19 ± 0.2 a 0.80 ± 0.1 a 70.97 ± 1.12 a

Duncan’s test indicates a significant difference (p < 0.05) between the means of the five treatments indicated by
different alphabetical letters.

Table 2. The influence of various V treatments on root and shoot dry weight and root and shoot dry
weight susceptibility index of sweet potato.

Vanadium
(mg L−1)

Shoot DW
(g)

Root DW
(g)

Root-Shoot
Ratio

SDSI RDSI

Ck 0.518 ± 0.05 d 0.324 ± 0.07 d 0.623 ± 0.10 bc 100 100
10 0.651 ± 0.09 e 0.418 ± 0.05 e 0.643 ± 0.01 c 125.491 ± 12.3 d 130.297 ± 10.5 d

25 0.387 ± 0.03 c 0.225 ±0.02 c 0.582 ± 0.01 bc 74.819 ± 5.5 c 70.663 ± 8.8 c

50 0.288 ± 0.02 b 0.148 ± 0.03 b 0.511 ± 0.05 b 55.725 ± 4.6 b 45.967 ± 3.6 b

75 0.196 ± 0.02 a 0.074 ± 0.01 a 0.382 ± 0.07 a 37.881 ± 2.8 a 23.727 ± 6.7 a

Duncan’s test indicates a significant difference (p < 0.05) between the means of the five treatments indicated by
different alphabetical letters.

3.2. Root Morphology

The root growth of sweet potato was induced significantly at 10 mg L−1 V treatment;
however, 25, 50, and 75 mg L−1 V treatments presented a significant reduction in the
root characteristics (Figure 2). The root length (13.1%), volume (48.6%), average diameter
(13.3%), surface area (8.7%), projected area (32.5%), length per volume (15%), and crossing
(17.1%) were more enhanced under 10 mg L−1 V than the control. The tips and forks of the
roots reduced by 2.6% and 24.2%, respectively, at 10 mg L−1 V (Figure 2A–I). Conversely,
a substantial reduction was detected from 25 to 75 mg L−1 V treatments, and a highest
decrease in root characteristics was observed at 75 mg L−1 V treatment. The maximum
reduction in the root length was 81%; likewise, root volume exhibited 41%, surface area
84.6%, average diameter 39.3%, projected area 80.9%, tips 82.6%, forks 89.2%, crossing
86.8%, and length per volume 81.5% reduction at 10 mg L−1 V treatment (Figure 2A–I).

3.3. Leaf Gas Exchange Elements

This study showed that gas exchange elements were enhanced by the application
of 10 mg L−1 V treatment; in contrast, a higher application of V (25, 50, and 75 mg L−1)
showed a negative effect on the gas exchange elements of sweet potato leaves in comparison
to the control plant (Figure 3). Comparing the 10 mg L−1 V-treated group to the control
group, the transpiration rate (Tr), photosynthesis rate (Pn), stomatal conductance (Gs), and
intercellular CO2 (Ci) increased by 10.6%, 23.9%, 33.2%, and 0.8%, respectively (Figure 3).
Conversely, maximum reductions of 65.4%, 76.5%, 61.8%, and 62.8% were noticed in the Tr,
Pn, Gs, and Ci, respectively when compared to the control (Figure 3).

3.4. Concentration, Uptake, and Translocation of Vanadium

This study depicted that V treatment significantly raised the V concentration in both
shoots and roots, and maximum concentrations were recorded in 75 mg L−1 treated plants;
32.03 mg kg−1 DW in the shoots of sweet potato and 52.68 mg kg−1 DW in the roots of
sweet potato (Table 3). Similarly, the accumulation of V was found to be higher in the roots
than in the shoots. Moreover, V uptake by shoots and roots of sweet potato significantly
augmented as the level of V increased. In the same way, the translocation of V from root to
shoot was also raised significantly by the increment of V concentration (Table 3).
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Figure 2. The influence of various V treatments on root morphological traits; (A) root length, (B) root
volume, (C) surface area, (D) average diameter, (E) projected area, (F) number of root tips per plant,
(G) number of root forks per plant, (H) number of root crossings per plant, and (I) root length per
volume. Duncan’s test specifies a significant difference (p < 0.05) between the means of the five
treatments indicated by different letters.
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Figure 3. The influence of various V treatments on leaf gas exchange elements; (A) transpiration
rate, (B) photosynthetic rate, (C) stomatal conductance, and (D) intercellular CO2. Duncan’s test
indicates a significant difference (p < 0.05) between the means of the five treatments indicated by
different alphabets.

Table 3. The influence of various V treatments on the concentrations, uptake, and translocation (root
to shoot) of V.

Vanadium
(mg L−1)

Concentration
(mg kg−1 DW)

Uptake
(mg kg−1 DW) Translocation

(Root to Shoot)
Shoot Root Shoot Root

Ck 0.07 ± 0.01 a 0.89 ± 0.30 a 0.01 ± 0.00 a 0.09 ± 0.02 a 0.08 ± 0.01 a

10 3.53 ± 0.30 b 7.91 ± 0.72 b 0.37 ± 0.03 b 0.82 ± 0.06 b 0.45 ± 0.00 b

25 9.50 ± 0.79 c 19.19 ± 1.62 c 0.99 ± 0.09 c 1.99 ± 0.19 c 0.50 ± 0.01 bc

50 21.22 ± 1.49 d 37.41 ± 3.02 d 2.20 ± 0.17 d 3.88 ± 0.26 d 0.57 ± 0.08 cd

75 32.03 ± 2.41 e 52.68 ± 3.27 e 3.32 ± 0.27 e 5.46 ± 0.39 e 0.61 ± 0.08 d

Duncan’s test indicates a significant difference (p < 0.05) between the means of the five treatments indicated by
different alphabets.

3.5. Photosynthetic Pigments

The chlorophyll (Chl) was significantly influenced by the application of V stress.
Compared to the control, adding 10 mg L−1 V did not significantly raise the concentration
of chlorophyll and carotenoid (Car) (Figure 4). On the other hand, higher treatment of V (25,
50, and 75 mg L−1) showed a significant negative impact on the photosynthetic pigments,
and utmost reduction was detected at 75 mg L−1. Compared to the control, 77% reduction
in the content of total chl, 65.9% in chl a, 70.5% in chl b, and 50.3% in Car were detected
(Figure 4).
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Figure 4. Influence of various V treatments on the photosynthetic pigments in the leaves of sweet
potato. (A) Total chlorophyll content (T. Chl), (B) chlorophyll a (chl a), (C) chlorophyll b (chl b), and
(D) carotenoid (Car) content. Duncan’s test indicates a significant difference (p < 0.05) between the
means of the five treatments indicated by different alphabets.

3.6. Lipid Peroxidation (MDA) and Reactive Oxygen Species (H2O2) Content

The V treatment considerably provoked MDA and H2O2 levels in the leaves (p < 0.05;
Figure 5A,B). The rise of V treatment caused an increase in MDA and H2O2 content; the
highest MDA and H2O2 content was present in 75 mg L−1 V treatment compared to the
control. The MDA content in 75 mg L−1 V was 928.9% higher than the control (Figure 5A),
where the H2O2 content was 665% higher (Figure 5B).

Figure 5. The influence of various V treatments on the production of reactive oxygen species (ROS)
and lipid peroxidation in the leaves of sweet potato. (A) Malondialdehyde (MDA) and (B) hydrogen
peroxide (H2O2) content. Duncan’s test specifies a significant difference (p < 0.05) between the means
of the five treatments indicated by different alphabets.
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3.7. Osmolytes Production

The proline content was significantly increased as the level of V increased (p < 0.05).
The maximum rise of 448.3% in proline content was detected at 75 mg L−1 V treatment
(Figure 6A). Soluble sugars were also significantly higher in V-treated plants (p < 0.05).
The content of soluble sugars in the leaves of sweet potato was increased to 50 mg L−1;
however, at 75 mg L−1 V, the content of soluble sugars decreased but was still significantly
higher (97.6%) than the control plants (Figure 6B). Furthermore, the results exhibited that
the total proteins were significantly increased at 10 mg L−1 V treatment; later, a significant
decrease was observed at a higher level of V treatment (p < 0.05). The lowest protein content
(0.029 mg g−1) was observed at 75 mg L−1 V treatment compared to the control (Figure 6C).

Figure 6. The influence of various V treatments on the osmolytes production in the leaves of sweet
potato. (A) Proline content, (B) soluble sugars, and (C) total protein content. Duncan’s test indicates
a significant difference (p < 0.05) between the means of the five treatments indicated by different
alphabetical letters.

3.8. Antioxidants

The GSH content in the leaf of sweet potato increased with the rise of V treatment, and
the maximum concentration was observed at 75 mg L−1 V treatment (Figure 7A). The GSH
content at 10 and 25 mg L−1 V treatment was insignificantly increased (16.4 and 28.5%);
however, a significant increase was observed at 50 and 75 mg L−1 V treatment, which were
134% and 324% higher than the control, respectively. Total polyphenols and flavonoid
concentrations decreased significantly with the rise of V treatment (p < 0.05). Interestingly,
total polyphenols and flavonoids drastically reduced at 10 and 25 mg L−1 V treatment, then
again increased at 50 and 75 mg L−1 V treatment, however still significantly lower than in
the control plants (Figure 7B,C).
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Figure 7. The influence of various V treatments on the antioxidants in the leaves of sweet potato.
(A) GSH content, (B) total polyphenols (TPC), and (C) total flavonoid (TFC) content. Duncan’s test
indicates a significant difference (p < 0.05) between the means of the five treatments indicated by
different alphabetical letters.

3.9. Antioxidant Enzymes

Antioxidant enzyme activities were significantly influenced by V treatment (p < 0.05).
We found a significant decrease in APX and POD activities with the rise of V concentration
(p < 0.05; Figure 8A,D), and maximum reduction was detected at 75 mg L−1 of V treatment.
As compared to the control, a 62.1% reduction in APX and a 57.5% in POD was detected
at 75 mg L−1 V treatment. Conversely, the CAT and SOD were positively influenced by V
treatment, and a significant increase was observed with the rise in V concentration (p < 0.05;
Figure 8B,C). Furthermore, the highest activities of CAT and SOD were observed at the
75 mg L−1 V treatment, and a 1085% increase in CAT and a 164.7% increase in SOD were
observed compared with the control.

3.10. Effects on Leaf Morphology

The present work also attempted to study the effects of V treatment on leaf morphology
under SEM. The results showed that leaf morphology under 10 mg L−1 V treatment was
statistically the same as the control plants (Figure 9). Compared to the control plants,
stomatal length, width, pore length, and pore width were increased by 4.7%, 2.6%, 10.1%,
and 10.1%, respectively, under 10 mg L−1 V treatment (Table 4). In contrast, stomata
size was significantly affected under a high level of V treatment (25, 50, and 75 mg L−1),
and the maximum deleterious effects were observed at 75 mg L−1 V treatment (Figure 9).
Compared to the control leaf, stomata length under 75 mg L−1 V treatment was reduced by
47.2%; likewise, the width of the stomata was decreased by 80.1%, pore length by 71%, and
pore width by 87.1%. Closed and small stomata were observed due to stress conditions,
which showed small stomatal openings. The result indicated that V induced stomatal
closing and reduced its size.
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Figure 8. Influence of various V treatments on the antioxidant enzymes activities in the leaves of sweet
potato. (A) APX, (B) CAT, (C) SOD, and (D) POD. Duncan’s test indicates a significant difference
(p < 0.05) between the means of the five treatments indicated by different alphabetical letters.

 

Figure 9. Effect of different V treatments on the stomatal traits of sweet potato leaf. (A) Ck, (B) 10 mg
L−1, (C) 25 mg L−1, (D) 50 mg L−1, and (E) 75 mg L−1.

3.11. Pearson’s Correlation and Heat-map Analysis

The negative correlation between physiological parameters and osmolytes, GSH, CAT,
and SOD in sweet potato plants treated with different concentrations of V demonstrates
the significant reduction in the plant’s phenotypic and physiological traits (Figure 10).
All plant phenotypic parameters and root and shoot concentrations of V were negatively
correlated, showing that V treatment adversely affected plant growth and development.
Similarly, osmolytes, GSH, CAT, SOD, and V concentrations and uptake in sweet potato
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showed a negative correlation with photosynthetic pigments, assimilation, and stomatal
traits (Figure 10). However, the phenotypic parameters showed a positive correlation
with photosynthetic pigments and assimilation, indicating that plants can grow larger and
produce more biomass at a high rate of photosynthetic pigments.

Figure 10. Pearson’s correlation analysis (PCA) (p < 0.05) was calculated among different traits of
V-treated sweet potato seedling. VSC (V shoot concentration), GSH (reduced glutathione), VSU (V
shoot uptake), H2O2 (hydrogen peroxide), CAT (catalase), VRC (V root concentration), VRU (V root
uptake in root), SOD (superoxide dismutase), MDA (malondialdehyde), SS (soluble sugars), Pro
(proline), PP (total polyphenols), APX (ascorbate peroxidase), TF (total flavonoids), TP (total proteins),
POD (peroxidase), Pn (photosynthetic assimilation), Car (carotenoids), Ci (Intercellular CO2), Gs
(stomatal conductance), Chl (total chlorophyll), and Tr (transpiration rate). Measured determinants
and strength correlation matrix. The color code for Pearson correlation coefficients (r), with r = 2,
r = 0, and r = −2 denoting red, orange, green, and gray, respectively. A stronger association is denoted
by better anisotropy, and the slope of the corresponding line or ellipse represents the trend of that
association (positive or negative). Additionally, the ellipses’ direction and anisotropy indicate the
slope and strength of the relationship. According to the first principal component order, variables
were arranged.

A heatmap-histogram analysis of different growth traits of sweet potato under dif-
ferent levels of V treatment was also constructed (Figure 11). A significant difference was
observed with different colors in the different V treatments and responses of different
physiological and biochemical parameters, as well as V concentration and uptake. How-
ever, traits with red color indicate insignificant differences within the V treatments. This
heatmap-histogram showed a noticeable difference among the growth traits and uptake of
V in the sweet potato plant.
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Table 4. Effect of different V treatments on the stomatal traits of sweet potato leaf.

Vanadium
(mg L−1)

Stomata Length
(μm)

Stomata Width
(μm)

Stomatal Pore
Length
(μm)

Stomatal Pore
Width
(μm)

Ck 25.52 ± 2.45 c 15.52 ± 1.92 c 16.30 ± 2.11 c 3.92 ± 1.08 b

10 26.71 ± 2.97 c 15.93 ± 1.78 c 18.16 ± 1.31 c 4.32 ± 0.92 b

25 18.62 ± 2.31 b 11.04 ± 1.51 b 12.26 ± 1.63 b 1.69 ± 0.47 a

50 16.22 ± 1.73 ab 5.70 ± 1.01 a 6.19 ± 1.49 a 0.95 ± 0.36 a

75 13.47 ± 1.69 a 3.08 ± 0.90 a 4.72 ± 1.01 a 0.51 ± 0.16 a

Duncan’s test specifies a significant difference (p < 0.05) between the means of the five treatments indicated by
different alphabets.

Figure 11. Heatmap-histogram correlation between studied physiological and biochemical parame-
ters under various V treatments in sweet potato.

4. Discussion

Globally, agricultural soil has been polluted with several kinds of soil pollutants with
anthropogenic activities. Several studies have indicated that heavy metals, such as Cd,
Ni, Pb, and V, are the primary cause of soil pollution. V used in the steel industries and
accumulation in the agricultural land and water gained consideration by researchers in
recent years [35–37]. V accumulation showed a deleterious effect on living organisms,
including plants, animals, and humans. In order to better understand the mechanisms
underlying V toxicity in sweet potato, we investigated the phenotypic, physiological, and
biochemical processes under various levels of V treatments. Plant growth and biomass are
not only used to study different types of heavy metal stress, but also used to evaluate the
tolerance level of plants against them. Heavy metals cause plant toxicity and negatively
affect the plant length and fresh and dry biomass [38]. However, its toxicity varies with the
plant species, chemical structure and formula, concentration, and recurrence of use [39].
However, at higher concentrations, V severely inhibits plant growth and development [40].
In the present study, we observed an improvement in the growth of sweet potato under
10 mg L−1 V treatment compared to the control plant (Figure 1). According to some studies,
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plants treated with V had increased height, growth, and fresh and dry biomass [11,12].
Aihemaiti et al. stated that plants generate more biomass at low levels of V due to enhanced
chlorophyll biosynthesis [22]. However, many studies reported a decrease in the plant
height, growth, and fresh biomass under a higher level of V stress [38,41], and the impact
varies from organ to organ of the plants [8]. Similarly, the current study depicted that 25, 50,
and 75 mg L−1 V treatment considerably reduced the growth of sweet potato, and maximum
reduction was observed at 75 mg L−1 (Tables 1 and 2). The SDSI and RDSI increased at
10 mg L−1; in contrast, a negative correlation was observed with a further increase of the V
level (25, 50, and 75 mg L−1) in the growth medium. A higher level of V stress initiated an
ionic imbalance and interrupted their function in metabolic pathways, which eventually
affected the process of growth and development of the plant. RWC is a simple and reliable
parameter for calculating plant stress. Under various V treatments, we found a decrease in
the RWC, indicating that the sweet potato plants were under stress. Osmotic adjustment is
impaired in sensitive plant species. A previous study on lettuce also showed a decrease in
water content with an increase of V concentration [42]. Under heavy metal stress, various
studies also reported a reduction in RWC in the leaves of barley and maize [43,44]. The
present study showed that a low level of V treatment (10 mg L−1) induced the root traits
of sweet potato (Figure 2). Variations in root size and morphology can improve ionic
uptake and translocation, ultimately enhancing plant growth and development [45]. A
previous study also reported the expansion of root traits under low V treatment (10 mg
L−1) [11]. In contrast, a higher level of V (25, 50, and 75 mg L−1) caused a decrease in these
root traits (Figure 2). At a higher level of V treatment, the plant produced comparatively
shorter, less lateral, and coralloid structural roots. The decline in root traits under high V
levels might have been due to the disruption in mitotic cell division, possibly hampering
root tip development [46,47]. Previous studies also reported the decrease of root traits
under a higher level of V treatment in watermelon, pepper, and rice [11,13,20]. In addition,
V application significantly reduced root morphological traits in many plants [22]; these
studies are in agreement with the findings of the present study.

Photosynthetic assimilation is the plant’s ability to use CO2 and perform many
metabolic activities [48]. Heavy metal stress drastically affects photosynthesis and sig-
nificantly affects carbohydrate synthesis. In the current study, we found an increase in
these gas exchange elements under 10 mg L−1 treatment; however, a significant decrease
in these gas exchange elements was observed at a higher level of V stress (Figure 3). A
previous study reported a minor increase in the photosynthetic rate and intercellular CO2
at a low level of V (10 mg L−1) treatment; however, a higher level of V showed a significant
reduction in these gas exchange elements in pepper plants [11]. Similarly, another study
revealed that V treatment in rice plants caused a reduction in gas exchange elements, which
agrees with the current study [13]. At high concentrations, V imposes adverse effects on
the physiological processes and photosynthetic assimilation, limiting energy production,
and impairing biomass and development of plants [49,50]. V stress possibly reduces photo-
synthetic activities by affecting the chloroplast and ultrastructures and also disturbs their
electron transport mechanisms.

The leaf stomata are responsible for regulating transpiration and CO2 transport under
adverse environmental conditions [51]. The plant experiences cytotoxicity due to the
increased concentration of heavy metals, which affects ionic absorption, cell cycle arrest,
lipid peroxidation, and ultimately results in cell death [52,53]. Heavy metal interaction
with guard cells triggers stomatal closure [54]. V toxicity mediates stomatal abnormalities,
such as a reduction in the stomatal length, width, pore length, and width of guard cells
(Figure 9 and Table 4). A study reported that the reduction in the stomata size is linked
with more distorted stomata under an elevated level of heavy metals in the leaves [30,55].
Photosynthesis, transpiration, and gas exchange can be adversely affected by reductions in
stomatal size and closure frequency. From the present study, it has been elucidated that
increasing V level decreases stomatal size and closing stomata, which reflects a decrease in
photosynthetic assimilation, transpiration rate, and gas exchange.
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In the present study, the V concentration, uptake, and translocation had a positive
correlation with the rise of V application, and the roots showed higher V content than the
shoots (Table 3). The concentration, uptake, and translocation of V to the aerial part are
reduced by chelation and fixation of V with a polar compound, stimulation of calcium
with a stable compound, and root and stem compartmentalization [56]. A previous study
reported that tomato plants treated with V have more V in the roots than in the leaves [36].
In the same way, lettuce, tobacco, alfalfa, milkvetch root, and swamp morning glory treated
with V also showed the same trend, and they have more V accumulation in roots than
the leaves [1,10,35,42]. Generally, the increase in chlorophyll level characterizes plant
photosynthesis assimilation and growth. The reduction in the chlorophyll content was
found under different environmental stresses. A higher level of V treatment (25, 50, and
75 mg L−1) reduced the T.Chl, Chl a, b, and carotenoid content (Figure 4). Similarly,
previous studies revealed a significant reduction in the chlorophyll content under exposure
to V stress in watermelon and pepper [11,13,20]. The reduction in photosynthetic pigments
under V stress might be due to the variations in the membrane permeability and the
devastation of the elements prompted by oxidative stress [57]. This increase in ROS
production causes a reduction in chlorophyll content [15].

Lipids peroxidation is an indication of oxidative stress that is induced by different
abiotic stress, and the higher MDA level also indicates cell membrane injury; it is a well-
established sign for assessing plants introduced to metal stress [32]. The current study
described that the V application considerably boosted the MDA content of sweet potato
(Figure 5A). Similarly, previous studies described that V-treated rice and pepper seedlings
exhibited an increase in the MDA content [11,13]. Plants produce ROS due to the reaction of
heavy metals and fatty acids [58]. H2O2 is the main component of ROS and its production
increases with heavy metal stress. The current study also reported that an increase in V
stress in sweet potato causes a significant increment in H2O2 level (Figure 5B). Previous
studies also observed a significant increment in the H2O2 level when exposed to V stress
in rice, tomato, and watermelon plants [13,20,36]. A review article by Chen et al. also
highlighted that many articles followed the same pattern of increasing MDA and H2O2
under V stress [59]. To deal with these circumstances, the plant possesses a defense
mechanism, including osmolytes, antioxidants, and enzymes.

The reduction of osmolytes, such as proline, soluble sugars, and proteins are linked
with the leaf water content, which could lead to cellular desiccation and osmotic stress in
sweet potato (Figure 6). According to the previous literature, plants exhibit a similar pat-
tern by increasing proline and soluble sugars in response to increased cellular desiccation
under V stress [6,11,22,42]. These osmolytes increase under abiotic stress conditions [17,32].
Moreover, these osmolytes might not only assist in protecting plant cellular membranes,
but also help in maintaining turgor pressure, which minimizes the deleterious effect of
vanadium toxicity. The total proteins are sensitive to heavy metal stress, and different
studies reported a reduction of proteins with increased metal stress [13]. The present study
showed a significant decrease in total protein content at a higher level of V treatment (25,
50, and 75 mg L−1) (Figure 7A). Heavy metal stress reduces the proteins by prompting toxic
effects, damaging the ability of many enzymes with functional thiol groups [60]. The results
of the present study agree with the reports of the Refs. [36,61], who stated that total protein
content was reduced under V stress. The GSH can enhance the tolerance of plants under
metal stress. Furthermore, GSH acts as a ROS scavenger, detoxifying the O2

•− and HO•
radicals [32]. This study depicted an increase of GSH under V stress (Figure 7B). GSH levels
increase under heavy metal stress due to increased activities of γ-glutamylcysteine syn-
thetase and glutathione synthetase [62]. Our findings agree with previous reports, which
described the increment in GSH content under heavy metal stress [61,63]. The secondary
metabolites, such as polyphenols and flavonoids, not only enhance the enzymatic activities
of the plants but also play a vital role as antioxidants in stress environments [17]. Izbiańska
et al. and Kisa et al. reported a decrease in phenolics under heavy metal stress [64,65]. This
study depicted that V-treated plants have a significant reduced level of polyphenols and
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flavonoids (Figure 7C,D). This reduction in the polyphenols and flavonoids biosynthesis un-
der V stress could be due to the decreased activity of essential enzymes of phenylpropanoid
pathways [65,66]. Antioxidant enzymes are essential in reducing ROS production and
oxidative stress under different environmental stress conditions [17,32]. In this study, we
found a decrease in the activity of POD and APX with the rise in V level. In contrast,
CAT and SOD significantly increased with the increase of V treatment (Figure 8). This
increase in antioxidant enzyme activity may be attributed to the effect of the V ion on
free-oxygen radical production. Tobacco plants treated with V have depicted an increment
of CAT and SOD activities [10]. Likewise, watermelon and pepper plants under V stress
have also depicted increased CAT and SOD activities [11,20]. The results of the current
study also agree with studies on rice, chickpeas, oilseed, and tomato under V, Se, and Ni
stress, respectively. [41,61,67,68]. Similarly, many other plants have also shown increased
activities of these antioxidant enzymes under different levels of V treatments [59]. The
antioxidant enzyme activities are powerful ROS scavengers and regulate the plant’s cellular
membranes under abiotic stress conditions.

5. Conclusions

In the present study, we found that 10 mg L−1 V treatment improved the growth and
biomass of the sweet potato plant. However, V at higher levels (25, 50, and 75 mg L−1) sig-
nificantly reduced the growth of sweet potato by altering its physiological and biochemical
mechanisms. The higher level of V treatments (25, 50, and 75 mg L−1) significantly reduced
the RWC, chlorophyll content, gas exchange elements of leaf, and stomatal traits, which
eventually affected the growth of sweet potato. The decline in root morphological traits
was observed at the higher V treatment, and we also detected maximum V concentration
and uptake in the roots than in the shoots of sweet potato. It was also observed that the
V application increased ROS production. Overall, this study will help to understand the
physiological tolerance mechanism of V in sweet potato plants. In this study, we focused
on the effect of V stress on the morphological and physiological aspects of sweet potato.
Besides, this study was conducted in a hydroponically controlled environment, and thus,
open-field experiments are encouraged to unravel the more precise effects of V on sweet
potato, as in open-field conditions the plants are exposed to several other biotic and abiotic
stresses. Moreover, further studies are also required to investigate the molecular mechanism
underlying cell death induced by V toxicity in the sweet potato plant. Furthermore, we
suggest using various chemicals, phytohormones, and nanoparticles to prevent V toxicity
and stimulate sweet potato growth and production.
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Abstract: The secondary metabolite rohitukine has been reported in only a few plant species, in-
cluding Schumanniophyton magnificum, S. problematicum, Amoora rohituka, Dysoxylum acutangulum
and D. gotadhora. It has several biological activities, such as anticancer, anti-inflammatory, antiadi-
pogenic, immunomodulatory, gastroprotective, anti-implantation, antidyslipidemic, anti-arthritic
and anti-fertility properties. However, the ecological and physiological roles of rohitukine in parent
plants have yet to be explored. Here for the first time, we tried to decipher the physiological effect
of rohitukine isolated from D. gotadhora on the model system Arabidopsis thaliana. Application of
0.25 mM and 0.5 mM rohitukine concentrations moderately affected the growth of A. thaliana, whereas
a remarkable decrease in growth and the alteration of various morphological, physiological and
biochemical mechanisms were observed in plants that received 1.0 mM of rohitukine as compared to
the untreated control. A. thaliana showed considerable dose-dependent decreases in leaf area, fresh
weight and dry weight when sprayed with 0.25 mM, 0.5 mM and 1.0 mM of rohitukine. Rohitukine
exposure resulted in the disruption of photosynthesis, photosystem II (PSII) activity and degradation
of chlorophyll content in A. thaliana. It also triggered oxidative stress in visualized tissues through
antioxidant enzyme activity and the expression levels of key genes involved in the antioxidant system,
such as superoxide dismutase (SOD), peroxidase (POD) and ascorbate peroxidase (APX). Rohitukine-
induced changes in levels of metabolites (amino acids, sugars, organic acids, etc.) were also assessed.
In light of these results, we discuss (i) the likely ecological importance of rohitukine in parent plants
as well as (ii) the comparison of responses to rohitukine treatment in plants and mammals.

Keywords: antioxidants; Arabidopsis; metabolome; ROS; rohitukine

1. Introduction

Plants synthesize a large number of small molecules for use in defence against biotic
and abiotic stresses [1–3]. These secondary phytochemicals have commercial applica-
tions in pharmaceuticals, flavourings and fragrances, insecticides, etc. [4,5]. They are
divided into three main groups: phenolic compounds, terpenoids and nitrogen-containing
alkaloids [6]. Usually, alkaloids contain basic nitrogen, derived from an amino acid or
purine/pyrimidine, while in some pseudoalkaloids the source of nitrogen is a transam-
ination reaction [7]. Among alkaloids, the chromone alkaloids are a unique group with
many biological activities, structurally consisting of a nitrogen system (pyridine, piperidine,
pyrrolidine) linked to the A-ring of chromone [8].
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The chromone alkaloid rohitukine was isolated for the first time from A. rohituka [9]
and its structure has been shown to be that of a highly polar molecule [9–11]. It is restricted
to only two plant families: Rubiaceae (Schumanniophyton magnificum and S. problematicum)
and Meliaceae (Dysoxylum gotadhora, D. acutangulum and Amoora rohituka) [12]. Both fami-
lies are mainly distributed in tropical areas of the world [13]. D. gotadhora (Indian white
cedar) has been in use in Ayurvedic and other traditional systems of indigenous medicine
for many years to treat diabetes, jaundice, leucorrhoea, piles, leprosy, osteomyelitis, etc. [14].
D. gotadhora is known as the main source of rohitukine. Within the plant body, rohitukine
is found to accumulate in leaves, bark, seeds and fruits [15]. The pharmaceutical poten-
tial of rohitukine has been deeply assessed in breast, ovarian and lung cancer cell lines,
where it inhibits cyclin-dependent kinase (CDK) CDK2/A and CDK9/T1 complexes by
blocking their ATP binding sites [10]. In budding yeast, rohitukine induces ROS genera-
tion and apoptosis [16]. P-276-00, IIIM-290 and flavopiridol are semisynthetic derivatives
of rohitukine.

The rohitukine-inspired molecule flavopiridol has gained considerable attention in the
last two decades for its potent cytotoxic activity against a wide range of cancer cell lines [17]
and it has now been approved by the European Medicines Agency for the treatment of
chronic lymphocytic leukemia (CLL) [18]. Flavopiridol potently inhibits CDKs 1, 2 and 4,
causing cell cycle arrest in G1 and G2 phases in mammalian cells [19]. P-276-00 (Piramal
Healthcare Limited, Mumbai, India) is another derivative of rohitukine that has advanced
into clinical trials for cancer treatment. P-276-00 selectively inhibits CDK4/D1, CDK1/B
and CDK9/T1, and its antiproliferative effect has been observed against a wide range of
cancer cell lines [20]. IIIM-290, an orally bioavailable anticancer drug that is already being
examined in apre-clinical study, is also derived from rohitukine [21,22].

Similar to many other medicinal plants, the presence of rohitukine in D. gotadhora may
likely exert allelopathic effects on neighbouring plants. It has been observed that plants
release chemical compounds into their surrounding environment which influence their
growth and also contribute to restricting invasion by exotic plant species [23,24]. These
phytotoxic compounds are usually biosynthesized in plants as secondary products and
many of them have been explored for their pharmacological activities [25,26]. To address
the phytotoxic effects of secondary metabolites, many studies have been published which
show that secondary metabolites have an impact mainly through damage to photosynthetic
machinery and frequent decomposition of photosynthetic pigments, the decrease in photo-
synthetic pigments leading to blockage of energy/electron transfer and inhibition of ATP
synthesis [27–29]. Several alkaloids isolated from the medicinal plant Ruta graveolens have
also been investigated for their photosynthetic inhibitory activities in recipient plants [30].
Antidesmone is a plant secondary metabolite that causes disruption to photosynthetic
machinery [31]. Additionally, the secondary compounds of Satureja hortensis affect seed
germination, morphology and bleach out chlorophyll content in Amaranthus retroflexus
and Chenopodium album [32]. It is quite evident that the targets of toxic plant secondary
metabolites are achieved through perturbations to PSII activity [33,34]. In plants, photo-
synthetic damage is also linked to increased levels of reactive oxygen species (ROS),which
indicates oxidative stress [35–37]. Increased ROS levels lead to oxidative damage to cells.
Similarly, exposure to toxic secondary metabolites also triggers the ROS pathway in recipi-
ent plants [38,39]. To resist oxidative stress, plants, upon exposure to such chemicals, alter
the activities of antioxidant enzymes, such as SOD, POD, APX and CAT [27,40,41].

The above-mentioned findings indicate that rohitukine as well as its semisynthetic
derivatives have been explored for their remarkable biological activities in animal cells,
wherein rohitukine has been reported to trigger ROS generation and apoptosis [16,42].
However, the phytotoxic effect of rohitukine on the growth and development of plants
has not been explored. Therefore, here we tried to understand the morphological, physio-
logical and biochemical changes in A. thaliana (a model system) treated with appropriate
rohitukine concentrations isolated from D. gotadhora. The main objectives of the study were
to understand the interference of rohitukine with the antioxidant system of A. thaliana and
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its impacts on photosynthesis. Furthermore, we sought to gain insights into photosyn-
thetic pigments, the phytotoxicity attributed to ROS generation and changes in levels of
metabolites, such as amino acids, sugars and other organic acids, in A. thaliana.

2. Material and Methods

2.1. Source Plant Material, Extraction, Fractionation and Isolation of Pure Compounds

Rohitukine was extracted from dry leaf powder of D. gotadhora, as described previously
by Mahajan et al. (2015) [15]. Briefly, shade-dried leaves were extracted thrice with
50% ethanol by sonication for one hour each at 45 ◦C, and the extract was dried using
a rotary evaporator. The crude extract was then subjected to acid–base fractionation to
obtain a fraction enriched with the alkaloid rohitukine and purified by repeated column
chromatography over a silica gel mesh. The purity of the isolated rohitukine was confirmed
by liquid chromatography–mass spectrometry (LC–MS) and high-performance liquid
chromatography (HPLC). The purity of compounds was checked using HPLC by following
the protocol of Kumar et al. (2016) [43]. An RP-C18 column was used (Neo Sphere,
250 mm × 4.6 mm, 5 μm). The mobile phase consisted of methanol–water (75:25 v/v)
at flow rate of 1.0 mL/min. The temperature of the column oven was 40 ◦C and the
injection volume was 4 μL. The detector used was a diode array detector, and the detection
wavelength was 254 nm. Solutions of pure rohitukine were prepared by dissolving the
alkaloid in sterile double-distilled water, followed by filter sterilization using a syringe
filtration unit fitted with a 0.22 μm pore size (Millex-GV, Durapore). The filtered stock
solution of rohitukine was then diluted appropriately in autoclaved double-distilled water
for foliar treatment.

2.2. Plant Material and Growth Conditions of A. thaliana

Wild-type A. thaliana seeds (Col-0 background) were used in the experiment. The
seeds were surface-sterilized with 70% ethanol, washed with autoclaved double-distilled
water and sown on plates containing Murashige and Skoog (MS) basal medium (for media
composition, see Table 1), sucrose 1.5% (w/v) and agar 0.6% (w/v) (Hi Media Laboratories
Pvt. Ltd. Mumbai, India) [44], supplemented with appropriate rohitukine concentrations:
0 (control), 0.25 mM, 0.5 mM and 1.0 mM concentrations. For foliar treatment, plants
were grown in plastic pots filled with 300 g autoclaved soil mixture (soil rite–sand–soil)
at the ratio of (3:1:1). Seeds were kept at 4 ◦C in the dark for 48 h to ensure homogenous
germination. After 48 h, the plates containing seeds were transferred to a growth chamber
with the following conditions: photosynthetically active radiation (PAR): 680 μmole/m2/s;
temperature: 24 ◦C; photoperiod light/dark cycles: 16/8 h; and relative humidity: 65%, in
the Indian Institute of Integrative Medicine, Jammu and Kashmir, India. The plants grown
in soil were irrigated with autoclaved distilled water at intervals of 24 h, while 1 mL of
quarter-strength nutrient medium was applied at intervals of 48 h up to five weeks.

2.3. Rohitukine Treatment for A. thaliana

Five-week-old plants of A. thaliana with uniform growth and maturity were exposed
to 0.25 mM, 0.5 mM and 1.0 mM concentrations of pure rohitukine. Ten plants were treated
with each concentration, and plants sprayed with autoclaved double-distilled water with-
out rohitukine were used as controls. The plants were sprayed thrice with the appropriate
concentrations of rohitukine dissolved in 50 mL autoclaved double-distilled water (1 mL to
each plant) at intervals of 24 h, and 1 h post-treatment the samples were collected for analy-
sis. Rohitukine is polar in nature, with a water solubility of >10 mg/mL and lipophilicity
(log D) of <1.0 [10].It was found to have pH-dependent solubility, with its highest solubil-
ity in simulated gastric fluid (SGF) [45]. The reported value of acidity constant (pKa) is
5.83 [10]. We prepared the spray reagent at around pH 7.0 and it is therefore expected to be
present at unionized form in solution, leading to higher absorption/permeation.
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Table 1. Composition of MS nutrient media used for the growth of A. thaliana plants.

Class/Category Ingredients mg/L

Macro elements

Ammonium nitrate 1650.000

Calcium chloride 332.200

Magnesium sulphate 180.690

Potassium nitrate 1900.000

Potassium phosphate monobasic 170.000

Microelements

Boric acid 6.200

Cobalt chloride hexahydrate 0.025

Copper sulphate pentahydrate 0.025

EDTA disodium salt dihydrate 37.300

Ferrous sulphate heptahydrate 27.800

Manganese sulphate monohydrate 16.900

Molybdic acid (sodium salt) 0.213

Potassium Iodide 0.830

Zinc sulphate heptahydrate 8.600

Vitamins

Myo-inositol 100.000

Nicotinic acid (free acid) 0.500

Pyridoxine HCl 0.500

Thiamine hydrochloride 0.100

Amino Acid Glycine 2.000

2.4. Determination of Rohitukine Content in A. thaliana

The content of rohitukine in treated samples was determined by thoroughly washing
an equal quantity (200 mg) of rosette leaves, followed by homogenization in HPLC grade
methanol and sonication, after which the homogenate was centrifuged at 12,000 rpm for
10 min at room temperature (RT). The supernatant was filtered through a syringe filter
of 0.22 μm pore size and analysed following the protocol of Kumar et al. (2016) [43],
using a HPLC system (Shimadzu, UFLC) consisting of a quaternary pump with a vacuum
degasser, a thermos tatted column compartment, an autosampler and a PDA detector. A
reverse-phase column (Lichrosphere RP C18e, 5 μm, 250 mm× 4 mm) was used and the
column temperature was maintained at 40 ◦C. The HPLC mobile phase consisted of two
solutions. Solution A was composed of water with 0.1% formic acid. The solution was
filtered through a 0.45μm membrane filter and degassed in a so nicator for 3 min. Solution
B was pure HPLC-grade acetonitrile. The mobile phase was run using gradient elution:
0.01 min, 10% B; in the next 20 min, 50% B; in the next 5 min, 70% B; in the next 5 min, 90%
B, and maintained at 80% B for 5 min; in the next 5 min, 10% B; followed by an equilibration
period of 5 min. The flow rate was 0.8 mL/min, and the injection volume was 20 μL. The
eluents were detected and analysed at 254 nm. A quantity of 1mg/mL of pure rohitukine
was taken as standard.

2.5. Measurement of Leaf Area and Plant Weight

Leaf area was measured using the easy leaf area tool described by Easlon et al.
(2014) [46]. Briefly, A. thaliana rosette leaves treated with rohitukine were photographed by
placing them on plain paper along with a red-coloured piece of paper of 4 cm2, and mea-
surements were made using easy leaf area software by following the instructions provided.
The fresh weight of the aerial parts (rosette leaves) of plants was determined immediately
after harvesting. For dry weight, the samples were completely dried in an oven until weight
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was constant, then weighed to obtain the dry weight using a fine weighing balance (Mettler
Toledo, Columbus, OH, USA).

2.6. Photosystem II Activity

Chlorophyll fluorescence parameters were assessed for the rohitukine-treated plants of
A. thaliana using a Junior-PAM chlorophyll fluorometer (Heinz Walz, Effeltrich, Germany),
following the manufacturer’s instructions. The parameters assessed were: actual photosys-
tem II (PSII) efficiency (Φ PSII), intrinsic PSII efficiency (Fv/Fm), maximum PSII efficiency
(Fv/Fm), photochemical quenching (qP), non-photochemical quenching (NPQ) and elec-
tron transport rate (ETR). ETR was calculated usingthe formula Φ PSII × photosynthetic
photon flux density × 0.5 × 0.84, as given in [47].

2.7. Photosynthetic Pigment Quantification

Total chlorophyll content was determined in A. thaliana plants exposed to 0.25 mM,
0.5 mM and 1.0 mM rohitukine by adopting the method of Arnon (1949) [48], with minor
modifications. Briefly, 200 mg fresh leaf samples were homogenized in 0.2 mL 80% acetone,
followed by centrifugation at 12,000 rpm for 5 min. The supernatants were collected
and their absorbances were recorded at 663 and 645 nm for chlorophyll content using
a spectrophotometer.

2.8. Histochemical Detection of ROS

The accumulation of H2O2 and O2
− was analysed by the histochemical staining

method, as described by Shi et al. (2010) [49], using 3,3-diaminobenzidine (DAB) (Sigma-
Aldrich, St. Louis, MO, USA, cat. no. D5637) and nitro blue tetrazolium (NBT) (Hi
Media, cat. no. RM578), respectively. For H2O2 detection, a solution of 1mg/mL DAB
was prepared in 10 mM phosphate buffer, and the pH was adjusted to 3.8 with1N HCL.
A. thaliana leaves of similar maturity levels were immersed in DAB solution at RT in the
dark until brown spots were visible. After six hours of staining, the samples were incubated
in a mixture of ethanol, acetic acid and glycerol (3:1:1) at 80 ◦C for 15 min to bleach out
chlorophyll for proper visualization. ForO2

− localization, the samples were immersed in a
1 mg/mL solution of NBT prepared in 10 mM phosphate buffer (pH 7.8) until blue-coloured
spots appeared. The immersed samples were then boiled in ethanol for better visualization,
and photographs were taken by placing the stained leaves in a clean place with a white
background using a digital camera.

2.9. The Activity of Antioxidant Enzymes

Fresh leaf tissue of rohitukine-treated and untreated (control) samples of A. thaliana
were homogenized in potassium–phosphate extraction buffer (100 mM, pH 7.0), using a
precooled pestle and mortar. The extraction buffer was composed of 0.05% (v/v) Triton X-100
and 1% (w/v) polyvinylpyrrolidone (PVP). The activity of ascorbate peroxidase (APX; EC,
1.11.1.11) was calculated following the protocol described by Asgher et al. (2014) [50]. Briefly,
APX activity was determined by the decrease in absorbance of ascorbate at 290 nm due to its
enzymatic breakdown. A total of 1 mL mixture of 50 mM phosphate buffer (pH 7.0), 0.5 mM
ascorbate, 0.1 mM EDTA, 0.1 mM H2O2 and enzyme extract was prepared. The calculation
of APX activity was carried out using the extinction coefficient 2.8 mM−1 cm−1, and one unit
of enzyme was required to decompose 1 μmol of substrate per min at 25 ◦C.

2.10. RNA Extraction, cDNA Synthesis and qRT-PCR

Rohitukine-treated leaves of A. thaliana were used as source material for RNA isolation,
using TRizol reagent (Ambion, Life Technologies, Carlsbad, CA, USA), according to the
manufacturer’s protocol. RNA quality and concentration were assessed on a 2% agarose gel
and nanodrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) by mea-
suring the absorbance ratio at 260/280 nm. The isolated RNA samples were subjected to
DNase (Ambion TURBO DNA-free, Life Technologies, Carlsbad, CA, USA) treatment to re-
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move traces of genomic DNA. DNase-treated RNA samples were reverse-transcribed using
a cDNA synthesis kit (Promega, Madison, WI, USA), following the manufacturer’s instruc-
tions, with oligo (dT) primers and 1μg of DNase-treated RNA used as a template. Primer
pairs were designed from coding sequences (CDSs) of selected antioxidant system genes of
A. thaliana (Table 2). The qRT-PCR reactions were set in the CFX96TM Real-Time PCR
Detection System (Bio-Rad, Hercules, CA, USA), based on SYBR green chemistry. The
PCR reaction mixtures (10 μL) comprised SYBR Green Master mix at a volume of 5.0 μL,
1.0 μM of each primer (Integrated DNA Technologies, Coralville, IA, USA), appropriately
diluted cDNA as template and MQ water was used to make up the final volume of 10 μL.
Thermoprofiles of the reactions for qRT-PCR were included by preincubation at 95 ◦C for
10 min, followed by 45 cycles of 3-step amplification with melt (95 ◦C for 10 s, 60 ◦C for
10 s and 72 ◦C for 15 s) and melt. The normalization of the reaction was achieved using the
primers of the actin gene as a control. The analysis of samples was carried out in triplicate,
and the specificity of each primer pair was authenticated by a dissociation curve (a single
peak was observed for each primer pair). The generated (threshold cycle) CT values were
then transferred to Microsoft Excel and the 2−ΔΔCT method of relative quantification was
used to determine the quantitative variation between the samples examined [51].

Table 2. Table showing the details of primers used for gene expression analysis.

S. No Gene Name Primer Sequence, Forward Primer Sequence, Reverse TM (◦C)

1 Peroxidase (POD) GAGTCAATCGAACAACAACATCC CCTCTGTCTGAAACTCGTGC 60

2 Catalase (CAT) TGGAAGAAGATGCAATTCGTGTT CCAGGTCTTGGTCACATCG 60

3 Copper/zinc Superoxide
dismutase (CU/Zn-SOD) GAGATGATGGAACTGCCAC TGGCTACTGGAAACGCAGG 60

4 Manganese Superoxide
dismutase (Mn-SOD) CAAGCTGTGAACAAGGGAGA AGTGAGCGT CAATGG CACT 60

5 Ascorbate peroxidase
(APX) GCAGATGGGCTTATCTGAC AGGCCTTCCTTCTCTCC 60

6 Actin 2 GTTGACTACGAGCAGGAG CAGCAGCTTCCATTCCC 60

2.11. Metabolite Extraction and Enrichment Analysis

Metabolite quantification for A. thaliana samples (treated and control) was carried
out using the method described by Lisec et al. (2006) [52], with minor changes. Briefly,
200 mg of fresh leaves from all four samples of A. thaliana treated with 0.25 mM, 0.5 mM
and 1.0 mM rohitukine concentrations and the untreated control were excised using a
fine pair of scissors and crushed in liquid nitrogen to a fine powder. Afterwards, 3 mL
precooled HPLC-grade methanol (100%) was added and the homogenate was transferred to
a glass vial. Then, 100 μL of ribitol (2 mg/10 mL) (Sigma-Aldrich, St. Louis, MI, USA) was
added as an internal standard, followed by incubation at 70 ◦C for 10 min with continuous
shaking. After incubation, the homogenate was centrifuged for 10 min at 15,000 rpm in the
cold centrifuge; the supernatant was collected and 1.5 mL chloroform and 3 mL precooled
autoclaved double-distilled water was added and slight vortexed. The upper polar and
lower nonpolar layers were transferred to new well-labelled glass vials and dried over a
rotary evaporator. The dried samples were then derivatized by adding 80 μL of 20 mg/mL
Methoxy amine hydrochloride (Sigma-Aldrich USA), prepared in pyridine, to each tube,
followed by incubation at 37 ◦C for 2 h. N, O-Bis (trimethylsilyl) trifluoroacetamide (BSTFA)
(derivatization-grade) (Sigma-Aldrich USA) was added and another incubation at 37 ◦C
took place for 1 h. After incubation, the mixture was transferred to suitable GC vials with
inserts and analysed using GC–MS.

The sample was analysed using a GC–MS 4000 system (Varian, Crawley, UK) equipped
with a Supelco capillary column (15 m × 60.32 mm × 60.25 m). A 1 μL volume of deriva-
tized sample was injected; the injection temperature was 230 ◦C, the interface was set to
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150 ◦C and the ion source was adjusted to 250 ◦C. The program of gradient temperature
was: initial temperature of 40 ◦C for 6 min, +10 ◦C/min up to 300 ◦C and hold at 300 ◦C
for 6 min. Mass spectrometry was determined by the full-scan method, ranging from 35 to
780 (m/z). The metabolites were identified by comparison of mass spectra with the NIST17
library using the molecular ion masses (m/z) of the fragments and retention time indexes
(RI). The downstream analysis of each metabolite was carried out with the peak area of
each metabolite taken as source data, using the MetaboAnalyst 5.0 online tool [53].

3. Results

3.1. Qualitative and Quantitative Assessment of Isolated Rohitukine

A quantity of 1.6 g of rohitukine was obtained after purification from 200 g shade-dried
D. gotadhora leaves, i.e., 0.8% dry weight. After purification, the compound was subjected
to a purity check by TLC, HPLC and LC–MS, in which the isolated compound was found
to have 98% purity compared with the standard (Figure 1).

Figure 1. HPLC and MS chromatograms showing the purity of rohitukine isolated from leaves of
D. gotadhora. (a) Chromatogram of standard rohitukine, 1 mg/mL. (b) Peak of rohitukine isolated
from D. gotadhora. (c,d) Mass spectra showing the presence of a single peak of rohitukine (MW 305.3).

3.2. Determination of Rohitukine Uptake by A. thaliana

After 24 h of treatment, the samples were subjected to HPLC for detection and quan-
tification of rohitukine. In leaf tissues treated with 0.25 mM, 0.5 mM and 1.0 mM rohitukine,
0.009%, 0.013% and 0.014% of rohitukine was found to have accumulated, respectively
(Figure 2), whereas in the control samples we did not find a peak corresponding to rohi-
tukine, indicating its absence. A standard sample of 1mg/mL rohitukine was used for
the calibration curve. However, in plants that received 1.0 mM of rohitukine treatment,
the amount of assimilated rohitukine was of a higher quantity as compared to the lesser
amount obtained with the 0.25 mM concentration. Therefore, the uptake and stability of
rohitukine was confirmed.
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Figure 2. Detection and quantification of rohitukine in treated A. thaliana samples. (a) Structure
of rohitukine. (b) Calibration curve of standard rohitukine. (c) Rohitukine standard, 1 mg/mL.
(d) A. thaliana control peaks showing no traces of rohitukine. (e–g) Peaks indicating the presence of
rohitukine at 0.25 mM, 0.5 mM and 1.0 mM concentrations.

3.3. Effect of Rohitukine on Plant Morphology

The A. thaliana plants treated with rohitukine showed concentration-dependent growth
inhibition as compared to the control. A significant decrease in leaf area of 17.7%, 25.1%,
and 60.3% with the0.25 mM, 0.5 mM and 1.0 mM rohitukine concentrations, respectively,
was observed as compared to the untreated group. The fresh weight of plants treated
with 0.25 mM, 0.5 mM and 1.0 mM of rohitukine decreased by 11.6%, 17.4% and 38.7%,
respectively. Similarly, dry weight was found to be reduced by 12.5% 19.5% and 40.2%
with 0.25 mM, 0.5 mM and 1.0 mM rohitukine, respectively (Figure 3). The maximum
growth inhibitory effect of rohitukine was observed in A. thaliana plants treated with a
1.0 mM concentration.
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Figure 3. Morphology of A. thaliana plants treated with T0 (Control), T1 (0.25 mM), T2 (0.5 mM) and T3
(1.0 mM) rohitukine concentrations. (a) Five-week-old A. thaliana plants with and without rohitukine
treatment. (b) Effects of 0.25 mM, 0.5mM and 1mM Rohitukine on leaf area of A. thaliana plants.
(c) Average fresh weight of plants. (d) Effect of 0.25 mM, 0.5mM and 1mM Rohitukine on the dry
weight of A. thaliana. The results are the means of more than three replicates expressed as means ± SD
values. Statistical significance was determined by Student’s t-test. Asterisks * and ** denote the
significance level of values at p-values < 0.5 and 0.05, respectively.

3.4. Influence of Rohitukine on Chlorophyll Content and PSII Activity

Total chlorophyll content and PSII activity were studied in A. thaliana exposed to
different concentrations of pure rohitukine by comparing it with untreated control plants.
Plants treated with rohitukine showed a dose-dependent decrease in chlorophyll content.
With 0.25 mM, 0.5 mM and 1.0 mM rohitukine concentrations, total chlorophyll content
decreased by 1.8, 1.7 and 1.6 mg/g fresh weight (FW), respectively, as compared to the
untreated control plants having 2.5 mg/gFW (Figure 4g). Actual PSII efficiency (Φ PSII),
maximum PSII efficiency (Fv/Fm), intrinsic PSII efficiency, photochemical quenching (qP)
and electron transport rate (ETR) decreased by 6.9%, 4.81%, 9.21% and 5.19%, respectively,
under 0.25 mM rohitukine. On the other hand, non-photochemical quenching (NPQ) in-
creased by 26.4% compared to the control. Application of 0.5 mM rohitukine decreased
Φ PSII, Fv/Fm, Intrinsic PSII efficiency, qP and ETR by 9.7%, 6.02%, 10.52% and 7.79%,
respectively, and non-photochemical quenching increased by 32% when compared to the
control. Plants that received 1.0 mM rohitukine exhibited maximally decreased Φ PSII,
Fv/Fm, Intrinsic PSII efficiency, qP and ETR, by 25%, 21.68%, 18.42% and 18.18%, respec-
tively, and a 54% increase in NPQ as compared to the control (Figure 4).
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Figure 4. Effects of 0.25 mM, 0.5 mM and 1.0 mM rohitukine on (a) actual PSII efficiency, (b) maximum
PSII efficiency, (c) intrinsic PSII efficiency, (d) photochemical quenching, (e) non-photo chemical
quenching, (f) electron transport rate and (g) total chlorophyll content in five-week-old A. thaliana
plants treated with rohitukine. Data are presented for the treatments as means ± SDs (n = 3). Statistical
significance was determined using Dunnett’s multiple comparisons test. Asterisks *, ** and *** denote
significance level at p-values < 0.5, 0.05 and 0.01, respectively.

3.5. Accumulation of O2
− and H2O2 in A. thaliana Plants in Response to Rohitukine

Increased levels of O2
− were noticed in A. thaliana plants as dark blue-coloured spots

scattered on the leaves treated with rohitukine as compared to the untreated control.
Similarly, the A. thaliana plants treated with pure rohitukine showed a significant increase
in brown-coloured spots when immersed in DAB staining dye. These scattered brown
spots were indications of increased levels of H2O2 in rohitukine-treated leaves as compared
to untreated samples (Figure 5). Asin animal cells, rohitukine induces ROS in plant tissues,
with maximum ROS observed for the1.0 mM treatment.

3.6. Effect of Rohitukine on Antioxidant Enzyme Activity

The activity of APX, SOD and POD increased by 2.9%, 2.8% and 6.6%, respectively,
with the 0.25 mM rohitukine treatment, whereas with the0.5 mM treatment, the activity of
APX, SOD and POD increased by 4.47%, 4.34%, and 17.7%, respectively. The application of
the 1.0 mM rohitukine concentration maximally increased APX activity by 10.44%, SOD by
13.04% and POD by 31.1% as compared to the untreated control (Figure 6).
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Figure 5. The effects of rohitukine concentrations on T0 (control), T1 (0.25 mM), T2 (0.5 mM) and
T3 (1.0 mM) as detected through histochemical detection of ROS in A. thaliana leaves. Superox-
ide ions were detected with NBT staining dye; the H2O2 visualization in leaves was performed
via DAB staining.

 
Figure 6. Effects of 0.25 mM, 0.5 mM and 1.0 mM rohitukine on (a) APX, (b) SOD and (c) POD of
five-week-old A. thaliana plants treated with rohitukine. Data are presented for the treatments as
means ± SDs (n = 3). Statistical significance was determined by Dunnett’s multiple comparisons test.
Asterisks * and ** denote significance level at p-values < 0.5 and 0.05, respectively.

3.7. Effect of Rohitukine on the Expression of Key Genes Involved in the Antioxidant System

The expression patterns of key genes involved in the antioxidant system, such as
manganese Mn-SOD, Cu/Zn-SOD, APX and POD, were analysed at transcript level in
rohitukine-treated A. thaliana samples. The significantly increased expression of these
genes was noticed in treated samples as compared to untreated controls. The Mn-SOD
gene was found to have a two-fold increased expression in the 0.25 mM and 0.5 mM
rohitukine treatments, while in the 1.0 mM treatment we noticed around a three-fold
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expression of Mn-SOD when compared to controls. Similarly, APX gene transcripts were
found to have six-fold upregulated expression in the 0.5 mM and 1.0 mM treatments with
rohitukine. In the treatment with the 0.25 mM concentration, the APX was found to be
upregulated by 3.5-fold as compared to the control. In the treatment with the 1.0 mM
rohitukine concentration, significantly higher transcripts of Cu/Zn-SOD were noticed
in A. thaliana as compared to the control, whereas with the 0.25 and 0.5 mM rohitukine
concentrations, the expression of Cu/Zn-SOD was found to be higher as compared to
the control. The expression of the POD gene was also upregulated by rohitukine. The
0.5 mM and 1.0 mM concentrations of rohitukine increased the expression of POD by
2.5 and 4.5-fold, respectively (Figure 7). In all the treatments, overall expression profiles
of Mn-SOD, APX, Cu/Zn-SOD and POD were increased when compared to controls.
However, plants exposed to 1.0 mM of rohitukine showed the highest transcript levels for
all the genes examined.

 

Figure 7. qRT-PCR-based expression analysis of key genes of the antioxidant system of A. thaliana.
The bar diagrams represent the fold change expression of each gene upon 0.25 mM, 0.5 mM and
1 mM rohitukine exposure as compared to untreated controls. The results are presented as the means
of three replicates and as means ± SDs. Statistical significance was determined by Student’s t-test.
Asterisks * and ** denote the significance of fold changes at p-values < 0.05 and 0.005, respectively, as
compared to untreated controls.

3.8. Metabolite Profiling

With GC–MS analysis of rohitukine-treated A. thaliana leaf samples after derivatization
and comparison of identified spectra with the NIST17 library, a total of 75, 73, 70 and
71 metabolites were identified with their known structures in the control, 0.25 mM, 0.5 mM
and 1.0 mM rohitukine-treated samples, respectively. The metabolites identified were fatty
acids, sugars, amino acids, organic acids, polyamines, carbohydrates, etc. To obtain the
robust metabolome datasets, only those metabolites which were found to be present in at
least three replicates were considered, and their presence in all four samples was ensured
before processing. A total number of 37 metabolites were found to be common to all four
samples (0.0 mM, 0.25 mM, 0.5 mM and 1.0 mM) and in each replicate. To understand the
differences between samples and the similarity between replicates, and to determine the
variables that contributed most to these differences, principal component analysis (PCA)
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was carried out for 37 metabolites, where PCA1 showed 41.8% and PCA2 showed 24.9%
of the variation. The accumulation patterns of metabolites in the control as well as in all
three treatments are shown by a heatmap generated from 37 metabolites present in all the
samples (Figure 8). In all four major clusters, distinct patterns of altered levels of metabolite
were reported. Therefore, the patterns of metabolite abundance and clustering indicate the
metabolic changes caused by the exposure to rohitukine in A. thaliana leaves.

Figure 8. Heatmap illustration of quantities of commonly found metabolites in A. thaliana after
0.25 mM, 0.5 mM and 1.0 mM rohitukine treatments as compared to controls. The colour intensities
of each box represent the level of each metabolite in each rohitukine-treated group.

Among sugars, the most frequent members found in all the four samples were: ery-
throse, fructose, galactose, glucose, maltose and sucrose. Dose-dependent decreased levels
of fructose, glucose, maltose, sucrose and galactose were noticed in rohitukine-treated
samples as compared to controls. Amino acids, L-alanine, aspartic acid, L-threonine
and L-tyrosine were found with significantly higher concentrations in rohitukine-treated
A. thaliana plants when compared to controls (Figure 8). Some other metabolites which
were found to be significantly higher after rohitukine exposure were 3-alpha-Mannobiose,
ethanolamine and silanamine. Meanwhile, the accumulation of several metabolites was
found to be significantly lower after rohitukine exposure, including glycerol, Myo-inositol,
acetamide, diethylamine, pentasiloxane, etc. Moreover, we also noticed changes in the
levels of several organic acids in rohitukine-treated samples; the upregulated organic acids
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included: lactic acid, trihydroxy butyric acid and 4-amino butanoic acid. Conversely,
several organic acid metabolites, such as palmitic acid, boric acid, stearic acid and oxalic
acid, were found to have significantly lower concentrations in the 0.5 mM and 1.0 mM
rohitukine treatments.

4. Discussion

Although the biological activities of rohitukine in mammalian as well as in yeast
strain cells have been deeply studied, the significance of this molecule in plant systems
has not yet been elucidated. It is for the first time that we have tried to understand the
physiological and biochemical impacts of rohitukine inside the A. thaliana model system.
However, the rohitukine biosynthesis pathway in parent plants has not been elucidated
yet. As far as the accumulation of rohitukine in source plant D. gotadhora is concerned, it
was reported to accumulate in leaves, bark, fruits, seeds and twigs, but the highest con-
centration of rohitukine was reported in seeds (2.42%), followed by leaves (1.06%) [15,54].
Later, Kumar et al. (2016) [10] introduced the chromatography-free protocol of rohitukine
isolation, in which they extracted 98% pure compound with a 1% (dry weight) yield. In the
present study, we isolated 1.6 g of rohitukine from 200 g dry leaves of D. gotadhora with
98% purity (Figure 1). The pure compound of rohitukine was extracted from D. gotadhora
(source plant) and applied to A. thaliana, where rohitukine interfered with plant growth
and development. It is possible that rohitukine may leach out from the leaves of the parent
plant during rain and it could also be found in soil samples as an allelochemical, which
may also be due to the decomposition of plant tissues in soil. The leaching of toxic alka-
loids from plant tissues into soil and drainage water has also been evidenced by previous
studies [55,56].

For screening of the best inhibitory/modulatory concentration of rohitukine, we ap-
plied a range of rohitukine concentrations (0.01 mM to 10 mM) on A. thaliana seedlings.
Among the concentrations screened so far, 1.0 mM rohitukine maximally inhibited the
growth of A. thaliana, while 0.25 mM and 0.5 mM concentrations moderately affected growth
as scored visually. Therefore, we applied 0.25 mM, 0.5 mM and 1.0 mM concentrations of
rohitukine to analyse the dose-dependent effects of the molecule on A. thaliana. In previ-
ous studies, the dose-dependent growth inhibitory effects of extracts from an important
medicinal plant Hyptissuaveolens were examined in several plant species [57].The stability
and uptake of the compound were also assessed through HPLC, and rohitukine was found
to be stable inside the plant tissues and uptake was also confirmed (Figure 3) [10,43]. The
question related to the stability of rohitukine at various physiological pH levels is very im-
portant for its phytotoxic efficiency. In already published reports, the stability of rohitukine
has been assessed by incubating the pure compound of rohitukine in buffers of different
pH (1.2, 4.0, 6.8 and 7.4), bio-relevant fluids, such as SGF (pH 1.2) and simulated intestinal
fluid (SIF) pH 6.8, and also in rat plasma. Rohitukine was found to be stable in all the tested
conditions [10,43].

It has been reported that rohitukine is highly stable in diverse biological fluids. More-
over, it is found to be in the category of high-permeability molecules (log papp > −5) based
on Parallel Artificial Membrane Permeability Assay (PAMPA) data, which confirm passive
transcellular permeation [52]. Computational analysis of rohitukine suggests that it is a
substrate of P-gp, which is the key member of the ABC transporter system [45]. In addition,
stress situations are reported to regulate transporter expression in the plant system [58].
The above-mentioned evidence in the literature indicates the possible uptake of rohitukine
in biological systems. However, further investigations have to be performed to explore
the exact mechanism of rohitukine uptake in A. thaliana [59]. Additionally, the plasma
protein binding efficiency of rohitukine and its semisynthetic derivatives have also been
reported [60]. However, in plants, the exact mechanism of membrane transport of rohi-
tukine is unclear. An attempt has been made, using isolated epidermal cells, to understand
the mechanism of alkaloid transport through plasma membranes, suggesting the involve-
ment of transporter proteins [61].
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The negative effects of plant secondary metabolites, such as L-mimosine, syringalde-
hyde, juglone, and vanillin, have already been assessed for A. thaliana and other crop
species [62–64]. In the present study, rohitukine exposure significantly decreased total
leaf area and plant biomass. Moreover, a moderate decrease in photosynthesis was ob-
served with 0.25 and 0.5 mM rohitukine concentrations, while photosynthesis decreased
maximally in plants that received 1.0 mM of rohitukine when compared to the controls.
Similarly, a gradual decrease in total chlorophyll content was observed with increased rohi-
tukine concentration. Similar results have been shown by Hussain and Reigosa (2021) [65],
who investigated the influence of two plant secondary metabolites, ferulic acid and p-
hydroxybenzoic acid, on the photosynthesis of Rumex acetosa, where both the molecules
inhibited photosynthetic parameters, such as Fv/Fm, Φ PSII, qP and NPQ. Rutin is another
secondary metabolite that is reported to inhibit Fv/Fm and the concentrations of chloro-
phyll pigments in A. thaliana [66]. At increased rohitukine concentrations, we noticed a
decrease in ETR, Φ PSII, Fv/Fm, qP and intrinsic PSII efficiency in A. thaliana. Consequently,
increased NPQ was observed upon rohitukine exposure.

Generally, ROS are produced inside living cells when they encounter any external
stress and activate the antioxidant defence system to overcome the such caused by oxidative
stress [67]. In plants, ROS are present in •O2

− ionic states, such as hydroxyl radicals (•OH),
and molecular states, including H2O2 and singlet oxygen (•O2) [68,69]. •O2

− is reported to
increase during external stress and is the precursor of various ROS. The excessive generation
of •O2

− causes an increment in ROS that leads to cell death [70,71]. Rohitukine exposure
affected various physiological, biochemical and molecular mechanisms via the excessive
production of ROS in A. thaliana. In rohitukine-treated A. thaliana plants, we detected the
accumulation of •O2

− and H2O2 as blue- and dark brown-coloured spots, respectively,
through the histochemical staining of leaves. The already published literature suggests that
rohitukine induces ROS in yeast strains after 24 h of treatment [16]. Moreover, in cell lines,
rohitukine and its semisynthetic derivatives have been reported to induce ROS-mediated
apoptosis [21,72,73]. Similarly, two other alkaloids, Graveoline and vitrine, isolated from
Ruta graveolens and Evodilitoris, with immunomodulatory, anti-inflammatory and anti-
cancerous activities are reported to generate ROS in the root coleoptile of wheat [74,75]. We
also noted the rohitukine-mediated induced expression of APX, SOD and POD, which are
involved in the antioxidant defence system in plants. These genes are exclusively associated
with ROS metabolism to combat the stress response. Therefore, it is likely that rohitukine
may trigger cell death in plants via ROS generation and affect hormonal transport. Under
all defined concentrations of rohitukine, there was a significant increment in APX, SOD
and POD enzyme contents in A. thaliana. Khan et al. (2011) [76] investigated the SOD-,
CAT- and POD-mediated growth inhibitory effects of aqueous and ethanol extracts of
Peganum multisectum on ryegrass.

The reduction in maximum quantum yield of PSII shows that excitation energy trap-
ping of PSII reaction centers was reduced. A decrease in photosynthesis was suggested
to be due to stomatal closure [65]. Reduction in CO2 passage due to stomatal closure
is responsible for the accumulation of ROS, the degradation of xanthophyll pigments
and lipids and protein oxidation [77]. The slight decrease in PSII activity observed was
due to more ROS accumulation, which increases oxygen production at 1 mM rohitukine.
Moreover, the slightly higher ETRs recorded for treatments with 0.25 mM and 0.5 mM
of rohitukine compared to the 1 mM treatment were due to less ROS accumulation, as
revealed by DAB and NBT staining, which limits ROS production. Our results also show
that rohitukine can block the electron acceptor to inhibit photosystem II. These results
support the hypothesis that there was a reduction in photosystem II photochemistry and
photosynthetic electron transport, which is responsible for ROS accumulation in A. thaliana.
Similarly, secondary metabolites isolated from several endophytes inhibit PSII electron
transport on the water-splitting enzyme and on the acceptor side between P680 and QA.
The results of this study were confirmed by chlorophyll-a fluorescence measurements [78].
The reduction in chlorophyll fluorescence under metal stress shows HM antenna pigment
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disruption due to the hindrance of electron transport flow from PSII to PSI [79–81]. To
address the phytotoxic effects of secondary metabolites, many studies have been published
which show that secondary metabolites have impacts mainly through damage to photosyn-
thetic machinery and frequent decomposition of photosynthetic pigments. Consequently,
decrease in photosynthetic pigments leads to blockage of energy/electron transfer and
inhibition of ATP synthesis [28].

The changes caused by any elicitor at the morphological and transcriptomic lev-
els should be reflected in the final end products of gene and protein expression. The
metabolome offers better visualization of the changes in the levels of many different
metabolites. In recent years, metabolomics has gained considerable attention as a tool for
acquiring better insight into the biological processes of organisms [82–85]. In an attempt
to analyse the changes in metabolite levels caused by rohitukine in A. thaliana, GC–MS-
based metabolomics was performed, in which amino acids, carbohydrates, other organic
acids, etc., were identified. Among amino acids, L-alanine, aspartic acid, L-threonine and
L-tyrosine were detected at higher concentrations in 0.5 mM and 1.0 mM rohitukine-treated
samples. Generally, aromatic amino acids, such as tyrosine, play important roles in the syn-
thesis of a wide range of secondary metabolites when plants encounter any external stress.
L-tyrosine and other aromatic amino acids act as precursors for the synthesis of phenyl-
propanoids, a major group of plant secondary metabolites whose function is to protect the
plant from abiotic stresses [86–88]. Many essential amino acids, such as valine, methion-
ine, alanine, and leucine, as well as non-essential amino acids, such as histidine, proline
cysteine, etc., have been reported to increase under abiotic and biotic stresses [89–91]. The
metabolic analysis also identified dose-dependent decreases in concentrations of some
sugars, including fructose, glucose, maltose, sucrose and galactose, in rohitukine-treated
A. thaliana samples as compared to controls. The maximum decreased level of sugars was
noticed with the1.0 mM rohitukine treatment. Disruption to photosynthesis and chloro-
phyll bleaching by rohitukine exposure in A. thaliana plants could be the reason for lesser
concentrations of sugars in treated samples. There are several studies that have shown the
negative impacts of extracts and pure compounds isolated from different plant species on
recipient plants in the form of decreased levels of carbohydrates [92–94]. The concentration
of myo-inositol was found to be slightly decreased upon rohitukine exposure. It has been
reported that Myo-inositol participates in cellular functions and metabolism in plants [95].
It also mediates ROS-induced cell death in the presence of salicylic acid and ethylene
towards stress tolerance [96]. Along with Myo-inositol, several other metabolites, such as
acetamide, diethylamine, penta siloxane and glycerol, were found to have decreased levels.
Indole-3-acetamide triggers stress responses in A. thaliana and participates in the crosstalk
of auxin and abscisic acid [97].

5. Conclusions

In conclusion, we found that rohitukine not only perturbs physiological mechanisms
in mammalian and yeast cells but also affects the growth parameters of A. thaliana by
triggering ROS generation and metabolic changes and interfering with photosynthetic
machinery. The inhibition of PSII activity combined with the upregulation of antioxidant
system genes is most likely the basis of its property as an allelochemical. The activity of
rohitukine inside A. thaliana tissues represents an example of a mechanism whereby active
medicinal compounds exert their influence on multiple targets instead of single sites of
action. The relative importance and the effectiveness of rohitukine perturbation inside the
model plant A. thaliana give us an idea of how similarly plant and animal cells respond
to the medicinally important molecule rohitukine. Moreover, the phytotoxic potential of
rohitukine may help in maintaining the ecological interactions of the parent plant.
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Abstract: The polyamine uptake transporter (Put), an important polyamines-related protein, is
involved in plant cell growth, developmental processes, and abiotic stimuli, but no research on
the Put family has been carried out in the tomato. Herein, eight tomato Put were identified and
scattered across four chromosomes, which were classified into three primary groups by phylogenetic
analysis. Protein domains and gene structural organization also showed a significant degree of
similarity, and the Put genes were significantly induced by various hormones and polyamines. Tissue-
specific expression analysis indicated that Put genes were expressed in all tissues of the tomato. The
majority of Put genes were induced by different abiotic stresses. Furthermore, Put2 transcription was
found to be responsive to salt stress, and overexpression of Put2 in yeast conferred salinity tolerance
and polyamine uptake. Moreover, overexpression of Put2 in tomatoes promoted salinity tolerance
accompanied by a decrease in the Na+/K+ ratio, restricting the generation of reactive oxygen and
increasing polyamine metabolism and catabolism, antioxidant enzyme activity (SOD, CAT, APX,
and POD), and nonenzymatic antioxidant activity (GSH/GSSG and ASA/DHA ratios, GABA, and
flavonoid content); loss of function of put2 produced opposite effects. These findings highlight that
Put2 plays a pivotal role in mediating polyamine synthesis and catabolism, and the antioxidant
capacity in tomatoes, providing a valuable gene for salinity tolerance in plants.

Keywords: polyamine uptake protein; Put2; antioxidants; reactive oxygen species; salt stress; tomato

1. Introduction

Polyamines, one of the organic polycations, are abundant in various plant organisms
and are involved in various cellular processes such as cell growth, nucleic acid stability, and
protein synthesis [1,2]. The most abundant polyamines in plant cells, diamine putrescine,
triamine spermidine, and tetraamine spermine, are strongly associated with plant responses
to biotic and abiotic cues [3,4]. Manipulation of putrescine, spermidine, and spermine
by chemical or genetic means is essential for many developmental processes [5,6]. The
crucial roles of polyamine synthesis and metabolism in response to numerous stresses have
been demonstrated by genetic manipulation [7]. Intracellular polyamine pools are critical
for the intermediary part of nitrogen metabolism, and also crosstalk with other metabolic
pathways, such as hormones, small molecule signals, and stress-response complexes [8,9].

Besides, increasing evidence indicates that the uptake of polyamine plays essential
functions in coordinating the response of plants to a variety of environmental stresses. A
salt-sensitive cultivar of rice supplied with putrescine in roots exhibited an increased grain
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yield [10]. The arginine decarboxylase (adc) mutant in Arabidopsis showed hypersensitivity to
low-temperature stress, but the tolerance was enhanced after being fed putrescine in adc
mutants [11]. These studies show that polyamine transport could be an important compo-
nent of diverse environmental protection. In Arabidopsis, methyl viologen 1 (At5g05630,
AtRMV1), a L-type amino acid transporter, was recently found to be a protein important
for paraquat (PQ) and uptake of polyamine [12]. The Arabidopsis mutant (AT1G31830,
pqr2/AtPut2) also encodes a polyamine transporter and negatively responds to ABA
signaling [13,14]. The protective influences of polyamine in opposition to PQ toxicity
are partly attributed to transport interactions between polyamines and PQ because both
have similar uptake characteristics. In addition, the paraquat resistant1 (pr1) mutant exhib-
ited inefficient absorption of PQ [13]. The put5 plants produced fewer flowers, flowered
earlier, and had smaller leaves than wild-type (WT) plants, while the OsPut1 or OsPut3
over-expression plants showed a buildup of spermidine and conjugated-spermidine in
leaves, larger leaves, more flowers, and a delay in the flowering time, which is implicated
in polyamine transport [15]. The rice OsPut1/2/3 mutant was created by CRISPR/Cas9
gene editing, and the OsPut1/2/3 mutant increases PQ tolerance without significant yield
loss [16]. Moreover, OsPut1-OsPut3 was shown to have a high affinity for spermidine
uptake through the substrate assay with a yeast polyamine uptake mutant (agp2Δ), and
AtPut1-AtPut3 has similar properties [17]. However, much less attention has been paid to
transport proteins in plants. To our knowledge, very little has been unraveled regarding
the tomato polyamine uptake protein (Put) family and their functions in abiotic stress.

The tomato is one of the world’s most significant cash crops and is sensitive to biotic
and abiotic pressures such as salt stress, low and high temperatures, and so on. These
unfavorable environmental factors seriously compromise tomato growth and yield. Under
stressful conditions, polyamine anabolism and catabolism have been found to have im-
portant roles involving a multitude of mechanisms [18]. For example, polyamine oxidase,
arginine decarboxylase, S-adenosylmethione synthetase, and spermine synthase act as
critical mediators in multiple stress conditions [19–23]. To date, it has been widely accepted
that polyamine acts as a crucial antioxidant in plants [24]. The increase of endogenous
polyamines levels saves cells by eliminating reactive oxygen species (ROS) and boosting
the antioxidant capacity in response to oxidative stress [25]. Nevertheless, the implications
of Put in response to environmental stresses remains elusive. In particular, the role of
Put in polyamine anabolism and catabolism, as well as in antioxidant activity, remains
largely unknown. In this study, by identifying and characterizing members of the Put
gene family in the tomato, a family known for polyamines uptake, we unraveled that Put2,
a candidate of the Put family, had a favorable function in salt tolerance via modulating
polyamine metabolism and antioxidants. This study sheds fresh light on the important
role of Put-mediated polyamine homeostasis in tomatoes, as well as its significance for
plant fitness.

2. Material and Methods

2.1. Indentation and Sequence Analysis of the Tomato Put Family

The protein sequence of tomato Put and Arabidopsis AtPut were downloaded from the
NCBI (http://www.ncbi.nlm.nih.gov/, accessed on 10 January 2022). The SGN database
(https://solgenomics.net/, accessed on 10 January 2022) was used to get the tomato (SL4.0)
reference genome sequence and annotations. We identified eight putative Put proteins
encoded in the tomato genome based on investigations of the Arabidopsis Put protein.
The eight Put genes in tomato were called by their chromosomal locations. Expasy, an
online software, was used to gather basic information for all Put proteins, including their
molecular weight (Mw) and isoelectric point (pI).

2.2. Alignment of the Protein Sequence and Phylogenetic Tree Construction

Using MEGA X, the protein sequences of Put in tomato, rice, and Arabidopsis were
aligned [26]. Poor alignment areas from all protein sequences were removed using the
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trimAl tool, and a phylogenetic tree was created using the maximum-likelihood (ML)
technique with the Poisson correction and 1000 bootstrap repetitions in IQ-TREE [27]. The
depiction of the phylogenetic tree was constructed by Evolview (www.evolgenius.info/,
accessed on 22 January 2022). A phylogenetic tree of the tomato Put protein was also built
independently. The Put protein sequences are provided in Supplemental data S1.

2.3. Analyses of Conserved Motifs, Conserved Domains, Cis-Acting Elements in Promoters, and
miRNA Prediction

The conserved motifs of the tomato Put proteins were performed by the MEME
tool (5.05) (http://meme.nbcr.net/meme/, accessed on 22 January 2022), and Pfam (http:
//pfam.xfam.org/, accessed on 22 January 2022) was used to predict the conserved domains
of the tomato Puts proteins. The promoter regions of Put were created using the 2.0 kb
genomic DNA sequence upstream of the translation start codon (ATG). PlantCare took
the cis elements from the Put promoter regions. In Supplemental data S2, the cis elements
are listed. The relevant data visualization was conducted using TBtools. According to the
targeted candidate, as described previously, the Put coding sequences were submitted to
the psRNATarget serve to predict the miRNAs (https://www.zhaolab.org/psRNATarget/,
accessed on 22 January 2022) [28]. The Puts protein’s transmembrane domains were
predicted using the TMHMM program [29].

2.4. Plant Material and Treatments

Three-week-old tomato (Solanum lycopersicum L. cv. Ailsa Craig) seedlings were
treated with different exogenous polyamines, hormones, and oxidative stress, or abiotic
stresses. Briefly, 2.0 mM Put, 1.0 mM Spd, or 2.0 mM Spm were sprayed over the seedlings;
for hormone treatments and oxidative stress, 100 μM ABA, 2 mM SA, 100 μM GA3,
40% ethylene (ETH), 100 μM paraquat, and water were also sprayed onto the tomato
plants, respectively. For RNA extraction, at 0, 30 min, 1, 3, 6, and 12 h, samples of leaves
were taken, accordingly. The control was the water treatment at 0 h.

We then investigated Put genes response to different abiotic stresses. Salt and drought
stress were initiated by irrigating the plants with 200 mM NaCl or 20% PEG6000 solution,
respectively. Tomato seedlings were subjected to 42 ◦C (high temperature), and 4 ◦C
(low temperature) for heat and cold stress, respectively. After, the treated samples were
respectively collected after 0, 30 min, 1, 3, 6, and 12 h; the samples at 0 h were used as
the control. In addition, tissues (root, stem, leaf, bud, flower, and fruit) were harvested
for investigation of tissue-specific expression. After each treatment, leaves from different
plants (three biological replicates) were quickly frozen in liquid nitrogen and kept at
−80 ◦C for further analysis.

2.5. Yeast Strain and Culture Conditions

The wild type (WT), G19 (Δena1–4), failure to mediate Na+ uptake; CY162, the K+

uptake-deficient, and a yeast strain impaired in spermidine uptake, agp2Δ (strains obtained
from open biosystems, http://www.openbiosystems.com/GeneExpression/Yeast/ORF/,
accessed on 10 May 2022), were used to describe the potential transporter. The yeasts were
grown in YPD media at 28 ◦C. The yeast cells were converted using lithium acetate. Put1-8
coding sequences were respectively cloned into the pYES2 expression vector.

Wild type-empty vector and agp2Δ-Put1-8 transformants were grown in yeast extract
peptone galactose (YPG) medium. Cell suspensions were serially diluted as OD600 of
0.6 for growth tests, and 5 μL aliquots were spotted onto YPG plates containing 25 mM
spermidine and 1.5 mM paraquat. After 3–4 days of incubation at 28 ◦C, the plates were
photographed. For polyamine transport assays, the yeast cells were harvested at the mid-
logarithmic phase, washed with ddH2O, and suspended in the YPG media at a dose of
108 cells/mL. One-hundred-microliter aliquots cells were transferred to the Eppendorf
tubes, and polyamine absorption was activated by the addition of Spermidine or Putrescine
at 25 μM concentrations. The absorption was inhibited by adding 1.5 mL of ice-cold uptake
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buffer with excessive spermidine content at selected times, filtered by a 0.45 μm membrane,
and washed with 2 mL ice-cold ddH2O (three times) to remove the exogenous polyamines.
Polyamine determination in vivo was performed by an Agilent high-performance liquid
chromatography 1200 series system (HPLC, Agilent Technologies, Santa Clara, CA, USA).
Polyamines were obtained from Sigma-Aldrich (St Louis, MO, USA).

For salt tolerance assays, the final pYES2-empty and pYES2-Put1-8 vectors cultured in
G19 and CY162 were performed on SD-U (Synthetic Dextrose Minimal Medium without
Uracil) medium, and then diluted until the OD600 value = 0.6. 5 μL. Aliquots were spotted
onto YPG plates containing 100 mM NaCl and 0.1 mM KCl, respectively, and incubated
at 28 ◦C. No treatment was added for the control. After 3–4 days of incubation, the plates
were photographed. For Na+ and K+ uptake treatment, the empty and positive yeast were
incubated to OD600 = 1.0, the supporting was discarded, and 50 mL ddH2O was used to
wash the yeast. The yeast cells were obtained by centrifugation, followed by starvation
treatment with AP liquid medium without K+ and Na+. After starvation treatment, the
yeast cells were obtained by centrifugation and treated as follows: inoculating the yeast with
an AP liquid medium including 200 μM NaCl and 200 μM KCl, respectively. Subsequently,
the liquids were put on a 28 ◦C shaker (220 r/min), and 4 mL of bacterial solution was
taken every 10 min, centrifuged, and the supernatant was collected for analysis of Na+ and
K+ contents. Three biological replicates were made. The primers for vector construction
are listed in Supplemental data S3 (Table S1).

2.6. Plasmid Construction and Plant Transformation

The Put2-overexpression vector (full-length coding sequence of Put2) was constructed
as previously described [30]. Gene loss-function of put2 lines was generated through
gene editing approaches. To generate the CRISPR/Cas9 vector, the two target sequences
for put2 were designed using the online software CRISPR-GE (http://skl.scau.edu.cn/
targetdesign/, accessed on 22 January 2022), which were inserted into two single guide
RNA (sgRNA) expression cassettes through overlap PCR, followed by cloning into the
pYLCRISPR/Cas9Pubi-H vector via Golden Gate ligation method [31]. The confirmed
pFGC1008-Put2-3HA vector and pYLCRISPR/Cas9Pubi-H-put2 binary vector were trans-
formed into Agrobacterium tumefaciens strain GV3101 by electroporation after transgenic
plants were generated with Agrobacterium-mediated cotyledon transformation of Solanum
lycopersicum cv. Ailsa Craig via a method previously described [32]. Two separate ho-
mozygous T2 lines from mutation and overexpression lines were confirmed with Sanger
sequencing and qRT-PCR. The put2 mutants and Put2-OE plants were used in this study.
The primers for vector construction are listed in Supplemental data S3 (Table S1).

2.7. Salt Treatment and Salt Tolerance Assays

The tomato seedlings (WT, put2 mutants, and Put2 overexpression lines) were used for
salt tolerance experiments. After seed germination and two cotyledons full expansion, the
seedlings were cultured in 250 cm3 plastic pots filled with a peat-vermiculite combination (2:1,
v:v). The seedlings were placed in a greenhouse at 28 ± 2 ◦C/20 ± 2 ◦C (day/night) under a
maximum photosynthetic photon flux density (PPFD) of approximately 1200 μmol m−2 s−1

and a relative humidity of 70–80%. They were watered daily using Hoagland nutrient solution.
Three-week-old WT and transgenic tomatoes of uniform size and health growth status were
selected and subjected to salt stress treatment. The seedlings were treated by watering the
plants with 200 mL of 200 mM NaCl every other day for salt stress. The control treatment
was replaced with an equal amount of water. The salt stress treatment lasted for 7 days, and
pictures were captured. The maximum quantum yield of PSII (Fv/Fm) was examined with
the Imaging-PAM system (IMAG-MAXI; Heinz Walz, Effeltrich, Germany), as previously
described by Zhong et al. [30]. The relative electrolyte leakage (REL%), Na+, and K+ analysis
was performed as described previously by Zhong et al. [30]. The plants were enclosed in
envelopes and placed in an oven at 105 ◦C for 30 min, and then the oven temperature was
adjusted to 75 ◦C to obtain a permanent dry weight (DW).
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2.8. Determination of Polyamine Content

The free polyamines content was analyzed by Agilent 1200 High-performance Liquid
Chromatography (HPLC, Agilent Technologies, Santa Clara, CA, USA), as previously de-
scribed in Zhong et al. [33] with slight modifications. Frozen plant tissue (leaves sample,
0.5 mg) was ground with liquid nitrogen, used 10:1 (v/w) of extraction buffer (5% cold aque-
ous perchloric acid (PCA), w/w). Samples were incubated for 1 h at 4 ◦C, then centrifuged
at 15,000× g for 10 min at 4 ◦C. Volumes of 200 μL of collected supernatant were mixed
with 15 μL benzoyl chloride and incubated for 1 h at 60 ◦C in darkness conditions. Four
milliliters of saturation NaCl solution was used to quench the reaction and diethyl ether
was added; 5 mL cold ethyl acetate was then added to extract polyamines. Then, organic
layers were evaporated to dryness, redissolved in 100 μL methanol, and filtered with a
0.45 μm pore nylon filter. A volume of 25 μL extraction solution was used to determine
the endogenous polyamines levels. The mobile phase was with 64% (v/v) methanol and
had a flow rate of 0.8 mL min−1. Putrescine, spermidine, spermine, and cadaverine (Sigma,
St. Louis, MO 63178, USA) were chosen as standard samples and treated similarly.

2.9. Determination of PAO Enzymatic Activities and H2O2 Content

Amine oxidase was determined as previously described by Su et al. [34] and
Urra et al. [9]. Leaf samples (0.5 g) were ground with liquid nitrogen, homogenized
2:1 (v/w) in 100 mM sodium phosphate buffer (pH 6.5), and centrifuged at 12,000× g for
20 min at 4 ◦C. One-hundred-microliters of the recovered supernatant was mixed with the
3 mL reaction mix, which contained 2.5 mL sodium phosphate buffer (100 mM, pH 6.5),
200 μL 15 mM 4-aminoantipyrine/0.2% (v/v) N, N-dimethylaniline, 100 μL 250 U ml−1

peroxidase, and 100 μL 20 mM putrescine as a substrate. The CuAOPut, PAOSpm, and
PAOSpd were determined using Putrescine, Spermine, and Spermidine as substrates, re-
spectively. A 0.01 value of the changes in absorbance at 555 nm was assayed to one activity
unit of the PAO enzyme after being incubated for 30 min at 22 ◦C. Control samples without
polyamines were used to calculate these activities. Leaf H2O2 content was determined
by specific detection kits according to the manufacturer’s instructions (Nanjing Jiancheng
Bioengineering Institute, Jiangsu, China).

2.10. Antioxidant Assay

To assess the antioxidant enzyme activity, 0.5 g leaf samples were homogenized with
3 mL ice-cold 50 mM phosphate buffer (pH 7.8), which contained of 2 mM L-ascorbic acid,
2% (w/v) PVPP, and 0.2 mM EDTA. Then, the homogenates were centrifuged for 20 min at
12,000× g, and supernatants were collected to determine the enzyme activity. The activities
of SOD, CAT, APX, and POD were assayed as previously described [30]. AsA/DHA and
GSH/GSSG were measured as described by Zhong et al. [35]. The GABA content was
determined by the Berthelot reaction with some modifications [36]. Leaf samples (0.5 g)
were ground with methanol, centrifuged at 6000× g for 15 min, and the supernatant was
discarded. The sediment was dissolved in 1.5 mL ddH2O and heated in a water bath
at 50 ◦C for 2 h, followed by centrifugation for 15 min at 7000× g. A volume of 1 mL
supernatant was mixed with 100 μL 2 mol L−1 AlCl3 and oscillated, and then centrifuged
for 10 min at 12,000× g. The supernatant was added with 300 μL KOH and incubated
for 5 min, then centrifuged at 12,000× g for 10 min. The GABA content was measured
according to the following procedure: 300 μL supernatant was mixed with the reaction
mix, composed of 500 μL 0.1 mol L−1 sodium tetraborate (pH 10.0), 400 μL 6% phenol, and
600 μL 5% sodium hypochlorite. The solution was boiled for 10 min and then placed in
an ice bath for 5 min. Finally, the absorbance at 645 nm was measured after shaking the
solution with 2 mL 60% ethyl alcohol. The assessment of the total flavonoid concentration
was determined by Zhishen et al. [37], with some modifications. Dried leaf samples (0.5 g)
were homogenized with 2 mL 80% ethanol, and then added 300 μL 20 mol L−1 NaNO2;
3 mL 1 mol L−1 AlCl3 was added after 5 min, and after 6 min, 2 mL 1 mol L−1 NaOH was
added and mixed well. Finally, the absorbance was measured at 510 nm.
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2.11. Analysis of Gene Expression

Total RNA was extracted with the RNAsimple Total RNA Kit (Tiangen, DP419) and
reverse transcribed with the HiScriptTM qRT SuperMix for qPCR (+gDNA wiper) kit
(Vazyme, Nanjing, China). The qPCR reaction was performed by the ABI VII7 real-time
PCR system (Applied Biosystems, Waltham, MA, USA). Actin was used as the tomato
reference gene. The qRT-PCR primers are listed in Supplemental data S3 (Table S2).

2.12. Statistics

The data are presented as the means ± SDs and were analyzed using SPSS 20 statistical
software. The experimental data were analyzed with Duncan’s multiple range test at p < 0.05.

3. Results

3.1. Identification of Tomato Put Family Genes

To analyze Put proteins, a query search against the tomato genome database was
accomplished using Arabidopsis and rice Put protein as the control search (Table 1). Eight
potential Put proteins with high sequence similarity to AtPut and OsPut were identified
and called Put1-8. They had CDs sizes ranging from 1077 bp (Put6) to 1605 bp (Put3), with
polypeptides of 359–535 amino acids. The theoretical isoelectric points (pI) of Put varied
from 5.41 (Put3) to 9.37 (Put8). The molecular weights (MW) of Put ranged from 40.28 (Put6)
to 58.8 (Put3) (Table 1). Additionally, all Puts were predicted to contain transmembrane
domains (Figure S1).

Table 1. Put gene identification and characterization in the tomato.

Gene Gene Code Chr Number Location on CHR CDS_Length AA_Length PI MW(KDa)

Put6 Solyc01g005920 chr1 611660-613377 1077 359 7.96 40.28
Put4 Solyc01g034080 chr1 33621254-33622666 1413 471 6.05 52.67
Put7 Solyc01g111800 chr1 90326196-90327818 1386 462 8.67 51.33
Put2 Solyc08g005540 chr8 411003-415969 1593 531 6.28 58.25
Put3 Solyc08g075710 chr8 57951470-57958170 1605 535 5.41 58.8
Put1 Solyc08g078100 chr8 60059627-60061033 1407 469 8.83 51.71
Put8 Solyc09g092420 chr9 67625291-67628225 1092 364 9.37 41.19
Put5 Solyc10g049640 chr10 45328007-45330412 1473 491 9.28 54.5

3.2. Analysis of the Phylogenetic, Chromosomal Distribution, Gene Structure, and Promoter
Sequences of Tomato Family Members

To better study the evolutionary relationships among the tomato Put protein sequences
and those of other plants, a phylogenetic tree was performed through the Neighbour-Joining
method. By comparing the protein sequences of the Put genes, three main groupings could
be distinguished. Two Put genes, Put4 and Put6, were included in Group I; Group II
only included Put5, and the remaining five genes (Put1, Put2, Put3, Put7, and Put8) were
classified into Group III (Figure 1A). According to their location, the chromosomal positions
of the Put genes were analyzed. Among these Put genes, three (Put4, Put6 and Put7) were
mapped to chromosome 1, and three (Put1, Put2 and Put3) were located on chromosome 8,
while Put5 and Put8 were located in chromosomes 9 and 10, respectively. These results
suggest an uneven distribution of these genes on chromosomes (Figure 1B).

To better analyze the evolutionary relationships in Put genes, the phylogenetic tree
was also constructed. Put1, Put2, and Put3 were observed to have a close evolutionary
relationship. A close evolutionary relationship was also found in Put7 and Put8, and Put4
and Put6, respectively. Interestingly, Put5 has a separate evolutionary branch. In addition,
their structural domains are highly conserved and contain the polyamine transport protein
PotE structural domain (Figure 1C). The Put family gene structure analysis was carried
out to learn more about their intron/exon structures. One intron was present in Put2
and Put5, two in Put3, while the other five (Put1, Put7, Put8, Put4, and Put6) were intron
deletion genes (Figure 1D). To investigate the feasible roles of Put family genes in different
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abiotic stress and developmental steps, we used the PlantCARE database to estimate the
presence of cis-acting elements in the promoter regions of the Put family. We obtained
cis-acting elements that are associated with stress, hormone, and light responsiveness.
Surprisingly, we only found five typical ethylene responsive motifs (ERE, GCC-box motifs)
in the promoter of Put2, but not in that of other Puts (Figure 1E).

Figure 1. The characteristics of Put genes in the tomato. (A) Phylogenetic relationships of Put
genes in Arabidopsis, rice, and tomato. (B) Gene distribution within the tomato chromosomes. The
chromosome numbers are indicated on the left, and the position marked in the chromosome indicates
the location of Put genes. (C) The protein motifs and phylogenetic trees in the Put famous members.
(D) Gene structure of the Put family members in tomatoes. (E) Cis element distribution of the
Put genes.

miRNAs are an important kind of non-coding signal strand RNAs of around
22 nucleotides that are encoded by genes in the organism and are closely involved in
the regulation of genes in answer to various life processes and stresses. A total of 29 miR-
NAs targeting the polyamine transporter genes in the tomato are listed in Table 2, including
three sly-miRNAs targeting Put1 (sly-miR390a-5p, sly-miR390b-5p, and sly-miR6022); sly-
miR6024 and sly-miR6026 targeting Put2; sly-miR6023 and sly-miR1916 targeting Put3;
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six sly-miRNAs targeting Put4 (sly-miR9479-3p, sly-miR6024, sly-miR171c, sly-miR171a,
sly-miR9472-5p, and sly-miR9478-3p); sly-miR164a-5p and sly-miR164b-5p targeting Put5;
Put6 was targeted by sly-miR1917; six sly-miRNAs targeting Put7 (sly-miR156a, sly-
miR156b, sly-miR156c, sly-miR390a-5p, sly-miR396a-3p, and sly-miR6023); and three
sly-miRNAs targeting Put8 (sly-miR156a, sly-miR156b, sly-miR156c, sly-miR319b, sly-
miR319c-3p, sly-miR396a-3p, and sly-miR6023) (Table 2).

Table 2. Prediction of miRNAs targeting the Put genes in tomato.

miRNA Target Expectation Target_Site miRNA_Aligned_Fragment Alignment Target_Aligned_Fragment Inhibition

sly-miR1917 Solyc01g005920 4 400–420 AUUAAUAAAGAGUGCUAAAGU ::::::::::.::: ::.: CCUUUAGCACUUUUUUCUAGU Cleavage
sly-miR9479-3p Solyc01g034080 3.5 180–201 GAGAAUGGUAGAGGGUCGGACC : :: ::..:.:.:::::::. UGGCCCACUUUUUGCCAUUCUU Cleavage

sly-miR6024 Solyc01g034080 4 721–742 UUUUAGCAAGAGUUGUUUUACC ::.: ::::.:: :::::. CCGAAGAGAACUUUUCCUAAAG Cleavage
sly-miR171c Solyc01g034080 4.5 775–795 UAUUGGUGCGGUUCAAUGAGA :.::: ::.: :::.:::. GGUUAUUUAAUCCCACUAAUG Cleavage
sly-miR171a Solyc01g034080 5 964–984 UGAUUGAGCCGUGCCAAUAUC : : ::.:.:::: :::.: CUUUUAGGUAUGGCUGAAUUA Cleavage

sly-miR9472-5p Solyc01g034080 5 1262–1282 UUUCAGUAGACGUUGUGAAUA .::.:.::.: :::.:: :: CGUUUAUAAUGGCUAUUGCAA Translation
sly-miR9478-3p Solyc01g034080 5 1125–1145 UUCGAUGACAUAUUUGAGCCU :.:.:..:::::. :.:.: UAGUUUAGGUAUGUUUUUGGA Cleavage

sly-miR156a Solyc01g111800 4.5 1089–1109 UUGACAGAAGAUAGAGAGCAC :.::::: ::.:::::: GGAAUUUCUAUGUUUUGUCAA Translation
sly-miR156b Solyc01g111800 4.5 1089–1109 UUGACAGAAGAUAGAGAGCAC :.::::: ::.:::::: GGAAUUUCUAUGUUUUGUCAA Translation
sly-miR156c Solyc01g111800 4.5 1089–1109 UUGACAGAAGAUAGAGAGCAC :.::::: ::.:::::: GGAAUUUCUAUGUUUUGUCAA Translation

sly-miR390a-5p Solyc01g111800 5 1017–1037 AAGCUCAGGAGGGAUAGCACC : ::::.::.. ::: ::.:: GCUGCUGUCUUGCCUUAGUUU Translation
sly-miR396a-3p Solyc01g111800 5 682–702 GUUCAAUAAAGCUGUGGGAAG ::::.: .:::::::: :: AUUCCUAAGGCUUUAUUCUAC Cleavage

sly-miR6023 Solyc01g111800 5 599–620 UUCCAUGAAAGAGUUUUUGGAU :::.::: :: ::::. ::::: AUCUAAAUACACUUUUUUGGAA Cleavage
sly-miR6024 Solyc08g005540 5 880–901 UUUUAGCAAGAGUUGUUUUACC ::.: :::::: :::::. CCGAAGAAAACUCUGCCUAAAG Cleavage
sly-miR6026 Solyc08g005540 5 1181–1202 UUCUUGGCUAGAGUUGUAUUGC ... ::: ::::::.:..:: AUGGAACACCUCUAGUCGGGAU Cleavage
sly-miR6023 Solyc08g075710 4 824–845 UUCCAUGAAAGAGUUUUUGGAU :::..:: :::::::. ::::: AUCUGAAUACUCUUUUCUGGAA Cleavage
sly-miR1916 Solyc08g075710 5 526–545 AUUUCACUUAGACACCUCAA ::: :: ::.::::.:.: AUGAAAUGGCUGAGUGGAGU Cleavage

sly-miR390a-5p Solyc08g078100 3.5 778–798 AAGCUCAGGAGGGAUAGCACC :: :::::.::::.::::: : GGAGCUAUUCCUCUUGAGCAU Cleavage
sly-miR390b-5p Solyc08g078100 3.5 778–798 AAGCUCAGGAGGGAUAGCGCC :: :::::.::::.::::: : GGAGCUAUUCCUCUUGAGCAU Cleavage

sly-miR6022 Solyc08g078100 5 518–538 UGGAAGGGAGAAUAUCCAGGA : ::: :::::.::::... UACUGUCAAUUCUUCCUUUUG Cleavage
sly-miR156a Solyc09g092420 3 945–965 UUGACAGAAGAUAGAGAGCAC :.::::::::.:::::: GGAAUUUCUAUCUUUUGUCAA Cleavage
sly-miR156b Solyc09g092420 3 945–965 UUGACAGAAGAUAGAGAGCAC :.::::::::.:::::: GGAAUUUCUAUCUUUUGUCAA Cleavage
sly-miR156c Solyc09g092420 3 945–965 UUGACAGAAGAUAGAGAGCAC :.::::::::.:::::: GGAAUUUCUAUCUUUUGUCAA Cleavage
sly-miR319b Solyc09g092420 5 1013–1033 UUGGACUGAAGGGAGCUCCCU ::: :. :::::::.::. UAGGAAGUUACUUCAGUUCAG Cleavage

sly-miR319c-3p Solyc09g092420 5 1013–1033 UUGGACUGAAGGGAGCUCCUU :::: :. :::::::.::. UAGGAAGUUACUUCAGUUCAG Cleavage
sly-miR396a-3p Solyc09g092420 5 538–558 GUUCAAUAAAGCUGUGGGAAG ::::.: .:::::::: :: AUUCCUAAGGCUUUAUUCUAC Cleavage

sly-miR6023 Solyc09g092420 5 455–476 UUCCAUGAAAGAGUUUUUGGAU :::.::: :: ::::. ::::: AUCUAAAUACACUUUUUUGGAA Cleavage
sly-miR164a-5p Solyc10g049640 5 1195–1215 UGGAGAAGCAGGGCACGUGCA ::.:: .:. ::::::..: GUCAUGUAUCUGGCUUCUUUA Translation
sly-miR164b-5p Solyc10g049640 5 1195–1215 UGGAGAAGCAGGGCACGUGCA ::.:: .:. ::::::..: GUCAUGUAUCUGGCUUCUUUA Translation

3.3. Responsiveness of Put Gene Expression under Hormone, Polyamine, and PQ Treatment

The hormones in the plant kingdom play crucial roles in plant growth and devel-
opment. Therefore, four different hormone-induced Put transcript-level changes were
analyzed. After ABA treatment, the expression of all Puts was induced at 30 min, while
that of Put2 and Put5 was induced after 6 h (Figure 2A). The expression of all Puts was
induced at 30 min after SA treatment, which were also upregulated in the later time points,
except for Put4 and Put6 (Figure 2A). In contrast, the transcripts of Put6, Put7, and Put8
were reduced initially following GA3 and ETH treatments, and ETH also reduced the
Put4 and Put5 expression, a GA3 induced both. Put2 and Put3 were reduced after GA3
treatment, and then induced after 6 h of treatment, Put1 was induced after GA3 and ETH
treatments (Figure 2A).

To examine the possible roles of Put genes in the tomato, transcripts of Puts after
three treatments with polyamines, including Spermidine, Putrescine, and Spermine, were
analyzed. Exogenous Spermidine treatment induced all Put genes, and Put2 was the
most obvious, followed by Put5 (Figure 2B). However, the expression of all Put genes
was reduced by Putrescine, and the reduction magnitude differed among them. After the
seedlings were treated with Spermine, all Put genes were upregulated, but reduced after
12 h treatment. Additionally, exogenous PQ treatment caused upregulation of all Put genes
similar to that of Spermidine treatment (Figure 2B).

3.4. Differential Expression of Put Genes during Abiotic Stress

Upon exposure to drought stress, the mRNA transcript of Put1–5 was rapidly induced,
and Put2 was the most significant, but other members were reduced (Figure 2C). Salinity
stress resulted in the downregulation of Put3, Put4, Put6, Put7, and Put8, and upregulation
of Put1, Put2, and Put5. Cold stress resulted in the most pronounced induction of Put4.
Furthermore, when the seedlings were submitted to heat stress, sustained and stable
upregulation of Put6 was observed, whereas two genes (Put7 and Put8) were reduced
post-treatment (Figure 2C).
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Figure 2. Expression patterns of Put genes in tomatoes under hormone, polyamine, paraquat,
or abiotic stress. (A) Heatmap representation of the responsiveness of Put genes after treatment
with ABA, SA, GA3, and ET. The scale (0 to 3) represents the expression level (from low to high).
(B) Heatmap representation of the responsiveness of Put genes after treatment with Spd, Put, Spm, and
PQ. The scale (0 to 3) represents the expression level (from low to high). (C) Heatmap representation
of the responsiveness of Put genes after drought, salt, cold, and heat treatment. The scale (0 to 3.5)
represents the expression level (from low to high). qRT-PCR was conducted after treatment, according
to the methods section. The expression of WT at 0 min in the different treatments was set to 1.

3.5. Expression Analysis of Put Genes in Different Tissues

To research the functions of the Put family of genes in the tomato, the expression pat-
terns of Put in various tissues (e.g., root, stem, leaf, bud, flower, and fruit) were performed
by qRT-PCR. As shown in Figure 3, the transcripts of Put2 and Put5 had high levels in the
leaves and roots, Put3 exhibited high levels of expression in the leaves and flowers, while
Put4 showed a high level of transcript expression in the roots and flowers. In addition,
all Put, except Put6, Put7 and Put8, were highly expressed in flowers. Subsequently, the
spatial expression pattern of Put2 and Put5 was analyzed by qRT-PCR in vegetative tissues
of WT plants with salt stress. Put2 and Put5 showed increased expression in organs of
plants under salt stress, with the highest level of Put2 transcripts in the leaves, and the
highest level of Put5 transcripts in the roots. After 7 days of salt treatment, the Put2 gene is
significantly more highly induced than Put5 in the leaves (Figure 3B,C).
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Figure 3. The expression profiles of the tomato Put family of genes in different tissues. (A) Heatmap
representation of the relative expression of Put genes in different tomato tissues. The scale (0 to 3)
represents the expression level (from low to high). (B,C) The spatial expression of Put2 and Put5
were performed by qRT-PCR in different organs of WT plants without NaCl (Control) and salt stress
(NaCl) (7 days salt treatment). The WT expression in the control condition was set to 1. The data in
B and C are presented as mean values ± SD; n = 3. Different letters indicate significant differences
between treatments (p < 0.05, Duncan’s multiple range test). Three independent experiments were
performed with similar results.

3.6. Functional Analysis of Put Genes in Yeast

To examine the potential function of these proteins in polyamine transport, cDNA
fragments containing the ORF were cloned and introduced into the yeast expression vector
pYES2, driving expression under the GAL1 promoter. High concentrations of polyamines or
paraquat are toxic to wild-type yeast strains, whereas mutant agp2Δ lacking the polyamine
uptake transporter protein impairs the sensitivity to the high concentration of polyamines.
The candidate positive polyamine transporter was introduced to the yeast mutant agp2Δ.
The expression of polyamine transporter proteins (Put1, Put3, Put6, and Put7) did not
affect the phenotype of the agp2Δ mutant, however, among the eight Put proteins, Put2
and Put5 transformants were more sensitive than other Put transformants under 25 mM
Spermidine conditions. The expression of Put2 or Put5 in the agp2Δ mutant conferred
sensitivity to 25 mM Spermidine (Figure 4A). In addition, transformants appeared sensitive
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to the polyamine’s analog PQ, showing that these proteins are also involved in the uptake
of PQ.

Figure 4. Comparison of polyamines, Na+, and K+ uptake among tomato Puts in yeast. (A) Functional
complementation of tomato Puts in the yeast mutant agp2Δ. agp2Δ-Puts vector strains were grown
overnight on SC medium supplemented with 2% galactose. Cell suspensions (the starting OD600 is 0.5)
were serially diluted as indicated and 3 μL of each were spotted onto YP-galactose plates containing
25 mM spermidine or 1.5 mM paraquat. Plates were photographed after 3–4 days of incubation
at 30 ◦C. The data are representative of one of three independent experiments. EV, empty vector.
(B) Time course uptake of Spermidine and Putrescine for 0, 10, 20, 30, 40, 50, and 60 min to determine
the intracellular amount of Spermidine or Putrescine. (C) Functional analysis of tomato Puts in the
yeast mutant G19 (Δena1–4) (does not mediate Na+ uptake) under NaCl treatment, and in the yeast
mutant CY162 (a K+ uptake-deficient mutant strain) under deficiency medium. Cell suspensions
(the starting OD600 is 0.5) were serially diluted as indicated and 3 μL of each were spotted onto
YP-galactose plates containing 100 mM NaCl or 1.5 mM KCl. Plates were photographed after
3–4 days of incubation at 30 ◦C. The data are representative of one of three independent experiments.
EV, empty vector. (D) Time course uptake of Na+ and K+ for 0, 10, 20, 30, 40, 50, and 60 min to
determine the external levels of Na+ or K+.

Further analysis of these genes in light of their competence to transport polyamine
was done by incubating with the liquid AP medium supplemented with either 15 μm
Spermidine or Putrescine. Transformants of these Put genes improved the ability to trans-
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port Spermidine or Putrescine than in those of the agp2Δ mutant. These transformants
possessed higher uptake of Spermidine or Putrescine relative to that mediated by the agp2Δ
mutant. The Put2- and Put5-transformants were effective for Spermidine and Putrescine,
respectively. The uptake ability was more pronounced for Put2 than for Put5 (Figure 4B).

The yeast mutant G19 (Δena1–4) (does not mediate Na+ uptake) and CY162 (K+ defi-
cient strain) strain were used to further disclose whether Put could transport Na+ or K+.
The growth status had a significant difference between G19 transformed with Put2 or Put5
than the G19 empty, Put5 had a better growth status, whilst other Put trans-yeast strains
were not significant different to the G19-empty vector under 100 mM NaCl treatment
(Figure 4C). Similarly, under 0.1 mM KCl, CY162 yeast transformed with Put2 or Put5 had
a better-growing status compared to the CY162-empty vector, while other Put trans-yeast
strains grew similarly to the CY162-empty vector, indicating that Put2 could transport K+,
and Put5 could transport Na+ and K+ (Figure 4C). Furthermore, the ion depletion assay
exhibited that K+ ions decreased significantly faster than Na+ inoculated into the liquid
AP medium with 200 μM NaCl + 200 μM KCl, confirming the role of Put2 in Na+ and K+

transport (Figure 4D).

3.7. Put2 Is a Positive Regulator Protein of Tomato Plant Salt Tolerance

We focused our present study on Put2, since Put2 was highly expressed in leaves after
7 days of salt stress. Furthermore, Put2 had the highest uptake ability of polyamines among
the eight Puts and overexpression of Put2 increased salt tolerance in yeast (Figures 3 and 4).
To further determine the role of Put2 in salt stress, as shown in Figure 5, we generated five
overexpression lines (named OE#1 to OE#5) and selected two lines (OE#1 and OE#2) for
further study after examining Put2 mRNA levels. Meanwhile, two lines of Put2 mutants
(put2#1 and put2#2) were generated by CRISPR/Cas9 technology, which induced frameshift
mutations. Next, we compared the salt tolerance of these tomato plants. In comparison
to WT plants, the Put2-OE#1 and Put2-OE#2 plants exhibited decreased sensitivity to
salt stress with less wilted leaves, higher Fv/Fm and dry weight, and lower REL after
a salt treatment for 7 days. Whereas put2 mutants displayed salt hypersensitivity with
lower Fv/Fm and higher REL than WT. These results suggest that Put2 positively regulates
salinity tolerance.

To explore whether Put2 responds to salinity stress through mediating the Na+ balance,
we further analyzed the Na+ and K+ contents in WT, put2 mutants, and Put2-OE plants
subjected to NaCl treatment. K+ and Na+ content did not differ significantly among the
genotypes examined under normal conditions. However, after treatment with 200 mM
NaCl for 7 days, in comparison to WT plants, the levels of Na+ in shoots parts of the put2
mutants were much higher, the K+ content was significantly lower in mutants, and so the
ratios of Na+/K+ were increased. Conversely, the contents of Na+ and the Na+/K+ ratio in
the Put2-OE plants were lower, and the levels of K+ were higher (Figure 5H).

The transcription levels of encoding salt response genes such as SOS1-3 and NHX1-3
were examined in the WT, put2 mutants, and Put2-OE plants using qRT-PCR. The mRNA
abundance of SOS1-3 and NHX1-3 in the mutants was lower than that in WT. On the
contrary, the transcript levels of these genes were significantly increased in Put2-OE plants.
These results demonstrated that Put2, as a positive regulator, is mediated by Na+/K+

homeostasis (Figure S2).

3.8. Put2 Improves Salt Tolerance by Facilitating Polyamines Synthesis

Previous studies reported that polyamines uptake proteins can facilitate polyamines
synthesis, at least in rosette leaves of Arabidopsis thaliana plants (Ahmed et al., 2017),
which enlightened us to next investigate the polyamine metabolites. In the polyamine
synthesis pathway, key representative molecules (Put, Spd, Spm, and Dap) are derived
from the amino acid Arg (Figure 6A). Significantly, there was a considerable increase in the
concentrations of Arg (the Put/Spd/Spm precursor), Spd, and Put in the leaves of Put2-OE
plants, but the content in the put2 mutants were lower than those of WT plants in the

92



Antioxidants 2023, 12, 228

absence of salt stress. When exposed to the salt treatment, the endogenous content of Arg,
Spd, and Put increased significantly in Put2-OE plants than that of WT and put2 mutants,
whereas the levels of these polyamines in Put2-OE plants were still considerably higher
than those in the WT plants (Figure 6B–D). Additionally, the Spm and Dap content showed
no significant differences among the WT, put2 mutants, and Put2-OE lines (Figure 6E,F).

Figure 5. Put2 positively regulates salt tolerance. (A) Genotyping of mutations in put2#1 and put2#2.
Red letters indicate the target sites, ‘-’ represent sequence deletion, and blue letters represent the
protospacer adjacent motif (PAM). (B) qRT-PCR analysis of Put2 transcript levels in WT and Put2
OE (1#, 2#, 3#, 4# and 5#). (C) Phenotypes of WT, put2 mutants, or Put2 OE lines after exposure
with or without salt stress for 7 days. (D) Fv/Fm in WT, put2 mutants, or Put2 OE lines leaves after
exposure with or without salt stress for 7 days. The false-color code depicted at the bottom of image
range from 0 (black) to 1.0 (purple), showing the level of damage in the leaves. (E) Quantitative
analysis of Fv/Fm as shown in (D). (F) The relative electrolyte leakage and (G) dry weight in WT, put2
mutants, or Put2 OE lines after exposure with or without salt stress for 7 days. (H) Ion content and
Na+/K+ ratio in shoots of WT, put2 mutants, or Put2 OE lines after exposure with or without salt
stress for 7 days. Data are presented as mean values ± SD; n = 3. Different letters indicate significant
differences between treatments (p < 0.05, Duncan’s multiple range test). At least three independent
experiments were performed.
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Figure 6. The role of Put2 in the regulation of polyamine metabolism and H2O2 content. (A) Simpli-
fied scheme of polyamine biosynthesis relevant to this study in plants; Arg, arginine, ADC, arginine
decarboxylase, Put, putrescine, Spds, spermidine synthase, Spd, spermidine, Spms, spermine syn-
thase, Spm, spermine, PAO, polyamine oxidase, Dap, 1,3-diaminopropane. (B) The Arg content in WT,
put2 mutants, or Put2 OE lines with or without salt stress for 7 days. The content of the polyamines
Spd (C), Put (D), Spm (E), and Dap (F) in WT, put2 mutants, or Put2 OE lines with or without salt
stress for 7 days. The Put-dependent CuAO (G), Spd-dependent PAO (H), and Spm-dependent PAO
(I) enzymatic activity in WT, put2 mutants, or Put2 OE lines with or without salt stress for 7 days.
(J) The H2O2 content in WT, put2 mutants, or Put2 OE lines with or without salt stress for 7 days.
Data are presented as mean values ± SD; n = 3. Different letters indicate significant differences
between treatments (p < 0.05, Duncan’s multiple range test). At least three independent experiments
were performed.
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In leaves, knockout or gain of function of Put2 did not influence the Put-dependent
PAO and Spm-dependent PAO activity in the absence or presence of salt treatment
(Figure 6G,H). By contrast, Put2-OE plants showed an increase in Spd-dependent PAO
activity, whereas put2 mutants exhibited a decrease in this activity, relative to WT plants
under normal conditions. During salinity stress, there were no significant changes in the
activity of Spd-dependent PAO between WT, put2 mutants, and Put2-OE lines (Figure 6I).
Since H2O2 is one of the PAO reaction products, the levels of H2O2 were measured. The
leaves of Put2-OE plants showed an evident increase in H2O2 content in the absence of
salt stress, whereas the largest rise was shown in put2 mutants in the presence of 200 mM
NaCl (Figure 6J), proving that put2 mutants experience more severe oxidative damage
from salt stress than WT and Put2-OE plants. Thus, it is possible that Put2-induced H2O2
production is closely associated with PAOs under normal conditions. On the other hand,
Put2 contributes to the decrease of H2O2 content under salt conditions, which declined
oxidative damage and enhanced salt tolerance. These results demonstrate that Put2 is
required for some polyamines metabolism intermediates (including Arg, Spd, and Put), as
well as the enzyme (PAO).

3.9. Put2 Decreases ROS Levels under Salinity Stress

The production of ROS is known to be increased under stress conditions, and H2O2
is the most stable ROS. To determine whether Put2 reduces ROS accumulation through
antioxidant enzyme and non-enzymatic compound regulation under salinity stress, the
following relevant indicators were detected. During salt stress, the level of H2O2 and MDA,
two indicators of oxidative damage during salt stress, were significantly lower in Put2-OE
plants than in WT; increases in H2O2 and MDA content were detected in put2 mutants
(Figures 6J and 7A). Subsequently, antioxidant enzymes, including SOD, CAT, APX, and
POD, are in the midst of the primary enzyme defense against ROS. The activities of SOD,
CAT, APX, and POD were more pronounced in Put2-OE than in WT. In contrast, put2
mutants showed lower antioxidant enzyme activity than WT (Figure 7), which is consistent
with lower levels of H2O2 and MDA in Put2-OE than in WT and put2 mutants. These
results indicate that Put2 improves salinity tolerance by reducing oxidative damage.

To confirm whether the Put2-mediated ROS decrease is regulated by non-enzyme com-
pounds, we determined the effects of glutathione redox homeostasis, GABA, and flavonoid
contents in put2 mutants and Put2-OE plants, which however, revealed no difference from
the WT under normal conditions, except for GABA. The GABA content in put2 mutants
was significantly lower than that of WT and Put2-OE plants before salt treatment. Overex-
pression of Put2 also considerably elevated the AsA/DHA and GSH/GSSG ratios, as well
as the content of GABA and flavonoid, while knockout of put2 compromised the increase
in these parameters compared to that in the WT under salinity conditions (Figure 8).

3.10. Put2 Triggers Upregulation of Polyamine Synthesis and Is Related to Detoxification
Gene Expression

To investigate the transcriptional regulation of polyamine synthesis and detoxification
by Put2, we examined the transcript levels of 27 genes involved in polyamine synthesis, ROS
detoxification, and GABA synthesis by qRT-PCR in leaves under normal or salinity conditions.
qRT-PCR analysis of polyamine synthesis genes in put2#1 mutant and Put2-OE#1 plants
revealed that the set genes of encoding polyamine synthesis (including ADC1, ADC2, SPDS1,
SPDS2, SPMS1, SPMS2, PAO1, PAO3, and PAO5) were upregulated in Put2-OE#1 plants; in
contrast, they were downregulated in put2#1 mutants Furthermore, salinity treatment caused
relative increases in the expression of polyamine synthesis genes only in WT and Put2-OE#1
plants (column 3 vs. column 1, and column 5 vs. column 3), while they decreased in put2#1
mutants (column 4 vs. column 3). Collectively, the analysis of differentially expressed genes
also suggests that the modifications in gene expression in response to the stress conditions
are more intense in the Put2-OE#1 plant. Additionally, we noticed an interesting finding with
the greatest upregulation of the PAO5 gene in the five PAOs genes in the Put2-OE#1 plant
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under normal conditions, which may be a mechanism for the relatively higher PAO activity
and levels of H2O2 in Put2 OE plants (Figures 6J and 8).

Figure 7. Put2 enhances salt tolerance via positively regulating ROS-scavenging enzyme activity
and nonenzymatic antioxidant process. The MDA content (A), SOD (B), CAT (C), APX (D), and
POD (E) activity in WT, put2 mutants, or Put2 OE lines with or without salt stress for 7 days. (F) The ratio
of ascorbic acid (AsA) to dehydroascorbate (DHA), (G) the ratio of glutathione (GSH) and glutathione
disulfide (GSSG), (H) the gamma-aminobutyric acid (GABA), and (I) the total flavonoids in WT, put2
mutants, or Put2 OE lines with or without salt stress for 7 days. Data are presented as mean values ± SD;
n = 3. Different letters indicate significant differences between treatments (p < 0.05, Duncan’s multiple
range test). At least three independent experiments were performed.
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Figure 8. Put2 positively mediates the expression of polyamine synthesis and antioxidant enzyme-
encoding genes. Heatmap of polyamine synthesis and antioxidant enzyme-encoding genes. Levels
were differentially modified in put2 vs. WT plants, and Put2 OE vs. WT plants under normal
conditions or salinity stress. Log2 fold changes (relative to expression levels in sample of WT plants
under control treatment) are shown with a color scale. A chart on the right side of the heatmap shows
log2 fold change of expression levels in put2 (mutant) compared to those in WT plants before salt
treatment (column 1), log2 fold change of expression levels in Put2 OE (overexpression) compared to
those in WT plants before salt treatment (column 2), log2 fold change caused by salinity treatment in
WT plants (column 3), and log2 fold change caused by salinity treatment in put2 (column 4) or Put2
OE (column 5). Statistically significant differences are indicated in bold font (p < 0.05).

Similarly, the transcriptional levels of ROS detoxification-related genes, including
Cu/Zn-SOD, MDAR, DHAR, APX, GR, CAT1, POD, and GPX, were further upregulated in
the Put2-OE#1 plant compared with WT plants after the salinity treatment. By contrast, the
induction of ROS detoxification-related genes in response to salt stress was compromised
in put2 mutants; increased ROS-scavenging capacity failed in the put2#1 mutant (Figure 8).
In addition, the expression of GAD1, GAD2, and GAD3, encoding glutamate decarboxylase,
likely the key enzyme for GABA biosynthesis in the tomato, was induced in the Put2-
OE#1 plant before salt treatment. Accordingly, the transcript levels of GADs were further
enhanced after salt treatment in the Put2-OE#1 plant. Notably, increases in the expression
of GADs in response to salt stress were suppressed in the put2#1 mutant. The enhanced
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GADs transcripts and GABA content was observed in the WT and Put2-OE plants but not
in the put2 mutants after salt stress (Figures 7 and 8). Thus, the results indicate that Put2
participates in enhanced salt tolerance by mediating the ROS-scavenging capacity.

4. Discussion

Polyamines, which are small polycationic molecular regulators and signaling molecules,
not only orchestrate fundamental growth and development in plants, but also induce a
series of stress cascades [38]. Polyamines are involved in various pathways in plants and
lessen the lethal effects of abiotic stresses by regulating transcription factors, hormonal
responses, antioxidant enzymes, and the activation of signaling cascades [39,40]. Polyamine
biosynthesis and degradation play important roles in various abiotic stress tolerance path-
ways and are closely associated with coping with ROS production [41]. The polyamine
transporter belongs to the mammalian L-type amino acid transporter family, like polyamine
synthesis and metabolism protein, which plays a critical role in plant growth, develop-
ment, and the stress responses [42]. Though Put has been analyzed in Arabidopsis, rice,
and the sweet orange, the effects of Put on abiotic stresses in the tomato have not been
reported [43,44]. Here, we looked at the physiological and molecular function mechanisms
of Put in the resistance to abiotic stress in the tomato. Eight Put proteins in the tomato
were identified and characterized at the complete genome level through alignment with
Arabidopsis Put proteins. Then, extensive analyses on the tomato Put proteins, including
phylogenetic development, gene and protein structure, physiochemical characteristics,
motifs, miRNAs, and cis elements, and their substrates were performed; and the effects
of Puts on abiotic stress tolerance was evaluated in yeast and tomatoes. Furthermore,
we demonstrated the importance of the Put2 mediation of polyamine metabolism and
antioxidant capacity, and that overexpression of Put2 increased polyamines to influence the
homeostasis of antioxidant capacity, showing that Put2 was a positive regulator for salinity
stress in tomatoes. These findings enlarge the comprehension of Put family members,
which may be employed in breeding for genetic modification and the development of
abiotic stress tolerant crops.

4.1. Identification of Tomato Put Family

The tomato Put proteins were divided into four groups, which have a high similarity
to those in rice and Arabidopsis (Figure 1). Differences among these proteins are probably
due to environmental impacts, and analysis of the structure and motif in these genes
indicated that Put genes disclosed a close exon-intron and motif structure, showing that a
closer evolutionary pattern in these genes and diverse functional relationships also exist
among the other group members (Figure 1). Interestingly, protein analysis indicated that
the PotE (Putrescine-ornithine antiporter) motif is highly conserved, suggesting that it may
be involved in amino acid and polyamine transport (Figure 1C) [45,46]. A series of cis
elements is a specific sequence at the promoter region of a given gene, which is involved in
the expression of protein-coding transcripts and is mediated by transcriptional regulation
and small RNAs. Repression and activation of gene expression by binding with these cis
elements are a general means of modulating various life processes [47]. Plant miRNAs have
a function in regulating related genes that are involved in response to abiotic stresses [48].
miR390 was strongly induced after exposure to salinity during lateral root formation in
poplar and positively regulated auxin signaling subjected to salt stress [49]. miR6024
negatively mediates the resistance genes and defense system, facilitates disease by the
necrotrophic pathogen A. solani, and perturbs immunity in the tomato [50]. The module of
miR164a-NAM3 affords cold resistance by increasing ethylene production in the tomato [51].
Tomato Put was targeted by miRNAs including miR390, miR6024, and miR164a, which
might be associated with various stress responses (Table 2). We also discovered several
types of conserved cis-regulatory elements in the promoter regions of Put; these cis elements
are associated with transcriptional regulation of the core gene network, and of plant growth
and development [52]. The Put genes of the tomato contain various cis elements including
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stress, hormone, light, auxin, GA, ABA, and methyl jasmonate (MeJA) responsive elements
(Figure 1E). The presence of numerous abiotic stress-specific cis-regulatory motifs and
hormonal cis elements implicate these genes stimulating the hormone signaling pathways
and providing stress tolerance in the tomato [47]. Of note, the cis elements activate their
downstream genes after binding to specific transcription factors, playing an important
amplifier role during various abiotic/biotic stresses. Meanwhile, we also speculate that Put
is involved in salinity stress since these cis-regulatory elements are also closely implicated
in salinity tolerance [53].

4.2. Expression Profiles of the Put Gene Family after Treatment with Various Hormones,
Polyamines, and Abiotic Stresses, in Different Tissues

A gene expression profile can provide critical symbols for its biological functions. Here,
we examined the expression pattern of the Put genes via qRT-PCR under treatment with
exogenous hormones and polyamines, as well as abiotic stress conditions. We observed
the Put genes appeared to be upregulated in ABA treatment. On the other hand, all Put
genes, except for Put7, were induced by SA. Put6, Put7, and Put8 were inhibited initially
after GA3 treatment. The expression of five Put (Put4, Put5, Put6, Put7, and Put8) genes
were downregulated, and the other Put (Put1, Put2 and Put3) genes were induced in leaves
at 3 and 6 h of ET treatment. Similarly, the critical role of growth factors and hormones
in increasing polyamine transport rates in mammalian cells has been demonstrated [54].
Together with the presence of hormone-responsive cis elements and altered transcripts
levels after hormone treatment, this implies that Put may have a crucial role in the hormone
regulatory pathway. Furthermore, the differential expression profiling of Put in response to
polyamine treatment was evaluated. All Put genes are involved in exogenous polyamines
treatment; the Puts exhibited varied patterns in response to the same polyamine. For
instance, Put2 and Put5 were dramatically upregulated, while the other genes were slightly
induced after spermidine treatment. However, putrescine resulted in suppression of these
Put genes. Additionally, spermine led to the upregulation of Puts, especially Put2 and Put5.
On the other hand, the qRT-PCR analysis revealed pronounced effects of the spermidine and
spermine-induced Put gene expression (Figure 2B). Since polyamines are used as substrates
required for the polyamine uptake proteins [43], the different polyamine responses may
involve the substrate specificity of polyamine transport and homeostasis. In fact, rice Put1 is
a specific and high-affinity spermidine uptake transporter involved in polyamines uptake,
leading to the accumulation of polyamines in yeast [55]. The lower affinity of Put may be
the reason for its higher proportion in the free state. Therefore, spermidine, spermine, and
putrescine, may severe as Put substrates. Interestingly, after salt and drought stress, Put2
and Put5 were significantly induced compared with the others. However, their expression
was significantly inhibited under cold and heat temperature stress (Figure 2C). Altogether,
these results indicate that Put genes are potentially involved in hormone and polyamine
induction, as well as in response to salinity stress.

The Put genes exhibited a divergent expression pattern in different tissues. Put2
and Put5 displayed the highest expression in leaves and roots, and all genes had high
expression in flowers and fruit (Figure 3A). Similarly, the Put family appears to have a
distinct tissue expression profile in Arabidopsis and Citrus sinensis [43,44], and a divergent
pattern of intracellular localization [13], which implied specialization in a spatial manner.
Furthermore, Put2 was more significantly induced by salt stress than Put5 in leaves and
roots, indicating that the functional role of Put2 related to salt stress may be important. In
the tomato, the functional role of Put2 in abiotic stress tolerance remains largely unknown.

4.3. Put2 Contributes to Polyamins Biosynthesis and Catabolism Associated with Salt Tolerance

Although our results above have shown that Put is involved in abiotic stress, its
function is yet to be understood, especially regarding polyamine transport and salt stress.
Previous studies have shown that yeast is an excellent heterologous expression system to
study the function of genes in polyamine transport and salt stress [43]. Here, we used the
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yeast model to preliminarily investigate their function in polyamine uptake and salt stress
tolerance (Figure 4). The results showed that transformants of agp2Δ mutants expressing
Put2 and Put5 had higher sensitivity to spermidine and paraquat, indicating that both func-
tion as an importer. Here, we also showed that the yeast agp2Δ cells’ capacity to transport
paraquat may be compensated by Put2 and Put5 (Figure 4A), since paraquat is transported
by the polyamine transport system [12]. A time course absorption experiment directly
provided evidence that Put2 and Put5 encoded a transporter that can regulate polyamines
import, with high activity of polyamine uptake for Put2 (Figure 4B). Furthermore, overex-
pression of Put2 increased salt tolerance in yeast, hampered the influx of Na+, and enhanced
K+ uptake (Figure 4C,D). Indeed, polyamine transporters have recently been linked to
the regulation of salt stress through promoting Na+ efflux and K+ channels [56]. Thus,
combining the previous results in this article (Figures 2–4), we speculate that the induction
of Put2 expression by salt may be regulating the polyamines and Na+/K+ homeostasis to
alleviate salt damage.

To further validate the function of Put2, the put2 mutants and overexpression lines
were generated (Figure 5A,B). Our results showed that put2 mutants were more shriv-
eled than WT plants under salinity stress, whereas overexpression elevated salt tolerance
(Figure 5C). Likewise, Put2-OE plants displayed increased levels of Fv/Fm and dry weight,
and reduced levels of relative electrolyte, which agrees with an increase in salt tolerance
and a decrease in Na+ content and the Na+/K+ ratio (Figure 5D–H). Similarly, Put3 is
critical for Na+ and K+ homeostasis by physically interacting with SOS1 and SOS2, forming
a complex with SOS2 under stress conditions [56]. As such, the induction of SOS1-3 and
NHX1-3 in Put2-OE plants could also synergistically activate the SOS1 and SOS2 (Figure S2).
Thus, subsequent increases in the Put2 activity would enhance salt tolerance by activating
the Na+/H+ exchange activity.

Polyamines, an important regulator in the plant kingdom, are necessary for plant growth,
development, and the stress response. The dynamic balance of polyamines in the plant is
stringently regulated by polyamine synthesis, degradation, and transport [57,58]. The latter
was previously involved in subcellular polyamine transport through the complementation
experiment in yeast [55], and the transport of paraquat in Arabidopsis [12]. While the implica-
tion of Put2 in polyamine biosynthesis and catabolism was not noted. Here, under control
conditions, overexpression of Put2 increases the endogenous Arg, Spd, and Put content, which
failed to increase in put2 mutants. Upon salt stress, meanwhile, the polyamine content in WT
plants performed much better than put2 mutants, and Put2-OE plants were better than the WT
(Figure 6A–D). NaCl supply treatment also increased the activation of polyamine synthesis-
related genes more clearly in Put2-OE plants (Figure 8), demonstrating the important function
of Put2 in the polyamine biosynthesis process. On the other hand, considering polyamine
catabolism, the higher activity of PAOspd confirmed the acceleration of polyamine catabolic
reactions in Put2-OE plants (Figure 6I), and evidenced that Put2 positively regulates PAO
activity. In addition, two main sources of ROS were indicated to exist in plants, including
NADPH oxidases and polyamines catabolism by PAO activity [8,59]. In put2 leaves, H2O2 was
lowered with respect to WT plants under normal conditions; however, an upregulation was
observed in Put2-OE plants, and likewise PAO activity and PAO gene expression were altered
(Figures 6J and 8), further demonstrating that Put2 attributes to PAO activity. Accordingly,
enhancement of PAO activity has been shown to alleviate salinity damage and increase the
polyamines and H2O2 content [60,61]. Therefore, Put2 may contribute to governing polyamine
biosynthesis and catabolism. However, we cannot completely rule out other possibilities,
for example, Put2 may be capable of regulating the long-distance and appropriate tissue
distribution of polyamines [62].

4.4. Put2-Mediated Antioxidant Capacity Establishes Suitable ROS Levels under Salt Stress

PAO activity has been reported to contribute to an increase in salt tolerance through
the production of H2O2 [63]. However, Put2-OE plants treated with NaCl showed that the
increase in H2O2 content was lower than in WT plants. Furthermore, the H2O2 content
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increased considerably in put2 mutants accompanied by serious salt stress injury, which
correlated inversely with the activities of PAO (Figure 6J). Thus, PAO-induced H2O2 pro-
duction was stunted under salt conditions in Put2-OE plants; therefore, another mechanism
to eliminate H2O2 must exist. Indeed, plants exposed to salt stress generate a super-excess
of ROS, which is highly toxic and can overwhelm the PAO-induced H2O2, ultimately
damaging cellular activity and leading to plant death [8]. In the current study, Put2-OE
plants exhibited obviously increased activities of antioxidant enzymes after salt treatment.
Additionally, the ASA-GSH cycle was also activated by overexpression of Put2, which
could be another exploration for Put2 enhanced salt tolerance, as the enzymatic system
and scavenging procedure could be activated in Put2-OE plants (Figures 7 and 8). These
findings indicate that Put2 functions as an important regulator linking polyamines and
ROS, and affects both the production and elimination of ROS. The results coincided with a
previous study showing that Put2 promoted phyA-mediated germination by sensing seed
oxidation and protecting the decaying seed from oxidative damage [64]. Therefore, there
is strong evidence that Put2 increased salt tolerance probably by promoting antioxidants
in plants. A similar report has been conducted showing that CsPUT4 can protect against
cold stress by modulating polyamine homeostasis and turning on the antioxidant enzyme
defense system in the sweet orange [44]. Meanwhile, GABA and flavonoids, as free radical
scavengers, have been exhibited to alleviate salinity damage and heat damage by inducing
polyamine enhancement [65,66], which are increased in Put2-OE plants under salinity
stress; this further demonstrates positive feedback regulation by Put2.

5. Conclusions

In this work, eight Put family proteins were found in the tomato, and their chromoso-
mal location, structure, phylogenetic tree, and physiochemical properties were investigated.
Furthermore, molecular characterization was performed in yeast to understand their in-
volvement in polyamine uptake and salt stress tolerance. Additionally, the cis elements in
the promoter, miRNAs targeting Put, and the expression profiles of Put genes in different
tissues and their responses to exogenous hormones and polyamines, as well as abiotic
stress, were analyzed, proving they may play a vital function in abiotic stress, growth,
and development. Furthermore, we show the role of Put2, which, to our knowledge, is
the first polyamine uptake protein characterized in the tomato shown to play a role in
salinity tolerance. Firstly, in yeast, Put2 was highly tolerant to salt stress, as indicated by
less Na+ invasion and K+ efflux, which also could be attributable to an enhancement in the
absorption of polyamines. Importantly, overexpression of Put2 in the tomato decreased
salinity sensitivity, evidenced by enhanced polyamine biosynthesis and catabolism and
maintained Na+/K+ homeostasis, in addition to activated ROS-scavenging enzyme activi-
ties and nonenzymatic antioxidant process. These findings shed light on Put2-regulated
salinity tolerance in the tomato. Here, we provide comprehensive deciphering of the mech-
anisms of Put2 for enhancing salt tolerance and some valuable evidence for interpreting
the potential functions of tomato Put genes in abiotic stress tolerance.

Clearly, further studies are required to understand the precise function of Put and
the upstream and downstream targets of the individual Puts. Generating loss- and gain-
of-function mutations and characterizing their roles will provide useful tools, generating
new evidence and new findings.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox12020228/s1, Figure S1. Cartoon of the predicted topology
of tomato Put proteins. Transmembrane domains are indicated as blue rectangle. Figure S2. Relative
transcript levels of SOS1, SOS2 and SOS3 (A), NHX1, NHX2 and NHX3 (B) gene expression in
WT, put2 mutants, or Put2 OE lines after exposure with or without salt stress for 7 days. Data are
presented as mean values ± SD; n = 3. Different letters indicate significant differences between
treatments (p < 0.05, Duncan’s multiple range test). At least three independent experiments were
performed. Figure S3. The MDA content in WT, put2 mutants, or Put2 OE lines after exposure with
or without salt stress for 7 days. Data are presented as mean values ± SD; n = 3. Different letters
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indicate significant differences between treatments (p < 0.05, Duncan’s multiple range test). At least
three independent experiments were performed. Supplemental data S1. The protein sequences of
Put in Arabidopsis, rice and tomato, respectively. Supplemental data S2. The Put genes Cis-element
distribution. Supplemental data S3. Primers used in this study.
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Abstract: Depending on duration and magnitude, abiotic stresses interfere with plant metabolic
processes and may severely impact developmental and qualitative attributes. In this study, in
addition to characterizing three different cultivars of basil (‘Anise’, ‘Cinnamon’, and ‘Lemon’) grown
under hydroponics, we appraised the impact of NaCl salt stress (60 mM) on morphophysiological
and nutraceutical properties of the basil crop. Salt stress significantly reduced fresh yield (51.54%,
on average) and photosynthetic parameters (ACO2, E, and gs) in all cultivars by raising tissue
concentrations of Na+ and Cl−. In addition to reducing the concentration of nitrate (77.21%), NaCl
salt stress increased the concentrations of key bioactive molecules, notably carotenoids (lutein and
β-carotene), phenolic acids, and flavonoid derivatives, thus resulting in a higher antioxidant activity
of salt-treated basil plants compared to the untreated ones. Analysis by UHPLC revealed that cichoric
acid was the most abundant polyphenolic compound in all basil cultivars, with the highest values
recorded in ‘Cinnamon’.

Keywords: antioxidant capacity; bioactive molecules; carotenoids; flavonoids; osmotic stress;
phenolic acids; secondary metabolites

1. Introduction

The world population has peaked at eight billion people, and recent estimates project
an increase of more than two billion people by 2050. In the coming decades, the imperative
for community policies will be to ensure food security, a daunting challenge when we con-
sider that it is mainly dependent on agricultural production [1]. Currently, the agricultural
sector is managing to bridge the gap between demand and production, but demographic
growth will put further pressure on the entire sector. As if that were not enough, changing
climate scenarios have thrown even more fuel on the fire, endangering the food supply for
future generations.

The increase in the frequency and intensity of drought has led to an increase in deser-
tification with consequent soil salinization, a concern that should not be underestimated
considering that horticultural crops are widespread in regions with high levels of water
salinity [2–4]. In an era of climate change, salinity is undoubtedly a constraining factor in
agricultural cultivation [5]. More than 20% of irrigated agricultural soils have high levels
of salinity, resulting from the natural erosive process (i.e., primary salinity) but mainly
from anthropogenic activities (i.e., secondary salinity) such as intensifying agricultural
practices, deforestation, and irrigation, promoting seawater infiltration [6]. If not remedied,
negative salinity impacts will affect 50% of the world’s agricultural land by 2050. NaCl
salinity causes a rapid osmotic effect that has drastic consequences on plant water and
nutrient availability, photosynthetic and transpiration rates, stomatal regulation and control
mechanisms, and root functional activities [7–11]. If the stress continues, morphological
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and physiological changes could occur, leading to reduced yields. Taking into account
the long-term economic unsustainability of water and soil desalination processes and the
low availability of salt-tolerant genotypes, finding an appropriate use for salinized areas is
one of the biggest challenges. One possible solution could be to allocate such regions to
the cultivation of medicinal plants, appreciated in gastronomic, pharmaceutical, medical,
and cosmetic fields due to their richness in secondary metabolites. In fact, although salt
stress leads to the production of reactive oxygen species (ROS), which limits production
performance, it prompts the plant to activate defensive mechanisms that culminate in
the bioaccumulation of phenolic molecules with an antioxidant function. As observed
by Valifard et al. [12] on Salvia mirzayanii and Salvia acrosiphon and by Perin et al. [13] on
Fragaria ananassa, the increase in polyphenols in response to salt stress is positively related
to the up-regulation of phenylalanine ammonia-lyase (PAL) enzyme activity. Although
secondary metabolites do not play a specific role in growth processes in medicinal plants,
these valuable species-specific molecules increase under stress conditions, improving plant
quality traits. The growing interest in products of natural origin that are readily available
and have no side effects has increased the demand for medicinal plants because of their
beneficial antimicrobial and anti-inflammatory properties, making them inexpensive and
renewable “ingredients” for producing natural preservatives, new types of drugs, and
cosmetics [14,15].

Currently, in developing countries, about 80% of medicines are of plant origin, while in
developed countries, the proportion is only 25%. Among medicinal plants, basil (Ocimum
basilicum L.), which is exceptionally rich in essential oils, is among the most widespread
and well known worldwide, so much so that it has earned the nickname “King of Herbs”,
with the existence of at least 18 cultivars selected and developed over the years [16]. Its
fame is mainly attributable to its gastronomic role as tender and fragrant leaves, critical
ingredients of tasty dishes typical of Italian gastronomic tradition [17]. Not surprisingly,
as with other plants belonging to the Lamiaceae family, basil, in addition to its recognized
culinary aptitude, is cultivated for its secondary metabolites. Most studies have focused
primarily on Genovese basil’s productive and sensory characteristics without considering
the genetic diversity typical of the genus Ocimum. Over time, many basil cultivars that
have genetically distinct phytochemical profiles have been selected for their shape, color,
aroma, and flavor. Basil contains relatively high concentrations of carotenoids (lutein and β-
carotene) and polyphenols, which belong mainly to flavonol-glycoside classes (rutin, quercetin,
and di-hydroquercetin) and phenolic acids (rosmarinic, chicoric, caffeic, chlorogenic, kaftaric,
salvianic A, salvianolinic A, L and K acids), which, in addition to acting as stress mitigators, are
beneficial for human health. However, although Genovese basil cultivated in soil is known to
be tolerant of salinity (up to 100 mM NaCl) under, few studies have evaluated the effects of salt
stress on the polyphenolic profile of non-Genovese basil for the pharmaceutical and cosmetic
industries. The few contributions available in the literature have mainly focused on evaluating
the effects of salinity on the yield and quality of Genovese basil while neglecting other non-
Genovese types belonging to the genus Ocimum. Our work was aimed at characterizing
three types of basil (Ocimium basilicum var thyrsiflora, Ocimum basilicum cv Cinnamon, and
Ocimum × Citriodorum) under salt stress, both from a yield and phytochemical point of view.
We evaluated the yield, morphophysiological response, antioxidant activity [FRAP (ferric ion
reducing antioxidant power), DPPH (1,1-diphenyl-2-picrylhydrazyl), and ABTS (2,2′-azinobis-
(3-ethylbenzothiazoline-6-sulfonate)], mineral profile (by ion chromatography) and phenolic
profile (by ultrahigh performance liquid chromatography).

2. Materials and Methods

2.1. Experimental Site and Plant Material

The experimental trial, aimed at evaluating the effects of NaCl salt stress in basil
(Ocimum basilicum L.), was carried out in spring–summer 2021 in the greenhouses of the
Federico II University of Naples Department of Agriculture (DIA) (Portici, Italy; 40◦48′ N,
14◦20′ E, 29 m.s.l.). On 5 May 2021, basil plants ‘Anise’ (Ocimum basilicum L. var thyrsiflora;

106



Antioxidants 2022, 11, 2207

Blumen, Milan, Italy), ‘Cinnamon’ (Ocimum basilicum L. cv Cinnamon; Blumen, Milan,
Italy) and ‘Lemon’ (Ocimum × citriodorum; Pagano Domenico & Figli Sementi, Scafati, Italy)
were seeded in 54-hole polystyrene trays (52 × 32 × 6 cm, L × W × D; volume: 0.06 L) until
two true leaves appeared. At 14 days after sowing (29 May 2021; 1 day after transplanting),
seedlings were transplanted into round anti-spiraling pots (0.1 m × 0.1 m × 0.15 m) filled
with a mixture (v/v) of 1/3 perlite and 2/3 peat (Vigorplant, Fombio, Italy) (Figure 1). The
pots were placed in rows with a spacing of 0.27 m × 0.15 m with a density of 25 plants m−2.
Nutrient solution (NS) was distributed through drippers with a flow rate of 2 L h−1

(1 dripper/plant).

Figure 1. Illustrative pictures of the different types of basil at transplant. From left to right: Ocimum
basilicum L. var thyrsiflora (Anise), Ocimum basilicum L. cv Cinnamon, and Ocimum × citriodorum (Lemon).

2.2. Experimental Design

Basil seedlings were arranged in the greenhouse according to a bifactorial design in
which three basil cultivars (‘Anise’, ‘Cinnamon’, and ‘Lemon’) and two NSs (salt and a
non-salt control) were considered as factors. The control NS was a modified Hoagland with
the following nutrient element composition: 13.0 mM NO3-N, 1.0 mM NH4-N, 1.5 mM P,
5.0 mM K, 1.75 mM S, 4.5 mM Ca, 2 mM Mg, 9 μM Mn, 20 μM Fe, 0.3 μM Cu, 20 μM B,
1.6 μM Zn, and 0.3 μM Mo. Each experimental unit was replicated three times and included
15 plants (45 plants per treatment). Saline NS was prepared by adding 60 mM NaCl to the
control NS.

2.3. Plant Collection

At harvest (26 days), eight plants per replicate were cut at root collar and sampled to
determine biometric parameters and yield. Freshly sampled plants were weighed for total
fresh and leaf weight measurements (g plant−1). The height (cm) and number of leaves per
plant were then determined. The collected samples were dried in a ventilated oven at 60 ◦C
until constant weight (about three days) for the measurement of the dry weight (g plant−1)
and the percentage of dry matter. The dried plant material was then finely ground using
an MF10.1 cutting head mill (IKA®, Staufen im Breisgau, Baden-Württemberg, Germany)
for the measurement of the mineral concentration. Four plants per replicate were sampled
and immersed in liquid nitrogen, stored at −80 ◦C, and subjected to a freeze-drying cycle
(Christ, Alpha 1–4 (Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz,
Germany) for the measurement of antioxidant activity, carotenoids, and phenolic acids,
while another part was stored at −20 ◦C for the measurement of chlorophyll concentration.

2.4. Digital Quantification of the Leaf Area

Digital quantification of the leaf area was performed using photos of the leaves of
each plant sampled. Specifically, at 26 days, the leaves of each plant were placed on a
white panel perpendicular to the camera lens (Nikon D80, Nikon AF S DX 18-135/3.5-5.6G
IF-ED lens; Nikon Corporation, Tokyo, Japan). The captured photos were processed with
Adobe® Lightroom Classic and Adobe® Photoshop 2022 software (Adobe Inc., San Jose,
CA, USA) for distortion correction and brightness and contrast adjustment. Leaf area was
quantified using ImageJ v1.52a software (U.S. National Institutes of Health of the United
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States, Bethesda, Rockville, MD, USA). The analyses were performed in triplicate and the
leaf area was expressed in cm2.

2.5. Color Measurement

Just before harvest, colorimetric indices were determined on ten healthy and fully ex-
panded leaves per replicate using a Minolta CR-400 portable colorimeter (Minolta Camera
Co. Ltd., Osaka, Japan). Color was converted according to the CIE 1976 L, a*, b* (CIELAB)
color space, where L indicates brightness, a and b chromaticity (greenness and yellow-
ness, respectively). Chroma and Hue angle (◦) were calculated according to the formulas
proposed by Kheng [18].

Chroma =
√

a∗2 + b∗2 (1)

Hue = tan−1
(

a∗

b∗

)
(2)

where,
0◦ < Hue < 90◦ i f a∗, b∗ > 0

90◦ < Hue < 180◦ i f a∗ < 0, b∗ > 0

180◦ < Hue < 270◦ i f a∗, b∗ < 0

270◦ < Hue < 360◦ i f a∗ > 0, b∗ < 0

2.6. Leaf Gas Exchange and Leaf Fluorescence

At 26 days, six fully expanded and well illuminated leaves per replicate were labeled
and used to determine gas exchange and leaf fluorescence. Measurements were taken in
the middle of the day (11:00 a.m.–3:00 p.m. solar time).

The net CO2 assimilation rate (ACO2; μmol CO2 m−2 s−1), transpiration (E; mmol
H2O m−2 s−1), and stomatal conductance (gs; mol H2O m−2 s−1) were measured with
the LI-6400 portable gas exchange system (LI-COR Biosciences, Lincoln, NE, USA). The
CO2 in the measurement chamber was set at ambient values (about 400 ppm) and the
photosynthetically active radiation at 1000 μmol m−2 s−1. The leaves were closed in the
measurement chamber until equilibrium was reached (about 15 min).

Chlorophyll fluorescence measurement was performed using a portable Fv/Fm Meter
fluorometer (Plant Stress Kit, Opti-Sciences, Hudson, NH, USA) on dark-adapted leaves
for 10 min using leaf clips. Maximum chlorophyll fluorescence (Fm) was induced with a
saturating light pulse of 3000 μmol photons m−2 s−1 for 1s, while initial fluorescence (Fo)
was recorded with an internal blue LED light of 1–2 μmol photons m−2 s−1. Fv/Fm was
estimated as (Fm − Fo)/Fm.

2.7. Pigment Measurement

The concentrations of leaf chlorophyll and carotenoid (lutein and β-carotene) concen-
trations were determined by spectrophotometry and high-performance liquid chromatog-
raphy with diode array detection (HPLC-DAD), respectively. All reagents were purchased
from Sigma-Aldrich (Milan, Italy). Analyses were performed in triplicate.

To determine chlorophyll according to Wellburn [19]’s protocol, 0.5 g of fresh frozen
sample was extracted in 3 mL of 90% ammonia acetone (v/v) and homogenized by IKA®

T10 basic Ultra Turrax® homogenizer (Staufen im Breisgau, Baden-Württemberg, Germany).
Chlorophyll a and b concentrations were determined using a UV-Vis spectrophotometer
(DR 4000, Hach Co., Loveland, CO, USA) with an absorbance of 647 and 664 nm, respec-
tively. Total chlorophyll was calculated as chlorophyll a + chlorophyll b and expressed as
mg g−1 of fresh weight (fw).

Lutein and β-carotene concentrations were determined in freeze-dried basil leaves
according to the protocol of Salomon et al. [20]. A 0.1 g freeze-dried sample was extracted in
a mixture of ultra-pure water (1 mL) and ethanol/n-hexane (5 mL; 60:50, v/v) and subjected
to a vacuum centrifugation cycle to separate the pellet from the solvent. The pellet was
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mixed with methanol and MTBE (methyl-t-butyl ether) in a 1:1 (v/v) ratio and analyzed by
HPLC-DAD. The results were expressed as mg kg−1 of dry weight (dw).

2.8. Antioxidant Activity

To determine the antioxidant activity, three spectrophotometric methods were com-
pared: DPPH (1,1-diphenyl-2-picrylhydrazyl), ABTS (2,2′-azinobis-(3-ethylbenzothiazoline-
6-sulfonate)), and FRAP (ferric ion reducing antioxidant power), according to protocols of
Brand-Williams et al. [21], Re et al. [22], and Rajurkar and Hande [23], respectively.

To determine the antioxidant activity of DPPH, 1 mL of DPPH solution (0.1 mM) and
96% methanol were added to 200 μL of the aqueous extract, mixed and incubated at room
temperature for 30 min in the dark. The absorbance was recorded against the blank at 517 nm.

To determine ABTS antioxidant activity, a stock solution of ABTS+ was prepared by
reacting 7 mM aqueous solution of ABTS+ with 2.45 mM aqueous solution of potassium
persulfate in equal parts. After incubation in the dark (16 h at 23 ◦C), the stock solution
was diluted with ethanol in a ratio of 1:88 until an absorbance of 0.700 ± 0.020 at 734 nm
was reached. A 0.1 mL aliquot of each sample, previously filtered and diluted (1:10) with
70% methanol, was mixed with 1 mL of ABTS+ solution and stored at room temperature
for 2.5 min. The absorbance was read at 734 nm.

For measurement of FRAP antioxidant activity, a FRAP solution was prepared con-
taining 1.25 mL of Fe2+/2,4,6-tris (2-pyridyl)-s-triazine (10 mM) in HCl (40 mM) + 1.25 mL
of FeCl3 (20 mM) in water + 12.5 mL of acetate buffer (0.3 M, pH 3.6). An aliquot of 150 μL
of the sample was mixed with 2.850 mL of FRAP solution and incubated for 4 min in the
dark. The absorbance was read at 593 nm against a blank containing all the reagents.

The absorbances of the DPPH, ABTS, and FRAP essays were recorded with a UV-vis
spectrophotometer (Shimadzu, Japan). The results were expressed as Trolox equivalent
mmol kg−1 dw. All analyses were performed in triplicate.

2.9. Measurement of the Polyphenolic Profile

For the measurement of the phenolic profile, 5 μL samples extracted according to
the procedure described by Vallverdu-Queralt et al. [24] were analyzed by ultrahigh
performance liquid chromatography (UHPLC; Dionex Ultimate 3000, Thermo Fisher
ScientificTM, Waltham, MA, USA) and Orbitrap high-resolution mass spectrometry (HRMS;
Thermo Fisher ScientificTM, Waltham, MA, USA) according to the protocol detailed by
El-Nakhel et al. [25]. The chromatographic separation of polyphenols was carried out
with a Luna Omega PS column (1.6 μm, 50 × 2.1 mm, Phenomenex, Torrance, CA, USA)
set at 25 ◦C, in which the mobile phases consisted of water (A) and acetonitrile (B), both
containing 0.1% formic acid (v/v). The Q-Exactive Orbitrap mass spectrometer was set in a
fast negative/positive ion switching mode with two scan events (Full ion MS and all-ion
fragmentation, AIF) for all compounds of interest. The calibration and accuracy of the
equipment was monitored using a standard reference mixture (Thermo Fisher ScientificTM,
Waltham, MA, USA). Data processing was performed with Quan/Qual Browser Xcalibur
software, v. 3.1.66.10 (Thermo Fisher ScientificTM, Waltham, MA, USA). Polyphenols were
expressed as mg kg−1 dw.

2.10. Mineral Concentration

The measurement of cations (K, Ca, Mg, and Na) and anions (Nitrate, P, and Cl) of
basil leaves was carried out by ion chromatography coupled with an electrical conductivity
detector (ICS3000, Thermo ScientificTM DionexTM, Sunnyvale, CA, USA) according to
the detailed protocol of Formisano et al. [26]. By comparing peak areas, the integration
and quantification of mineral concentration was performed using the z ChromeleonTM

6.8 Chromatography Data System software (Thermo ScientificTM DionexTM, Sunnyvale,
CA, USA) data of samples with those of certified reference standards.
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All treatments were analyzed in triplicate and the concentrations of the concentrations
of anion and cations were expressed in g kg−1 dw, except for the for the nitrate, expressed
in mg kg−1 fw.

2.11. Statistics

Statistical analysis was performed with IBM SPSS 20 software (Armonk, NY, USA) for
Microsoft Windows 11. A two-way analysis of variance (ANOVA) was applied to assess
the significance of the effects and interactions between the cultivar factors (CV) and salt
stress (S). The mean effect of CV factor was compared by one-way analysis of variance, and
the mean effect of S was compared by Student’s t test. Statistical significance of the CV × S
interaction and the CV factor was determined using the Tukey–Kramer HSD test at the
level of p < 0.05. All data were presented as mean ± standard error.

3. Results

3.1. Biometric Parameters

Except for total fresh weight and fresh leaf weight (Figure 2A,B), the biometric pa-
rameters shown in Figure 3 and Supplementary Table S1 were significantly affected by
the interaction between cultivar (CV) and stress (S) factors. Compared to the Control, salt
treatment (Salt) reduced the total fresh and leaf weight by 51.52 and 47.32%, regardless
of the cultivar (Figure 2A,B). The highest total fresh weight was found in the cultivar
Cinnamon, followed by ‘Anise’ and ‘Lemon’. Relative to fresh leaf weight, no significant
differences were observed between ‘Cinnamon’ and ‘Anise’, unlike ‘Lemon’, which showed
the lowest value (40.11 g plant−1). Compared to the Control, Salt treatment reduced the
number of leaves by 39.15, 16.11, and 44.54% in ‘Anise’, ‘Cinnamon’, and ‘Lemon’, respec-
tively (Figure 3B). A similar trend was observed for the leaf area, with the lowest value
obtained from the Lemon × Salt interaction (725.29 cm2; Figure 3C). This latter interaction
also resulted in the lowest total dry weight (6.20 g plant−1; Figure 3D). Differently, the
percentage of dry matter of all cultivars increased significantly after salt treatment.

3.2. Colorimetric Indices

As shown in Table 1, the CIELAB colorimetric parameters a*, b*, the chroma and the
Hue angle were significantly affected by the interaction of the CV and S factors. Specifically,
for ‘Lemon’, an increase in a* (+18.43%) and Hue angle (+2.21%) was observed in plants
under salt stress, compared to the Control, while b* (−26.49%) and Chroma (23.79%)
decreased. In ‘Anise’ and ‘Cinnamon’, Salt treatment did not result in significant differences
for a* and Chroma. An opposite trend was observed for the hue angle between the Anise
and Cinnamon cultivars. Specifically, compared with Control, the above colorimetric
parameter was not affected by salt treatment in ‘Anise’, while in ‘Cinnamon’ there was a
1.90% increase.

3.3. Leaf Physiological Parameters

The CV × S interaction did not result in significant differences for the physiological
parameters shown in Figure 4 and Supplementary Table S2. Regardless of the cultivar,
compared to the control, salt stress significantly (p < 0.001) reduced net CO2 assimilation
(ACO2), transpiration (E), and stomatal conductance (gs) by 23.72, 30.95, and 29.16%,
respectively. The same parameters were influenced by the mean effect of the cultivar.
Specifically, ‘Lemon’ showed the highest E and gs values compared to ‘Anise’, but the
lowest ACO2 values compared to ‘Cinnamon’. On the contrary, the maximum quantum
efficiency of photosystem II (Fv/Fm) was solely affected by S. The data in Figure 4 D show
that plants under salt stress decreased the Fv/Fm values (3.79%) compared to the control.
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Table 1. Effect of basil cultivars (CV) and stress (S) on CIELab colorimetric indices.

Treatment L a b Chroma Hue Angle

Cultivar (CV)
Anise 42.45 ± 0.26 b –12.61 ± 0.43 a 17.54 ± 0.62 b 21.61 ± 0.75 b 125.76 ± 0.25

Cinnamon 42.84 ± 0.54 b –13.03 ± 0.30 a 18.14 ± 0.78 b 22.35 ± 0.86 b 125.85 ± 0.62
Lemon 44.10 ± 0.36 a –14.77 ± 0.68 b 20.46 ± 1.42 a 25.25 ± 1.55 a 126.03 ± 0.65

Stress (S)
Control 43.83 ± 0.33 –14.37 ± 0.53 20.54 ± 0.88 25.08 ± 1.04 125.07 ± 0.28

Salt 42.43 ± 0.31 –12.57 ± 0.21 16.89 ± 0.20 21.06 ± 0.26 126.70 ± 0.35
CV × S

Anise × Control 42.90 ± 0.29 –13.33 ± 0.61 ab 18.46 ± 0.92 b 22.77 ± 1.10 b 125.89 ± 0.31 ab
Anise × Salt 42.00 ± 0.23 –11.90 ± 0.21 a 16.63 ± 0.48 b 20.46 ± 0.50 b 125.64 ± 0.45 b

Cinnamon × Control 43.80 ± 0.57 –13.52 ± 0.47 b 19.57 ± 0.96 b 23.79 ± 1.27 b 124.66 ± 0.41 b
Cinnamon × Salt 41.88 ± 0.45 –12.55 ± 0.06 ab 16.71 ± 0.23 b 20.90 ± 0.15 b 127.04 ± 0.57 a
Lemon × Control 44.79 ± 0.09 –16.27 ± 0.17 c 23.59 ± 0.58 a 28.66 ± 0.58 a 124.65 ± 0.38 b

Lemon × Salt 43.41 ± 0.40 –13.27 ± 0.16 ab 17.34 ± 0.16 b 21.84 ± 0.21 b 127.41 ± 0.17 a
Significance

CV ** *** *** *** ns
S *** *** *** *** ***

CV × S ns * * * **

Data are mean values ± standard error, n = 3. Mean comparisons were performed by Tukey HSD test for CV and
by t-Test for S. Different letters within each column indicate significant mean differences. ns, *, **, and *** denote
non-significant or significant effects at p ≤ 0.05, 0.01, and 0.001, respectively.

Figure 2. Effect of Cultivar and Stress on total fresh weight (A) and leaf fresh weight (B). Data are
mean values ± standard error, n = 3. Mean comparisons were performed by Tukey HSD test for
Cultivar and by t-Test for Stress. Different letters indicate significant mean differences. *** denotes
significant effects at p ≤ 0.001.
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Figure 3. Effect of Cultivar × Stress on plant height (A), leaf number (B), leaf area (C), total dry
weight (D), total dry matter (E). Data are mean values ± standard error, n = 3. Statistical significance
of the CV × S interaction was determined by Tukey HSD test for Cultivar and by t-Test for Stress.
Different letters indicate significant mean differences. * and *** denote significant effects at p ≤ 0.05
and 0.001, respectively.
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Figure 4. Effect of Cultivar and Stress on transpiration (A), stomatal conductance (B), net CO2

assimilation rate (C), and chlorophyll fluorescence (D). Data are mean values ± standard error, n = 3.
Mean comparisons were performed by Tukey HSD test for Cultivar and by t-Test for Stress. Different
letters indicate significant mean differences. ns, *, and *** denote non-significant or significant effects
at p ≤ 0.05 and 0.001, respectively.

113



Antioxidants 2022, 11, 2207

3.4. Leaf Pigments

Chlorophyll a, b, and total chlorophyll concentrations were not affected by the factors
considered nor by their mutual interaction, unlike lutein and β-carotene (Table 2). The lutein
concentration showed significant differences for the mean CV and S. Specifically, ‘Lemon’
had 25.75% lower lutein concentrations (on average) than the other cultivars. Regardless of
the cultivar, salt stress increased the latter carotenoid by 22.85% compared to the control.
Compared to the control, the interactions of the ‘Anise’ and ‘Cinnamon’ cultivars with salt
treatment (Salt) increased β-carotene concentration by 39.17 and 47.67%, respectively. The
same trend was also observed for antioxidant activity, where salinity increased by 16.18,
44.96, and 23.28% FRAP, DPPH, and ABTS essays, respectively (Figure 5). It should be
noted that regardless of the antioxidant activity assay, the highest concentrations were
recorded in ‘Anise’, followed by ‘Lemon’ and ‘Cinnamon’.

Table 2. Effect of basil cultivars (CV) and stress (S) on Chlorophylls and carotenoids.

Treatment
Chlorophyll a Chlorophyll b

Total
Chlorophyll

Lutein β-Carotene

mg g−1 fw mg kg−1 fw

Cultivar (CV)
Anise 1.21 ± 0.01 0.80 ± 0.03 2.01 ± 0.04 1305.20 ± 75.22 a 556.82 ± 40.88a

Cinnamon 1.22 ± 0.01 0.79 ± 0.01 2.01 ± 0.02 1243.47 ± 92.75 a 555.45 ± 47.88 a
Lemon 1.21 ± 0.01 0.89 ± 0.05 2.10 ± 0.05 953.05 ±6 3.54 b 511.73 ± 4.51 b

Stress (S)
Control 1.22 ± 0.01 0.86 ± 0.04 2.08 ± 0.04 998.24 ± 50.62 478.50 ± 11.22

Salt 1.21 ± 0.01 0.79 ± 0.02 2.00 ± 0.02 1336.24 ± 61.77 604.17 ± 25.62
CV × S

Anise × Control 1.23 ± 0.00 0.84 ± 0.05 2.07 ± 0.05 1139.44 ± 22.43 465.63 ± 5.39 d
Anise × Salt 1.19 ± 0.01 0.75 ± 0.03 1.95 ± 0.03 1470.97 ± 17.47 648.02 ± 2.88 a

Cinnamon × Control 1.20 ± 0.02 0.79 ± 0.01 1.99 ± 0.03 1042.12 ± 41.09 448.53 ± 5.11 e
Cinnamon × Salt 1.24 ± 0.01 0.80 ± 0.03 2.04 ± 0.03 1444.81 ± 28.04 662.38 ± 1.61 a
Lemon × Control 1.22 ± 0.01 0.96 ± 0.07 2.17 ± 0.08 813.16 ± 22.23 521.35 ± 2.27 b

Lemon × Salt 1.20 ± 0.01 0.82 ± 0.03 2.02 ± 0.03 1092.94 ± 11.14 502.11 ± 1.97 c
Significance

CV ns ns ns *** ***
S ns ns ns *** ***

CV × S ns ns ns ns ***

Data are mean values ± standard error, n = 3. Mean comparisons were performed by Tukey HSD test for CV
and by t-Test for S. Different letters within each column indicate significant mean differences. ns and *** denote
non-significant or significant effects at p ≤ 0.001, respectively.
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Figure 5. Effect of basil cultivars and stress on FRAP (A), DPPH (B), and ABTS (C) antioxidant
activity. Data are mean values ± standard error, n = 3. Mean comparisons were performed by Tukey
HSD test for CV and by t-Test for S. Different letters indicate significant mean differences. *** denotes
significant effects at p ≤0.001.

3.5. Phenolic Acids

Tables 3 and 4 show the phenolic acid and flavonoid derivatives of basil leaves,
respectively, under salt stress.
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Table 4. Effect of basil cultivars (CV) and stress (S) on flavonoids derivatives.

Treatment

Di-Hydroquercetin
Glucoside

Rutin Quercetin Glucoside

mg kg−1 dw

Cultivar (CV)
Anise 3.66 ± 0.18 a 9.32 ± 0.78 b 9.91 ± 0.54 b

Cinnamon 0.87 ± 0.09 b 10.77 ± 0.79 a 3.78 ± 0.49 c
Lemon 0.52 ± 0.02 c 9.08 ± 0.41 b 30.59 ± 2.67 a

Stress (S)
Control 1.48 ± 0.45 8.36 ± 0.26 12.33 ± 3.47

Salt 1.89 ± 0.54 11.09 ± 0.43 17.18 ± 4.75
CV × S

Anise × Control 3.29 ± 0.06 b 7.69 ± 0.25 8.86 ± 0.54 cd
Anise × Salt 4.04 ± 0.10 a 10.95 ± 0.58 10.95 ± 0.25 c

Cinnamon × Control 0.68 ± 0.02 d 9.15 ± 0.40 2.74 ± 0.28 e
Cinnamon × Salt 1.06 ± 0.01 c 12.39 ± 0.56 4.82 ± 0.22 de
Lemon × Control 0.48 ± 0.03 d 8.23 ± 0.26 25.40 ± 2.62 b

Lemon × Salt 0.56 ± 0.01 d 9.92 ± 0.20 35.77 ± 1.40 a
Significance

CV *** ** ***
S *** *** ***

CV × S *** ns **
Data are mean values ± standard error, n = 3. Mean comparisons were performed by Tukey HSD test for CV and
by t-Test for S. Different letters within each column indicate significant mean differences. ns, **, and *** denote
non-significant or significant effects at p ≤ 0.01 and 0.001, respectively.

As shown in Figure 6A, total phenolics were only affected by the average CV and S
effects. Regardless of the stress condition, ‘Anise’ had the highest concentration of total
phenolics (4625.09 mg kg−1 dw). Compared to the control, salt stress increased total
phenolics by 21.63%.

Like total phenols, phenolic acid derivatives and total flavonoids showed a similar
trend in response to salt stress (Figure 6B,C). Relative to the mean effect of the cultivar,
‘Anise’ showed the highest values of total phenolic acid derivatives (Figure 6B), in contrast
to total flavonoid derivatives (‘Lemon’ > ’Anise’ > ’Cinnamon’; Figure 6C).

Compared to total flavonoid derivatives, rutin was not significantly affected by
the interaction of the factors considered (CV × S), unlike what was observed for di-
hydroquercetin glucoside and quercitin glucoside. Regarding these glycoside compounds,
salt stress increased their concentrations in ‘Anise’ and ‘Cinnamon’, while no significant
differences were observed in ‘Lemon’. In contrast, in ‘Lemon’, salt stress increased the
concentration of quercetin glucoside (35.77 mg kg−1 dw; Table 4).

Regardless of the factors considered, cichoric acid was the predominant compound, fol-
lowed by rosmarinic, feruloyl tartaric, salvianolic k, caffeic, salvianolic L, caftaric, salvianic
A, chlorogenic, and salvianolic A acids. For chlorogenic, rosmarinic, and feruloyl tartaric
acids, the CV × S interaction did not result in significant differences, unlike what was
observed for the mean effects (CV and S). Specifically, salt stress, compared to the control,
increased the concentrations of the above acids by 16.73, 21.28, and 31.22%, respectively.
Relative to the mean effect of the cultivar, ‘Anise’ recorded the highest concentrations of
cichoric and rosmarinic acids, while ‘Cinnamon’ had the highest content of feruloyl tartaric
acid (Table 3).

Similarly to the findings for the above phenolic acids, the CV × S interaction was
not significant for salvianolic K, salvianolic L, and chlorogenic acids. However, salt stress
significantly increased the concentrations for the acids mentioned above compared to the
control. Regardless of stress, ‘Anise’ was characterized by the highest concentration of
salvianolic L and chlorogenic acids, contrary to what was observed for salvianolic K acid,
which did not show a significant difference between cultivars (Table 3).
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Figure 6. Effect of basil cultivars and stress on total phenolics (A), total phenolic acid derivatives (B),
and total flavonoid derivatives (C). Data are mean values ± standard error, n = 3. Mean comparisons
were performed by Tukey HSD test for CV and by t-Test for S. Different letters indicate significant
mean differences. *** denotes significant effects at p ≤0.001.

Unlike what was observed for the cichoric, rosmarinic, feruloyl tartaric, salviano-
lic K, caffeic, and salvianolic L acids, the concentrations of caftaric, salviananic acid A,
chlorogenic, and salvianolic A acids were significantly affected by the CV × S interaction.

Salt stress increased salvianolinic acid A concentration in all cultivars, with the high-
est values obtained by Anise × Salt (16.68 mg kg−1 dw). The same interaction also
resulted in the highest concentration of caftaric (81.68 mg kg−1 dw) and caffeic acids
(140.57 mg kg−1 dw). In ‘Anise’ and ‘Cinnamon’, compared with the control, salt stress
increased salvianic acid A concentrations by 32.36 and 15.50%, in contrast to ‘Lemon’,
which did not show a significant difference.
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3.6. Leaf Minerals

The effects of the factors considered (CV and S) and their interaction (CV × S) on
the accumulation of minerals in basil leaves are shown in Table 5 and Figure 7. The
concentrations of nitrate, Ca, Mg, Na, and Cl were influenced by the average CV and S
effects and the CV × S interaction, except for K and P, where a significant difference was
observed only for the average CV and S effects. Regardless of salt treatment, ‘Lemon’ had
the highest P value (11.75 g kg−1 dw) while ‘Anise’ had an 8.7% higher K concentration
than ‘Cinnamon’ (Table 5). Regardless of the cultivar, compared to the control, salt stress
significantly reduced nitrate, K, and P concentrations (Table 5), while an opposite trend
was observed for Cl (Figure 7). Compared to the CV × S interaction, the salt treatment
cultivars ‘Cinnamon’ and ‘Lemon’ had significantly higher Na concentrations than the
Control (Figure 7). The same treatment increased Ca and Mg concentrations in ‘Anise’ and
‘Cinnamon’ (Table 5).

Table 5. Effect of basil cultivars (CV) and stress (S) on Nitrate, K, P, Ca, and Mg leaf concentration.

Treatment
Nitrate K P Ca Mg

mg g−1 fw g kg−1 dw

Cultivar (CV)
Anise 2555.76 ± 785.29 a 38.25 ± 3.24 a 6.83 ± 0.43 b 9.19 ± 1.04 ab 5.97 ± 0.71 a

Cinnamon 1542.67 ± 361.53 b 31.72 ± 1.34 b 6.35 ± 0.40 b 9.32 ± 1.00 a 5.73 ± 0.84 a
Lemon 1403.80 ± 411.30 b 35.16 ± 2.59 ab 11.75 ± 0.45 a 7.53 ± 0.27 b 4.37 ± 0.14 b

Stress (S)
Control 2987.44 ± 332.92 39.26 ± 1.95 8.99 ± 0.92 7.29 ± 0.26 4.26 ± 0.15

Salt 680.71 ± 66.37 30.82 ± 1.20 7.64 ± 0.87 10.07 ± 0.71 6.46 ± 0.56
CV × S

Anise × Control 4303.80 ± 136.53 a 44.01 ± 3.76 7.24 ± 0.66 7.33 ± 0.67 b 4.51 ± 0.3 b
Anise × Salt 807.72 ± 95.40 c 32.49 ± 2.25 6.42 ± 0.59 11.05 ± 1.21 a 7.44 ± 0.51 a

Cinnamon × Control 2341.87 ± 39.22 b 33.24 ± 0.52 7.16 ± 0.39 7.18 ± 0.50 b 3.90 ± 0.24 b
Cinnamon × Salt 743.47 ± 115.19 c 30.19 ± 2.53 5.55 ± 0.12 11.47 ± 0.38 a 7.57 ± 0.32 a
Lemon × Control 2316.65 ± 100.39 b 40.54 ± 0.98 12.56 ± 0.34 7.36 ± 0.28 b 4.37 ± 0.11 b

Lemon × Salt 490.94 ± 49.49 c 29.78 ± 1.93 10.94 ± 0.51 7.70 ± 0.50 b 4.37 ± 0.29 b
Significance

CV *** * *** * ***
S *** *** ** *** ***

CV × S *** ns ns * ***

Data are mean values ± standard error, n = 3. Mean comparisons were performed by Tukey HSD test for CV and
by t-Test for S. Different letters within each column indicate significant mean differences. ns, *, **, and *** denote
non-significant or significant effects at p ≤ 0.05, 0.01 and 0.001, respectively.
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Figure 7. Effect of Cultivar × Stress on Na (A) and Cl (B) leaf concentration. Data are mean
values ± standard error, n = 3. Statistical significance of the CV × S interaction was determined
by Tukey HSD test for Cultivar and by t-Test for Stress. Different letters indicate significant mean
differences. ** and *** denote non-significant or significant effects at p ≤ 0.01 and 0.001, respectively.

4. Discussion

The significant difference recorded for total fresh weight in the basils evaluated in
the present work underlines the strong impact of genotype. This variability was expected,
assuming the phylogenetic gap between species and cultivars of the genus Ocimum. Re-
gardless of salt treatment (Salt), ‘Cinnamon’ was the most productive cultivar, followed by
‘Anise’ and ‘Lemon’ (Figure 2). However, it should be noted that ‘Anise’ and ‘Cinnamon’
did not differ significantly in height, number of leaves, and leaf area, although the total
fresh weight was different (Figure 3A–C). Relative to total fresh weight, the significant
differences observed between cultivars did not result in a different response to salt stress,
unlike what Ciriello et al. [27] observed in a recent work on basil. On average, salt treat-
ment reduced the total fresh yield by 51.54% compared to the control; similar results were
reported on Salvia officinalis L. [28] and Mentha spicata L. [29]. Regardless of cultivar, an
adaptive response to salt stress was observed, culminating in reduced growth, an aspect
that would allow plants to conserve energy by promoting the initiation of targeted de-
fensive responses aimed at reducing permanent damage, as inferred from photosynthetic
parameters shown in Table 2. Although Attia et al. [7] considered inappropriate to com-
pare leaf production and photosynthetic activity (as it was related to a small number of
leaves), in our study, salt stress reduced the net CO2 assimilation rate and transpiration.
Like Bekhradi et al. [30] and Attia et al. [7], salt-induced osmotic and nutritional stress
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would prompt plants to reduce stomatal conductance, affecting RuBisCo activity. Although
salt stress can cause severe damage to photosystems due to poor management of excess
excitation energy, the plants’ morphophysiological and biochemical adaptations mitigated
the deleterious effects induced by stress, as confirmed by Fv/Fm values that never reached
critical values (Figure 4D). However, it is essential to note that, although Fv/Fm is the most
widely used parameter for evaluating the performance of PSII under stress conditions [31],
it may not be an acceptable parameter for assessing the physiological responses of plants
under salt stress.

The analysis of morphological parameters of the salt-treated plants showed a lower
sensitiveness of the Anise and Cinnamon cultivars than ‘Lemon’. The latter reduced
leaf area and height by 57.38 and 35.37%, compared to the control; in contrast, ‘Anise’
and ‘Cinnamon’ reduced, on average, the same parameters by 33.28 and 19.87%. The
above is confirmed by the reduction in total dry weight in ‘Lemon’ (56.97%) in the salt
treatment compared to the control. In contrast, no significant changes were observed
in ‘Cinnamon’ for this key parameter. This result could be partially attributable to a
constitutive higher tolerance to salt stress and partially to the increase in total dry matter,
which increased from 9.27% (Cinnamon × Control) to 15.10% (Cinnamon × Salt) (Figure 3E).
As Bernstein et al. [32] suggested, good hydration of plant tissues is a key characteristic
of salt stress tolerance. However, in the present study, the unchanged values of total dry
weight in ‘Cinnamon’ cannot be considered indicators of salt stress tolerance.

It is important to emphasize that the reduction in fresh weight in all cultivars cannot
be attributed solely to the expansion of the leaf area, which plays a key role in the regulation
of the transpiration process under osmotic stress. According to several authors [7,33], the
reduction in fresh weight is also attributable to a significant and general reduction in leaf
initiation (number of leaves). However, the smaller leaf number and area reduction in the
Cinnamon × Salt interaction compared to the Anise × Salt and Lemon × Salt ones would
elect the Cinnamon cultivar as the most salt tolerant (Figure 3B,C). In our experiment,
controlled salt stress induced in plants for 26 days resulted in ionic and nutritional stress,
attributed to the accumulation of Na+ and Cl− in transpiration fluxes, leading to a reduction
in total fresh weight (Figures 2A and 7).

Although Attia et al. [34] showed that, in basil, Na+ is partly transported by the xylem
and accumulates in the roots, in our work, salt stress resulted in +355% Na+ accumulation
regardless of the cultivar (Figure 7). This result does not exclude the defensive response of
the plants to salt since Na+ values did not result in deleterious metabolic dysfunction. In
general, the increase in dry matter percentage observed in all cultivars (+35.12%) would
suggest that Na+ accumulation was not totally internalized in the leaves, a condition that,
as reported by Attia et al. [7], would explain the changes in leaf water content. Although
it is frequently documented in the literature [35] that high Na+ concentrations reduce
K, Mg, and Ca uptake, only a reduction in K was observed in our experiment under
salt stress; differentially, the concentration of Mg and Ca increased. As Scagel et al. [36]
suggested, salt could have reduced Mg and Ca uptake while alternating the allocation
of these elements, increasing their concentration. However, since Ca mediates different
key processes of adaptation to stress conditions, including the Salt-Overly Sensitive (SOS)
pathway, its increase could be related to a long-term response to salinity, as also argued by
Mancarella et al. [5]. Similarly to what has been observed for Na+, the use of 60 mM NaCl in
the nutrient solution increased the Cl concentration in the leaves, reaching an average value
of 36 g kg−1 dw in the ‘Anise’ and ‘Cinnamon’, which explaining the observed worsening
production performance (Figures 2 and 3). In fact, the toxicity thresholds for salt-sensitive
and salt-tolerant species are 7 and 50 g kg−1 dw, respectively [37]. As observed in green and
red basil, the increase in Cl− reduced the nitrate concentration (−77.21%), an antinutritional
compound with a negative impact on human health. In salt treatment, the acknowledged
antagonism between Cl− and nitrate would have reduced the latter’s uptake, slowing the
plants’ growth rate [38]. Although under salt stress, one of the most common physiological
responses is chlorophyll degradation [30], regardless of the cultivar, we did not observe a
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reduction in chlorophyll a, b, or total chlorophyll concentrations (Table 2). Consistent with
the observations of Bernstein et al. [32], this result suggests that this parameter should be
considered an indicator of salt stress for basil. Partially in agreement with the above, the
main colorimetric parameters in ‘Anise’ and ‘Cinnamon’ under salt stress did not change
significantly from what was recorded in the Control (Table 1), considering that leaf color is
often correlated with chlorophyll concentration [32]. However, for these two cultivars, salt
stress did not significantly alter L, b, chroma, hue angle and especially a*, referred to in the
literature as greenness; these results are probably attributable to the non-significant change
in chlorophyll concentration under salt stress.

Unlike in ‘Lemon’, salt significantly altered colorimetric parameters (Table 1) compared
to chlorophyll, and this result could be attributed to significant increases in lutein and
β-carotene concentration (Table 2). In addition to their central role as supplementary
pigments in photosynthetic processes, carotenoids are crucial for photoprotection due
to their antioxidant properties [39]. As Bernstein et al. [32] hypothesized, an increase in
carotenoids under salt stress would indicate a protective mechanism against stress, as it is
universally recognized that environmental signals control the genetic regulation involved
in their biosynthesis and bioaccumulation. Similarly to what was observed for carotenoids,
salt stress, regardless of cultivar, increased the concentration of flavonoid derivatives
(+35.17) and phenolic acids (+21.54%) and therefore total phenolic compounds (+21.63%;
Figure 6). This result is not unexpected, as under NaCl salt stress, the energy stored during
photosynthesis is used mainly for growth, with only a part used for synthesizing secondary
metabolites. However, mainly by limiting growth, salt would prompt plants to allocate
more energy to produce low-carbon secondary metabolites (such as polyphenols) that
would help combat ROS [40]. Ghorbanpour and Varma [35] state that the increase in
polyphenol concentration in response to salt is related to specific enzymes, including PAL
(phenylalanine ammonia lyase). The drastic reduction in osmotic potential, a consequence
of salt stress, increases L-proline levels, which is primarily responsible for the osmotic
rebalancing. Although this amino acid is a primary metabolite, it may be related to the
production of phenolic compounds due to its relationship with PAL [41]. Regardless
of salt stress, it is worth noting again how the choice of genetic material significantly
affects the bioaccumulation of phenolic compounds [17,42,43]. ‘Anise’ showed an average
concentration of total phenolic compounds 29.12% higher than that recorded in ‘Lemon’
and ‘Cinnamon’. Despite this, the most abundant phenolic acid was chicoric acid, which
on average accounted for 63.51% of the phenolic acid derivatives. Although rosmarinic
acid is listed in the literature as the most abundant phenolic acid in basil [44], a study of 15
basil cultivars confirmed the influence of genotype on both the quantity and quality of the
phenolic profile [45].

‘Lemon’ was characterized by a 160.57% higher total concentration of flavonoid deriva-
tives compared with ‘Cinnamon’. This remarkable difference partially justifies the signifi-
cant colorimetric differences observed between cultivars, as flavonoids also confer color
to vegetables [46]; what has been observed may help to understand the results related to
antioxidant activity (Figure 5). Regardless of the methodology used to determine antioxi-
dant activity (DPPH, ABTS, and FRAP), salt increased antioxidant activity, probably due to
increased production of compounds with antioxidant activity (carotenoids, phenolic acid
derivatives, and flavonoids) [4]. It is well known that phenolic compounds contribute to
the antioxidant activity of plant matrices. Therefore, according to Kwee and Niemeyer [45],
the different phenolic profile of the three basil cultivars affected the antioxidant power and
the activity of DPPH, ABTS, and FRAP (Figure 5). With a 29.50% (on average) concentration
of phenolic acid derivatives higher than the other cultivars, ‘Anise’ showed the highest
level of antioxidant activity. On the contrary, although ‘Cinnamon’ constitutively had
a higher concentration of carotenoid (lutein and β-carotene) than ‘Lemon’, it had lower
mean values of DPPH, ABTS, and FRAP. This result could be attributable to the higher
constitutive concentration of flavonoids in ‘Lemon’, which by structural characteristics may
have positively influenced the antioxidant activities of DPPH, ABTS, and FRAP.
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5. Conclusions

Despite the phylogenetic distance and significant differences in yield and quality, the
three basil types (‘Anise’, ‘Cinnamon’, and ‘Lemon’) tested had similar responses to NaCl
salinization. Specifically, salinized plants enacted adaptive stress responses mainly based
on reduced photosynthetic activity and growth (total fresh weight, fresh leaf weight, height,
number of leaves, leaf area, and total dry weight) but at the same time increased secondary
metabolites, increasing their antioxidant properties. Specifically, as shown in Figure 8,
salt stress modulated the production of polyphenolic compounds in a cultivar-dependent
manner. Although the moderate tolerance of basil to salinity is noted several times, we can
state that the use of 60 mM NaCl in the nutrient solution is limiting for the production of
the basil tested. In any case, considering the interest of the cosmetic, pharmaceutical and
perfume industries in secondary metabolites with bioactive action, the feasibility of using
salt stress as an enhancer of such compounds could be explored.

Figure 8. Effect of salt stress on representative phenolic compound of ‘Anise’, ‘Cinnamon’, and
‘Lemon’ basil.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antiox11112207/s1, Table S1: Effect of basil cultivars (CV) and stress
(S) on plant height, leaf number, leaf area, total dry weight, and total dry matter; Table S2: Effect of
basil cultivars (CV) and stress (S) on leaf transpiration (E), leaf stomatal conductance (gs), CO2 net
assimilation rate, and Chlorophyll fluorescence (Fv/Fm).
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Abbreviations

NS nutrient solution
ACO2 net assimilation rate of CO2
E transpiration
Gs stomatal conductance
HPLC-DAD high-performance liquid chromatography with diode array detection
DPPH (1,1-diphenyl-2-picrylhydrazyl)
ABTS (2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonate)
FRAP (ferric ion reducing antioxidant power)
UHPLC ultrahigh performance liquid chromatography
HRMS high resolution mass spectrometry
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Abstract: Lettuce is sensitive to high temperature, and exogenous spermidine can improve heat
tolerance in lettuce, but its intrinsic mechanism is still unclear. We analyzed the effects of exogenous
spermidine on the leaf physiological metabolism, transcriptome and metabolome of lettuce seedlings
under high-temperature stress using the heat-sensitive lettuce variety ‘Beisansheng No. 3′ as the
material. The results showed that exogenous spermidine increased the total fresh weight, total
dry weight, root length, chlorophyll content and total flavonoid content, increased the activities of
antioxidant enzymes such as superoxide dismutase (SOD), peroxidase (POD) and catalase (CAT), and
decreased malondialdehyde (MDA) content in lettuce under high temperature stress. Transcriptome
and metabolome analyses revealed 818 differentially expressed genes (DEGs) and 393 metabolites
between water spray and spermidine spray treatments under high temperature stress, and 75 genes
from 13 transcription factors (TF) families were included in the DEGs. The Kyoto encyclopedia
of genes and genomes (KEGG) pathway enrichment analysis of DEG contains pathways for plant–
pathogen interactions, photosynthesis-antennal proteins, mitogen-activated protein kinase (MAPK)
signaling pathway and flavonoid biosynthesis. A total of 19 genes related to flavonoid synthesis
were detected. Most of these 19 DEGs were down-regulated under high temperature stress and up-
regulated after spermidine application, which may be responsible for the increase in total flavonoid
content. We provide a possible source and conjecture for exploring the mechanism of exogenous
spermidine-mediated heat tolerance in lettuce.

Keywords: exogenous spermidine; heat stress; lettuce; metabolome; transcriptome

1. Introduction

Environmental temperatures are increasing and causing one of the most severe plant
abiotic stresses. Global temperatures are projected to increase by 0.2 ◦C per decade, which
will result in temperatures ranging from 1.8 to 4.0 ◦C above current levels by 2100 [1].
High-temperature stress is currently the main stress factor affecting plant growth and
development. Due to the intensification of the greenhouse effect, the global temperature
continues to rise, and agriculture is faced with serious challenges, which puts forward
higher requirements for the heat resistance of plants [2]. High temperatures affect crop
yield, shorten the life cycle of plants, accelerate senescence and cause a decrease in economic
yield [2]. Heat stress leads to multiple changes in plant growth, development, physiological
processes and yield, which are usually detrimental [3]. Heat stress affects the stability of
various proteins, membranes, RNA species and cytoskeletal structures and alters enzymatic
efficiency, impeding major physiological processes and causing metabolic imbalances in
cellular responses [4–7].

In recent decades, exogenous applications of protectants, such as osmoprotectants,
phytohormones, signaling molecules, and trace elements, have shown beneficial effects
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on plants grown at high temperatures because of their growth-promoting and antioxidant
abilities [8]. Polyamines, mainly including putrescine (Put), spermidine (Spd), and sper-
midine (Spm), are low molecular weight natural compounds with aliphatic nitrogenous
structures that are present in almost all organisms, from bacteria to plants and animals [9].
For plant growth and development, polyamines are widely involved in cell division and
differentiation, root elongation, flower development, fruit ripening, leaf senescence, pro-
grammed cell death, DNA synthesis, gene transcription, protein translation, and chromatin
organization [10–16]. Spermidine is an endogenous molecule that regulates plant growth
and resists unfavorable environments [17]. Spd improves heat tolerance in tomato [18],
lettuce [19], wheat [20], tall fescue [21], and rice [22]. Spd pretreatment inhibits mem-
brane lipid peroxidation, increases antioxidant enzyme activities, superoxide dismutase
(SOD), peroxidase (POD) catalase (CAT) and ascorbate peroxidase (APX), and reduces the
accumulation of reactive oxygen species (ROS) and malondialdehyde (MDA) [23].

Lettuce (Lactuca sativa L.) is one of the most popular leafy vegetables in daily life. It
originates from the Mediterranean coast and is highly intolerant to high temperatures,
with 15~25 ◦C being the preferred growth temperature and growth being hindered above
30 ◦C. High temperatures are one of the main factors limiting the growth of lettuce. High
temperatures always result in thinner leaves and longer internodes of lettuce, which leads
to a decrease in its nutritional quality and commercial value [24].

In plants, flavonoids are important compounds that affect the color of leaves, flowers
and fruits, and they exhibit antioxidant properties when plants are under stress. Flavonoids
are considered to be an effective substance against various abiotic stresses because of their
ability to reduce oxidative damage in organisms.

The development of transcriptomic and metabolomic technologies has increased
the understanding of the network between genes, and RNA-seq has been widely used
for various purposes in plant genetics research, especially transcriptome analysis, which
has been used to explore a wide range of changes at the level of gene expression under
various biotic and abiotic stresses and used to reveal differential gene expression in various
biological processes. Additionally, metabolite analysis has become a new tool that can
widely analyze components and is a powerful tool to study the changes in metabolites
caused by various environmental changes [25]. Combining the joint analysis of different
histologies to establish regulatory networks between genes and metabolites can provide a
more comprehensive explanation of changes in species tolerance at multiple levels. The
mechanism by which methyl jasmonate regulates monoterpene biosynthesis in grape berry
skins was revealed by a combined transcriptome and metabolome analysis [26].

In our previous experiments, we demonstrated that exogenous spermidine could
alleviate the damage to lettuce seedlings under high-temperature stress [27]; however, the
molecular mechanism by which spermidine mediates the responses of lettuce to stress is not
clear, so we attempted to explore the mechanistic model of its action through co-omics anal-
ysis. In this study, we further revealed the regulatory network between genes and metabo-
lites by combining changes in the physiological properties of lettuce seedlings treated with
spermidine under high-temperature stress with transcriptomic and metabolomic analyses
and provided theoretical support for elucidating the mechanism of exogenous spermidine
in enhancing the heat tolerance of lettuce.

2. Materials and Methods

2.1. Plant Material and Treatment

The heat-sensitive lettuce variety ‘Beisansheng No. 3′ was selected from Beijing
University of Agriculture [27]. The full-grained lettuce seeds were placed in filter paper-
lined Petri dishes for 48 h and then sown in hydroponic seedling trays with built-in
Hoagland nutrient solution and placed in an artificial climate chamber with a photoperiod
of 14/10 h, diurnal temperature of 23 ◦C/17 ◦C, relative humidity of 70~75%, and light
intensity of 350 ± 10 μmol·m−2·s−1, and seedlings with uniform growth were selected.
Seedlings were transplanted into 10 L hydroponic tanks with Hoagland nutrient solution,
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and treatments were started when the seedlings reached four leaves. Lettuce leaves were
sprayed with spermidine treatment at 9:00 a.m. each day to the extent that the leaves were
moist but not dripping droplets. According to our previous experiments, we set the Spd
spray concentration to 1 mmol·L−1 [27]. The standard for spraying is to spray the leaf
surface and leaf back evenly, with the sprayed liquid adhering to the leaf surface so that it
is all wet but not dripping.

Experimental material handling can be seen in Table 1. Three treatments were set up in
this experiment: normal temperature control (CK): temperature of 22 ◦C/17 ◦C (day/night)
and spraying distilled water; high temperature stress (H): temperature of 35 ◦C/30 ◦C
(day/night) and spraying distilled water; high temperature stress spraying with spermidine
(HS): temperature of 35 ◦C/30 ◦C (day/night) and 1 mmol·L−1 Spd.

Table 1. Experimental treatments.

Treatment Temperature (Day/Night) Type of Spraying

CK 22 ◦C/17 ◦C distilled water
H 35 ◦C/30 ◦C distilled water

HS 35 ◦C/30 ◦C 1 mmol·L−1 Spd

Each treatment was replicated three times. After 4 days of heat treatment of the lettuce
seedlings, healthy plants were randomly selected, and the cotyledon portion of the leaves
was collected. Samples were placed in liquid nitrogen at the time of collection and stored
in a refrigerator at −80 ◦C for subsequent experiments

2.2. Measurement of the Physiological and Biochemical Parameters

The malondialdehyde (MDA) content was determined by the thiobarbituric acid
method and calculated from the absorption values at 450, 532 and 600 nm. The chlorophyll
content was determined by the method of Madhava Rao and Sresty [28]: 0.3 g of the sample
was ground well with 2.5 mL of 95% ethanol, filtered and fixed in a 25 mL brown volumetric
flask only.

The chloroplast pigment extract was poured into a cuvette, and 95% ethanol was used
as a blank control. The optical density (OD) values were measured on a spectrophotometer
(UV-5200, Shanghai, China) at 665 and 649 nm. Chlorophylls were calculated according to
the following equations:

Chl a content (mg/g) = [13.95OD665 − 6.88OD649] V/1000 W (1)

Chl b content (mg/g) = [24.96OD649 − 7.32OD665] V/1000 W (2)

Chl t content (mg/g) = [18.08OD649 + 6.63OD665] V/1000 W (3)

The flavonoid content was determined by the sodium nitrite-aluminum nitrate chro-
mogenic method. The flavonoid content was determined using a kit (Solarbio, Beijing,
China). After the sample was dried to a constant weight, 0.1 g was dissolved in 1 mL of the
extraction solution. The sample was extracted by ultrasonication at 60 ◦C for 30 min and
then centrifuged at 12,000 rpm for 10 min, and the supernatant was taken for measurement.
The absorbance value of the sample extract at 470 nm was measured.

2.3. Determination of Antioxidant Enzyme Activity

Place 0.5 g of lettuce sample in a cooled mortar and add in 5 mL of phosphate buffer
(pH 7.0) for grinding. The homogenate was collected and centrifuged at 4 ◦C for ten min-
utes at a force of 11,000× g. The supernatant was collected, and the above steps were
repeated twice.

Superoxide dismutase (SOD) activity was measured by the NBT (nitrogen blue tetra-
zolium) photochemical reduction method [29], with 50% inhibition of NBT photochemical
reduction as one enzyme activity unit (U). Peroxidase (POD) activity was determined
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by the guaiacol method, with an increase of 1 per minute of OD 470 nm as one enzyme
activity unit (U). Catalase (CAT) activity was determined by the hydrogen peroxide UV
spectrophotometric method, with an increase of 0.1 per minute OD240 nm as one enzyme
activity unit (U). Ascorbate peroxidase (APX) activity was determined by measuring the
rate of ascorbate oxidation at 290 nm (ε = 2.8 mM−1 cm−1) [30].

2.4. Metabolite Measurement and Quantification

The tissue sample (25 mg) was placed in a 1.5 mL tube with 800 μL of precooled
precipitant (methanol: acetonitrile: distilled water = 2:2:1) and two small steel beads,
then it was ground in a grinder (60 Hz, 4 min). After the removal of the beads, it was
sonicated in an ice bath for 10 min (power 80 HZ), allowed to rest for 120 min at −20 ◦C,
and then it was centrifuged for 15 min (25,000× g, 4 ◦C) and 600 μL of the supernatant
was collected, and it was repeated once. The supernatant was placed in a freeze extractor
to drain. Then, 600 μL of 10% methanol solution was added, it was placed in an ice bath
and sonicated for 10 min (power 80 HZ) and then centrifuged for 15 min (25,000× g, 4 ◦C).
The supernatant was collected, and 50 μL of each sample was injected into a QC using
an ACQUITYUPLCHSST3 column (100 mm × 2.1 mm, 1.8 μm, Waters, Wilmslow, UK)
for chromatographic separation, and the small molecules that eluted from the column
were collected in positive and negative ion modes using high-resolution tandem mass
spectrometry (Xevo G2-XS QTOF Waters, Wilmslow, UK). Peak extraction was mainly
implemented by the commercial software Progenesis QI (version 2.2. Newcastle, UK),
including peak alignment, peak extraction, normalization, deconvolution and compound
identification steps. Three biological replicates were performed for each sample.

2.5. RNA Extraction and Quality Testing

The steps of total RNA extraction, RNA purity assessment, library construction, library
quality control, and up sequencing were performed at UW (https://www.genomics.cn,
accessed on 1 August 2019), following their standard procedures.

2.6. RNA-Seq Data Analysis

The high-throughput sequencing offline data (Raw Data) were filtered to obtain high-
quality data (Clean Data), and the data were filtered using UW’s self-developed filtering
software SOAPnuke (v1.4.0. Shenzhen, China) for statistics and trimmomatic (v0.36. Dortmund,
Germany) for filtering. The clean reads were compared to the reference genome sequence
using HISAT (Hierarchical Indexing for Spliced Alignment of Transcripts, http://www.ccb.
jhu.edu/software/hisat, accessed on 1 August 2019). The clean reads were aligned to the
genomic sequences using Bowtie2, and then the gene expression levels were calculated for each
sample using RSEM (http://deweylab.biostat.wisc.edu/rsem/rsem-calculate-expression.html,
accessed on 1 August 2019). FPKM (Fragments Per Kilobases per Million reads) was used
to express the gene expression levels. We defined genes with more than a two-fold dif-
ference and Q-value ≤ 0.001 to be screened as significantly differentially expressed genes
(fold change ≥ 2 and adjusted p value ≤ 0.001). Based on the annotation results of GO
(http://geneontology.org/, accessed on 1 August 2019) and KEGG (http://www.genome.
jp/kegg, accessed on 1 August 2019) and the official classification, we functionally classified the
differentially expressed genes and performed enrichment analysis using the phyper function in
R software, with FDR correction for p values. Functions with Q values ≤ 0.05 were considered
significantly enriched.

2.7. Quantitative Real-Time PCR

Total leaf RNA extraction was performed using a kit (Yueyang Hua, Yueyang, China,
Cat:0416-50gk). The first cDNA strand was synthesized using a reverse transcription kit
(Tiangen, Beijing, China. Cat:KR118-02). The primer sequences of the related genes were
downloaded from the GenBank library of NCBI. The primer design is shown in Table S1.
qRT-PCR analysis was performed using the reverse transcription product cDNA as the
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template and 18S as the internal reference gene. qRT-PCR was performed using the TB
Green Premix Ex Taq II (2×) (Tli RNaseH Plus) kit (TaKaRa, Kyoto, Japan) in the CFX96
Real-Time PCR Detection System instrument (Bio-Rad Laboratories, Hercules, CA, USA).
The reaction system was 20 μL, consisting of 9 μL TB Green Premix Ex Taq II (TliRNaseH
Plus), 7 μL ddH2O, 2 μL cDNA template and 1 μL forward and reverse primers. The
cycling progression was as follows: 95 ◦C for 3 min; 95 ◦C for 10 s and 56 ◦C for 30 s, for
a total of 39 cycles. Gene expression change ploidy analysis was calculated using 2−ΔΔCt,
and relative mRNA expression levels were normalized using 18S. The qRT-PCR validation
of the DEGs is shown in Figure S1.

2.8. Statistical Analysis

One-way ANOVA was performed on all data using SPSS 22.0 software (SPSS Inc.,
Chicago, IL, USA), and Duncan’s test was used to test the significance of the differences
between samples (p < 0.05).

3. Results

3.1. Effect of Exogenous Spermidine on the Growth and MDA and Chlorophyll Contents of Lettuce
under High-Temperature Stress

As shown in Table 2, high-temperature stress significantly reduced the total fresh
weight, shoot fresh weight, root length, total dry weight, and root-to-shoot ratio of lettuce,
while the application of spermidine alleviated the damage to the total fresh weight, root
length, and total dry weight under high-temperature stress, but had no significant effect on
shoot fresh weight, root fresh weight, plant height and root-to-shoot ratio.

Table 2. Effects of exogenous spermidine on lettuce growth under high-temperature stress. Values
above each vertical bar followed by different letters show significant differences (p < 0.05). The
highest value was labeled as a, and those with significant differences were labeled as b, c in that order.

Treatments
Fresh Weight

(g)
Shoot Fresh
Weight (g)

Root Fresh
Weight (g)

Root Length
(cm)

Dry Weight
(g)

Plant Height
(cm)

Root-Shoot
Ratio

Dry Weight
(g)

CK 38.60 ± 1.46 a 22.78 ± 2.90 a 12.28 ± 0.68 a 25.83 ± 2.25 a 1.01 ± 0.23 a 15.33 ± 2.52 a 1.71 ± 0.25 a 1.01 ± 0.23 a

H 19.01 ± 0.93 c 7.66 ± 0.91 b 11.04 ± 1.26 a 9.61 ± 1.57 c 0.32 ± 0.02 c 16.57 ± 0.40 a 0.58 ± 0.10 b 0.32 ± 0.02 c

HS 24.32 ± 1.54 b 10.98 ± 0.85 b 11.22 ± 0.24 a 14.14 ± 1.36 b 0.61 ± 0.04 b 17.50 ± 1.00 a 0.81 ± 0.03 b 0.61 ± 0.04 b

CK: 22 ◦C/17 ◦C, distilled water; H: 35 still, distilled water; HS: 35 ◦C/30 ◦C, distilled 1 mM Spd.

From Figure 1A, it can be seen that the leaves of lettuce seedlings under high-
temperature stress were elongated, appeared to be twitching, root growth was weak,
fewer roots were produced, the main roots were short, biomass accumulation was reduced,
which indicated that high temperature stress inhibited the growth condition and organic
matter accumulation of lettuce seedlings. At the same time, the MDA content in the leaves
increased under high temperature, and the increased MDA content reflected, to some
extent, the increase in membrane lipid peroxidation. In the leaves of seedlings sprayed
with spermidine, these effects were ameliorated to some extent. In addition, exogenous
spermidine also affected the photosynthetic pigment content of the lettuce leaves. Although
the total chlorophyll content of the leaves increased under high-temperature stress, the con-
tents of chlorophyll a and chlorophyll b did not change significantly, while the application
of spermidine significantly increased the contents of chlorophyll a and total chlorophyll
(Figure 1C–E).

In conclusion, exogenous spermidine increased the total fresh weight, total dry weight,
and root length, reduced the MDA content, and enhanced the chlorophyllscontent of the
lettuce under high-temperature stress, alleviating the damage of high temperature on
growth and physiological indexes of lettuce, providing a preliminary basis for us to further
explore the possible mechanism of spermidine-mediated enhancement of heat tolerance
of lettuce.
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Figure 1. Effects of exogenous spermidine on the morphology, MDA content and chlorophyll content
of lettuce under high temperature. (A) Phenotypic map. (B) MDA content. (C) Chlorophyll a content.
(D) Chlorophyll b content. (E) Total chlorophyll content. Values above each vertical bar followed
by different letters show significant differences (p < 0.05). The highest value was labeled as a, and
those with significant differences were labeled as b in that order. CK: 22 ◦C/17 ◦C, distilled water;
H: 35 ◦C/30 ◦C, distilled water; HS: 35 ◦C/30 ◦C, distilled 1 mM Spd.

3.2. Effect of Spermidine on the Antioxidant Enzyme Activity of Lettuce under High-Temperature Stress

Under high temperatures, SOD activity decreased in control plants sprayed with dis-
tilled water; however, SOD activity increased in plants treated with spermidine (Figure 2A).
Similar to SOD activity, spermidine treatment increased CAT activity in lettuce under
high temperature compared with deionized water spray (Figure 2C); compared with the
control, high temperature stress had no significant effect on POD activity but spraying with
spermidine under high temperature stress still significantly increased its activity compared
with deionized water spray (Figure 2B). However, for APX, there was no significant effect of
high temperature stress compared to the ambient control, and neither deionized water nor
spermine spraying had any significant effect on its activity under high temperature stress
(Figure 2D). This suggests that exogenous spermidine can withstand high temperature
stress by regulating the activities of antioxidant enzymes such as SOD, CAT and POD, and
may therefore attenuate oxidative damage in lettuce leaf cells.
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Figure 2. Effects of exogenous spermidine on the activities of antioxidant enzymes in lettuce under
high-temperature stress. (A) SOD activity, (B) POD activity, (C) CAT activity, and (D) APX activity.
Values above each vertical bar followed by different letters show significant differences (p < 0.05).
The highest value was labeled as a, and those with significant differences were labeled as b in that
order. CK: 22 ◦C/17 ◦C, distilled water; H: 35 ◦C/30 ◦C, distilled water; HS: 35 ◦C/30 ◦C, distilled
1 mM Spd.

3.3. Transcriptome Data Quality Analysis

We constructed nine sequencing libraries with three replicates of each treatment. The
number of raw reads per sample ranged from 45.57 to 47.33 million, as shown in Table S2.
Clean reads exceeded 42.33 million for all samples except for some low-quality reads,
splices and fuzzy nucleotides. The number of clear reads obtained from the cDNA libraries
of each experiment indicates that the gene abundance and transcript length are sufficient.
In our libraries, the percentage of clean reads was not less than 90%, with Q20 and Q30
values exceeding 96.66% and 88.09% for all samples, respectively. This indicates that the
data quality of the transcriptome is sufficient (Table S2).

3.4. Metabolomics Assay

The type and content of metabolites change under different stimuli leading to pheno-
typic changes. To investigate the effect of exogenous spermidine on changes in the lettuce
metabolome under heat stress, we analyzed the major and minor metabolites in leaves. We
quantified the relative levels of all filtered ions and performed PCA analysis (Figure 3B). As
shown in the figure, the first two principal components explained 48% of the total variation,
indicating a clear separation between water and spermine treatments under heat stress, sug-
gesting that the identified metabolites play an important role in mitigating heat tolerance
in lettuce under the influence of exogenous spermine(Figure 3B).Then, PLS-DA models
(H vs. CK, HS vs. CK, HS vs. H) between each two groups were established using metaX
software to screen out different metabolites, and when the values of model parameters (R2
and Q2) were high, it indicated that the current PLS-DA model was more reliable(Table 3).
To further identify potential metabolites for water treatment and spermine treatment under
high temperature stress, “candidate” metabolites with the following characteristics were
included in the analysis with the screening conditions: (1) VIP ≥ 1; (2) fold change ≥ 1.2 or
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≤ 0.8333; (3) p-value < 0.05, and the three were taken to intersect to obtain the common
metabolite as the differential metabolite.

Figure 3. Differential metabolome analysis in HSvsH. (A) Differential metabolite composition.
(B) PCA model for metabolic data. (C) Volcano plot of differential metabolites. (D) Heat map for
cluster analysis of differential metabolites. CK: 22 ◦C/17 ◦C, distilled water; H: 35 ◦C/30 ◦C, distilled
water; HS: 35 ◦C/30 ◦C, distilled 1 mM Spd.

Table 3. PLS-DA model parameters.

Group R2 Q2

H vs. CK 0.992 0.735
HS vs. H 0.952 0.105

HS vs. CK 0.997 0.811
CK: 22 ◦C/17 ◦C, distilled water; H: 35 ◦C/30 ◦C, distilled water; HS: 35 ◦C/30 ◦C, distilled 1 mM Spd.

Compared with CK, 897 metabolites were identified under high temperature treatment
and could be classified into 14 classes, while 1052 differential metabolites were identified
in HSvsCK and classified into 15 classes; we obtained a total of 307 differential metabo-
lites in HSvsH Supplementary Table S3). These metabolites included 7 alkaloids and
derivatives, 75 benzenoids, 3 hydrocarbon derivatives, 60 lipids and lipid-like molecules,
8 nucleosides, nucleotides and analogues, 56 organic acids and derivatives, 7 organic nitro-
gen compounds, 26 organic oxygen compounds, 49 organic heterocyclic compounds and
16 phenylpropanoids and polyketides (Figure 3A).

In the comparison of the different treatments, “organic acids and their derivatives”,
“organic heterocyclic compounds”, “lipids and lipid-like molecules” and “benzenes” were
noted. Similarly, we found a number of “phenyl propane and polyketide compounds”
in HS vs. H, and the phenyl propane pathway is the main pathway for the synthesis of
flavonoids. It is noteworthy that we also found KEGG enrichment in the transcriptome for
the flavonoid biosynthesis pathways, and the relative expression of most compounds was
higher in the high-temperature applied spermidine treatment than in the high-temperature
sprayed water treatment, as shown by clustering analysis and volcano plots (Figure 3C,D).
This may further suggest that exogenous spermidine enhances the heat tolerance of lettuce
by affecting flavonoid biosynthesis.

3.5. Analysis of DEGs

The number of DEG groups among the three treatments are shown, and overlapping
parts indicate the intersection of different combinations (Figure 4B). There were 2101 genes
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upregulated and 960 genes downregulated in lettuce leaves under high-temperature stress
compared to the control (Figure 4C). Comparing the treatment with spermidine spray
to distilled water, 818 genes were upregulated, and 284 genes were downregulated. In
addition, a total of 2489 genes were upregulated and 717 genes were downregulated in
the high-temperature treatment with spermidine compared to the control. However, when
comparing among the groups the overlapping relationships of the differentially expressed
genes, there were 3061 genes, 1102 genes and 2306 DEGs expressed in the comparison
of HvCK, HS vs. CK and HS vs. H, respectively, while 151 genes were expressed in
common among the three treatment groups. These results suggest that spermidine affects
the response of plant genes to high-temperature stress to some extent, leading to changes
in the number and type of DEGs.

Figure 4. Analysis of DEGs in lettuce under high-temperature stress with exogenous spermi-
dine. (A) Transcriptome sample correlation map. (B) Venn diagrams of DEGs. (C) Numbers of
DEGs. CK: 22 ◦C/17 ◦C, distilled water; H: 35 ◦C/30 ◦C, distilled water; HS: 35 ◦C/30 ◦C, distilled
1 mM Spd.

3.6. GO Enrichment Analysis

To further understand the DEG functions of H and HS, GO functional annotation
of DEGs was performed (Figure 5). A Q value (padj) < 0.05 was set as the threshold for
significant enrichment. According to the GO database, genes can be classified according
to biological process (BP), cytological component (CC) and molecular function (MF) cat-
egories. GO functional enrichment reveals the enrichment of distinct functional entries
in differentially expressed genes, annotating differentially expressed genes to individual
biological functions, so that we can understand the linkage between analyzing different
differentially expressed genes and biological functions.

In this analysis, we significantly enriched the subcategories of differentially expressed
genes in the GO database. In the DEGs of CK compared with H, 28.48%, 38.77% and 32.75%
were categorized as biological processes, cellular components and molecular functions,
respectively (Figure 5A). However, 30.32%, 37.29% and 32.39% of the DEGs in the HS
versus H comparison were categorized as biological processes, cellular components and
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molecular functions, respectively (Figure 5B), these values were observed in 28.87%, 39.04%
and 32.09% of the DEGs in the CK versus HS comparison (Figure 5C).

 

Figure 5. Gene Ontology (GO) classification and distribution of GO annotated genes. (A) H vs. CK;
(B) HS vs. H; (C) HS vs. CK. CK: 22 ◦C/17 ◦C, distilled water; H: 35 ◦C/30 ◦C, distilled water;
HS: 35 ◦C/30 ◦C, distilled 1 mM Spd.

3.7. KEGG Enrichment Analysis

To understand the metabolic or signaling pathways of spermidine involved in high-
temperature stress, all differentially expressed genes were compared with the Kyoto en-
cyclopedia of genes and genomes (KEGG) database to get the matched KEGG Orthology
(KO). The KEGG enrichment analysis of different genes in each treatment group is shown
in Figure 6. The vertical coordinates in the figure represent the KEGG pathway, and the
horizontal coordinates are the enrichment factors. The larger the enrichment factor, the
greater the degree of enrichment; the larger the point, the greater the number of differen-
tially expressed genes enriched in the pathway; the bluer the point, the more significant
the enrichment. The KEGG enrichment analysis of DEGs in the H and CK treatments
is shown in Figure 6A. The DEGs between the H and CK treatments mainly focused on
the biosynthesis of sesquiterpenes and triterpenes; biosynthesis of keratin, sulfites and
waxes; fatty acid metabolism; biosynthesis of unsaturated fatty acids; starch and sucrose
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metabolism; degradation of other polysaccharides; phytohormone signaling; fatty acid
degradation and biosynthesis; and biotin metabolism.

Figure 6. KEGG pathway enrichment analysis of DEGs in response to different stress treatments.
(A) H vs. CK; (B) HS vs. H; (C) HS vs. CK. CK: 22 ◦C/17 ◦C, distilled water; H: 35 ◦C/30 ◦C, distilled
water; HS: 35 ◦C/30 ◦C, distilled 1 mM Spd.

The KEGG analysis of DEGs between the HS and CK enrichment analyses is shown
in Figure 6C. The DEGs between HS and CK were mainly involved in plant-pathogen
interactions, sesquiterpene and triterpene biosynthesis, the MAPK signaling pathway,
keratin, sulfite and wax biosynthesis, other polysaccharide degradation, phytohormone
signaling, and unsaturated fatty acid biosynthesis.

The KEGG enrichment analysis of DEGs between HS and H is shown in Figure 6B. As
shown in the figure, the DEGs between HS and H were mainly focused on unsaturated fatty
acid biosynthesis, plant-pathogen interactions, sesquiterpene and triterpene biosynthesis,
fatty acid metabolism, photosynthesis-antennal proteins, the MAPK signaling pathway,
linolenic acid metabolism, and flavonoid biosynthesis. These results suggest that exogenous
spermidine may protect against high temperature stress by improving photosynthesis,
affecting and participating in signal transduction, and regulating flavonoid biosynthesis
in lettuce.

3.8. Transcription Factors

The different transcription factors of differentially expressed genes (DEGs) were dif-
ferent in the different treatment comparisons (Figure 7). Seventeen transcription factor
families, including 160 TF genes, were identified in the high-temperature treatment com-
pared with control-treated lettuce seedlings, and the family with the highest number of
transcription factors among the differentially expressed genes (DEGs) was AP2-EREBP, fol-
lowed by the MYB, NAC, MADS, WRKY, SBP, and bHLH families (Figure 7A). In addition,
a total of 172 TF genes from 28 transcription factor families, mainly including 37 AP2-
EREBPs, 19 MYBs, 16 WRKYs, 14 NACs, and 12 bHLH, were found in the comparison of
high-temperature spermidine treatment with the control treatment, while 75 TFs from 13 TF
families were found in the comparison of the high-temperature spermidine treatment with
the high-temperature control treatment. The family with the highest number of transcrip-
tion factors among the differentially expressed genes (DEGs) was AP2-EREBP, followed by
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the WRKY, MYB, and NAM families (Figure 7B,C). Our experimental results revealed that
most of the transcription factors were upregulated after spraying with spermidine under
high-temperature stress (Figure 7D), suggesting that it may alleviate the damage caused by
high-temperature stress mainly by upregulating the expression of AP2, MYB, WRKY and
other transcription factors and thus further regulate the expression of the corresponding
genes in lettuce.

Figure 7. Regulation of DEGs of transcription factors. (A) H vs. CK; (B) HS vs. H; (C) HS vs. CK;
(D) Expression trends of transcription factors in HS vs. H. CK: 22 ◦C/17 ◦C, distilled water;
H: 35 ◦C/30 ◦C, distilled water; HS: 35 ◦C/30 ◦C, distilled 1 mM Spd.

3.9. Spermidine Regulates the Metabolism of Flavonoids under High-Temperature Stress

As shown in Figure 8A, spraying spermidine increased the total flavonoid content
in leaves under high-temperature stress. A total of 19 DEGs rich in flavonoid-related
metabolic pathways were identified in HS vs. H, encoding six enzymes related to flavonoid
synthesis, including hydroxycinnamoyltransferase (HCT), flavonol synthase (FLS), caffeoyl
coenzyme A methyltransferase (CCoAOMT) dihydroflavonol reductase (DFR), chalcone
synthase (CHS), and colorless anthocyanin dioxygenase (LDOX), which are involved in
the regulation of the synthesis of flavonoid substances such as dihydroflavonol, flavonol,
colorless anthocyanin, and chalcone (Figure 8B). Among them, 12 genes significantly in-
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creased their expression under high-temperature stress after the application of spermidine,
and half of these 12 genes enhanced their expression by more than 2-fold, which may be
responsible for the increase in total flavonoid content. These results, in agreement with our
previous results, suggest that exogenous spermidine regulates the synthesis of flavonoid
substances in lettuce leaves, thereby affecting their tolerance to high-temperature stress.

Figure 8. Flavonoid metabolic pathway association with differentially expressed genes (DEGs).
(A) Total flavonoid content; (B) Expression of related DEGs in flavonoid metabolic pathways. Values
above each vertical bar followed by different letters show significant differences (p < 0.05). The
highest value was labeled as a, and those with significant differences were labeled as b, c in that
order. CK: 22 ◦C/17 ◦C, distilled water; H: 35 ◦C/30 ◦C, distilled water; HS: 35 ◦C/30 ◦C, distilled
1 mM Spd.

4. Discussion

High temperature (HT) is a widespread environmental stress that affects most plants
at all periods of growth and can limit plant growth and development and reduce produc-
tivity. Plant growth and development involve many temperature-sensitive biochemical
responses [31]. One approach to dealing with the adverse effects of heat stress may involve
exploring some molecules that have the potential to protect plants from the deleterious
effects of HT. Polyamines (PAs) are low molecular weight aliphatic amines and organic
polycations found in a variety of organisms from bacteria to plants and animals [32]. They
also play an important role in plant responses to abiotic stresses. Our previous studies
have shown that high-temperature stress limits normal growth and leads to the accumula-
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tion of unwanted ROS, altering the enzymatic and nonenzymatic antioxidant activity of
lettuce seedlings [27], while exogenous spermidine restores growth and photosynthesis by
improving carbon metabolism, thereby increasing stress tolerance [33].

In our experiments, heat stress resulted in wilting of lettuce, curling of leaves, a reduc-
tion in biomass, and an increase in malondialdehyde content. The application of spermidine
improved the growth of lettuce leaves, reduced the malondialdehyde content under heat
stress, and increased the chlorophyll content. Previous studies showed that Spd treatment
significantly promoted FW and DW in white clover seedlings under PEG-simulated water
stress conditions [34]. Zeng found a significant decrease in aboveground FW and DW of
hybrid rice under low-temperature stress, while Spd-treated plants showed a significant
increase in these indices by 30.48% and 18.19% under low temperature conditions [35].
Similar to these reports, our results confirm the role of spermidine in the protection of
lettuce biomass.

Chlorophyll is an important indicator of the ability of leaves to maintain their green
color, and the decrease in chlorophyll concentration is generally considered to be a response
mechanism to reduced light uptake by chloroplasts under stress; furthermore, the decrease
in chlorophyll content during stress may be related to impaired chlorophyll synthesis or
pigment protein degradation and could be a result of ROS production [36]. The results in
Figures 2 and 3 indicate that exogenous spermidine promoted the enhancement of antioxi-
dant enzyme activity with increased chlorophyllin lettuce seedlings, which may be one of
the reasons for their increased tolerance of heat stress. Our previous study also confirmed
that spraying exogenous spermine at high temperatures increased chlorophyll a and b
content in lettuce leaves and was able to avoid oxidative damage to chloroplasts [37]. These
results suggest that Spd spraying can maintain chlorophyll and content to support light en-
ergy capture and transport in lettuce under high temperature stress. Higher photosynthesis
rates promote flavonoid accumulation because flavonoids are synthesized in chloroplasts
and flavonoids are hypothesized to be positively correlated with photosynthesis [38–40].
Therefore, we hypothesized that enhanced photosynthetic activity in lettuce leaves in-
creased the production of primary and secondary metabolites, including flavonoids.

Crop tolerance to HT stress is associated with an increase in antioxidant capacity [41].
Previous studies have shown that Spm pretreatment increased antioxidant enzyme activities
under HT and drought stress conditions, while the activity levels of CAT, POD and SOD
were consistently higher in Spm pretreated seedlings than in the control [42]. In our
experiments, high-temperature stress affected POD and SOD activities in lettuce leaves,
while the application of spermidine increased CAT, POD and SOD activities without a
significant effect on APX. This may be due to the fact that antioxidant enzymes differ in
their perception of the degree and duration of temperature, and thus different antioxidant
enzymes vary over different temperature ranges.

Upregulation of many genes has been reported to help plants resist stress conditions
that lead to plant adaptation [43]. Under various biotic and abiotic stresses, plants are able
to receive external signals and respond to the stress by associating various internal path-
ways to transmit information to downstream molecules through their respective methods.
The main molecular mechanisms underlying the response to salt stress were previously
revealed by transcriptome sequencing analysis [44]; physiological and transcriptomic ap-
proaches were used in grapes to explore the effect of exogenous monocrotaline lactones on
drought stress at the transcriptional level, among others [45]. A combined transcriptomic
and metabolomic analysis also provided an enhanced understanding of the regulatory
network between certain specific genes and compounds in broccoli species under sele-
nate treatment [46]. Therefore, in our study, we attempted to investigate the response of
spermidine to differential gene expression patterns, expression of different transcription
factors, and plant secondary metabolites and related genes in lettuce seedlings under high
temperature stress by studying RNA-sequence analysis and metabolite components.

Signaling molecules are involved in the activation of many stress-responsive genes, and
various signal transduction molecules associated with the activation of stress-responsive
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genes exist depending on the plant type and type of stress. Among them, widely used are
Ca-dependent protein kinases (CDPKs), mitogen-activated protein kinases (MPKs), NO, sugar
(as signaling molecules), and phytohormones [47]. These molecules, along with transcrip-
tion factors, activate stress response genes. Once activated, stress response genes reactivate
essential enzymes and structural proteins, which contribute to the detoxification of ROS (by
activating detoxifying enzymes and free radical scavengers) to maintain cellular homeosta-
sis [48]. The available data suggest that some signaling molecules may lead to an increase in
cellular antioxidant capacity [49,50].

TFs stimulate and regulate multiple stress response pathways in plants subjected to
high-temperature stress [48,49]. Flavonoids are plant polyphenol secondary metabolites
with a wide range of physiological functions [51]. The flavonoid pathway is derived from
the general phenylpropane pathway, and flavonoid biosynthetic genes are regulated by
interactions between different TF families [44,46]. For example, genes involved in the
anthocyanin and condensed tannin pathways are regulated by R2R3MYB, bHLH, and
WD40 proteins (MYB-bHLH-WD40, MBW complex) [52]. Flavonoid synthesis genes,
such as F3H, F3′H and FLS, are regulated by MYB genes [53]. In the present study, AP2-
EREBP, WRKY, MYB, and NAM were the most abundantly expressed transcription factor
families after spermidine treatment (Figure 6), and in agreement with previous studies,
spermidine may have regulated the MYB family and thus the expression of genes related
to the flavonoid metabolic pathway and, in this way, coordinated the total flavonoid
content. However, the regulatory functions of these TFs in flavonoid biosynthesis need to
be further investigated.

Flavonoids may protect plants from oxidative stress by blocking ROS production
through their ability to chelate metal ions and scavenge ROS, thus achieving their an-
tioxidant function [54–56]. Moreover, since the synthesis of flavonoids is performed in
chloroplasts, the increased chlorophyll content and antioxidant enzyme activity in our
experimental results suggest that spermidine may be able to maintain high light energy
capture and transport by increasing chlorophyll content and avoiding oxidative loss of
chloroplasts to ensure smooth synthesis of flavonoids, which in turn may protect organelles
from oxidative damage [39,40]. It has been shown that excessive accumulation of flavonoids
with higher free radical scavenging activity in transgenic Arabidopsis enhances tolerance
to drought stress [57]. In our study, KEGG enrichment analysis of DEGs showed significant
enrichment in the “flavonoid biosynthesis” pathway (Figure 6B) and six enzymes related
to the flavonoid synthesis pathway (oxalate hydroxycinnamyltransferase (HCT), flavonol
synthase (FLS), CCoAMOT (caffeoyl-coenzyme A methyltransferase), chalcocyanine, and
chalcocyanine), chalcone synthase (CHS), and colorless anthocyanin dioxygenase (LDOX))
were differentially expressed. Similarly, most of the representative genes involved in these
pathways were downregulated under high-temperature stress and upregulated under
high-temperature spermidine treatment (Figure 8 and Supplementary Table S3), which may
be responsible for the elevated total flavonoid concentration (Figure 8A). In other words,
the elevated flavonoid concentration may have mitigated the effect of high-temperature
stress on lettuce leaves to some extent.

5. Conclusions

Exogenous spermidine increased the content of chlorophylls and antioxidant enzymes
and decreased the content of malondialdehyde under high-temperature stress. By inte-
grating transcriptome and metabolite analysis, we found that spermidine may be involved
in or induce the expression of TF families such as AP2-EREBP, WRKY, MYB, and NAM
to transmit information, and combined with the metabolic pathways identified in KEGG
enrichment, spermidine influenced the biosynthesis of flavonoid synthesis and ultimately
alleviated the damage to lettuce from high-temperature stress. A hypothetical model of
exogenous spermidine-mediated heat stress tolerance in lettuce is shown in Figure 9, but its
specific regulatory mechanism needs further exploration and experimental corroboration.
Exogenous spermidine may be a promising approach and may enhance the heat tolerance
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of lettuce by regulating various factors such as growth, physiology, molecular activities
and metabolite accumulation under high temperature conditions.

 

Figure 9. Hypothetical model of exogenous Spd to improve the heat tolerance of lettuce.
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Abstract: Salinity stress is a major environmental threat in agricultural systems. Kenaf is a promising
crop for the future for cultivation in salinity-affected soils because of its high phytoremediation
potential. The current study aimed to investigate the effects of salt stress using six different sodium
chloride (NaCl) concentrations (0, 50, 100, 150, 200, and 250 mM) on the plant growth, physiological
characteristics, bioactive constituents, and antioxidant capacity of H. cannabinus. The results indicated
that the NaCl stress induced significant reductions in plant height and in the dry and fresh weights
of the leaf tissue. In addition, the K, Ca, Mg, and P concentrations in this tissue also decreased under
NaCl stress treatment conditions. In contrast, the NaCl stress led to the accumulation of hydrogen
peroxide (H2O2), superoxide anion (O2

•−), malondialdehyde (MDA), proline, total soluble sugar, and
total soluble protein. Under NaCl stress, the levels of antioxidants, including phenolics and flavonoids,
also increased. The gas chromatography–mass spectrometry (GC-MS) results showed that the volatile
compounds, including heptacosane, 1-octadecanesulphonyl chloride, and tetratetracontane, were
induced under the NaCl stress treatment. Furthermore, the salt stress significantly improved the
antioxidant capacity of the leaf extracts. These findings may provide insight into how H. cannabinus
plants respond to salt stress and may help improve its medicinal value under salt stress.

Keywords: Hibiscus cannabinus; salt stress; physiological changes; bioactive constituents

1. Introduction

Salinity is among the major abiotic stresses impacting plant growth and productivity [1,2].
It affects approximately 1125 million hectares of agricultural land globally [3]. In China,
salinity affects about 36.7 million hectares of land. By 2050, it could damage more than
50% of the agricultural land [4]. The intensity of the salt stress affects the plants’ morpho-
logical, physiological, and metabolic changes. Soil salinity can inhibit plant growth by
causing ion toxicity, osmotic and oxidative stresses, pigment degradation, and photosyn-
thesis inhibition [5–7]. Ion toxicity and osmotic stress cause nutritional imbalances and
oxidative stress by restricting plants from extracting water from the soil and from inside
the plants themselves [8,9]. Additionally, salt stress causes oxidative stress by increasing
reactive oxygen species (ROS), such as hydrogen peroxide (H2O2), superoxide (O2

•−), and
hydroxyl radicals (OH·) [10,11]. Salt stress can severely disrupt the equilibrium between
producing and scavenging reactive oxygen species (ROS) [12]. Plants require a certain
threshold level of reactive oxygen species (ROS) to function normally; any variation in the
ROS concentration can have detrimental effects on a plant’s physiology [13]. Specifically,
excessive concentrations of radical species cause damage to plant cell components, resulting
in cell death [14].
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Plants have varied defense strategies against salt stresses, involving morphological,
physiological, and molecular responses [15]. Plants can produce osmolytes, including
soluble sugars, proteins, and proline, which protect plant cells from the adverse effects
of salt stress [16,17]. Protecting cellular membranes via enzymatic antioxidants against
salt-induced ROS over-production and membrane lipid peroxidation leads to salt toler-
ance [18–20]. Under salt stress, antioxidants such as phenolic and flavonoid compounds
might also act as ROS scavengers [21]. Plants also defend themselves against biotic and
abiotic stressors by emitting volatile organic molecules [22]. Multiple classes of terpenes,
phenylpropanoids, and benzenoids, as well as volatile fatty acid and amino acid derivatives,
are among the volatile chemicals produced in response to stress [23]. Moreover, salt-stressed
plants regulate salt-stress-related genes and have signal transduction factors [24].

Kenaf (Hibiscus cannabinus L.) is a major annual fiber crop native to east-central Africa
and widely grown in the Asia–Pacific region. Hibiscus cannabinus cultivation has increas-
ingly shifted to saline land due to an increased demand for food crops and reduced available
arable land [25]. Although kenaf is mostly used for fiber, the seeds, leaves, and flowers
may be useful in the food industry [26]. It is also used as a cosmetic ingredient and in folk
medicine. Hibiscus cannabinus contains bioactive components such as phenolics, flavonoids,
terpenes, citric acid, and fatty acid derivatives, which have a variety of pharmacological
activities. For example, phenolic compounds have antiaging [27], antiproliferative [28],
antityrosinase [29], and antioxidant properties [30]. Flavonoid-rich products also have
a variety of biological actions, such as antibacterial [30], anti-inflammatory [31], antioxi-
dant [32], and antidiabetic activities [33]. Moreover, phytol, an acyclic diterpene alcohol,
can be used as a precursor in producing synthetic vitamins E and K1 [34]. Hydroxycitric
acid has been demonstrated to lower blood insulin levels [35]. Omega-3 polyunsaturated
fatty acids are also responsible for lowering the risk of cardiovascular disease and the
fracture risk [36]. The essential oil composition and phytotoxic and fungitoxic activity
levels of kenaf leaves were investigated by Kobaisy et al. [22]. The oil was effective against
Colletotrichum gloeosporioides, Colletotrichum fragariae, and Colletotrichum accutatum, while
also being phytotoxic to bentgrass and lettuce. In addition, aqueous extracts of kenaf leaves
have been shown to protect rats’ livers from carbon tetrachloride and paracetamol-induced
damage [37]. Diet-induced hyperlipidemia was mitigated by a hydroalcohol extract of
H. cannabinus leaves [38]. Kenaf extract induces a cytoprotective molecule in activated
macrophages, resulting in a significant immunomodulatory effect [39]. Secondary metabo-
lites of H. cannabinus, namely phenolics, flavonoids, and phenolic acids, correlate strongly
with the antioxidant capacity, and these compounds prevent oxidative damage to cells by
lowering ROS levels under salt stress [40].

Most previous studies have concentrated on the phytochemical properties of H. cannabinus
under normal conditions [32,41]. However, the acumination and synthesis of bioactive
and nutritional compositions depend on abiotic stresses [16,42]. Many plants subjected
to salinity stress exhibit changes in the composition of the phenolics [43], flavonoids [44],
and saponins [45]. These alterations are dependent on the degree and duration of the
stress. Thus, plants stressed by salinity may have the potential to be polyphenol sources.
Furthermore, Hibiscus cannabinus can potentially be used in phytoremediation to remediate
salt-affected soils due to its suitability for cultivation in salinity-affected soils [46,47]. De-
spite these promising features, the physiological and biochemical responses of H. cannabinus
to salinity conditions have been scarcely studied. The current study was, therefore, carried
out to investigate the effects of six different salt concentrations (0, 50, 100, 150, 200, and
250 mM of NaCl) on the plant growth, physiological traits, bioactive components, and
antioxidant capacity of H. cannabinus.

2. Materials and Methods

2.1. Plant Material, Growth Conditions, and Salt Treatments

China kenaf 21, a typical kenaf variety from the Institute of Bast Fiber Crops, Chinese
Academy of Agricultural Sciences, was chosen for this study. The kenaf seeds were
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placed on moist filter paper and were enabled to germinate for three days at a tem-
perature of 25 ◦C in the dark after being soaked in sterile water for five hours. The
germinated seeds were transferred to a 1

4 -strength Hoagland nutrient solution (pH 6.0)
comprising 5.79 mmol L−1 Ca (NO3), 2, 4.17 mmol L−1 MgSO4, 8.90 mol L−1 MnSO4,
8.02 mmol L−1 KNO3, 0.94 mol L−1 ZnSO4, 1.35 mmol L−1 NH4H2PO4, 0.20 mol CuSO4,
0.015 μmol L−1 (NH4)2MoO4, 48.3 μmol L−1 H3BO3, and 72.6 μmol L−1 Fe-EDTA for con-
tinued growth [48]. After 5 days, the seedlings were transferred to a 1

4 -strength Hoagland
nutrient solution supplemented with 0 (control), 50, 100, 150, 200, and 250 mm NaCl
solutions, with three replicates at each concentration level, replenished every two days.
The seedlings were grown in a culture chamber with a 28/25 ◦C temperature regime, a
photoperiod of 16 h/8 h (light/dark), relative humidity of around 60%, and a light intensity
of 700 μmol m−2s−1. The plants were harvested 14 days after being subjected to salt stress
because the plants treated with 200 and 250 mM of NaCl showed salt stress symptoms (leaf
chlorosis and necrosis).

2.2. Chemicals and Reagents

Solar Bio-Science and Technology Co. (Beijing, China) supplied the 2,2-diphenyl-
1-picrylhydrazyl (DPPH), 2,2′-azinobis (3-ethylbenzothiazoline-6-sulfonic acid (ABTS),
rutin, and gallic acid. Coolaber Technology Co. (Beijing, China) provided the vanillin,
2,4,6-tripyridyl-s-triazine (TPTZ), and Folin–Ciocalteau reagent. The ferrozine, iron sulfate
heptahydrate, and other chemicals were purchased from Shanghai Macklin Biochemical
Technology Co. (Shanghai, China). All reagents used in the assay were of the highest
analytical grade.

2.3. Parameters for Plant Growth

The plant height and fresh weight (FW) values were measured fourteen days after
saline treatment. The plant material was oven-dried to a constant weight at 50 ◦C and the
dry weight (DW) was recorded.

2.4. Determination of Mineral Contents

The plant leaves were powdered to a fine powder using a small crusher after drying
for five days at 50 ◦C. In a 50 mL crucible, 0.1 g of each sample powder was digested with
5 mL of concentrated HNO3 and 1 mL of HClO4 (70%). The mixture was then heated
to 150–200 ◦C on a hot plate until the digest became semi-dried. The cooled sample was
dissolved in deionized water to a total volume of 20 mL before the analysis [49,50].

The content of K was measured using a flame photometer (Model: FP6431, Shanghai
Yidian Analysis Instrument Co., Ltd., Shanghai, China). The Ca and Mg contents were
determined using an atomic absorption spectrophotometer (Model: 3110, Thermo Scientific,
Oxford, UK). The concentrations of P3+ were determined using UV–Vis spectrophotom-
etry (UV-2007, Shimadzu Global Laboratory Consumables Co., Ltd., Shanghai, China).
Inductively coupled plasma mass spectrometry (iCAP Q ICP-MS, Thermo Fisher Scientific,
Germany) was also used to determine the content of Fe2+. The ICP-MS operating conditions
were as follows: the radio frequency (R.F.) power was 1550 W, the nebulizer gas flow was
1.01 L/min, the auxiliary gas flow was 0.8 L/min, and the cool gas drift was 14 L/min.

2.5. Quantification of Proline, Total Soluble Sugar, and Protein Contents

The Bates method, with minor modifications, was used for proline determinations [51].
The fresh leaves (0.5 g) were homogenized in 5 mL of sulfosalicylic acid (3%) and incubated
at 100 ◦C for 10 min. The supernatant (2 mL) was mixed with 2 mL of ninhydrin reagent
and 2 mL of glacial acetic acid. The mixture was then allowed to cool to room temperature
and centrifuged for 10 min at 3000 rpm. The mixture was incubated at 100 ◦C for 1 h before
being cooled in an ice bath for 15 min. As a reaction reagent, 4 mL of toluene was added to
the previous mixture, and the absorbance at 520 nm was measured. The proline content
was determined using the standard curve and expressed as g g−1 FW.
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The total soluble sugars were determined using the phenol–sulfuric acid method [52].
The fresh samples (0.5 g) were homogenized in 10.0 mL of 80% ethanol and centrifuged
for 20 min at 2000 rpm, then the supernatant was collected. The supernatant (0.1 mL) was
mixed with 1.0 mL phenol (5%) and 5.0 mL of sulfuric acid (98%). The mixture was then
allowed to stand in a 30 ◦C water bath for 20 min. Finally, the absorbance was measured at
490 nm. The amount of available soluble sugar was calculated using a glucose calibration
curve (10–100 mg/mL) and expressed as mg/g FW.

The soluble protein was measured using the method used by Guy [53]. The fresh
samples (0.5 g) were homogenized in a solution of 50 mM Tris-HCl (pH 7.5), 2 mM EDTA,
and 0.04% (v/v) β-mercaptoethanol and centrifuged at 10,000× g for 15 min. After mixing
1 mL of supernatant with 1 mL of Coomassie Brilliant Blue, the absorbance was read at
595 nm.

2.6. ROS Determination—Hydrogen Peroxide (H2O2) and Superoxide Anion (O2
•−)

The H2O2 content was determined using the method developed by Okuda et al. [54].
The fresh leaf samples (200 mg) were milled in 2 mL of 200 mM perchloric acid in an ice
bath and then centrifuged for 10 min at 12,000× g. After centrifugation, 4 M KOH was used
to neutralize the perchloric acid in the supernatant. The insoluble potassium perchlorate
was then removed by centrifugation at 500× g for 3 min. The supernatants (1 mL) were
combined with 400 μL of 3-(dimethylamino) benzoic acid (12.5 mM) in phosphate buffer
(0.375 M, pH 6.5), 80 μL of 3-methyl-2-benzothiazoline hydrazone, and 20 μL of peroxidase
(0.25 unit). The reaction was started by adding peroxidase at 25 ◦C, then the absorbance
was measured at 590 nm.

The superoxide radical (O2
•−) content was determined using the techniques used by

Bu et al. [55] and Lang et al. [56] with minor modifications. The fresh leaf samples (0.2 g)
were treated for 1 h with 1 mL of hydroxylamine hydrochloride. The mixture was then incu-
bated at 25 ◦C for 20 min with 1 mL each of α-naphthylamine and 2-aminobenzenesulfonic
acid. The absorbance of the solution at 530 nm was measured. The O2

•− content was
calculated using a NaNO2 calibration curve (10–100 mg/mL).

2.7. Measurement of the Lipid Peroxidation–MDA Content

The MDA content was determined using Heath and Packer’s technique [57]. Roughly
0.5 g fresh leaf samples were pulverized in 5 mL of trichloroacetic acid (10%) and
2-thiobarbituric acid (0.65%). The mixture was then heated for 1 h at 100 ◦C, cooled
to ambient temperature, and centrifuged at 10,000 rpm for 10 min, then the absorbances of
the samples were measured in triplicate at 532, 600, and 450 nm. The MDA content of the
reaction solution was determined using the following equation:

MDA (μmol g − 1 FW) = 6.45 (A532 − A600) − (0.56 A450) (1)

The MDA concentration was calculated using an extinction coefficient of
155 mmol L−1 cm−1 and expressed as nmol of MDA g−1 FW.

2.8. Preparation of Ethanol Extracts

The collected leaves were vacuum-dried at 40 ◦C. The dried samples were ground into
a powder using a small crusher (HX-200 A, Xian Hardware and Pharmacy Co., Ltd., Xian,
China). For each treatment, 1 g of powdered leaves was extracted ultrasonically for 30 min
with a 10 mL ethanol solution (80%). The mixtures were centrifuged for 3 min at 4 ◦C at
4000× g [58]. The supernatant was collected and stored at 4 ◦C for 48 h.

2.9. Determination of Total Phenolic and Flavonoid Contents

The phenolic content was determined using a Folin–Ciocalteau colorimetric assay [41].
Briefly, 1.5 mL of 20% (v/v) Folin–Ciocalteau reagent was mixed thoroughly into 0.2 mL of
sample extract and allowed to stand for 5 min. The total volume was then built up to 10 mL
with distilled water before being incubated in the dark for 90 min at ambient temperature.
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The absorbance was measured at 760 nm against a prepared blank. The calibration curve of
gallic acid, which ranged from 20 to 800 mg/L, was used to determine the phenolic content.
The results are presented in milligrams of equivalent gallic acid per gram of sample dry
weight (mg GAE/g DW).

The flavonoid content of each extract was determined using the aluminum chloride
technique [32]. First, 0.2 mL of sample extract was mixed with 4 mL of distilled water,
followed by 0.3 mL of NaNO2 (5%), and reacted for 5 min. After this, 0.3 mL of AlCl3 (10%)
was added and left to react for 6 min. Then, after adding 2 mL of NaOH (4%) and filling it
with up to 10 mL of distilled water, the absorbance of the solution was measured at 510 nm.
The flavonoid content was determined using a rutin standard curve ranging from 50 to
400 mg/L. The results are given as milligrams of rutin equivalents (mg RE/g DW) for each
gram of dry weight of the samples.

2.10. Determination of Total Saponin Content

The saponin content of the plant extract was determined using the vanillin–sulfuric
acid colorimetric method [59]. In brief, 0.1 mL of sample extract was mixed with 0.5 mL of
ethanol (50%), 0.5 mL of vanillin solution (8%), and 4.0 mL of sulfuric acid (77.5%). The
solution was then cooled to room temperature after 15 min incubation in a water bath at
60 ◦C. Then, the absorbance was measured using a spectrophotometer at 545 nm. The
results were expressed as milligrams of tea saponin equivalents per gram of dry weight of
the sample (TSE/g DW) using a calibration curve ranging from 50 to 400 mg/L.

2.11. Gas Chromatography–Mass Spectrometry (GC–MS) Identification of Volatile Compounds

The plant extraction for the GC-MS analysis was performed as previously described [32].
Briefly, 2.5 g of the powdered leaf was extracted in 50 mL of hexane using ultrasonic-
assisted extraction for 30 min for each treatment. The extracts were purified (Whatman
no. 4), evaporated at reduced pressure and temperature using a rotary evaporator, weighed,
and dissolved in hexane at 10 mg/mL. The samples were analyzed via GC-MS equipped
with an HP-5ms capillary column (30 m × 0.25 mm × 0.25 μm). The carrier gas was pure
helium with a purity greater than 99.99%, flowing at a rate of 1.2 mL/min. The sample
was diluted with n-hexane at a 10% (v/v) concentration. The injection volume was 1 μL
and the diversion ratio was 1:5. The temperatures for injection and detection were set
to 250 and 280 ◦C, respectively. The chromatographic heating procedure was as follows:
the temperature was initially set to 60 ◦C for 2 min, then raised to 280 ◦C at a rate of
5 ◦C/min for 9 min. The electron ionization mode of the mass spectrometry involved an
electron energy of 70 eV, a scanning range of 40–400 (m/z), a scanning rate of 3.99 scans/s,
and a solvent delay of 3 min. The retention time (RT) values and NIST05 mass spectral
library were used to identify compounds. The relative peak area of each compound in the
chromatogram was used to calculate the percentage of each compound.

2.12. Detection of Antioxidant Activity

The DPPH• scavenging assay was performed with minor modifications to the
Brand–Williams method [60]. A DPPH solution in methanol (6 × 10−5 M) was prepared
and mixed with 100 μL of each sample (3 mL). The sample absorbance (A1) was measured
at 515 nm after the mixtures were incubated in the dark for 15 min at room tempera-
ture. The absorbance of a blank sample (A0) containing 100 μL of methanol was also
measured. The scavenging ability of the triplicate experiments was estimated using the
following equation:

Inhibition (%) = [(A0 − A1)/A0] × 100 (2)

where A0 is the absorbance of the blank and A1 is the absorbance of the sample extract.
The ABTS assay was measured following the procedure described by Nisca et al. [61].

Furthermore, 100 μL of sample extract was mixed with 100 μL of ABTS reagent and left to
react in the dark for 6 min. The absorbance of the sample was measured at 734 nm. The inhi-
bition percentage was calculated using the above formula described in the DPPH method.
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The FRAP was determined using a slightly modified Benzie and Strain [62] method.
The fresh FRAP reagent working solution was prepared by mixing 20 mL of acetate buffer
(300 mM, pH 3.6), 2 mL of TPTZ (10 mM) in 40 mM HCl, and 2 mL of FeCl3, 6H2O (20 mM).
The mixture was then incubated in a water bath at 37 ◦C for 30 min. The samples (75 μL)
were then vigorously mixed with 75 mL of FRAP reagent. The sample absorption was
measured at 593 nm after 4 min. A ferrous sulfate solution (0.5–10 mg/mL) was used
to create the standard curve. The results were expressed in millimoles of ferrous ion
equivalent per gram dry weight of the sample (mmol Fe2+/g DW).

The chelation ability of the ethanol extract was determined using a previously
described ferrozine-based colorimetric assay [63]. The ethanol extract (50 μL) was mixed
with 200 μL FeSO4 (0.2 mM) and 200 μL ferrozine (0.5 mM). The mixture was shaken
and left at room temperature for 10 min. Finally, the absorbance was measured at
562 nm. The inhibition percentage of the ferrozine–Fe2+ complex was calculated using
the following equation:

Inhibition (%) = [(Ac − As)/Ac] × 100 (3)

where Ac is the absorbance of the control and As is the absorbance of the sample.

2.13. Statistical Analysis

The data for all parameters were subjected to a one-way ANOVA followed by Dun-
can’s multiple comparisons (p < 0.05) test using SAS version 9.4 (SAS Inc., Cary, NC,
USA). The results are presented as mean values ± standard deviations (SD). For graphical
representations, OriginPro® version 9.8.0.200 software (Northampton, MA, USA) was used.

3. Results

3.1. Effect of Salt Stress on Growth Parameters

The effect of NaCl on the H. cannabinus plant growth was assessed by measuring the
plant height as well as the fresh and dry weights of the leaf. The results revealed that the
salinity significantly decreased the plant growth, as depicted in Figure 1. In detail, the
treatments with 100, 150, 200, and 200 mM of NaCl significantly reduced the plant height
by 14.80%, 22.81%, 29.78%, and 44.81%, respectively, compared to the control (Figure 2a).
At 200 and 250 mM NaCl concentrations, the fresh leaf weight was reduced by 42.46 and
62.51%, respectively (Figure 2b). The leaf dry weight was also affected by the stressor,
decreasing by 8.96 (150 mM), 30.45 (200 mM), and 50.11% (250 mM) (Figure 2c).

3.2. Impact of Salt Stress on Minerals in Leaves

Salinity stress significantly impacted the mineral concentration in the H. cannabinus
leaves (Table 1). The salinity stress (100, 150, 200, and 250 mM) decreased the N (up to
8.49, 17.76, 22.63 and 24.85%, respectively) compared with the control. However, the N
content reduction was not statistically significant at 50 mM of NaCl. The concentration
of K significantly decreased at 50 mM, 200 mM, and 250 mM of NaCl by 6.52%, 5.74%,
and 3.87%, respectively, as compared to the control, whereas the changes were slight at
100 and 150 mM of NaCl. Moreover, the concentrations of Ca and Mg decreased as the
salinity intensified. However, the Mg content decreased slightly at 50 mM of NaCl. The
concentration of p significantly decreased under salt stress. The low saline concentration
(50 mM) significantly the increased Fe concentrations, whereas the medium and high saline
concentrations significantly reduced the concentrations.
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Figure 1. Changes in morphology of H. cannabinus seedlings grown under different salt stress
conditions (0 mM of NaCl, 50 mM of NaCl, 100 mM of NaCl, 150 mM of NaCl, 200 mM of NaCl, and
250 mM of NaCl).

Figure 2. Effects of different levels of salinity stress (0, 50, 100, 150, 200, and 250 mM of NaCl) on
the plant height (a) and fresh weight (FW) (b) and dry weight (DW) (c) of H. cannabinus leaves. The
results are expressed in cm or g plant-1, as the means ± SD of different measurements (n = 15).
Different letters (a–f) above the bars indicate a significant difference between treatments according to
the Duncan test (p < 0.05).
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Table 1. Compositions of nitrogen, potassium, calcium, magnesium, phosphorous, and iron in the
leaves of H. cannabinus subjected to different levels of salt stress (0, 50, 100, 150, 200, and 250 mM of
NaCl). The results are expressed in mg/g dry weight (DW), as means ± SD (n = 3). According to the
Duncan test (p < 0.05), different letters within a column indicate significant differences.

Treatments
(mM)

N
(mg/g DW)

K
(mg/g DW)

Ca
(mg/g DW)

Mg
(mg/g DW)

p
(mg/g DW)

Fe
(mg/g DW)

0 63.07 ± 0.04 a 29.65 ± 0.22 a 9.59 ± 0.32 a 1.14 ± 0.01 a 3.59 ± 0.05 a 0.13 ± 0.00 b

50 62.13 ± 0.04 a 27.72 ± 0.02 d 7.38 ± 0.14 b 1.08 ± 0.01 a, b 3.31 ± 0.03 b 0.17 ± 0.00 a

100 57.43 ± 0.45 b 29.00 ± 0.19 a, b 5.26 ± 0.06 c 1.01 ± 0.03 b 2.80 ± 0.09 c 0.10 ± 0.00 c

150 53.40 ± 1.33 c 28.87 ± 0.90 a–c 4.15 ± 0.13 d 0.90 ± 0.07 c 2.10 ± 0.05 d 0.09 ± 0.00 c

200 48.80 ± 0.36 d 27.95 ± 0.10 c, d 2.78 ± 0.04 e 0.86 ± 0.00 c 2.05 ± 0.05 d 0.08 ± 0.00 c

250 47.40 ± 0.46 e 28.50 ± 0.09 b–d 5.10 ± 0.06 c 0.88 ± 0.02 c 2.16 ± 0.07 d 0.09 ± 0.00 c

3.3. Alterations of Proline, Total Soluble Sugar, and Soluble Protein Contents under Salt Stress

Proline is one of the most common osmotic adjustment substances. The results in-
dicated that the plant proline content increased significantly with the salt concentration
(Figure 3a). The proline levels increased by 432.76 and 527.38% under 150 and 200 mM
NaCl concentrations, respectively, as compared with the control.

Figure 3. Effects of salt stress on the proline (a), total soluble sugar (b), and total soluble protein
(c) contents in leaves of H. cannabinus seedlings subjected to 0, 50, 100, 150, 200, and 250 mM of
NaCl. The values shown are means ± SD (n = 3). The different letters (a–f) above the bars indicate a
significant difference according to the Duncan test (p < 0.05).

The results revealed that the NaCl concentrations increased the total soluble sugar
content but to varying levels (Figure 3b). The total soluble sugar increased continuously
from 50 to 150 mM of NaCl treatment. Treatments with 200 and 150 mM of NaCl increased
the total soluble sugar by 101.63 and 222.59%, respectively, as compared to the control.
Likewise, the application of 250 mM increased the total soluble sugar content by 24.38%, as
compared to the control.
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The content of soluble proteins was affected by salinity stress. The protein content
increased significantly with the increasing salt concentration compared to the control
(Figure 3c). The soluble protein levels were highest with 150 and 200 mM of NaCl. The
soluble protein content was enhanced by 185.77 and 211.37% at 200 and 150 mM NaCl
concentrations, respectively, as compared to the control treatment.

3.4. ROS Detection and Lipid Peroxidation

The concentration of O2
•− in the leaves of H. cannabinus was altered by the salinity.

In detail, the O2
•− content significantly increased with the increasing salt concentrations,

as shown in Figure 4a. The levels of O2
•− were higher in seedlings treated with 200 and

250 mM of NaCl, with the values exceeding 136.07 and 291.80% of those found in the
control plants, respectively. Likewise, in seedlings exposed to 50 mM of NaCl, the O2

•−
production increased by 19.67%. The H2O2 production rate increased progressively with
the increase in salt concentration (Figure 4b). The H2O2 levels rose by 191.23 and 290.34%
at 200 and 250 mM of NaCl, respectively, as compared to the control treatment. Moreover,
50 mM of NaCl increased the H2O2 concentration by 43.83% compared to the control.

Figure 4. O2
•− contents (a), H2O2 contents (b), and MDA contents (c) in leaves of H. cannabinus

under various salt stress levels (0, 50, 100, 150, 200, and 250 mM of NaCl). The values presented are
means ± SD (n = 3). Different letters (a–f) above the bars indicate a significant difference between
treatments according to the Duncan test (p < 0.05).

As illustrated in Figure 4c, the MDA content is significantly influenced by the different
salt concentrations. The results indicated that the MDA content increased as the salinity
intensified. Compared to the control treatment, the MDA levels increased by 29.27 and
178.71% in response to 50 and 250 mM of NaCl, respectively.

3.5. Total Contents of Phenolics, Flavonoids, and Saponins

According to the findings, the salinity stress affected the total phenolic, flavonoid, and
saponin contents. Under salt stress, the total phenolic content was found to be increased
(Figure 5a). In detail, the total phenolic contents increased by 68.84 and 51.55% with 150 and
200 mM of NaCl, respectively, compared to the control. Similarly, the total flavonoid con-
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tents increased by 96.85 and 105.8% with 150 and 200 mM of NaCl, respectively, compared
to the control (Figure 5b). There was no significant effect on the total flavonoid content with
the 50 mM NaCl treatment. There was a considerable difference in saponin contents with
increasing salt concentrations compared to the control (Figure 5c). The content of saponins
increased steadily from the 50 to 200 mM NaCl treatments. Compared to the control, the
saponin accumulation increased by 91.61% with 200 mM of NaCl but was significantly
reduced by 47.81% with 250 mM of NaCl.

Figure 5. Changes in (a) the total phenolic contents, (b) total flavonoid contents, and (c) total saponin
contents under different levels of salt stress (0, 50, 100, 150, 200, and 250 mM of NaCl). The values
presented are means ± SD (n = 3). Different letters (a–e) above the bars indicate a significant difference
between treatments according to the Duncan test (p < 0.05).

3.6. Alterations in the Compositions of Volatile Compounds under Salt Stress

The compositions of the leaf volatile compounds of H. cannabinus and their relative
percentages (%) at different NaCl levels are shown in Table 2. Seventeen compounds
were identified in the control. Phytol (18.64%) and 1-heptacosanol (18.23%) were the
major components; other notable components were oleamide (9.36%), 12-methyl-E, E-2,13-
octadecadien-1-ol (8.27%), alterungsschutzmittel BKF (7.30%), cis-vaccenic acid (6.80%),
phthalic acid, hep-tyl undecyl ester (6.70%), and methyl linolelaidate (4.36%). When sub-
jected to salt stress, the relative proportions of these components changed significantly. The
application of NaCl reduced the phytol levels by 69.26%, 87.55%, and 88.79% at 150, 50, and
100 mM, respectively, compared with the control. This compound disappeared with 200 and
250 mM of NaCl. Compared to the control, the concentration of 1-heptacosanol increased
significantly by 6.80% with 200 mM of NaCl; decreased substantially with 50, 100, and
250 mM of NaCl; and was not detected with 150 MM of NaCl. The biosynthesis of phthalic
acid and heptyl undecyl ester was enhanced considerably with 100, 200, and 250 mM of
NaCl, and it emerged as the first and most abundant compound. Also, the relative content
of 3-(octadecyloxy) propyl ester increased at 50, 100, 150, and 200 mM NaCl concentrations
and eventually became the second most abundant compound. The salt stress induced the
biosynthesis of new compounds, including heptacosane, 1-octadecanesulphonyl chloride,
and tetratetracontane. The biosynthesis of terpenes and alcohols was suppressed under salt
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stress. However, a high salt concentration stimulated the production of alkane. In addition,
under all levels of salinity stress, the esters increased significantly and eventually became
the most abundant chemical class in salt-treated plants.

Table 2. Changes in the compositions and relative percentages (%) of volatile compounds in the
leaves of H. cannabinus under different NaCl concentrations (0, 50, 100, 150, 200, and 250 mM). The
results, reported as percentages, are means ± SD (n = 3). According to the Duncan test (p < 0.05),
different letters within a row differ significantly; nd, not detected.

No.
Name of the
Compound

Content (%)

NaCl Concentration (mM)

0 50 100 150 200 250

1 Methyl linolelaidate 4.36 ± 0.49 b 3.43 ± 0.30 c 2.92 ± 0.36 d 9.15 ± 0.68 a 1.87 ± 0.19 e nd
2 Phytol 18.64 ± 1.60 a 2.32 ± 0.45 c 2.09 ± 0.15 d 5.73 ± 0.10 b nd nd
3 Oleamide 9.36 ± 0.64 c 10.86 ± 0.10 b 5.02 ± 0.07 f 16.32 ± 1.18 a 7.92 ± 0.1 d 6.12 ± 0.05 e

4 Alterungsschutzmittel BKF 7.30 ± 0.74 b 6.25 ± 0.15 c 2.40 ± 0.17 e 10.30 ± 0.15 a 5.01 ± 0.20 d 2.06 ± 0.03 d

5 Diisooctyl phthalate 2.52 ± 0.70 c 5.25 ± 0.73 a 0.96 ± 0.14 d Nd 4.10 ± 0.89 b 3.08 ± 0.23 c

6 Phthalic acid, heptyl undecyl ester 6.70 ± 1.38 d 6.55 ± 0.12 e 68.50 ± 2.50 a 11.43 ± 0.59 b 9.96 ± 1.54 c 4.76 ± 0.44 f

7 Heptacosane nd nd nd Nd 1.55 ± 0.91 b 2.78 ± 0.66 a

8 1-Octadecanesulphonyl chloride nd nd nd Nd 0.34 ± 0.14 nd
9 α-Glyceryl linolenate 2.72 ± 0.10 c 23.36 ± 0.94 b 0.68 ± 0.04 d 0.29 ± 0.06 e nd 42.85 ± 1.10 a

10 β-Monoolein 2.06 ± 0.20 c 4.60 ± 0.14 b 0.57 ± 0.10 d 13.96 ±1.50 a nd 0.55 ± 0.12 e

11 1-Heptacosanol 18.23 ±1.92 b 3.08 ± 0.32 e 4.61 ± 0.34 d Nd 19.47 ± 1.44 a 13.97 ± 0.95 c

12 12-Methyl-E,E-2,13-octadecadien-1-ol 8.27 ± 0.15 b 20.73 ± 2.00 a 2.90 ± 0.52 d Nd 4.35 ± 0.16 c 1.84 ± 0.15 e

13 Oleic acid, 3-(octadecyloxy)propyl
ester 3.57 ± 0.03 e 6.16 ± 0.86 c 5.98 ± 0.12 d 31.67 ± 1.56 b 40.02 ± 0.10 a 2.87 ± 0.56 f

14 cis-Vaccenic acid 6.80 ± 0.25 a 1.64 ± 0.14 b 0.57 ± 0.08 d 1.16 ± 0.04 c nd nd
15 Tetratetracontane nd nd nd nd 0.71 ± 0.14 b 0.89 ± 0.59 a

16 Ethyl iso-allocholate 1.81 ± 0.03 a 0.50 ± 0.01 b 0.23 ± 0.09 c nd nd 0.15 ± 0.04 d

17 β-Sitosterol 0.92 ± 0.04 c 2.13 ± 0.13 b 0.22 ± 0.01 e nd 0.34 ± 0.05 d 9.48 ± 0.50 a

18 β-Viscol 1.45 ± 0.05 a 1.12 ± 0.15 b 0.28 ± 0.02 c nd 0.15 ± 0.02 e 0.16 ± 0.02 d

19 Unknown 3.90 ± 0.15 b 0.43 ± 0.04 e 1.93 ± 0.15 d nd 3.32 ± 0.18 c 5.07 ± 0.25 a

20 Unknown 1.39 ± 0.14 c 1.60 ± 0.24 b 0.15 ± 0.05 e nd 0.89 ± 0.14 d 3.62 ± 0.19 a

Total 100 100 100 100 99.90 100

Total identified classes

Alkanes 0.00 c 0.00 c 0.00 c 0.00 c 2.60 ± 0.21 b 3.67 ± 3.25 a

Esters 19.41 ± 1.78 f 44.10 ± 2.62 e 78.65 ± 0.48 a 66.50 ± 2.24 b 51.85 ± 0.99 c 51.03 ± 0.79 d

Phenols 7.30 ± 0.74 b 6.25 ± 0.15 c 2.40 ± 0.17 e 10.30 ± 0.15 a 5.01 ± 0.61 d 1.91 ± 0.03 f

Amide 9.36 ± 0.64 c 10.86 ± 0.10 b 5.02 ± 0.07 f 16.32 ± 1.18 a 7.92 ± 0.10 d 6.12 ± 0.01 e

Alcohols 27.42 ± 1.06 a 25.94 ± 1.13 b 7.73 ± 0.12 e 0.00 f 24.16 ± 1.61 d 25.29 ± 0.21 c

Terpenes 20.09 ± 1.60 a 3.44 ± 0.45 c 2.37 ± 0.15 d 5.73 ± 0.42 b 0.15 ± 0.001 e 0.16 ± 0.002 f

Steroid derivative 1.81 ± 0.03 a 0.50 ± 0.01 b 0.23 ± 0.09 c 0.00 e 0.00 e 0.15 ± 0.003 d

Others 14.61 ± 0.20 a 8.92 ± 0.14 c 3.61 ± 0.04 e 1.16 ± 0.06 f 8.31 ± 0.02 d 11.77 ± 0.14 b

3.7. In Vitro Antioxidant Activities under Salt Stress

The antioxidant activity of H. cannabinus extracts was determined via DPPH, ABTS,
FRAP, and ferrozine assays. Under salt stress, the antioxidant activity was significantly
influenced (Figure 6). The plants treated with 150 mM of NaCl showed the highest antioxi-
dant activity levels in DPPH, ABTS, and ferrozine assays, with values of 83.60%, 91.08%,
and 63.68%, respectively. The FRAP results revealed the maximum antioxidant activity in
the group treated with 100 mM of NaCl, with a value of 8.49 mmol Fe2+/g.

The relative antioxidant capacity index (RACI) values were calculated by the merg-
ing antioxidant capacity values from different chemical methods to rank the samples’
antioxidant capacities. The RACI values were calculated using the method described by
Marić et al. [29] previously. The RACI is the mean value of transformed standard scores
derived from initial data without unit or method restrictions. As shown in Figure 7, the
group treated with 200 mM of NaCl exhibited the highest RACI value (0.36), followed by
the group treated with 250 mM of NaCl (0.35). The lowest RACI value was observed at
150 mM of NaCl.
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Figure 6. Changes in (a) DPPH inhibition, (b) ABTS inhibition, (c) ferrous-ion-chelating activity, and
(d) FRAP antioxidant capacity levels in H. cannabinus leaves under different salt concentrations (0, 50,
100, 150, 200, and 250 mM of NaCl). The values presented are means ± SD (n = 3). Different letters
(a–f) above the bars indicate a significant difference between treatments according to the Duncan test
(p < 0.05).

 
Figure 7. The relative antioxidant capacity index (RACI) was applied to combine the antioxidant
capacity values from the various methods.

3.8. Correlation Analysis of Physiological and Biochemical Characteristics

The Pearson’s correlations between physiological and biochemical character traits are
illustrated in Figure 8. The DPPH and ABTS scavenging capacity levels correlated positively
with the proline, total phenolic, and total flavonoid contents. In addition, soluble sugar
was positively correlated with the ABTS scavenging capacity. MDA showed a significant
positive correlation with the reactive oxygen species (O2

•− and H2O2), proline, and total
flavonoid contents. However, MDA was negatively correlated with the plant height and
fresh and dry weight of the leaves.
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Figure 8. A correlation analysis of physiological, biochemical, and antioxidant activities of
H. cannabinus seedlings under salt stress. * Indicates significance at the 5% level, while color depth
denotes the correlation coefficient. The strength of the correlation is represented by the size of
the circles.

4. Discussion

Soil salinization is now a major environmental threat to the long-term growth of global
agriculture. It induces alterations in many physiological and metabolic processes, eventu-
ally reducing the crop yield, depending on the severity and duration of the stress [64,65].
Plants can tolerate or avoid saline conditions [65]. This study examined the growth pa-
rameters, physiology characteristics, bioactive constituents, and antioxidant capacity of
H. cannabinus to assess its ability to deal with salinity.

The salt stress inhibited the H. cannabinus growth regarding the plant height and the
fresh and dry weights of the leaves. Several authors have reported that various levels
of salinity stress reduce plant growth in other medicinal plants [43,66,67]. In saline soils,
the inhibition of plant growth is primarily caused by osmotic stress, which reduces the
absorption of essential macro- and micronutrients [66]. In the current study, the salt stress
decreased the concentrations of N, K, Ca, Mg, and P. However, there were no noticeable
changes in the N and Mg contents with 50 mM of NaCl and only a slight change in the
K content with 100 and 150 mM of NaCl. As previously demonstrated, the decreases in
these minerals may be directly related to increased Na uptake by the roots [66]. Moreover,
it has been found that NaCl treatment reduces Ca and Mg concentrations in plants [6,43].
However, adequate K, Ca, and Mg are needed to perform fundamental metabolic functions
such as cellular K homeostasis, which is necessary for efficient photosynthetic system
functioning and stomatal opening regulation [67]. Potassium plays a significant role in
plant salinity resistance. Therefore, large quantities are required to reduce osmotic stress in
a saline environment [68].

In response to salt stress, it is well established that osmolytes such as organic and
inorganic solutes regulate the cellular osmotic potential of plants. The presence of more
of these compounds aids in the selection of stress-tolerant cultivars [69,70]. The increased
proline and soluble sugar contents protect cells from salt stress by maintaining the osmotic
potential and ionic balance in the cytosol and outside of the cell, resulting in increased
water and mineral absorption and cell membrane stability [71]. These increases are also
commonly used to protect and stabilize enzyme structures against ROS [5,7]. Under
salt stress, the proline content increased significantly in the current study. The present
findings are consistent with previous research on Brassica species [44], Phaseolus vulgaris [72],
and Xanthoceras sorbifoliu [65], which revealed an increase in proline content under salt
stress. The enhancement of the proline content might be due to increased activity of the
pyrroline-5-carboxylate synthase (P5CS) of the proline biosynthetic pathway in Hibiscus
cannabinus under salt stress. Higher enzymatic activities, which aid in regulating cellular
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structures and functions via interactions with macromolecules, could explain the increased
total soluble sugars [73,74]. The current study found a significant increase in the total
soluble sugar when exposed to salinity stress, consistent with [75,76]. Furthermore, soluble
proteins act as osmotin, and their accumulation may play a role in the development of
salt tolerance [6]. The current study revealed that under salt stress, the protein content
increased significantly. The present findings are consistent with previous studies [6,7].

Salt stress may disrupt the proper balance between the induced ROS production and
elimination, resulting in oxidative stress. Excessive levels of radical species, such as H2O2,
O2

•−, and OH, damage plant cell components, resulting in cell death [77,78]. This study
investigated the redox state of Hibiscus cannabinus seedlings by measuring the H2O2 and
O2

•− levels. The levels of hydrogen peroxide and superoxide anion increased significantly
as the NaCl concentration increased. Abiotic-stress-induced increases in ROS generation
often peroxidize cellular and organelle membrane lipids, resulting in membrane integrity
losses [79]. MDA is commonly used to detect lipid peroxidation. It is a marker of oxidative
damage induced by salinity stress, and the higher the level of MDA under stress, the
greater the degree of membrane damage [69]. In this study, the MDA content under stress
was significantly higher compared to the control. Similarly, a previous study found that
increasing the NaCl concentration increased the MDA level in H. cannabinus [79]. Plants
have a variety of defense systems against the harmful effects of oxygen radicals, including
osmolytes and antioxidants [7,44].

Plants produce antioxidants such as phenolic and flavonoid compounds to scavenge
or detoxify ROS [80]. In salt-exposed plants, the biosynthesis of such compounds is
generally stimulated [81]. In this study, the phenolics and flavonoids increased significantly
in salt-exposed seedlings compared to the control. Salinity alters the biosynthesis of
primary and secondary metabolites in plants, as previously demonstrated in Carthamus
tinctorius [82] and maize [83]. The increased phytochemicals with antioxidant properties in
salt-stressed H. cannabinus improved the defense systems necessary to detoxify or prevent
the detrimental effect of the increased production of ROS that occurs with stress conditions.

Alterations in the saponin content are reported in many plants subjected to salinity
stress [84]. In this study, the saponin content was highest in plants treated with 200 mM
of NaCl compared to the control, which then declined significantly with 250 mM of NaCl.
Similarly, Mar and colleagues [85] found that the saponins level in C. quinoa treated with
200 mM of NaCl increased. Furthermore, the saponin content of cucumber increased with
low and moderate salinity levels but decreased significantly with the highest concentration
of salt [84]. The total saponin content showed changes under salt treatment, revealing
the possible involvement of these compounds in the response of Hibiscus cannabinus to
salt stress.

Previously, a GC-MS analysis of kenaf leaf hexane extract revealed 13 phytocon-
stituents [32]. The GC-MS analysis of the kenaf leaves revealed 19 compounds in our study.
However, when exposed to salt stress, the relative percentages of the compounds changed
significantly. The proportions of phytol decreased as the salt concentrations increased and
then disappeared at higher levels of salinity stress. Phytol has antioxidant, antibacterial,
anti-inflammatory, neuroprotective, analgesic, and anticancer properties [86]. The pro-
duction of phthalic acid, heptyl undecyl ester, and β-monoolein disappeared under salt
stress. The production of 1-heptacosanol was stimulated at low salinity but disappeared
after the severe salt treatment. There have been several reports on the antibacterial and
antioxidant activity of 1-heptacosanol [87,88]. Furthermore, a low level of salinity stress
stimulated the production of oleic acid, 3-(octadecyloxy) propyl ester. However, a high level
of salinity stress did not notably change the level of its content. Oleic acid, 3-(octadecyloxy)
propyl ester has potent antifungal activity [89]. Some new compounds appeared under the
salt stress, such as β-viscol, diisooctyl phthalate, and 3,7,11,15-tetramethyl-2E,6E,10E,14-
hexadecatetraenyl acetate. Furthermore, alkanes such as heptacosane and tetratetracontane
appeared at the highest salt concentration. These compounds may be responsible for an-
tibacterial, anticancer, antiviral, and antifungal activities [90]. The biosynthesis of terpenes
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was inhibited and then disappeared with 150 and 200 mM of NaCl. These findings are
consistent with a previous study in which salt inhibited terpene biosynthesis. Salt treatment
can have an impact on the medicinal properties of Hibiscus cannabinus.

The present study revealed significant increases in the DPPH, ABTS, FRAP, and
ferrozine antioxidant activity levels of H. cannabinus under NaCl stress. A previous study
found that salt treatment increased the antioxidant capacity of sea lavender in terms of
DPPH, ABTS, and FRAP [91]. Muscolo et al. [63] found that the DPPH, ABTS, FRAP, and
ferrozine antioxidant activities in lentils increased significantly under NaCl stress. These
antioxidant capacities could be associated with phenolic compound levels [92]. Similarly,
the current study found that the antioxidant activity of H. cannabinus extracts was strongly
related to the total phenolic content. The RACI and chemical assay results correlated,
suggesting that the RACI could be used to measure food antioxidant power levels [93].
The salinity stress, thus, had a significant impact on the antioxidant capacity of the plant
extracts. It could be indicated as a suitable strategy to increase the antioxidant activities of
medicinal plants.

5. Conclusions

In H. cannabinus, the NaCl treatment increased the proline, soluble sugars, soluble
protein, total phenolic content, and total flavonoid contents while lowering plant growth, K,
Ca, Mg, and P levels. More osmolytes and antioxidants may improve its resistance to salin-
ity stress. In addition, the NaCl treatment significantly enhanced the antioxidant capacity.
The salt stress significantly affected the constituents of volatile compounds in H. cannabinus.
The production of 1-heptacosanol was stimulated at low salinity but disappeared after the
severe salt treatment. Moreover, the salt stress induced the biosynthesis of new compounds
such as heptacosane, 1-octadecanesulphonyl chloride, and tetratetracontane. Therefore, the
emergence of chemotypes at various salt concentrations may be an advantageous conse-
quence of salinity stress in some plants, causing them to create substances with industrial
and therapeutic significance.
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Abstract: Drought is a major environmental threat to agricultural productivity and food security
across the world. Therefore, addressing the detrimental effects of drought on vital crops like soybean
has a significant impact on sustainable food production. Priming plants with organic compounds
is now being considered as a promising technique for alleviating the negative effects of drought
on plants. In the current study, we evaluated the protective functions of ethanol in enhancing
soybean drought tolerance by examining the phenotype, growth attributes, and several physiological
and biochemical mechanisms. Our results showed that foliar application of ethanol (20 mM) to
drought-stressed soybean plants increased biomass, leaf area per trifoliate, gas exchange features,
water-use-efficiency, photosynthetic pigment contents, and leaf relative water content, all of which
contributed to the improved growth performance of soybean under drought circumstances. Drought
stress, on the other hand, caused significant accumulation of reactive oxygen species (ROS), such as
superoxide and hydrogen peroxide, and malondialdehyde, as well as an increase of electrolyte leakage
in the leaves, underpinning the evidence of oxidative stress and membrane damage in soybean plants.
By comparison, exogenous ethanol reduced the ROS-induced oxidative burden by boosting the
activities of antioxidant enzymes, including peroxidase, catalase, glutathione S-transferase, and
ascorbate peroxidase, and the content of total flavonoids in soybean leaves exposed to drought
stress. Additionally, ethanol supplementation increased the contents of total soluble sugars and
free amino acids in the leaves of drought-exposed plants, implying that ethanol likely employed
these compounds for osmotic adjustment in soybean under water-shortage conditions. Together,
our findings shed light on the ethanol-mediated protective mechanisms by which soybean plants
coordinated different morphophysiological and biochemical responses in order to increase their
drought tolerance.

Keywords: antioxidant enzymes; gas exchange features; osmotic adjustment; oxidative damage;
photosynthesis; reactive oxygen species; water deficiency; water-use-efficiency
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1. Introduction

Water scarcity is undeniably the most critical environmental constraint limiting agri-
cultural output worldwide. Moreover, growing water demand due to increased population
pressure, ongoing climate change-mediated erratic precipitation patterns, and rising tem-
perature will further intensify the drought situation in many regions of the world [1].
Drought stress can trigger a wide array of negative consequences in plants by altering their
morphological, physiological, biochemical, cellular, and molecular responses, all of which
impede plant growth and development [2,3]. A plethora of studies have reported that
water scarcity reduces biomass production and stem elongation, disrupts cellular turgor
pressure, restricts water uptake, and interrupts gas exchange performance and nutrient
acquisition. Drought stress can also stimulate reactive oxygen species (ROS) accumulation
and membrane lipid peroxidation, which ultimately leads to poor growth and even death
of plants in severe cases [4–6].

Intriguingly, plants have evolved various adaptive strategies to fight against the
detrimental consequences of drought [7]. These adaptive strategies include, but are not
limited to, increased leaf succulence, enhanced root growth to acquire more water and
essential nutrients from the deeper layer of soils, restricted transpirational water loss,
retained optimum photosynthetic rate, and improved water-use-efficiency (WUE) [8,9].
In addition, plants can synthesize many compatible compounds, such as proline (Pro),
amino acids, and sugars, to maintain osmotic adjustment under drought circumstances [10].
Moreover, plants have evolved complex oxidative stress protection mechanisms to avoid
ROS-induced oxidative damage by increasing the synthesis of non-enzymatic antioxidants,
such as carotenoids and flavonoids, and stimulating the activities of enzymatic antioxidants,
such as glutathione peroxidase (GPX), peroxidase (POD), glutathione S-transferase (GST),
ascorbate peroxidase (APX), superoxide dismutase (SOD), and catalase (CAT) [11].

Oilseeds have long been regarded as essential components of human diets and the
vital raw materials of many industrial applications for the production of pharmaceutical
products, oleochemicals, cosmetics, and biofuels [12]. Soybean (Glycine max), in particular,
is the world’s fourth most important grain crop, accounting for 59% of global oilseed
production (www.soystats.com). Soybean acts as a source of 29% edible oil and 70%
plant-derived proteins worldwide [6,13]. Importantly, being a legume crop, soybean
plays a pivotal role in improving soil fertility through the process known as symbiotic
nitrogen-fixation [14,15]. Drought is critical for soybean growth and development and is
one of the leading reasons for the soybean yield penalty in arid and semi-arid areas of the
world [6,13]. Many strategies, such as gene mining, genetic engineering, and molecular
breeding, have been employed to develop soybean varieties with a heightened capacity to
survive through water dearth conditions [16]. However, farmers in low-income countries
prefer to practice an easy, cost-effective approach that provides immediate agronomic
and economic benefits, because biotechnological and breeding research requires more
investment and time for developing drought-resilience crops [6,17,18]. Considering these
facts, treating plants with cost-effective signaling molecule(s) (SMs) has gained much
attention for overcoming drought on numerous agricultural crops, including soybean [6].
Ethanol has emerged as an excellent representative of organic SMs that already showed
promising effects in mitigating the adverse impacts of several abiotic stresses, such as
chilling stress in rice (Oryza sativa) [19] and salt stress in soybean [20], rice, and Arabidopsis
(Arabidopsis thaliana) [21]. These findings provide a strong rationale for testing the function
of ethanol in alleviating the harmful impacts of drought on the economically valuable
crop soybean.

In the current research, we intended to investigate whether ethanol could increase
the resilience of soybean toward drought stress, as it did in the case of chilling and salt
stress tolerance [19–21]. With this objective, we examined various morphophysiological
and biochemical parameters, including (i) plant growth features and biomass production,
(ii) leaf relative water content and succulence as an indicator of water status, (iii) gas
exchange parameters, (iv) contents of different photosynthetic pigments, (v) drought-
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caused ROS generation and membrane lipid peroxidation, (vi) activities and/or levels of
different enzymatic and non-enzymatic antioxidants, and (vii) accumulation of several
osmoprotectants, to deduce ethanol-mediated drought tolerance mechanisms in soybean.

2. Materials and Methods

2.1. Plant Materials, Experimental Design, and Treatments

Seed germination and pot-culture of soybean (Glycine max) variety (BARI soybean #6)
were carried out following the procedures described by Rahman et al. [6]. The average
minimum and maximum temperatures during the experimental period were 17 and 34 ◦C,
respectively, with a relative humidity of about 84%. Ten-day-old healthy soybean seedlings
grown in pots (eight plants in each pot) were divided into four treatment groups, including
(i) water-sprayed well-watered plants (WW), (ii) ethanol-sprayed well-watered plants (Eth),
(iii) water-sprayed drought-exposed plants (D), and (iv) ethanol-sprayed drought-exposed
plants (Eth + D). Following the methodology of Rahman et al. [6], drought stress was
imposed by withholding water irrigation for 8 days, while the control plants were irrigated
regularly during the whole experimental period. Plants from ‘Eth’ and ‘Eth + D’ treatment
groups were sprayed (8-times in total) with 20-mM ethanol solution (20 mL to each pot),
while plants from the ‘WW’ and ‘D’ treatment groups were sprayed (8-times in total) with
an equal amount of water every day for a period of 8 days. The applied ethanol dose
(20 mM) was selected based on the phenotypes obtained from a small-scale experiment
(Supplementary Figure S1). After 8-days of drought exposure, the first trifoliate leaves of
soybean plants (19-day-old plants) were harvested to determine numerous parameters as-
sociated with soybean morphology, physiology, and cellular biochemistry. The experiment
was repeated thrice to ensure the accuracy of the experimental outcome.

2.2. Assessment of Growth Parameters

From each treatment, three randomly selected soybean plants were taken to evaluate
the growth performance by measuring shoot height, shoot dry weight (DW), root DW, and
total DW following the procedures described by Rahman et al. [22].

2.3. Estimation of Leaf Area, Succulence, Electrolyte Leakage, and Relative Water Content

Total leaf area per trifoliate was estimated according to the following formula reported
by Carleton and Foote [23]:

Leaf area (cm2) = maximum length × maximum width × 0.75 (correction factor).

Leaf succulence was measured following the comprehensive procedure of Rahman
et al. [17]. Leaf electrolyte leakage (EL) percentage was quantified following the protocol of
Yang et al. [24] with slight modification. Briefly, 0.2 g of first trifoliate leaves were collected
in a 50-mL Falcon tube containing 20 mL of tap water. Initial electrical conductivity (EC1)
was taken after incubating the samples at 32 ◦C for 2 h. The samples were heated at 100 ◦C
for 30 min followed by cooling down at room temperature to record final EC (EC2). EC
of tap water was also measured and referred to as EC0. Finally, the EL (%) was calculated
using the following equation:

EL (%) = (EC1 − EC0)/(EC2 − EC0) × 100.

Leaf relative water content (RWC) was estimated following the procedure outlined by
Das et al. [20].

2.4. Assessment of Gas Exchange Parameters

An infrared gas analyzer (LI-6400XT, LI-COR Inc., Lincoln, NE, USA) was utilized to
estimate the net photosynthetic rate (Pn), the stomatal conductance to H2O (gs), the leaf tem-
perature (LT), and the transpiration rate (E) as previously described by Rahman et al. [17].
Assessment of photosynthetic parameters was carried out under full sunlight between
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11:00 AM and 12:30 PM. WUE parameters, including intrinsic WUE (WUEint) and instanta-
neous WUE (WUEins), were estimated using Pn, gs, and E following the formulae reported
in Rahman et al. [17].

2.5. Determination of Photosynthetic Pigment Contents

Freshly collected leaves were used to quantify the contents of different photosynthetic pig-
ments, such as chlorophylls (Chls) (e.g., Chl a, Chl b, and total Chls) and carotenoids, following
the protocol outlined by Arnon [25] and Lichtenthaler and Wellbura [26], respectively.

2.6. Quantification of the Content of Total Flavonoids

The method proposed by Das et al. [20] was followed to quantify the levels of total
flavonoids in the leaf tissues of soybean plants.

2.7. Histochemical Analyses of ROS and the Estimation of Hydrogen Peroxide and
Malondialdehyde Contents

Freshly harvested leaves were stained using the solutions of nitroblue tetrazolium (NBT)
and 3, 3’-diaminobenzidine (DAB) to visualize the accumulations of superoxide (O2

•−) and
hydrogen peroxide (H2O2), respectively, following previously described protocol [20]. The
contents of H2O2 and malondialdehyde (MDA) in the leaf tissues were estimated using a
spectrophotometer as outlined by Yu et al. [27] and Kim et al. [28], respectively.

2.8. Antioxidant Enzyme Extraction and Assessment of Enzyme Activities

Enzyme extracts were prepared from soybean leaf samples, and the activities of antiox-
idant enzymes, including CAT (EC: 1.11.1.6), GST (EC: 2.5.1.18), APX (EC: 1.11.1.11), and
POD (EC: 1.11.1.7), were determined following the protocol described by Rahman et al. [17].

2.9. Measurements of the Levels of Water-Soluble Proteins, Proline, Soluble Sugars, Free Amino
Acids, and Carbohydrates

The content of water-soluble proteins was quantified in the extracts used for enzyme
activity determination following the method of Bradford [29] using bovine serum albumin
as a protein standard. The level of proline (Pro) was determined spectrophotometrically by
an acid ninhydrin-based technique, following the procedure reported by Bates et al. [30].
The method used by Somogyi [31] was followed for the quantification of total soluble
sugars. The total free amino acid content of the leaf samples was determined with the aid of
ninhydrin, in accordance with the protocol proposed by Lee and Takahashi [32]. Following
the methodology of Dubios et al. [33], the phenol-sulfuric acid method was used for the
determination of total carbohydrate contents in soybean leaves.

2.10. Statistical Analysis

Data obtained from four biological replicates per treatment were analyzed by one-
way analysis of variance (ANOVA). The means were calculated from biological repeats
and compared among the treatments using the least significant difference (LSD) test at
p < 0.05 with the aid of Statistix 10 software. Different alphabetical letters symbolize
significant variations among the control, drought, and ethanol treatments. Heatmap of
the fold-change values of different phenotypical and biochemical parameters was created
using R studio 1.4.1717.

3. Results

3.1. Application of 20-mM Ethanol Improved the Phenotypes and Growth Parameters of Soybean
Plants Subjected to Drought Stress

To confirm whether ethanol could play a pivotal role in overcoming the drought-
mediated pernicious impacts on growth attributes, we recorded plant phenotypes, the
height of the shoots, shoot DW, root DW, total DW, trifoliate leaf area, and leaf succulence
after 8-days of drought imposition (Figure 1A–J). Phenotypic observations indicated that
drought stress caused substantial changes, such as yellowing and semi-drying of leaves in
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‘D’ plants, compared with ‘WW’ plants (Figure 1A–C). On the other hand, ‘Eth + D’ plants
displayed a noteworthy improvement in phenotypic appearance when compared with that
of ‘D’ plants (Figure 1A–C). Shoot height was substantially reduced in ‘D’ plants relative to
‘WW’ plants, whereas external application of ethanol improved shoot height in ‘Eth + D’
plants when contrasted with ‘D’ plants (Figure 1D,J). Likewise, drought stress markedly
reduced shoot DW, root DW, and total DW in ‘D’ plants relative to ‘WW’ plants, while
ethanol application significantly improved all these DW parameters in ‘Eth + D’ plants in
comparison with ‘D’ plants (Figure 1E–G,J). Similarly, relative to ‘WW’ plants, a conspicu-
ous reduction in leaf area and leaf succulence was observed in ‘D’ plants (Figure 1H–J). On
the other hand, ethanol application substantially improved leaf area and leaf succulence in
‘Eth + D’ plants when contrasted with ‘D’ plants (Figure 1H–J).

Figure 1. Effect of exogenously supplied 20-mM ethanol on soybean plants exposed to 8 days of
water-withholding-induced drought stress. Photographs of soybean plants were taken before (A) and
after (B) exposure to drought stress. (C) Close-up photographs of representative soybean leaves (first
trifoliate from the bottom of the plant) from each treatment. (D) Shoot height, (E) shoot DW, (F) root
DW, (G) total DW, (H) total leaf area per trifoliate, and (I) leaf succulence of soybean plants under
different treatments. (J) Heatmap of the fold-change values of the aforementioned morphological
parameters in soybean plants under different treatments. Bars represent means with standard errors
(n = 4). Different letters shown above the bars are used to indicate significant differences among
the treatments (p < 0.05). WW, Eth, D, and Eth + D indicate water-sprayed well-watered plants,
ethanol-sprayed well-watered plants, water-sprayed drought-exposed plants, and ethanol-sprayed
drought-exposed plants, respectively. DW, dry weight; FW, fresh weight.
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3.2. Ethanol Improved Gas Exchange Parameters of Soybean Plants Subjected to Drought Stress

Pn, gs, E, LT, WUEint, and WUEins were determined to assess whether ethanol has
any role in modulating gas exchange parameters under drought stress (Figure 2A–G). We
observed that drought stress caused a significant reduction in Pn, gs, and E, and an increase
in LT, WUEint, and WUEins in ‘D’ plants when compared with those of ‘WW’ plants
(Figure 2A–G). By contrast, a noteworthy increase in Pn, E, WUEint, and WUEins, and a
decrease in LT were observed in ‘Eth + D’ plants, relative to ‘D’ plants (Figure 2A,C–G).
Nonetheless, ‘Eth’ plants displayed a substantial improvement in Pn, gs, and E, and a
decrease in LT compared with ‘WW’ plants (Figure 2A–D,G).

Figure 2. Effect of exogenously supplied 20-mM ethanol on (A) photosynthetic rate (Pn), (B) stomatal
conductance to H2O (gs), (C) transpiration rate (E), (D) leaf temperature (LT), (E) intrinsic WUE
(WUEint), and (F) instantaneous WUE (WUEins) of soybean leaves subjected to drought stress for a
period of 8 days. (G) Heatmap of the fold-change values of the aforementioned parameters in soybean
plants under different treatments. Bars represent means with standard errors (n = 4). Different letters
shown above the bars are used to indicate significant differences among the treatments (p < 0.05). WW,
Eth, D, and Eth + D indicate water-sprayed well-watered plants, ethanol-sprayed well-watered plants,
water-sprayed drought-exposed plants, and ethanol-sprayed drought-exposed plants, respectively.
WUE, water-use-efficiency.

3.3. Ethanol Improved Photosynthetic Pigment Contents in Soybean Plants Subjected to
Drought Stress

The contents of different photosynthetic pigments (e.g., Chl a, b, total Chls, and
carotenoids) were determined to examine whether ethanol improves these parameters
under drought circumstances (Figure 3A–E). We found that drought stress caused a sig-
nificant reduction of Chl a, b, total Chls, and carotenoid levels in ‘D’ plants in comparison
with ‘WW’ plants (Figure 3A–E). Contrarily, a substantial improvement in the amounts of
Chl a, b, total Chls, and carotenoids were observed in ‘Eth + D’ plants when equated to
those in ‘D’ plants (Figure 3A–E). In comparison with ‘WW’ plants, exogenous ethanol also
significantly augmented the levels of total Chls, Chl a, Chl b, and carotenoids in ‘Eth’ plants
(Figure 3A–E).
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Figure 3. Effect of exogenously supplied 20-mM ethanol on (A) Chl a, (B) Chl b, (C) total Chls, and (D)
carotenoid contents in the trifoliate leaves of soybean plants subjected to drought stress for a period
of 8 days. (E) Heatmap of the fold-change values of the aforementioned parameters in soybean plants
under different treatments. Bars represent means with standard errors (n = 4). Different letters shown
above the bars are used to indicate significant differences among the treatments (p < 0.05). WW, Eth,
D, and Eth + D indicate water-sprayed well-watered plants, ethanol-sprayed well-watered plants,
water-sprayed drought-exposed plants, and ethanol-sprayed drought-exposed plants, respectively.
Chl, chlorophyll; Cars, carotenoids; FW, fresh weight.

3.4. Ethanol Protected Soybean Plants from Drought-Induced Oxidative Stress

To explore the role of ethanol in alleviating drought stress-mediated oxidative stress,
we examined ROS generation in soybean leaves by executing histochemical staining of
O2

•− and H2O2, as well as quantifying the levels of H2O2, MDA, and EL (Figure 4A–F). In
comparison with ‘WW’ plants, drought stress led to a significant accumulation of O2

•− and
H2O2 in ‘D’ plants, as evidenced by scattered but conspicuous dark-blue spots (O2

•−) and
deep dark-brown polymerization patches (H2O2) (Figure 4A,B). In line with these results,
‘D’ plants also displayed significantly higher levels of H2O2, MDA, and EL percentage
than ‘WW’ plants (Figure 4C–F). By comparison, ‘Eth + D’ plants exhibited substantially
lower accumulation of ROS, as well as lower levels of H2O2, MDA, and EL percentage
than ‘D’ plants (Figure 4A–F). ‘Eth’ plants also displayed reduced accumulation of ROS
compared with ‘WW’ plants (Figure 4A–C,F). Nonetheless, comparable MDA levels and
EL percentages were observed between ‘Eth’ and ‘WW’ plants (Figure 4D–F).

Figure 4. Effect of exogenously supplied 20-mM ethanol on ROS accumulation, and the contents
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of hydrogen peroxide (H2O2), malondialdehyde (MDA), and electrolyte leakage in the leaves of
soybean plants subjected to drought stress for a period of 8 days. (A) Nitroblue tetrazolium (NBT)-
staining for detection of superoxide (O2

•−) and (B) diaminobenzidine (DAB)-staining for detection
of H2O2. Estimated levels of (C) H2O2, (D) MDA, and (E) electrolyte leakage in the leaves of soybean
plants. (F) Heatmap of the fold-change values of the aforementioned parameters in soybean plants
under different treatments. Bars represent means with standard errors (n = 4). Different letters shown
above the bars are used to indicate significant differences among the treatments (p < 0.05). WW, Eth,
D, and Eth + D indicate water-sprayed well-watered plants, ethanol-sprayed well-watered plants,
water-sprayed drought-exposed plants, and ethanol-sprayed drought-exposed plants, respectively.
EL, electrolyte leakage; FW, fresh weight; ROS, reactive oxygen species.

3.5. Ethanol Improved Antioxidant Defense in Soybean Plants Subjected to Drought Stress

Next, we further examined the activities of some important antioxidant enzymes to
evaluate the involvement of ethanol in improving antioxidant defense to alleviate oxidative
stress (Figure 5A–F). We found that drought significantly reduced the CAT activity while
enhancing the activities of GST and POD, and the number of total flavonoids in ‘D’ plants
in comparison with ‘WW’ plants (Figure 5A,C–F). However, we did not observe any
significant differences in the activity of APX between ‘D’ and ‘WW’ plants (Figure 5B,F).
On the other hand, ethanol supplementation substantially increased the activities of CAT,
APX, GST, and POD, and the contents of total flavonoids in ‘Eth + D’ plants in relation to ‘D’
plants (Figure 5A–F). Notably, the activities of CAT, APX, GST, and POD were remarkably
improved in ‘Eth’ plants relative to ‘WW’ plants; however, the amounts of flavonoids did
not significantly differ between ‘Eth’ and ‘WW’ plants (Figure 5A–F).

Figure 5. Effect of exogenously supplied 20-mM ethanol on antioxidant defense responses in the
leaves of soybean plants subjected to drought stress for a period of 8 days. Activities of (A) CAT
(catalase), (B) APX (ascorbate peroxidase), (C) GST (glutathione S-transferase), and (D) POD (peroxi-
dase) and the content of (E) total flavonoids in soybean leaves under different treatment conditions.
(F) Heatmap of the fold-change values of the aforementioned parameters in soybean plants under
different treatments. Bars represent means with standard errors (n = 4). Different letters shown
above the bars are used to indicate significant differences among the treatments (p < 0.05). WW, Eth,
D, and Eth + D indicate water-sprayed well-watered plants, ethanol-sprayed well-watered plants,
water-sprayed drought-exposed plants, and ethanol-sprayed drought-exposed plants, respectively.
FW, fresh weight; QE, quercetin equivalent.
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3.6. Ethanol Improved Water Status, Osmoprotectant Levels, and Water-Soluble Protein Contents
in Soybean Plants Subjected to Drought Stress

To confirm whether ethanol assists in restraining water loss under drought stress, the
levels of relative water content (RWC), osmoprotectants, water-soluble proteins, and total
carbohydrates were determined in soybean plant leaves (Figure 6A–G). Upon drought expo-
sure, ‘D’ plants had a significantly lower level of leaf RWC than ‘WW’ plants (Figure 6A,G).
Interestingly, ‘D’ plants displayed higher levels of Pro than ‘WW’ plants (Figure 6B,G). By
comparison, ethanol supplementation substantially improved the RWC without further
enhancement of Pro in ‘Eth + D’ plants when compared with ‘D’ plants (Figure 6A,B,G). ‘D’
plants also had significantly higher levels of water-soluble proteins, total free amino acids,
total soluble sugars, and total carbohydrates than ‘WW’ plants (Figure 6C–G). Notably,
the levels of total free amino acids, total soluble sugars, and total carbohydrates were
further escalated by exogenous application of ethanol in ‘Eth + D’ plants relative to ‘D’
plants (Figure 6C,E–G). ‘Eth’ plants displayed a significantly higher level of total soluble
sugars and lower amount of water-soluble proteins than ‘WW’ plants; however, both ‘Eth’
and ‘WW’ plants showed comparable data for RWC, Pro, total free amino acids, and total
carbohydrates (Figure 6A–G).

Figure 6. Effect of exogenously supplied 20-mM ethanol on the levels of (A) leaf relative water
content, (B) proline, (C) total free amino acids, (D) water-soluble proteins, (E) total soluble sugars,
and (F) total carbohydrates of soybean plants subjected to drought stress for a period of 8 days.
(G) Heatmap of the fold-change values of the aforementioned parameters in soybean plants under
different treatments. Bars represent means with standard errors (n = 4). Different letters shown
above the bars are used to indicate significant differences among the treatments (p < 0.05). WW, Eth,
D, and Eth + D indicate water-sprayed well-watered plants, ethanol-sprayed well-watered plants,
water-sprayed drought-exposed plants, and ethanol-sprayed drought-exposed plants, respectively.
FW, fresh weight; Pro, proline; RWC, relative water content; TFAA, total free amino acids; TSS, total
soluble sugars; TCHO, total carbohydrates; WSP, water-soluble-proteins.
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4. Discussion

Soybean growth and productivity are severely affected by drought episodes in many
parts of the world [5]. Ethanol, an inexpensive chemical (e.g., $1.0 for 7.0 gallons of 20-mM
ethanol; $290 for 4 L, Sigma-Aldrich), is known to protect soybean plants from the negative
consequences of salinity and chilling stress [19–21]. In this study, we also provided evidence
that ethanol supplementation enhanced drought tolerance in soybean plants by reducing
drought-induced phenotypic aberrations, such as leaf yellowing and senescence, which
corresponded with their better growth and biomass production (Figure 1A–G). Under a
water-shortage scenario, plants need to forage water and nutrients from deeper layers of
soil [34]. Thus, robust root growth can benefit plants by increasing their water absorption
spheres under drought conditions. Our study demonstrated that drought stress attenuated
total root biomass, whereas ethanol supplementation improved root biomass significantly
(Figure 1F). The greater biomass of roots in ethanol-supplemented soybean plants might
allow them to absorb more water from the soils [35], thereby contributing to improved
soybean growth under water-deficit situations (Figure 7).

When roots perceive a reduction in soil water availability, they convey this environ-
mental constraint as a stress signal toward the shoots [36]. Accordingly, shoots respond
to the signal by producing stress hormones like abscisic acid (ABA) to induce stomatal
closure for reducing drought-mediated transpirational water loss [37]. It is well known
that the complete closure of stomata causes a sharp decline in the photosynthetic rate,
which ultimately leads to growth and yield penalty in crops [38]. On the other hand, a
partial stomatal closure might help maintain stomatal conductance and transpiration rates
in favor of a properly reprogrammed photosynthesis under a water-shortage condition,
allowing plants to maximize their WUE [37,39–41]. Our results revealed that exogenous
ethanol treatment improved photosynthetic rate, stomatal conductance, and transpiration
rate, resulting in enhanced WUE (carbon gain to water loss ratio), which might contribute
to improving phenotypes and biomass production in drought-stressed soybean plants
(Figure 1A–C,E–G and Figure 2A–C,E,F). Furthermore, an improvement in transpiration
rate resulted in a decrease in LT, which helped keep the leaves cool, as evidenced by
minimal leaf wilting symptoms (Figure 1C and 2D). Together, these results indicated that
ethanol played a putative role in modulating gas exchange features to improve soybean
drought acclimatization performance under water-limited conditions (Figure 7).

In support of these findings, ethanol-sprayed plants also displayed an improved
level of photosynthetic pigments (e.g., Chl a, Chl b, total Chls, and carotenoids) under
both well-watered and water-shortage conditions (Figure 3A–D). These findings suggest
that ethanol might be involved in either promoting the synthesis or slowing down the
degradation rate of photosynthetic pigments, or both, resulting in an improvement in the
net photosynthetic rate and biomass production (Figure 1E–G, Figures 2A and 3A–D). In
line with our findings, ethanol-mediated protection of photosynthetic pigments has also
been reported in strawberry (Fragaria ananasa), soybean, and Arabidopsis plants [20,21,42]. It
is also worth noting that the greater leaf area per trifoliate in ethanol-supplemented plants
might play a positive role in increasing photosynthetic rate (Figures 1H and 2A). Leaf
area directly influences plants’ light interception capacity, and consequently, the overall
photosynthetic rate and carbon assimilation process [43,44]. Our results highlighted that
ethanol spraying significantly increased leaf area compared with water-sprayed plants,
supporting the premise of a positive association between increased leaf area and increased
photosynthetic rate (Figures 1H and 2A), which coincides with the previous findings of
Rahman et al. [6] and Talbi et al. [45].
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Figure 7. The regulatory roles of ethanol in alleviating drought-induced adverse effects in soybean
plants. Foliar application of exogenous ethanol to drought-stressed soybean plants considerably
rescued growth phenotypes, partly through the protection of photosynthetic pigments and improve-
ment of gas exchange parameters, which ultimately increased the overall photosynthetic rate to
improve growth performance. Exogenous ethanol also triggered the action of the antioxidant defense
system by enhancing the activities of enzymatic antioxidants (e.g., CAT, APX, GST, and POD) and
the levels of non-enzymatic antioxidants (e.g., total flavonoids), which together contributed to the
protection of soybean plants from reactive oxygen species-induced oxidative stress and membrane
damage. Additionally, the external application of ethanol enhanced the levels of osmoprotectants
(e.g., free amino acids and soluble sugars) to maintain leaf water status for osmotic adjustment under
drought circumstances. Upward (blue) and downward (red) arrows indicate increase and decrease,
respectively. APX, ascorbate peroxidase; CAT, catalase; Chls, Chlorophylls; E, transpiration rate;
GST, glutathione S-transferase; gs, stomatal conductance to H2O; H2O2, hydrogen peroxide; O2

•−,
superoxide; POD, peroxidase; Pn, net photosynthetic rate.

A number of studies reported that drought-mediated biomass reduction was corre-
lated with the induction of oxidative damage as a result of increased production of ROS,
such as O2

•− and H2O2 [46–48]. In the current study, ‘D’ plants displayed substantial
levels of O2

•−, H2O2, MDA, and EL percentage in the leaves (Figure 4A–E), indicating
that drought stress provoked serious oxidative stress and membrane damage in soybean
plants. On the other hand, ‘Eth + D’ plants accumulated less O2

•− and H2O2, as well as a
reduced MDA level and EL percentage (Figure 4A–E), demonstrating that the application
of external ethanol mitigated ROS-mediated cell membrane damage in drought-exposed
leaves. In support of our results, previous reports also revealed that ethanol was involved
in the reduction of salt stress-induced oxidative damage in the leaves of soybean, rice,
and Arabidoposis [20,21]. In this study, we found a positive correlation of induction of
the antioxidant defense with the reduced levels of ROS in ‘Eth + D’ soybean plants (Fig-
ure 5). We observed that ‘Eth + D’ soybean leaves maintained an increase in activities of
CAT, APX, and POD, which likely contributed to the detoxification of drought-induced
H2O2 [11] (Figure 5A,B,D). Additionally, the greater activity of GST in the leaves of ‘Eth +
D’ plants further confirmed the activation of glutathione-dependent H2O2 removal [49]
(Figure 5C). Non-enzymatic antioxidants, such as total flavonoids, were also found to be ac-
cumulated in ‘Eth + D’ plants (Figure 5E). Flavonoids are well-recognized for safeguarding
cell membrane integrity from oxidative damage by quenching ROS during water-deficit
conditions [6,34,50]. These results support that ethanol addition helped soybean plants to
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maintain a better status of flavonoids, conferring protection against drought-caused oxida-
tive damage. Collectively, ethanol application boosted both enzymatic and non-enzymatic
defense to trigger efficient ROS detoxification, thereby diminishing cellular damage for
better soybean growth performance under drought stress (Figure 7).

Apart from a vibrant antioxidant defense mechanism, the biosynthesis of low-molecular-
weight osmotic compounds, such as Pro, appears to be an important adaptive mechanism
for conserving water status under water-shortage situations in plants [10,51]. Our results
showed that ’D’ plants accumulated more Pro but retained less RWC in their leaves than
control plants (Figure 6A,B). These observations suggest that Pro accumulation in drought-
stressed plants was not sufficient to retain water under severe water-deficient environments,
which also corroborated with the findings of Dien et al. [52] and Rahman et al. [6]. Alterna-
tively, ‘Eth + D’ plants replenished water loss in the leaves without a substantial increase
of Pro contents, implying that Pro accumulation might be an indicator of soybean cellular
dehydration (Figure 6A,B), as also observed in other plants under drought stress [53,54].
Interestingly, we also observed rising levels of total free amino acids, total soluble sugars,
and total carbohydrates in ‘Eth + D’ plants, in contrast to ‘D’ plants, suggesting that ethanol
might compensate water loss independently of Pro but dependently on free amino acids
and total soluble sugars (Figure 6A–C,E,F). A number of previous studies have also re-
ported that free amino acids and soluble sugars also played critical roles in maintaining the
water status of plants in responses to abiotic stresses, including drought [6,17,22]. Moreover,
increased amounts of amino acids and soluble sugars were also known to assure an ade-
quate supply of nitrogen and carbon for sustaining the better metabolism of plants under
stressful conditions [55–57]. Increased accumulations of total free amino acids and total
soluble sugars, as well as their protective roles in counteracting drought-caused adverse
effects, have also been reported by Du et al. [58] and Rahman et al. [6] in soybean and
Zahoor et al. [59] in cotton (Gossypium hirsutum) plants.

5. Conclusions

Our study revealed that ethanol, in addition to its growth-promoting effects under
normal conditions (Figure 1), improved soybean tolerance to water-deficit stress. We pre-
sented the first-ever evidence that supplementation of ethanol improved drought tolerance
in soybean by improving root biomass, photosynthetic capacity, and WUE, protecting pho-
tosynthetic pigments, reducing ROS-triggered oxidative burst by strengthening antioxidant
defense, and uplifting osmoprotectant levels (Figure 7). Nonetheless, it will be interesting
to identify the major regulatory pathways that are targeted and modulated by ethanol for
developing drought tolerance traits in crop plants. Furthermore, field trials and economic
evaluations of ethanol application should also be taken into consideration to verify this
cost-effective solution of minimizing drought-induced negative effects and reducing crop
yield losses in water-limited adverse conditions.

Supplementary Materials: The following supporting information can be downloaded at: https://
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Abstract: Tomato is an important vegetable that is highly sensitive to drought (DR) stress which impairs
the development of tomato seedlings. Recently, melatonin (ME) has emerged as a nontoxic, regulatory
biomolecule that regulates plant growth and enhances the DR tolerance mechanism in plants. The
present study was conducted to examine the defensive role of ME in photosynthesis, root architecture,
and the antioxidant enzymes’ activities of tomato seedlings subjected to DR stress. Our results indicated
that DR stress strongly suppressed growth and biomass production, inhibited photosynthesis, negatively
affected root morphology, and reduced photosynthetic pigments in tomato seedlings. Per contra, soluble
sugars, proline, and ROS (reactive oxygen species) were suggested to be improved in seedlings under DR
stress. Conversely, ME (100 μM) pretreatment improved the detrimental-effect of DR by restoring chloro-
phyll content, root architecture, gas exchange parameters and plant growth attributes compared with
DR-group only. Moreover, ME supplementation also mitigated the antioxidant enzymes [APX (ascorbate
peroxidase), CAT (catalase), DHAR (dehydroascorbate reductase), GST (glutathione S-transferase), GR
(glutathione reductase), MDHAR (monodehydroascorbate reductase), POD (peroxidase), and SOD
(superoxide dismutase)], non-enzymatic antioxidant [AsA (ascorbate), DHA (dehydroascorbic acid),
GSH (glutathione), and GSSG, (oxidized glutathione)] activities, reduced oxidative damage [EL (elec-
trolyte leakage), H2O2 (hydrogen peroxide), MDA (malondialdehyde), and O2

•− (superoxide ion)] and
osmoregulation (soluble sugars and proline) of tomato seedlings, by regulating gene expression for
SOD, CAT, APX, GR, POD, GST, DHAR, and MDHAR. These findings determine that ME pretreatment
could efficiently improve the seedlings growth, root characteristics, leaf photosynthesis and antioxidant
machinery under DR stress and thereby increasing the seedlings’ adaptability to DR stress.

Keywords: tomato; photosynthesis; root growth; oxidative damage; melatonin; drought; gene expression
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1. Introduction

In recent decades, water has been considered a vital environmental factor, and its
deficiency is known as drought stress (DR) which leads to restricted plant growth, yield,
and quality, mainly due to various morphological, physiological, anatomical, and bio-
chemical responses. Compared with other environmental stresses, DR stress is particularly
prominent in abiotic stress [1]. Water scarcity adversely influences plant growth by re-
ducing relative water content (RWC), root length, seedling stem, leaf area, and leaf water
potential [2]. Plants exhibit multiple and interconnected responses towards DR stress. DR
stress can be fatal for underdeveloped root systems of seedlings in the spring season [3].
Earlier studies revealed that DR stress can cause reduced pigment content, imbalanced ion
homeostasis, decreased transpiration, stomatal closure, cell enlargement reduction, reduce
canopy size, and ultimately lead towards plant death [4]. The impact of DR stress varies
with the intensity and the growth stage of plants [5].

The excessive accumulation of ROS in plants under water-deficient conditions can
cause oxidative damage which might lead to significant damage to the cellular organelles [6].
The ROS molecules include H2O2, O2

•−, and other oxygen-containing molecules which
interact with the membrane system of the and damage mainly the macromolecules present
in the cell [7]. Excessive accumulation ROS cause oxidative damage to the electron transport
chain, enhance lipid peroxidation in chloroplast and mitochondria, inactivates enzyme
activity, proteins, and nucleic acids, and ultimately decreases photosynthesis and yield of
crops [8]. The antioxidant enzymes (APX, CAT, DHAR, GR, GST, MDHAR, POD, and SOD)
and non-enzymatic antioxidants [AsA, DHA, GSH, and GSSG] molecules effectively reduce
the ROS accumulation, thereby balancing the ROS synthesis and signaling to provide
enhance DR-stress tolerance in plants [9]. Additionally, the accumulation of osmolyte also
helps effectively against DR stress to prevent oxidative meditative damage in the plant.
Soluble sugars, proline, and proteins are the most common osmolytes which interact at
the cellular level by decreasing membrane permeability under mild water scarcity, thus
maintaining water balances of crops under DR stress [10].

Recent trends of climate change have significantly affected crop yield and among these
various abiotic conditions, DR stress is one of the main culprits [11]. To circumvent this
condition, various agronomic strategies are needed for improving drought tolerance in
plants which include employing phytohormones or bio-stimulators in crop production.
Such phytohormones pose a positive impact on growth regulation and resilience develop-
ment in plants by boosting various physiological, biochemical and molecular processes [12].
Thus, for better tolerance towards DR stress, it is of great significance to explore the effect
and mechanism of these phytohormones.

Melatonin is a natural, multifunctional, nontoxic, regulatory, and universal biomolecule,
having low molecular weight with pleiotropic effects in the plant kingdom [13]. Hitherto,
ME is evidenced to enhance the resistance to different abiotic stresses such as DR, heat, cold,
salt, heavy metals, chemicals, and pathogens [14–16]. Furthermore, ME promoted root
morphology seed germination, photosynthesis, seedlings growth, delay in leaf senescence,
antioxidant efficiency, fruit maturation and rhizogenesis at cellular and tissue level [17–19].
Specifically, the increased ROS homeostasis and enhanced antioxidant capacity were related
to higher ME content in DR-affected seedlings, such as Actinidia deliciosa [20], Althaea
rosea [21] Eriobotrya japonica [22], and Carthamus tinctorius [23].

Previous studies revealed that under drought stress, ME enhanced plant growth at-
tributes in tomato [24], improved the root architecture system in kiwifruit [25], protected
mineral balance in C. cathayensis [26], increased photosynthetic efficiency in E. japonica [22],
reduced lipid peroxidation and ROS accumulation in Moringa oleifera [27], promoted antiox-
idant enzymes system in fenugreek [7], increased glutathione, and ascorbic acid content
in kiwifruit seedlings [20], enhanced osmoregulatory substances in tomato [28], protected
grana lamella of chloroplast in wheat [29], preserved the chloroplast structure in Brassica
napus [30], and significantly regulated the antioxidant enzymes (APX, CAT, DHAR, GST,
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GR, MDHAR, POD, SOD) and non-enzymatic antioxidant (AsA, GSH) genes in Solanum
lycopersicum and Carya cathayensis [19,26].

In the solanaceous family, after potato, tomato is the 2nd most important cultivated and
extensively used vegetable around the world. Like other crops, water scarcity prominently
causes an inhibitory effect on the physiological, morphological, biochemical, and anatomical
structure of tomato [31]. Tomato is highly sensitive to water scarcity, particularly at the
germination and seedling growth and seed germination stage [32]. However, information
about how ME regulates the physiological, morphological, biochemical, and anatomical
changes in tomato under water deficit conditions remains elusive. Therefore, in this
study, we aimed to explore the impacts of ME in enhancing DR tolerance and analyze the
mechanism of increased DR tolerance induced by ME. Our main focus was to investigate
the photosynthetic performance, membrane damage of tomato seedlings, root architecture
system, the chloroplast structure, and ROS homeostasis regulated by ME under DR stress.
Precisely, we also examined enzymes related to the Haliwell Asada pathway and their
genes expression. The present study has attempted to contribute to the elucidation of the
biological function of ME in building resilience against DR stress.

2. Materials and Methods

2.1. Plant Material

In the present study, the tomato cultivar “Fenli” was collected from Minghao seed
store, Hainan, China. The germinated seeds were sown in vermiculite-filled trays with a
50-cell plug in a controlled growth chamber. After the development of the second-true-
leaf, equal size tomato seedlings were transferred into the vermiculite-filled black plastic
pots (with height = 8.5 cm, top and bottom diameter = 10 and 7 cm, respectively), having
one emerged seedling/pot. Subsequently, all the pots were placed in a greenhouse with
specific conditions (25 ◦C ± 5 temperature; 16/8 h dark/light period; and 55–90% relative
humidity). The pre-cultivation period was 10 days, with the aim of allowing seedlings get
adapted to new conditions, with watering (80 mL per plant) at two days’ interval using
Hoagland’s nutrient solution (pH 5.8 ± 0.1).

2.2. Experimental Design

The treatment plan was implemented after ten days, when the seedlings were attained
at the four-true-leaf stage. The treatments are followed in the current study including:
(1) CK (control) treatment included the seedlings with full water application during the
complete span of the experiment, (2) DR (drought) treatment included the plants which
were first given water fully for eight days, followed by up to two weeks’ water-withholding,
(3) ME + DR (melatonin + drought) was the treatment in which ME pretreatment was given
to seedlings with 100 μM solution of ME (80 mL per plant) [33]. This pretreatment continued
four times, with a 2-days’ interval, followed by up to two weeks’ water-withholding. Each
treatment comprised of 3 replicates, with 8 plants per replicate. Further, 0 day was the
day when irrigation-withholding was started. After two-weeks of DR treatment, collection
of leaf samples was done to perform different analysis, including both biochemical and
physiological tests.

2.3. Vegetative Growth

After two weeks of DR-stress, seedlings were washed with tap water. Roots and
shoots were separated for measuring both fresh and dry weight. After measuring fresh
weight, root and shoot were immediately placed in an individual paper bag and put in an
oven for drying. The dry weight of root and shoot were recorded after drying of samples
at 105 ◦C for 15 min, and 75 ◦C for three days [34]. Plant height was estimated using a
measuring tape.
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2.4. Leaf Gas Exchange and Pigments

Photosynthetic parameters including Pn (net photosynthetic rate), Ci (intercellular
CO2 concentration), Gs (stomatal conductance) and Tr (transpiration rate) were assayed
(9 to 11 a.m.) by operating a portable photosynthesis system, namely CIRAS-3, bought
from Hansatech Co., Amesbury, MA, USA, with controlled measuring chamber conditions
(25 ◦C leaf temperature, 360 μM/mol CO2 concentration, and 800 μM/m2/s photosynthetic
photon-flux density).

The method of Arnon [35] was followed to measure chlorophyll and carotenoid
content. Concisely, slicing of leaf samples (0.1 g) was done, and sliced samples were stored
in a dark place after placement in glass test tubes and addition of acetone (80%) per tube.
The samples were stored in the dark until they were completely discolored, followed by
the centrifugation of sample extract. Finally, Lambda 25 UV/VIS Spectrophotometer was
employed to calculate chlorophyll a (Chl a), Chlorophyll b (Chl b), and carotenoid (Caro)
via measuring absorbance at 645, 663, and 440 nm, respectively.

2.5. Root Morphology and Root Activity

After two-weeks of DR-stress, roots of three plants were taken and washed using
tap water, to study root morphological traits. Scanning of roots was done using a root
scanner, followed by evaluating the scanned images using a root image analysis software
(Epson Expression 11000XL, Regent Instruments, Québec, QC, Canada), to obtain the root
morphological parameters [36].

The TTC (triphenyl tetrazolium chloride) method, as explained by Comas et al. [37],
was followed to estimate root activity (capacity of root deoxidization measured in mg
g−1 h−1 FW). Briefly, root samples (500 mg) were dipped in 10 mL of a mixed solution
of phosphate buffer and TTC (0.4%), which is mixed in a 1:1 ratio. After that, the sample
was placed in the dark for one to three hours (37 ◦C), followed by the addition of 2 mL
of H2SO4 (1 mol L−1) to avoid the reaction of the solution. Finally, dipped roots were
blended and transferred into 10 mL of ethyl acetate cleaning solution in a tube, and the
spectrophotometer was used to record solution’ absorption at 485 nm.

2.6. Leaf Relative Water Content and Soluble Sugar

According to the method of Barrs and Weatherley [38], the following formula was
used to calculate leaves’ RWC (relative water content) (Equation (1)):

RWC (%) =

[
FW − DW
SW − DW

]
× 100 (1)

where FW = fresh weight; DW = dry weight; SW = saturated weight in water.
The anthrone method of Shi et al. [39] was employed to perform soluble sugar content.

In brief, 80% (V/V) ethanol (2 mL) was added to 0.1 g sample at 80 ◦C, and kept for 30 min.
Then, anthrone (2 mL) was mixed to extract (100 μL), followed by boiling for 10 min. Finally,
after recording the absorption (at 630 nm), the calibration curve of the sucrose standard
was used to calculate the soluble sugar content.

2.7. Oxidative Stress Markers, and Proline

For calculating H2O2, O2
•−, MDA, and proline contents, liquid nitrogen was used

to crush frozen sample (0.1 g) into powder form, followed by isolation using 100 mM
phosphate buffer (900 μL, pH 7.4) and guidelines labelled in kits (Nanjing Jiancheng
Bioengineering Institute, located in Nanjing, China) of H2O2 (A064), O2

•− (A052), MDA
(A003-3), and proline (A107-1), at 405, 550, 530, and 520 nm, respectively. Leaves’ EL was
measured by following the method of Zhang et al. [40].
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2.8. Antioxidant Enzymes Activity

To examine the antioxidant enzyme activities, powdered leaf sample (0.5 g) was ho-
mogenized using 100 mM phosphate buffer (900 μL, pH 7.4) by following kits’ description.
After that, centrifugation (at 4 ◦C temperature, 12,000× g revolutions for 15 min) of homog-
enized samples was done, and to analyze enzymatic activities, the supernatant was shifted
to new falcon tube. The guidelines mentioned in kits (A001-1, A007-1, A123-1, A062-1,
A004, A084-3-1, BC0660, and BC0650) were followed to note the activities of SOD, CAT,
APX, GR, GST, POD, DHAR, and MDHAR enzymes, at 550, 405, 290, 340, 412, 420, 412, and
340 nm wavelengths, respectively.

The method of Logan et al. [41] was followed to assess the levels of ascorbate (AsA)
and oxidized ascorbate (DHA). The procedures of Griffith [42] were followed to measure
reduced glutathione (GSH) and oxidized glutathione (GSSG) content.

2.9. Quantitative Real-Time PCR

Following the manufacturer’s instructions, Trizole reagent was used to extract total
RNA from individual treatment leaf samples. With the help of agarose gel electrophoresis,
a NanoPhotometer® spectrophotometer (Implen, Westlake Village, CA, USA), the extracted
RNA’ purity and quality were examined. The manufacturer protocol of Vazyme HiScript
II Q RT SuperMix for qPCR (+gDNA wiper) 1st strand cDNA synthesis kit (Vazyme,
Nanjing, China) was followed to reverse-transcribe the extracted RNA, for complemen-
tary DNA (cDNA) synthesis. For qRT-PCR (quantitative real-time PCR) analysis, cDNA
was used as templates. The Roche FastStart Essential DNA Green Master kit (Roche,
Pleasanton, CA, USA) was employed in an Mx3000 P qPCR system (Agilent Technologies,
Santa Clara, CA, USA), and 96-well plates were used to perform qRT-PCR. Supplementary
Table S1 provides the detail of primers followed in this study Jahan et al. [43], and Actin
was used as a reference gene. The formula of Livak and Schmittgen [44], i.e., 2−ΔΔCt was
used to calculate the changes in relative gene expression. Three biological replications
were performed for each treatment, and three technical replicates were carried out for each
biological replicate.

2.10. Statistical Analysis

The statistical package SPSS version 22.0 (IBM Corporation, Armonk, NY, USA) was
used for the statistical analysis of data. One-way analysis of variance (ANOVA) was
completed, and the treatment means were compared using the LSD (least significant
difference) test (at p ≤ 0.05).

3. Results

3.1. Effect of DR Stress on Tomato Seedlings Growth and Development

Drought treatment showed a significant decline in the growth of tomato seedlings
compared with CK treatment (Figure 1). The tomato seedlings, when subjected to DR
stress, significantly reduced in plant height (57.52%), fresh shoot weight (FSW; 61.11%),
dry shoot weight (DSW; 63.58%), fresh root weight (FRW; 63.96%), and dry root weight
(DRW; 64.74%), compared with CK (well-watered) plants (Figure 2) This decline in the
growth of tomato seedlings was alleviated by the exogenous application of melatonin
(Figures 1 and 2). After pretreatment with ME, growth limitations caused by DR stress
were improved, and less reductions in plant height (26.43%), FSW (30.25%), DSW (37.06%),
FRW (35.63%), and DRW (26.13%) was observed (Figure 2).
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Figure 1. Tomato seedlings visual demonstration under ME and DR stress. Photographs of the
tomato seedlings were taken.

Figure 2. Exogenous supplementation of melatonin promoted the growth [plant height (A), fresh
shoot weight (B), dry shoot weight (C), fresh root weight (D), and dry root weight (E)] of tomato
seedlings under drought stress conditions. Means ± standard error, n = 3, significant differences are
exhibited by lowercase letters (p ≤ 0.05), according to LSD test.

3.2. Effect of DR Stress on Photosynthesis and Related Parameters

Under DR stress, Pn, Ci, Gs, and Tr were decreased by 71.58%, 43.42%, 66.89%, and
68.04%, respectively, compared with CK seedlings (Figure 3). Conversely, when seedlings
were treated with ME, the reductions of these leaf gas exchange parameters were only
44.27%, 24.59%, 43.21%, and 46.93%, respectively, as compared to the CK plants.

Figure 3. Exogenous supplementation of melatonin promoted leaf gas exchange [Pn (A), Gs (B),
Ci (C) and Tr (D)] and level of pigment [chlorophyll a (E), chlorophyll b (F), carotenoids (G), and
SPAD index (H)] of tomato leaves under drought stress conditions. Means ± standard error, n = 3,
significant differences are exhibited by lowercase letters (p ≤ 0.05), according to LSD test.
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A similar trend of reduction in the pigment system was observed under the DR stress
condition. Chl a, Chl b, and Carotenoid content in the leaves of tomatoes were reported to be
sharply reduced by 59.94%, 48.63%, and 64.74%, respectively, under DR stress (Figure 3E–G).
Per contra, ME-treated tomato seedlings when subjected to DR treatment, these pigments’
content significantly increased—by 86.66%, 194.68%, and 110.34%, respectively—when
compared with only DR-stressed seedlings (Figure 3E–G). In DR-stressed plants, the SPAD
index showed a noticeable reduction. In contrast, the ME supplementation elevated SPAD
index under DR-stress (Figure 3H).

3.3. Changes in Root Morphology under DR Stress

The present study showed that DR treatment remarkably diminished the root mor-
phological parameters, including root length (68.46%), root volume (72.95%), root surface
area (72.40%), root crossings (71.02%), root tips (70.47%), root forks (66.22%), average
root diameter (64.61%), and projected area (62.31%) compared with CK tomato seedlings
(Figure 4). Interestingly, compared with DR stressed plants, these root characteristics were
improved by 70.40-, 75.30-, 82.98-, 92.89-, 65.60-, 73.70-, 86.02-, and 52.36%, respectively, in
ME pretreated tomato plants subjected to DR stress (Figure 4).

Figure 4. Exogenous supplementation of melatonin promoted root morphology [Root length (A),
root volume (B), surface area (C), root crossings (D), root tips (E), root forks (F), average diameter
(G), and projected area (H)] of tomato seedlings under drought stress conditions. Means ± standard
error, n = 3, significant difference are exhibited by lowercase letters (p ≤ 0.05), according to LSD test.

3.4. Relative Water Content, Proline, Soluble Sugars, and Root Activity Alternation Due to
DR Stress

After two weeks of DR stress, the RWC of DR-stressed plants was noticeably reduced
by 36.10%. Conversely, ME-treatment significantly improved the RWC by 34.12% compared
with DR treatment (Figure 5A). As depicted in Figure 5D, the root activity was signifi-
cantly reduced in DR-stressed plants by 43.22% in contrast to normal irrigated seedlings.
Nonetheless, the supplementation of ME markedly enhanced the root activity by 29.33%
compared with only DR-stressed seedlings (Figure 5B). proline and Soluble sugars content
were remarkably increased (124.12%, 32.59%, respectively) under the DR group compared
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with CK plants. Per contra, ME treatment considerably reduced the proline content by
20.09% and 11. 24% compared with DR-stressed seedlings, respectively (Figure 5C,D).

Figure 5. Exogenous supplementation of melatonin promoted level of relative water content (A),
and root activity (B); reduced level of proline (C) and soluble sugar (D) content of tomato seedling
under drought stress conditions. Means ± standard error, n = 3, significant difference are exhibited
by lowercase letters (p ≤ 0.05), according to LSD test.

3.5. Oxidative Damage

After two weeks of DR treatment, the H2O2, O2
•−, MDA, and EL levels were measured

in the leaves of tomato seedlings (Figure 6). For instance, in the tomato plants under the
DR environment, the H2O2, O2

•−, MDA, and EL levels significantly increased by 1.25-,
1.50-, 1.26-, and 0.99-fold, respectively, compared with well-water seedlings. Importantly,
ME-pretreated plants subjected to DR-stress reduced this content only by 0.22-, 0.21-, 0.23-,
and 0.22-fold, respectively, compared with the DR-stressed group (Figure 6).

Figure 6. Exogenous supplementation of melatonin reduces oxidative damage biomarkers [H2O2

content (A), O2
•− anions (B), MDA content (C), and EL (D)] of tomato seedling under drought stress

conditions. Means ± standard error, n = 3, significant difference is exhibited by lowercase letters
(p ≤ 0.05), according to LSD test.

3.6. Antioxidant Enzymes Activity and Gene Expression

The antioxidant enzymes’ (APX, CAT, GR, GST, POD, SOD, DHAR, and MDHAR)
activities were measured in the leaves of tomato plants (Figures 7 and 8). By exposure to
DR stress, the SOD, CAT, APX, GR, and POD, enzymes activity was enhanced by 47.15-,
85.39-, 14.03-, 51.54-, and 57.77%, respectively; activity of GST enzyme was decreased
by 29.51% compared to CK seedlings. It is noteworthy that when ME-treated seedlings
were subjected to DR-treatment, this further elevated these antioxidant enzymes by 27.24-,
17.63-, 35.24-, 38.64-, 40.01-, and 23.02% respectively, compared with the DR-stress group
(Figure 7A–D and Figure 8A,B). Moreover, subject to the DR group, the DHAR and MDHAR
activity noticeably increased by 42.74- and 29.18%, respectively, compared with well-
watered seedlings (Figure 8C,D). Conversely, ME pretreatment along with DR-group,
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further increased the DHAR and MDHAR activities by 25.66- and 21.26%, respectively,
compared with DR-stressed seedlings.

Figure 7. Exogenous supplementation of melatonin promoted antioxidant enzymes [SOD (A), CAT
(B), APX (C), GR (D)] and their encoding genes [SOD (E), CAT (F), APX (G), GR (H)] of tomato
seedlings under drought stress condition, as shown by leaf’ analysis. Means ± standard error, n = 3,
significant difference is exhibited by lowercase letters (p ≤ 0.05), according to LSD test.

Figure 8. Exogenous supplementation of melatonin promoted antioxidant enzymes [GST (A), POD
(B), DHAR (C), MDHAR (D)] and their encoding genes [GST (E), POD (F), DHAR (G), MDHAR (H)]
of tomato seedlings under drought stress condition, as shown by leaf’ analysis. Means ± standard
error, n = 3, significant difference is exhibited by lowercase letters (p ≤ 0.05), according to LSD test.

We further measured the transcriptional levels of genes related to antioxidant enzymes
(APX, CAT, DHAR, GST, GR, MDHAR, POD, and SOD) (Figures 7 and 8E–H). The tomato
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plants exposed to DR-stress significantly amplified the relative gene expression level of
these enzymes. Per contra, ME-treated plants exposed to DR-stress added more increments
in the transcriptional levels of these enzyme-related genes, when compared to DR and
CK seedlings (Figures 7 and 8E–H). These outcomes suggested that exogenous ME appli-
cation alleviated DR-stress tolerance by enhancing the mRNA pattern of genes of these
detoxifying enzymes.

We also performed a Pearson correlation analysis of eight enzymes and their related
genes. Our results revealed that the expression of the antioxidant gene was positively
correlated with the drought stress condition and its expression was higher when exogenous
melatonin was applied to the tomato plant (Figure 9). Similarly, the activity of antioxidant
enzymes of the Halliwell Asada pathway was reported to have a positive correlation with
the drought condition (Figure 9). Moreover, the expression of genes viz., SOD, CAT, APX
and GR was reported to have a positive correlation (expressed in the blue color shade in
Figure 9) with their respective enzymatic activity. However, there was also a negative but
not strong correlation when SOD activity was compared with CAT, APX and GR activity. In
most of the cases, the expression of eight antioxidant genes was reported to have a positive
correlation with the enzymatic activities.

Figure 9. Pearson correlation analysis of antioxidant enzymatic activity (illustrated in bold font) and
genes (illustrated in italics font) related to it.

Under DR stress, the metabolites and enzymes of the Haliwell Asada pathway were
also reported to be enhanced significantly which affects the enzymatic and non-enzymatic
antioxidant mechanisms in the tomato plant. Compared with CK seedlings, DR-treatment
markedly increased the AsA, DHA, GSH, and GSSG content in leaves by 37.37%, 40.46,
43.51%, and 45.45%, respectively (Figure 10). Importantly, ME (100 μM) application sub-
jected to the DR-group further increased the AsA, DHA, GSH, and GSSG content in
leaves by 33.21%, 30.29%, 30.32%, and 29.16%, respectively, (Figure 10). These results
suggested that antioxidant enzymes helped to reduce oxidative damage and increased the
DR-stress tolerance.
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Figure 10. Exogenous supplementation of melatonin promoted non-enzymatic antioxidant [AsA
(A), DHA (B), GSH (C), and GSSG (D)] system of tomato seedlings under drought stress conditions.
Means ± standard error, n = 3, significant difference is exhibited by lowercase letters (p ≤ 0.05),
according to LSD test.

4. Discussion

The current study aimed to elucidate the functions applications of exogenous ME
in tomato seedlings under DR stress. Plants could circumvent oxidative stress damages
created by DR stress by improving their antioxidant capacity. However, if their antioxidant
capacity is weak, and supplementation of some exogenous compounds having high antioxi-
dant properties could help them to increase tolerance level to particular stress condition [18].
Amid such compounds, ME is the one posing antioxidant properties, thus it can increase
stress resistance. As mentioned by Arnao and Hernández-Ruiz [45], under abiotic stresses,
ME might act as a signal molecule, as it upregulates anti-stress genes and endogenous
ME levels under stress conditions. Moreover, recently published reports suggested that
ME has shown a protective role against DR stress in E. japonica [22], A. rosea [21], and
A. deliciosa [20].

The tomato seedlings subjected to DR treatment significantly decreased growth
characetristics. Conversely, ME supplementation notably enhanced plant growth attributes
(Figure 2). Recent studies suggest that the growth and biomass production were markedly
inhibited by heavy metal stress such as Ni stress in tomato seedlings. In contrast, the growth
traits were markedly reinforced by ME application [17,46]. Foliar application of ME remark-
ably accelerated the vegetative growth of tomato seedlings under DR stress [24]. Moreover,
exogenous ME ameliorated growth of Cucumis sativus [40] and Trigonella foenum [7], under
DR stress condition.

During photosynthesis in the plant, carbohydrates are considered as the main supply,
except for another substrate. As reported by Takahashi and Murata [47], under a stress
environment, the rate of carbohydrates synthesis was reduction. Among the tomato
seedlings exposed to DR stress, ME-pretreated seedlings showed an improvement in leaf
photosynthesis, compared with those which were not pretreated with ME (Figure 3). Under
drought stress, outcomes of the experiment carried out by Sharma et al. [26] on grafted
Chinese hickory plants revealed improved photosynthetic efficiency, enhanced growth
and successful recovery of chlorophyll content by the application of exogenous ME. The
plethora of studies described that exogenous ME treatment recover leaf photosynthesis
in A. rosea, A. deliciosa and G. max under DR stress [9,21,25], and S. lycopersicum under
vanadium toxicity [43,48]. SPAD index and photosynthetic pigments including Chl a,
Chl b, and Caro are necessary for the photosynthetic process which is suggested to be
reduced significantly under DR stress. Interestingly, ME application robustly improved
the content of the pigment of tomato seedlings (Figure 3). These results are supported by
the fact that DR stress led to a reduction in leaf photosynthetic pigment, with ME foliar
application alleviating these changes, and thus, ME-application might be a promising tool
for mitigating DR stress in A. rosea [21], Dracocephalum moldavica [10], and C. tinctorius [23].
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Plants obtain more energy due to increased photosynthetic capacity, which enables them to
cope with environmental stresses.

Roots not only provide structural support to the aerial part of plants, but also sup-
ply nutrients and water. Thus, a plant’s survival depends on its appropriate growth,
development, and root functions. Drought stress significantly reduced the root growth
of tomato [28]. In this work, DR treatment negatively affected the root morphological
traits by decreasing root surface area, volume, length, root crossings, tips, forks, diameter,
and projected area. Conversely, tomato roots pretreated with ME evidently enhanced
root characteristics (Figure 4) contributing to better growth of tomato plants. Similarly,
Altaf et al. [33] revealed that melatonin application dominantly enhanced the root archi-
tecture system of tomato seedling under NaCl stress. Moreover, the positive relationship
between the ME application and root growth has been well-known in S. lycopersicum [17],
Citrullus lanatus [49], and Stevia rebaudiana [50] under abiotic stresses. Interestingly, when
the tomato seedlings were exposed to DR-stress, root activity declined remarkably, showing
strict association to the nutrients uptake and water withholding. Per contra, ME pretreated
plants repaired the roots from destruction, thus maintaining proper function of roots
(Figure 5). Our study is concordant with the previously published reports where it was
suggested that abiotic stress-mediated damage to the root was reported to be ameliorated
by the application of exogenous ME [43].

Under drought stress, amid various accentuated responses, osmotic regulation is the
most important [51]. The reduced leaf water content under DR stress leads to increment
of two main osmoprotectants viz. proline and soluble sugars [52] in S. lycopersicum [24]
and C. cathayensis [26]. Our results also affirm this finding (Figure 5). Nevertheless, the
application of ME, particularly via root irrigation, declines levels of proline and soluble
sugars. Thus, as indicated by our results, a positive turgor pressure and water balance may
be maintained by ME.

Zhang et al. [40] elaborated that on the cell membrane, excess ROS caused peroxi-
dation of pigments and lipids, ultimately upsurging the cell membranes’ permeability
and causing functional damages. The ROS (H2O2 and O2

•−) content, MDA, and EL have
been used as oxidative damage biomarkers. In this study, the oxidative damage levels, as
determined by H2O2, O2

•−, EL and MDA, were increased in tomato seedlings subjected
to DR stress. Conversely, exogenous ME application effectively protected plant cells from
oxidative damage (Figure 6). In a previous study, Sharma et al. [26] and Sadak et al. [27]
exhibited significant lowering of MDA content and decreased oxidative stress by ME-
pretreatment in C. cathayensis and Moringa oleifera plants, respectively, under DR stress.
Similarly, Gao et al. [53] revealed that exogenous ME application strikingly declined the
level of ROS and MDA content in peach fruit. The results of our study exhibited a reduction
in oxidative damage by ME application under DR stress, which is also affirmed by extended
literature on various plant species such as Citrullus lanatus [49], Cucumis sativus [54], and
Stevia rebaudiana [50], under environmental stresses. Thus, it can be concluded that ME
applications can lead to reduced oxidative damage and repairing of disrupted cellular
membrane induced by salinity by balancing ROS.

Antioxidant enzymes play a principal role in the defense system of plants against
biotic and abiotic stress conditions. Mittler [55] described that under different stresses,
increased antioxidant enzymes activities lead to potential and specific ROS scavenging.
Melatonin is a multi-regulatory molecule and is recognized as a universal antioxidant [56],
because it strengthens plants’ antioxidant defense system and enhances tolerance, mainly
by detoxifying excess ROS, which is otherwise induced by environmental stresses [57].
Melatonin noticeably improved the activity of antioxidant enzymes (APX, CAT, DHAR,
GR, GST, MDHAR, POD, and SOD) and their relative genes expression (Figures 7 and 8).
Altaf et al. [58] revealed that in tomato seedlings, ME surprisingly enhanced the antioxidant
machinery by reduction of over-accumulation of ROS, which is primarily due to enhanced
resilience to nickel toxicity. Similarly, the upregulation in relative gene expression of
APX, CAT, DHAR, GR, GST, MDHAR, POD, and SOD was observed in ME pretreated
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tomato seedlings under nickel toxicity [43]. Moreover, the literature exhibited significant
enhancement of antioxidant enzymes’ activities by ME under abiotic stresses in various
plant species [26,47,59]. Furthermore, the production and accumulation balance of ROS is
maintained by ME, because the performance of the antioxidative system gets boosted and
the activity of antioxidative enzymes gets triggered by ME application [10,60].

On the other hand, in plant tissue, AsA and GSH is a well-known antioxidant, proving
ME to be a dynamic antioxidant [61]. Wang et al. [60] reported that under environmental
stresses, significant changes occur on AsA and GSH content. The present work revealed
that ME supplementation predominantly elevated the AsA and GSH content. Furthermore,
ME application significantly enhanced the DHA and GSSG content in tomato seedlings
(Figure 10). Similarly, ME application sharply enhanced the AsA and GSH contents under
Ni toxicity [58], under NaCl stress [62], and under NaHCO3 stress [63] in S. lycopersicum.
Summarizing the discussion, our results revealed that ME alleviated the negative impact
of DR stress on tomato seedlings’ growth by improving photosynthesis, root architecture,
antioxidant defense system and by regulating the expression of antioxidants-related genes.

5. Conclusions

The present study explored the collective decline in drought stress resilience in plants
due to impaired photosynthetic activities, severe growth retardation, excess ROS accumu-
lation, and damaged root morphology under drought stress (Figure 11). Per contra, the
stress induced by drought was effectively mitigated by exogenous application of mela-
tonin, as oxidative damage is reduced (with refining in antioxidant defense system and
inhibiting ROS production), root architecture is enhanced, photosynthesis efficiency is
strengthened and thus growth attributes are recovered. In addition, the soluble sugars and
proline content noticeably decline, and the formation of AsA-DHA and GSH-GSSG arere
prominently improved in ME-pretreated tomato plants. This suggests that exogenous ME
is an effective protectant that improves DR tolerance in tomato seedlings by enhancing
antioxidant enzymes and reducing oxidative damages. Nevertheless, under drought stress
and melatonin-mediated resilience in plants, and its mechanism should be investigated
in-depth, along with the explicit study of molecular approaches.

Figure 11. A proposed model showing how melatonin mitigates drought stress tolerance in tomato seedlings.
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Abstract: Rice is an important food crop. Rice seedlings are mainly composed of root, coleoptile,
mesocotyl and euphylla. The elongation of coleoptile and mesocotyl promotes the emergence of rice
seedlings. Therefore, analyzing the mechanism of coleoptile and mesocotyl elongation is important for
the cultivation of rice varieties. Due to global warming, heat stress is threatening rice yields. Betaine
plays an important role in plant resistance to heat stress; however, we lack research on its regulation
mechanism of rice seed germination under heat stress. Therefore, we explored the effects of soaking
seeds with betaine at different concentrations on rice seed germination under heat stress. According
to the results, soaking seeds with 10 mM of betaine could effectively improve the seeds’ germination
potential and rate under heat stress to promote the germination of rice seeds. To clarify the mitigation
mechanism of betaine in heat stress, we measured the antioxidant enzyme activity, malondialdehyde
content, soluble protein content and endogenous hormone content of seed protrusion under heat
stress. We constructed the cDNA library for transcriptome sequencing. According to the results,
10 mM of betaine improved the activities of the superoxide dismutase, peroxidase and catalase of
seed protrusion under heat stress to reduce the malondialdehyde content and increase the soluble
protein content to alleviate the effect of heat stress on rice seed germination. The detection of the
endogenous hormone content showed that soaking seeds with 10 mM of betaine increased the content
of gibberellin and decreased the contents of auxin and abscisic acid of seed protrusion under heat
stress. According to the transcriptome analysis, betaine can induce the expressions of key genes in
the biosynthesis and metabolism of auxin, abscisic acid and gibberellins in the seed coleoptile and
mesocotyl elongation stage, regulate the signal transduction of three hormones and promote the
germination of rice seeds under heat stress. This study revealed, for the first time, the physiological
and molecular regulation mechanism of betaine promotion of seed germination under heat stress.

Keywords: rice; heat stress; betaine; seed germination; physiology; biochemistry

1. Introduction

Rice (Oryza sativa L.) is one of the most important food crops, feeding more than half
of the world′s population [1]. Rice is a thermophilic crop, and temperature is one of the
most important factors affecting its growth and development. However, greenhouse gas
emissions are warming the planet′s temperature because of a variety of human and natural
forces. Researchers estimate that, by the end of the 21st century, the global average temper-
ature will increase by 2–4 ◦C, and for every 1 ◦C increase in the minimum temperature in
the growing season, the rice yield will be reduced by 10% [2,3]. According to estimates, the
effects of global warming will cause a 41% reduction in the rice yield by the end of the 21st
century [4].
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The reduction in the rice yield caused by heat stress mainly affects the important
period of rice grain formation. For example, heat stress at the booting stage of rice leads
to the degeneration of spikelets, pollen abortion, a decline in pollen vitality and then to
an increase in dry grains [5,6]. Heat stress during the tassel and filling stages can prevent
pollination, increase the number of blighted grains in the spike and reduce the fruit set rate,
which results in the reduced weight of a thousand seeds and, hence, a lower rice yield [7,8].
Therefore, in the future development of rice, high temperature will be one of the main
factors limiting stable and high rice yields.

Temperature is one of the main factors affecting seed germination. The optimum
temperature for the germination of rice seeds is 25 ◦C. When the temperature is 32 ◦C,
the germination is fast and neat; however, when the germination period encounters heat
stress of more than 35 ◦C, the germination of rice seeds is inhibited, which involves the
accumulation of reactive oxygen species (ROS) and changes in plant hormone levels [9].
Heat stress decouples the enzymes and metabolic pathways of plants. Heat stress further
induces and triggers an oxidative stress reaction by destroying the stability of the cell
membrane through membrane lipid peroxidation and protein denaturation, which result in
the accumulation of a large number of reactive oxygen species, such as singlet oxygen, su-
peroxide radical, hydrogen peroxide (H2O2) and hydroxyl radical [10]. Efficient enzymatic
and nonenzymatic antioxidant defense systems play an important role in scavenging and
detoxifying ROS to reduce membrane lipid peroxidation and maintain ROS homeostasis
and redox signaling [11]. Heat stress leads to a reduction in the activity of important mem-
bers of the antioxidant enzyme system, such as superoxide dismutase (SOD), peroxidase
(POD) and catalase (CAT), which can further lead to an imbalance in the ROS system,
accelerating the accumulation of ROS and ultimately inhibiting seed germination [12,13].

In addition to the excessive accumulation of reactive oxygen species, the imbalance of
endogenous hormone levels caused by heat stress is also an important reason for inhibiting
seed germination. Abscisic acid (ABA) inhibits seed germination, and gibberellins (GAs)
promote it. Abscisic acid and gibberellins act antagonistically with each other in the plant
to regulate seed germination [14]. The inhibition of seed germination by heat stress is called
the thermal inhibition of seed germination. Thermal inhibition inhibits the expression of
GA biosynthesis genes and ABA inactivation genes; however, it promotes the expression of
ABA synthesis genes [15]. The mitigation of heat stress by ABA is accomplished through
synergistic effects with nitric oxide (NO) to increase the antioxidant enzyme activity, reduce
the levels of H2O2 and thiobarbituric acid reactive substances (TBARS), and increase
carbohydrates, adenosine triphosphate and heat-shock proteins in plants [16,17]. Auxin
(IAA) is the second hormone after ABA that positively regulates seed dormancy [18]. In
response to heat stress induction, the expression levels of the growth hormone synthesis
genes OsIAA13 and OsIAA20 were increased, and the growth hormone response gene
SAUR was also substantially induced to be expressed [19]. The elongation and growth of
Arabidopsis hypocotyl under heat stress is related to the increase in the auxin content [20].

Betaine is a quaternary amine compound that is commonly found in bacteria, fungi,
higher plants and animals [21]. It plays an extremely important role in plant resistance to
heat stress. The heat tolerance of tomato lines transformed with the codA gene of the betaine
synthesis gene was significantly higher than that of tomato lines without betaine [22].
During the germination of Arabidopsis seeds, transgenic plants with the codA gene increased
the level of betaine, thereby enhancing the high-temperature tolerance of the seeds and
promoting seed germination [23]. Endogenous betaine can enhance the high-temperature
tolerance of plants. After spraying betaine on leaves, the photoinhibition caused by the heat
stress of Tagetes erecta was reduced, and the CO2 assimilation rate, stomatal conductance
and transpiration rate improved. Betaine also reduced the levels of hydrogen peroxide,
superoxide, lipid peroxidation and cell death [24]. Spraying betaine on tobacco leaves
significantly increased the activities of SOD and POD, increased the contents of chlorophyll
and proline, and decreased the contents of malondialdehyde (MDA), alleviating heat stress
and promoting the accumulation of tobacco biomass under the combined stress of high
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temperature and drought [25]. Spraying leaves with 10mM betaine improved the average
total number of florets obtained in summer maize Jingnongke 728 under the different
treatments of early sowing date, normal sowing date and late sowing date, increasing by
5.09%, 4.70% and 2.27%, respectively. The yield of summer maize Jingnongke 728 after
spraying betaine increased by 3.05–12.81% [26]. Rice is a typical non-betaine-accumulating
species [27].

At present, researchers conduct investigations into betaine to alleviate the stress
damage suffered by rice by introducing the betaine enzyme system into rice or by exogenous
application through transgenic technology. Transforming the BADH gene encoding betaine
aldehyde dehydrogenase from barley into rice promoted the accumulation of betaine
in rice and significantly improved the tolerance of rice to salt, cold and heat stress [28].
The exogenous application of betaine can also effectively improve the adaptability of rice.
Spraying 50 mM or 100 mM concentrations of betaine on the leaves effectively enhanced the
osmotic adjustment ability of rice and improved its adaptability to osmotic stresses, such as
salt, drought and heat stress [29–31]. These reports mostly investigate the effect of betaine
on rice-plant morphogenesis; however, we lack research on the seed germination stage
before seedling morphogenesis, and we do not yet understand the molecular mechanism
of betaine to alleviate stress damage. In order to study the mechanism of exogenous
betaine during rice seed germination, we took XZX45 as the test material, soaked seeds
with different concentrations of betaine and carried out seed germination tests at different
temperatures. We further measured the antioxidant enzyme activity, MDA content, soluble
protein content and endogenous hormone content under heat stress. After heat stress
at 38 ◦C for 24 h, we constructed the cDNA libraries for transcriptome sequencing. We
identified differentially expressed genes (DEGs) related to plant endogenous hormone
synthesis and metabolism, plant hormone signal transduction and reactive oxygen species
accumulation, and we verified the credibility of these differentially expressed genes by
qRT-PCR. Finally, we clarified the physiological characteristics of soaking seeds in betaine
solutions to alleviate the seed coleoptile and mesocotyl elongation stage under heat stress,
and we revealed the molecular mechanism of the betaine promotion of seed germination
by regulating plant hormone synthesis and metabolism, as well as signal transduction.

2. Materials and Methods

2.1. Test Materials

The tested material was XZX45, which is a rice variety that is mainly planted in
rice-growing areas in the middle and lower reaches of the Yangtze River in China. The
high-quality variety Zhouyou 903 was used as the female parent to prepare an inter-variety
hybrid combination with Zhefu 504, which had a short growth period and strong resistance.
The offspring was named XZX45 after purification. The entire growth period of XZX45 is
106 days, which is characterized by strong lodging resistance and excellent rice quality. In
China’s provincial regional test of varieties, the average yield was 7573.5 kg ha−1. It is also
mainly used as the national grain reserve. All test seeds were harvested in 2021.

2.2. Experimental Design

We carried out seed germination in a germination box (length, width and height
of 12 cm, 12 cm and 5 cm, respectively). According to the previous research results of
this experiment, the betaine seed-soaking solution was set at 0 mM, 0.1 mM, 1 mM and
10 mM. We selected seeds with full grains, soaked them and disinfected them with 5%
sodium hypochlorite for 30 min, and we then rinsed them 5 times with sterile distilled
water. After soaking the seeds with betaine solutions of 0 mM, 0.1 mM, 1 mM and 10 mM
concentrations for 24 h, we placed them in germination boxes with sterilized germination
paper, placing 100 seeds in each germination box. We added 7 mL of sterile distilled water
to each germination box for seed germination, and we repeated each treatment 20 times.
We conducted the germination test in a light incubator. We set the temperature for the heat
stress treatment at 26 ◦C, 32 ◦C, 35 ◦C and 38 ◦C in 16 h light/8 h dark, and the humidity
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was 70%. The germination of seeds is subject to the condition that the bud length is equal
to half of the seed length, and the root length is equal to the seed length. We recorded the
germination every 24 h after sowing, and we counted the final germination rate on the
seventh day of germination. We referred to the method of Yu et al. (2022) to determine
the germination potential and rate [32]. The germination potential and germination rate
were investigated on days 3 and 7 after initiation, respectively. The germination potential
was calculated as germination potential (%) = (number of seeds germinated on day 3/total
number of experimental seeds) × 100. The germination rate was calculated as germination
rate (%) = (number of seeds germinated on day 7/total number of experimental seeds) × 100.
After 24 h of the high-temperature treatments of the seeds, we measured and sampled the
antioxidant enzyme activity, MDA content, soluble protein content, endogenous hormone
content, transcriptome determination and related gene expressions. We quickly put the
samples into a 2 mL centrifuge tube with RNase inactivation. After quick freezing with
liquid nitrogen, we placed them in a refrigerator at −80 ◦C for storage.

2.3. Determination of Physiological Indexes

We determined the activity of superoxide dismutase (SOD) according to the method
of Dhindsa et al. [33]. We referred to the method of Kar et al. [34] to determine the activity
of peroxidase (POD). We used the UV absorption method [35] to determine the activity
of catalase (CAT). We determined the content of malondialdehyde (MDA) by using the
method of Li et al. [36]. We determined the content of soluble protein by the Coomassie
brilliant blue G–250 method [37]. We repeated each measurement 5 times.

2.4. Determination of Endogenous Hormones

We accurately weighed 50 mg of the sample that we had ground and crushed in
liquid nitrogen. We conducted the extraction and quantification of the endogenous IAA,
ABA and GAs according to the operation guidelines of Wuhan Metwell Biotechnology Co.,
Ltd., China. We performed data collection using ultra-performance liquid chromatogra-
phy (UPLC) (the Shim–pack UFLCSHIMADZU CBM30A system, Kyoto, Japan) and tan-
dem mass spectrometry (MS) (Applied Biosystems, Waltham, MA, USA). Wuhan Metwell
Biotechnology Co., Ltd., Wuhan, China (http://www.metware.cn/) (accessed on 17 Novem-
ber 2021) analyzed the data. We performed three biological replicates for each treatment.

2.5. RNA-Seq Analysis

The samples used for RNA-seq were seed embryos soaked in 0 mM and 10 mM
of betaine, heat-stressed at 38 ◦C for 24 h. We labeled the treatments BT and HT+BT,
respectively, and we performed three biological replicates of each treatment. We extracted
the total RNA from young ear tissue with Trizol (Invitrogen, Waltham, MA, USA) reagent.
Wuhan Huada Gene Technology Co., Ltd. completed the RNA-seq-library construction
and sequencing. The screening conditions of differential genes were a Q value ≤ 0.05 and a
fold change (|log2 ratio|) >1.5. We used the FPKM values to analyze the differential gene
expression levels, and we used gene ontology (GO) enrichment analysis (agriGO v2.0: a
GO analysis toolkit for the agricultural community, 2017 update) to analyze the biological
processes of the differential gene participation. Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway functional enrichment analyses were performed via the KEGG Database
(https://www.genome.jp/kegg (accessed on 14 August 2022)) [38]. We used the phyper
function in the R software for enrichment analysis and to calculate the p-value, and then
FDR corrected the p-value, considering a Q value ≤ 0.05 as significant enrichment.

2.6. Quantitative Real-Time PCR

A total of nine genes were differentially expressed and subjected to qRT-PCR verifi-
cation. Total RNA was extracted using the RC411-01 RT-PCR reagent (Vazyme Biotech,
Nanjing, China). The cDNA was synthesized according to the instructions of the M-
MLV reverse transcriptase Kit (28025013) (Thermo Fisher Scientific, Waltham, MA, USA).
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The qRT-PCR was FastStart Universal SYBR Green Master (Rox) superMIX reaction kit
(4913850001) (Roche, Mannheim, Germany). The Actin gene was used as an internal ref-
erence. The primer pairs were designed using Primer Premier 5.0 software. The specific
primers for genes involved in the hormone signaling pathway are listed in Table 1. Each
biological sample was tested in triplicate, and the standard deviation (SD) values of the
means were calculated using standard statistical methods. The expression of genes was
analyzed using the DDCt data analysis method, and gene relative expression was calculated
using the 2−ΔΔCt method.

Table 1. Primers for qRT-PCR expression analysis.

Gene Name Gene ID Forward Primer Reverse Primer

Os11g32520 AP014967 TCGTCCCCGTCATGAACAAG GAAGTGGCGGCTCTTGTAGT

Os05g42150 AK101932 CCACCTACTTCAGCCCCAAG GCCAAGCTATCACAGGTCGT

Os06g45950 XM_015786598 ATGAAGCGTCTCCTCAGGC GAGGGAGGAGGAGGAGGAC

Os01g62460 XM_015763808 ATGGTCATGGATGCTGGGGT CCGTCGCGAACCCATTGG

Os01g55240 XM_015793860 CGGGTTCTTCAAGGTCGTCA ATGTCGCCATTGAACCCGAT

Os05g46040 XM_015784016 CATGTGGTGGTTGCCAACTG TTCAATCCTTGCCCGCTCAT

Os03g44380 XM_015776052 GTGGTGCTCGACAAGGAGAA CAGAGGTGGAAGCAGAAGCA

Os02g47470 AB277270 CCTCGCAACCAAGTACAGGT ACTCCTGCTCGGTGTTCTTG

Os03g49630 XM_015774845 AGAAAGCGATGCCCTCCAAA CCCTCGGCATGCACTATCAT

2.7. Data Processing and Analysis

We used Excel 2017 software for the data statistics, and the data drawing application
Graphpad Prism 8.4.3. We used SPSS 21.0 (IBMCorp., Armonk, NY, USA) software to
analyze the significant differences in the data based on the one-way analysis of variance
(ANOVA) and Duncan methods, and the significant difference level was p < 0.05.

3. Results

3.1. Betaine Soaking Treatment Can Promote the Germination of Rice Seeds under Heat Stress

Germination potential and germination rate are two of the main indicators of seed
quality. When germination rates are identical, seeds with high germination potential
demonstrate greater vigor. Germination potential determines the regularity of seedling
emergence [39]. Therefore, when the germination potential and germination rate of rice
seeds are high, it indicates that the seeds emerge quickly and evenly. Meanwhile, the
seedlings are robust. If rice seeds have low germination potential and a high germination
rate, it indicates uneven seedling emergence and weaker seedlings. After soaking seeds
in betaine at different concentrations, we conducted the germination test for rice seeds
at different temperatures (Figure 1A,B). At 25 ◦C, soaking seeds with betaine at various
concentrations had little effect on the germination rate and potential. At 32 ◦C, soaking
seeds with betaine at all concentrations improved the germination rate and potential,
which were 5.82–6.19% and 5.82–7.26% higher than the control (0 mM betaine), respectively.
At 35 ◦C, soaking seeds with 0.1 mM, 1 mM and 10 mM of betaine had no significant
effect on the germination potential and rate. At 38 ◦C, soaking seeds with 10 mM betaine
significantly improved the germination potential and rate, which were 57.96 times and
43.77 times higher than the control (0 mM betaine), respectively.
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Figure 1. Effects of soaking seeds with different concentrations of betaine at 25 ◦C, 32 ◦C, 35 ◦C and
38 ◦C on germination characteristics of rice seeds. The difference in the average value of each letter
indicates that there is a significant difference in the parameters (p < 0.05): (A) germination potential;
(B) germination rate.

3.2. Betaine Increased the Antioxidant Enzyme Activity and Soluble Protein Content of Rice Seeds
under Heat Stress

The seed germination activities of the 0 mM and 10 mM betaine soaking treatments
were significantly different under heat stress for 24 h. By measuring the antioxidant enzyme
activity, MDA content and soluble protein content, we found that the activities of SOD,
POD and CAT in the HT + BT treatment were significantly higher than those in the HT
treatment (Figure 2A–C) and were increased by 243.06%, 66.10% and 63.37%, respectively.
The MDA content in the HT+BT treatment was significantly reduced by 70.69% compared
with the HT treatment (Figure 2D), while its soluble protein content was significantly
increased by 45.88%, compared with the HT treatment (Figure 2E).

Figure 2. Effects of soaking seeds with 10 mM betaine on antioxidant enzyme system and soluble
protein content of rice seeds under heat stress. Each parameter * indicates significant statistical
difference, * (p < 0.05): (A) SOD activity; (B) POD activity; (C) CAT activity; (D) MDA content;
(E) soluble protein content.

3.3. Hormone Content during Seed Germination

Seed germination is regulated by endogenous plant hormones, so we measured the
ABA, IAA and GA contents of the seed protrusion of both the HT- and HT + BT-treated
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seed endosperm breakthroughs. Under heat stress, the contents of ABA and IAA in the
seeds were significantly higher than those of the betaine treatment, of which the ABA was
1.7 times that of the betaine treatment (Figure 3A), and the levels of indole-3-carboxylic
acid (ICA), indole-3-carboxaldehyde (ICAld), methyl indole-3-acetic acid ester (ME–IAA)
and IAA were 2.49 times, 2.04 times, 3.28 times and 2.21 times that of the betaine treatment,
respectively (Figure 3E,H). The contents of various GAs were significantly inhibited under
heat stress. Except for gibberellic acid 15 (GA15), the contents of gibberellic acid 19 (GA19)
and gibberellic acid 24 (GA24) in the betaine treatment were significantly higher than those
in the heat-stress treatment and were 2.13 times and 1.47 times higher than those in the HT
treatment, respectively (Figure 3B–D).

Figure 3. Comparison of hormone levels in HT- and HT + BT-treated seeds: (A) comparison of ABA
content; (B) comparison of GA15 content; (C) comparison of GA19 content; (D) comparison of GA24
content; (E) comparison of ICA content; (F) comparison of ICAld content; (G) comparison of ME–IAA
content; (H) comparison of IAA content. Each parameter * indicates significant statistical difference,
* (p < 0.05), ** (p < 0.01).

3.4. Transcriptome Analysis of the Effect of Betaine Treatment on Rice Seed Germination under
Heat Stress

During seed germination, we performed a transcriptomic analysis of the seed coleop-
tile and mesocotyl elongation stage after 24 h of immersion under heat stress at 38 ◦C. We
performed three biological replicates of each treatment (Table 2). We present the sequencing
data outputs and quality for the six samples in the table. Each sample produced an average
of over 44 Mil. total raw reads. After quality control to remove low-quality reads, splice
contamination and reads with high unknown base N content, we obtained an average of
more than 6 Gb of total clean bases per sample, and all six samples had a Q30 of more than
85% with homogeneous base content.
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Table 2. Output and quality of sample sequencing data.

Sample
Total Raw

Reads (Mil.)
Total Clean
Reads (Mil.)

Total Clean
Bases (Gb)

Clean Reads
Q20 (%)

Clean Reads
Q30 (%)

Clean Reads
Ratio (%)

HT1 49.08 45.37 6.81 96.97 89.08 92.45
HT2 49.08 45.2 6.78 97.14 89.56 92.10
HT3 49.08 45.05 6.76 97.08 89.46 91.80

HT + BT1 47.33 44.39 6.66 97.08 89.14 93.79
HT + BT2 44.19 41.11 6.17 97.11 89.40 93.03
HT + BT3 47.33 43.94 6.59 97.16 89.48 92.84

3.5. Comparative Analysis of Differential Genes

We performed principal component analysis (PCA) on the gene expressions of the
six samples to identify outliers and to discriminate between clusters of samples with
high similarity. We found significant differences between the HT and HT+BT groups,
with the two groups forming separate clusters. Moreover, the spatial distribution of the
three replicates within the groups was more concentrated, which indicates that the results
are reproducible (Figure 4A). In the differential gene volcano plots, we can see that the
10 mM betaine treatment induced the differential expressions of a total of 528 genes under
heat stress, of which 332 genes were downregulated, and 196 genes were upregulated.
This implies that betaine under heat stress promotes rice seed germination through the
differential expressions of these 528 genes (Figure 4B).

Figure 4. (A) HT and HT + BT treatments were the sources of gene expression variation under heat
stress. We used principal component analysis to explore the impact on the variation. (B) Volcano
plots of differentially expressed genes (DEGs) between HT and HT + BT; each point represents a gene.
The upregulated genes are represented by red dots, the downregulated genes are represented by blue
dots, and the genes with no significant differences are represented by gray dots. Under the corrected
Q value, the DEG is considered significantly different.

3.6. GO Pathway Analysis

Functional annotation of transcriptome sequences is an important aspect of functional
genomics. GO analysis is currently the main method of functional annotation. GO is a
standard classification system of gene functions, which can comprehensively describe the
properties of biological genes and gene products [40]. GO analysis includes the classification
annotation of GO function and the significance enrichment analysis of GO function. The
GO function classification annotation can obtain the gene list of the number statistics of
genes with a certain GO function. The GO function significance enrichment analysis gives
the GO items of genes that are significantly enriched compared with genomic background,
which can obtain the biological functions of genes. The GO database is based on GO terms,
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which is a tree structure with redundancy. There are three root nodes in the GO database,
which describe the molecular function, cellular component and biological process of genes.
The GO term is a gene set, which is generally used to find functional changes caused by
different genes [41,42]. For example, the molecular function of a gene may be catalytic
activity. Its cellular components are localized to the cell membrane in the cell, and the
biological process involved is protein trafficking. The three levels of GO are not related
to each other, and there is no definition of the mutual relationship of genes. In order to
visualize the data and obtain complete functional information, we performed a GO analysis
to unify the gene attributes and classify differential genes into putative functional taxa.
We divided the functional annotations into three broad categories: biological processes,
cellular components and molecular functions. We annotated 528 significantly differentially
expressed genes (DEGs) to 40 functional groups within the three broad functional categories
(Figure 5A,B). A total of 16 were biological processes, 14 were cellular components and 10
were molecular functions. The majority of DEGs in biological processes were associated
with cellular processes (29.06%) and metabolic processes (28.34%); the majority of DEGs in
cellular components were associated with cells (34.29%), membranes (16.67%), membrane
fractions (14.87%) and organelles (18.35%); the majority of DEGs in molecular functions
were associated with binding (40.28%) and catalytic activity (38.89%).

Figure 5. GO term comparison of differential genes with and without betaine soaking treatment
under heat stress: (A) GO classification of differential genes; (B) bubble diagram of differential gene
GO enrichment.

3.7. KEGG Pathway Analysis

KEGG is a signaling pathway database with an extremely rich mapping of signaling
pathways and of the interactions between the genes contained in the pathways [38]. KEGG
analysis allows us to visualize the expressions of genes and their regulatory pathways.
According to the results, 290 DEGs were enriched in 90 pathways (Figure 6A,B). Seed
germination is regulated by factors such as ambient temperature and endogenous hormones.
In the signal transduction pathway of environmental information, we found that many
different genes were enriched in plant hormone signal transduction, the plant mitogen-
activated protein kinase (MAPK) signal pathway, carotenoid, diterpene biosynthesis and
other plant hormone synthesis pathways.
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Figure 6. KEGG term comparison of differential genes with and without betaine soaking treatment
under heat stress: (A) KEGG classification of differential genes; (B) bubble diagram of differential
gene KEGG enrichment.

3.8. Differential Genes Related to Reactive Oxygen Species in MAPK Plant Signaling Pathway

As an important part of cell signal transduction, ROS are inevitably produced during
the normal growth and development of plants and under stress. A certain concentration of
ROS is necessary during plant growth, but if excessive ROS cannot be cleared in time, it
will cause oxidative damage to cells [9]. H2O2, as a signal substance, can enter cells through
aquaporins. In cells, H2O2 triggers reactive oxygen species (ROS) signals and responses,
thus interfering with ROS stabilization [10]. MAPK signaling acts on receptor-like protein
kinases (RLKs) and downstream of ROS signals to regulate ROS-related gene expression
and programmed cell death (PCD) [43]. ROS signaling is closely related to the MAPK
cascade pathway. H2O2 can induce and activate some MAPKs, and the MAPK cascade
pathway can also regulate the dynamic balance of ROS [44]. In tobacco, the two signaling
pathways, NPK1–MEK1–Ntf6 and Mek2–SIPK, can promote the accumulation of ROS
by inducing the expression of the NbRbohb gene, thus enhancing its stress resistance [45].
In Arabidopsis, AtMPK8 is also involved in regulating the dynamic balance of ROS, and
the MKK1–MPK6 signaling pathway is involved in inducing CAT1 expression and H2O2
production in the ABA signaling pathway [46,47].

Heat stress produces an oxidative stress response in seeds, which leads to the produc-
tion of large amounts of reactive oxygen species, which ultimately inhibit seed germination.
Therefore, reducing the accumulation of excess reactive oxygen species due to heat stress
is an effective way to improve seed germination rates under stress. Our previous results
show that 10 mM of betaine soaking significantly increased the activity of some antioxidant
enzymes in seeds under heat stress and reduced the MDA content to promote rice seed
germination. In addition to the enzymatic aspects, according to our transcriptomic results
(Figure 7A), betaine infiltration significantly downregulated the expression level of MEKK1
in the H2O2 signaling pathway in the plant MAPK signaling pathway. It further reduces
the production of reactive oxygen species under heat stress and improves seed adaptation
to high temperatures.
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Figure 7. Expression profiles of DEGs in reactive oxygen species accumulation and three endogenous
hormone-related pathways: (A) expression profiles of DEGs related to the H2O2 signal transduction
pathway under HT and HT + BT treatments; (B) expression profiles of DEGs related to the GA
pathway under HT and HT + BT treatments; (C) expression profiles of DEGs related to the ABA
pathway under HT and HT + BT treatments; (D) expression profiles of DEGs related to the IAA
pathway under HT and HT + BT treatments. The sample names are shown at the bottom of the figure.
We indicate changes in expression levels by changes in color: green indicates a lower expression level,
whereas red indicates a higher expression level. All data shown reflect the average mean of three
biological replicates (n = 3). Means with different letters in each treatment represent a significant
difference of p ≤ 0.05.

3.9. Differential Genes Related to Hormone Signaling Pathway

To further explore the action pathway between betaine and plant hormones, we ana-
lyzed the differentially expressed genes related to plant hormones. Among the differential
genes related to GAs, one is expressed in the GA synthesis pathway, and two are expressed
in the GA signal transduction pathway (Figure 7B).

According to the gene expression heat map, betaine infiltration under heat stress
significantly downregulated the expression level of gibberellin (Gibberellin 2-beta-dioxygenase
(OsGA2ox3)) [48] and inhibited GA inactivation. We verified this by the significantly higher
GA content in the betaine treatment compared with the heat-stress treatment. The betaine
treatment decreased the expression level of DELLA [49] in the GA signal pathway, and it
enhanced the output of the GA signal. In the ABA synthesis pathway, betaine induced
the decrease in the expression level of 9-cis-epoxycarotenoid dioxygenase (NCED) [50], the
rate-limiting enzyme of ABA synthesis, and inhibited the synthesis of ABA (Figure 7C).
However, at the same time, betaine also induced the downregulation of the (+)—abscisic
acid 8′–hydroxylase (CYP707A) gene [51] in the ABA metabolic pathway, slowing down the
metabolic rate of ABA.

In addition, in the ABA signal transduction pathway, the expression levels of three
genes of protein phosphatase 2c (PP2C) [52] were downregulated in the betaine treatment,
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and the ABA output signal was weakened. In the IAA signal transduction pathway, we
observed the expressions of two IAA auxin early-response genes (GH3) [53], in which the
expression level of TLD1 [54] in the HT treatment was significantly lower than that in
the HT+BT treatment, while GH3–4 [53] was significantly higher than that in the HT+BT
treatment (Figure 7D). Moreover, the expression level of SAUR [55] was significantly higher
in the HT+BT treatment than in the HT treatment. The high expression of TLD1 promotes
IAA inactivation and reduces the level of IAA in seeds. These results are consistent with
the assay results of the phytohormone levels.

3.10. Validation of DEGs by qRT-PCR

To verify the accuracy and reproducibility of the RNA-seq results, we randomly
selected nine genes in the pathways related to seed germination for qRT-PCR validation
(Figure 8). We calculated the expression levels of the selected genes using the 2−ΔΔCt

method. According to the qRT-PCR results, the expression levels of nine DEGs were
consistent with the results of the RNA-seq, confirming the reproducibility of the data.

Figure 8. The expressions of 9 differentially expressed genes in the H2O2 pathway and 3 endogenous
hormone pathways were randomly verified by qRT-PCR. The x-axis is the name of the treatment,
in which HT is the 38 ◦C non-soaking treatment, and HT + BT is the 38 ◦C betaine seed-soaking
treatment. The y-axis shows the relative expression of a specific gene relative to the reference gene
actin. The last panel shows the results of the RNA-seq\qRT-PCR correlation analysis (lower right
corner). The x-axis is the log2-fold-change value of the qRT-PCR, and the y-axis is the log2-fold-
change value of the RNA-seq. According to the Pearson correlation (R2 = 0.60; p < 0.05), there
is a significant positive correlation between the multiple changes in expression. Each parameter
* indicates significant statistical difference, * (p < 0.05).
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4. Discussion

4.1. Seed Germination

Seed germination is an important stage in the life cycle of higher plants and is one of
the periods with the greatest sensitivity to the external environment. Under the condition of
sufficient water, seeds will break dormancy and start germination after sensing the appro-
priate ambient temperature. High temperatures above 35 ◦C will inhibit the germination of
rice seeds. The germination performance of 304 lettuce materials cultured at 21 ◦C, 28 ◦C
and 35 ◦C for 40 h were compared. The results showed that the seeds of all 304 materials
germinated at 21 ◦C, with an average germination rate of 87.72%. The average germination
rate decreased to 42.84% at 28 ◦C and 1.01% at 35 ◦C [56]. The germination percentage of
B. subalternans weed seeds reached above 77% for a wide alternating temperature (15/20 ◦C
to 30/35 ◦C night/day). The highest germination and uniformity occurred at 25/30 ◦C
night/day. Only 11% of the seeds germinated at a temperature of 35/40 ◦C night/day [57].

According to our seed germination test, when the external ambient temperature was
35 ◦C or below, the germination of rice seeds was not greatly affected, and the germination
rate of all the treated seeds could be maintained at more than 90%. In a previous study,
a drying temperature of 35◦C was safe for rice seeds with high initial moisture content,
whereas higher drying temperatures (41 ◦C and 47 ◦C) remarkably reduced rice seed
vigor. The metabolism of ROS, antioxidant enzymes, GA, ABA and α-amylase may be
closely involved in the regulation of drying temperature on the seed vigor of rice seeds
with high initial moisture content [58]. However, when the temperature reached 38 ◦C,
the germination of most rice seeds was significantly inhibited, and there was almost no
germination. Under heat stress, plants accumulate some soluble substances to adapt to
the stress, and betaine is one of the quaternary amines that is effective at alleviating heat
stress [23]. Because rice cannot accumulate betaine naturally, we investigated the effect
of betaine on rice seed germination under heat stress by exogenous seed immersion. We
found the best effect at a concentration of 10 mM, which demonstrated that the betaine
immersion efficiently increased the rice seed germination under heat stress. We further
investigated the regulatory mechanism of the betaine promotion of seed germination under
heat stress by transcriptome analysis. Compared with the control treatment, the 10 mM
betaine-soaked seeds significantly induced the differential expressions of 528 genes under
heat stress, of which 332 genes were downregulated, and 196 genes were upregulated. The
betaine regulated the seed germination mainly by downregulating related genes. According
to the GO function analysis of the differential genes, the 10 mM betaine soaking treatment
under heat stress mainly affected the cellular and metabolic processes in the biological
processes; the cells, membranes, membrane parts and organelles in the cell components;
binding in the molecular function; and the expressions of genes related to catalytic activity
to promote seed germination.

4.2. Physiological Changes of Rice under Heat Stress

Heat stress will cause plants to produce a heat stress response, which disturbs the
structural and metabolic integrity of cells to damage cell homeostasis and then causes irre-
versible damage to plants [59]. At the physiological level, heat stress leads to the excessive
production of ROS in mitochondria and chloroplasts through disordered electron transmis-
sion, which induces lipid peroxidation to cause serious damage to the cell membrane and
eventually causes cell death [60]. Therefore, enhancing the ability to eliminate excess ROS
caused by heat stress is an effective defense measure to alleviate heat stress.

Soaking seeds in 10 mM of betaine considerably reduced the MDA content in rice
seeds and the level of membrane lipid peroxidation under 38 ◦C heat stress. The activities
of SOD, POD and CAT in the antioxidant enzyme system were significantly increased,
which enhanced the ability to remove excess ROS. According to the results of this study′s
KEGG enrichment analysis, soaking rice seeds in betaine reduced the expression of MEKK1
in the H2O2 signaling pathway and prevented the buildup of reactive oxygen species.
On the one hand, a total of 10 mM of betaine can enhance the ability of scavenging
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reactive oxygen species by increasing the activity of antioxidant enzymes under heat
stress. A previous study had confirmed that 10 mM exogenous betaine could effectively
improve the germination potential and germination rate of medicago sativa seeds under
drought stress, which were significantly increased by 46.8% and 30.5% compared with
the control [61]. Some researchers also found that 10 mM exogenous betaine did not
significantly promote the germination rate of elymus nutans seeds under 100 mM NaCl
stress but could significantly increase the shoot length of seeds [62]. Previous research
also confirmed that betaine, either applied exogenously or accumulated in vivo in codA-
transgenic seeds, enhanced the expression of heat-shock genes and improved tolerance of
high temperatures in tomato seeds during germination [22]. On the other hand, it inhibits
the accumulation of reactive oxygen species by downregulating the expression of MEKK1.
In addition, heat stress leads to a decline in the osmotic adjustment ability of crops.

Soluble protein is an important small molecular substance that participates in osmotic
adjustment when crops are stressed and that participates in the relevant physiological
repair after rehydration [63]. After soaking seeds with 10 mM of betaine, the content of
soluble protein in the rice seeds substantially increased, and the osmotic adjustment ability
was enhanced. Physiologically speaking, the 10 mM betaine treatment increased the activity
of antioxidant enzymes and decreased the level of MDA, improving the removal of excess
reactive oxygen species, thereby reducing the degree of membrane lipid peroxidation, and
increased the content of soluble protein, enhancing osmotic regulation and promoting rice
seed germination under heat stress.

4.3. Synthesis and Metabolism of IAA, GAs and ABA under Heat Stress

The germination of rice seeds is regulated by plant hormones. ABA is a typical plant
defense hormone that can improve the stress resistance of plants by inducing resistance and
that can also regulate seed dormancy and grain maturation [64]. GAs positively promote
seed germination, and they regulate seed germination with ABA in an antagonistic manner.
IAA was recently found to be the second hormone that positively regulates seed dormancy
after ABA, and it also responds to the induction of heat stress. The hormone level in cells is
regulated by the balance between biosynthesis and catabolism. According to the KEGG
enrichment analysis, betaine soaking induced the differential expressions of some genes in
carotenoid and diterpene biosynthesis and plant hormone signal transduction pathways
under heat stress, which were related to ABA synthesis and metabolism, GA metabolism
and IAA metabolism. NCED is a key rate-limiting enzyme in the ABA synthesis pathway.
NCED catalyzes the cleavage of C40 9–cis–epoxy carotenoids, 90 CIS neoflavin and 9–cis–
violet, which are considered to be the main regulatory steps of ABA biosynthesis [50]. Under
heat stress, the ABA levels in seeds soaked with 10 mM betaine were significantly lower
than those in the control. According to the transcriptome results, the betaine treatment
significantly reduced the expression level of the NCED gene and inhibited the synthesis of
ABA. ABA is metabolically inactivated by hydroxylation or coupling. The hydroxylation
of 8′–methyl is the main step in the catabolic pathway of ABA, which is catalyzed by
CYP707A, a member of cytochrome P450 monooxygenase [51]. The betaine treatment
not only downregulated the expression level of the NCED gene, but also inhibited the
expression of CYP707A. The inhibition of NCED gene expression reduces the ABA level
and then promotes seed germination. At the same time, a decrease in the CYP707A gene
expression level means that the ABA metabolism has slowed down, which ensures that rice
seeds still maintain a certain ABA level under heat stress to trigger the defense mechanism
that requires ABA stimulation to reduce heat-stress damage. Betaine substantially increased
the GA levels under heat stress. The OsGA2ox3 gene belongs to a small polygenic family
encoding GAs 2–oxidase, which is a major catabolic enzyme in plants and can convert active
GAs into inactive GAs [65]. The betaine treatment substantially decreased the expression
level of the OsGA2ox3 gene and inhibited the inactivation of GAs. We did not find the
expressions of differential genes in the synthesis pathway of GAs, which indicates that
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betaine mainly increases the level of GAs by inhibiting the inactivation of GAs, rather than
by promoting their biosynthesis.

In response to the induction of heat stress, the IAA levels increased, while the betaine
treatment substantially reduced them. In general, the IAA levels in plant cells are regu-
lated in three different ways: dynamic balance, polar transport and auxin response [66].
In this experiment, there were no differential gene expressions in the biosynthesis and
polar transport pathways of IAA, but we found that GH3 family genes were differentially
expressed in the IAA signal transduction pathway. GH3–4 is very sensitive to changes in
the IAA level. After the increase in the IAA level, the expression level of GH3–4 is one
of the most substantial [53]. TLD1 encodes an IAA amination synthase. In the TLD1–D
mutant, the expression of TLD1 was significantly increased, which promoted the chelation
of IAA with amino acids and reduced the content of free IAA [54]. The decrease in the IAA
level in the betaine treatment under heat stress may be related to the high expression of
TLD1, which suggests that betaine may regulate the level of IAA in plant cells through the
auxin response. In terms of the regulation of seed germination by plant hormones, betaine
reduces the level of ABA and increases the level of GAs by inhibiting the synthesis of ABA
and the inactivation of GAs under heat stress, promotes the inactivation of IAA to reduce
the level of IAA, and finally, promotes the germination of rice seeds.

4.4. Expression and Crosstalk of IAA, GA and ABA Signals

Plant hormones transmit endogenous and environmental signals through specific
signal pathways to trigger output responses [67]. According to the KEGG enrichment
analysis, the betaine induced the expressions of differential genes in the IAA, GA and
ABA signal transduction pathways under heat stress. The expressions of these differential
genes affect hormone signal transduction. In the IAA signal transduction pathway, the
GH3 expression was significantly upregulated in the betaine treatment, while the SAUR
expression was significantly downregulated. The decrease in the IAA level is related to the
upregulation of TLD1 expression in the GH3 gene family. SAUR, as an auxin early-response
gene, participates in the regulation of cell elongation and growth. The overexpression of
SAUR can promote the elongation of Arabidopsis cells [55]. SAUR promotes cell elongation
and is related to PP2C in the ABA signal transduction pathway. SAUR inhibits the activity of
PP2C and leads to the elevated activation of AHA2 phosphorylation, thereby derepressing
PM H+–ATPases (e.g., AHA2) to acidify the cell wall and ultimately promote elongation
growth [52]. In this study, we found that the expression level of SAUR was downregulated
in response to decreased growth hormone levels; however, at the same time, the expression
level of PP2C was also downregulated by decreased ABA levels. The promotion of seed
germination by betaine under heat stress indirectly indicates the promotion of elongated cell
growth, which may be mainly caused by the downregulation of the PP2C expression levels.

Under heat stress, the expression level of DELLA in the GA signal transduction path-
way was downregulated in the betaine treatment. DELLA protein is an inhibitor of GA
signal transduction. In the presence of GAs, the GAs bind to the GA–INSENSITIVE DWARF
1 (GID1) receptor and cause conformational changes that trigger DELLA degradation or
that lead to its inactivation, ultimately allowing the output of the GA signaling path-
way [49]. Notably, ABA can inhibit the expression of GA signaling by increasing the
stability of DELLA, thereby inhibiting the growth of Arabidopsis roots [68]. In addition, the
GA stimulation of Arabidopsis root elongation requires the involvement of growth hormone.
GA-induced root elongation was inhibited when the stem tip, which is the main source
of growth hormone, was removed; however, this inhibition was reversed when growth
hormone was reapplied. The participation of auxin in GA-induced root elongation is
completed by promoting the degradation and inactivation of DELLA protein, which is
a prerequisite for GAs to stimulate root elongation [69]. This suggests that betaine can
promote the degradation of DELLA protein under heat stress and enhance the output
of the GA signal through three aspects: first, by increasing the level of GAs, promoting
the combination of GAs and GID1 to degrade or inactivate DELLA protein; second, by
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inhibiting the promoting effect of ABA on the stability of DELLA protein; third, through
the DELLA protein degradation pathway participated in by IAA. According to our results,
the crosstalk of plant hormones also occurs in the seed germination stage under stress, and
it can coordinate the balance between signals through exogenous substances to adapt to
changes in the external environment. This provides a feasible solution to alleviate the plant-
growth crisis caused by global warming. The regulatory pathways of 10 mM exogenous
betaine enhance the protrusion vigor of rice seeds under heat stress, as shown in Figure 9.
In the future, we will explore the molecular regulatory mechanisms of betaine with respect
to rice seed heat tolerance.

Figure 9. Regulatory pathways of 10 mM exogenous betaine enhance the protrusion vigor of rice
seeds under heat stress.

5. Conclusions

In conclusion, according to our study, under 38 ◦C heat stress, the 10 mM betaine
soaking treatment could alleviate the heat stress and promote the germination of rice seeds.
In terms of physiology, the 10 mM betaine seed-soaking treatment promoted rice seed
germination by increasing the SOD, POD and CAT antioxidant enzyme activities, decreas-
ing the MDA content, increasing the soluble protein content to reduce ROS accumulation
and mitigate membrane lipid peroxidation, and enhancing the osmoregulatory capacity to
alleviate heat stress. By comparing the transcriptomes of the seed coleoptile and mesocotyl
elongation stage, we obtained many DEGs involved in seed germination. According to the
differential expression analysis, the betaine downregulated key genes in the H2O2 signaling
pathway to reduce the accumulation of reactive oxygen species to mitigate the oxidative
damage caused by heat stress. In addition, the betaine treatment affected the expressions of
key genes related to the synthesis, metabolism and signal transduction of three endogenous
hormones (GAs, IAA and ABA), increased the level of GAs, decreased the levels of IAA
and ABA, and enhanced the output of the GA signal in rice seeds through the signaling
crosstalk among the three hormones, which ultimately promoted the germination of rice
seeds. The qRT-PCR results and the detection of the endogenous hormone levels further
validated the expression patterns of these key genes. Our study reveals the molecular
mechanism of betaine in regulating rice seed germination under heat stress, which provides
an effective and feasible way to ensure the normal production of rice under the global
warming trend.
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Abstract: The S1fa transcription factor is part of a small family involved in plant growth and
development and abiotic stress tolerance. However, the roles of the S1fa genes in abiotic stress
tolerance in Chinese cabbage are still unclear. In this study, four S1fa genes in the Chinese cabbage
genome were identified and characterized for abiotic stress tolerance. Tissue-specific expression
analysis suggested that three of these four S1fa genes were expressed in all tissues of Chinese
cabbage, while Bra006994 was only expressed in the silique. Under Hg and Cd stresses, the S1fa
genes were significantly expressed but were downregulated under NaCl stresses. The Bra034084
and Bra029784 overexpressing yeast cells exhibited high sensitivity to NaCl stresses, which led to
slower growth compared with the wild type yeast cells (EV) under 1 M NaCl stress. In addition, the
growth curve of the Bra034084 and Bra029784 overexpressing cells shows that the optical density
was reduced significantly under salt stresses. The activities of the antioxidant enzymes, SOD, POD
and CAT, were decreased, and the MDA, H2O2 and O2

− contents were increased under salt stresses.
The expression levels of cell wall biosynthesis genes Ccw14p, Cha1p, Cwp2p, Sed1p, Rlm1p, Rom2p,
Mkk1p, Hsp12p, Mkk2p, Sdp1p and YLR194c were significantly enhanced, while Bck1p, and Ptc1p were
downregulated under salt stresses. These results suggest that the Bra034084 and Bra029784 genes
regulate cell wall biosynthesis and the defense regulatory system under salt stresses. These findings
provide a fundamental basis for the further investigation of crop genetic modification to improve
crop production and abiotic stress tolerance in Chinese cabbage.

Keywords: S1fa transcription factor; cell wall; yeast; antioxidant enzyme; ROS; salt stress

1. Introduction

Chinese cabbage (Brassica rapa) is a winter vegetable crop that originated in China
and is mainly cultivated in north China [1,2]. It is the largest vegetable crop that is pro-
duced throughout the year, and because of its excellent nutritional value, it is highly
consumed [3]. As a leafy vegetable, Chinese cabbage is more sensitive to environmental
influences, including NaCl, heavy metals, low and high temperature, etc., which cause
a series of physiological, molecular and biochemical changes that negatively affect plant
growth and production [4,5]. To cope with different environmental influences, molecu-
lar, cellular and biochemical responses are regulated through many series of pathways,
inducing antioxidant enzymes, hormones and transcription factors (TFs), to reduce the
detrimental effects of stresses [6]. Under abiotic stresses, the plant produces ROS (reactive
oxygen species), which is highly toxic and reactive, and hence causes oxidative damage
and cell death [7]. Plant cells exhibit high efficiencies in scavenging ROS through the
well-established coordination of antioxidant enzymes (SOD, POD, CAT, GS, APX and GR)
and non-enzymatic antioxidants (ascorbic acid and glutathione) [8]. The overproduction
of ROS initially causes damaged cells, hormonal imbalance and decreased metabolic and
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enzymatic activities, and thus interferes with signaling pathways that are involved in
carbohydrate, protein, lipid, chlorophyll and photosynthetic machinery [6–8].

Plants have established a wide range of physiological and biochemical mechanisms
to avoid the harmful effects of environmental influences [9,10]. The overproduction of
ROS is diminished through the regulation of gene and protein expression levels in the
mitochondria, nucleus, chloroplast and cell wall [11]. The cell wall is a complex structure,
which is the first and central protective barrier for abiotic stress [11]. A number of signaling
cascades have been reported to be involved in the regulation of stress responses in cell walls,
including cell wall integrity (CWI), high-osmolality glycerol (HOG) and protein kinase A
(PKA) [11]. AtMyb41 regulates osmotic and salinity stresses through the activation of cell
wall biosynthesis genes [12]. Rice R2R3-type MYB transcription factor, OsMPS, negatively
regulates the expression of hormone signaling genes, EXPANSIN and biosynthesis genes
in the cell wall to enhance NaCl stress tolerance [13]. Wall-associated kinases (WAKs), a
potential sensor for the cell wall, regulate the pectic signaling network of the cell wall under
abiotic stresses [14].

Transcription factors are crucial regulators of plant abiotic stresses, and are involved
in the regulation of the defense system to stabilize ROS production [9,15,16]. Among
different transcription factors, the S1fa transcription factor is highly conserved and belongs
to the smallest family of the plant kingdom [17]. The members in this family have a
small molecular weight (7 to 9 KD) and an average length of 70 to 80 aa, and are mainly
localized in the nucleus [17]. Although usually no more than five S1fa proteins are found
in most plants, such as maize, rice, tomato, soybean, Arabidopsis and Chinese cabbage,
Arachis duranensis has 126 S1fa proteins [18]. Chinese cabbage has four members of the
S1fa proteins, including Bra003132, Bra034084, Bra006994 and Bra029784, which bind to
the cis-element of the site 1 binding site, one of the three highly conserved binding sites
(site 1, 2 and 3) located in the promoter region. Previous studies have reported that
spinach S1fa has a nuclear localization signal peptide and a DNA recognition motif, which
may function as a transcription factor [19]. The S1fa genes are mainly expressed in roots
and etiolated seedlings rather than leaves, indicating their involvement in growth and
development [17,18]. The S1fa gene plays a key role in abiotic stress tolerance. Under
abiotic stresses, the S1fa genes are the most downregulated genes in cotton [17]. Moreover,
in Chinese cabbage, the S1fa gene shows significant responses to salinity stress, suggesting
that it may act as the upstream gene for salt responsive genes. Two genes of the S1fa family,
PtS1Fa1 and PtS1Fa2, have been characterized in Populous trichocarpa [17]. The results
show that the PtS1Fa2 overexpression lines of P. trichocarpa increase in fresh weight, root
length and chlorophyll accumulation under drought stresses. However, the overexpression
of PtS1Fa1 has no obvious effect on the drought stress response. These findings suggest
that PtS1Fa2 plays a key role in the activation of antioxidant enzymes such as SOD and
POD to reduce the MDA, H2O2 and O2

− contents, and induces drought tolerance. The
OsS1fa gene in rice confirms drought stress tolerance in Arabidopsis [18]. These results
demonstrate that the OsS1fa gene is highly expressed in the leaf, culm and root. Drought
tolerance-related genes, such as LEA, GRF7, YODA, RD29A and CPK6, are significantly
expressed in the OsS1fa overexpression line under drought stresses, suggesting that OsS1fa
plays a fundamental role in plant development and abiotic stress responses.

In this study, four members of the S1fa family were identified and characterized
through the investigation of phylogeny, motif, gene structure, cis-element and miRNA
in Chinese cabbage. Furthermore, the functions of the S1fa genes in response to abiotic
stresses (Hg, Cd, Al, Co, Cu, mannitol (osmotic stress), salt and cold and heat stress) were
investigated in yeast, which showed that two S1fa genes were highly sensitive to NaCl
stress. The TPM value of the S1fa genes was measured in different plant tissues, such as the
root, leaf, stem, flower, callus, silique and specific leaves of Chinese cabbage. The pRS416-
GFP vector was used to test the subcellular localization of the S1fa genes under salinity
stress in yeast. The significance of this study will be helpful for the understanding of the
S1fa gene’s function and boost the genetic modification of Chinese cabbage, which can
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improve crop production and adaptation to environmental cues. It will be more interesting
to explore the role of S1fa genes in the hormone signaling pathway, interaction and crosstalk
to identify novel genes in Chinese cabbage. Future research on S1fa will offer the possibility
of genetic engineering of crop varieties with enhanced crop production.

2. Results

2.1. Identification and Characterization of the S1fa Family Genes in Chinese Cabbage

To identify and characterize the S1fa transcription factor genes in Chinese cabbage,
we performed BLASTP searches against the Chinese cabbage genome database (http:
//brassicadb.cn (accessed on 22 March 2022)) using three Arabidopsis S1fa protein se-
quences (AT2G37120, AT3G53370 and AT3G09735) as query sequences, and confirmed four
candidate genes of the S1fa family in Chinese cabbage, including Bra003132, Bra034084,
Bra006994 and Bra029784. The S1fa family genes are distributed on different chromosomes
of Chinese cabbage; Bra034084, Bra029784, Bra003132 and Bra006994 are located on A01,
A05, A07 and A09, respectively (Figure 1A). The protein 3D structure of S1fa gene showed
similar structural homology in Chinese cabbage (Figure 1B). The length of the S1fa genes
is between 70—88 aa, with a molecular weight ranging from 7.8 to 9.3 kDa (Table 1). The
isoelectric point of Chinese cabbage S1fa proteins is relatively high (pI > 10.38), indicating
that they are rich in alkaline amino acids (Table 1). Subcellular location analysis showed
that all S1fa genes were localized in the nucleus.

Table 1. The characteristics of the S1fa genes in Chinese cabbage.

Gene ID
Protein Length

(aa)
Molecular

Weight (KD)
Chromosome Location pl

Strand
Direction

Subcellular
Location

Bra003132 88 9.3 A07: 14791441..14792038 10.06 - Nuclear
Bra034084 70 7.8 A01: 25080494..25080706 10.38 + Nuclear
Bra006994 76 8.3 A09: 28232711..28233442 10.05 - Nuclear
Bra029784 73 8.1 A05: 23013673..23014543 10.06 + Nuclear

 

Figure 1. Cont.
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Figure 1. Chromosomal localization of the S1fa genes in Chinese cabbage and protein 3D structures.
(A) Chinese cabbage has ten chromosomes, and the chromosome number (A01 to A10) is shown on
the top of each chromosome. The position marked on the chromosome represents the location of the
S1fa genes. (B) Protein 3D structure of Chinese cabbage S1fa genes.

2.2. Phylogenetic Analysis of the S1fa Genes in Chinese Cabbage

The phylogenetic analysis was used to investigate the evolution of the S1fa genes in
Chinese cabbage. The S1fa proteins were compared with those in other species, including
tomato, pepper, cotton, rice, Arabidopsis, cucumber, watermelon and rice, to investigate
and explore the evolutionary relationships. A total of 27 S1fa proteins were clustered into
three groups (I, II and III), which consisted of 6, 9 and 12 members, respectively. Bra003132
was clustered into group I, while Bra034084, Bra006994 and Bra029784 were clustered into
group II, indicating that Chinese cabbage S1fa genes have high homology with those in rice,
cucumber and pepper (Figure 2A). Additionally, low bootstrap values in the phylogenetic
tree are due to the divergence of the protein sequences that occur between Chinese cabbage
and Arabidopsis, cotton and tomato during the evaluation. Multiple sequence alignments
show that the amino acid sequences of the S1fa genes are highly conserved between
Chinese cabbage and Arabidopsis (Figure 2B). The conserved domain of S1fa is highlighted
in Figure 2B.

2.3. Cis-Element Analysis of S1fa

Cis-elements are the regions of non-coding DNA that regulate the transcription of
the neighboring genes. The cis-elements of Chinese cabbage S1fa genes were identified
in the promoter region as presented in Figure 3. The results show that the Bra034084
gene is located on chromosome A07, which has 1 GATA-motif, 1 LTR, 1 TC-rich repeat,
1 TCA-element, 1 CGTCA-motif, 1 GT1-motif, 1 TGACG-motif, 2 AE-box, 3 AREs and
3 TCT-motifs. Bra003132 has 1 LTR, 1 MBS, 1 AE-box, 1 CAT-box, 1 TCCC-motif, 1 TCT-
motif, 1 LAMP-element, 2 CGTCA-motifs, 2 TGACG-motifs, 2 TGA-elements, 3 AREs,
3 MBSs, 4 ABREs and 6 G-boxes (Supplementary Table S1). Bra006994 has 1 LTR, 1 TCA-
element, 1 ARE, 1 Box II, 1 CAT-box, 1 TC-rich repeats, 2 TCT-motifs, 2 ABREs, 2 TCT-motifs
and 3 O2-sites. Bra029784 has 1 TCA-element, 1 ARE, 1 AE-box, 1 G-box, 1 Box-II, 1 chs-
Unit 1 m1, 2 TC-rich repeats, 2 MBSs, 2 ABREs and 2 TCT-motifs, which are involved in
facilitating a plant’s physiological and biochemical mechanisms under abiotic stresses.
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Figure 2. Phylogenetic analysis and multiple sequence alignment of the S1fa proteins. (A) Phyloge-
netic tree of the S1fa genes in Chinese cabbage, tomato, pepper, cotton, rice, Arabidopsis, cucumber,
watermelon and rice. The neighbor-joining tree was generated using the MEGA7 software with
100 bootstrap replicates. The different colored dots represent different plant species. (B) Multiple
sequence alignment of S1fa proteins from Chinese cabbage and Arabidopsis. Multiple sequence align-
ment was performed using the MEGA7 software. The highlighted amino acids are highly conserved.

2.4. Structure and Motif Analysis of the S1fa Genes

To explore the features of the S1fa genes, the conserved motifs of the genes in Chinese
cabbage were analyzed. The results show that S1fa consists of three common motifs,
namely, motif 1, 2 and 3, as presented in Figure 4. Motif 1 is the largest motif with a
length of 55 aa, which is localized in the middle of the S1fa gene, followed by motif 2 and
motif 3, respectively. Similarly, the exon–intron structures of the S1fa genes were analyzed
(Figure 4). Bra006994, Bra003132 and Bra029784 have the same structure, while Bra034084
has a different structure. The coding sequence of Bra006994, Bra003132 and Bra029784 is
localized on the left and right borders of the UTR, and shares a similar gene structure, but
Bra034084 does not have a UTR.
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Figure 3. Cis-element analysis of the S1fa genes in Chinese cabbage. Different colors represent
different cis-elements in the promoter region of the S1fa family genes in Chinese cabbage.

 

Figure 4. Analysis of motifs and gene structures of S1fa proteins in Chinese cabbage. (A) Protein mo-
tifs, location and phylogenetic trees in the S1fa family members. (B) The sequence of three identified
motifs in Chinese cabbage. (C) Gene structure of the S1fa family member in Chinese cabbage.
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2.5. Expression Profiles of the S1fa Genes in Different Tissues

To explore the potential functions of the S1fa genes in growth and development, the
tissue-specific characteristics were obtained from the Chinese cabbage database
(http://brassicadb.cn/#/ (accessed on 22 March 2022)). The results show that the TPM
(Transcript per million) values of the S1fa genes varied in different plant tissues. The
S1fa genes were highly expressed in the silique of Chinese cabbage (Figure 5), while the
expression level was the lowest in the leaf tissue. Comparative analyses of the S1fa genes
show that Bra034084 had the highest expression, followed by Bra003132 and Bra006994,
respectively. Bra029784 had the least expression in all tissues except the silique tissues
compared with other members of the S1fa genes. Moreover, the expression of the S1fa genes
was downregulated in the leaf and flower tissues, while Bra006994 showed no expression
in the leaf and flower tissues. Taken together, these findings indicate that the S1fa genes
are actively expressed in Chinese cabbage, which could play vital roles in Chinese cabbage
growth and developmental process. Thus, it is necessary to investigate the functions of the
S1fa genes in abiotic stress tolerance.

Figure 5. The transcription levels of the S1fa genes in different tissues, including root, leaves, flower,
stem, callus and silique of Chinese cabbage. Data were obtained from Chinese cabbage database.

2.6. Expression Patterns of the S1fa Genes under Abiotic Stress

The S1fa transcription factor plays an important role in regulating plant growth and
development, and abiotic stress tolerance. However, the involvement of the S1fa genes in
response to abiotic stresses is not clear. To confirm the molecular mechanism of the S1fa
genes in response to abiotic stresses, their transcript abundance was investigated under
Hg, Cd and NaCl stresses (Figure 6). The expression levels of all four S1fa genes were
investigated 24 h after the stress treatments. The S1fa genes were significantly expressed
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under abiotic stresses. Under Hg stress, the expressions of the Bra034084 and Bra029784
genes were significantly elevated compared with the control (CK) treatment, followed by
Bra003132. Likewise, under Cd stress, the Bra003132 and Bra006994 genes showed high
expression levels compared with CK, while NaCl stress significantly reduced the expression
of the S1fa genes (Figure 6). These findings suggest that the S1fa genes are involved in and
positively induced by various abiotic stresses in Chinese cabbage.

Figure 6. The expression levels of the S1fa genes under NaCl, Cd and Hg stresses. Different colors
indicate different stresses and the letters above error bars represent significant differences at p > 0.05.

2.7. Prediction of miRNAs Targeting the S1fa Genes in Chinese Cabbage

miRNAs are a class of non-coding single strand RNA molecules of approximately
22 nucleotides, which are encoded by endogenous genes and may be involved in the
activation of genes in response to abiotic stresses. A total of 39 miRNAs targeting the
S1fa genes in Chinese cabbage are presented in Table 2, including 5 miRNAs target-
ing Bra003132 (ath-miR5661, ptc-miR397c, mtr-miR2641, hvu-miR6214 and hme-miR-278),
11 miRNAs targeting Bra006994 (ptc-miR397c, zma-miR399e-5p, aly-miR160c-3p, ath-miR5661,
osa-miR160a-3p, osa-miR160b-3p, zma-miR160b-3p, zma-miR160g-3p, bdi-miR160b-3p, bdi-
miR160c-3p and ata-miR160c-3p), 11 miRNAs targeting Bra029784 (aly-miR838-3p, zma-
miR399e-5p, ath-miR838, osa-miR3982-3p, bdi-miR398b, osa-miR2095-3p, aly-miR4248a, aly-
miR4248b, aly-miR4248c, gma-miR4363 and bdi-miR7757-3p.1) and 12 miRNAs targeting
Bra034084 (aly-miR838-3p, zma-miR399e-5p, ath-miR838, mtr-miR2673a, mtr-miR2673b, gma-
miR4363, bdi-miR398b, osa-miR2055, osa-miR3982-3p, cca-miR6116-3p, stu-miR8050-3p and
gma-miR9752).
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2.8. S1fa Overexpression in Response to Abiotic Stresses in Yeast

To elucidate the function of the S1fa genes in abiotic stress tolerance, we generated an
overexpression model of yeast using the pRS416 vector. The yeast cells with S1fa overex-
pression were exposed to abiotic stresses (75 μM-Cd, 75 mM-Hg, 100 mM-Al, 50 mM-Cu,
100 mM-Co, 1M-NaCl, 2M-Mannitol, and cold and heat stresses (24 h stress followed by
two days with the normal temperature)) (Figure 7(A,B)). The overexpression of Bra034084,
Bra003132, Bra029784 and Bra006994 and EV (empty vector) showed no effects on Al, Man-
nitol, Co and cold stresses, However, the cells were sensitive to NaCl, Hg and Cd stresses,
compared with EV (Figure 7(C,F,H)). Under NaCl stress, Bra006994 and Bra029784 were
highly sensitive, when compared to EV (Figure 7(H)). Likewise, under heat stress (38 ◦C)
and cold stress (4 ◦C), all cells with the overexpression of Chinese cabbage S1fa genes
grew slightly slower than EV (Figure 7(A,B)). Cells overexpressed with Bra006994 and
Bra029784 were more sensitive to these stresses (Figure 7(A,B)). These results indicate that
the Bra006994 and Bra029784 genes play an important role in response to salt stresses.

(a) 

Figure 7. Cont.
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(b) 

Figure 7. (a) Responses to abiotic stresses through yeast dilution bioassay with the wild type strain,
S1fa transformed with pRS-416-GFP. Yeast wild type (EV) strain and S1fa overexpressing cells were
grown in the URA liquid medium for 24 h at 28 ◦C. The cell solutions were diluted to an OD600 value
of 0.3 and exposed to different types of abiotic stresses. (A) URA (control), (B) 50 mM Cu, (C) 75 mM
Hg, (E) 100 mM Al, (D) 100 mM Co, (F) 75 μM Cd, (G) 2 M mannitol, (H) 1 M NaCl. Triangles
represent the 10-fold serial dilutions (the starting OD600 is 0.3). (b) Responses to temperature stress
tolerance through yeast dilution bioassay with the wild type strain, S1fa transformed with pRS-416-
GFP. The yeast cells were exposed to (A) low temperature (4 ◦C) and (B) high temperature (38 ◦C) for
24 h, and then transferred to a place with the normal temperature (28 ◦C). Triangles represent the
10-fold serial dilutions (the starting OD600 is 0.3).

2.9. Growth Curve

To confirm the responses of the S1fa-overexpressing yeast cells to salinity, we con-
ducted the growth curve of the yeast cells under salt stresses. The yeast cells were incubated
under 28 ◦C until OD600 reached 0.3, and then were treated with 1 M NaCl in liquid URA
medium. The OD600 values were observed after 12, 14, 16, 18, 20, 22 and 24 h, respectively.
The results indicate that Bra034084 and Bra029784 overexpressing yeast cells were highly
sensitive to NaCl stresses (Figure 8). Under normal conditions, the growth rate of the S1fa
expressing cells was the same as that of EV, whereas under NaCl stresses, the optical density
was significantly decreased compared with that of EV. The growth rate of the Bra003132
and Bra006994 overexpressing yeast cells showed no difference compared with that of EV,
but was significantly higher than those of the Bra034084 and Bra029784 overexpressing
yeast cells (Figure 8). These findings suggest that salinity stresses had detrimental effects
on the growth of the Bra034084 and Bra029784 overexpressing yeast cells.
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2.10. Subcellular Localization of the S1Fa Genes

Subcellular localization is considered a key parameter for transcription factor re-
sponses to abiotic stresses. However, no evidence was found to support the translocation
of the S1fa genes into the nucleus under salt stresses.

To confirm the subcellular localization, the S1fa genes were transiently expressed in
the fusion of GFP in yeast, and the fluorescence was observed using a confocal microscopy.
Without salt stress, the S1fa genes were observed in the nucleus as dot-like structures as
presented in Figure 9. When treated with salt, Bra034084 and Bra029784 were translocated
into the cell wall.

Figure 8. Growth curves of the S1fa gene overexpressing yeast cells under 1 M NaCl stress. EV
(empty vector (yeast WT)) and cells with the overexpression of Bra003132, Bra006994, Bra034084 and
Bra029784 were grown at 28 ◦C. Cell density was monitored after 12, 14, 16, 18, 20, 22 and 24 h after
the treatment. The error bar represents the deviation of three independent replications.

 

Figure 9. The subcellular localization of the S1fa genes and the empty vector (EV) tagged with GFP
and transiently expressed in yeast cells treated with 1 M NaCl. The images were obtained from GFP,
merged and bright channels. Scale bar: 10 μm.
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2.11. Responses of Cell Wall Biosynthesis Genes to NaCl Stresses

In eukaryotic organisms, the biological integrity depends on the cell wall, which
is considered an essential structure that not only maintains the morphology, but also
participates in protecting the cell from environmental influences. Here, in this study, we
investigated the expression levels of cell wall biosynthesis genes as presented in Figure 10.
The results suggest that the S1fa genes Bra034084 and Bra029784 significantly enhanced
the expression levels of cell wall biosynthesis genes compared with EV-Ck (no stress) and
EV (with stress). The expression levels of cell wall biosynthesis genes, including Ccw14p,
Cha1p, Cwp2p, Sed1p, Rlm1p, Rom2p, Mkk1p, Hsp12p, Mkk2p, Sdp1p and YLR194c, were
significantly enhanced, while the expression levels of Bck1p and Ptc1p were downregulated
under salt stresses in Bra034084 and Bra029784 overexpressing yeast cells. The expression
of the Pst1p gene showed no significant difference. These findings suggest that Bra034084
and Bra029784 activate the signaling pathways regulating cell wall integrity by stimulating
transcriptional and post-transcriptional genes in response to salt stresses.

Figure 10. Quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis was used
to assess the expression levels of cell wall biosynthesis genes under NaCl stresses. The error bar
represents the deviation of three independent replications. The letters above the error bar represent
significant differences at p > 0.05.
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2.12. Antioxidant Enzyme Activities and ROS Accumulation under NaCl Stresses

The antioxidant enzyme activities, the MDA content and the ROS accumulations in the
Bra034084 and Bra029784 overexpressing cells were analyzed after 14 h of exposure to NaCl
stresses. The results suggest that the antioxidant enzyme activities were greatly reduced
by NaCl stresses compared with EV, as presented in Figure 11. The activities of SOD and
POD were reported to be significantly higher in the Bra029784 overexpressing cells than
those in the Bra034084 overexpressing cells, whereas the activity of CAT was enhanced in
the Bra034084 overexpressing cells. Moreover, the activities of CAT, SOD and POD were
significantly higher under NaCl stress than those in the control. The MDA content was
higher in the Bra034084 overexpressing cells, while the contents of H2O2 and O2

− were not
affected but were significantly higher than those of EV. The contents of ROS and MDA of
NaCl stress were significantly higher than the control, as presented in Figure 11. These
findings suggest that salinity stress negatively affected the activities of antioxidant enzymes
but promoted the accumulation of ROS and MDA, which may activate the biosynthesis of
the cell wall, and hence increase salt stress sensitivity.

Figure 11. The effect of salt stress on antioxidant enzyme activities, MDA and ROS accumulations of
Bra034084 and Bra029784 overexpressing yeast cells. Bra034084 and Bra029784 overexpressing cells
were exposed to 1 M salt stress and control (without stress) for 14 h at 28 ◦C. Superoxide dismutase
(SOD), peroxidase (POD), catalase (CAT), malondialdehyde (MDA), hydrogen peroxide (H2O2), and
superoxide radicals (O2

−). Different letters indicate significant differences at p < 0.05.
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3. Discussion

Environmental influence impairs plant growth and development through oxidative
stresses, which may change genome stability [10,20]. Plants have evolved a number
of pathways to cope with ROS production and reduce the detrimental effects of abiotic
stresses, including antioxidant enzymes, hormonal responses, the activation of transcription
factors [8] and regulation of downstream genes [9,21].

Transcription factors (such as MYB, WRKY, ERF and NAC) play a crucial role in abiotic
stress tolerance, and are involved in the transcriptional regulation of plant genes [22–25].
The S1fa transcription factor belongs to the smallest family of plants that are involved in
plant growth and development [18]. However, no study has reported on their regulatory ef-
fects on abiotic stresses in Chinese cabbage. The present study was designed to investigate
the physiological and molecular mechanism of the S1fa genes in abiotic stress tolerance.
We identified and characterized four S1fa proteins in Chinese cabbage at the whole genome
level, which were also compared with three Arabidopsis S1fa proteins. Systematic anal-
yses including phylogenetic trees, gene and protein structures, motifs, physiochemical
properties, miRNAs and cis-elements were conducted in the promoter region of the S1fa
genes, and the effects of the S1fa genes on abiotic stress tolerance were investigated in
yeast models. These findings provide novel insights into the functional characterization of
the S1fa genes, which can be used in molecular breeding to enhance crop production and
abiotic stress tolerance.

Based on phylogenetic analyses, the S1fa proteins were divided into three groups.
Chinese cabbage S1fa proteins were classified in groups I and II, which share a high
similarity with those in rice, pepper, cucumber and watermelon (Figure 2). The difference
between these groups demonstrates that these proteins underwent great genetic variation
after divergence, probably due to environmental influences, and that some gene fragments
might have been lost during the evolutionary process [26]. The analysis of gene structure
and motif suggested that the S1fa genes shared a similar exon–intron and motif structure,
indicating there is a closer evolutionary relationship among the members in the same group
but a functionally diversified relationship among the other group members [27–30]. The
structure and motif analysis of Chinese cabbage S1fa genes showed a similar structure,
which has three common motifs (Figure 4). Interestingly, based on motif analysis, the
S1fa genes in Chinese cabbage can be divided into two subgroups, with Bra003132 and
Bra006994 in one group, and Bra029784 and Bra034084 in the other (Figure 4). Protein
analysis shows that motif 1 is highly conserved, which may be involved in or required for
recognizing abiotic stress responsive cis-elements in response to stresses [31–33].

A gene’s expression pattern can provide important indications for its biological func-
tions. In the current study, the expression patterns of the S1fa genes were analyzed under
abiotic stresses in Chinese cabbage (Figure 6). The S1fa genes showed different expression
patterns in different tissues. The S1fa genes had the lowest expression in the leaves and
the highest expression in the silique (Figure 5). Bra006994 showed a minimum expression
level in the leaf, flower and callus. The expression level of the S1fa genes was significantly
different under different abiotic stresses (Figure 6). Under NaCl stress, Bra034084 and
Bra029784 were significantly expressed compared with the other two S1fa genes. However,
their expressions were significantly downregulated under Cd and Hg stresses (Figure 6).
Taken together, these results suggest that the S1fa transcription factors are potentially
involved in salinity stress tolerance, as well as plant growth and development [17,18].

The cis-element is a specific sequence on the promoter region of a given gene, which
influences the expression of protein-coding and long non-coding RNA genes. Activation of
the expression of the gene by binding with the cis-element is a common way of regulating
developmental and physiological processes [33]. In plants, miRNAs act as a positive
regulator in regulating related genes. Many studies have shown that miRNAs are involved
in response to abiotic stresses [34]. miR398b negatively regulates the defense system in
cotton and causes an adverse effect on plant growth. miR1885 regulates plant growth and
tolerance to viral infection through targeting BraTNL1 and BraCP24 genes in Brassica [35].
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Bra034084 and Bra029784 were targeted by miRNAs including miR398b and miR1885, which
might be involved in salt stress responses (Figure 7). Under abiotic stresses, the cis-elements
are involved in controlling the transcriptional regulation of the core gene network [31].
The S1fa genes of Chinese cabbage contain a number of cis-elements including light and
abiotic stress responsive elements, ABA, GA, methyl jasmonate (MeJA), and low and high
temperature responsive elements (Figure 3). Previous studies have reported that hormonal
cis-elements, such as O2-site, TGA-element, TGACG-motif, CGTCA-motif, TCA-element
and ABRE motifs, are the key cis-regularity modules that stimulate the hormone signaling
pathways under abiotic stresses [31,33]. The cis-elements activate specific transcription
factors and their downstream genes, acting as a key cellular regulator in response to
abiotic stresses [33]. These cis-elements may also be involved in salinity stress tolerance by
regulating the specific hormonal signal transduction pathways [33].

The S1fa transcription factors have been reported to be involved in photomorphogene-
sis and abiotic stress tolerance [17]. However, their function has yet to be fully understood.
Here, four Chinese cabbage S1fa genes were identified and cloned to investigate their func-
tion in abiotic stress tolerance using a yeast model (Figure 7). The results suggest that the
S1fa genes did not respond to any abiotic stress. However, Bra034084 and Bra029784 were
highly sensitive to NaCl stress (Figure 7(H)), suggesting that the S1fa transcription factors
are involved in salinity stress tolerance. These findings are in line with a previous study,
which shows that OsS1fa improves drought stress tolerance in Arabidopsis and increases the
expression of the drought stress-related genes [18].

Plants exposed to abiotic stresses generate an excessive amount of ROS (H2O2 and
O2

−), which is highly toxic and detrimental to proteins, lipids, DNA and carbohydrates,
eventually leading to cell death [6,36,37]. The plant possesses an antioxidant enzyme
defense system to normalize the overproduction of ROS. In this study, the overexpression
of Bra034084 and Bra029784 significantly decreased the activities of antioxidant enzymes
including SOD, POD and CAT under salinity stresses in yeast (Figure 11). On the other
hand, the overexpression of Bra034084 and Bra029784 enhanced the accumulation of H2O2,
O2

− and MDA in the S1fa overexpressing yeast cells compared with the wild type (EV)
(Figure 11). These findings suggest that Bra034084 and Bra029784 inhibit the antioxidant
enzyme activities, thereby leading to a higher hypersensitivity to salt stresses. PsS1Fa2
overexpression in Populus trichocarp enhanced drought stress tolerance by increasing the
activities of antioxidant enzymes (SOD and POD) and reducing the accumulation of MDA,
H2O2 and O2

− [17]. A similar report has been conducted, which shows CaDHN4 can protect
against cold and salt stresses by activating the antioxidant enzyme defense system [38].

In eukaryotic organisms, the cell wall plays a dominant role in the protection of the cell
from environmental influences [11]. In yeast, transcriptional re-programing can alter the
expression of key genes for cell wall biosynthesis, energy generation, signal transduction
and stress [11,39]. Several signaling pathway cascades such as MAPK, MAPKK1, MAPKK2
and Slt2 have been reported to be involved in cell wall biosynthesis [40,41]. In this study,
the overexpressed S1fa genes, Bra034084 and Bra029784, were located in the cytoplasm,
and were translocated under NaCl stresses (Figure 7), and they significantly enhanced the
expression level of cell wall biosynthesis genes (Figure 11). The PKC1 (protein kinase C)
pathway plays an important role in cell wall biogenesis, maintenance and cell integrity [41],
and is regulated by Bck1p, Mkk1p, Slt2p and Rom2p [11,41]. Our study showed that the
expression of these factors was significantly increased in the S1fa overexpressing yeast
cells under salinity stresses, as presented in Figure 10. Additionally, the overexpression
of Bra034084 and Bra029784 enhanced the transcript level of Bck1p, Ptc1p Ccw14p, Crh1p,
Mkk1p, Mkk2p, Rlm2 and Rom2, which are involved in the signaling pathway regulating
cell wall integrity [11,39,40]. Subcellular localization analysis suggests that the S1fa gene
was translocated from the cytoplasm to the cell wall under salt stresses, as presented in
Figure 9, which in turn might promote the expression of many cell wall biosynthesis genes.
These findings are consistent with previous studies, which show that abiotic stress induces
a significant reduction in the activities of antioxidant enzymes and increases the contents of
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ROS and MDA [11,14], thereby regulating the expression of the genes controlling cell wall
integrity [11]. In summary, it can be concluded that the S1fa transcription factors activate
genes involved in cell wall integrity under salinity stresses. Future studies are required to
investigate the linkage between cell wall integrity and S1fa genes under abiotic stresses,
especially salinity stresses.

4. Materials and Method

Chinese cabbage (Cv. Guangdongzao) seeds were soaked with 1% sodium hypochlo-
rite for 3 min and then washed at least five times with ddH2O to remove the excessive
sodium hypochlorite. Then, the seeds were germinated in 1

2 MS media in a controlled
growth chamber as described previously [42]. The uniform seedlings were transferred to a
hydroponic culture and incubated for five more days before treated with 75 μM Cd, 75 mM
Hg and 1 M NaCl, respectively. The samples were collected and ground in liquid nitrogen
to extract the total RNA [43].

4.1. Identification of the S1fa Genes in Chinese Cabbage

In order to identify the S1fa genes in Chinese cabbage, the protein sequences of
three S1fa genes from TAIR (www.Arabidopsis.org (accessed on 22 March 2022)) were
downloaded and used as queries in Chinese cabbage genome database (http://brassicadb
.cn (accessed on 22 March 2022)) with the BLASTP program [42]. All predicted Chinese
cabbage S1fa proteins were confirmed through Pfam (http://pfam.xfam.org/ (accessed on
22 March 2022)) and SMART database. The physicochemical parameters including protein
isoelectric point (pl), molecular weight (kDa) and length were calculated using the tools on
the ExPASy server (http://web.expasy.org/compute_pi/ (accessed on 22 March 2022)).
The chromosomal locations and strand directions were obtained from the BRAD database
(http://brassicadb.cn (accessed on 22 March 2022)), and the subcellular location of each
protein was investigated using CELLO 2.5 (http://cello.life.nctu.edu.tw/ (accessed on
22 March 2022)) [29].

4.2. Phylogenetic Trees and Sequence Alignment

The full length protein sequences from Chinese cabbage, tomato, pepper, cotton,
Arabidopsis, cucumber, watermelon and rice were obtained from the genome database
and aligned using MUSCLE (https://www.ebi.ac.uk/Tools/msa/muscle (accessed on
22 March 2022)), which were used to construct the evolutionary tree using the MAGA7
software by the neighbor-joining method, and protein sequence alignment was performed
as described previously [29].

4.3. S1fa Structure and Conserved Motif

The S1fa gene structure was analyzed using the online MEME program (http://meme
-suite.org/tools/meme (accessed on 22 March 2022)), and the maximum number of motifs
was set at 10. The structures of the S1fa genes were designed by using the online program
GSDS 2.0 (http://gsds.cbi.pku.edu.cn/ (accessed on 22 March 2022)) [29]. The online tool
PlantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/ (accessed on
22 March 2022)) was used to analyze the cis-elements as described previously [28,29,44].

4.4. S1fa Gene Promoter Analysis and miRNA Prediction

The promoter sequences of Chinese cabbage S1fa genes (2000 bp upstream) were
obtained from Chinese cabbage genome database (http://brassicadb.cn (accessed on
22 March 2022)). The online tool PlantCARE (https://bioinformatics.psb.ugent.be/we
btools/plantcare/html/ (accessed on 22 March 2022)) was used to analyze the cis-elements
in the promoter sequence [17]. To predict the miRNAs, the coding sequence of the S1fa
genes was submitted to the psRNATarget server (https://www.zhaolab.org/psRNATarget/
(accessed on 22 March 2022)) as the targeted candidate as described previously [32].
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4.5. Total RNA Extraction and qRT-PCR Analysis

The total RNA was extracted for Chinese cabbage tissues using TRIzol, while yeast
RNA was extracted using the M5 EASYspin yeast RNA rapid extraction kit, MF158-01
(Mei5 Biotechnology, Co., Ltd. Beijing China). For yeast RNA extraction, the cells were
grown until the OD600 value reached 0.3 at 28 ◦C, and then treated with 1 M NaCl for 12 h
before the total RNA was harvested [45]. The first-stand cDNA was synthesized using a
PrimeScript and RT reagent kit with gDNA Eraser (TAKARA). The SYBR Premix Ex-Taq
Kit (TAKARA) was used for quantitative real-time PCR. All experiments were performed
with three independent biological replications. The transcript levels were calculated using
the 2ΔΔ-CT method. The TMP values of Chinese cabbage tissues were obtained from the
Chinese cabbage database (http://brassicadb.cn (accessed on 22 March 2022)) for each S1fa
gene. The primers used for qRT-PCR are presented in Supplementary Table S1.

4.6. Yeast Constructs

To construct the yeast (Saccharomyces cerevisiae) overexpression vectors, the coding
sequences of Chinese cabbage genes, Bra034084, Bra003132, Bra029784 and Bra006994, were
cloned separately into the pRS-416-GFP vector. The coding sequences of the S1fa genes were
amplified from Chinese cabbage cDNA with specific primers (Supplementary Table S1)
and then inserted into the SPE1 site on pRS-416-GFP using the infusion cloning kit (Catalog
no. 011614; Clontech) [46]. The sequence insertions were confirmed through SANGER
sequencing and then used for the investigation of abiotic stress tolerance in yeast. To
determine the subcellular localization of the S1fa proteins, the S1fa genes were inserted
into pRS-416-GFP. The subcellular localization of the fusion proteins was observed under a
Zeiss Axiophot fluorescence microscope as described previously [45].

4.7. Tolerance Assay and Growth Curve

The final pRS-416-GFP vectors cultured in URA medium were diluted until the OD600
value was 0.1, and were incubated again until the OD600 reached 0.3. The cell culture was
then five-fold diluted and treated with 75 μM Cd, 75 mM Hg, 100 mM Al, 50 mM Cu,
100 mM Co, 1 M NaCl and 2 M mannitol, respectively, and was incubated at 28 ◦C for five
days [45]. No treatment was added for the control. The cold and heat stresses were applied
at 4 ◦C and 38 ◦C, respectively, for 2 days before being transferred to a place at 28 ◦C to for
3 more days. The photos were taken after five days of incubation, and the experiment was
repeated three times. The S1fa overexpressing yeast cells without and with the 1 M NaCl
treatment were grown at 28 ◦C in liquid URA culture medium, and diluted until the OD600
value was about 0.1. The cells were incubated again, and when OD600 value reached 0.3,
the OD600 was recorded every 2 h to prepare the growth curve of the cells [45].

4.8. Determination of Antioxidant Enzyme Activities and ROS Contents

To determine the antioxidant enzyme activities and ROS contents, the yeast cells were
harvested 14 h after the NaCl treatment at 28 ◦C and stored at −80 ◦C. The antioxidant
enzyme activities and ROS and MDA contents were analyzed using the service provided
by Nanjing Ruiyuan Biotechnology company (https://bestofbest.top/).

5. Statistical Analysis

Three independent biological replications were used for each treatment, and the whole
experiment was repeated three times. The data were statistically analyzed using an analysis
of variance, and compared with the control using the LSD test (p > 0.05) by using the
Statistix 8.1 software (https://www.statistix.com/). The Graphpad Prism 5 software was
used for graphical presentation.

6. Conclusions

In this study, four S1fa family proteins were identified in Chinese cabbage, and
the chromosomal location, structure, phylogenetic tree and physiochemical properties
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were analyzed, and molecular characterization performed in yeast, to understand their
involvement in abiotic stress tolerance. The S1fa proteins have three highly conserved
motifs. Moreover, the cis-elements and miRNAs targeting S1fa genes were predicted
to understand the regulatory mechanism. The expression patterns of the S1fa gene in
different tissues and their responses to abiotic stresses show that these genes may play a
significant role in the growth and development of Chinese cabbage. In yeast, Bra034084
and Bra029784 was highly sensitive to salt stresses and might activate the expression of
cell wall biosynthesis genes. For the first time, we elucidate the functions of the S1fa
genes in Chinese cabbage and confirm their responses to salt stresses. The comprehensive
understanding of the physiological and molecular mechanisms of Bra034084 and Bra029784
can serve as an important genetic resource for the improvement in salinity stress tolerance
and the yield of Chinese cabbage.

Supplementary Materials: The following supporting information can be downloaded at: https://ww
w.mdpi.com/article/10.3390/antiox11091782/s1, Table S1: Chinese cabbage S1fa family
genes cis-elements.
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Abstract: Chromium (Cr) is an important environmental constraint effecting crop productivity. Sper-
mine (SPM) is a polyamine compound regulating plant responses to abiotic stresses. However,
SPM-mediated tolerance mechanisms against Cr stress are less commonly explored in plants. Thus,
current research was conducted to explore the protective mechanisms of SPM (0.01 mM) against
Cr (100 μM) toxicity in two rice cultivars, CY927 (sensitive) and YLY689 (tolerant) at the seedling
stage. Our results revealed that, alone, Cr exposure significantly reduced seed germination, biomass
and photosynthetic related parameters, caused nutrient and hormonal imbalance, desynchronized
antioxidant enzymes, and triggered oxidative damage by over-accretion of reactive oxygen species
(ROS), malondialdehyde (MDA) and electrolyte leakage in both rice varieties, with greater impair-
ments in CY927 than YLY689. However, seed priming with SPM notably improved or reversed the
above-mentioned parameters, especially in YLY689. Besides, SPM stimulated the stress-responsive
genes of endogenous phytohormones, especially salicylic acid (SA), as confirmed by the pronounced
transcript levels of SA-related genes (OsPR1, OsPR2 and OsNPR1). Our findings specified that
SPM enhanced rice tolerance against Cr toxicity via decreasing accumulation of Cr and markers of
oxidative damage (H2O2, O2

•− and MDA), improving antioxidant defense enzymes, photosynthetic
apparatus, nutrients and phytohormone balance.

Keywords: seed priming; spermine; chromium; reactive oxygen species; phytohormones

1. Introduction

Rice (Oryza sativa) is the second most abundant cereal crop and fulfils the nutritional
needs of at least 50% of the global population [1]. Soil contamination with environmental
pollutants (mainly of anthropogenic origin) such as heavy metals (HMs) has caused severe
rice yield losses in Asian countries, including China [2]. Rice plants taking up HMs from
contaminated soils and their depositing in plant parts, mainly grains, leads to reduction
in crop yields [3]. Chromium (Cr) is the seventh most hazardous metal, which usually
exists in Cr+3 and Cr+6 forms, while Cr+6 imposes more lethal symptoms on plants, relative
to Cr+3 [4]. After taking up Cr ions from soils, plants generally accumulate an excessive
amount of Cr in their tissues, severely hindering their growth and development [5–8].
At morpho-physiological, biochemical, metabolic and cellular levels, Cr inhibits the rate
of seed germination, plant growth indices (length/height and biomass), photosynthesis
process, and accumulation of mineral nutrients [1,7], induces oxidative stress, viz., lipid
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peroxidation, and reactive oxidative species (ROS), damages the inside of cellular mem-
branes and ultra-structures [8,9], and provokes disorganization in antioxidant enzyme
activities [10]. Plants boost their internal antioxidant defense system, which includes enzy-
matic and non-enzymatic antioxidants, by minimizing the overproduction of ROS and the
induced oxidative cellular damage [7,11–13].

Polyamines (PAs) are aliphatic compounds and osmo-protectants, with low molec-
ular weight, located within plant cells, and control diverse plant functioning such as
regulation of seed germination, embryogenesis, flower expansion, fruit development and
ripening, against both normal and stress conditions [6,14]. Moreover, PAs improve the
plant’s tolerance capacity by enhancing the endogenous accumulation of PAs under var-
ious environmental stresses, i.e., water-deficit [15], salt [16], chilling [17], heat [18] and
heavy metals [19]. Previous findings have revealed that exogenous applications of PAs
improved plants’ growth indices by improving levels of chlorophyll pigments, photosystem
II, the antioxidant enzymatic defense system and membrane protection, and reducing the
HM-induced cellular oxidative damage, as noticed under cadmium [20], lead [21] and
chromium [22] stress. Furthermore, PAs such as spermine (SPM) contribute to regulation of
cellular functioning, cell division and phytohormonal signal transductions in cadmium and
copper exposed wheat leaves [23]. The key mechanism is that the exogenous supply of PAs
stimulates the endogenous PA content, which may help plants boost their intrinsic immu-
nity in response to outside environmental stressors, improving the morpho-physiological
and biochemical attributes of mung bean [20], wheat [24], rice [25], and maize [22]. How-
ever, the contribution of spermine when used as a priming agent in the detoxification of
Cr in rice plants has been less commonly investigated. Therefore, the current study was
performed to obtain insights into the protective roles of SPM in the alleviation of Cr stress
in sensitive (CY927) and tolerant (YLY689) rice cultivars by targeting plant growth traits,
photosynthetic apparatus (chlorophyll pigments and photosystem II), nutrients uptake,
Cr-accumulation, oxidative damage, antioxidant enzyme activities, endogenous phytohor-
mone production, and membrane or cellular ultra-structures. These biomarker studies
may help plant scientists fully understand the mechanistic approaches utilized by SPM to
detoxify Cr in rice, and possibly other cereals grown in HM-polluted soils.

2. Materials and Methods

2.1. Availability of Seeds

Herein, two various rice varieties, Chunyou 927 (CY927, sensitive) and Yliangyou
689 (YLY689, tolerant), obtained through the Zhejiang Nongke Seeds Co., Ltd. Hangzhou,
Zhejiang Province, China were used in the present study.

2.2. Seed Priming and Germination Analysis

Initially, rice seeds were dipped into the solution for sterilization with 5% (w/v) of
NaClO for 20 min, then quickly splashed with purified water (ddH2O) to eradicate the
remaining chloride. Secondly, these sterilized seeds were further primed by 0.01 mM
SPM and water (H2O) separately at 30 ◦C in the dark for 24 h. Then, to restore the seed’s
original moisture levels, they were dried at ambient temperature. The seeds primed with
water (H2O) were taken as controls. After priming, germination of seed assessment was
conducted by using 50 seeds for each box (12 cm × 18 cm) with three repetitions for each
treatment. Formerly, all germination boxes were retained inside a growth incubator with a
fluctuating phase of 8 h light and 16 h of darkness at 25 ◦C for 14 days [26]. The chromium
(0 and 100 μM) was applied to the incubated seeds. The Cr concentration was selected
based on the preliminary experiments. The total seeds germinated, counted on the fifth day,
were considered as the germination energy (GE) [26]. Furthermore, the total germinated
seeds counted on day 14 were used for calculation of percentage of germination (GP),
germination index (GI), vigor index (VI), and mean germination time (MGT), using the
formulas used by Zheng [26].
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2.3. Hydroponic Culture Treatments and Plant Growth Analysis

Subsequently, the primed seeds were placed into a 96 well black hydroponic box
with one seed in each well. Each treatment was repeated six times and each repetition
had 80 seeds. The hydroponic nutrient solution consisted of 0.5 μM potassium nitrate,
0.5 μM Ca(NO3)2, 0.5 μM magnesium sulfate, 2.5 μM monopotassium phosphate, 2.5 μM
ammonium chloride, 100 μM ferric EDTA, 30 μM boric acid, 5 μM manganese sulfate, 1 μM
copper sulfate, 1 μM zinc sulfate, and 1 μM ammonium hepta-molybdate ((NH4)6Mo7O24).
The hydroponic boxes were repositioned daily within the growth chamber (30 ◦C with an
alternation cycle of 12/12 h light/dark) by completely randomized design (CRD). After
two weeks of hydroponics, three repeats of each treatment were exposed with 100 μM Cr
for 7 days, as well as another three repeats without Cr, used as control. Sampling was
carried out after the 7th day of Cr treatment.

The sampling of 21-day-old seedlings was conducted and they were washed with
ddH2O to exterminate the Cr residues. The height of seedlings was calculated by using a
ruler and their fresh biomass was measured on a scale. To estimate the dry mass, leaves,
and roots were dried out in an oven separately at 75 ◦C for 24 h.

2.4. Determination of Photosynthetic Pigments

The estimation of chlorophyll contents such as chlorophyll a (Chl a), chlorophyll b
(Chl b), total chlorophyll as Chl (a + b) and carotenoids (Car) was carried out following
the method of Lichtenthaler and Wellburn [27]. Concisely, fresh leaves tissues (0.2 g) were
homogenized with pure water and soaked in 3 mL of 95 percent ethanol (v/v). The mixture
was centrifuged for 10 min at 5000× g to separate the supernatant. After that, supernatant
at the volume of 1 mL aliquot were mixed with 9 mL ethanol (95 percent, v/v). Thereafter,
using an exhausting spectrophotometer, the mixture was measured using absorbance at
665, 649, and 470 nm wavelengths [28]. The following equation was used to determine the
chlorophyll contents:

Chlorophyll a (Chl a) = 13.95 A665 − 6.88 A649 (1)

Chlorophyll b (Chl b) = 24.96 A649 − 7.32 A665 (2)

Total chlorophyll content = Chl a + Chl b (3)

Carotenoids (Cx+c) = (1000 A470 − 2.05 Ca − 104 Cb)/245 (4)

The values of photosynthetic attributes were measured as milligrams (mg) per liter (L)
of plant extract. Parameters related to gaseous exchange were investigated by the method-
ology of Zhou and Leul [29]. After 2 h of assimilation inside the growth cabinet at 18 ◦C,
1000 molm−2 s−1 light intensity, and 60% comparative moisture, the uppermost wholly
extended leaves were used to calculate the rate of transpiration (Tr), net photosynthetic rate
(Pn), stomatal conductance (gs), the intercellular level of CO2 (Ci), and photochemical effi-
cacy of PS II (Fv/Fm). ImagingWin software (IMAGING-PAM, Walz, Effeltrich, Germany)
was used to examine the colored images for Fv/Fm and Fm levels.

2.5. Estimation of Cr Contents

The samples of dried root and shoot (0.2 g) per treatment were mixed with 5 mL
concentrated HNO3 and HClO4 (5:1, v/v) on a stovetop at 70 ◦C for around 5 h. Dilution of
the samples (digested) was subjected to dilution to a final amount of 10 mL with 2% HNO3
before being tested, and three replicates per treatment were prepared. To examine the Cr
along with microelements Na, Cu, K, P, Fe, Ca, Mn, and Zn, scum was measured by an
atomic absorption spectrometer (iCAT-6000-6300, Thermo Scientific, Waltham, WA, USA).

2.6. Determination of Electrolyte Leakage and Total Soluble Sugar

The rice seedling is utilized to estimate electrolyte leakage (dSm−1). Surface steriliza-
tion was carried out for 5 g seeds with HgCl2 (1%) and speckled with ddH2O, with four
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replications. Subsequently, seedlings were drenched in 25 mL ddH2O, and were left at room
temperature for one-day in an incubator. The sample was moved to a new void beaker, up
to the volume of 25 mL by adding ddH2O. Electrolyte leakage was reported in dSm−1 [30].
To estimate the total soluble sugar, samples of 0.5 g in the form of fresh shoots were crushed
with pestle and mortar, in an extraction buffer that prepared from phosphate (50 mM, pH 7),
ascorbate (1 mM), KCl (100 mM), glycerol (10%, v/v) and β-mercapto-ethanol (5 mM).
Then, the supernatant was amassed into the micro-centrifuge tube through centrifugation
at 12,000× g for 15 min. Later, the homogenate of three replicates was used to quantify
the total soluble protein content [31] and total soluble sugar, by the procedure as for the
phenol-sulfuric acid assay [32].

2.7. Estimation of Endogenous Abscisic Acid, Jasmonic Acid and Salicylic Acid Contents

The quantification of endogenous ABA contents was accomplished by using frozen
samples following the protocol of Kim et al. [33] and Kamboj et al. [34]. The endogenous
contents of JA were quantified following the detailed procedure of [35]. Extraction and
quantification of free SA was carried out via the protocol of Yalpani et al. [36] and Fang
et al. [37]. Three biological replicates were used to estimate the endogenous abscisic acid,
jasmonic acid and salicylic acid contents.

2.8. Estimating MDA, H2O2 and O2
•− Contents

The determination of MDA content was performed with 2-thiobarbituric acid (TBA). Ho-
mogenization of ~2 mL extract in 3 mL of TBA (5%) was performed, before being diluted inside
5% of trichloroacetic acid (TCA). Formerly, the grounded and mixed samples were preheated
for 15 min at 95 ◦C, and earlier cooled to ice instantaneously and centrifuged at two different
wavelengths, viz., 532 nm and 600 nm, via utilizing a UV–vis spectrophotometer (Hitachi
U-2910) [38]. The value of MDA content was donated as nmol mg-1 protein. The hydrogen
peroxide (H2O2) was determined by following the detailed protocol of Kwasniewski [39]. The
H2O2 contents were estimated as μmol g−1 FW. Superoxide radical (O2

•−) contents were
estimated following the method of Jiang and Zhang [40] with a few amendments. Three
replications were used to estimate the MDA, H2O2 and O2

•− contents.

2.9. Determination of Antioxidant Enzyme Activities

The supernatant attained from total soluble sugar was supplementarily used to de-
termine the activities of antioxidants. Three replications were used to determine these
antioxidant activities. To observe the SOD activity, the protocol utilized by Giannopolitis
and Ries [41] was pursued with minor modifications. In addition, the SOD activity was esti-
mated as U g−1 FW. Activity of catalase was estimated following the approach of Aebi [42].
The peroxidase (POD) activity was assessed by following Change and Maehly [43] detailed
protocol. The enzyme activity (APX, POD, CAT) was deliberated as μ mol min−1 mg−1

protein at 25 ± 2 ◦C [44].

2.10. Analysis of Gene Expression

The transcript levels of SA-related genes were estimated by qRT-PCR. In a mortar and
pestle, thawed shoot samples of both rice cultivars were crushed inside liquid nitrogen.
Trizol method was used to extract the RNA, as already defined [45]. The NanoDrop
2000/2000 c (Thermo-Fisher Scientific, Waltham, MA, USA) was used to identify the purity
of RNA. Subsequently, the synthesis of cDNA was accomplished by PrimeScript™ RT
reagent kit. Three replications were used to analyze the gene expression level. The PR1,
PR2, and NPR1 gene primers were utilized to analyze the concerned gene expressions. The
used primers are listed in Supplementary Table S1. The 2XSYBR Green Master Mix reagent
(10 μL volume), (Applied Biosystems, Foster City, CA, USA), 200 nM gene-specific primers,
and cDNA samples (6 μL volume) were utilized to prepare the 20 μL reaction mixture. The
relative alteration inside the expression of genes was identified as documented [46]. The
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house-keeping gene (OsActin) was utilized as a control gene to standardize the other genes
during internal calibration.

2.11. Transmission Electron Microscopic Analysis

The leaf ultrastructure changes were observed by the Sheteiwy et al. [47] procedure
with minute modifications. The leaf samples without veins (7-10 per treatments) were
randomly selected after treatment applications, then immersed in 2.5 percent (v/v) glu-
taraldehyde in 0.1 M PBS (sodium phosphate buffer, pH 7.4) and eroded thrice with the
same PBS. Moreover, the 1% OsO4 (osmium (VIII) oxide) was used to postfix the leaves
for nearly 1 h. Further, it was washed three times in 0.1 M PBS with a 15 min gap between
each wash. In addition, leaf samples were dehydrated using various classified categories of
ethanol, such as 50%, 60%, 70%, 80%, 90%, 95%, and 100%, correspondingly, and washed
by using absolute acetone for 20 min. Later, samples were immersed overnight in Spurr’s
resin. Thus, ultra-thin segments (80 nm) of samples were amended, then retained inside
copper nets for visualization via transmission electron microscope (JEOLTEM-1230EX) at
60.0 kV.

2.12. Statistical Analysis

The experimental results were investigated by applying analysis of variance (One-way
ANOVA) with the least significant differences (LSD) at p < 0.05 and 0.01 levels between
mean values using Statistix (8.1) software. Three replications were used for each experiment
and standard errors (S.E) were represented in figures.

3. Results

3.1. Priming Effect of SPM on Plant Phenotype, Seed Germination and Plant Growth Traits under
Cr Exposure

In this study, seeds priming with water were utilized as a control. Under control
conditions, plant height was visibly enhanced with SPM treatment as compared to seed
primed control plants (Figure S1). The Cr treatments alone significantly decreased the
plant height/length and yellowing/burning of leaves compared to their controls, while
severe toxic symptoms were observed in rice cultivar CY927 than YLY689. Under Cr
stress, seed priming with SPM reversed the Cr toxicity as noticed by the improved overall
plant height/length and greenish texture of leaves (Figure S1). In control treatments, no
significant difference in the GE, PG, GI and VI of rice seeds were observed. Nevertheless,
the Cr-exposure alone caused a significant reduction in seed germination parameters such
as GE, GP, GI, and VI relative to controls (Table 1). This decrease was more pronounced
in CY927 as compared to YLY689 under Cr-alone treatments. The mean germination time
(MGT) was noticeably increased in CY927 compared to YLY689 under Cr applications,
whereas seed priming with SPM significantly reduced the MGT under Cr stress. In contrast,
seeds primed with SPM noticeably enhanced the GE, GP, GI and VI of rice seedlings under
Cr exposure (Table 1). It was observed that these germinations indices were more improved
in YLY689 when compared to CY927.
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Concerning the morphological changes, Cr-stress alone significantly reduced the plant
height including shoot length (S/L), and root length (R/L), along with plant biomass
including fresh weight (F/W) and dry weight (D/W). Compared with seeds primed with
water (H2O) in the nutrient only solution, seeds primed with SPM enhanced plant growth as
well as biomass, especially in YLY689 under Cr stress (Table 1). These outcomes designated
that seed priming with SPM mitigated the toxic effects of Cr on rice seedlings and improved
the seed germination, plant growth and biomass efficiently under Cr-stress conditions,
with more pronounced improvement noticed in YLY689 than CY927.

3.2. Priming Effect of SPM on Photosynthetic Pigments, Photosystem II and Gas Exchange
Parameters under Cr Stress

Compared to control plants, seeds primed with SPM treatments marginally enhanced
photosynthetic pigments such as chlorophyll-a (Chl a), chlorophyll-b (Chl b), chlorophyll-
(a + b) (Chl (a + b)) and carotenoids in both rice cultivars, while treatments with Cr alone
significantly reduced the Chl a (68.6% and 34.4%), Chl b (47.5% and 29.13%), Chl (a + b)
(43.5% and 26.2%), and carotenoids (40.9% and 29.2%) in CY927 and YLY689, respectively
(Figure 1). Seed priming with SPM enhanced the Chl a, Chl b, Chl (a + b), and carotenoids
by 30.1%, 28.4%, 25.2%, 33.6% in CY927, and in 36.3%, 31.7%, 29.6%, 38.9% YLY689,
respectively, under Cr stress (Figure 1a–d). Current investigations displayed that seed
priming with SPM increased the Chl a, Chl b, Chl (a + b) and carotenoids in both rice
cultivars as compared to respective controls in both treatments, with and without Cr
toxicity. Likewise, the SPM application enhanced the Fv/Fm values as compared to relative
controls, and the increment was 11.4% more in YLY689 than CY927 under Cr exposure
(Table S2). In addition, this was further verified by taking visual images of Fv/Fm, and Fm.
The rice leaves were exposed to 100 μM Cr stress more than untreated plants, showing as
light blue/green, correspondingly, by decreasing the Fv/Fm, and Fm ratio (Figure 1e–h).

The exposure to Cr alone notably declined the values of gas exchange parameters
including Pn, Tr, Gs, and Ci by 57.1%, 46.8%, 32.0%, 49.3% in CY927, and 38.7%, 33.1%,
23.9%, and 42.11% in YLY689 rice cultivars, correspondingly, but more decline was noticed
in the values of the CY927 cultivar than YLY689 (Table S2). Nevertheless, seeds primed
with SPM significantly improved the values of gas exchange indices under Cr toxicity in
both CY927 and YLY689 rice cultivars. In control conditions, non-significant differences in
the values of Pn, Tr, gs, Ci were noted between seeds primed with water and SPM of both
cultivars. These findings revealed that seeds primed with SPM mitigated the toxic effects
of Cr on photosynthetic pigments and gas exchange parameters in both cultivars, but this
effect was more prominent in YLY689 relative to the CY927 cultivar.

3.3. Priming Effect of SPM on Electrolyte Leakage, Total Soluble Sugar and Total Soluble Protein
under Cr Stress

In control conditions (seed priming with water and SPM without Cr toxicity), no
noticeable changes in the values of electrolyte leakage (EL), total soluble sugar (TSS) and
total soluble protein (TSP) were observed in the leaves of both rice cultivars (Figure 2a–c).
However, Cr stress alone caused a prominent increase in the values of EL (78.4% in CY927,
and 43.7% in YLY689) (Figure 2a) but decreased the TSS and TSP levels (49.2/36.5% in
CY927, and 37.4/31.2% in YLY689, respectively) (Figure 2b,c), when compared to the
control without Cr stress. The increasing or decreasing trends of EL, TSS and TSP values
were more pronounced in CY927 (in the case of EL) than YLY689 (in the case of TSS and
TSP), although results represented that seed priming with SPM reduced the EL (32.9% and
45.7%), and increased the TSS and TSP by 24.7/19.3% in CY927 and 32.2/21.6% in YLY689
cultivar, respectively, when compared to their relative controls under Cr stress (Figure 2a–c).
These outcomes indicated that SPM notably minimized the EL but improved the TSS and
TSP levels compared to seed priming with water, especially in YLY689 under Cr stress.
These outcomes suggested that SPM notably reversed the Cr-mediated induction in EL and
reduction in TSS, as well as TSP in rice seedlings.
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Figure 1. Effects of seed primed SPM on photosynthetic pigments (a) chlorophyll–a, (b) chlorophyll–b,
(c) total chlorophyll–(a + b), and (d) carotenoids, (e,f) Fv/Fm levels in the leaves of two rice cultivars
CY927 and YLY689, respectively and (g,h) Fm levels in the leaves of two rice cultivars CY927 and
YLY689, correspondingly under chromium (Cr) stress. Values are mean ± SE of three independent
replicates and different letters (a–f) above bars show a significant difference between treatments by
LSD test at p < 0.05.

3.4. Priming Effect of SPM on Hydrogen Peroxide (H2O2), Superoxide (O2
•−) and

Malondialdehyde (MDA) under Cr Stress

Under Cr alone treatments, the accumulation of H2O2 (91.2/72.5% and 67.1/55.8%),
O2

•− (76.9%/67.1% and 51.8/47.3%), and MDA (77.6/74.2% and 59.2/46.9%) were sig-
nificantly induced in shoots/roots of CY927 and YLY689, correspondingly, as compared
to control plants. Inclusively, a high accumulation of H2O2, O2

•− and MDA was noticed
in shoots rather than roots of both cultivars (Figure 2d–i). The accretion of H2O2, O2

•−
and MDA contents were more prominent in CY927 than in YLY689, though seed priming
with SPM markedly decreased the accumulation of H2O2 (38.8/27.3% and 33.4/24.9%),
O2

•− (35.2/26.3% and 24.9/18.3%) and MDA (47.8/37.1% and 38.2/23.7%) in shoots/roots
of both varieties (CY927 and YLY689), correspondingly, under Cr stress (Figure 2d–i). In
control treatments, no significant difference was noticed among the H2O2, O2

•− and MDA
content values in the roots and shoots of both rice cultivars.
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Figure 2. Effects of seed primed SPM on (a) electrolyte leakage (EL), (b) total soluble proteins,
(c) total soluble sugar (TSP), (d) MDA contents in shoots, (e) MDA contents in roots, (f) H2O2,
contents in shoots (g) H2O2, contents in roots (h) O2

•− contents in the shoots and (i) O2
•− contents

in the roots of two rice varieties (CY927 and YLY689) against chromium (Cr) stress. Values are
mean ± SE of three independent replicates and different letters (a–f) above bars show a significant
difference between treatments by LSD test at p < 0.05.

To verify the accumulation of H2O2 and O2
•− inside the shoots and roots of both

cultivars of rice, leaves were stained with DAB and NBT in response to seed priming with
water, SPM and Cr treatments (Figure 3a–h). Compared to untreated control, leaves treated
with Cr only revealed dark brown as well as dark blue staining, correspondingly, for H2O2
and O2

•−. CY927 exhibited more dark staining colors than YLY689 indicating that CY927
accumulates more H2O2 or O2

•− than YLY689. In contrast, control treatments (seed primed
with water and SPM without Cr addition) displayed a slight staining intensity of DAB
and NBT in both cultivars (Figure 3a–h). These differences revealed that seed priming
with SPM sustained the plasma membrane integrity and reduced the oxidative damages
against Cr-induced overproduction of ROS in both rice cultivars (particularly in YLY689) in
comparison to seed priming with water against Cr toxicity conditions.
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Figure 3. Effects of seed primed SPM on histochemical staining to identify the accumulation of
(a) hydrogen peroxide (H2O2) in the shoots of CY927, and (b) hydrogen peroxide (H2O2) in the
shoots of YLY689 by 3,3-diaminobenzidine (DAB), (c) superoxide (O2

•−) in the shoots of CY927,
and (d) superoxide (O2

•−) in the shoots of YLY689 by nitro blue tetrazolium (NBT), (e) hydrogen
peroxide (H2O2) in the roots of CY927, and (f) hydrogen peroxide (H2O2) in the roots of YLY689 by
3,3-diaminobenzidine (DAB), (g) superoxide (O2

•−) in the roots of CY927, (h) superoxide (O2
•−) in

the roots of YLY689 by nitro blue tetrazolium (NBT).

3.5. Priming Effect of SPM on Cr Contents and Mineral Nutrients under Cr Stress

Under Cr alone treatments, the Cr accumulation was more pronounced in roots
than shoots of both rice cultivars in seed priming with water under Cr stress. The Cr
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augmentation was reduced significantly in both shoots and roots in seed primed with SPM
under Cr exposure. Micro- as well as macro-nutrients’ (Na, Mg, K, P, Ca, Mn, Fe, Cu, and
Zn) uptake and translocation imbalance were observed under Cr toxicity compared to their
controls. The decrease was more noticeable in roots than shoots of both CY927 and YLY689
cultivars (Tables S3 and S4). The uptake of Cr was greater in YLY689 as compared to the
CY927. Under Cr exposure, seeds primed with SPM remarkably enhanced the Mn, Zn, Cu,
P, Fe, and K in both roots and shoots of both cultivars. Moreover, SPM treatment modulated
the uptake of Na inside both roots and shoots of rice cultivars (Tables S3 and S4). These
outcomes revealed that seed priming with SPM restricted the Cr uptake, accumulation and
translocation inside rice plants’ parts and further improved the macro- and micro-nutrient
balance mandatory for plant development.

3.6. Priming Effect of SPM on Antioxidative Enzyme Activities under Cr Stress

Under Cr alone treatments, an upsurge in the activities of antioxidant (SOD, CAT,
POD, and APX) activities were noticed inside the shoots and roots of both cultivars, but this
increment was more conspicuous in shoots compared to roots. The outcomes demonstrated,
compared to control plants, the Cr toxicity significantly surged the enzymatic activities i.e.,
SOD (58.1/47.9, 62.9/54.7%), APX (58.9/52.2, 65.9/63.1%), POD (70.4/58.5, 82.1/67.3%),
and CAT (56.2/48.4, 64.9/53.2%) in shoots/roots of both cultivars CY927, and YLY689,
respectively (Figure 4a–h). Interestingly, seed primed with SPM further enhanced the
enzymatic activities such as SOD (29.1/16.2%, 38.7/19.5%), APX (35.7/26.6, 41.1/34.3%),
and POD activity by 23.9/22.4, 28.6/25.9%, and CAT activity by 39.5/24.7%, 44.4/32.9%
inside shoots/roots of both cultivars CY927, and YLY689, correspondingly (Figure 4a–h).
Our outcomes revealed that seeds primed with SPM developed a higher possibility of
scavenging the reactive oxygen species and increased plant tolerance capability with greater
effect in YLY689 than CY927.

3.7. Priming Effect of SPM on the Production of Endogenous ABA, JA and Free SA Levels under
Cr Stress

The ABA, JA and SA levels were examined in seeds primed with water or SPM, with
and without Cr stress. The exposure of Cr alone led to elevated contents of ABA (2.83
and 2.49-fold), JA (3.32 and 3.29-fold) and SA (2.48 and 1.89-fold) in both varieties CY927
and YLY689, individually, when compared to controls (Figure 5a–c). Under Cr stress, seed
priming with SPM applications significantly decreased the ABA level (Figure 5a), whereas
no significant difference was observed in the levels of JA under Cr treatments (Figure 5b).
Nevertheless, the level of SA was enhanced significantly (2.23 and 1.76-fold) in both rice
cultivars (CY927 and YLY689), individually, by the applications of seed primed SPM under
Cr stress (Figure 5c). A similar pattern was seen in the seedlings of both rice cultivars, with
YLY689 displaying more obvious effects than CY927.
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Figure 4. Effects of SPM on the activities of (a) superoxide dismutase (SOD) in shoots, (b) superoxide
dismutase (SOD) in roots, (c) ascorbate peroxidase (APX) in shoots, (d) ascorbate peroxidase (APX)
in roots, (e) peroxidase (POD) in shoots, (f) peroxidase (POD) in roots, (g) catalase (CAT) in shoots,
and (h) catalase (CAT) in roots of both rice varieties (CY927 and YLY689) under chromium (Cr) stress.
Values are mean ± SE of three independent replicates and different letters (a–f) above bars show a
significant difference between treatments by LSD test at p < 0.05.
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Figure 5. Effects of SPM on the endogenous production of phytohormones including (a) abscisic acid
(ABA), (b) Jasmonic acid (JA), (c) salicylic acid (SA) and expressions of phytohormones-associated
genes (d) PR1, (e) PR2, and (f) NPR1 in two rice cultivars (CY927 and YLY689) under chromium (Cr)
stress. Values are mean ± SE of three independent replicates and different letters (a–f) above bars
show a significant difference between treatments by LSD test at p < 0.05.

3.8. Priming Effect of SPM on Hormone-Associated Gene Expression Analysis under Cr Stress

Under Cr stress, the transcript levels of PR1, and PR2 genes were subsequently up-
regulated in both CY927 and YLY689 compared to relative controls. Furthermore, the
transcription levels of both these genes were markedly stimulated within seeds primed
by SPM against Cr-induced stress as compared to the treatments of Cr alone in both rice
cultivars (Figure 5d,e). The expression levels were noticeably upregulated in CY927 as
compared to YLY689 (p < 0.01). Likewise, the upregulation in NPR1 levels was noticed
under Cr stress in both rice cultivars. Nevertheless, their expression levels were further
increased in the seeds treated with SPM priming under Cr exposure (Figure 5f). An iden-
tical drift was noted in both rice varieties. The upregulation was more pronounced in
the expression of the NPR1 gene as compared to PR1, and PR2 genes. This indicated that
NPR1 has a dynamic role in stimulating the phytohormone synthesis and mitigation of Cr
toxicity. In addition, gene expression analysis supported the notion that SPM mediated
modifications in SA contents under Cr applications. Our findings clearly represented that
SPM has extensive participation in rice tolerance against Cr stress and modulates the levels
of transcription of certain stress-responsive genes associated with phytohormones.
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3.9. Priming Effect of SPM on Cellular Ultrastructural Changes under Cr Stress

Within control group (seeds primed with water and SPM without Cr stress), the leaf
ultrastructure of both cultivars CY927 and YLY689 displayed a well-shaped cell wall, vig-
orous chloroplast, mitochondria, vacuoles, peroxisomes and the usual organized granule
thylakoids inside grana containing normal granum thylakoids, stroma thylakoids, starch
grains and plastoglobuli (Figure 6A,B,E,F). However, the ultrastructural analysis of rice
cultivar (CY92, seeds primed with water) compared with Cr toxicity indicated a ruptured
nuclear membrane, expansion of double-layered nuclear membrane, swollen mitochondria
and damaged chloroplast (Figure 6C). Relatively, seeds primed with SPM presented a de-
veloped nuclear membrane, normal structure of chloroplast, plastoglobuli, and less swollen
mitochondria than seeds primed with water beneath Cr exposure in CY927 (Figure 6D). In
YLY689, seeds priming water (with Cr disclosure) revealed structural abnormalities such as
thylakoids disruption, slightly irregular structured starch grains, mitochondrial damages,
and swollen chloroplast (Figure 6G) than their relative control groups (Figure 6E,F). Interest-
ingly, the seeds primed with SPM under Cr treatments minimized the structural damages
induced by Cr stress in the mesophyll cells of cultivar YLY689 as observed by the well-
developed cell wall, peroxisomes, vacuoles, well-shaped stroma thylakoids, starch granules,
chloroplast, granum thylakoids, plastoglobuli and matured mitochondria (Figure 6H).

Figure 6. Effect of seeds primed with SPM on cellular ultra-structural changes in the leaves of two
different rice cultivars (CY927 and YLY689) against chromium (Cr). (A) Leaf mesophyll cell of CY927
(primed with water) at control level, (B) Leaf mesophyll cell of CY927 (primed with Spm) at control
level, (C) Leaf mesophyll cell of CY927 (primed with water) under Cr stress, (D) Leaf mesophyll
cell of CY927 (primed with Spm) under Cr toxicity, (E) Leaf mesophyll cell of YLY689 (primed with
water) at control level, (F) Leaf mesophyll cell of YLY689 (primed with Spm) at control level, (G) Leaf
mesophyll cell of YLY689 (primed with water) under Cr stress, (H) Leaf mesophyll cell of YLY689
(primed with Spm) under Cr toxicity. Abbreviations: N (nucleus), SG (starch grain), NM (nuclear
membrane), PG (plastogloboli), CW (cell wall), Va (vacuole), Ch (chloroplast), CM (cell membrane),
(chloroplast), GT (granule thylakoids); M (mitochondria), ST (stomata thylakoids).
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4. Discussion

Soil contamination with chromium (Cr) has become a serious concern for rice re-
searchers due to its direct entry into food chains and severe health issues globally [48].
Thus, our prime focus was to investigate latent approaches to diminish Cr-accumulation
and its associated phytotoxicity. For this purpose, we utilized seed priming with spermine
(SPM) in minimizing the Cr-tempted toxic effects by targeting the seed germination indices,
growth and biomass, photosynthetic apparatus, soluble protein levels, nutrients balance,
oxidative damages, antioxidant enzymes’ defense systems, phytohormone production and
modifications in cellular ultrastructure. Our findings showed that the seed germination
parameters, i.e., GE, GP, VI, GI and MGT, were significantly reduced by Cr exposure in
both rice cultivars (Table 1) which ultimately minimized the plant development, biomass
(fresh and dry weight, shoot or root lengths) (Table 1, Figure S1). Comparatively, seed
primed SPM caused readjustments of seed germination indices, plant growth and biomass
attributes under Cr toxicity (Tables 1 and S2; Figure S1). These alterations were more
substantial in YLY689 (tolerant variety) than CY927 (sensitive variety). Recent studies
revealed that Cr-stress inhibited the rates of seed germination indices [1]. This may be
due to the alteration in seed coat structure and reactions with ions, electrons or intact
radicals. Consequently, sugar supply to the seeds was compromised [49,50]; although SPM
applications aided the conversion of starch hydrolysis into soluble sugar that improved the
respiration of seeds and starch metabolism, and consequently enhanced plant growth and
biomass production [51].

Furthermore, Cr also inhibited the biomass of rice seedling [1,11], maize [22], and
Brassica napus [7] seedlings that might be associated with a disturbance of photosynthetic
systems and nutrients imbalance. As predicted, Cr stress significantly reduced the chloro-
phyll pigments (Figure 1a–d), Fv/Fm and Fm values (Figure 1e–h), gas exchange parameters
(Table S2) and nutrient accumulation (Table S3) in both rice varieties, especially CY927. The
possible reason is that Cr caused inhibition inside the production of chlorophyll biosyn-
thetic enzymes (δ-amino-levulinic acid dehydratase and protochlorophyllide reductase),
which led to the impairment of chlorophyll biosynthetic pathways [52], while SPM priming
mitigated Cr stress on both cultivars, and precisely in YLY689. Potentially, seed primed
SPM boosted the plant growth traits (Table 1) by eliminating Cr accumulation via main-
taining the nutrient uptake balance (Table S3), cell cycle and cell division, which led to the
improvement in chlorophyll pigments (Figure 1a–d) and gas exchange indices (Table S2)
under Cr exposure. Most probably, SPM application enhanced the levels of photosynthetic
apparatus by regulating the nutrient uptake which might have modulated the expression
of genes associated with metal homeostasis, lessening the Cr accretion under heavy metal
stress [53,54]. It has been reported that photosynthetic efficiency maintains the level of
total soluble sugar (TSS) and total soluble protein (TTP) that might be stimulating the
metabolites’ induction, and further helps to detoxify the Cr stress under Cr-induced toxi-
city [55,56]. Our upshots specified that the TSS and TSP are directly associated with the
photosynthetic contents (Figure 2b,c) and the rates of gas exchange indices (Table S2). Seed
priming with SPM might have improved the photosynthetic and biosynthetic enzyme
activities (i.e., δ-aminolaevulinic acid and protochlorophyllide reductase) that regulated the
photosynthetic biosynthesis pathways [57] and subsequently improved the TSS and TSP.
Our results revealed that seed primed SPM minimized the Cr-indulged oxidative damages
and minimized the electrolyte leakage.

In our current investigations, Cr exposure enhanced the extra accumulation of H2O2
and O2

•− (Figure 2f–i), MDA contents (Figure 2d,e), electrolyte leakage (Figure 2a), par-
ticularly in CY927, and caused oxidative or membrane damages and lipid peroxidation
as noticed in rice seedlings [57,58], Indian mustard [58] and tomato [59]. Seeds primed
with SPM may have improved the ROS hemostasis by decreasing over-production of ROS
(Figure 2d–i) that revealed the role of SPM in mitigating oxidative damages and subse-
quently improving photosynthetic performance. Probably, SPM improved the catabolism,
maintained the cellular metabolism, and inhibited the overproduction of free radicals which
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controlled the level of MDA contents, electrolyte leakage, and ROS over-generation. Addi-
tionally, seed primed SPM treatment provided stability to cellular membranes by reducing
the MDA contents (Figure 2d,e) and electrolyte leakage (Figure 2a) in rice seedlings under
Cr-induced stress, thus enhancing the photosynthetic apparatus, plant growth and biomass
production, specifically in YLY689. SPM capability in reducing ROS (H2O2 and O2

•−) over
production was verified by histochemical straining, which matches recent observations
under conditions of metal stress [21,60].

To cope with the Cr-triggered oxidative damage, plants stimulate their antioxidative
defense mechanisms as indicated by the upregulation in enzymatic activities such as SOD,
APX, POD and CAT in both rice cultivars (Figure 4a–h). Similar outcomes were docu-
mented in a recent investigation that plants increase their antioxidative defense mechanism
to scavenge Cr-induced cellular oxidative damage [1]. Seed priming with SPM further
stimulated the antioxidative enzyme activities and reduced the ROS or MDA accumulation,
which revealed that SPM boosted the antioxidants’ defense mechanisms and reduced the
oxidative damage, thus maintaining ROS homeostasis in rice seedlings. Previous studies
documented that PAs regulate antioxidant activities to eliminate the ROS extra generation,
and hence maintain the redox balance, and thus improve the growth traits of wheat [21],
Brassica juncea [61], and mung bean [20] under heavy metals stress. Expectedly, the sole
treatment of Cr significantly restricted the accumulation of nutrients (Na, K, P, Ca, Mn,
Zn, Cu and Fe) which eventually leads to lowered biomass production. The excessive
Cr accumulation in plant parts may limit the accessibility of nutrients and disturb their
hemostasis [1,7]. SPM applications displayed the capably to improve the balance of nu-
trients by lowering the Cr accretion via a vacuole sequestering approach and enhanced
the tolerance capacity of YLY689 against Cr stress than CY927. Likewise, earlier investiga-
tions supported our results that the reduction in Cr-facilitation can improve the nutrients’
bioavailability within the tissues of Raphanus sativus [62] and maize [22].

It has been reported that phytohormones, viz., SA and JA interactions with PAs
including SPM and spermidine (SPD), modulated plant physiological attributes, and
enhanced antioxidant enzyme activities in scavenging the extra accumulation of ROS
under adverse environmental stresses [63–66]. Under heavy metal stress conditions, SA
levels were enhanced inside plant parts that helped to reduce the extra accumulation of
ROS [67,68]. Remarkably, seeds primed with SPM significantly improved the endogenous
levels of SA rather than JA under Cr toxicity in both rice varieties, especially in YLY689 as
compared to CY927 (Figure 5b,c). Hereafter, we targeted the gene expression of SA-related
genes (PR1, PR2, and NPR1) to analyze the genetic responses under Cr stress (Figure 5d–f).
We verified that Cr significantly stimulated the endogenous SA levels that clarified the
potential roles of SA in alleviating Cr toxicity in rice seedlings. Nevertheless, Cr displayed
no significant differences in the levels of endogenous JA (Figure 5b). This might be due to
the fact that Cr stress, in addition to the consequent synthesis of JA, stimulated the lipases
to deliver a substrate for lipoxygenase [33,69]. Still, the molecular basis of this phenomenon
needed thorough exploration.

Notably, Cr-alone treatments enhanced the endogenous abscisic acid (ABA) levels,
while seed priming with SPM significantly lowered them (Figure 5a). Conceivably, PAs
may regulate the ABA levels to modulate the signal transduction pathways, and specific
protein’s activation and repression, which supplementarily controls the cell growth or cell
death [70]. Therefore, PAs interact with phytohormones to maintain the plant’s growth
attributes, stomatal conductance, and chlorophyll contents to alleviate the nastiest effects
of multiple toxicities [66].

The ultrastructural analysis revealed that Cr alone treatments severely damaged the
cellular organelles (Figure 6A–H) and CY927 demonstrated more damaging effects than
YLY689. The extra accumulation of Cr within cell organs ruptured the chloroplast structure
by disturbing the granule thylakoid development, swollen mitochondria and damages
to thylakoid membrane, as supported by earlier studies [71]. The Cr-induced chloroplast
damage led to the reduction in chlorophyll contents which halted the photosynthetic rate
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and gas exchange parameters [71]. Conversely, seed primed SPM applications reestablished
the structures of granule thylakoids, stroma, chloroplasts, thylakoid membrane, cell wall,
vacuoles and mitochondria under Cr stress, specifically in YLY689 (Figure 6d,h). Possibly,
SPM repaired the cellular ultrastructure (chloroplast and thylakoids) that helps to reduce
the overproduction of ROS and improve the photosynthetic apparatus, thus leading to
higher plant development and biomass against heavy metals’ exposure [72].

5. Conclusions

A recent study reported that seeds primed with SPM exhibited a great capability to mit-
igate Cr-induced adverse effects in rice seedlings of both cultivars. Cr (100 μM) disclosure
in nutrients media severely damaged the plant biomass/growth, impaired the photo-
synthetic pigment, imbalanced the micro- and macro-nutrients, augmented the cellular
oxidative damage, altered the endogenous phytohormone level and cellular ultrastructure,
and desynchronized the antioxidant defense system in rice seedlings, especially in CY927.
Simultaneously, seeds primed with SPM ameliorated biomass/growth production, chloro-
phyll pigments, total soluble sugar, total soluble protein, maintained nutrient balance,
and improved antioxidants’ defense system by lowering the Cr uptake, accumulation,
translocation, lipid peroxidation, oxidative damage, and electrolyte leakage. Moreover,
SPM modulated the endogenous phytohormones content, as well as the transcription level
of SA-related genes (PR1, PR2, and NPR1) under Cr stress. Henceforth, it was revealed that
SPM can enhance plant tolerance and mitigate the Cr phytotoxicity in different rice varieties.
Furthermore, Cr stress damaged the rice cultivar CY927 more than YLY689. YLY689 was
found more tolerant to Cr stress and SPM further enhanced tolerance capacity, while CY927
displayed susceptibility to Cr stress whose negative effects were reversed by SPM.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox11091704/s1, Figure S1. Effect of seed primed with SPM
on phenotypic changes of two different rice cultivars under Cr toxicity. (a) Cr-induced phenotypical
changes on the CY927 cultivar and mitigation effect of SPM under Cr stress. (b) Cr-induced pheno-
typical changes on the YLY689 cultivar and mitigation effect of SPM under Cr exposure, Table S1.
Primers information.
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Abstract: Plasma membrane NADPH oxidases (RBOHs, EC 1.6.3.1) are known as the main ROS
generators involved in plant adaptation to stress conditions. In the present work, regulation of
NADPH oxidase was analyzed in cucumber (Cucumis sativus L. var. Krak) seedlings exposed to
salinity. RBOH activity and gene expression, as well as H2O2 content, were determined in the roots
of plants treated with 50 or 100 mM NaCl for 1 h, and 50 mM NaCl for 1 or 6 days. It was found
that enzyme activity increased in parallel with an enhancement in the H2O2 level in roots exposed
to 100 mM NaCl for 1 h, and to 50 mM NaCl for 1 day. The expression of some CsRboh genes was
induced by salt. Moreover, an increase in the activity of G6PDH, providing the substrate for the
NADPH oxidase, was observed. In seedlings subjected to salinity for a longer time, antioxidant
enzymes—including superoxide dismutase, catalase, and ascorbate peroxidase—were activated,
participating in maintaining a steady-state H2O2 content in the root cells. In conclusion, NADPH
oxidase and endogenous H2O2 up-regulation seem to be early events in cucumber response to salinity.

Keywords: ascorbate peroxidase; catalase; hydrogen peroxide; NADP dehydrogenases; NADPH
oxidase; salt stress; superoxide dismutase

1. Introduction

In plants, reactive oxygen species (ROS), including the superoxide radical (O2
−) and

hydrogen peroxide (H2O2), are known to act as harmful compounds responsible for the
oxidation and damage of numerous cellular components. On the other hand, when present
in low concentrations, they are essential signaling molecules involved in the regulation
of multiple physiological processes that affect plant growth and development [1]. ROS
production may occur through both enzymatic and non-enzymatic pathways, among
which plasma membrane NADPH oxidases (respiratory burst oxidase homologs, RBOHs)
are the most studied of enzymes considered to be the main ROS generators [2]. Both
ROS and RBOHs have been shown to participate in cell growth via regulation of cell wall
loosening and stiffening. RBOH-dependent spatial and temporal control of ROS production
is necessary for proper cell elongation. It has been demonstrated that Arabidopsis and barley
Rboh mutants display impaired growth [3].

RBOHs are integral membrane proteins containing several functional domains, includ-
ing haem cofactors, FAD, and calcium-binding (EF-hand) motifs. They catalyze an electron
transfer from cytosolic donor NADPH to extracellular acceptor O2 via FAD and two haems,
forming O2

−, followed by its dismutation to H2O2 [4]. Studies using Arabidopsis have
revealed that NADPH oxidase activity may be regulated at post-translational level synergis-
tically by phosphorylation and Ca2+ binding [5]. More recently, it has been indicated that
NADPH oxidases remain under the control of differential cellular effectors, such as small
GTPases, calcium sensors CBL-CIPKs (calcineurin B-like protein-CBL-interacting protein
kinases), and phosphatidic acid, the lipid product of phospholipase D [2]. Plant NADPH
oxidases are encoded by small multigenic families. Ten Rboh genes have been identified in
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Arabidopsis, whereas nine isogenes are present in the genomes of rice and cucumber [3,6].
Differential Rboh expression, both in plant organs/tissues and at distinct developmental
stages, suggests specific or housekeeping functions for individual RBOH isoforms [3].

In addition to the plasma membrane NADPH oxidases, apoplastic H2O2 generation
can also be mediated by oxidative degradation of polyamines (PAs) [7]. The cell wall
PA-catabolizing amine oxidases are classified into copper-containing diamine oxidases
(DAOs, also known as CuAOs) and flavin-dependent polyamine oxidases (PAOs). DAOs
oxidize mainly putrescine, whereas the apoplastic PAOs terminally degrade spermidine
and spermine, both yielding aminoaldehydes and H2O2 [7]. Consequently, an increase
in the extracellular H2O2 pool appears. It has been suggested that H2O2 generated as a
product of PA oxidation may be directly involved in cell signaling processes, as well as
in plant adaptation to abiotic stresses [8]. It is worth noting that PAO is highly expressed
mainly in monocots, whereas DAO is active at high levels in dicotyledons [8].

In their natural environment, plants are exposed to unfavorable factors, including
drought, salt, and extreme temperatures, which are perceived by cells. Tolerance of plants
to salinity is governed by numerous physiological and molecular adaptive mechanisms [9].
Some of them involve ROS signaling [3,9]. Several studies have suggested that the plasma
membrane NADPH oxidase may play an important role in plant acclimation to salinity,
participating in both transcriptional and post-translational regulation. It has been shown,
that under salinity, NADPH oxidase activity and endogenous ROS production are involved
in the elevation of Ca2+ levels [10], the stabilization of the plasma membrane Na+/H+

antiporter, AtSOS1, mRNA [11], the regulation of Na+/K+ homeostasis via activation of
plasma membrane Ca2+-permeable channels as well as inwardly rectifying K+ channels [12],
and NaCl-induced activation of antioxidant enzymes [13].

Other studies have revealed that salinity induces the PA catabolism pathway into the
apoplast, generating H2O2, and thereby activating tolerance mechanisms [7]. Tanou, et al. [14],
observed that PAO and DAO encoding genes were remarkably induced by salinity treat-
ments. They showed that PA degradation by DAO and PAO represents an active source for
H2O2 generation. H2O2 produced by PA catabolism may activate antioxidative defense
responses [14]. More recently, the interplay between amine oxidases and NADPH oxidases
was examined in tobacco subjected to salt stress [15]. RBOH and apoplastic PAO were
found to cooperate in controlling the accumulation of H2O2 and superoxides O2

−. Both
enzymes are a part of the same ROS regulatory network, in which NADPH seems to act
upstream of apoplastic PAO [15].

The aim of the present study was to understand the role of the plasma membrane
NADPH oxidase in the regulation of the H2O2 level, and its interrelation with antioxi-
dant enzymes (superoxide dismutase, catalase, and ascorbate peroxidase) in the roots of
cucumber seedlings exposed to salinity. Roots are the first organ exposed to unfavorable
factors that get into plants from the soil. It was expected that under conditions of different
time-exposure to salt, the plasma membrane NADPH oxidase activity would be modulated
in a manner dependent on its gene expression and substrate (NADPH) delivery, and that,
consequently, the content of the H2O2 would be modified. Moreover, it was assumed that
changes in NADPH oxidase activity are related to the action of antioxidant enzymes.

2. Materials and Methods

Cucumber (Cucumis sativus L. var. Krak) seeds (originating from W. Legutko, Jutrosin,
Poland) were germinated in darkness at 25 ◦C for 2 days. Seedlings were grown in
containers (one container for each treatment) filled with nutrient solution (pH 6.5) consisting
of 1.7 mM KNO3, 1.7 mM Ca(NO3)2·4H2O, 0.33 mM KH2PO4, 0.33 mM MgSO4·7H2O, and
micronutrients: 75 μM ferric citrate, 10 μM MnSO4·5H2O, 5 μM H3BO4, 1 μM CuSO4·5H2O,
0.01 μM ZnSO4·7H2O, 0.05 μM Na2MoO4·2H2O without (control) or with the addition of
salt. The plants were treated with 50 or 100 mM NaCl for 1 h immediately before analysis
(50/1H and 100/1H, respectively), 50 mM NaCl for 1 day (50/1D; the seedlings were
grown for 5 days without NaCl, and then transferred to an NaCl-containing medium for

260



Antioxidants 2022, 11, 1534

the next 24 h) or 50 mM NaCl for 6 days (50/6D; the seedlings were grown for 6 days in an
NaCl-containing medium). Concentration of 5 mM H2O2 was added to the control nutrient
solution for 24 h. The plants were grown hydroponically under a 16-h photoperiod at
temperatures of 25 ◦C/22 ◦C (day/night), photon flux density 180 mol m−2s−1, and about
70% relative humidity. Whole roots were collected from all the cucumber plants in the
container (200 plants/1 dm3 or 20 plants/100 cm3 of nutrient solution, depending on the
biochemical measurement), and used for analysis.

H2O2 was quantified according to the method of Velikova, et al. [16], with some
modifications as described by Kabała, et al. [17], based on the oxidation of potassium iodide
(KI). After incubation in darkness at room temperature for 60 min, the absorbance of the
reaction product, triiodide (I3

−), was measured at 390 nm.
The plasma membrane fractions were isolated from the cucumber roots in accordance

with the method of Larsson [18], as modified by Kłobus [19], using a 6.2% two-phase
system containing PEG (polyethylene glycol) 3350 and dextran T500. The upper phase was
enriched in highly purified plasma membrane vesicles.

The catalytic activity of the NADPH oxidase (EC 1.6.3.1) was determined in the plasma
membrane fractions, according to the modified method of Sagi and Fluhr [20], as described
by Jakubowska, et al. [6], using 0.5 mM XTT (2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-
2H-tetrazolium-5-carboxanilide inner salt) and 0.1 mM NADPH as an electron donor.
XTT reduction by an NADPH oxidase-generated O2

− radical was determined at 470 nm
in the presence and absence of 50 units of CuZn-SOD. NADPH oxidase in-gel assays
were performed according to the method described by Sagi and Fluhr [20]. The plasma
membrane fractions were subjected to Native PAGE, using 7.5% (w/v) polyacrylamide gel.
Electrophoresis was conducted at 110 V and 20 mA for 60 min. The NADPH-dependent O2

−
production was assayed in gel by a modified NBT (nitroblue tetrazolium) reduction method.
After the NADPH addition, the appearance of blue formazan bands was monitored.

Diamine oxidase (DAO, EC 1.4.3.6) activity was assayed in seedling roots spectropho-
tometrically, using putrescine as a substrate, in accordance with the method of Holm-
sted, et al. [21], as modified by Federico and Angelini [22]. During the reaction, Δ-pyrroline,
formed by the enzymatic oxidation of putrescine, reacted with 2-aminobenzaldehyde
to produce a yellowish-colored dihydroquinazolinium derivative. The absorbance was
measured at 430 nm (e = 1.86 103 mol−1 cm−1).

The activities of enzymes generating NADPH, 6PGDH (6-phosphogluconate dehydro-
genase, EC 1.1.1.44), G6PDH (glucose-6-phosphate dehydrogenase, EC 1.1.1.49), NADP-
ICDH (NADP-isocitrate dehydrogenase, EC 1.1.1.42), and NADP-ME (NADP-malic en-
zyme, EC. 1.1.1.40), were determined in the cucumber roots in accordance with the method
of Li, et al. [23], as described by Jakubowska, et al. [6]. Generation of the NADPH was
monitored spectrophotometrically by measuring the reduction of the NADP at 340 nm.

Catalase (CAT, EC 1.11.1.6) activity was determined according to the method of
Aebi [24], as described by Janicka-Russak, et al. [25]. H2O2 decomposition was monitored
spectrophotometrically by measuring the reduction in absorbance at 240 nm. One unit of
CAT is defined as the amount of enzyme that breaks down 1 μmol of H2O2 per min.

Ascorbate peroxidase (APX, EC 1.11.1.11) activity was determined in accordance with
the method of Chen and Asada [26], as described by Janicka-Russak et al. [25]. The H2O2-
dependent oxidation of ascorbic acid was followed by monitoring the decrease of absorbance
at 290 nm, assuming an absorption coefficient value of 2.8 mM−1 cm−1. One unit of APX is
defined as the amount of enzyme that oxidizes 1 μmol of ascorbic acid per min.

Superoxide dismutase (SOD, EC 1.15.1.1) activity was measured in accordance with
the method (xanthine/xanthine oxidase test) of Beauchamp and Fridovich [27]. The pho-
toreduction of NBT and the formation of blue formazan was measured at 560 nm; an
inhibition curve was made against different volumes of extract (5–20 μL). One unit of
SOD is defined as the enzyme activity that inhibits the reduction of NBT to blue formazan
by 50%.
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Protein content was determined according to the method of Bradford [28], using
bovine serum albumin (BSA) as the standard.

The total RNA was isolated from the cucumber roots using Tri Reagent (Sigma, St.
Louis, MO, USA), and cDNA was synthetized with a High-Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems, Waltham, Massachusetts, USA), in accordance with the
manufacturer’s instructions, as described by Jakubowska, et al. [6].

The expression profile of the NADPH oxidase and SOD encoding genes in the cucum-
ber roots was analyzed with the LightCycler 480 system (Roche, Basel, Switzerland). The
cDNA was used as a template in a real-time PCR reaction with the Real-Time 2× PCR
Master Mix SYBR kit (A&A Biotechnology, Gdańsk, Poland), performed in accordance with
the manufacturer’s instructions, as described by Jakubowska, et al. [6]. The amplification
conditions were as follow: 30 s at 95 ◦C; 40–45 cycles of 10 s at 95 ◦C; 10 s at 58 ◦C (for SOD
genes) and 57 or 59 ◦C (for RBOH genes); 12 s at 72 ◦C; and final melting for 15 s at 65 ◦C.
Genes encoding the cucumber tonoplast intrinsic protein, CsTIP41, and the clathrin adaptor
complex subunit, CsCACS, were used as the internal standards [29]. Primer sequences
specific to amplified genes, designed by LightCycler ProbeDesign software (Roche, Basel,
Switzerland), are listed in Table 1. A melting curve analysis was performed to confirm the
specificity of amplification and the absence of nonspecific by-products.

Table 1. The list of primers used in qRT-PCR reactions.

Gene Forward Primer Reverse Primer

CsTIP41 CAACAGGTGATATTGGATTATGATTATAC GCCAGCTCATCCTCATATAAG
CsRbohB AGAGTCGGCTTCAGCGG TCTCCTCCTCTGATGTTCTGAACGG
CsRbohD TCTTCTTCTTCTTCCTCCCTCAAAGCC GAAAGTTCAGGGTCTTCAAGAGAGTTG
CsRbohE TCACTTTGGAAGTTGAGGATGATTCTGTT GTCGAGAGAGGAGGCAGTGG
CsRbohF1 GCTTCGATTTCGAGATCGCCGAC AAATCCATTTCCACCACCAGAAGAATGT
CsRbohF2 TCGCATCGGTTTCGGCAG AGTTCACGGTTGAAGATGACGC
CsRbohF3 AAGAGAAGTCCGAGAATGAGGTTTAT CTCCTGAGATTCTGACATTCCAATGC
CsRbohH1 AGATTCCGATGTGATAGATGTCATGGT TTGGACTGTCTTCTTCCAAGCCTC
CsRbohH2 AAATCCAGGAGAATGCCCAC TGAGAAGTCTCAGCGACGG
CsRbohJ CTGACGATGGGATTACTCTGCAACA GAAGCAGTCCACTTCAGTATGGTCT
CsCACS TGGGAAGATTCTTATGAAGTGC CTCGTCAAATTTACACATTGGT
CsCSD1 AAAGATGGTGAAGGCTGTGG CATGTTGTTTTCCAGCAG
CsCSD2 CCCATTCTCCAATTCTTCAT TTGGGTGAGCGTGACAA
CsCSD3 CCAAAAGAGGGGGAATTTTT GCCTCTGACGTTGGAATCTC
CsMSD CGCTTCGAATTCTAGGCAGG CCTTTGTTGATGGCCTCGTG
CsFSD2 TAACACGGTTGACCATCC TTCTGTAGCCTCAAGTCT
CsFSD3 TCTGATGGAACCACAAGAG TGTGGCCATATAGAATATCATTT

All data presented are expressed as the means of at least three biological replicates
(each performed with two or three analytical replications) ± standard deviation (SD).
One-way ANOVA and Duncan’s post hoc analysis (significant at p < 0.05) were used for
statistical analysis, performed with Statistica 13.3 (TIBCO Software Inc., Palo Alto, CA,
USA; 2017).

3. Results

Environmental stress factors are known to elevate endogenous levels of small signaling
molecules, including hydrogen peroxide, in plant tissues. Accordingly, H2O2 content was
measured in the roots of cucumber seedlings exposed to 50 or 100 mM NaCl for 1 hour, and
to 50 mM NaCl for 1 or 6 days. It was observed that 1-h-treatment of plants with 100 mM
salt resulted in a visible increase in the H2O2 level, whereas 50 mM salt had no significant
effect. The H2O2 achieved 130% and 110%, respectively, of the control (Figure 1A). As a
result of longer treatment of seedlings with 50 mM NaCl concentration, the H2O2 content
increased, reaching about 137% of the control value after 24 h, and then decreased in 6-day
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exposed plants, to the level observed in 1-h-treated seedlings, i.e., 110% of the control
(Figure 1B).
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Figure 1. H2O2 level in roots of cucumber seedlings treated with: (A) 50 mM or 100 mM NaCl for 1 h
(50/1H and 100/1H, respectively); (B) 50 mM NaCl for 1 or 6 days (50/1D and 50/6D, respectively).
The H2O2 level was determined in the roots as described in Materials and Methods. The presented
results are the means ± SD of three independent experiments, each run in triplicate. Different letters
show different homogeneous groups of means calculated by Duncan’s multiple range test (significant
at p < 0.05).

The plant NADPH oxidases are the main enzymes that participate in H2O2 production.
Using two methods, we demonstrated that the treatment of seedlings with NaCl stimulated
NADPH oxidase activity in the roots. The activity achieved about 126% and 145% of
the control level in plants exposed to 50 mM and 100 mM NaCl, respectively, for 1 h
(Figure 2A,C). When plants were treated with 50 mM NaCl for a longer time, the enzyme
activity also increased, reaching about 149% of the control after 24 h, and consequently
decreased to nearly the control value (115% of the control) in roots exposed to salt for 6 days
(Figure 2B,C). Thus, the observed increase in the H2O2 level occurred in parallel with
the enhanced NADPH oxidase activity. To verify whether the observed modulations of
enzyme activity were a result of changes at transcriptional level, the Rboh gene expression
was measured in the roots of seedlings exposed to salt stress. It was demonstrated that
two of nine cucumber genes, CsRbohD and CsRbohF1, were significantly up-regulated by
treatment with 100 mM NaCl for 1 h, reaching a 4,5-fold and 2,2-fold increase, respectively,
in comparison to the control (Figure 2D). When the plants were exposed to salt for a
longer time, the most pronounced effect of 6-day treatment with 50 mM NaCl on CsRbohH1
expression (a 2,4-fold increase) was observed (Figure 2E).

Apoplastic diamine oxidase (DAO) and polyamine oxidase (PAO) appeared to be the
other enzymes responsible for H2O2 generation. Our results indicated that DAO activity
remained at a similar level in both the control and the salt-stressed plants (Figure 3A,B).
On the other hand, in the cucumber roots, the PAO activity was maintained at a very low
level, several times lower than the DAO, regardless of the growing conditions (personal
communications: Janicka, M., 2021, available in the repository) and, for this reason, it has
not been studied. This suggests that the elevation in the H2O2 amount could be related to
the plasma membrane NADPH activity.

The activity of the plasma membrane NADPH oxidase is related to the action of the
superoxide dismutase (SOD). It was found in cucumber that SOD activity was enhanced
by salt, similarly to NADPH oxidase. However, a significant increase, by about 60%, was
observed in the roots of the plants treated with salt for 6 days (Figure 4A,B). Analysis of
six genes encoding SOD in the cucumber genome—including CsCSD1, 2, and 3 belonging
to Cu/Zn-SODs, CsMSD representing Mn-SODs as well as CsFSD2 and 3 identified as
Fe-SOD—indicated that the expression of one of them, CsMSD, was upregulated about
twice in seedlings exposed to 50 mM NaCl for both 1 h and 6 days. On the other hand,
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the transcript level of CsCSD2 significantly increased (a 2,5-fold increase) only after plant
exposure to salt for 6 days (Figure 4C,D).
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Figure 2. NADPH oxidase catalytic activity (A,B), in-gel activity(C), and relative expression of CsRboh
genes (D,E) in the tissues of cucumber roots exposed to salinity. The cucumber seedlings were treated
with: (A,C,D) 50 mM or 100 mM NaCl for 1 h (50/1H and 100/1H, respectively) and (B,C,E) 50 mM
NaCl for 1 or 6 days (50/1D and 50/6D, respectively). The plasma membrane vesicles were isolated
from the cucumber roots to determine both catalytic (A,B) and in-gel (C) NADPH oxidase activity,
as described in Materials and Methods. (A,B) The presented results are the means ± SD of three
independent experiments, with each experiment performed in triplicate, and are expressed as the
ΔA470 of formazan XTT mg−1 protein h−1. (C) Gel image with blue formazan bands detected using
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the NBT method. The plasma membrane proteins were subjected to native PAGE, and examined for
their ability to generate O2

− by reduction of nitroblue tetrazolium. The bands detected in the gel were
due to NADPH-dependent NBT reduction by O2

− radicals. The gel image shown is representative of
three independent replications of the experiment; M—molecular weight marker. (D,E) The total RNA
was isolated from the cucumber roots, and real-time PCR analysis was performed with CsTIP41 as a
reference gene, as described in Materials and Methods. The results are shown as means ± SD of three
replications. Different letters show different homogeneous groups of means calculated by Duncan’s
multiple range test (significant at p < 0.05).
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Figure 3. Diamine oxidase activity in the tissues of cucumber roots treated with: (A) 50 mM or
100 mM NaCl for 1 h (50/1H and 100/1H, respectively); (B) 50 mM NaCl for 1 or 6 days (50/1D and
50/6D, respectively). DAO activity was assayed in the roots, as described in Materials and Methods.
The presented results are the means ± SD of three independent experiments, with each experiment
performed in triplicate, and are expressed as nmoles of Δ1-pyrroline g−1 FW min−1. Means with the
same letter are not significantly different (p < 0.05).

The activity of NADPH oxidase can be dependent on NADPH as its metabolic
substrate. For this reason, the role of four NADPH-generating enzymes, i.e., glucose-
6-phosphate dehydrogenase (G6PDH), 6-phosphogluconate dehydrogenase (6PGDH),
NADP-isocitrate dehydrogenase (NADP-ICDH), and NADP-malic enzyme (NADP-ME),
was examined in cucumber plants exposed to salinity (Figure 5). Among the enzymes
tested, G6PDH was found to be significantly stimulated by salt applied for a longer period.
In roots stressed with 50 mM NaCl for 1 and 6 days, the enzyme activity reached about
160–170% of the control value (Figure 5A,B). On the other hand, the activities of both
6PGDH and NADP-ICDH were relatively unaffected by NaCl, achieving similar levels in
the roots of control as well as salt-treated plants (Figure 5C–F). In contrast to the above
results, NADP-ME was visibly inhibited under longer salinity stress. The observed decrease
in its activity was closely related to the time of NaCl treatment, and reached about 50% of
the control in roots stressed with salt for 6 days (Figure 5G,H). Thus, it seems very likely
that G6PDH is responsible for providing the substrate for NADPH oxidase under salt
stress condition.

To minimize hydrogen peroxide accumulation, plants activate the H2O2-metabolizing
enzymes, including catalase (CAT) and ascorbate peroxidase (APX). In the cucumber root
tissues, CAT activity was reduced by about 30% after one day of plant treatment with 50 mM
NaCl, as compared to the control plants. Longer plant exposure to this salt concentration
(6 days) caused a significant increase in enzyme activity, which achieved above 150% of the
control value. CAT activity did not change significantly in the roots treated with salt for 1 h
(Figure 6A,B). On the other hand, APX activity was stimulated in the cucumber seedlings
stressed with NaCl for a longer time period, reaching its highest level (140% of the control)
in roots exposed to salt for 6 days (Figure 6C,D).
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Figure 4. Superoxide dismutase activity (A,B) and relative expression of SOD encoding genes
(C,D) in the tissues of cucumber roots exposed to salinity. The cucumber seedlings were treated
with: (A,C) 50 mM or 100 mM NaCl for 1 h (50/1H and 100/1H, respectively); (B,D) 50 mM NaCl
for 1 or 6 days (50/1D and 50/6D, respectively). (A,B) SOD activity was determined in the roots, as
described in Materials and Methods. The presented results are the means ± SD of three independent
experiments, each run in triplicate, and are expressed as units g−1 FW. (C,D) The total RNA was
isolated from the cucumber roots, and real-time PCR analysis was performed, with CsCACS as a
reference gene, as described in Materials and Methods. The results are shown as the means ± SD
of three replications. Different letters show different homogeneous groups of means calculated by
Duncan’s multiple range test (significant at p < 0.05).
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Figure 5. Activity of NADPH-generating enzymes: G6PDH (A,B), 6PGDH (C,D), NADP-ICDH (E,F),
and NADP-ME (G,H) in the roots of cucumber seedlings exposed to salinity. The cucumber seedlings
were treated with: (A,C,E,G) 50 mM or 100 mM NaCl for 1 h (50/1H and 100/1H, respectively);
(B,D,F,H) 50 mM NaCl for 1 or 6 days (50/1D and 50/6D, respectively). The activities of NADP
dehydrogenases were determined in the roots, as described in Materials and Methods. The presented
results are the means ± SD of three independent experiments, each run in triplicate, and are expressed
as nmoles of NADPH g−1 FW min−1. Different letters show different homogeneous groups of means
calculated by Duncan’s multiple range test (significant at p < 0.05).
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Figure 6. Catalase (A,B) and ascorbate peroxidase (C,D) activity in the tissues of cucumber roots
exposed to salinity. The cucumber seedlings were treated with: (A,C) 50 mM or 100 mM NaCl for 1 h
(50/1H and 100/1H, respectively); (B,D) 50 mM NaCl for 1 or 6 days (50/1D and 50/6D, respectively).
The activities of antioxidant enzymes were determined in the roots, as described in Materials and
Methods. The presented results are the means ± SD of three independent experiments, each run in
triplicate, and are expressed as units g−1 FW min−1. Different letters show different homogeneous
groups of means calculated by Duncan’s multiple range test (significant at p < 0.05).

The possibility that NADPH oxidase can be subjected to regulation by H2O2 was also
studied. The study demonstrated that exogenously applied H2O2 significantly stimulated
the enzyme. The activity of the NADPH oxidase increased 1.9-fold in the roots of seedlings
treated with this signaling molecule for 24 h (Figure 7A). Furthermore, it was indicated
that the H2O2-induced increase in the enzyme activity was not related to the activation of
CsRboh gene expression in roots (Figure 7B).
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Figure 7. NADPH oxidase catalytic activity (A) and relative expression of CsRboh genes (B) in
cucumber roots treated with H2O2. The cucumber seedlings were treated with 5 mM H2O2 for 24 h,
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as described in Materials and Methods. (A) The plasma membrane vesicles were isolated from the
cucumber roots, as described in Materials and Methods. The presented results are the mean ± SD of
three independent experiments, with each experiment performed in triplicate, and are expressed as
the ΔA470 of formazan XTT mg−1 protein h−1. (B) The total RNA was isolated from the cucumber
roots, and real-time PCR analysis was performed, with CsTIP41 as a reference gene, as described in
Materials and Methods. The results are shown as the means ± SD of three replications. Different
letters show different homogeneous groups of means calculated by Duncan’s multiple range test
(significant at p < 0.05).

4. Discussion

To survive in soils contaminated with high salt concentration, plants have developed
different adaptive mechanisms, in which signaling molecules seem to play an essential role.
Many studies have indicated that, in response to salinity, enhanced levels of ROS, including
hydrogen peroxide, are generated in plant tissues [30]. Consequently, oxidative damage
of cellular components occurs, affecting plant cell functioning [30]. On the other hand, an
increase in ROS content detected after exposure to salt can act as an early component of
salinity sensing (acclimation signal), activating downstream H2O2-dependent signaling
pathways, and leading to stress responses [9]. Among others, ROS were found to activate
the MAPK cascade and potassium channels, and to modulate ion fluxes in the cells [9]. For
this reason, it has been suggested that the coordinated ROS generating and scavenging
system plays a crucial role in plant adaptation to salt stress [31].

Although knowledge about salinity sensing by plant cells is still limited, several
sensory mechanisms have been proposed [32]. Moreover, it is supposed that different
systems can operate in the same cell and at the same time, including the plasma membrane
NADPH oxidase [33]. Accordingly, it has been shown in several plant species that salt
stress rapidly induces a transient increase in NADPH oxidase activity, and up-regulates
the expression of Rboh genes. This increase in enzyme activity is accompanied by H2O2
accumulation [34,35]. Arabidopsis mutants with defect in functional RBOH isoforms (Atr-
bohD and AtrbohF) exhibit increased Na+ hypersensitivity, and lack of ROS accumulation
in the xylem vessels [12,36]. Thus, it has been proposed that RBOH could be involved in
the control of sodium loading to the xylem, protecting leaves from the adverse effects of
salinity [37].

In contrast to the above results, NaCl can also negatively affect the NADPH oxidase.
Srivastava, et al. [38], have demonstrated that enzyme activity decreases in a glycophyte
Brassica juncea (low salt accumulator), and that it remains unaffected in a halophyte Sesu-
vium portulacastrum (high salt accumulator) under salt stress conditions. Decrease in the
ROS level related to inhibited RBOH activity has been shown in maize seedlings treated
with NaCl [39]. Similarly, in sugar beet, H2O2 content was significantly lower in salt-treated
tissues compared to the controls. This correlated with decreased NADPH oxidase activity
and down-regulation of RBOH gene transcription [40].

Our results indicate that an enhanced H2O2 level occurred in cucumber roots stressed
with 100 mM NaCl for 1 h and 50 mM NaCl for 1 day. At the same time, NADPH
oxidase activity was significantly stimulated. The observed increase in enzyme activity was
related to the enhanced expression of two Rboh genes, CsRbohD and CsRbohF1. Similarly,
Niu, et al. [33], using 75 mM NaCl concentration, indicated that the H2O2 content is rapidly
elevated in the roots of salt-treated pumpkin-grafted cucumber plants, reaching a peak
at 3 h and decreasing during the 3–12 h period. This increase is related to the NaCl-
induced NADPH oxidase activity, as well as enhanced expression of RbohD and RbohF
transcription level.

The generation of ROS in the apoplastic space could be related not only to the acti-
vation of the cell membrane-bound RBOH but also the apoplastic polyamine or diamine
oxidases [41]. In salt-stressed maize leaves, RBOH activity is inhibited. Under such con-
dition, the apoplastic polyamine oxidase, which activity increases, is responsible for the

269



Antioxidants 2022, 11, 1534

elevation in H2O2 content required for cell wall loosening and leaf growth [42]. In our
study, DAO activity remained unchanged in the cucumber seedlings, regardless of the
salt concentration and treatment time. Furthermore, PAO activity maintained a very low
level in the cucumber roots (personal communications: Janicka M, 2021, available in the
repository). This may suggest that RBOH participates in H2O2 generation in the apoplast
in cucumber roots under salt stress. As we demonstrated earlier, the H2O2 content only
slightly increased in 1-day stressed roots, whereas it was very high in 6-day treated roots
of Cucumis sativus var. Wisconsin under salinity condition [43]. It is interesting that such
visible differences occurred in two cultivars of the same plant species, suggesting some
distinct stress responses. Duan, et al. [44], using two cucumber cultivars with different
salt tolerance—Changchun mici (tolerant) and Jinchun No. 2 (more sensitive)—exposed to
salinity for 7 days, demonstrated that 50 mM NaCl caused a significant increase in DAO
activity in the roots of the former, but only a slight increase (only observed after 3 days
of stress) in the roots of the latter. Similar to our results, salt treatment had no effect on
DAO activity in the roots of rice seedlings [45]. The authors concluded that DAO does not
contribute to H2O2 production in the cell wall of stressed plants. In contrast, salt stress was
found to both strongly promote DAO activity and to stimulate polyamine degradation in
the root tissues of maize seedlings [46] and lupine seedlings [47]. Thus, it seems obvious
that different mechanisms function in plant cells to enhance H2O2 production, depending
on the plant species/cultivar and its sensitivity to salt as well as treatment conditions.

The activity of plasma membrane NADPH oxidase can be regulated in several ways [2].
Research using Arabidopsis has revealed some regulatory mechanisms of RBOH proteins,
which depend on different signaling effectors. Thus, it has been suggested that differences
in regulatory mechanisms may be responsible for diverse RBOH functions in plant cells [48].
A few studies have shown that, under salinity conditions, cytosolic Na+ accumulation
followed by Ca2+ elevation can lead to the activation of RBOH and, consequently, to the
accumulation of apoplastic H2O2 [37]. In our research, treatment of plants with H2O2
clearly activated NADPH oxidase, indicating that this enzyme remains under feedback
control. However, the observed effect did not include the gene expression level, suggesting
some post-translational regulatory mechanisms or additional signaling events, such as
nitrosylation [49], H2S-dependent persulfidation [50], and reversible phosphorylation [51].

Substrate availability appears to be another factor involved in controlling NADPH
oxidase activity. Several enzymes are responsible for NADPH delivery function in plant
cells [52]. It has been proposed that various NADPH-generating dehydrogenases could
provide this essential cofactor for different NADPH-dependent processes. Moreover, there
is evidence that one or more NADP dehydrogenases are regulated under specific stress con-
ditions [52]. In Arabidopsis seedlings, the NADP-ICDH, which activity increased, appeared
to act as a barrier in the defense mechanisms activated against salt stress [53]. In contrast,
a decrease in the activities of the main NADPH-generating enzymes, especially NADP-
ICDH, has been demonstrated in tomato roots under salinity conditions [54]. Among the
NADP dehydrogenases (G6PDH, 6PGDH, NADP-ME, and NADP-ICDH) analyzed in
the present work, the NADP-ICDH activity remained relatively unaffected, whereas the
G6PDH activity was importantly enhanced in the roots of 1-week-old cucumber seedlings
treated with NaCl for 1 and 6 days, suggesting that this protein may serve as a source of
NADPH for RBOH under stress conditions. On the other hand, treatment of 5-week-old
cucumber plants with 100 mM NaCl for 1–3 days significantly reduced G6PDH activity
in roots, but stimulated it in leaves [55]. As it was reported in A. thaliana exposed to high
salinity, the cytosolic G6PDH isozyme (G6PD6) was subjected to phosphorylation, and
this modification was responsible for the observed enzyme activation [56]. Studies using
Arabidopsis mutants revealed that both the G6PD enzymatic activity and the expression of
G6PD5 and G6PD6 decreased in atrbohD1, atrbohF1, and atrbohD1/F1 mutants in comparison
to the WT plants, confirming the involvement of cytosolic G6PDH in RBOH-dependent
ROS generation [57]. Scharte, et al. [58], have proposed that cytosolic G6PDH functions
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as an essential element of plant defense reactions, and that its modulation is important to
enhance stress tolerance.

Plasma membrane-localized NADPH oxidases are a major source of cellular O2
−

radicals, which are transformed by superoxide dismutases to produce less reactive H2O2.
Related to the metal cofactor at the active center, three distinct isoenzymes function in plant
cells: Mn-SODs are present in the mitochondria and peroxisomes; Cu/Zn-SODs mainly
in the cytosol, mitochondria, and plastids; while Fe-SODs are localized in the cytosol,
mitochondria, chloroplasts, and peroxisomes [59]. Many studies have confirmed that salt
stress triggers an increase in total SOD activity, especially in the leaves of plants treated
with high doses of NaCl for several days [59]. In cucumber root cells, total SOD activity
as well as CsMSD and CsCSD2 expression increased significantly in the roots of seedlings
exposed to 50 mM NaCl for 6 days, when NADPH oxidase activity and H2O2 level were
lowered to nearly control values. This suggests that hydrogen peroxide generated by
SOD may be effectively decomposed by H2O2-metabolizing systems. Hossain, et al. [40],
have shown that in a highly salt-tolerant sugar beet stressed with 300 mM NaCl for up to
14 days, H2O2 content is always significantly lower in the salt-treated leaves in comparison
to the control. This was correlated with the suppressed NADPH oxidase activity and gene
expression (with the exception of RBOHB), as well as with the up-regulation of SOD activity
and increased transcription of genes encoding this enzyme (with the exception of FeSOD1).
Such a system, together with enhanced expression of genes for alternative oxidase and
plastid terminal oxidase, is responsible for maintaining the low ROS level under severe
salinity [40].

It is assumed that early production of H2O2 acts as a signal to induce antioxidant
systems and prevent subsequent ROS generation and ROS-dependent cell damage [37].
In Arabidopsis under short-term salt treatments, RbohD and RbohF were suggested to be
required in this process [13]. The main enzymes able to break down H2O2 are catalase, with
the highest turnover rates, and ascorbate peroxidase, exhibiting higher affinity for H2O2
than CAT [60,61]. In accordance with the above assumption, in this study, both the up-
regulation of APX and CAT activity were shown in the roots of cucumber seedlings exposed
to salinity for 6 days, confirming the involvement of both enzymes in maintaining the low
H2O2 level under prolonged salt exposure. In contrast, catalase activity was inhibited in
roots treated with salt for 1 day. Stimulation of both APX and CAT in response to NaCl has
been reported in many plant species. It has been shown to be associated with decreased
oxidative damage and improved tolerance to salinity. Similar to SOD, a greater increase
in CAT activity was observed in salt-tolerant plants/genotypes than in more sensitive
ones [60]. Furthermore, in some glycophytes, including rice, the activity of this enzyme
decreased after NaCl treatment [62].

5. Conclusions

At the early stages of salt stress (1 h and 1-day-treatment), the plasma membrane
NADPH oxidase was activated in the cucumber (Cucumis sativus var. Krak) seedlings.
This activation correlated with an observed enhancement in H2O2 content, suggesting
the involvement of NADPH oxidase in the generation of H2O2, which may function as a
signaling molecule participating in stress response. The observed stimulation of NADPH
oxidase may have been at least partially related to the induction of some CsRboh genes, as
well as the increased activity of G6PDH, providing NADPH. Another factor which may
contribute to positive RBOH regulation at the post-translational level, could be H2O2. This
proposal, however, requires additional studies concerning direct or indirect H2O2 action.

After 6-day exposure to salt stress, the plasma membrane NADPH oxidase activity,
and consequently the H2O2 level, were diminished. This protected the cells against the
toxic effect of high H2O2 concentrations. Additionally, antioxidant enzymes, including
SOD, APX, and CAT, were significantly activated to maintain low H2O2 content in cells,
and to avoid ROS-dependent damages. However, to explain the precise mechanism of
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NADH oxidase regulation, and its interrelation with the antioxidant system in cucumber
seedlings subjected to salinity, further analysis is needed.
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Abstract: Rising temperatures worldwide due to global climate change are a major scientific issue at
present. The present study reports the effects of gaseous signaling molecules, ethylene (200 μL L−1;
2-chloroethylphosphonic acid; ethephon, Eth), nitric oxide (NO; 100 μM sodium nitroprusside; SNP),
and hydrogen sulfide (H2S; 200 μM sodium hydrosulfide, NaHS) in high temperature stress (HS)
tolerance, and whether or not H2S contributes to ethylene or NO-induced thermo-tolerance and
photosynthetic protection in rice (Oryza sativa L.) cultivars, i.e., Taipei-309, and Rasi. Plants exposed
to an HS of 40 ◦C for six h per day for 15 days caused a reduction in rice biomass, associated with
decreased photosynthesis and leaf water status. High temperature stress increased oxidative stress
by increasing the content of hydrogen peroxide (H2O2) and thiobarbituric acid reactive substance
(TBARS) in rice leaves. These signaling molecules increased biomass, leaf water status, osmolytes,
antioxidants, and photosynthesis of plants under non-stress and high temperature stress. However,
the effect was more conspicuous with ethylene than NO and H2S. The application of H2S scavenger
hypotaurine (HT) reversed the effect of ethylene or NO on photosynthesis under HS. This supports
the findings that the ameliorating effects of Eth or SNP involved H2S. Thus, the presence of H2S with
ethylene or NO can enhance thermo-tolerance while also protecting plant photosynthesis.

Keywords: ethylene; hydrogen sulfide; nitric oxide; photosynthesis; rice

1. Introduction

High temperature stress (HS) is significant environmental stress that restricts growth,
metabolism, and crop production worldwide. Numerous biochemical processes susceptible
to heat stress are involved in the growth and development of plants. Heat stress leads to
the excess production of reactive oxygen species (ROS) that alter the cellular membrane
protein structure and functions. Heat stress alters the expression of genes involved in direct
protection from heat stress at the molecular level [1–3]. Crop production is currently a
major concern due to HS, and methods for maintaining high crop yields under heat stress
are prime agricultural objectives. Rice, a cereal crop belonging to the Poaceae family, is
consumed by the majority of the world’s population. It can provide high productivity
and a prominent position in the international rice trade of food grains [4]. Rice crops are
frequently subjected to HS, which impacts their quality and use around the world. In
defense, plants respond to heat stress in several ways, including accumulating solutes that
can arrange proteins and cellular structures, maintaining cell turgor by osmotic adjustment,
modifying the antioxidant system to re-establish cellular redox balance and homeosta-
sis, and involving complex regulatory signaling molecules for protection from oxidative
stress [3,5–7]. Phytohormones, as signaling molecules, are the crucial molecules for coor-
dinating a wide range of plant growth and development processes. They are important
as endogenous signaling molecules that play a role in mediating various physiological
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reactions under heat stress by activating stress-responsive regulatory genes involved in
plant growth [3,8,9].

Ethylene, nitric oxide (NO), and hydrogen sulfide (H2S) have been identified as essential
gaseous signaling molecules in plants and have recently attracted attention due to their
participation in a number of physiological, biochemical, and cellular processes [4,7,10–12].
Ethylene is a plant hormone that regulates abiotic stress responses [13]. The treatment
of ethephon (Eth; ethylene source) activates various stress-related proteins to preserve
plant cell functional integrity and stability under heat stress [14]. Ethylene accumulation
at varying concentrations is linked to plant responses to heat stress challenges that affect
growth and development [15,16]. Ethylene signaling also enhances thermo-tolerance in
plants by maintaining chlorophyll content and mitigating heat stress-induced adversity by
reducing oxidative stress [17]. Recently, it was suggested that ethylene reduced glucose
sensitivity and induced glutathione production, resulting in the increased expression of
psbA and psbB genes to protect the pigment system (PS) II and photosynthesis under salt
stress [9].

Nitric oxide has also emerged as a signaling molecule that masks the adverse effects of
abiotic stresses such as heat, drought, salinity, ultraviolet (UV) radiation, heavy metals, etc.,
and received attention from the plant science community [7,18–21]. According to evidence,
it appears to be a major signaling molecule in modulating various plant responses under
heat stress, including photosynthesis, oxidative defense, gene expression, and protein
changes. Nitric oxide modulates the heat stress transcription factors and DNA binding
activity and acts upstream of AtCaM3 in heat stress signaling [22]. Nitric oxide plays a
protective effect in PS II recovery in Festuca arundinacea under heat stress [18]. It scavenges
ROS in plants [4,23] and increases the gene expression of psbA in maize [24], while CP43 and
CP47 decrease under heat stress in rice [25]. Nitric oxide also upregulated the activities and
expression of SOD, CAT, and APX genes in chickpea plants and mitigated the adverse effect
of high salinity [26]. The consequences of NO’s regulation and the genetic and molecular
evidence for its function in improving heat and cold stress tolerance and adaptation
have led to the discovery of potential new techniques to deal with future environmental
difficulties [27]. These studies emphasized the protective roles of NO against heat stress-
induced direct damage to the crops.

Few recent studies emphasize the role of H2S with a diverse range of functions similar
to NO in plants involved in various growths and development processes [7,21,28]. Recent
research has linked H2S, an endogenously-produced signaling molecule, to the regula-
tion of autophagy in both plants and mammals by persulfidating particular targets [29].
The close proximity of two modifications—persulfidation and phosphorylation—could
influence one another and serve as integration points for the H2S- and ABA-signaling
pathways [30]. Depending on the concentrations, both signaling molecules, NO and H2S,
work synergistically or antagonistically in plants. The gap between NO and H2S is rapidly
closing, and H2S is emerging as a critical signal mediator involved in various biological pro-
cesses, including the modulation of multiple stress responses [31]. However, the function
of NO and H2S in photosynthetic recovery processes during heat stress is still ambiguous.
Hydrogen sulfide protects the crops and is involved in various physiological processes
such as seed germination, root growth, stomatal movement, leaf wilting, fruit ripening,
etc., under adverse environmental stress [11,28,32]. Additionally, H2S protects plants from
heavy metals, salinity, drought, and extreme temperature stresses [33,34]. The study of
Li et al. [35] suggested that H2S alleviated alkaline salt stress by regulating the expression
of micro-RNAs through changes in the root architecture of Malus hupehensis. Hydrogen
sulfide was influential in the thermo-tolerance in plants, and sodium hydrosulfide (NaHS)-
pretreated seedlings (a H2S donor) decreased oxidative stress by increasing the action
and gene expression of antioxidant enzymes, as well as soluble sugar levels in wheat [36].
Melatonin and H2S work together to protect against heat stress-induced photosynthetic
inhibition by regulating carbohydrate metabolism, according to a study [11]. A few studies
have also shown interactions between ethylene and H2S. A report observed that endoge-
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nous H2S is required for ethylene-mediated hexavalent chromium stress reduction in two
pulse crops [37]. Similarly crucial for ethylene-induced stomatal closure in response to
osmotic stress is ethylene-induced H2S, which is a downstream component of osmotic
stress signaling [38]. In Solanum lycopersicum, ethylene and H2S co-treatment increased
the expression of antioxidant-encoding genes SlAPX2, SlCAT1, SlPOD12, and SlCuZnSOD
compared to ethylene treatment alone [39].

Thus, it was hypothesized that under HS, ethylene, NO, and H2S may play a critical
role in plant defense and cause considerable improvements in thermo-tolerance in plants
by influencing multiple pathways. However, until now, there is no study available that
correlates the study of ethylene, NO, and H2S under HS. Thus, the present study highlights
the impact of HS on ethylene, NO, and H2S-mediated mechanisms and traits associated
with thermo-tolerance and the involvement of H2S in ethylene or NO-induced management
strategies for oxidative stress-signaling and defense systems in rice plants.

2. Materials and Methods

2.1. Plant Material, Growth Conditions, and Experimental Design

Rice (Oryza sativa L.) cultivars, Taipei-309 (HS-tolerant) and Rasi (HS-non tolerant),
obtained from the Indian Agricultural Research Institute, New Delhi were selected for
the study. Their tolerance to HS was determined after their screening for changes in
photosynthesis, growth, and yield parameters relative to controls, according to our earlier
work [4]. After sterilizing the seeds with HgCl2 (0.01%) for 2 min and rinsing repetitively
with double distilled water, they were soaked in distilled water for 12–24 h and then
incubated at 30 ◦C. Following incubation, the seeds were sown in 23 cm diameter pre-
sterilized earthen pots containing 4 kg of acid-washed sand. Ten seeds of each cultivar
were initially sown per pot, and later three seedlings were maintained after thinning. The
pots were placed in an environmental growth chamber (Khera Instruments, New Delhi,
India) with a day/night regime of 16/8 h, photosynthetically active photon flux density
(PPFD) of 200 μmol m−2 s−1 at plant level, the temperature of 28 ◦C in the light and 22 ◦C
in the dark, and relative humidity of 65 ± 5%.

In the experimentation, the plants were subjected to HS by exposing them to 40 ◦C
temperature for six h daily, and the heat treatment was administered ten days after sowing
(DAS). The heat treatment was maintained for 15 days for the same duration. After that,
the plants were allowed to grow for five days at 28 ◦C (optimum temperature). The
experimentation continued for 30 days. Control plants were kept at 28 ◦C for the duration
of the experiment (30 days). A concentration of 200 μL L−1 2-chloroethyl phosphonic acid
(Eth; as an ethylene donor), 100 μM sodium nitroprusside (SNP; as a NO donor), and
200 μM NaHS was applied to the foliage of both HS-treated and non-treated plants with
a hand sprayer at 15 DAS. Moreover, 100 μM hypotaurine (HT; H2S scavenger), 100 μM
norbornadiene (NBD; ethylene action inhibitor) and 100 μM 2-4-carboxyphenyl-4,4,5,5
-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO; NO scavenger) were also applied to heat-
stressed plants. The concentration of 100 μM cPTIO [7], 100 μM NBD [40], and 100 μM
HT [11] used was based on our earlier studies. A surfactant teepol (0.5%) was added with
the control and other treatment solutions. Our experimental design consisted of twelve
treatments as follows: (i) control, (ii) HS, (iii) Eth, (iv) SNP, (v) NaHS, (vi) HS + Eth, (vii)
HS + SNP, (viii) HS + NaHS, (ix) HS + Eth + HT, (x) HS + SNP + HT, (xi) HS + NaHS + NBD,
and (xii) HS + NaHS + cPTIO. The hydrolysis of ethephon releases ethylene and phosphate,
and the yield of phosphate is equivalent to ethylene [41,42]. Thus, the phosphate effect
was nullified by adjusting the phosphate available from 200 μL L−1 Eth as single super
phosphate. The arrangement of the treatments was a complete randomized block design
with four replicates for each treatment (n = 4). The sampling of the plants was performed
at 30 DAS to record various parameters of interest.
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2.2. Measurement of Photosynthetic and Growth Characteristics

The Infrared Gas Analyzer (CID-340, Photosynthesis System, Bio-science, Washington,
WI, USA) was used to measure gas exchange photosynthetic parameters (net photosynthetic
rate, stomatal conductance, and intercellular CO2 concentration) in the fully expanded up-
per leaves. At the time of measurements (between 11.00 and 12.00 h), the atmospheric CO2
concentration was 380 ± 5 μmol mol−1, the relative humidity was 70%, the photosynthetic
active radiation was 780 μmol m−2 s−1, and the air temperature was 28 ◦C. The chlorophyll
content was measured in intact upper leaves of the plants with a SPAD chlorophyll meter
(SPAD 502 DL PLUS, Spectrum Technologies, Plainfield, IL, USA) in the early morning
hours. The dry weight of shoots and roots was recorded after separating the plants into
roots and shoots, washed with water, and blotted with a soft paper towel to remove excess
moisture. The separated shoots and roots were dried in a hot air oven (80 ◦C) for 72 h until
a constant weight was achieved.

2.3. Chlorophyll Fluorescence Measurement

Fully expanded leaves were allowed to adapt under dark for 30 min before chloro-
phyll fluorescence measurements using Junior-PAM chlorophyll fluorometer (Heinz Walz
GmbH, Eichenring, Effeltrich, Germany) were taken. The actual efficiency of PS II (ΦPSII),
maximal efficiency of PS II (Fv/Fm), intrinsic efficiency of PS II (Φesc), photochemical
quenching (qP), non-photochemical quenching (NPQ), and electron transport rate (ETR)
were calculated. The details of the procedure are given in Supplementary File S1.

2.4. Leaf Relative Water Content (RWC) Determination

Leaf RWC was measured following the method of Barrs and Weatherley [43]. Fresh
leaves were collected, weighed instantly by a standardized weighing balance, and then
dipped into water in separate Petri-dishes for 12 h. The turgid weight was calculated by
weighing the wet leaves. Afterwards, the leaf samples were oven-dried at 80 ◦C for 48 h,
and the dry weight was recorded. The RWC was calculated using the following formula:

RWC (%) = [(Fresh weight − Dry weight)/(Turgid weight − Dry weight)] × 100.

2.5. Estimation of the Contents of Proline, Glycine Betaine (GB), Trehalose and Soluble Sugars

Proline content was determined by adopting the ninhydrin method [44]. Briefly, fresh leaf
tissues (300 mg) were homogenized in 3 mL of 3% sulphosalicylic acid, and the homogenate
filtrate was reacted with 1 mL each of acid ninhydrin and glacial acetic acid for 1 h in a
test tube placed in a water bath at 100 ◦C. The mixture was extracted with toluene, and the
absorbance was measured on a spectrophotometer at 520 nm using L-proline as a standard.

Glycine betaine was determined by estimating the betaine-periodite complex [45] in a
sample from 500 mg dried leaf powder mechanically shaken for 24 h at 25 ◦C with 20 mL of
deionized water. After filtering the samples, the filtrates were diluted (1:1) with 2 N H2SO4.
A portion (0.5 mL) was taken and centrifuged before cooling in ice water for one hour.
After adding 0.2 mL of cold KI-I2 reagent, the reactants were gently stirred. The tubes were
kept at 4 ◦C for 16 h and were centrifuged at 10,000× g for 15 min at 0 ◦C. After carefully
aspirating the supernatant, the absorbance at 365 nm was measured after two hours. In 2 N
H2SO4, reference standards for GB (50–200 μg mL−1) were created. The trehalose content
was determined following the protocol given by Trevelyan and Harrison [46]. Dried leaf
powder (500 mg) was extracted in 80% ethanol, followed by centrifugation at 5000× g for
15 min at 4 ◦C. A 100 μL sample of the supernatant was combined with 4 mL of anthrone
reagent and 2.0 mL of trichloroacetic acid (TCA). The absorbance was read at 620 nm. A
standard curve was plotted using glucose.

The method developed by Xu et al. [47] was used to measure the amount of soluble
sugars. A total of 100 mg of the dried sample powder was extracted with 10 mL of 80%
ethanol and incubated at 80–85 ◦C for 30 min. Three additional extractions were performed
after centrifuging the extract and transferring the supernatant to a 100 mL volumetric flask.
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At 80–85 ◦C, alcohol extract was evaporated over a water bath. Following the addition of
100 mL distilled water, all three supernatants were poured into the flask. An aliquot of the
extract was used to measure the amount of soluble sugars using the anthrone reagent, and
the reaction mixture’s absorbance was observed at 630 nm using a spectrophotometer.

2.6. Measurement of Hydrogen Peroxide (H2O2) and Lipid Peroxidation

The Okuda et al. [48] method was used for the H2O2 assay and is explained earlier [49].
The details of the method are given in Supplementary File S1. Fresh leaf tissues (500 mg)
were macerated in ice-cold 200 mM perchloric acid before being spun at 1200× g for 10 min.
Later, 4 M KOH was used to neutralize the supernatant. In order to remove the insoluble
potassium perchlorate from the homogenate, it was further centrifuged at 500× g for three
minutes. The reaction mixture (1.5 mL) included 20 μL of peroxidase (0.25 unit), 400 μL of
12.5 mM 3-(dimethylamino) benzoic acid in 0.375 M phosphate buffer (pH 6.5), 80 μL of
3-methyl-2-benzothiazoline hydrazone, and 1 mL of the eluate. Peroxidase was added and
the reaction was started at 25 ◦C. On a spectrophotometer, the increase in absorbance was
calculated at 590 nm. The content of thiobarbituric acid reactive substances (TBARS) was
estimated to determine lipid peroxidation as described by Dhindsa et al. [50] and explained
earlier [49].

2.7. Assay of Antioxidant Enzymes Activities

The activity of superoxide dismutase (SOD), ascorbate peroxidase (APX), and glu-
tathione reductase (GR) was measured using the methods of Beyer and Fridovich [51],
Giannopolitis and Ries [52], Nakano and Asada [53], and Foyer and Halliwell [54], respec-
tively. The details of the methods are given in Supplementary File S1.

2.8. Determination of Nitric Oxide, Hydrogen Sulfide, and Ethylene

The method of Zhou et al. [55] was used for determining NO content with a slight
modification by estimating nitrite content. Using a pre-chilled mortar and pestle, 500 mg
of healthy leaves were ground in 3.0 mL of 50 mM ice-cold acetic acid buffer (pH 3.6)
containing 4% zinc acetate. The mixture was then centrifuged at 11,500× g for 15 min
at 4 ◦C. The supernatant was collected, and the pellets were rinsed in extraction buffer
(1.0 mL) before being centrifuged again. After adding 100 mg of charcoal, the supernatants
from the two spins were neutralized. The filtrate was collected after a brief vortex. Greiss
reagent (0.1% N-1-naphthyl ethylenediamine dihydrochloride and 1% sulphanilamide in 5%
H2PO4 solution) was added to each 1.0 mL filtrate and mixed in a 1:1 ratio before incubation
at room temperature for 30 min. The NO content was determined using a calibration curve
with sodium nitrite as a standard, and the absorbance was measured at 540 nm. Methylene
blue formation from dimethyl-p-phenylenediamine in HCl was used to estimate the content
of leaf H2S as described by Xie et al. [56] with minor modifications. The fresh leaf samples
(700 mg) were homogenized in 2.5 mL of Tris-HCl buffer (20 mM L−1, pH 6.8) containing
10 mM L−1 ethylene diamine tetraacetic acid (EDTA). The homogenate was centrifuged for
15 min at 4 ◦C and 12,000× g. For H2S trapping, 0.2 mL of 1% (w/v) zinc acetate was added
to the supernatant (0.75 mL). After 30 min of development, 0.1 mL of 30 mM L−1 ferric
chloride in 1.2 mol L−1 of HCl and 0.1 mL of 20 mM L−1 dimethyl-p-phenylenediamine
dissolved in 7.2 mol L−1 of HCl were added. At 670 nm, spectrophotometric analysis
was used to determine the methylene blue formation. As a standard curve, different
concentrations of NaHS were used, expressed as nmol g−1 fresh weight (FW).

The ethylene evolution in leaves was measured using a gas chromatograph following the
procedure as described earlier by Fatma et al. [12]. The details are given in Supplementary File S1.

2.9. RNA Isolation and cDNA Synthesis

Following the manufacturer’s instructions, total RNA was extracted from rice leaves
using the TRIzol reagent (Ambion, Life Technologies, Austin, TX, USA). With the help of a
Nanodrop spectrophotometer (Thermo Scientific, Waltham, MA, USA), the extracted RNA
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was quantified. The details of the procedure are given in Gautam et al. [49] and presented
in Supplementary File S1.

2.10. Quantitative Real-Time PCR Analysis

Real-time PCR (RT-PCR) was performed in a 96-well reaction plate (Roche, Mannheim,
Germany) containing 20 μL reaction mixture of ×10 reaction buffer, 2 mM dNTPs, 1 mM MgCl2,
0.35 μM each of forward and reverse primers, 1 μL Sybr green (×10), 10 μg cDNA template, and
5 U Taq polymerase on a thermal cycler (Light cycler 480 II, Roche, Germany). The details of
the procedure are given in Gautam et al. [49] and presented in Supplementary File S1. Primer
pairs used for the quantitative RT-PCR are listed in Supplementary Table S1. The data was
interpreted as the differential expression of the target gene in the treated sample versus the
untreated control in relation to the internal control.

2.11. Statistical Analysis

A two-way analysis of variance (ANOVA) was performed with SPSS software version
17.0 for Windows to analyze the data and presented as a treatment mean ± SE (n = 4). The
least significant difference (LSD) was calculated for the significant data at p < 0.05. The data
bars with the same letter were not significantly different by the LSD test at p < 0.05. The
principal component analysis (PCA) and Pearson correlation analyses (p < 0.05, p < 0.01 and
p < 0.001) were carried out using OriginPro software. To create biplots, the first two compo-
nents (PC1 and PC2) showing the maximum variance in the datasets were considered.

3. Results

3.1. Growth Parameters

The rice plants’ growth was analyzed in terms of shoot and root dry weight. The
plants subjected to HS showed a reduction in shoot dry weight by (25.4%) in Taipei-309
and (28.0%) in Rasi, and root dry weight by (26.7%) in Taipei-309 and (30.3%) in Rasi, in
comparison to control. However, Eth, SNP or NaHS application resulted in the reversal of
the adverse effects of HS on rice growth; as the shoot dry weight recovered by Eth (29.0%
and 28.0%), SNP (25.4% and 22.0%), and NaHS (21.8% and 20.0%) in Taipei-309 and Rasi,
respectively, compared to control plants (Figure 1).

In Taipei-309 and Rasi, foliar applications of Eth, SNP, or NaHS lowered the effect
of HS on root dry weight by (25.3% and 19.6%), (21.1% and 16.6%), or (18.3% and 13.6%),
respectively, compared to controls.

This suggests that Eth, SNP, or NaHS can reduce the negative effects of HS on the
biomass of both rice cultivars. Moreover, the application of HT exacerbated the deleterious
effects of HS in Taipei and Rasi cultivars, resulting in reduced shoot dry weight by (12.7%
and 14.0%) and by (16.3% and 18.0%) in the presence of Eth and SNP, respectively. Similarly,
the root dry weight was reduced by (14.0% and 16.6%) and by (16.9% and 19.6%) in Eth
and SNP-treated Taipei-309 and Rasi, respectively, relative to control plants. Therefore,
combining HT with Eth or SNP completely reversed the mitigating effects of Eth or SNP.
The application of NBD and cPTIO reduced shoot and root dry weights in the presence
of NaHS in heat-treated plants in both the cultivars, reflecting that the application of
NBD or cPTIO with NaHS did not entirely reverse the mitigating effects of NaHS on
growth characteristics.
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Figure 1. (a) Shoot dry weight and (b) root dry weight of rice (Oryza sativa L.) cultivars Taipei-309
and Rasi under control and high temperature stress (HS) supplied with 200 μL L−1 ethephon (Eth),
100 μM sodium nitroprusside (SNP), 200 μM sodium hydrosulfide (NaHS) or 100 μM hypotaurine
(HT), 100 μM 2-4-carboxyphenyl-4,4,5,5 -tetramethylimidazoline-1-oxyl-3-oxide (cPTIO) or 100 μM
norbornadiene (NBD) scavengers of hydrogen sulfide (H2S), nitric oxide (NO), and ethylene action
inhibitors, respectively. Data are presented as treatments mean ± SE (n = 4). The values followed by
the same letters did not differ significantly by LSD test at p < 0.05.

3.2. Gas-Exchange Parameters and Chlorophyll Content

Net photosynthesis rate (Pn), stomatal conductance (Gs), intercellular CO2 concen-
tration (Ci), and SPAD value decreased under HS by 35.0%, 26.9%, 23.2%, and 28.4% in
Taipei-309 and 36.1%, 28.2%, 24.2%, and 29.2% in Rasi, respectively, compared to control
plants (Table 1). In comparison to control and heat-stressed plants, the individual treatment
of Eth, SNP, and NaHS increased these parameters significantly. The individual applica-
tions of Eth, SNP, or NaHS under HS showed a substantial increase in Pn (29.1% and 98.9%,
27.1% and 95.9%, 24.5% and 91.8%), Gs (25.6% and 71.9%, 25.0% and 71.8%, 24.4% and
70.3%), Ci (21.3% and 57.9%, 20.2% and 56.6%, 19.9% and 56.1%), and SPAD value (37%
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and 91.7% and 35.9% and 90%, 32% and 84.6%) in Taipei-309 and Pn (25.6% and 96.7%,
24.3% and 94.5%, 20.8% and 89%), Gs (23.1% and 71.6%, 21.9% and 70%, 21.4% and 69.3%),
Ci (18.7% and 56.8%, 17.8% and 55.6%, 16.2% and 53.4%), and SPAD value (35.8% and
91.9%, 31.4% and 85.6%, 27.6% and 80.2%) in Rasi, respectively. Exogenously-applied Eth
considerably alleviated more compared to SNP or NaHS, the decrement in the levels of
Pn, Gs, Ci, and SPAD caused by HS. However, the potential effects of Eth or SNP on these
parameters were significantly minimized by the H2S scavenger, HT. The treatment of NBD
or cPTIO moderately reversed the mitigating effects of NaHS.

Table 1. Net photosynthetic rate (μmol CO2 m−2 s−1), stomatal conductance (mmol m−2 s−1), intercel-
lular CO2 concentration (μmol mol−1), and chlorophyll content (SPAD value) of rice (Oryza sativa L.)
cultivars Taipei-309 and Rasi after foliar treatment of plants with 200 μL L−1 ethephon (Eth), 100 μM
sodium nitroprusside (SNP) or 200 μM sodium hydrosulfide (NaHS) grown with or without high
temperature stress (HS; 40 ◦C) or 100 μM hypotaurine (HT), 100 μM 2-4-carboxyphenyl-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide (cPTIO) or 100 μM norbornadiene (NBD) scavengers of hydro-
gen sulfide (H2S), nitric oxide (NO), and ethylene action inhibitors, respectively, with HS at 15 days
after sowing. Data are presented as treatments mean ± SE (n = 4). The values followed by the same
letters did not differ significantly by LSD test at p < 0.05.

Taipei-309 Rasi

Treatments
Net Photosyn-
thetic
Rate

Stomatal
Conductance

Intercellular
CO2

Concentration
SPAD

Net Photosyn-
thetic
Rate

Stomatal
Conductance

Intercellular
CO2

Concentration
SPAD

Control 15.1 ± 1.08 defg 367.2 ± 15.0 de 260.1 ± 13.8 de 33.7 ± 1.30 g 14.4 ± 1.04 fgh 355.3 ± 14.0 ef 251.2 ± 12.4 ef 31.5 ± 1.25 gh

HS 9.8 ± 0.66 ij 268.3 ± 12.2 gh 199.8 ± 11.6 gh 24.1 ± 1.10 kl 9.2 ± 0.55 j 254.8 ± 11.0 h 190.3 ± 10.2 h 22.3 ± 1.0 l

Eth 21.7 ± 1.45 a 475.2 ± 16.5 a 346.3 ± 14.9 a 50.6 ± 1.76 a 20.1 ± 1.28 abc 451.1 ± 15.7
abc

328.2 ± 14.5
abc 46.2 ± 1.65 bcd

SNP 21.3 ± 1.40 ab 471.2 ± 16.4 ab 340.3 ± 14.8 ab 49.3 ± 1.69 ab 19.7 ± 1.25 abc 445.4 ± 15.6
abc

320.4 ± 14.2
abc 45.1 ± 1.51 bcde

NaHS 20.9 ± 1.34 abc 469.3 ± 16.0 ab 339.6 ± 14.6 ab 48.7 ± 1.60 abc 19.1 ± 1.19 abc 442.4 ± 15.1
abc

319.7 ± 13.8
abc 44.3 ± 1.40 cdef

HS + Eth 19.5 ± 1.24 abc 461.3 ± 15.9
abc

315.6 ± 14.4
abc 46.2 ± 1.55 bcd 18.1 ± 1.13 bcd 437.4 ± 14.9

bcd
298.3 ± 13.7
bcd 42.8 ± 1.37 def

HS + SNP 19.2 ± 1.13 abc 459.3 ± 15.9
abc

312.9 ± 14.1
abc 45.8 ± 1.45 bcd 17.9 ± 1.10 bcde 433.2 ± 14.8

bcd
296.2 ± 13.6
bcd 41.4 ± 1.35 ef

HS + NaHS 18.8 ± 1.11 abc 457.1 ± 15.4
abc

311.9 ± 14.0
abc 44.5 ± 1.40 cde 17.4 ± 1.06 cdef 431.6 ± 14.2 cd 292.0 ± 12.4 cd 40.2 ± 1.30 f

HS + Eth + HT 13.1 ± 0.90 ghi 311.6 ± 13.8
efgh

230.8 ± 12.9
efgh 29.4 ± 1.19 hij 12.2 ± 0.85 ghij 294.4 ± 12.9

efgh
220.8 ± 11.3
efgh 26.9 ± 1.13 ijk

HS + SNP +
HT 12.2 ± 0.83 ghij 302.6 ± 13.7

efgh
226.3 ± 12.5
efgh 28.1 ± 1.15 hijk 11.4 ± 0.77 hij 289.1 ± 12.5

fgh
214.3 ± 11.2
fgh 25.4 ± 1.11 jkl

HS + NaHS +
NBD 14.6 ± 0.96 efgh 361.7 ± 14.9 ef 247.7 ± 13.7 ef 31.9 ± 1.25 gh 13.7 ± 0.91 gh 341.2 ± 13.7

efgh
233.8 ± 12.1
efgh 29.1 ± 1.22 hij

HT + NaHS +
cPTIO 14.3 ± 0.92 fgh 340.5 ± 14.7 efg 242.7 ± 13.4 efg 30.6 ± 1.20 ghi 13.3 ± 0.88 gh 323.1 ± 13.6

efgh
227.8 ± 11.4
efgh 28.2 ± 1.19 hijk

3.3. Chlorophyll Fluorescence Parameters

The measurement of chlorophyll fluorescence parameters was taken under both stress
and without stress in leaves of rice cultivars (Tables 2 and 3). Heat stress exposure reduced
the studied fluorescence parameters compared to control, but treatment with Eth, SNP,
or NaHS increased these parameters under stress and no stress conditions. In contrast,
NPQ increased under HS but decreased significantly with Eth, SNP, or NaHS application
under no stress compared to control. Eth, SNP or NaHS treatments proved effective in
improving (ΦPS II, Fv/Fm, Φesc, qP, and ETR) in heat-treated plants compared to controls.
The data revealed that Eth, SNP, or NaHS treatments were essential to mitigate the negative
effects of HS on the parameters mentioned above. Still, Eth was more effective than SNP
or NaHS. The application of NBD or cPTIO reversed the positive effects of NaHS on the
chlorophyll fluorescence parameters under HS; however, the addition of HT (100 μM) along
with Eth or SNP entirely reversed the positive effects of Eth or SNP on these parameters in
heat-stressed conditions.
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Table 2. Actual efficiency of PSII, maximal efficiency of PSII, intrinsic efficiency of PSII, photochemical
quenching, non-photochemical quenching, and electron transport rate of rice (Oryza sativa L.) cultivar
Taipei-309 after foliar treatment of plants with 200 μL L−1 ethephon (Eth), 100 μM sodium nitroprus-
side (SNP), or 200 μM sodium hydrosulfide (NaHS) grown with or without high temperature stress
(HS; 40 ◦C) or 100 μM hypotaurine (HT), 100 μM 2-4-carboxyphenyl-4,4,5,5-tetramethylimidazoline-
1-oxyl-3-oxide (cPTIO) or 100 μM norbornadiene (NBD) scavengers of hydrogen sulfide (H2S), nitric
oxide (NO), and ethylene action inhibitors, respectively, with HS at 15 days after sowing. Data are
presented as treatments mean ± SE (n = 4). The values followed by the same letters did not differ
significantly by LSD test at p < 0.05.

Treatments
Actual Efficiency of

PSII
Maximum

Efficiency of PSII
Intrinsic Efficiency

of PSII
Photochemical

Quenching

Non-
Photochemical

Quenching

Electron Transport
Rate

Control 0.621 ± 0.036 bcdef 0.808 ± 0.051 bcdef 0.731 ± 0.045 abcde 0.684 ± 0.045
abcdefghi 0.573 ± 0.032 cdefgh 164.6 ± 9.4 e

HS 0.497 ± 0.021 gh 0.622 ± 0.029 gh 0.620 ± 0.025 de 0.569 ± 0.029 i 0.778 ± 0.052 ab 132.8 ± 6.8 fg

Eth 0.751 ± 0.060 a 0.876 ± 0.071 a 0.849 ± 0.068 a 0.831 ± 0.067 a 0.455 ± 0.021 h 241.3 ± 11.2 a

SNP 0.744 ± 0.059 a 0.869 ± 0.069 a 0.841 ± 0.066 a 0.824 ± 0.063 ab 0.463 ± 0.025 gh 237.6 ± 10.2 ab

NaHS 0.732 ± 0.052 ab 0.861 ± 0.065 ab 0.837 ± 0.061 ab 0.816 ± 0.060 abc 0.469 ± 0.029 gh 231.8 ± 10.1 abc

HS + Eth 0.711 ± 0.048 abc 0.849 ± 0.062 abc 0.796 ± 0.058 abc 0.796 ± 0.058 abcde 0.582 ± 0.034 cdefgh 220.7 ± 9.7 abcd

HS + SNP 0.707 ± 0.045 abc 0.836 ± 0.059 abc 0.789 ± 0.051 abc 0.787 ± 0.055 abcdef 0.591 ± 0.036 cdefg 216.5 ± 9.6 abcd

HS + NaHS 0.701 ± 0.040 abc 0.830 ± 0.053 abc 0.781 ± 0.048 abcd 0.773 ± 0.051 abcdefg 0.598 ± 0.038 cdefg 212.4 ± 9.5 abcd

HS + Eth + HT 0.563 ± 0.028 efgh 0.777 ± 0.039 efgh 0.695 ± 0.035 abcde 0.642 ± 0.036 efghi 0.651 ± 0.046 bc 147.6 ± 8.4 efg

HS + SNP + HT 0.547 ± 0.024 fgh 0.769 ± 0.034 fgh 0.686 ± 0.033 abcde 0.631 ± 0.033 fghi 0.660 ± 0.048 bc 141.9 ± 7.7 efg

HS + NaHS + NBD 0.598 ± 0.033 cdefg 0.795 ± 0.047 cdefg 0.727 ± 0.042 abcde 0.671 ± 0.043 bcdefghi 0.623 ± 0.040 cd 159.3 ± 8.8 ef

HS + NaHS + cPTIO 0.582 ± 0.030 defgh 0.786 ± 0.042 defgh 0.721 ± 0.039 abcde 0.664 ± 0.040 cdefghi 0.639 ± 0.043 c 152.4 ± 8.6 ef

Table 3. Actual efficiency of PSII, maximal efficiency of PSII, intrinsic efficiency of PSII, photochemical
quenching, non-photochemical quenching, and electron transport rate of rice (Oryza sativa L.) cultivar
Rasi after foliar treatment of plants with 200 μL L−1 ethephon (Eth), 100 μM sodium nitroprusside
(SNP), or 200 μM sodium hydrosulfide (NaHS) grown with or without high temperature stress (HS;
40 ◦C) or 100 μM hypotaurine (HT), 100 μM 2-4-carboxyphenyl-4,4,5,5 -tetramethylimidazoline-1-
oxyl-3-oxide (cPTIO) or 100 μM norbornadiene (NBD) scavengers of hydrogen sulfide (H2S), nitric
oxide (NO), and ethylene action inhibitors, respectively, with HS at 15 days after sowing. Data are
presented as treatments mean ± SE (n = 4). The values followed by the same letters did not differ
significantly by LSD test at p < 0.05.

Treatments
Actual Efficiency of

PSII

Maximum
Efficiency

of PSII

Intrinsic Efficiency
of PSII

Photochemical
Quenching

Non-
Photochemical

Quenching

Electron Transport
Rate

Control 0.611 ± 0.025 bcdefg 0.797 ± 0.042 bcdefg 0.721 ± 0.038 abcde 0.671 ± 0.037 bcdefghi 0.582 ± 0.035 cdefgh 153.7 ± 8.6 ef

HS 0.472 ± 0.015 h 0.601 ± 0.021 h 0.598 ± 0.018 e 0.543 ± 0.021 i 0.799 ± 0.055 a 121.4 ± 6.4 g

Eth 0.725 ± 0.040 ab 0.854 ± 0.067 ab 0.826 ± 0.066 ab 0.811 ± 0.056 abcd 0.471 ± 0.027 fgh 220.1 ± 10.7 abcd

SNP 0.719 ± 0.036 ab 0.847 ± 0.062 ab 0.820 ± 0.063 ab 0.801 ± 0.054 abcd 0.483 ± 0.031 efgh 215.8 ± 10.3 abcd

NaHS 0.709 ± 0.034 abc 0.839 ± 0.060 abc 0.814 ± 0.059 abc 0.798 ± 0.051 abcde 0.492 ± 0.033 defgh 210.6 ± 9.5 bcd

HS + Eth 0.687 ± 0.032 abcd 0.825 ± 0.058 abcd 0.769 ± 0.051 abcd 0.775 ± 0.048 abcdefg 0.597 ± 0.037 cdefg 202.5 ± 9.2 cd

HS + SNP 0.679 ± 0.029 abcde 0.819 ± 0.052 abcde 0.758 ± 0.047 abcde 0.769 ± 0.045 abcdefg 0.606 ± 0.039 cdef 198.3 ± 9.1 d

HS + NaHS 0.674 ± 0.026 abcde 0.811 ± 0.047 abcde 0.749 ± 0.042 abcde 0.754 ± 0.040 abcdefgh 0.611 ± 0.041 cde 191.4 ± 8.9 d

HS + Eth + HT 0.538 ± 0.021 fgh 0.760 ± 0.028 fgh 0.676 ± 0.026 bcde 0.624 ± 0.030 ghi 0.667 ± 0.050 bc 136.5 ± 8.1 efg

HS + SNP + HT 0.529 ± 0.018 fgh 0.751 ± 0.023 fgh 0.654 ± 0.021 cde 0.611 ± 0.027 hi 0.679 ± 0.052 abc 130.8 ± 7.4 fg

HS + NaHS + NBD 0.576 ± 0.023 defgh 0.780 ± 0.038 defgh 0.705 ± 0.033 abcde 0.656 ± 0.034 defghi 0.635 ± 0.044 c 146.6 ± 8.4 efg

HS + NaHS + cPTIO 0.563 ± 0.022 efgh 0.771 ± 0.030 efgh 0.694 ± 0.030 abcde 0.642 ± 0.032 efghi 0.642 ± 0.046 c 141.2 ± 8.2 efg

3.4. Leaf RWC

The HS decreased the leaf RWC of both the cultivars by (18.5%) in Taipei-309 and
(20.1%) in Rasi compared to control plants (Figure 2a). The results revealed that Eth-,
SNP-, or NaHS-spraying treatments improved the RWC in no stress and HS conditions. In
heat-stressed plants, Eth recovered RWC by (17.5% and 44.2%), SNP by (15.7% and 42%) or
NaHS by (13.1% and 38.8%) in Taipei-309; and by (15.7% and 44.8%), (12.4% and 40.7%) or
by (11.1% and 39.1%) in Rasi compared to control and heat-stressed plants, respectively.
Overall, maximum RWC was recorded in plants treated with Eth, followed by SNP or
NaHS spraying treatments under control and heat-stressed conditions. Furthermore, in
heat-exposed plants, the combined application of (NBD and NaHS) and (cPTIO and NaHS)
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reduced RWC, relative to control plants. The addition of HT along with Eth or SNP under
HS more drastically declined RWC, reversing the beneficial effects of Eth or SNP treatments
on RWC.

Figure 2. (a) Relative water content, (b) proline content, (c) glycine betaine content, (d) trehalose
content, and (e) soluble sugars content of rice (Oryza sativa L.) cultivars Taipei-309 and Rasi under
control and high temperature stress (HS) supplied with 200 μL L−1 ethephon (Eth), 100 μM sodium
nitroprusside (SNP), 200 μM sodium hydrosulfide (NaHS), or 100 μM hypotaurine (HT), 100 μM
2-4-carboxyphenyl-4,4,5,5 -tetramethylimidazoline-1-oxyl-3-oxide (cPTIO) or 100 μM norbornadiene
(NBD) scavengers of hydrogen sulfide (H2S), nitric oxide (NO), and ethylene action inhibitors,
respectively. Data are presented as treatments mean ± SE (n = 4). The values followed by the same
letters did not differ significantly by LSD test at p < 0.05.

3.5. Accumulation of Osmolytes

Plants accumulate osmolytes or compatible solutes to protect the cellular machinery
from various environmental stresses. Glycine betaine, sugars (trehalose), and proline are
the most well-known osmolytes. The treatment of HS increased the proline and GB content
by 45.5% and 50% in Taipei-309 and 42.5% and 47.3% in Rasi, respectively, compared to
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control plants (Figure 2b,c). With Eth, SNP, or NaHS application under no stress, the
levels of proline and GB increased appreciably. The application of Eth improved proline
content (129.4% and 57.5%) in Taipei-309 and (122.2% and 55.8%) in Rasi, and GB content
(156.5% and 71.0%) in Taipei-309 and (150% and 69.6%) in Rasi, respectively, under stressful
condition compared to control and heat-stressed plants.

Improvements in proline and GB contents were also observed by SNP application
under HS conditions (117.6% and 111.1%) in Taipei-309 and (141.3% and 134.2%) in Rasi,
respectively, compared to control plants. Foliar-applied NaHS enhanced proline content
(102.9% and 98.1%) and GB content (136.9% and 128.9%) in Taipei-309 and Rasi, respectively,
compared to controls. Under HS stress, the treatment of HT completely suppressed the
beneficial effects of Eth or SNP on proline and GB accumulation. At the same time, NBD
or cPTIO could not considerably inhibit the effects induced by NaHS on proline and GB
content in the leaves of heat-stressed plants. A considerable increase in trehalose and
soluble sugar accumulation was recorded in heat-stressed plants of both rice cultivars, with
Taipei-309 (67.7%) and (17.1%) with a higher accumulation than Rasi (61.4%) and (15.4%),
respectively, compared to control plants (Figure 2d,e). Under no stress conditions, foliar
treatment with Eth, SNP, or NaHS alone further increased the trehalose and soluble sugars
content, although the increase was cultivar specific. The trehalose and soluble sugars
content also increased considerably in both rice cultivars due to exogenously-applied Eth,
SNP, or NaHS alone under HS.

Eth application increased trehalose and soluble sugars content (216.1% and 200.0%)
and (45.7% and 43.6%) while SNP increased (203.2% and 194.7%) and (44.5% and 39.8%),
and NaHS (196.7% and 184.2%) and (42.6% and 37.8%) in Taipei-309 and Rasi, respectively,
under heat-stressed conditions, compared to control plants. However, even NBD and
cPTIO did not completely inhibit NaHS from accumulating trehalose and soluble sugars.
Furthermore, trehalose and soluble sugars accumulation by Eth and SNP was not sustained
on the addition of HT to Eth and SNP-supplemented heat-stressed plants, which supported
the role of H2S in ethylene and NO-induced osmolytes accumulation under HS.

3.6. Oxidative Stress

The oxidative stress was measured as H2O2 and TBARS. The plants subjected to HS
showed a rise in the content of H2O2 by 3.0 fold in Taipei-309 and by 3.2 fold in Rasi, as
well as TBARS content by 2.0 fold in Taipei-309 and by 2.1 fold in Rasi, compared to control
plants (Tables 4 and 5). However, the spraying of Eth, SNP, or NaHS reduced the contents
of H2O2 and TBARS in both heat-stressed and non-stressed conditions. The Eth application
reduced heat-induced oxidative stress, as evidenced by the observed reductions in the
levels of H2O2 (66.0% and 67.5%) and TBARS (50.6% and 50.9%) in Taipei-309 and Rasi,
respectively, compared to heat-stressed plants. Under HS, the application of SNP or NaHS
decreased the contents of H2O2 by 65.1% and 64.3% in Taipei-309 and by 66.3% and 66.0%
in Rasi, as well as TBARS content by 49.3% and 47.9% in Taipei-309 and by 49.0% and 47.1%
in Rasi, respectively, relative to the values of heat-treated plants. These findings suggest
that the individual treatment of Eth, SNP, or NaHS mitigated heat-induced oxidative stress
by lowering the accumulation of H2O2 and TBARS. However, the addition of HT further
stimulated H2O2 and TBARS in both rice cultivars under HS. Furthermore, Eth and SNP
did not rescue the negative effects of HT on H2O2 and TBARS accumulation. Therefore,
the application of HT completely reversed the alleviating effects of both Eth and SNP. The
application of NBD or cPTIO reversed the reduced oxidative stress induced by NaHS.
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Table 4. Hydrogen peroxide (H2O2), thiobarbituric acid reactive substances (TBARS) content, and
activities of superoxide dismutase (SOD), ascorbate peroxidase (APX), and glutathione reductase (GR)
in the leaves of rice (Oryza sativa L.) cultivar Taipei-309 after foliar treatment of plants with 200 μL L−1

ethephon (Eth), 100 μM sodium nitroprusside (SNP) or 200 μM sodium hydrosulfide (NaHS) grown
with or without high temperature stress (HS; 40 ◦C) or 100 μM hypotaurine (HT), 100 μM 2-4-
carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO) or 100 μM norbornadiene
(NBD) scavengers of hydrogen sulfide (H2S), nitric oxide (NO), and ethylene action inhibitors,
respectively, with HS at 15 days after sowing. Data are presented as treatments mean ± SE (n = 4).
The values followed by the same letters did not differ significantly by LSD test at p < 0.05. FW,
fresh weight.

Treatments H2O2 Content TBARS Content SOD Activity APX Activity GR Activity

(nmol g−1 FW) (U mg−1 Protein min−1)

Control 28.3 ± 1.26 ghi 10.6 ± 1.22 efghijk 7.41 ± 0.43 mn 1.35 ± 0.10 mn 0.19 ± 0.01 jkl

HS 86.7 ± 4.14 b 22.1 ± 2.07 a 11.0 ± 0.55 fghij 1.94 ± 0.14 jklm 0.27 ± 0.017 ghi

Eth 21.1 ± 1.17 i 7.1 ± 0.79 k 13.9 ± 0.76 bcd 2.97 ± 0.23 bcdef 0.38 ± 0.028 bcd

SNP 23.5 ± 1.20 hi 7.9 ± 0.81 jk 13.1 ± 0.62 cde 2.73 ± 0.22 cdefgh 0.36 ± 0.026 bcd

NaHS 24.7 ± 1.22 ghi 8.2 ± 0.97 ijk 12.8 ± 0.50 cdef 2.59 ± 0.20 efghi 0.34 ± 0.025 cdef

HS + Eth 29.4 ± 1.72 ghi 10.9 ± 1.20 efghijk 15.8 ± 0.98 a 3.74 ± 0.29 a 0.46 ± 0.034 a

HS + SNP 30.2 ± 2.11 gh 11.2 ± 1.25 efghijk 14.9 ± 0.81 ab 3.53 ± 0.26 ab 0.42 ± 0.032 ab

HS + NaHS 30.9 ± 2.51 gh 11.5 ± 1.34 defghijk 14.1 ± 0.79 bc 3.32 ± 0.24 abc 0.40 ± 0.030 abc

HS + Eth + HT 61.3 ± 3.16 cde 14.2 ± 1.55 bcdefg 10.8 ± 0.49 ghij 1.91 ± 0.16 jklm 0.25 ± 0.015 hij

HS + SNP + HT 64.1 ± 3.37 cd 14.7 ± 1.65 bcdef 9.7 ± 0.40 jkl 1.87 ± 0.13 jklm 0.24 ± 0.011 hijk

HS + NaHS + NBD 51.8 ± 2.70 f 13.3 ± 1.36 bcdefgh 12.3 ± 0.65 cdefgh 2.31 ± 0.19 ghijk 0.29 ± 0.023 efgh

HS + NaHS + cPTIO 53.2 ± 2.80 ef 13.9 ± 1.49 bcdefg 12.1 ± 0.58 defgh 2.19 ± 0.18 hijkl 0.28 ± 0.020 fgh

Table 5. Hydrogen peroxide (H2O2), thiobarbituric acid reactive substances (TBARS) content, and
activities of superoxide dismutase (SOD), ascorbate peroxidase (APX), and glutathione reductase
(GR) in the leaves of rice (Oryza sativa L.) cultivar Rasi after foliar treatment of plants with 200 μL L−1

ethephon (Eth), 100 μM sodium nitroprusside (SNP) or 200 μM sodium hydrosulfide (NaHS) grown
with or without high temperature stress (HS; 40 ◦C) or 100 μM hypotaurine (HT), 100 μM 2-4-
carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO), or 100 μM norbornadiene
(NBD) scavengers of hydrogen sulfide (H2S), nitric oxide (NO), and ethylene action inhibitors,
respectively, with HS at 15 days after sowing. Data are presented as treatments mean ± SE (n = 4).
The values followed by the same letters did not differ significantly by LSD test at p < 0.05. FW,
fresh weight.

Treatments H2O2 Content TBARS Content SOD Activity APX Activity GR Activity

(nmol g−1 FW) (U mg−1 Protein min−1)

Control 30.5 ± 1.85 gh 12.2 ± 1.13 cdefghij 6.38 ± 0.21 n 1.24 ± 0.07 n 0.16 ± 0.005 l

HS 97.9 ± 5.46 a 26.1 ± 2.11 a 9.31 ± 0.34 jkl 1.76 ± 0.12 klmn 0.21 ± 0.011 ijkl

Eth 24.6 ± 1.19 ghi 8.5 ± 0.73 hijk 11.7 ± 0.55 efghi 2.67 ± 0.19 defghi 0.29 ± 0.017 efgh

SNP 26.9 ± 1.24 ghi 9.7 ± 0.87 ghijk 10.9 ± 0.51 ghij 2.44 ± 0.17 fghij 0.28 ± 0.015 fgh

NaHS 28.0 ± 1.32 ghi 10.0 ± 1.02 fghijk 10.5 ± 0.45 hijk 2.32 ± 0.16 ghijk 0.26 ± 0.011 hi

HS + Eth 31.8 ± 2.46 gh 12.8 ± 1.22 bcdefghi 13.2 ± 0.66 bcde 3.27 ± 0.24 abcd 0.38± 0.026 bcd

HS + SNP 32.9 ± 2.60 g 13.3 ± 1.30 bcdefgh 12.6 ± 0.61 cdefg 3.10 ± 0.21 bcde 0.35 ± 0.023 cde

HS + NaHS 33.2 ± 2.88 g 13.8 ± 1.53 bcdefg 11.9 ± 0.57 efghi 2.90 ± 0.20 cdefg 0.33 ± 0.020 defg

HS + Eth + HT 65.8 ± 3.56 cd 16.9 ± 1.92 bc 8.8 ± 0.30 klm 1.71 ± 0.13 klmn 0.19 ± 0.01 jkl

HS + SNP + HT 69.7 ± 4.05 c 17.3 ± 2.04 b 8.0 ± 0.25 lmn 1.67 ± 0.11 lmn 0.18 ± 0.01 kl

HS + NaHS + NBD 57.4 ± 2.90 def 15.4 ± 1.72 bcde 10.1 ± 0.40 ijk 2.05 ± 0.18 ijkl 0.24 ± 0.015 hijk

HS + NaHS + cPTIO 59.3 ± 3.17 def 16.2 ± 1.81 bcd 9.7 ± 0.35 jkl 1.96 ± 0.16 jklm 0.23 ± 0.011 hijk

3.7. Antioxidants Enzyme Activity

The activity of antioxidants, SOD, APX, and GR was studied to investigate the reg-
ulatory role of ethylene, NO, or H2S in the alleviation of HS-induced oxidative stress
(Tables 4 and 5). The increases in the activity of SOD (48.4% and 45.9%), APX (43.7% and
41.9%), and GR (42.1% and 31.2%) in Taipei-309 and Rasi, respectively, were noted under
HS compared to control plants. Applying Eth to heat-treated plants showed a higher
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increase in SOD, APX, and GR activity than SNP compared to control or heat-stressed
plants in both cultivars. Similarly, NaHS stimulated SOD, APX, and GR activity in both
cultivars compared to control or heat-stressed plants.

The combined application of (NBD and NaHS) and (cPTIO and NaHS) in heat-treated
plants did not entirely counteract the beneficial effect of NaHS on antioxidative enzyme activity.
In addition, HT application in heat-stressed plants completely reversed the positive effects of
Eth and SNP on the antioxidant defense system. Thus, HT supplementation resulted in reduced
antioxidative enzyme activity in Eth and SNP-treated heat-stressed plants.

3.8. Hydrogen Sulfide and NO Content and Ethylene Production

The endogenous content of H2S and NO in rice cultivar leaves was examined to
evaluate the effects of HS on H2S and NO regulation. Figure 3a,b depicts increased NO
and H2S contents in the leaves of rice cultivar plants subjected to HS. The treatment of HS
increased NO levels by 49.2% and 46.7% and H2S levels by 36.3% and 34.0% in Taipei-309
and Rasi, respectively, compared to control plants. Exogenously-applied Eth, SNP, or NaHS
enhanced the level of both NO and H2S in rice cultivar leaves compared to control and
heat-stressed plants. The treatment of HT and Eth or SNP under HS reduced endogenous
NO and H2S levels relative to heat-treated plants. Similarly, applying cPTIO and NaHS
under HS reduced NO levels compared to stressed and controlled plants.

Figure 3. Content of (a) Nitric oxide (NO), (b) hydrogen sulfide (H2S), and (c) ethylene evolution in
rice (Oryza sativa L.) cultivars Taipei-309 and Rasi under control and high temperature stress (HS) sup-
plied with 200 μL L−1 ethephon (Eth), 100 μM sodium nitroprusside (SNP), 200 μM sodium hydrosul-
fide (NaHS) or 100 μM hypotaurine (HT), 100 μM 2-4-carboxyphenyl-4,4,5,5-tetramethylimidazoline-
1-oxyl-3-oxide (cPTIO), or 100 μM norbornadiene (NBD) scavengers of hydrogen sulfide (H2S), NO,
and ethylene action inhibitors, respectively. Data are presented as treatments mean ± SE (n = 4). The
values followed by the same letters did not differ significantly by LSD test at p < 0.05.

The individual application of NBD and cPTIO and NaHS under HS did not affect H2S
levels compared to control and heat-stressed plants.
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Ethylene production in leaves of rice cultivars exposed to HS is depicted in Figure 3c.
Compared to control plants, HS elevated ethylene levels by 200.5% and 222.1% in Taipei-
309 and Rasi, respectively. Although SNP, NaHS, or Eth individually increased ethylene
emission, the increase was less than that of plants that were subjected to high temperatures.
Compared to heat-treated plants, plants that received Eth, SNP, or NaHS under stressful
conditions showed a reduction in ethylene emission. The inhibition of H2S and NO using
inhibitors HT and cPTIO, respectively, increased ethylene levels relative to control plants.
Ethylene action inhibitor NBD application along with NaHS under HS decreased ethylene
level compared to heat-stressed plants.

3.9. Expression of Photosynthesis-Related Genes and Genes Encoding Antioxidant Enzymes

The expression of two genes relevant to the photosynthetic system was investigated in
rice cultivars under HS (Figure 4a,b). The treatment of HS downregulated the expression
of psbA and psbB in rice cultivar leaves, whereas heat-treated plants supplemented with
Eth, SNP, or NaHS had higher levels of psbA and psbB transcription than control plants.
In addition, under HS, exogenous HT with Eth or SNP significantly down-regulated the
expression of psbA and psbB compared to the heat-treated Eth or SNP-supplemented plants.
The expression of psbA and psbB was reduced in NBD or cPTIO with NaHS-treated heat-
stressed plants, but the transcription was lowered more sharply in HT-treated plants.

Figure 4. Relative expression of (a) psbA and (b) psbB of rice (Oryza sativa L.) cultivars Taipei-309
and Rasi under control and high temperature stress (HS) supplied with 200 μL L−1 ethephon (Eth),
100 μM sodium nitroprusside (SNP), 200 μM sodium hydrosulfide (NaHS) or 100 μM hypotaurine
(HT), 100 μM 2-4-carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO), or 100 μM
norbornadiene (NBD) scavengers of hydrogen sulfide (H2S), nitric oxide (NO), and ethylene action
inhibitors, respectively. Data are presented as treatments mean ± SE (n = 4). The values followed by
the same letters did not differ significantly by LSD test at p < 0.05.
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The relative expression analysis based on a qRT-PCR method for three SOD isoforms
containing Mn-SOD, Cu-SOD, and Fe-SOD and APX was carried out on two rice cultivars
(Figure 5). The results revealed that the expression of SOD isoforms and APX was upregu-
lated in HS-treated rice cultivars compared to control plants. The individual application
of Eth, SNP, or NaHS further enhanced the expression of SOD isoforms and APX in rice
cultivars exposed to HS compared to heat-treated plants alone.

Figure 5. Relative expression of (a) Mn-SOD, (b) Fe-SOD, (c) Cu-SOD, and (d) APX of rice
(Oryza sativa L.) cultivars Taipei-309 and Rasi under control and high temperature stress (HS) supplied
with 200 μL L−1 ethephon (Eth), 100 μM sodium nitroprusside (SNP), 200 μM sodium hydrosulfide
(NaHS) or 100 μM hypotaurine (HT), 100 μM 2-4-carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-
oxyl-3-oxide (cPTIO), or 100 μM norbornadiene (NBD) scavengers of hydrogen sulfide (H2S), nitric
oxide (NO), and ethylene action inhibitors, respectively. Data are presented as treatments mean ± SE
(n = 4). The values followed by the same letters did not differ significantly by LSD test at p < 0.05.
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Meanwhile, in HT treatment with Eth or SNP under HS, no significant difference was
observed in the expression levels of SOD isoforms and APX compared to control plants.
Unlike the above, Eth, SNP, or NaHS treatments significantly increased the transcription
level of these genes in heat-exposed plants. In contrast, HT application appears to affect
antioxidant defense-related gene expression.

3.10. Determination of Interaction among Morpho-Physiological, Biochemical and Molecular
Parameters through PCA

The PCA was carried out to determine the degree of data variation and the relationship
between the different treatments and parameters in both rice cultivars (Figure 6). The two
components (PC1 and PC2) described 94.70% of data variability in Taipei-309 under the
influence of different treatments (Figure 6). PC1, the first component, contributed 79.14%
of the total variation, and the second component, PC2, accounted for 15.56% of the total
variation. On the other hand, in the Rasi cultivar, the PCA showed 94.67% (PC1 = 78.83%
and PC2 = 15.84%) data variance under the influence of different treatments (Figure 6.
Shoot and root dry weight, SPAD value, parameters of chlorophyll fluorescence (ETR, qP,
ΦPSII, Φesc, and Fv/Fm), net photosynthesis, intercellular CO2 concentration, stomatal
conductance, photosynthesis-related genes (psbA and psbB), and RWC were grouped to-
gether and exhibited a positive correlation. Antioxidant enzymes (SOD, APX, and GR) and
genes (Mn-SOD, Cu-SOD, Fe-SOD, and APX), contents of proline, GB, soluble sugars and
trehalose, NO, and H2S content were grouped together and were also found to bepositively
correlated with plant dry mass, chlorophyll fluorescence parameters, and photosynthe-
sis parameters. However, H2O2 and TBARS, NPQ, and ethylene contents were grouped
together and showed a negative correlation with other groups of parameters.

3.11. Pearson Correlation

The Pearson correlation heatmap of Taipei-309 and Rasi showed a strong linear corre-
lation of NO, ethylene, and H2S with growth, leaf water status, osmolytes, antioxidants,
and the photosynthesis of plants (Figure 7). The plant growth and photosynthesis variables
showed a negative correlation with the high temperature-induced oxidative stress biomark-
ers like H2O2 and TBARS content. The content of NO, H2S, GB, Tre, SG, and Pro showed a
significant (p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001) positive correlation with plant growth (SDW
and RDW), photosynthetic parameters (SPAD, PN, gs, Ci, Actual PSII, Maximum PSII, qP,
and ETR), the expression of photosynthesis-related genes (PSB A and PSB B), and the level
of antioxidant enzymes. On the other hand, endogenous Eth showed a strong correlation
with oxidative stress, suggesting its potential role and generation during stress conditions.
The photosynthesis-related genes showed a strong dependency upon the relative expres-
sion of Mn-SOD, Cu-SOD, and Fe-SOD and APX. Therefore, these connections portray a
nearby association between NO, Eth, and H2S and plant response to thermo-tolerance in
Taipei-309 and Rasi cultivars.
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Figure 6. Biplots of principal component analysis (PCA) represents the relationship among differ-
ent treatments and variables of two rice cultivars, Taipei-309 (a) and Rasi (b) grown under differ-
ent conditions such as control, high temperature stress; HS (T1), Eth; Eth (T2), sodium nitroprus-
side; SNP (T3), sodium hydrosulfide; NaHS (T4), HS + Eth (T5), HS + SNP (T6), HS + NaHS (T7),
HS + Eth + hypotaurine; HT (T8), HS + SNP + HT (T9), HS + NaHS + norbornadiene; NBD (T10), and
HS + NaHS + 2-4-carboxyphenyl-4,4,5,5 -tetramethylimidazoline-1-oxyl-3-oxide; cPTIO (T11). The
variables included H2O2 (hydrogen peroxide), TBARS (thiobarbituric acid reactive substances), non-
photochemical quenching (NPQ), ethylene evolution, SOD (superoxide dismutase), APX (ascorbate
peroxidase), GR (glutathione reductase) activity, gene expression of (Mn-SOD, Cu-SOD, Fe-SOD, and
APX), contents of H2S (hydrogen sulfide), NO (nitric oxide), proline, trehalose, SG (soluble sugar)
and GB (glycine betaine), gene expression of psbA and psbB, Pn (net photosynthesis), Gs (stomatal
conductance), Ci (intercellular CO2 concentration), SPAD value, Fv/Fm (maximum efficiency of PSII),
ΦPSII (actual efficiency of PSII), Φesc (intrinsic efficiency of PSII), qP (photochemical quenching),
NPQ (non-photochemical quenching), ETR (electron transport rate), RDW (root dry weight), SDW
(shoot dry weight), and RWC% (relative water content).
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Figure 7. Pearson correlation represents the relationship among different variables of two rice cultivars,
Taipei-309 (a) and Rasi (b) grown under different conditions such as control, high temperature stress;
HS (T1), Eth; Eth (T2), sodium nitroprusside; SNP (T3), sodium hydrosulfide; NaHS (T4), HS + Eth
(T5), HS + SNP (T6), HS + NaHS (T7), HS + Eth + hypotaurine; HT (T8), HS + SNP + HT (T9),
HS + NaHS + norbornadiene; NBD (T10) and HS + NaHS + 2-4-carboxyphenyl-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide; cPTIO (T11). The variables included H2O2 (hydrogen perox-
ide), TBARS (thiobarbituric acid reactive substances), non-photochemical quenching (NPQ), ethylene
evolution, SOD (superoxide dismutase), APX (ascorbate peroxidase), GR (glutathione reductase)
activity, gene expression of (Mn-SOD, Cu-SOD, Fe-SOD, and APX), contents of H2S (hydrogen sul-
fide), NO (nitric oxide), proline, Tre (trehalose), SG (soluble sugar) and GB (glycine betaine), gene
expression of psbA and psbB, Pn (net photosynthesis), Gs (stomatal conductance), Ci (intercellular CO2

concentration), SPAD value, maximum efficiency of PSII, actual efficiency of PSII, qP (photochemical
quenching), NPQ (non-photochemical quenching), ETR (electron transport rate), RDW (root dry
weight), SDW (shoot dry weight), and RWC (relative water content).
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4. Discussion

High temperature stress, one of the most common types of abiotic stresses that plants
face in nature, has an independent mode of action on the physiology and metabolism of
plant cells. Previous studies have documented the effects of the application of several
signaling molecules and growth regulators on various plant species; however, there aren’t
many reports on the comparative actions of ethylene, NO, and H2S on rice cultivars under
HS. In the current study, we evaluated the efficacy of ethylene, NO, and H2S in modulating
photosynthesis, growth, osmolytes, antioxidant metabolism, and the potential to ameliorate
oxidative stress-induced impairments in rice cultivars subjected to HS. Among the various
treatments used, 200 μL L−1 ethylene treatments were the most effective, followed by
100 μM SNP and 200 μM NaHS. Meanwhile, we also explored the influence of H2S in
ethylene or NO-mediated tolerance of HS in rice cultivars.

The findings of the present study revealed that HS negatively impacts growth param-
eters and photosynthesis, which could be linked to an elevated level of oxidative stress
indicators in rice plants, as evident from PCA and Pearson correlation. High temperature
stress reduced the SPAD value, stomatal conductance, intercellular CO2 concentration, and
net photosynthetic rate. Heat stress has been observed to cause changes in plant growth,
pigment concentrations, and photosynthesis in various plants [3,4,11,49]. Furthermore,
previous research has found that severe heat stress in plants can result in cellular injury,
cell death, and a reduction in the total dry weight of plants [57,58]. To examine whether
or not Eth, SNP, or NaHS can mitigate the detrimental effect of HS on plant growth at-
tributes and photosynthetic activity, they were sprayed onto the foliage of rice plants.
The result showed that Eth, SNP, or NaHS relatively relieved reduced plant growth and
photosynthesis. Overall, the maximum improvement in plant growth and photosynthesis
was recorded from the plants treated with Eth followed by SNP and NaHS treatments. In
comparison to SNP and NaHS, Eth might be an active growth regulator involved in the
heat tolerance of rice cultivars. To understand more about whether H2S plays a role in
ethylene or NO-induced heat tolerance of rice cultivars, HT, an H2S scavenger, was given
to the plants treated with Eth or SNP under HS stress. The results of this study showed
that when HT was applied along with Eth or SNP, these treatments were ineffective in
enhancing plant growth and photosynthesis when exposed to HS stress. HT reversed the
availability of H2S, and Eth or NO were unable to efficaciously sustain heat tolerance in
rice cultivars. Thus, the findings imply that ethylene or NO causes H2S to be produced
in heat-stressed plants and that H2S increases heat tolerance in rice cultivars. Eth, NO,
and H2S are important gaseous signaling molecules that regulate each other’s behavior,
and H2S might work as a downstream signaling agent of NO and Eth on photosynthetic
and growth under heat stress. In the present study, the supplementation of Eth, NO, and
H2S effectively alleviated heat stress, which was reversed by the supplementation of HT,
a H2S scavenger, suggesting that H2S works as a downstream signaling agent in NO and
Eth-mediated heat stress tolerance. However, in the signaling cascade, H2S may act either
upstream or downstream of NO, and there are complex relationships between NO, Eth,
and H2S that are engaged in a variety of physiological processes and pathways.

Exogenously-applied H2S has been shown to promote growth and reduce lead (Pb)
accumulation in Zea mays plants under Pb stress [59], improve photosynthesis, protect
chloroplast structure, and promote growth in Oryza sativa under Ni stress [60], and improve
the content of photosynthetic pigments and seedling biomass in Cucurbita pepo under nickel
(Ni) stress [61]. H2S and NO are known to increase plant resistance to a variety of stresses,
and they might serve as secondary signals to activate signal pathways downstream. [62,63].
The H2S has previously been shown to act as a downstream signal in the NO-induced
enhanced adaptability of heat in maize plants [64]. The interaction of ethylene and H2S in
heat stress tolerance has been shown [65].

Photosystem II is a pigment-protein complex with many components that are impor-
tant for water splitting, oxygen evolution, and plastoquinone reduction. The photosystem
PS II is more sensitive to environmental stress than PS I in chloroplasts [66,67]. Chlorophyll
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fluorescence parameters have been proven to be an effective measure of stress intensity [68].
The result of the present study demonstrated that chlorophyll fluorescence parameters were
reduced in heat-exposed rice plants, which contributed to the decrease in net photosynthe-
sis. Under HS stress, there was a decrease in ΦPS II, Fv/Fm, Φesc, ETR, and qP, as well as an
increase in NPQ. This indicates that heat stress-induced ROS production causes a decrease
in PS II reaction center activity and renders the reaction center unable to use light energy
efficiently. Havaux [69] observed an irreversible decline in the photochemical efficiency
after 90 min of exposure of Solanum tuberosum plants to 39.5 ◦C, whereas Camejo et al. [70]
showed that heat-sensitive tomato (Lycopersicon esculentum Mill. cv. Campbell-28) plants
exhibited a decline in Rubisco activity and PS II performance after exposure of plants to
45 ◦C for 2 h. Heat stress not only enhances thylakoid membrane fluidity but also causes
protein complexes and photosystems to reorganize and even dissociate [71,72]. Extreme
heat stress causes structural changes in protein complexes, photosystem degradation, and
a loss of oxygen-evolving activity, all of which impair the photosystem’s ability to transfer
electrons [73]. The application of Eth, SNP, or NaHS reversed photo-inhibition and the
impairment of photosynthetic characteristics caused by HS. Furthermore, the application of
HT along with Eth or SNP enhanced the detrimental effects of HS and reversed the mitiga-
tion effects of Eth or SNP on chlorophyll fluorescence attributes, implying that H2S plays an
important role in regulating the impact of HS on photosynthetic attributes. As a result, H2S
is implicated in the augmentation of PS II reaction center activity via ethylene or NO in rice
cultivars subjected to heat stress, and it participated with ethylene or NO to improve light
energy utilization efficiency. It has previously been demonstrated that ethylene application
contributes to waterlogging stress reduction by strengthening photosynthetic pigment or
improving electron transport [74]. According to Shi et al. [75], the Fv/Fm and ETR were
higher in the presence of SNP, indicating that NO partially alleviated photodamage in
UV-B-stressed bean leaves. In a previous study on the mung bean cultivars, it was reported
that ethylene and H2S can protect photosynthesis against hexavalent chromium stress [37].

In this study, we assessed the RWC of rice cultivars under various treatments. Under
HS stress, RWC declined significantly in both rice cultivars, with Rasi experiencing a
greater decrease. Heat stress may reduce the water status of the leaves by reducing the
hydraulic conductance, resulting in a decrease in water absorption, or by lowering stomatal
conductance [76]. In this study, the heat-sensitive cultivar Rasi was shown to lose more
water than Taipei-309, the heat-tolerant cultivar. Individual applications of Eth, SNP, or
NaHS significantly altered the RWC of rice cultivars in which Eth showed better results than
SNP and NaHS treatments. Furthermore, the applications of Eth, SNP, or NaHS enhanced
the RWC of leaves under HS, thereby reducing heat-related plant damage. Intriguingly, the
treatment of HT with Eth or SNP reversed this effect, suggesting that H2S was involved in
ethylene or NO-induced changes in RWC in rice cultivars under HS stress. NO treatment,
according to Khan et al. [77], benefitted mustard plants in retaining more water when
subjected to salt stress. Similarly, Li et al. [78] observed that H2S maintained leaf RWC in
cadmium (Cd)-stressed seedlings of Brassica rapa. Higher leaf RWC may have enhanced
stomatal conductivity and, as a result, photosynthetic activity and biomass production [79].
Tomato plants treated with NaHS or Eth showed no decrease in RWC in response to low
osmotic stress but did show a slight decrease in response to severe osmotic stress [38].

Many organisms counteract the environmental challenges by accumulating low molec-
ular weight water-soluble substances known as osmolytes. Under heat stress, the accumula-
tion of osmolytes aids in osmotic adjustment increases the concentration of cell protoplasm
to maintain proper membrane function and quenches ROS in plants. [80,81]. The reason
for higher proline levels is related to the synthesis and accumulation of free amino acids
under stressed conditions [82]. Furthermore, GB accumulated in transgenic tobacco plants
improved PS II thermo-tolerance from heat stress [83]. Osmolytes serve as stress markers
and hence play an important role in stress reduction. Zea mays L. plants subjected to copper
(Cu) and Pb exhibited higher levels of proline, which protected them from an oxidative
burst and helped to maintain cell structures [84]. Heat tolerance, a crucial physiological trait
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for heat resistance, necessitates the accumulation of sugars in plants and the availability
of carbohydrates [85]. A non-reducing disaccharide known as trehalose accumulated in
Arabidopsis plants exposed to heat stress and served as a ROS scavenger in heat-exposed
wheat plants [86,87]. Trehalose is essential for maintaining growth under adverse condi-
tions because it controls how efficiently most plants use water and stomatal movement [88].
According to Li et al. [89] trehalose serves as an osmoprotectant during water deficit, which
aids in stabilizing dehydrated enzymes, proteins, and membrane lipids and guards against
damage to biological structures.

The results of the present study showed that heat stress treatment increased the levels
of osmolytes such as proline, GB, trehalose, and soluble sugars; however, these increased
levels of osmolytes were unable to counteract heat stress and settled the stressed rice
cultivars with decreased water status. However, the application of Eth, SNP, and NaHS to
stressed rice cultivars augmented proline, GB, and trehalose levels, which reduced heat
stress and enabled plant cells with increased osmotic pressure to take in more water as
evidenced by enhanced RWC. On the other hand, the application of HT with Eth or SNP
under heat stress lowered the amount of these osmolytes, confirming the role of H2S in
the ethylene- or NO-mediated osmotic adjustment of plants. Previously, it was shown
that NO-induced H2S generated an increase in proline and GB, which protected wheat
plants from osmotic stress-induced oxidative stress [90]. The observed augmentation of
proline, GB, total soluble sugars, and total soluble proteins in response to NO application
potentially improved salt tolerance through osmotic regulation [77]. Under heat stress
and after applying ABA and NO, trehalose accumulation increased even more [91]. In
P. eryngiivar. tuoliensis under heat stress, trehalose accumulation increased with NO [92].
Heat-stressed rice cultivar leaves accumulated higher levels of H2O2 and TBARS contents.
Increased levels of ROS may be attributed to the altered photosynthetic process in rice
cultivars under heat stress. The enhanced ROS levels were accompanied by increased
lipid peroxidation. However, Eth, SNP, or NaHS application resulted in a reduction in the
levels of H2O2 and TBARS in both heat-stressed cultivars, more effectively in Taipei-309.
Therefore, the application of Eth, SNP, or NaHS could be a useful strategy to prevent
plants from oxidative damage brought on by HS. These results show that Eth treatment
alleviated heat-induced oxidative damage more effectively than SNP and NaHS in rice
cultivars by lowering H2O2 and TBARS contents. An excess in ROS could cause severe
damage to lipids and proteins, which is a major cause of plant growth reduction [93].
However, using HT with Eth or SNP dramatically reversed this effect and resulted in
considerable cell membrane damage exhibited as a significant increase in TBARS and H2O2
levels. The elimination of H2S via scavenging resulted in the production of ROS again.
It reveals that ethylene or NO-induced H2S were involved in reducing stress intensity in
plants by scavenging ROS and decreasing lipid peroxidation, hence minimizing oxidative
damage. Moreover, investigations have shown that individual applications of ethylene or
H2S have the capacity to reduce the levels of ROS in plants under abiotic stress [94,95]. The
treatment of NO has an important role in enhancing endogenous H2S production, which
helps plants resist abiotic stress-induced oxidative stress by reducing ion leakage, H2O2,
O2

−, and TBARS levels [96–98]. NO has been found to reduce lipid peroxidation and ROS
production in plants grown in Cd and Cu-enriched environments [23,99].

The result showed that HS resulted in oxidative stress as observed by the excessive
production of ROS. Overproduction of ROS occurs in stressed cells when the cellular antiox-
idant defense mechanism is slower than the ROS synthesis that causes oxidative stress. In
the present study, under HS, the activities of antioxidant enzymes, APX, GR, and SOD were
enhanced; simultaneously, the H2O2 and TBARS content also increased in both the cultivars.
As a result, increased levels of antioxidant enzymes in heat-stressed plants were insufficient
to detoxify ROS, resulting in an excess of H2O2 and TBARS accumulation. Meanwhile, the
application of Eth, SNP, or NaHS to heat-stressed plants increased antioxidant enzyme
activity to the point where it was capable of detoxifying ROS by significantly lowering the
levels of H2O2 and TBARS. Furthermore, in heat-challenged plants, the treatment of HT
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with Eth or SNP caused an alteration in the antioxidant enzyme activities induced by Eth
or SNP. According to the present study, the exogenous application of SNP or Eth induced
H2S production and improved heat stress tolerance, which could be altered by treatment
with an HT, suggesting that NO or ethylene-activated H2S might be required for heat stress
response in rice plants. Under stress, the levels of ROS are tightly regulated by enzymatic
and non-enzymatic antioxidants, determining the stressed plant’s fate. The enzyme SOD
is well-known for dismutating superoxide (O2

− radicals to hydrogen peroxide (H2O2),
whereas APX and GR transform H2O2 to water and oxygen. An increase in H2O2 levels due
to an inhibition in APX activity could damage lipids and proteins [98]. Exogenous NO may
stimulate the synthesis of endogenous NO, that can function as a signaling molecule or ROS
scavenger under intense stress circumstances by controlling and improving the activities
of antioxidant enzymes [100,101]. Through explorations into the effects of exogenous H2S
in wheat during flooding-induced hypoxic stress, it has been reported that NaHS appli-
cation positively enhanced the activity of certain enzymes, including APX and GR [102].
In arsenate-only treated seedlings, the addition of NaHS raised NO levels, implying that
both (H2S and NO) cause the upregulation of the ascorbate-glutathione (AsA and GSH)
cycle to counterbalance ROS-mediated damage, resulting in enhanced pea seedling growth
according to Singh et al. [98]. Additionally, NO plays a crucial role in encouraging endoge-
nous H2S production, which increases the activity of antioxidant enzymes and aids wheat
plants in tolerating oxidative stress brought on by osmotic stress [92]. Furthermore, NO
and H2S promote protein post-translational modifications via S-nitrosylation and tyrosine
nitration. The altered protein function and activity caused by such Pb modifications may
have given plants greater tolerance to abiotic stress [103,104]. Consistent with the accumu-
lation of antioxidant enzymes in rice cultivars subjected to heat stress, either alone or in
combination with Eth, SNP, or NaHS, the expression of SOD isoforms (Mn-SOD, Fe-SOD,
Cu-SOD) and APX genes were also upregulated in treated rice cultivars. This suggested
that up-regulation of SOD isoforms and APX genes could improve the activities of the
SOD and APX enzymes, hence protecting cells from oxidative damage caused by HS stress.
The activity of SOD isoenzymes is increased by ethylene in Arabidopsis plants under Cd
stress, which affects root morphology [105]. In EIN2-1 mutant plants, higher transcription
levels of Cu/Zn SOD2 and CAT3 resulted in higher SOD and CAT enzyme activity when
compared to control plants [106,107]. In contrast, other investigations have revealed that
inducing ethylene under abiotic stress could be harmful to plants, decreasing the activity
of antioxidative enzymes and increasing the accumulation of ROS [108,109]. The hormone,
NO’s antioxidant property may be due to its direct interaction with ROS, which is then
neutralized by several cellular processes, or NO could boost the antioxidant potential of
cells by enhancing antioxidant enzyme activities [110]. At the post-translational level, NO
modulates APX through S-nitrosation of cysteine residues, which enhances its activity, and
metal nitrosation and tyrosine nitrosation, which both decrease its activity [111,112]. In a
prior study, NaHS root pretreatment boosted the gene expression of antioxidant enzymes
(cAPX, CAT, Mn-SOD, and GR), heat shock proteins (HSP70, HSP80, and HSP90), and
aquaporins (PIP) [113]. Furthermore, we found that HT treatment with Eth or SNP under
HS stress reversed Eth- or SNP-induced upregulation of SOD isoforms and APX genes.
In Solanum lycopersicum, ethylene and H2S fumigation sustained higher levels of SlAPX1,
SlAPX2, and SlCAT3 expression [39].

A previous study indicated that HS stress may enhance NO synthesis in tobacco [114]
and higher plants [115]. Similarly, in this study, HS stress increased NO levels in rice cultivar
leaves. Furthermore, plants under HS stress had higher levels of H2S in their leaves. Similar
to these results, increased H2S generation was seen in wheat [36] and maize [116] exposed
to heat stress, as well as bermudagrass exposed to cold, salt, and osmotic stresses [87].
In our experimental conditions, a rise in both NO and H2S levels under HS stress was
detected, which is in good agreement with these reports. In the present study, donors
and inhibitors of H2S and NO were applied to rice cultivars subjected to heat stress in
order to better understand the interaction between H2S and NO. In this study, NaHS,
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SNP, and Eth treatment raised NO content in rice cultivar leaves in both heat-stressed
and no-stress conditions; such an increase has previously been documented in barley and
wheat plants [117,118]. Under HS stress, the decrease in NO content was greatest when
HT was combined with Eth or SNP, which affected stress alleviation. Research indicates
an interaction between NO and H2S and it was recently reviewed [119]. Similarly, SNP,
Eth, or NaHS treatment improved the H2S content in leaves of rice cultivars in control and
stressed plants, but significantly with NaHS treatment. Furthermore, the suppression of
ethylene and NO in the presence of NaHS under HS stress using their inhibitors NBD and
cPTIO, respectively, had no significant influence on H2S levels.

Ethylene is produced in response to a variety of environmental stresses, implying that
it acts as a connection between environmental change and developmental adaptability [120].
Ethylene increases photosynthesis and dry matter accumulation in plants under optimal
and stressful environments. However, ethylene homeostasis is important for plant response
and stress tolerance since excess ethylene formation under stress condition negatively
impacts plant physiological and metabolic functions and plant growth. The involvement
of ethylene in heat stress tolerance has been investigated earlier [17,49]. Previous studies
have shown that heat stress, particularly in the 30–38 ◦C range, causes an increase in
ethylene production in plants such as Phaseolus vulgaris [121] and Triticum aestivum [122].
Salt tolerance depends on ethylene production, and ethylene signaling is crucial for plants
to self-correct quickly in response to salinity stress and to adapt better to the stress condi-
tion [123]. Under heat stress conditions, plants release stress ethylene by the same process
that produces ethylene during normal development. In the present study, the ethylene level
in heat-stressed plants was higher than control plants because of the burst of ethylene that
occurred under stress. The application of ethephon following heat treatment resulted in
ethylene release that showed protective functions at this stage and induced mechanisms of
the activation of the antioxidant system to scavenge ROS and relieve plants from the stress.
As the plants were relieved from the stress, the burst of stress ethylene was minimized
resulting in a lower level of ethylene compared to heat-stressed plants. It has been shown
that when plants are exposed to conditions that threaten their ability to survive, the same
mechanism that produces ethylene for normal development instead functions to produce
what is known as stress ethylene [124]. The paradoxical effects of stress ethylene on plants
were shown emphasizing the fact that in stressed plant tissues, there is an initial small
peak of ethylene close in time to the onset of stress and the second much larger peak some
time later. The first small peak shows the protective response of plant. The second peak
is so large that processes that are inhibitory to plant survival are initiated [124]. Thus, the
modulation of ethylene production could reduce the stress-related injuries. According
to studies, the signaling molecule NO modulates endogenous ethylene levels at different
levels by altering a variety of pathways, leading to post-climacteric biochemical changes
related to fruit quality [125]. In the current study, the application of SNP or NaHS resulted
in lower ethylene levels more notably when there was no stress, compared to HS plants. It
was recently proposed that H2S counteracts the effect of ethylene action in banana fruit
ripening and senescence [126]. As a result, H2S might be able to resist ethylene function.
Furthermore, H2S, which is similar to NO, inhibits 1-amino-cyclopropane carboxylic acid
oxidase (ACO) activity in tomato leaves [127]. In this study, we used HT to investigate the
mechanism of H2S and its effect on ethylene levels. Under HS stress, the application of HT
with Eth or SNP increased the level of ethylene.

Furthermore, HS conditions have been shown to affect the light-harvesting complex,
water-oxidizing complex, and PS II reaction center [128]. Chloroplast gene expression
and responses to environmental stress may be related [31]. The chloroplast genes psbA
and psbB encode the D1 protein of PS II and the PS II chlorophyll-binding protein (CP47),
respectively [129,130]. In the present study, the qRT-PCR analysis revealed that heat stress
downregulated the expression of the psbA and psbB genes, which were linked to PS II
inactivation. Reduced photosynthetic pigments and organic solutes, such as soluble sugars,
sucrose, and proline, were associated with the deleterious consequences of HS stress [131].
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Salt stress was reported to cause the degradation of D1 protein (encoded by the psbA gene)
in Avena sativa plants, as well as the downregulation of psbA, psbB, psbC, and psbD [132].
Meanwhile, Eth, SNP, or NaHS treatments upregulated the psbA and psbB gene expression
of heat-stressed rice cultivar leaves, which may be responsible for PS II stability under heat
stress. Notably, the expression of the investigated genes was significantly higher in Eth-
treated leaves compared to SNP and NaHS leaves. Photosystem II tolerance to high light
would be improved by enhanced psbA transcription and translation [31]. On the contrary,
the application of HT along with Eth or SNP under HS resulted in the downregulation of
psbA and psbB gene expression. It was investigated that H2S was involved in the ethylene-
or NO-mediated protection of photosynthetic machinery during HS stress, hence enhancing
photosynthetic efficiency and mitigating the negative consequences of HS stress.

In the present study, the data were also examined using PCA in order to identify
and classify the enormous data set in terms of growth, physio-biochemical and molecular
characteristics into a manageable set of dynamically interrelated variables [133–135]. The
PCA explained 94.70% and 94.67% of the data variability in Taipei-309 and Rasi, respectively,
which accords with Sneath and Sokal [136], who considered that data must account for at
least 70% of the total variability. The lines originating from the central point of the biplot
represent correlations between various variables, with the closeness of the lines indicating
the strength of the correlation with a specific treatment. Treatments such as (HS + Eth + HT),
(HS + SNP + HT), and control were distributed in left quadrant, i.e., in the negative direction.
However, treatments such as Eth, SNP, and NaHS with no stress and HS stress were present
away from the origin in a positive direction. Growth and physiological attributes clustered
opposite to oxidative stress attributes and NPQ. Biplot categorized the traits into three
groups. The first group provided three treatments, Eth, SNP, and NaHS, under control
conditions. These treatments were correlated to the variables including the dry weight
of root and shoot, chlorophyll fluorescence, photosystem II genes, photosynthetic traits,
and leaf RWC. This suggests that under control conditions, these treatments significantly
increased these traits. Afterward, Eth, SNP, and NaHS under HS were grouped together.
These treatments have a significant association with antioxidant enzyme activity (SOD, APX
and GR), antioxidant genes (Mn-SOD, Cu-SOD, Fe-SOD, and APX), and osmolytes (proline,
GB, soluble sugar, and trehalose), NO, and H2S content. In addition, HS treatment shows a
significant association with oxidative stress markers (H2O2 and TBARS), NPQ, and ethylene
levels. However, treatments with inhibitors and scavengers such as HT (HS + Eth + HT)
and (HS + SNP + HT), NBD (HS + NaHS + NBD) and cPTIO (HS + Eth + cPTIO) seemed
to have no significant association with any parameter. This analysis confirmed our results
that HS stress reduced the majority of morpho-physiological and biochemical traits while
increasing H2O2 and TBARS content and NPQ in the two cultivars tested. On the other
hand, Eth, SNP, and NaHS increased most of the traits under control and heat conditions.
In contrast, the application of HT did not demonstrate any significant association with any
parameters A proposed model to show the significance of ethylene, NO and H2S in high
temperature stress tolerance is presented in Figure 8.

To further confirm the role of ethylene and NO in H2S-mediated thermotolerance, we
run our dataset for Pearson correlation. The correlation between all paired attributes of
antioxidant enzymes, their relative expression and osmolytes were positively significant
with growth and photosynthesis parameters and negatively correlated with oxidative
stress markers.
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Figure 8. Proposed model for the role of ethylene, NO and H2S in the alleviation of high tem-
perature stress in rice (Oryza sativa L.) NBD; norbornadiene, cPTIO; 2-4-carboxyphenyl-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide, HT; hypotaurine.

5. Conclusions

In summary, signaling molecules such as ethylene, H2S, and NO have been found as
promising for enhancing rice plants’ thermo-tolerance, as well as growth and photosynthe-
sis, particularly more in Taipei than Rasi. However, in both rice cultivars, Eth was more
effective than SNP and NaHS in alleviating HS. The activation of antioxidant enzymes,
the detoxification of ROS, and the higher accumulation of osmolytes caused by the use of
signaling molecules equipped the plants in combating the negative effects of heat stress.
In addition, the scavenging of H2S by HT subsequently damaged the rice plants in the
presence of Eth or SNP, confirming that the beneficial action of Eth and SNP is, at least to
some extent, reliant on H2S.
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Abstract: The Bcl-2-associated athanogene (BAG) family, a group of co-chaperones that share conser-
vative domains in flora and fauna, is involved in plant growth, development, and stress tolerance.
However, the function of tomato BAG genes on thermotolerance remains largely unknown. Herein,
we found that the expression of BAG9 was induced during heat stress in tomato plants. Knockout
of the BAG9 gene by CRISPR/Cas9 reduced, while its overexpression increased thermotolerance
in tomato plants as reflected by the phenotype, photosynthesis rate, and membrane peroxidation.
Heat-induced reactive oxygen species and oxidative/oxidized proteins were further increased in
bag9 mutants and were normalized in BAG9 overexpressing plants. Furthermore, the activities of
antioxidant enzymes, ascorbic acid (AsA)/dehydroascorbic acid (DHA), and reduced glutathione
(GSH)/oxidized glutathione (GSSG) were reduced in bag9 mutants and were increased in BAG9 over-
expressing plants under heat stress. Additionally, BAG9 interacted with Hsp20 proteins in vitro and
in vivo. Accumulation of Hsp proteins induced by heat showed a reduction in bag9 mutants; mean-
while, it was increased in BAG9 overexpressing plants. Thus, BAG9 played a crucial role in response
to heat stress by regulating cellular redox homeostasis and the stability of heat shock proteins.

Keywords: antioxidants; BAG9; Hsps; Solanum lycopersicum; thermotolerance

1. Introduction

Global warming exacerbates the occurrence of extreme weather, among which high
temperature is a major environmental threat to crop yields [1]. Under heat stress, the
ultrastructure and function of chloroplasts and mitochondria suffer damage, resulting
in a burst of reactive oxygen species (ROS), such as singlet oxygen, superoxide anion,
hydrogen peroxide, and hydroxyl [2]. The accumulation of ROS leads to the damage of
nucleotides, membrane lipid peroxidation, and protein denaturation [3,4]. Furthermore,
protein denaturation induced by high temperature results in oxidation, misfolding, and
aggregation of proteins. The gathering of these proteins leads to cell death in the absence
of chaperones, proteasomes, and autophagy systems [5].

Molecular chaperones help in maintaining protein homeostasis under heat by restoring
the native conformation of proteins and preventing the aggregation of non-native proteins
for later folding or assembling [6]. Five groups of molecular chaperones heat shock proteins
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(Hsps) have been identified, including small heat shock proteins (sHsps)/Hsp20, Hsp60,
Hsp70, Hsp90, and Hsp100 [7,8]. They not only protect proteins, but also increase the
stability of lipid membranes, membrane proteins such as the photosystems, and soluble
proteins [9]. Small Hsps are distinguished from other Hsps since they work in an ATP-
independent manner to form a complex with non-native proteins preventing the harmful
aggregation of proteins under stress [10]. Overexpressing OsHsp18.2 in Arabidopsis highly
enhanced the activity of seeds and the percentage of germination under heat stress [11].
Hsp60 especially improved the thermotolerance of plastid proteins such as Rubisco and
retarded cell death [12,13]. Hsp90 interacted with the FK506 binding proteins (FKBPs) reg-
ulating thermotolerance [14]. In Hsp100 class, Hsp101 exhibited significant heat resistance
and functioned well in recovery from heat shock [15,16]. Co-operation between Hsp100
and heat stress-associated 32-KD protein (HSA32) promoted the effects of heat acclimation
in rice seedlings [17].

Among Hsps, Hsp70 regulating mechanism has been widely researched [18]. The work
of hsp70 is assisted by a large chaperone system [19–21]. Under cell stress, ATP hydrolysis
is indispensable for the binding of Hsp70 to polypeptide chains in non-native protein
structures [22]. J-proteins are significant components in the Hsp70 chaperone system, which
involve in heat stress response by regulating ATP activity, thus enhancing the binding
affinity of Hsp70 with unfolded peptides or other substrates [23]. Nucleotide exchange
factors (NEFs) are also necessary co-chaperones in the Hsp70 system [24]. Bcl-2-associated
athanogene (BAG) has been identified as a NEF chaperone family, which contains a BAG
domain interacting with Hsp70 on its ATPase domain, influencing nucleotide exchange by
assisting ATP to bind with Hsp70 and releasing ADP, enhancing protein quality control.
The BAG family may establish an association between the Hsp chaperone system and
its substrates [25].

As chaperones, the BAG family in plants plays various roles in response to multiple
stresses such as heat, freezing, salinity, drought, and ultraviolet (UV) [26,27]. For tempera-
ture resistance, Atbag2 or Atbag6 mutants survived worse under heat [28]. Upon sensing
heat, the processed AtBAG7 entered the nucleus from the endoplasmic reticulum (ER)
to interact with WRKY29, initiating unfolded protein response (UPR) pathway to en-
hance thermotolerance [29,30]. For pathogen resistance, BAG6 activated autophagy by
being cleaved by aspartyl protease (APCB1) upon recognizing an intrusive pathogen in
Arabidopsis thaliana [31]. Similarly in rice, enhanced blight and blast resistance 1 (EBR1)
targeted OsBAG4, ubiquitinating and degrading it for immunity regulation and extensive
defense against disease [32]. For inhibiting senescence, the signal complex calmodulin-
like motif (CaM)/AtBAG5/heat shock cognate 70 (Hsc70) upregulated a high level of
Ca2+ in mitochondria to inhibit senescence [33]. Likewise in tomato, BAG2 and BAG5b
improved the resistance to dark-induced leaf senescence [34]. Various abiotic stresses
induced AtBAG4 and regulated ion channels and stomatal motion by interacting with and
adjusting KAT1 [35,36].

Tomato is one of the main economic crops in protected cultivation. Heat stress de-
ranges metabolic imbalance in tomato, highly decreasing the quality and production [37].
However, the mechanism of BAGs affecting the thermotolerance of tomato is unclear.
To further explore the role of the BAG chaperone family under heat stress and its relation-
ship with Hsps, we generated BAG9 overexpressing lines and bag9 mutants and treated
them with high temperature. We observed the phenotypes and measured a range of re-
sistance indicators. Results showed that bag9 was more sensitive to heat stress compared
to the wild type (WT), while BAG9 overexpressing plants showed the opposite tendency.
It indicated a positive regulatory effect of BAG9 in temperature tolerance.

2. Materials and Methods

2.1. Phylogenetic Analysis and Structural Domain Prediction of BAG Family

The amino-acid sequences of BAG family proteins in Solanum lycopersicum, Arabidopsis
thaliana, Oryza sativa, and Nicotiana tabacum were obtained from the Ensembl Plants database
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(http://plants.ensembl.org (accessed on 4 May 2020)). The set of protein sequences was im-
ported into the Molecular Evolutionary Genetics Analysis tool (MEGA 11) and multiplexed
using the ClustalW method and exported in MEGA format. The phylogenetic tree was
constructed using the maximum likelihood tree (ML) method and the bootstrap analysis
was applied with 1000 replicates/iterations. Finally, the constructed phylogenetic tree
was polished with Evolview (http://evolgenius.info (accessed on 5 May 2020)). Structural
domains of the BAG family in tomato were analyzed using the native InterProScan pro-
gram (http://www.ebi.ac.uk/interpro/ (accessed on 5 May 2020)). The structural domain
sequences were obtained from the Pfam database and the structural schematics were man-
ufactured using Domain Graph (DOG) software (http://dog.biocuckoo.org/ (accessed on
5 May 2020)).

2.2. Plant Material, Growth Condition, and Heat Treatment

Ailsa Craig (AC) of tomato from Tomato Genetics Resource Center (TGRC) was used
as a wild type (WT). Peat and vermiculite were mixed in a suitable ratio (7:3, v:v) for
seedling growth. Hoagland nutrient solutions were used twice a week to supplement the
tomato with nutrients. The growing conditions of plants were ensured according to the
following criteria: photoperiod was performed by 14 h/10 h (day/night), the ambient air
temperature was kept by 25 ◦C/20 ◦C (day/night), and photosynthetic photon flux density
was arranged to 400 μmol m−2 s−1. Plants at the five-week seedling stage were used for
the following experiments. Two groups of AC, OE-BAG9, and bag9 plants were separated.
The control group and the heat stress group were treated for 10 h at 25 ◦C and 45 ◦C,
respectively, in growth chambers (Qiushi, Hangzhou, China). Except for the temperature
in the growth chambers, other environmental parameters remained the same as previously
described. Leaf samples were collected at different times from heated or unheated tomato
plants, then frozen rapidly in liquid nitrogen and stored at −80 ◦C before analysis for gene
expression, malondialdehyde (MDA), antioxidant, enzyme activity, and immunoblotting.
While after being treated for 7 h, leaf samples were collected from the control group and
the heat stress group and then immediately analyzed for a maximum quantum yield of
PSII (Fv/Fm) and 3,3′-diaminobenzidine (DAB) and nitroblue tetrazolium (NBT) staining.

2.3. Construction of Plant Expression Vector and Tomato Transformation

To generate the BAG9-overexpressing lines, BAG9 full-length coding sequence (CDS) was
amplified with the forward primer (5′-gggcgcgccgatatcgtcgacATGGAGAATCTCTTCAATTGG
TCC-3′) and reverse primer (5′-aacatcgtatgggtaggtaccGCTGCCGGAAACAATGGAG-3′)
using tomato complementary DNA (cDNA) as the template. To insert the PCR product
into the pFGC1008-HA vector behind the cauliflower mosaic virus (CaMV) 35S promoter,
the product was digested with AscI and KpnI. As described previously, CRISPR/Cas9
vectors were constructed and used to generate bag9 mutants [38]. Using the CRISPR-P web
tool (http://crispr.hzau.edu.cn/ (accessed on 11 September 2020)), the target sequences
(5′-GCTCGCCGTCGCTATTCCTC-3′) were achieved and subsequently introduced into
the BbsI site of the AtU6-sgRNA-AtUBQ-Cas9 vectors following annealing into the double
strands. The fragments of the AtU6-sgRNA-AtUBQ-Cas9 were fused to the KpnI and HindIII
sites of the pCAMBIA1301 binary vectors. The final vectors were introduced into tomato
AC via A. tumefaciens-mediated transformation. A homozygous T2 BAG9 overexpressing
line was used for experiments and identified by Western blot using an anti-HA (26183,
Thermo Fisher Scientific, Waltham, MA, USA) monoclonal antibody (Figure S1A). bag9
mutant contained mutations near the protospacer adjacent motif (PAM), which induced
mismatched amino-acid sequence and terminated translation (Figure S1B).

2.4. Total RNA Extraction and Gene-Expression Analysis

RNA extraction kits were used for obtaining total RNA (DP419, Tiangen, Beijing,
China). The HiScript Q RT SuperMix for the quantitative real-time PCR (+gDNA wiper)
Kit (R223, Vazyme, Nanjing, China) was used to produce first-strand cDNA from 500 ng
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of total RNA. ChamQ Universal SYBR qPCR Master Mix (Q711, Vazyme, Nanjing, China)
and Light Cycler® 480 II Real-Time PCR detection system (Roche, Basel, Switzerland)
were used in the RT-qPCR. In this program, predenaturation at 95 ◦C for 3 min, followed
by 40 cycles of denaturation at 95 ◦C for 30 s, annealing at 58 ◦C for 15 s and 72 ◦C for
30 s, and a final extension at 72 ◦C for 30 s. Table S2 listed primers used for RT-qPCR,
as well as tomato Actin as an internal control. To calculate relative gene expression, the
2−ΔΔCT method was used, and a heat-map analysis was conducted using MEV version 4.9
(http://www.mev.tm4.org/ (accessed on 10 June 2020)). At the bottom, the intensity of the
color bar showed the intensity of expression.

2.5. Gas Exchange and Chlorophyll Fluorescence Measurements

The infrared gas analyzer-based portable photosynthesis system (LI-6400T, Li-Cor
Inc., Lincoln, NE, USA) was applied for measuring the net photosynthetic rate (Pn)
in plants under heat or controlled environment. The measurements were carried out
at 1000 μmol m−2 s−1 photosynthetic photon flux density (PPFD), 400 μmol mol−1 atmo-
spheric carbon dioxide (CO2) concentrations, and 25 ◦C leaf temperature, respectively.
Fluorescence measurements for chlorophyll were conducted using a MAXI Version of the
Imaging-PAM M-Series fluorescence system (Heinz-Walz, Effeltrich, Germany). For 30 min
prior to measurement, plants were kept in the dark. According to previous descriptions,
the maximum quantum yield of PSII (Fv/Fm) was measured and calculated [39].

2.6. Analysis of H2O2, O2
•− and Malondialdehyde (MDA)

In order to observe the accumulation of hydrogen peroxide (H2O2) and superoxide
anion (O2

•−) on leaves, the DAB and NBT staining were performed as previously described
with minor modifications [40].

For O2
•− staining, leaf samples were stained with 0.5 mg mL−1 NBT in 25 mM N-2-

hydroxyethylpiperazine-N-ethane-sulphonic acid (HEPES) (pH 7.8) and incubated in the
dark under 25 ◦C for 6 h. For H2O2 staining, leaf samples were stained with 1 mg mL−1

DAB in 50 mM Tris-HCl (pH 3.8) and incubated at 25 ◦C for 12 h in the dark. In both
cases, leaf samples were washed in 95% (v:v) ethanol for 10 min at 95 ◦C, kept in lactic
acid/phenol/water (1:1:1; v:v:v), and photographed.

The H2O2 concentration in the leaves was quantified based on the method described
previously with minor modifications [41]. In brief, a 0.3 g leaf sample was taken for analysis.
After being ground with 3 mL 0.2 M HClO4 in liquid nitrogen, the material was centrifuged
at 6000 g for 10 min at 4 ◦C. A total of 4 M KOH was used to neutralize the pH to about
6–7. 0.05 g activated carbon was added and the solution was centrifuged at 12,000× g for
5 min at 4 ◦C. The 0.22 μm filter membrane was used to filter the supernatant into a new
centrifuge tube to obtain extracting solution. A total of 100 mM potassium acetate buffer
(pH 4.4, containing 1 mM ABTS) was used as the reaction buffer. For the nonenzymatic
tube reaction system, 1 mL H2O2 sample and 1 mL reaction buffer were mixed and the
absorption peak at 412 nm was determined. For the enzyme tube reaction system, 1 mL
H2O2 sample, 996 μL reaction buffer, and 4 μL horseradish peroxidase (POD) were mixed.
Finally, the absorption peak at 412 nm was determined to measure the content of H2O2.
The content of MDA in the leaves was measured according to a previous protocol [39].
Extracted leaves were heated at 95 ◦C for 25 min with trichloroacetic acid containing 0.65%
2-thiobarbituric acid (TBA). By subtracting the absorbance at 532 nm of a TBA-free solution
containing the plant extract, non-MDA compounds were corrected.

2.7. Antioxidant and Enzyme Activity Assays

For nonenzymatic antioxidant assays, approximately 100 mg of leaf sample was pow-
dered in liquid nitrogen and extracted into 1 mL 0.2 M HCl. The solution was centrifugated
by 12,000 g for 10 min under 4 ◦C and then 0.2 M NaOH was used to neutralize the
mixed solution to pH 4–5 containing 500 μL supernatant of the last step and 100 μL 0.2 M
phosphate buffer (pH 5.6). Finally, spectrophotometric assays were used to measure the
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extracting solution for ascorbic acid (AsA)/dehydroascorbic acid (DHA), and reduced
glutathione (GSH)/oxidized glutathione (GSSG) according to previous methods [42].

To measure antioxidant enzyme activity, 300 mg leaf sample was milled with 3 mL
of ice-cold enzyme buffer containing 25 mM HEPES, 0.2 mM ethylene diamine tetraacetic
acid (EDTA), 2 mM AsA, and 2% polyvinylpolypyrrolidone (w:v) (pH 7.8). The extracting
solution was centrifugated at 12,000× g for 10 min under 4 ◦C and then the supernatants
were kept for measurement. Subsequently, SHIMADZU UV-2410PC spectrophotometer
(Shimadzu, Kyoto, Japan) was employed to detect enzyme activity. The activities of
antioxidant enzymes catalase (CAT), ascorbate peroxidase (APX), glutathione reductase
(GR), and dehydroascorbate reductase (DHAR) were analyzed according to the previous
protocol with minor modifications [43]. For analyzing CAT activity, 100 μL of enzyme
solution, 1700 μL of 25 mM phosphate buffer Solution (PBS) (PH 7.0, containing 0.1 mM
EDTA), and 200 μL of 100 mM hydrogen peroxide were mixed. The kinetic changes of
OD240 were determined according to the kinetic program, and the enzymatic reaction rate
was calculated by taking the kinetic changes of 10 s. For analyzing APX activity, 100 μL
of enzyme solution, 1700 μL of 25 mM PBS (pH 7.0, containing 0.1 mM EDTA), 100 μL of
20 mM H2O2, and 100 μL of 5 mM AsA were mixed together at 25 ◦C. The kinetic changes
of OD290 were determined according to the kinetic program, and the enzymatic reaction
rate was calculated by taking the kinetic changes of 10 s. The reaction rate without H2O2
was used as blank control. For analyzing GR activity, 100 μL of enzyme solution, 1700 μL of
25 mM PBS buffer (PH7.8, containing 0.2 mM EDTA), 100 μL of 10 mM GSSG, and 100 μL
of 2.4 mM NADPH were mixed together at 25 ◦C. The kinetic changes of OD340 were
measured, and the enzymatic reaction rate was calculated by taking the kinetic changes
of 10 s. For analyzing DHAR activity, 100 μL of enzyme solution, 1700 μL of 25 mM PBS
(pH 7.0, containing 0.1 mM EDTA), 100 μL of 70 mM GSH, and 100 μL of 8 mM DHA were
mixed together. The kinetic changes of OD265 were measured, and the kinetic change of
10 s was taken to calculate the enzymatic reaction rate. The enzyme activities of superoxide
dismutase (SOD) and peroxidase (POD) were detected according to the previous protocol
with minor modifications [44]. For analyzing SOD activity, 50 μL of enzyme solution and
3 mL reaction solution (containing 50 mM PBS (pH 7.8), 15 mM methionine, 65 mM NBT,
2 μM riboflavin, 0.1 mM EDTA) were mixed. After 15 min illumination at 25 ◦C, 4000 lx,
the absorbance was measured at 560 nm. For analyzing POD activity, 100 μL of enzyme
solution, 1700 μL of 25 mM PBS (pH 7.0, containing 0.1 mM EDTA), 100 μL of 10 mM H2O2,
and 100 μL of 1% guaiacol were mixed together at 25 ◦C. The kinetic changes of OD470
were determined according to the kinetic program, and the kinetic changes of 10 s were
taken to calculate the enzymatic reaction rate.

2.8. Immunoblotting Assay

Following the manufacturer’s instructions, the oxidized protein fractions extracted
from the soluble protein were tested with an OxyBlot Protein Oxidation Detection Kit
(Chemicon International, Temecula, CA, USA).

For immunoblotting assay, the protein extraction and Western blotting assay were
modified by protocol described previously [45]. A 0.1 g leaf sample was grinded in
liquid nitrogen and added with the extraction buffer (100 mM Tris-HCl, pH 8.0, 10 mM
NaCl, 1 mM EDTA, 1% Triton X-100, 1 mM phenylmethylsulphonyl fluoride, and 0.2%
β-mercaptoethanol). The Bio-Rad protein assay kit was used to measure the protein
concentration and the total protein concentration of all samples were adjusted to 6 μg/μL.
After denaturation by 95 ◦C for 10 min, the protein samples were detected by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and were subsequently
transferred to nitrocellulose membrane (GE Healthcare Biosciences, Piscataway, NJ, USA).
Antibodies of cytosolic Hsp90 (AS08 346, Agrisera, Vännäs, Sweden), Hsp70 (PHY0034S,
Phytoab, San Jose, CA, USA), Hsp101 (AS07 253, Agrisera, Vännäs, Sweden) and Hsp17.6
(PHY0149S, Phytoab, San Jose, CA, USA) were used to detect proteins. Afterwards, the
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goat anti-rabbit horseradish peroxidase-linked antibody (7074, Cell Signaling Technology,
Boston, MA, USA) was used as the secondary antibody for these analyses.

2.9. Yeast Two-Hybrid (Y2H) Screen and Assays, and Bimolecular Fluorescence Complementation
(BiFC) Assay

In order to find out BAG9-interacting proteins in tomato, the coding sequences of
BAG9 were cloned into the pGBKT7 vector using gene-specific promoters (Table S3) and
subsequently transferred into the AH109 yeast strain. The cDNA library building and
Y2H screening were implemented as the manufacturer’s protocol described (Takara, Shiga,
Japan). SD-Trp-Leu-Ade-His plates were used for Y2H screening. Hsp20s in tomato were
identified as BAG9-interacting proteins from Y2H screens. The coding sequences of Hsp20s
were amplified by PCR using specific primers (Table S4) and cloned into a pGADT7 vector.
Cotransformed bait-and-prey constructs were plated onto a selection medium lacking Trp,
Leu, Ade, and His to analyze interactions. Before this study, pFGC-N-YFP and pFGC-C-
YFP had been described for the BiFC vectors [46]. Gene-specific primers were used to
amplify the full-length sequences of BAG9 and Hsp20s in PCRs and clone them into pFGC-
N-YFP or pFGC-C-YFP vectors (Figure S5). To infiltrate N. benthamiana, plasmids were
infectively introduced into A. tumefaciens GV3101 strains, according to previously described
procedures [46]. During 48 h after infiltration, fluorescent signals from infected tissues were
analyzed by a Zeiss LSM 780 confocal microscope (Zeiss LSM 780, Oberkochen, Germany)
using appropriate filter sets (excitation wavelengths 488 nm and emission between 500 nm
and 530 nm).

2.10. Statistical Analysis

Each determination was repeated at least three times independently. Based on the
results of independent biological replicates, the data were presented as means ± standard
deviations. Analyzing the bioassays was accomplished using SPSS 25 statistics 25 (SPSS
Inc., Chicago, IL, USA). In the analysis of treatment differences, Tukey’s test was used at
0.05 for significance.

3. Results

3.1. Identification of BAG Homologs in Plants

Previous studies have demonstrated that the BAG protein family was evolutionarily
conserved and highly similar in structure and function in eukaryotes [26]. Phylogenetic
analysis of the BAG gene family across species was significant for understanding the differ-
ences in function or predicting similarities between tomato and other species. We identified
10 BAG genes in the tomato genome using the SGN database (https://solgenomics.net/
(accessed on 19 April 2020)) and named BAG1-10 based on homology and evolutionary
analysis with the Arabidopsis protein sequences (Figure 1A, Table S1). In light of the function
of BAGs, we performed a phylogenetic analysis of BAG proteins from three dicot plants,
Arabidopsis, tomato, and tobacco (Nicotiana tabacum), and a monocot plant, rice. Based on
the resultant phylogenetic tree, the BAG proteins of the four species were divided into three
subfamilies (Figure 1A). BAG5, BAG6, BAG8, and BAG9 belonged to the first group, BAG7
belonged to the second group, and BAG1, BAG2, BAG3, BAG4, and BAG10 belonged to
the third group.

Then, we further analyzed the structural domains of the BAG proteins (Figure 1B).
Results showed that all BAG proteins contained a conservative BAG domain. Further-
more, BAG1-4 and BAG10 contained extra ubiquitin-like (UBL) structural domains at the
N-terminus, while BAG6, BAG8, and BAG9 each comprised an extra CaM-binding motif.
In addition, BAG7 protein was distinguished since it had no other kinds of motifs but triple
BAG domains. In terms of the length of BAG proteins, BAG5 was the shortest, while BAG6
had the longest sequence length.
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Figure 1. Phylogenetic tree construction of BAGs from different plants and protein structures of
BAGs. (A) Phylogenetic tree of BAG proteins. The different colored circles on the outside of the
protein names represented the types of structural domains possessed by amino-acid sequences (blue
for BAG domains, red for UBL domains, and green for calmodulin-binding (CaM) motifs). The
symbols on the inside of the protein names represented different species (purple stars for Arabidopsis
thaliana, green triangles for Nicotiana tabacum, blue squares for Oryza sativa, and red stars for Solanum
lycopersicum). (B) Schematic diagram of the domains of BAG proteins in tomato. The protein lengths
were shown in grey.

3.2. Involvement of BAG9 in Tomato Thermotolerance

Transcript analysis of 10 SlBAGs under heat stress was conducted to determine whether
heat stress induced BAG gene expression.

Figure 2 displayed that exposure to heat within 1 h can quickly induced BAG6, BAG8,
and BAG9 and whose transcript levels subsequently reached a maximum after 3 h. Nev-
ertheless, the expression levels of other BAGs were not changed or decreased after heat
stress (Figure 2). These results suggested that BAG6, BAG8, and BAG9 may be important in
regulating tomato response to heat stress.

Then, we analyzed the cis-elements in promoters of BAG genes and found that only
the BAG9 promoter contained the heat shock element (HSE), which was transcriptionally
regulated by heat shock factors under heat stress (Figure S2). To investigate whether
BAG9 was involved in the regulation of plant thermotolerance, we generated the bag9
mutants and BAG9 overexpressing plants as described in the “Materials and Methods”
section (Figure S1). As shown in Figure 3A, the phenotypes of bag9 mutants and BAG9
overexpressing plants were similar to WT plants, when they were grown under normal
conditions (Figure 3A).

To examine how BAG9 functions in tomato under heat, bag9 mutants, WT plants,
and BAG9 overexpressing plants grown for about 5 weeks were kept in a 45 ◦C growth
chamber for 10 h. The exposure of tomato plants to heat stress resulted in plant withering
and decreased Fv/Fm value, more significantly in bag9 mutants compared with WT plants
(Figure 3). In contrast, thermotolerance was significantly increased in BAG9 overexpressing
plants with higher Fv/Fm value (Figure 3). Moreover, heat stress inhibited photosynthesis
in tomato plants. Net photosynthetic rate (Pn) was decreased by 42.4% in bag9 mutants
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but was increased by 100.1% in BAG9 overexpressing plants compared with WT plants
(Figure 3D). Additionally, MDA accumulation was aggravated in bag9 mutants, while
alleviated in BAG9 overexpressing plants compared with WT plants (Figure 3E). Thus,
these results suggested that BAG9 played a positive role in tomato response to heat stress.

Figure 2. Transcripts of BAG genes in response to heat stress. Cluster analysis of expression patterns
of BAGs under heat stress at 0 h, 1 h, 3 h, 5 h, and 7 h. The heat map was manufactured using log2

logarithmic-transformed expression values. The color transition from red to green on behalf of high
to low expression levels. According to the expression, the BAGs were clustered in the figure. The
data represented the means ± SD of three biological replicates.

Figure 3. Influence of BAG9 on tomato thermotolerance. (A) Representative images of bag9 mutants,
wild type (WT), and BAG9 overexpressing (BAG9-OE) plants without or with heat stress. Bar = 10 cm.
The plants were subjected to normal temperature (25 ◦C) or high temperature (45 ◦C) treatment
for 10 h, photographs of plants were then taken. (B,C) After undergoing different temperature
treatments for 7 h, images of representative leaves showed the maximum photochemical efficiency of
photosystem II (Fv/Fm). At the bottom, a color gradient showed the strength of the fluorescence signal
depicted by each color. (D) Net photosynthetic (Pn) efficiency at 7 h under heat. (E) MDA content
at 7 h under heat or without heat stress. Data were the means ± SD of three biological replicates.
Different letters represented significant differences (p < 0.05) according to Tukey’s test.
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3.3. BAG9 Alleviates Heat-Stress-Induced ROS Accumulation

ROS production and scavenging keep homeostasis balanced in plants under normal
conditions [42]. However, this homeostasis will be disturbed after heat-stress exposure [2].
To verify the effect of BAG9 on heat-induced oxidative stress, we first detected H2O2 and
O2

•− accumulation. Tomato leaves were stained with DAB dye for histochemical detection
of H2O2 and with NBT dye for O2

•− detection. As shown in Figure 4, heat stress induced
H2O2 and O2

•− production in the leaves of WT plants. Interestingly, H2O2 and O2
•−

production was significantly induced in bag9 mutants, whereas it was reduced in BAG9
overexpressing plants (Figure 4A). Similarly, the H2O2 content was quantitatively analyzed
in support of the observation that H2O2 was more accumulated in bag9 mutants, but
significantly reduced in BAG9 overexpressing plants compared with WT plants (Figure 4B).

Figure 4. The accumulation of reactive oxygen species (ROS) and oxidative proteins in tomato plants
under heat stress. (A) Representative images of H2O2 and O2

•− accumulation were detected by
DAB and NBT staining, respectively. Bar = 5 cm. (B) Quantification of H2O2 at 7 h under heat.
(C) Oxidative proteins. An anti-DNP antibody was used to detect total proteins on SDS-PAGE.
Coomassie Blue staining (CBB) was applied to indicate the protein input, and on the top of the image
was the relative intensity of oxidative proteins. Three independent experiments were performed
with similar results. Data were the means ± SD of three biological replicates. Different letters
represented significant differences (p < 0.05) according to Tukey’s test. WT, wild type; BAG9-OE,
BAG9 overexpressing plants; RLS, Rubisco large subunit.

To further investigate whether heat-induced oxidative stress caused the oxidation
of functional proteins, SDS-PAGE was used to analyze protein oxidation among proteins
isolated from total proteins. Figure 4C illustrated that the accumulation of oxidative
proteins was similar in bag9 mutants, WT, and BAG9 overexpressing plants under normal
conditions. Mutants bag9 and plants overexpressing BAG9, however, had increased and
decreased levels of oxidative proteins, respectively, compared to wild-type plants. Thus,
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these results suggested that BAG9 reduced the accumulation of ROS and the oxidation of
protein caused by heat.

3.4. BAG9 Enhances Antioxidant Capacity under Heat Stress

Antioxidant defense mechanisms contain antioxidant enzymes such as SOD, APX,
GR, CAT, DHAR, POD, and antioxidants such as ASA and GSH to trap and scavenge
free radicals and ROS, thereby protecting plant cells and organelles from destruction
and increasing stress resistance [47]. As shown in Figure 5, heat stress increased all six
antioxidant enzyme activities in WT and BAG9 overexpressing plants. However, in bag9
mutants, POD, APX, GR, DHAR, and CAT activities between control and heat treatment
showed no significant difference (Figure 5). The enzyme activities in BAG9 overexpressing
tomato were higher than those in WT. According to these results, BAG9 promoted the
activities of antioxidant enzymes under heat stress.

−
−

−
−

−
−

−

bag9

BAG9

−
−

−
−

Figure 5. Activities of SOD, POD, APX, GR, CAT, and DHAR with or without heat stress in tomato
leaves. Data were the means ± SD of three biological replicates. Different letters represented
significant differences (p < 0.05) according to Tukey’s test. WT, wild type; BAG9-OE, BAG9 overex-
pressing plants.

To determine whether BAG9-induced thermotolerance was related to the state of
cellular redox, the variation of contents and ratios of AsA/DHA and GSH/GSSG were
examined (Figure 6). Heat stress had little effect on the AsA and GSH levels but sig-
nificantly increased the DHA and GSSG contents, leading to significant declines in the
AsA/DHA and GSH/GSSG ratios in all plants compared with control. Under heat stress,
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the DHA and GSSG contents were considerably increased in bag9 mutants but reduced in
BAG9 overexpressing plants compared with WT plants. Meanwhile, ratios of AsA/DHA
and GSH/GSSG were lower in bag9 mutants but higher in BAG9 overexpressing plants
compared with WT plants (Figure 6).

−

−
−

−
bag9

BAG9

Figure 6. Effects of heat stress on AsA and GSH pools in tomato leaves. Data were the means ± SD
of three biological replicates. Different letters represented significant differences (p < 0.05) according
to Tukey’s test. WT, wild type; BAG9-OE, BAG9 overexpressing plants.

3.5. BAG9 Interacts with Hsp20s and Maintains Hsps Stability under Heat Stress

We next identified BAG9-interacting proteins by applying yeast two-hybrid screens.
Choosing the fused BAG9 protein as baits, we screened 6 × 106 independent transformants
of a tomato cDNA prey library and identified more than twenty clones. The proteins en-
coded by these positive clones included four Hsp20s (Hsp17.7A, Solyc06g076520; Hsp17.7B,
Solyc09g015020; Hsp17.6B, Solyc06g076560; Hsp17.6C, Solyc06g076570). Then, we per-
formed yeast two-hybrid assays to explore whether BAG9 interacted with Hsp20s. By
co-transforming the bait and prey vectors, we found that BAG9 interacted with four Hsp20
proteins in yeast (Figure 7A).

To determine whether BAG9 and Hsp20s interact in vivo, we performed a BiFC assay
in A. tumefaciens-infiltrated tobacco. BAG9 was fused to the C-YFP vector (BAG9-C-YFP)
and Hsp20s were fused to the N-YFP vectors (Hsp 17.7A, Solyc06g076520; Hsp17.7B,
Solyc09g015020; Hsp17.6B, Solyc06g076560; Hsp17.6C, Solyc06g076570). When the BAG9-
C-YFP was co-expressed with four Hsp-N-YFP in tobacco leaves, YFP signals were observed
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in tobacco cells that had been transformed (Figure 7B). All these experiments revealed that
BAG9 interacted with four Hsp proteins.

Figure 7. BAG9 interacted with Hsp20s. (A) Yeast two-hybrid assay showed interactions between
BAG9 and Hsp17.7A, Hsp17.7B, Hsp17.6B, and Hsp17.6C. By growing yeast cells at different concen-
trations lacking Trp (T), Leu (L), Ade (A), and His (H), the interaction of proteins has been evaluated.
(B) BiFC analysis showed that the interaction between BAG9 and Hsp20s took place in the cytoplasm.
Spliced YFP fusion constructs were transiently coexpressed in N. benthamiana leaves for 2 d. The YFP
fluorescence signals were obtained by confocal microscopy.

BAG9 and Hsps are both chaperones. To investigate whether BAG9 affects the stability
of Hsps under heat stress, we examined the accumulation of Hsps by Western blotting.
As shown in Figure 8, there was almost no difference in the accumulation under normal
conditions. While heat stress induced a great accumulation of Hsp20, Hsp70, Hsp90,
and Hsp101 in all genotypes. However, compared with WT, the accumulation of these
four Hsps was still lower in bag9 mutants, while higher in BAG9 overexpressing plants
(Figure 8). Thus, BAG9 promoted the stability of Hsps under heat stress.
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Figure 8. The accumulation of Hsps with or without heat stress in tomato leaves. Hsp17.6, Hsp70,
Hsp90, and Hsp101 were detected by immunoblot analysis. After exposing to heat for 7 h, the
leaf samples were obtained for experiments. The protein input was indicated by Coomassie Blue
staining (CBB). Three independent experiments were performed with similar results. WT, wild type;
BAG9-OE, BAG9 overexpressing plants; RLS, Rubisco large subunit.

4. Discussion

In this study, we found that the expression of BAG9 was highly induced under heat
stress in tomato. Bag9 mutants reduced thermotolerance while overexpressing BAG9
increased thermotolerance as reflected by antioxidant assays. We also found that BAG9
interacted with Hsp20 proteins in vitro and in vivo. Overexpressing BAG9 enhanced the
accumulation of Hsp proteins induced by heat, while the mutants had the opposite tendency.
Thus, BAG9 played a crucial role in response to heat stress by regulating cellular redox
homeostasis and the stability of heat shock proteins.

Similar to our study, the transcript levels of OsBAGs and BAG family members in
grapes were significantly increased under heat exposure [48,49]. Considering that BAG9
contained the HSE in the promoter region, it was selected to conduct further research for
its potential significance in thermotolerance. BAG9 contained a conserved BAG domain
and a CaM binding motif. The BAG domain combined with Hsc70 for decomposing
incorrectly folded or translocated chloroplast proteins in Arabidopsis [50]. The phylogenetic
analysis revealed that BAG9 was most close to OsBAG5, OsBAG6, AtBAG5, and AtBAG6.
According to previous research and evolutionary relationships, we speculated that BAG9
may function in temperature protection, especially heat stress by binding with Hsps and
maintaining cellular stability or involving in the Ca2+ sensing [28,48].

Various kinds of BAG proteins functioning in plant thermotolerance have been iden-
tified [28,29]. Heat shock-induced gene 1 (HSG1), a grape Bcl-2-associated athanogene,
enhanced heat tolerance and activated CONSTANS (CO) expression in transgenic Arabidop-
sis plants [51]. In Arabidopsis, heat shock transcription factor (HsfA2) directly bound to HSE
motif of AtBAG6, which dramatically increased its relative expression under heat stress [52].
AtBAG2 enhanced survival under heat by clearing ROS in plants [28]. AtBAG7 played a key
role in mediating the heat-induced UPR pathway [29]. Studies in the BAG family showed
that BAG9 stimulated burning symptoms under heat and reduced the thermotolerance of
tomato, which did not occur in our experiment [53]. By overexpressing BAG9 in Arabidopsis,
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the sensitivity to water scarcity, salinity, as well as ABA during the germination of seeds
and the growth of seedlings were increased [54]. BAG5b (Solyc10g084170, namely BAG9) in
leaves was activated by various adversity stimuli (extreme temperatures, salinity, and UV
light) as well as treatment with phytohormones. Specifically, it improved the resistance to
dark-induced leaf senescence by eliminating ROS and downgrading genes associated with
leaf senescence [34].

In this study, Pn, a typical indicator of photosystem I (PSI), was decreased in bag9
mutants but was highly increased in BAG9 overexpressing plants compared with WT
plants. Similarly, BAG9 overexpressing plants showed higher Fv/Fm values, and the mu-
tants showed compromised Fv/Fm values than WT plants. Our results indicated that
BAG9 promoted the stability of photosynthesis under heat exposure. Photosynthesis is a
thermosensitive physiological process since the photochemical reactions and the carbon
metabolism are susceptible to damage under heat exposure [55]. The disruption of the
thylakoid membranes inhibits the rate of photosynthesis and PSII activity is also greatly
reduced or even stopped under heat stress [56]. Chaperones protect and enhance photo-
synthesis under stressful environments [56]. The thermal resistance of photosystem II is
upregulated by constitutive overexpression of a small Hsp, which suggests that sHsps
prevent the damaging of photosynthetic apparatus from high temperature [57]. Hsp90 in
the chloroplast was also an irreplaceable chaperone for protein translocating from the mem-
brane into the organelles and served a significant role in heat resistance in photosynthetic
organisms [58,59]. Similar to previous research, BAG9 served as a chaperone protein that
may protect photosynthesis as shown in this study.

In previous studies, ROS is used as an indicator of plant resistance [60]. Overexpressing
AtBAG4 into the rice and exposing it to osmotic stress revealed that ROS accumulation
was significantly reduced in its overexpressing plants [61]. The mutants Atbag2 and Atbag6
also showed higher ROS levels and less survival after heat treatment than WT [28]. Similar
to the previous study, our results showed that BAG9 overexpressing plants accumulated
less ROS (H2O2, O2•−) and less protein carbonylation (which is a hallmark of protein
oxidation), indicating a better resistance to high temperature. MDA is one of the products
of ROS-induced membrane damage, whose amount represents the degree of cell membrane
lipid peroxidation [60]. The continuous accumulation of MDA is positively correlated to
high temperatures [62]. This study discovered that BAG9 overexpressing plants showed
less accumulation of MDA than WT, which indicated that BAG9 may protect biomembrane
from being damaged under heat stress.

To mitigate elevated ROS-induced damage, plants have established a well-organized
antioxidant-defense mechanism [62]. Antioxidants in plants have been classified into
two main types: enzymatic and nonenzymatic antioxidants. The significant antioxidant
enzymes in plant cells contain SOD, CAT, POD, and so on [63]. GSH and AsA are vital
nonenzymatic antioxidants in plants. Meanwhile, APX, DHAR, and GR serve as significant
enzymes in the AsA-GSH cycle [64]. Antioxidants are involved in multiple plant abiotic
stresses, including heat stress [63]. Treating seedlings of Broussonetia papyrifera at high
temperature, the activities of SOD, POD, and CAT were significantly increased [65]. The
antioxidant enzyme activities in Cruciferae were closely related to high temperature, since
its SOD, CAT, and GR activities under high-temperature (32 ◦C) stress were all higher than
those of the control plants (20 ◦C) [66]. In Brassica napus, the developed activities of MDAR,
DHAR, and GR under sub-high-temperature treatment (30 ◦C) elevated the levels of AsA
and GSH, resulting in enhanced thermotolerance [67]. Similarly, our results illustrated that
BAG9 overexpressing plants upregulated the activities of antioxidant enzymes (SOD, CAT,
POD, APX, DHAR, GR) and ratios of AsA/DHA and GSH/GSSG. All results indicated
that the higher thermotolerance in BAG9 overexpressing plants was probably achieved by
enhanced activities of various antioxidants.

Hsps exist widely in plants to prevent stress from inducing damage to cells [68].
Previous studies showed that Hsp70 functioned in a chaperone cycle by Hsp70 chaperone
systems [20]. BAG family is a kind of NEF that establishes direct interactions with the
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ATPase domain of Hsp70 [25]. In tomato, results showed that BAG1 and BAG2 interacted
with Hsp70 protein [69].

However, there have been no other Hsp–BAG interactions reported. In this study, we
discovered that BAG9 interacted with Hsp20s (Hsp17.7A, Hsp17.7B, Hsp17.6B, Hsp17.6C)
in the cytoplasm. Hsp20 is the predominant and most abundant class of proteins in
many species induced by heat stress [70]. High temperature significantly induced the
upregulation of TaHsp17.4, TaHsp17.7A, TaHsp19.1, and TaHsp23.7 in wheat [71]. OsHsp20
overexpressing plants had longer root length and higher germination rates than the control
under heat and showed better resistance to high temperature [70]. Nonetheless, how BAG9
works under heat stress by interacting with Hsp20s requires further study.

Our results also witnessed the increase in the accumulation of Hsps (Hsp20, Hsp70,
Hsp90, Hsp101) in BAG9 overexpressing plants, indicating that BAG9 stimulated Hsps for
enhancing thermotolerance. Hsp90 bound with Hsp70, establishing multiple complexes
of chaperones and functioning well in sense signaling [72]. Hsp101, the most functional
member in Hsp100, not only increased heat tolerance but also helped in recovery from
heat shock [15]. However, the co-operations of BAG9, Hsp90, and Hsp101 need to be
studied further.

5. Conclusions

In conclusion, we identified that BAG9 was involved in tomato thermotolerance. BAG9
was highly induced under high temperature. bag9 mutants were sensitive, while BAG9
overexpressing plants were resistant under heat stress compared with WT. By analyzing
the antioxidant and photosynthetic systems, we found that overexpressing BAG9 may help
in the removal of ROS and protect photosynthesis under heat stress. BAG9 interacted with
Hsp20 proteins and protected Hsps accumulation under heat stress. In a word, BAG9 was
probably significant for thermotolerance by regulating cellular redox homeostasis and the
stability of heat shock proteins. Our findings further illustrated the functions of BAGs in
adversity modulation, especially temperature stress.
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Abstract: Iron (Fe) deficiency in plants is a major problem in agriculture. Therefore, we investigated
both the physiological features and molecular mechanisms of plants’ response to low-Fe (LF) stress
along with the mitigation of LF with exogenous spermidine (Spd) in tomato plants. The results
showed that exogenous Spd foliar application relieved the suppressing effect of LF stress on tomato
plants by regulating the photosynthetic efficiency, chlorophyll metabolism, antioxidant levels, organic
acid secretion, polyamine metabolism and osmoregulatory systems. Analysis of transcriptomic
sequencing results revealed that the differentially expressed genes of iron-deficiency stress were
mainly enriched in the pathways of phytohormone signaling, starch and sucrose metabolism and
phenyl propane biosynthesis in both leaves and roots. Moreover, Spd-induced promotion of growth
under LF stress was associated with upregulation in the expression of some transcription factors that
are related to growth hormone response in leaves (GH3, SAUR, ARF) and ethylene-related signaling
factors in roots (ERF1, ERF2). We propose that traits associated with changes in low-iron-tolerance
genes can potentially be used to improve tomato production. The study provides a theoretical basis
for dealing with the iron deficiency issue to develop efficient nutrient management strategies in
protected tomato cultivation.

Keywords: polyamine; tomato; iron-deficiency; oxidative stress; transcriptomics

1. Introduction

Iron (Fe) is a trace mineral element necessary for the normal life activities of almost all
living organisms including plants. It is the fourth most abundant element in the earth’s
crust. Despite the high total iron content in soils, the soluble iron (Fe2+) fraction is easily
fixed to the insoluble form (Fe3+) in an alkaline environment, which seriously affects the
normal uptake of iron by plants. Iron deficiency impairs photosynthetic efficiency, plant
growth and biomass yield [1,2]. As a redox-active metal, Fe is engaged in photosynthe-
sis, mitochondrial respiration, nitrogen anabolism, hormone (ethylene, gibberellic acid,
jasmonic acid) synthesis and pathogen defense [3]. Iron also acts as the cofactor of many
antioxidant enzymes, and thus iron deficiency has a regulatory effect on the antioxidant
mechanisms, including the activities of superoxide dismutase (SOD), peroxidase (POD)
and catalase (CAT) in plants [4], which are in charge of protecting the biological system
against the harmful effects of reactive oxygen species (ROS) [5]. ROS are produced in
all forms of aerobic life under stress or normal conditions. The excessive production of
ROS causes oxidative damage that has a negative impact on the function of important
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macromolecules [6]. Thus, a better understanding of the mechanisms of plant response
to iron stress can be useful to improve crop stress resilience and enhance crop yield and
quality [7].

When plants are exposed to a low-Fe environment, insufficient iron uptake causes
retarded growth, interveinal chlorosis and reduced plant fitness. In severe iron deficiency,
chloroplasts are dissociated or vesiculated, thus affecting chlorophyll formation [8]. To
ensure the normal growth of plants, phytohormone auxin accumulates in large amounts
in the roots, promoting the development of lateral roots and positively regulating the
transcriptional expression of the FIT1 and AHA2 genes. Thus, growth factors are involved
in the plant Fe-deficiency response network through different pathways [9].

Under low-iron stress, plants enhance Fe uptake by the root system through two
strategies: One strategy based on the reduction that occurs in all dicotyledons and non-
grass monocotyledons, called strategy I, and another strategy relying on chelation, which
is limited to monocotyledons, called strategy II [10]. Strategy-II plants produce plant iron
carriers capable of chelating Fe3+, which are then absorbed by specific epidermal root cell
plasma membrane transporters [11]. In tomatoes, on the one hand, as Strategy-I species,
acidification of the root mesenchyme by plasma membrane H+-ATPase activity occurs to
dissolve Fe3+, and reduction to Fe2+ by Fe3+-chelating reductase (FCR) activity increases
iron solubility. Afterward, translocation of the resulting Fe2+ to the root cell via a specific
Fe transporter (IRT1) takes place to accomplish iron acquisition in plants [12]. On the other
hand, nitric oxide (NO) accumulates in the roots and promotes the expression of FER/FIT,
as well as IRT and FRO genes, thus participating in the response to iron-deficiency stress in
plants [13].

Polyamines are highly bioactive, low-molecular-weight aliphatic amines that occur as
ubiquitous secondary metabolites in plants. Polyamines can bind to phospholipids and
other biomolecules with negatively charged groups of nucleic acids and proteins through
their ionic and hydrogen bonds, which widely affect the biological activity of plants [14]. In
previous research reports, polyamines have been shown to perform an extremely important
role in alleviating plant stress. Among the three widely distributed major polyamines,
spermidine (Spd) plays a crucial role in abiotic stress tolerance. Due to its multivalent cation
property, its physiological function is stronger and more associated with stress tolerance
in plants [15]. Spd is a common polyamine in plants and is involved in adaptations to
salinity [16], drought [17], cold [18] and heavy metals [19]. Some studies have shown that
Spd modulates antioxidant enzyme activity and the expression of related genes in tomato
seedlings exposed to high temperatures [20]. Exogenous Spd has been found to play an
important role in remediating the effects of environmental stress on plants [21]. However,
to date, few studies have reported on the Spd-mediated tolerance to iron stress, particularly
in tomato plants.

In the present research, using ‘Micro-tom’ tomato as the object of study, we explored
the effect of exogenously sprayed Spd on the growth, physiology and metabolism of tomato
seedlings under low-Fe stress. The physiological analysis, combined with transcriptomic
analyses, shed new light on the mechanism of Spd-mediated low-Fe tolerance in tomato
seedlings from both physiological and molecular perspectives, which provides a theoretical
basis for improving the uptake and utilization of Fe in protected cultivation.

2. Materials and Methods

2.1. Plant Materials, Growth Conditions and Experimental Treatments

Tomato (Solanum lycopersicum L.) cv ‘Micro-Tom’ seeds were purchased from the Ball
Horticulture Company (West Chicago, IL, USA). Healthy seeds were selected and sown
on a petri dish with distilled water. The germinated seedlings were transferred to 72-well
trays and cultured under artificial climate chamber conditions: temperature 28 ◦C/22 ◦C
(14 h day/10 h night), humidity 80% and light intensity 600 μmol m−2s−1. When the
plants had four fully expanded leaves, uniformly grown tomato seedlings were planted in
a hydroponic tank filled with half-strength Japanese Yamazaki tomato formula nutrient
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solution [22]. After five days of seedling culture in hydroponics, the following treatments
were applied: (1) CK (control), Yamazaki formula nutrient solution (Fe concentration was
100 μM); (2) LF, low-Fe nutrient solution (Fe concentration was 10 μM); (3) Spd, Yamazaki
formula nutrient solution (100 μM Fe) + 0.25 mM Spd foliar spray; (4) LF + Spd, low-Fe
(10 μM) nutrient solution + 0.25 mM Spd foliar spray. The Spd was purchased from the
Beijing Solarbio Technology Company. Both sides of the tomato leaves were sprayed with
freshly prepared Spd solution (approximately 10 mL per plant). Low-Fe stress was imposed
1d after the Spd treatment. Foliar-spraying of Spd was repeated every two days. The control
tomato plants were foliar-sprayed with an equal volume of distilled water. The nutrient
solution was changed every three days, the pH value was adjusted to 6.0 ± 0.2 and an
intermittent supply of oxygen was provided using an aeration pump. On the 10th day of
treatments, unless otherwise stated, samples were collected/used for various analyses such
as photosynthetic fluorescence indicators, osmoregulatory substance content, organic acid
and polyamine contents and RNA sequencing. Biomass measurements were performed on
day 15 of treatment.

2.2. RNA-Seq Analysis and Quantitative Real-Time PCR Analysis

Transcriptome sequencing was performed on samples from four treatments—CK, Spd,
LF and LF + Spd—collected on day 10 of treatments by Hangzhou Lianchuan Biological
Technology Co., Ltd. RNA-seq was performed with three biological replicates for each
treatment. All raw sequencing data from the current study were deposited into the NCBI
database under the accession number “PRJNA834903” (https://www.ncbi.nlm.nih.gov/
sra/PRJNA834903), (accessed on 4 May 2022). Analysis of significant differences between
samples was performed using R packages edgeR or DESeq2. Genes with differential
fold FC > twofold or FC < 0.5-fold and a p-value < 0.05 were defined as differentially
expressed genes [23]. GO (Gene Ontology) enrichment and KEGG (Kyoto Encyclopedia
of Genes and Genomes) pathway enrichment were analyzed using the clusterProfiler
R package. GO functional enrichment and KEGG pathway analysis were performed
by Goatools (https://github.com/tanghaibao/Goatools), (accessed on 6 June 2022) and
KOBAS (http://kobas.cbi.pku.edu.cn/home.do), (accessed on 6 June 2022). The qRT-
PCR test reaction system and primers used for qRT-PCR are shown in Supplementary
Tables S1 and S2, respectively. Samples were added to a 96-well plate and then reacted
in an Applied Biosystems Quant Studio three real-time fluorescence quantitative PCR
system (QuantStudio 3, ThermoFisher Scientific™, Waltham, MA, USA). The qRT-PCR
amplification procedure consisted of Stage 1: pre-denaturation, one cycle 95 ◦C, 30 s;
Stage 2: PCR reaction, 40 cycles of 95 ◦C for 10 s, 60 ◦C for 30 s, 72 ◦C for 40 s. Relative
gene expression was estimated using the 2-ΔΔCt method [24]. qRT-PCR experiments were
performed in biological triplicates.

2.3. Determination of Biomass and Root Morphology, Root Vigor and Root Fe3+ Reductase Activity

After 15 days of treatment, five seedlings were randomly picked from each treatment,
and the selected plants were cut from the same part, divided into above-ground and below-
ground parts, any water on the plant surface was dried with absorbent paper and the fresh
weight was measured. The samples were then placed in an electric thermostatic drying oven
(Heratherm™ General Protocol Ovens, 51028148, Thermo Scientific™, Waltham, MA, USA)
set to 105 ◦C for 30 min. After adjusting the temperature to 80 ◦C, the material was dried to
a constant weight before measuring the dry weight. For root morphology measurements,
the whole root system of a plant was scanned with a root system scanner (Epson Perfection
V800 Photo, B11B223201, Epson America, Inc., Los Alamitos, CA, USA). The analysis was
done using a root scanner (WinRhizo PRO, version 2017, Regent Instruments Inc., Quebec
City, QC, Canada), and parameters such as the total root length, total surface area, total
volume and average diameter were read [25]. Root vigor was determined by the triphenyl
tetrazolium chloride (TTC) method [26]. Fe3+ reductase activity was determined according
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to the method of Ekmekcioglu C [27]. Three biological replicates for each treatment were
set in treatments.

2.4. Determination of Photosynthetic Pigment Content and Photosynthetic Index

On the 10th day, chlorophylls (Chl) such as Chla, Chlb and carotenoids were measured
in the third fully-expanded leaf [28]. About 0.1 g of leaf tissue was placed in a tube
containing 96% ethanol in the dark for about 24 h until the leaves turned completely white.
The absorbance values of chlorophyll extracts at 470 nm, 649 nm and 665 nm were measured
with a spectrophotometer (UV-2450, Shimadzu, Kyoto Prefecture, Japan), and chlorophyll
a, chlorophyll b and carotenoid contents were calculated.

The photosynthetic indexes such as the net photosynthetic rate (Pn), transpiration rate
(Tr), intercellular CO2 concentration (Ci) and stomatal conductance (Gs) were measured
using a portable photosynthetic apparatus (LI-6800, Li-COR Inc., Lincoln, NE, USA) on a
clear day at around 10 a.m. The parameters were set to a flow rate of 500 μmol·s−1, leaf
temperature of 28 ◦C and CO2 concentration of 400 μmol·mol−1; a CO2 cylinder was used
to stabilize the CO2 environment [22].

Following 24 h of darkness, the seedling leaves were sampled to test the maximum
photochemical efficiency, i.e., Fv/Fm [29]. In addition, the actual photochemical efficiency
of PSII (ΦPSII), photosynthetic electron transfer rate (ETR), photochemical quenching
coefficient (qP) and non-photochemical quenching coefficient (NPQ) were measured after
30 min of plant exposure to natural light conditions [30].

2.5. Determination of Antioxidant Properties and Osmoregulatory Substances

A fresh-leaf or root sample (0.3 g) was placed in a pre-cooled pestle and mortar and
ground to a fine frozen powder under liquid nitrogen, followed by homogenization in
3 mL 50 mM phosphate buffer (pH 7.8) in an ice bath. Then, homogenate centrifugation
was done at 12,000× g for 15 min at 4 ◦C. The supernatant was used to determine the
peroxidase (POD) [31], catalase (CAT) [32] and superoxide dismutase (SOD) [33] activity.
Activity analyses of POD, CAT and SOD were performed as described previously [34].
Three biological replicates for each treatment were performed. The lipid peroxidation
level was measured by estimating the malondialdehyde (MDA) content in roots using
thiobarbituric acid (TBA) [35]. Electrolyte leakage (%) was estimated by measuring ion
leakage from roots according to the method of Shou [36]. The roots (which weighed 0.1 g)
were placed in centrifuge tubes, then each tube was filled with 20 mL of distilled water.
The conductivity (A1) was first measured after shaking the tube well, then the conductivity
(A2) was again measured after shaking the tube in the shaker for 2 h. Finally, the sample
was boiled and cooled to room temperature to measure the conductivity (A3). Relative
electrolyte leakage was measured as follows: Relative conductivity = (A2−A1)/(A3−A1).
The content of H2O2 in leaves and roots was determined by the method of Willekens [37].
The content of O2•− in leaves and roots was analyzed by the method previously described
by Li et al. [38]. Proline and soluble protein contents were determined by the methods of
Bates [39] and Bradford [40], respectively. Meanwhile, the free amino acids and soluble
sugar contents were determined by the method of Zhang et al. [41]. Each treatment was
repeated three times to ensure the reliability of the results. The organic acid content was
determined by high-performance liquid chromatography [42]. Parameter settings were as
follows: a ZORBAX Eclipse XDB-C18 column (4.6 × 250 mm, 5 mm) was used; the mobile
phase was set at 0.04 mol·mL−1, pH 2.4, KH2PO4-H3PO4 buffer solution; the flow rate was
0.8 mL·min−1; the column temperature was 30 ◦C, the detection wavelength was 210 nm
and the injection volume was 10 μL.

2.6. Determination of Sucrose Content and Metabolism-Related Enzyme Activities

The sucrose content was determined by the hydrochloric acid-resorcinol method
previously described by Zhang et al. [43]. We accurately weighed 0.1 g of leaves and roots
and took 0.2 and 0.4 mL of supernatants, respectively. After adding 200 μL NaOH, the
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solution was boiled for 5 min at 100 ◦C, then cooled, before 2.8 mL 30% HCL and 0.8 mL
0.1% resorcinol were added, with the contents shaken well. Then, they were placed in a
water bath at 80 ◦C for 10 min for the reaction to occur, and after cooling, the OD value
was measured at 480 nm. Three replicates of each treatment were performed. Standard
curves with different concentration gradients of sucrose were prepared with the standard
solution and used to calculate the actual sucrose content in leaves and roots. To analyze the
activities of sugar metabolism-related enzymes, frozen samples of leaves were weighed
to 0.1 g. Sucrose synthase (SS), sucrose phosphate synthase (SPS), acid convertase (AI)
and neutral convertase (NI) activities were determined using the corresponding enzyme
activity assay kits (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China).

2.7. Determination of Polyamine Content

Polyamines extraction from tomato seedlings was performed using the methods
described by Flores and Galston [44]. The content of polyamines was determined by
HPLC (high-performance liquid chromatograph UltiMate3000, ThermoFisher Scientific™,
Waltham, MA, USA). The instrumentation and settings for endogenous polyamine analyses
were as follows: a ZORBAX Eclipse XDB-C18 column (4.6 × 250 mm, 5 mm) and mobile
phase (methanol: acetonitrile: water = 58:2.5:39.5) were used with a detection wavelength
of 230 nm, flow rate of 1 mL·min−1, column temperature of 30 ◦C and injection volume
of 10 μL. The organic solvents used above were of chromatographic-grade purity and the
water was ultrapure. The mobile phase was configured for use after ultrasonic sonication
beforehand.

2.8. Statistical Analysis

All data were subjected to analysis of variance (ANOVA), analyzed with SPSS 21.0
statistical software and plotted with Microsoft Excel 2016. For multiple mean comparisons,
differences between treatment means were separated by Duncan’s multiple range test at
p < 0.05.

3. Results

3.1. Overview of Sequencing Data-Quality Control

In this experiment, the leaves and roots of the Control (CK), Low Fe (LF), Spermidine
(Spd) and Low Fe + Spd (LFS) were sequenced, and each treatment was replicated three
times. The results showed that 99.98% of the nucleotides in the transcriptome sequencing
data reached Q20, and 97.25% of the nucleotides exceeded Q30 (Table 1).

Table 1. Statistics of transcriptome sequencing data. Sample, sample name; Raw Read, the number
of reads in total; Valid Read, the number of valid reads after de-junctioning, de-low quality, etc.; Valid
Ratio, the proportion of valid reads; Mapped Reads, the number of reads that can be compared to the
genome; Unique Mapped Reads, can only uniquely match to one position in the genome; Q20%, the
percentage of bases with Q20% quality value ≥ 20 (sequencing error rate less than 0.01); Q30%, the
percentage of bases with Q30% quality value ≥ 30 (sequencing error rate less than 0.001).

Sample Raw Read Valid Read
Valid Ratio

(Reads)
Mapped

Reads
Unique Mapped

Reads
Q20% Q30%

CK_L1 51,425,238 47,618,720 92.60 45,445,100
(95.44%)

38,907,284
(81.71%) 99.99 97.68

CK_L2 41,647,086 39,867,334 95.73 38,103,955
(95.58%)

32,333,283
(81.10%) 99.99 97.78

CK_L3 36,237,924 34,971,030 96.50 33,505,416
(95.81%)

28,442,929
(81.33%) 99.99 97.59

CK_R1 41,884,204 40,904,806 97.66 35,303,817
(86.31%)

30,123,337
(73.64%) 99.99 97.38
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Table 1. Cont.

Sample Raw Read Valid Read
Valid Ratio

(Reads)
Mapped

Reads
Unique Mapped

Reads
Q20% Q30%

CK_R2 47,810,190 46,772,676 97.83 42,676,467
(91.24%)

36,960,152
(79.02%) 99.98 98.37

CK_R3 51,562,904 50,495,438 97.93 44,954,365
(89.03%)

38,867,119
(76.97%) 99.98 98.30

LF_L1 45,353,480 42,425,970 93.55 40,385,907
(95.19%)

34,478,301
(81.27%) 99.99 97.79

LF_L2 45,112,774 43,318,042 96.02 41,436,986
(95.66%)

35,189,847
(81.24%) 99.99 97.62

LF_L3 47,262,530 45,751,138 96.80 43,773,386
(95.68%)

37,222,647
(81.36%) 99.99 97.73

LF_R1 43,262,284 42,427,286 98.07 39,214,339
(92.43%)

33,844,982
(79.77%) 99.99 98.39

LF_R2 52,854,702 51,760,038 97.93 47,780,225
(92.31%)

41,266,840
(79.73%) 99.99 98.51

LF_R3 52,525,326 51,551,094 98.15 45,715,483
(88.68%)

39,276,860
(76.19%) 99.99 98.45

LFS_L1 46,825,170 44,333,134 94.68 42,409,857
(95.66%)

36,246,131
(81.76%) 99.99 97.50

LFS_L2 35,688,744 34,009,554 95.29 32,356,247
(95.14%)

27,660,644
(81.33%) 99.99 97.25

LFS_L3 41,306,858 39,800,370 96.35 38,018,606
(95.52%)

32,451,594
(81.54%) 99.99 97.60

LFS_R1 53,734,354 52,663,752 98.01 47,503,814
(90.20%)

40,935,810
(77.73%) 99.99 98.41

LFS_R2 52,372,096 51,298,494 97.95 45,352,741
(88.41%)

39,262,642
(76.54%) 99.98 98.37

LFS_R3 54,358,180 53,210,976 97.89 48,848,829
(91.80%)

42,040,996
(79.01%) 99.99 98.43

Spd_L1 50,060,896 45,020,762 89.93 43,045,480
(95.61%)

36,727,980
(81.58%) 99.99 97.52

Spd_L2 35,827,860 34,695,530 96.84 33,367,320
(96.17%)

28,459,478
(82.03%) 99.99 97.74

Spd_L3 50,682,352 48,290,700 95.28 46,229,329
(95.73%)

39,485,340
(81.77%) 99.99 97.53

Spd_R1 52,910,480 51,911,130 98.11 46,563,164
(89.70%)

40,136,000
(77.32%) 99.98 98.42

Spd_R2 51,487,988 50,453,420 97.99 45,578,298
(90.34%)

39,515,003
(78.32%) 99.98 98.44

Spd_R3 53,683,760 52,593,000 97.97 46,823,515
(89.03%)

40,562,480
(77.13%) 99.98 98.48

3.2. Analysis of Differentially Expressed Genes

To get a closer look at the differentially expressed genes, we mapped volcanoes
(Figure 1). In the volcano maps, red represents significantly upregulated differently ex-
pressed genes, blue represents significantly downregulated differently expressed genes
and gray represents non-significant differently expressed genes.

FPKM (fragments per kilobase of exon model per million mapped fragments) was used
to count the expression abundance of known genes in different samples. In this experiment,
we used the difference multiplier FC ≥ 2 or FC ≤ 0.5 (i.e., the absolute value of log2FC ≥ 1)
as the threshold of change and a p-value <0.05 as the criterion for screening differential
genes. The number of differentially expressed genes in each comparison group was counted,
and a bar chart (Figure 2) was used to visualize the number of significantly differentially
expressed genes in different comparison groups, as well as the specific changes (up- and
downregulation). Compared to the control, 227 genes were upregulated and 201 genes were
downregulated in the low-iron-treated leaves (LF), whereas the number of differentially

330



Antioxidants 2022, 11, 1260

expressed genes was higher in the root system, where 933 genes were upregulated and
1199 genes were downregulated, which indicated that the low-iron treatment had a more
profound effect on transcription in the root system than in the leaves. Again, compared to
the LF treatment, 606 genes were upregulated in the LF + Spd-treated leaves, and 302 genes
were downregulated, while 422 genes were upregulated and 619 genes were downregulated
in the root sample.

Figure 1. Volcano maps of expression differences. The horizontal coordinate represents the different
expression fold changes of the gene in different samples, and the vertical coordinate represents the
statistical significance of the difference in the gene expression change. LF_L vs. CK_L, Low Fe_Leaf
sample vs. Control_Leaf sample; LF_R vs. CK_R, Low Fe_Root sample vs. Control_Root sample;
LFS_L vs. LF_L, Low Fe + Spd_Leaf sample vs. Low Fe_Leaf sample; LFS_R vs. LF_R, Low Fe +
Spd_Root sample vs. Low Fe_Root sample.

Then, we performed Venn diagram analysis for Control vs. Low Fe (CK vs. LF) and
Low Fe vs. Low Fe + Spd (LF vs. LFS), gene ontology (GO) enrichment for Low Fe+
Spd_Leaf sample vs. Low Fe_Leaf sample (LFSL vs. LFL) and Low Fe + Spd_Root sample
vs. Low Fe_Root sample (LFSR vs. LFR) and KEGG (Kyoto Encyclopedia of Genes and
Genomes) pathway enrichment analysis for differently expressed genes as influenced by
Spd treatment.

The Venn diagram can visualize not only the number of differently expressed genes in
the different treatment groups but also the number of genes that are differently expressed
in each treatment group in total. As shown in Figure 3, a total of 104 differently expressed
genes were co-expressed among 428 differentially expressed genes in the treatment group
CK vs. LF, and there were 908 differentially expressed genes in the treatment group LFS vs.
LF in the leaves. In the case of the root sample, a total of 677 differently expressed genes
were co-expressed among 2132 differently expressed genes in the treatment group CK vs.
LF, and there were 1041 differently expressed genes in the treatment group LFS vs. LF.
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Figure 2. Number of significantly differentially expressed genes in different treatments. LF_L
vs. CK_L, Low Fe_Leaf sample vs. Control_Leaf sample; Spd_L vs. CK_L, Spd_Leaf sample vs.
Control_Leaf sample; LFS_L vs. LF_L, Low Fe + Spd_Leaf sample vs. Low Fe_Leaf sample; LFS_L vs.
Spd_L, Low Fe + Spd_Leaf sample vs. Spd_Leaf sample; LF_R vs. CK_R, Low Fe_Root sample vs.
Control_Root sample; Spd_R vs. CK_R, Spd_Root sample vs. Control_Root sample; LFS_R vs. LF_R,
Low Fe + Spd_Root sample vs. Low Fe_Root sample; LFS_R vs. Spd_R, Low Fe + Spd vs. Spd_Root
sample.

 

Figure 3. Venn diagram of significantly differentially expressed genes in different treatment compar-
isons. LFSL. vs. LFL, Low Fe+ Spd_Leaf sample vs. Low Fe_Leaf sample; CKL. vs. LFL, Control_Leaf
sample vs. Low Fe_Leaf sample; CKR.VS.LFR, Control_Root sample vs. Low Fe_Root sample; LFSR.
vs. LFR, Low Fe+ Spd_Root sample vs. Low Fe_Root sample.

The GO enrichment analysis of LFS vs. LF showed that enrichment in biological
processes (BP) was mostly in functions such as transcriptional regulation with DNA as the
template, protein phosphorylation, defense responses, redox processes, signal transduction
processes, ethylene-activated signaling pathways, defense responses against fungi, and
protein ubiquitination (Figure 4). In cellular components (CC), differentially expressed
genes were involved in biological functions such as those of the nucleus, plasma membrane,
membrane components, cytoplasm, chloroplast and extracellular regions. In molecular
functions (MF), they were mainly enriched in sequence-specific protein-binding, specific
DNA sequence-binding transcription factor activity, ATP-binding, DNA-binding, protein
serine/threonine kinase activity, and metal ion-binding.

332



Antioxidants 2022, 11, 1260

Figure 4. GO enrichment analysis of differently expressed genes. The abscissa represents different GO
terms, blue represents biological processes, green represents cellular components, orange represents
molecular functions and ordinate represents the number of differentially expressed genes. LFSL vs.
LFL, Low Fe + Spd_Leaf sample vs. Low Fe_Leaf sample; LFSR vs. LFR, Low Fe + Spd_Root sample
vs. Low Fe_Root sample.

To further explore the most important biochemical/metabolic pathways and signal
transduction pathways involved in differentially expressed genes due to Spd treatment in
low-iron-supplied tomato plants, the top-20 significantly enriched pathways were screened
for KEGG enrichment analysis by the number of genes enriched in this pathway, and the
enrichment results are presented in the form of bubble plots (Figure 5). KEGG enrichment
analysis was performed on 908 differentially expressed genes in leaves and 1041 differen-
tially expressed genes in roots, comparing the low-iron treatment and combined treatment
of Spd and low iron.

The results showed that a total of 707 differently expressed genes in leaves were sig-
nificantly enriched in 113 KEGG metabolic pathways, concentrated in metabolic pathways
such as plant-pathogen interaction (79), phytohormone signaling (61), cytokinesis (30),
amino and nucleotide sugar metabolism (29), phenyl propane biosynthesis (23) and starch
and sucrose metabolism (23). A total of 867 differently expressed genes were significantly
enriched in 117 KEGG metabolic pathways in the root system, concentrated in metabolic
pathways such as plant-pathogen interaction (58), phytohormone signaling (56), benzyl
propane biosynthesis (40), starch and sucrose metabolism (28), amino and nucleotide sugar
metabolism (23) and carbon metabolism (22). It was found that the differentially expressed
genes of iron-deficiency stress were mainly enriched in the pathways of phytohormone
signaling, starch and sucrose metabolism and phenyl propane biosynthesis in both leaves
and roots.

The results of GO enrichment analysis and KEGG pathway enrichment analysis
showed that the differentially expressed genes in plant hormone signaling processes and
starch and sucrose metabolism were significantly affected by low-Fe stress. Therefore,
we performed a heat map analysis of differentially expressed genes in phytohormone
signaling pathways and starch and sucrose metabolism. The results showed that a total
of nine differently expressed genes in the phytohormone signal transduction pathway—
Solyc00g174330.3(PR1), Solyc05g009610.1(GID1), Solyc09g007010.1(PR1), Solyc06g062460.3
(PIF3), Solyc07g056000.2(TCH4), Solyc09g089930.2(ERF1), Solyc12g036470.2(PIF3), Solyc01g1
07400.2(GH3) and Solyc03g093080.3(TCH4)—were common to leaves in the comparison
groups of LF vs. CK and LFS vs. LF (Figure 6). The expression of oleuropein sterol regula-
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tory protein EBRU1 precursors Solyc07g056000.2(TCH4) and Solyc03g093080.3(TCH4) was
downregulated under low-iron treatment, while all other genes were upregulated. In con-
trast, all nine differently expressed genes were upregulated in leaves after spraying with Spd
under low-iron treatment. A total of 37 differently expressed genes were expressed in the
root system, mostly concentrated in the growth hormone and ethylene metabolic pathways.
The expression of Solyc03g082510.1(SAUR) and Solyc10g076790.2(AUX1) in the growth
hormone metabolic pathway and Solyc08g066660.1(ERF1) and Solyc03g114310.3(CTR1) in
the ethylene metabolic pathway were downregulated under low-Fe stress, while their
expression with Spd treatment under low-iron stress was upregulated. It appears that
differentially expressed genes related to hormone metabolism showed different trends in
leaves and roots. For the upregulated genes, in leaves, Spd foliar-spray treatment could
further upregulate gene expression, whereas, in roots, Spd foliar treatment downregulated
genes to the control level. Of the 18 differentially expressed genes in the root system for
starch and sucrose metabolic processes, seven differently expressed genes were downregu-
lated and 11 differently expressed genes were upregulated, and the expression of genes
related to hormone signaling was consistent with the Spd treatment; nonetheless, all of
these were backregulated to the control level in the root sample.

Figure 5. Enrichment analysis of differentially expressed genes in the KEGG pathway. The horizontal
axis indicates the degree of enrichment (Rich factor), and the vertical axis indicates the enriched
KEGG pathway; the size of the dots indicates the number of differentially expressed genes enriched
in a KEGG pathway; the color of the dots indicates different p values; the Rich factor indicates the
number of differentially expressed genes belonging to a KEGG pathway/the total number of genes
belonging to this KEGG pathway. The larger the Rich factor, the higher the enrichment of the KEGG
pathway. LFSL vs. LFL, Low Fe + Spd_Leaf sample vs. Low Fe_Leaf sample; LFSR vs. LFR, Low Fe +
Spd_Root sample vs. Low Fe_Root sample.

Then, we analyzed the expression of genes related to hormone signaling pathways and
sucrose metabolism, as well as differentially expressed genes of other metabolic pathways,
as shown in Figure 7. In leaf blades, Solyc01g008620.3(GN1-2-3) expression was upregu-
lated in the starch and sucrose metabolic pathways, which potentially accelerated glucose
synthesis; Solyc02g071620.3(CHLP) and Solyc07g064720.3(CHLP) expression were upreg-
ulated in porphyrin and chlorophyll metabolism, which in turn, potentially functioned
in the synthesis of chlorophyll a and chlorophyll b, respectively. Solyc07g024000.3(NOL)
expression was downregulated, thus, perhaps, inhibiting the conversion of chlorophyll
b to hydroxy-chlorophyll a. In the photosynthetic pathway, Solyc11g006910.2(PetF) iron
oxytocin gene expression was upregulated during photosynthetic electron transfer; in the
peroxisome pathway, i.e., the antioxidant enzyme system, Solyc12g094620.2(CAT) expres-
sion was upregulated in the antioxidant enzyme system and so on. In the root system, more
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genes are related to the expression of hormone metabolism, and among them, the expres-
sion of Solyc10g076790.2(AUX1) and Solyc03g082510.1(SAUR) was upregulated after Spd
treatment under low iron, both of which are jointly involved in plant cell growth. However,
Solyc09g089610.3(ETR), Solyc09g066360.1(ERF1) and Solyc04g071770.3(ERF2) transcripts
were downregulated, which potentially alleviated the effect of ethylene on cell senes-
cence. Again, Solyc12g038580.2(TPS) expression was upregulated in the starch and sucrose
metabolic pathways, which affected sugar synthesis, and Solyc12g009300.3(SUS) expression
was downregulated, which might affect sucrose synthase activity. In the peroxisome path-
way, the epoxidation process was promoted by upregulation of Solyc01g066457.1(EPHX2).
Upregulation of Solyc01g058210.2(HMGCL), Solyc10g007600.3(HAO) and Solyc12g099930.2
(AGXT) contributed to amino acid metabolism, and upregulated expression of Solyc12g094620.2
(CAT) in hydrogen peroxide metabolism potentially increased redox levels. In addition to af-
fecting the expression of related metabolic genes in each pathway, Spd-spraying under low
iron upregulated the expression of Solyc02g069200.3(IRT1), Solyc01g094890.3((FRO2) and
Solyc01g094910.3(FRO), which potentially improved the Fe uptake and transport capacity
of the root system under low-iron stress.

Figure 6. Heat map of differentially expressed genes related to plant hormone signal transduction
and sucrose metabolism. Low Fe + Spd_Root sample vs. Low Fe_Root sample.

Figure 7. Diagram of plant sucrose metabolism pathway.
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Finally, expression trends of six selected differentially-expressed genes related to iron
transport or sucrose metabolism in the root were validated by qRT-PCR. The trends for the
gene expression in qRT-PCR (Supplementary Figure S1) were approximately the same as
the transcriptome sequencing results, indicating that the results were credible.

3.3. Exogenous Spd Improved the Growth and Photosynthetic Efficiency of Tomato Plants under
Low-Iron Stress

The growth of tomato seedlings was significantly inhibited by low-Fe stress, along with
significantly decreased dry and fresh weights by 28.57 and 27.91%, respectively. However,
plant biomass was significantly increased by Spd foliar treatment under low-iron stress
(Table 2). Likewise, root growth was significantly affected by low-iron stress, but Spd foliar
treatment under low-Fe conditions increased the total root length, total root surface area
and total root volume by 78.63, 41.35 and 40.91%, respectively, compared to the low-iron
treatment (Table 2). It is evident that exogenous Spd-spraying has a mitigating effect on the
growth of tomato seedlings under low-iron stress.

Table 2. Effects of exogenous Spd on tomato biomass under low-iron stress.

Treatments
Shoot Fresh

Weight/g
Root Fresh
Weight/g

Shoot Dry
Weight/g

Root Dry
Weight/g

Total Fresh
Weight/g

Total Dry
Weight/g

CK 5.43 ± 0.44 ab 1.45 ± 0.12 b 0.40 ± 0.01 b 0.09 ± 0.01 a 6.88 ± 0.43 b 0.49 ± 0.02 b
LF 3.80 ± 0.61 c 1.16 ± 0.13 c 0.29 ± 0.05 c 0.06 ± 0.01 b 4.96 ± 0.73 c 0.35 ± 0.03 c

Spd 6.19 ± 0.45 a 1.81 ± 0.12 a 0.48 ± 0.03 a 0.10 ± 0.01 a 7.99 ± 0.43 a 0.58 ± 0.03 a
LF + Spd 5.07 ± 0.24 b 1.42 ± 0.19 bc 0.36 ± 0.02 b 0.08 ± 0.01 a 6.49 ± 0.35 b 0.45 ± 0.01 b

CK, control; LF, Low Fe; Spd, spermidine; LF + Spd, Low Fe plus spermidine. Data are shown as mean ± SD.
Within each column, entries followed by the same lowercase letters are not significantly different according to
Duncan’s test at p ≤ 0.05.

Moreover, root vigor and Fe3+ reductase activity were significantly increased by either
low-iron stress or Spd-spraying (Supplementary Figure S2). When compared to the low-
Fe treatment, root vigor and Fe3+ reductase activity were further increased by 23.21 and
21.35%, respectively, after spraying with Spd under low-Fe stress.

The photosynthetic pigment content of tomato leaves was repressed by low-iron stress.
However, the chlorophyll a, chlorophyll b and chlorophyll a + b contents were significantly
increased by 23.58, 12.50 and 21.58%, respectively, in Spd treatment under low-Fe stress
compared to low-iron stress only, though the carotenoid content was affected by Spd
treatment under low-iron stress (Table 3).

Table 3. Effects of exogenous Spd on chlorophyll content in tomato leaves under low-iron stress.

Treatments
Chl a

mg·g−1 FW
Chl b

mg·g−1 FW
Carotenoid
mg·g−1 FW

Chl a + b
mg·g−1 FW

CK 1.47 ± 0.06 b 0.66 ± 0.02 b 0.24 ± 0.02 a 3.20 ± 0.08 b
LF 1.06 ± 0.03 d 0.56 ± 0.04 c 0.15 ± 0.01 b 2.41 ± 0.08 d

Spd 1.64 ± 0.02 a 0.70 ± 0.01 a 0.25 ± 0.02 a 3.52 ± 0.07 a
LF + Spd 1.31 ± 0.10 c 0.63 ± 0.02 b 0.18 ± 0.02 b 2.93 ± 0.16 c

CK, control; LF, Low Fe; Spd, spermidine; LF + Spd, Low Fe plus spermidine. Data are shown as mean ± SD.
Within each column, entries followed by the same lowercase letters are not significantly different according to
Duncan’s test at p ≤ 0.05.

In line with the photosynthetic pigment concentrations, the net photosynthetic rate
was inhibited by 49.07% in leaves under low-Fe stress, and exogenous foliar-spraying of
Spd alleviated the reduction of gas-exchange parameters in tomato leaves caused by low-Fe
stress, and increased Pn, Tr, Gs and the intercellular CO2 concentration (Ci) (Table 4).
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Table 4. Effects of exogenous Spd on photosynthetic parameters in tomato leaves under low-
iron stress.

Treatments
Pn/

(μmol·m−1·s−1)
Gs/

(mmol·m−1·s−1)
Ci/

(mmol·mol−1)
Tr/

(mmol·m−1·s−1)

CK 7.56 ± 0.10 b 180.55 ± 1.68 a 130.91 ± 1.58 c 3.55 ± 0.00 a
LF 3.85 ± 0.08 d 92.73 ± 1.55 c 136.26 ± 2.55 b 2.04 ± 0.02 c

Spd 8.92 ± 0.03 a 178.94 ± 1.28 a 122.71 ± 0.80 d 3.54 ± 0.02 a
LF + Spd 4.73 ± 0.12 c 139.87 ± 0.43 b 153.42 ± 1.47 a 2.90 ± 0.05 b

CK, control; LF, Low Fe; Spd, spermidine; LF + Spd, Low Fe plus spermidine. Data are shown as mean ± SD.
Within each column, entries followed by the same lowercase letters are not significantly different according to
Duncan’s test at p ≤ 0.05.

Under low-Fe stress, chlorophyll fluorescence parameters such as the maximum photo-
chemical efficiency of PSII (Fv/Fm), electron transfer efficiency (ETR), actual photochemical
quantum yield of PSII (ΦPSII) and photochemical quenching coefficient (qP) of leaves signif-
icantly decreased by 7.47, 37.21, 37.32 and 35.47%, respectively, and the non-photochemical
quenching coefficient (NPQ) increased by 85.94%. However, all these indicators, except
for qP, increased significantly after spraying with Spd, suggesting that exogenous foliar-
spraying with Spd under low-iron stress had a strong ameliorative effect on leaf chlorophyll
fluorescence characteristics (Table 5).

Table 5. Effects of exogenous Spd on fluorescence parameters in tomato leaves under low-iron stress.

Treatments Fv/Fm ETR ΦPSII qP NPQ

CK 0.763 ± 0.007 b 120.562 ± 0.95 b 0.276 ± 0.002 b 0.468 ± 0.026 b 1.380 ± 0.038 c
LF 0.706 ± 0.009 d 75.706 ± 3.14 d 0.173 ± 0.007 d 0.302 ± 0.012 d 2.566 ± 0.056 a

Spd 0.776 ± 0.008 a 146.958 ± 0.77 a 0.337 ± 0.002 a 0.518 ± 0.004 a 1.314 ± 0.012 c
LF + Spd 0.741 ± 0.002 c 106.407 ± 1.21 c 0.243 ± 0.003 c 0.416 ± 0.006 c 1.851 ± 0.022 b

CK, control; LF, Low Fe; Spd, spermidine; LF + Spd, Low Fe plus spermidine. Data are shown as mean ± SD.
Within each column, entries followed by the same lowercase letters are not significantly different according to
Duncan’s test at p ≤ 0.05.

3.4. Effect of Exogenous Spd on ROS Accumulation, Antioxidant System and Osmoregulatory
Substances in Tomatoes under Low-Iron Stress

Low-iron stress increased the accumulation of intracellular O−
2 and H2O2, leading to

increased membrane permeability, and disruption of plant cell membranes as evidenced by
a significant increase in the relative electrolyte leakage and MDA content in the root sample.
However, exogenous spraying of Spd decreased the O−

2 and H2O2 contents, which, in turn,
reduced the levels of MDA and relative conductivity, thereby effectively alleviating the
deleterious effects of low iron on the cell membrane (Figure 8, Supplementary Figure S3).

Next, we observed the ultrastructure of tomato leaves to reveal the effect of low-iron-
induced oxidative stress on the plant cell structure. Figure 9 shows that under low-iron
stress, the cell exhibited the phenomenon of plasma-wall separation, the cell membrane was
damaged, the chloroplast and starch granules in the leaf were deformed, the chloroplast
was irregularly spherical and the starch granule swelled obviously. However, with Spd
foliar treatment under low-Fe stress, chloroplast deformity was recovered to some extent
with elliptical bands, and the shape of starch grains was restored.

To study whether the alleviation of low-iron stress by exogenous Spd was related
to the change in antioxidant enzyme activity in tomatoes, we analyzed the activities of
SOD, POD and CAT in leaves and roots. The results, shown in Figure 10, revealed that the
activities of SOD, POD and CAT decreased in leaves and roots under low-iron stress, which
potentially indicated a weakened ROS scavenging ability. However, foliar-spraying with
Spd increased the activities of SOD, POD and CAT to varying degrees, thereby effectively
alleviating the ROS-induced damage to the cell membrane.
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Figure 8. Effect of exogenous Spd on superoxide anion (O−
2 ) content and hydrogen peroxide (H2O2)

content under low-iron stress in tomato plants (A,B). Means denoted by the different lower case
letters are significantly different according to Duncan’s multiple range test (p ≤ 0.05); the mean
represents the average of three replicates and the vertical bar indicates ± standard deviation (SD).

Figure 9. Ultra-structure of leaf cells revealed by transmission electron microscopy. CW, cell wall; Va,
vacuole; Chl, chloroplast; Mi, mitochondria; S, starch grain.

We also analyzed the levels of osmoregulatory substances such as proline, sugars
and proteins, which are vital for osmotic regulation under stressful conditions in plants.
The proline contents in both leaves and roots significantly increased by 40.91 and 32.05%,
respectively, and the free amino acid content significantly decreased by 31.20 and 14.79%,
respectively, under low-Fe stress when compared with the control. Interestingly, the proline
and free amino acid contents in leaves and roots increased with Spd foliar treatment under
low-Fe stress compared to low-Fe stress only. The soluble protein content decreased in
leaves and roots under low-Fe stress; however, it increased by 13.45% in leaves and 31.16%
in roots after Spd foliar treatment under low-Fe stress. The soluble sugar content in leaves
significantly decreased by 38.62% under low-Fe stress, while there was no significant
change in this in roots. However, compared to low-Fe stress alone, treatment with Spd
and low-Fe stress increased the soluble sugar content significantly in both leaves and roots
(Figure 11).

338



Antioxidants 2022, 11, 1260

Figure 10. Effect of exogenous Spd on antioxidant enzyme activity under low-iron stress in tomatoes.
The first row represents the leaves and the second row represents the roots. Means denoted by
the different lower case letters are significantly different according to Duncan’s multiple range test
(p ≤ 0.05); the mean represents the average of three replicates and the vertical bar indicates ± standard
deviation (SD).

Figure 11. Effect of exogenous Spd on proline content, free amino acid content, soluble protein
content and soluble sugar content under low-iron stress in tomato plants (A–D). Means denoted
by the different lower case letters are significantly different according to Duncan’s multiple range
test (p ≤ 0.05); the mean represents the average of three replicates and the vertical bar indicates ±
standard deviation (SD).
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3.5. Effect of Exogenous Spd on the Organic Acid Content in Roots and the Polyamine Content in
Leaves under Low-Iron Stress in Tomato Plants

Oxalic, malic, acetic and citric acids in the root system responded differently to low-
Fe stress (Table 6). The oxalic acid level was not significantly altered by low-Fe stress
compared to the control; however, the citric and malic acid contents increased by 78.12
and 69.58%, respectively, and the acetic acid content decreased by 49.76% in tomato roots
under low-Fe stress. Spd treatment under low-Fe stress significantly increased the contents
of citric (49.15%), malic (172.76%) and acetic acids (310.88%) compared to low-Fe stress
alone, suggesting that exogenous Spd treatment-induced increased secretion of organic
acids from the root potentially enhanced the Fe transport capacity.

Table 6. Effects of exogenous Spd on organic acid content in tomato roots under low-iron stress.

Treatments Oxalic Acid/(mg·g−1) Malic Acid/(μg·g−1) Citric Acid/(μg·g−1) Acetic Acid/(μg·g−1)

CK 2.68 ± 0.13 a 357.77 ± 28.45 c 90.95 ± 4.85 c 114.52 ± 15.87 c
LF 2.73 ± 0.13 a 606.70 ± 97.39 bc 162.00 ± 23.73 b 57.54 ± 12.40 d

Spd 2.24 ± 0.09 b 684.47 ± 167.26 b 133.55 ± 9.60 bc 210.01 ± 11.88 b
LF + Spd 2.75 ± 0.35 a 1654.85 ± 218.26 a 241.63 ± 40.10 a 236.42 ± 15.10 a

CK, control; LF, Low Fe; Spd, spermidine; LF + Spd, Low Fe plus spermidine. Data are shown as mean ± SD.
Entries within each column followed by the same lowercase letters are not significantly different according to
Duncan’s test at p ≤ 0.05.

Meanwhile, under low-Fe stress, soluble and bound Put, Spd and Spm concentrations
increased in the leaves, while free Put decreased and free Spd and Spm did not significantly
change (Table 7). It is likely that free polyamines were converted to bound polyamines,
which increased the bound polyamines under stress conditions. However, all three forms of
polyamines, except for bound Spd, increased to different degrees after Spd foliar-spraying
under low-Fe stress. This showed that exogenous Spd treatment could improve the biosyn-
thesis and interconversion of endogenous polyamines to increase the plants’ ability to
withstand stress.

Table 7. Effects of exogenous Spd on the polyamine content in tomato leaves under low-iron stress.

Treatments
Free Polyamine (nmol·g−1)

Soluble Conjugated Polyamine
(nmol·g−1)

Bound Polyamine (nmol·g−1)

Put Spd Spm Put Spd Spm Put Spd Spm

CK
662.64 ±
16.76 b

429.20 ±
57.33 b

142.69 ±
1.68 b

111.21 ±
39.69 c

30.44 ±
3.91 d

60.37 ±
2.54 c

828.56 ±
91.03 c

238.62 ±
27.29 c

451.48 ±
36.43 c

LF
545.76 ±
43.10 c

568.52 ±
43.73 b

160.10 ±
3.17 ab

229.51 ±
46.45 b

85.60 ±
4.36 b

96.29 ±
2.73 b

6909.74 ±
433.32 a

2064.22 ±
130.05 a

794.57 ±
43.54 b

Spd
848.99 ±
64.31 a

574.61 ±
30.55 b

160.37 ±
13.66 ab

129.79 ±
18.81 c

55.02 ±
4.26 c

63.07 ±
2.60 c

1060.74 ±
47.86 c

308.22 ±
14.31 c

496.38 ±
18.08 c

LF + Spd
702.82 ±
55.56 b

878.03 ±
140.96 a

170.73 ±
12.87 a

408.15 ±
78.32 a

103.22 ±
4.38 a

119.36 ±
9.19 a

4963.23 ±
340.45 b

1479.83 ±
102.24 b

1103.26 ±
55.84 a

CK, control; LF, Low Fe; Spd, spermidine; LF + Spd, Low Fe plus spermidine. Data are shown as mean ± SD.
Entries within each column followed by the same lowercase letters are not significantly different according to
Duncan’s test at p ≤ 0.05.

3.6. Effect of Exogenous Spd on Sugar Metabolism in Tomato Leaves under Low-Iron Stress

In addition to being a source of energy for plant metabolism, sucrose has also been
identified as a signaling molecule involved in the regulation of Fe deficiency. The sucrose
content in leaves increased by 41.52, 28.24 and 48.57% with time after low-Fe treatment,
and was higher than the control. Spd-spraying under low-Fe stress significantly reduced
the sucrose content in the leaves compared to the low-Fe treatment (Figure 12).
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Figure 12. Effects of exogenous Spd on the sucrose content in tomato leaves under low-iron stress.
Means denoted by the different lowercase letters on the same color bars are significantly different
according to Duncan’s multiple range test (p ≤ 0.05); the mean represents the average of three
replicates and the vertical bar indicates ± standard deviation (SD).

The results of the measurement of enzymes’ activities related to sugar metabolism
showed that under low-iron stress, the activities of both SS and SPS enzymes decreased,
while the activities of two conversion enzymes, NI and AI, increased on day 10 after
low-Fe treatment, although the sucrose content increased rather than decreased. This
shows that the catabolic direction of SS and SPS enzyme activities was greater than the
synthetic direction under low-Fe stress, and with the decrease in enzyme activities, the
transport of photosynthetic products was blocked, causing the accumulation of sucrose in
leaves, while the degradation and utilization of sucrose were weakened, which, in turn,
stimulated the activities of two converting enzymes, NI and AI, and maintained the stability
of sucrose anabolism. Exogenous Spd treatment significantly increased the SS activity and
decreased the sucrose content, indicating that Spd promotes the degradation of sucrose,
accelerates the consumption of sucrose transported from the leaves, promotes the transfer
of photosynthetic products from the source to the reservoir and prevents the inhibitory
effect of sucrose accumulation on photosynthetic efficiency (Supplementary Table S4).

4. Discussion

Iron is a vital element for the metabolism, growth and development of plants. Never-
theless, the lack of adaptive mechanisms to combat iron deficiency severely impairs plant
biomass accumulation. Biomass is a direct manifestation of plant growth variation and can
be an important basis for assessing the degree of plant injury due to stress [45]. Roots not
only provide structural support to the above-ground parts of the plant but also provide
nutrients and water. Therefore, the survival of a plant depends on its proper growth,
development and root function [46]. Under low-iron stress, a decrease in above-ground
and below-ground biomass (Table 2), and a suppressed total root length, total root surface
area and total root volume of seedlings were observed (Supplementary Table S3). Morpho-
logical inhibition is one of the adverse effects caused by low-iron stress, and our results
were consistent with earlier accounts of iron-deficiency effects on crop plants [47]. This is
because adverse stress conditions inhibit both the division and growth of root cells, causing
a significant decline in root biomass [48]. However, foliar-spraying with Spd increased
not only above-ground and below-ground biomass but also the total root length, total root
surface area, total root volume, root vigor and Fe3+ reductase activity, which potentially
improved nutrient acquisition and alleviated low-iron stress in tomato seedlings.

Since photosynthesis is the most essential plant process, its efficiency has a significant
influence on growth, yield and stress resistance in plants [49]. In this study, the photo-
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synthetic pigment content of tomato leaves was significantly inhibited under low-iron
stress and leaf photosynthetic activity was drastically reduced (Tables 3 and 4), which
is consistent with the findings of Yao et al. [50]. This is because iron-deficiency stress
hinders chlorophyll synthesis in tomato seedlings, leading to a reduction in chloroplast
lamellae and disruption of the chloroplast structure. However, the chlorophyll contents
in tomato leaves increased significantly after Spd foliar-spraying. Such effects support
the hypothesis that the ability to capture and convert light energy was restored, and the
exogenously sprayed Spd could safeguard chloroplasts and protect the photosynthetic
mechanism from the adverse effects of environmental stress [51]. Moreover, chlorophyll
fluorescence parameters such as Fv/Fm, PSII, ETR, etc., decreased significantly and NPQ
increased under low-iron stress (Table 5), which was in agreement with the previous find-
ings [52]. This is because damage to the photosystem II reaction centered on low-iron
stress-inhibited PS II photochemical activity, reduced PS II primary light energy conversion
efficiency and hindered the photosynthetic electron transfer process. Consistent with the
previous reports in Sweet Corn [53], exogenous Spd increased the chlorophyll content and
stabilized the photosynthetic system in tomato seedlings, thus alleviating the damage to
the photosystem and enhancing or restoring photosynthetic efficiency. It can be inferred
that exogenous Spd-spraying is crucial to improve the photosynthetic efficiency of tomato
seedlings, leading to increased biomass and dry matter accumulation.

Polyamines protect plants from environmental stress by regulating the accumulation
of sugar, proline and other osmotic substances [54]. Proline is an important osmotic
adjustment substance in plants that functions in maintaining the membrane structure and is
used as a physiological and biochemical indicator for the plant stress response [55]. Du [56]
showed that the proline content in plants under stress increased, and was further increased
by Spd treatment, which is in agreement with our results showing that proline content in
leaves and roots of tomato seedlings under low-iron stress increased significantly compared
to the control, and were further significantly increased after foliar-spraying of Spd under
low-iron stress compared to LF treatment. The proteins synthesized and stored during
plant growth are degraded to free amino acids for biosynthesis to maintain normal plant life
activities [57]. When plants are subjected to stress, particularly osmotic stress, the soluble
sugar content increases, which can improve the osmoregulatory capacity of leaves and
provide carbon and nitrogen sources for plant organic matter synthesis [58]. The soluble
sugar content in leaves and roots of tomato seedlings decreased under low-iron stress;
however, exogenous Spd treatment increased the soluble sugar content in tomato seedlings
under low-iron stress, suggesting that Spd improves the ability of plants to synthesize
sugars [59]. To improve the plant tolerance to iron deficiency, roots can reduce the inter-root
pH by secreting organic acids and increasing Fe3+ solubility [60]. Exogenous spraying with
Spd significantly increased the content of citric and malic acids in the root system, which
indicates that Spd potentially increases the secretion of organic acids in the root system,
thus enhancing the iron transport in plants [61].

Plant performance under multiple abiotic stresses is linked to the accumulation of Put,
Spd and Spm [62]. In this study, the content of all three forms of polyamines increased to
different degrees after Spd-spraying, which is consistent with the results of Shan et al. [61].
It is highly likely that exogenous Spd treatment potentially improves the biosynthesis
of endogenous polyamines and significantly enhances the ability of plants to withstand
adversity. Moreover, the study also found that Spd treatment significantly increased SS
enzyme activity, reduced sucrose content, promoted sucrose degradation, accelerated
sucrose consumption, facilitated the transfer of photosynthetic products from source to sink
and prevented the inhibitory effect of sucrose accumulation on photosynthetic efficiency in
tomato seedlings [63], which is consistent with the results of our study.

Under stress conditions, reactive oxygen species (ROS) are profusely generated in
plants, causing oxidative stress and damage to important molecules in plants [55,64]. The
cell membrane is a barrier that maintains the relative stability of plant cells. Under stress
conditions, the degree of membrane lipid peroxidation intensifies due to excessive ac-
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cumulation of ROS, which changes the membrane permeability and affects the normal
physiological and biochemical reactions [65]. In this study, low-iron stress reduced SOD,
POD and CAT activities in tomato plants and weakened their ability to scavenge ROS,
resulting in excessive intracellular O−

2 and H2O2 accumulation, increased membrane per-
meability and disruption of plant cell membranes (Figure 8). This relies on the fact that iron
acts as a component of enzymes such as SOD, POD and CAT, and the three enzymes’ activ-
ities were significantly inhibited when plants were subjected to a low-iron environment.
After exogenous spraying of Spd treatment, the SOD, POD and CAT activities increased to
different degrees and O−

2 , H2O2, MDA and the relative conductivity decreased, indicating
that Spd effectively alleviated the extent of cell membrane disruption.

In iron-chelating reductase FRO7 mutant plants, the iron content in chloroplasts and
the activity of iron reductase are significantly lower than in wild-type plants, and the
electron transport chain in the photosystem is interrupted, causing impaired photosynthe-
sis [66]. Moreover, FRO7 mutant plants show a severe yellowing phenotype, along with the
occurrence of seedling lethality, indicating that the FRO7 gene is important for maintaining
iron homeostasis in chloroplasts and for the proper performance of photosynthesis in
the plant [66]. In the present study, Spd treatment under low-iron stress upregulated the
expression of the FRO gene and related Fe transporter genes IRT1 and IRT2 in the root,
which is consistent with the results of a previous study in Pyrus betulaefolia [67].

Previous studies established that IAA plays an important role as a signaling molecule
in the response to iron deficiency in plants, and that the local iron supply affects the
plant lateral root growth and development by inducing the growth hormone AUX-1 trans-
porter [68]. The strategy-I plants induce ethylene synthesis in response to iron-deficiency
stress, and ethylene positively regulates the iron-deficiency response [69]. The ethylene
response factor ERF4/ERF72 is involved in iron-deficiency response in apple rootstocks,
and interference with these two genes results in upregulated expression of iron-uptake
genes in Ziziphus jujube roots, promoting iron uptake by the roots [70]. Accordingly, we also
found that transcript levels of ERF1 and ERF2 genes were upregulated in the root system
under low-iron stress, and exogenous spraying of Spd treatment further upregulated the
expression of ERF1 genes in the leaves, while it downregulated them in the root. Differen-
tial expression of these genes related to growth hormones and ethylene, together with the
expression of downstream FRO and IRT1 genes, potentially contributed to improved iron
acquisition and transport under low-iron stress.

Meanwhile, sucrose accumulation in leaves increased under low-iron stress, which
indicated that the translocation capacity of sucrose to the root system was possibly reduced;
nonetheless, sucrose could act as a long-range signal to regulate the response of plants to Fe
deficiency [71]. It is worth noting at this point that the expression of genes such as COX15
in chlorophyll metabolism was downregulated under low-iron stress, indicating that the
transport of sucrose to the lower part of the ground was inhibited [72]. The upregulated
expression of genes such as CHLP, PetF and CAT, which are involved in chlorophyll
synthesis and antioxidant enzyme activities, as well as significantly upregulated SUS
and TPS gene expression and significantly increased sucrose synthase activity after Spd-
spraying, indicated that Spd treatment also affected sugar metabolism to confer tolerance
to low-iron stress in tomato plants.

5. Conclusions

Iron (Fe) deficiency severely limits agricultural crop yield due to its low availability,
particularly in soils with a high pH. The success of iron fertilization largely depends on soil
pH management, which is very challenging in field conditions. In this study, we showed
that foliar application of exogenous plant growth regulator Spd could improve plant toler-
ance to low-iron stress. Briefly, the transcriptomic analysis revealed that exogenous Spd
could regulate the plant response to low-iron stress by modulating the expression of genes
involved in the processes of hormone metabolism, sucrose metabolism, antioxidant defense
system, photosynthesis, chlorophyll metabolism and Fe uptake and transport. Besides
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this, biochemical and physiological analyses revealed that low-iron stress-induced suppres-
sion, in photosynthesis and growth of tomato seedlings, were significantly alleviated by
exogenous Spd treatment, which was closely associated with differential modulation of
photosynthetic pigment contents, gas exchange, chlorophyll fluorescence capacity, proline
content, sucrose content, root vigor, citric and malic acid contents, ROS metabolism and
polyamine synthesis and interconversion. Overall, this study reveals the critical mechanism
of exogenous Spd-induced enhanced tolerance to low-iron stress in tomatoes and provides
a novel characterization of the key traits associated with the adaptation of tomatoes to
a low-iron environment. Traits associated with changes in low-iron-tolerance genes can
potentially be used to improve yields of greenhouse tomatoes in low-iron environments.
Nonetheless, large-scale experimentation is required to unveil and extend this knowledge,
to develop better agricultural practices.
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Spd on lipid peroxidation (A) and ion leakage (B) in tomato roots under low-iron stress; Table S1:
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Abstract: Ionizing radiation is abiotic stress limiting the growth and productivity of crop plants.
Stigmasterol has positive effects on the plant growth of many crops. The role of stigmasterol in
alleviating the effects of ionizing radiation on plant metabolism and development is still unclear.
Therefore, the study aimed to investigate the effects of pretreatments with γ-radiation (0, 25, and
50 Gy), foliar application of stigmasterol (0, 100, and 200 ppm), and their interaction on the growth,
and biochemical constituents of wheat (Triticum aestivum L., var. Sids 12) plants. Gamma radiation at
25 Gy showed no significant difference in plant height, root length, no. of leaves, shoot fresh weight,
root fresh weight, Chl a, ABA, soluble phenols, and MDA compared to the control values. Gamma rays
at 50 Gy inhibited shoot and root lengths, flag leaf area, shoot fresh and dry weights, photosynthetic
pigments, total soluble sugars, proline, and peroxidase activity. However, it stimulated total phenols,
catalase activity, and lipid peroxidation. On the other hand, stigmasterol at 100 ppm showed no
significant effects on some of the physiological attributes compared to control plants. Stigmasterol at
200 ppm improved plant growth parameters, photosynthetic pigments, proline, phenols, antioxidant
enzyme, gibberellic acid, and indole acetic acid. Correspondingly, it inhibited total soluble sugars,
abscisic acid, and lipid peroxidation. Moreover, the application of stigmasterol caused the appearance
of new polypeptides and the reappearance of those missed by gamma radiation. Overall, stigmasterol
could alleviate the adverse effects of gamma radiation on wheat plants.

Keywords: antioxidants; biochemical metabolites; plant growth; stigmasterol; phytohormones; wheat

1. Introduction

Wheat (Triticum aestivum, L.) is the main strategic cereal crop. It has high nutritional
value as it is rich in carbohydrates, essential amino acids, fiber components, vitamins, and
minerals [1]. Global wheat production amounted to around 778.6 million tons from 2020 to
2021 [2]. Wheat is used for making bread, starch, and wheat germ oil. The nutritional value
of grains of bread-making quality depends mainly on the various protein constituents [3].
Wheat plants are exposed to numerous stressors, such as ionizing radiation stress, that
seriously affect plant growth and productivity [4].

Ionizing radiation is a pollutant that could potentially lead to disturbances in ecosys-
tems [5]. Gamma-radiation is an electromagnetic wave that results in ionizing radiation that
impacts different biological macromolecules and induces variable biological effects [6,7].
The effects of gamma-rays on plant growth and development are diverse, ranging from
stimulatory to inhibitory effects depending on the radiation dose, exposure duration, the
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response and sensitivity of different plant species and cultivars, and their interaction in-
side the cell, especially in water, to produce free radicals [8] that change the biochemical
processes of plants [9]. Previous studies have investigated the effect of dose and exposure
time of gamma-ray irradiation on seed germination and physiological parameters. Gamma
rays at 100 Gy enhanced growth, yield characters, and certain biochemical constitutes of
fenugreek [10] and wheat plants [11]. A recent study revealed that IS-Jarissa wheat varieties
were able to live after exposure to radiation doses of 0 Gy, 100 Gy, 200 Gy, 300 Gy, and
400 Gy [12]. Additionally, gamma radiation at 200 Gy enhanced flavonoid compounds in
37 wheat lines [13], while ionizing radiation from 10 to 1000 Gy caused dramatic alterations
in the composition of plant cells and induced cell death [14,15]. Mean germination time,
root and shoot length, and seedling dry weight of wheat genotypes (Roshan and T-65-58-8)
decreased with increasing radiation doses (100, 200, 300, and 400 Gy) [16]. Additionally, the
radiation doses of 10, 15, 20, 25 and 30 kR caused different types of chromosomal anomalies
in wheat plants, which increased with the increasing intensity of gamma radiation [17].

Plants produce mixtures of sterols, including stigmasterol, campesterol, and sitosterol.
Stigmasterol belongs to the plant sterols and is a precursor of brassinosteroids, which act as
growth regulators [18]. Additionally, Campesterol is the precursor of BR; the crucial role of
BR in plant growth and development is well established [19], while sitosterol participates
in cellulose synthesis [20]. Stigmasterol is implicated in the structure of phospholipid
constituents, maintaining plasma membrane fluidity and permeability [19,21,22]. More-
over, foliar application of stigmasterol improved the growth characters, yield, anatomical
structures, and percentage/composition of essential oil of basil plants [23]. Stigmasterol
may be involved in gravitropism and tolerance to abiotic stress [19]. Indeed, stigmas-
terol application of germinating seeds enhanced the salt tolerance of faba beans and flax
plants [24,25]. It is, however, unclear whether stigmasterol can overcome the harmful
effects of ionizing radiation stress. As the cost of stigmasterol is brought down to affordable
levels [24], the present research theme may contribute greatly to the usage of stigmasterol
in agriculture production as well as to overcome the threat of ionizing radiation on crop
plants around the world. Therefore, our purpose is to examine the role of stigmasterol in
alleviating the adverse effects of γ-radiation on wheat plants and to understand the direct
role of stigmasterol in plant growth and stress responses.

2. Materials and Methods

2.1. Experimental Design

A greenhouse experiment was conducted during the winter season of 2017/2018 at
the Faculty of Science (Girls Branch), Al-Azhar University (latitude 30◦03′22.3” N longi-
tude 31◦19′25.4” E), Nasr City, Cairo, Egypt. The study aimed to test the effects of pre-
treatment with γ-radiation (0, 25, and 50 Gy) and foliar application of stigmasterol (0, 100,
and 200 ppm) on growth, biochemical constituents, and yield characters of wheat plants
(Triticum aestivum, L.). Wheat grains (Cultivar Sids 12) were received from the Agriculture
Research Center (latitude 30◦01′13.4” N longitude 31◦12′24.2” E), Giza, Egypt. Stigmasterol,
purity ≥ 95, soluble in chloroform, 50 mg/mL, MP Biomedicals, LLC, France, was used.
The seeds were irradiated by gamma 60Co at different doses including 0 (non-irradiated),
25, and 50 Gray (Gy) at the Egyptian Atomic Energy Authority (latitude 30◦02′41.8” N
longitude 31◦20′41.0” E), Cairo, Egypt. Wheat grains were sown on November 21 in earth-
enware pots (no. 50) filled with sandy soil with six replicates for each treatment. The
soil texture was sandy, field capacity 11.5%, pH 8.7, EC 0.35 dSm−1, Cl− 1.7, HCO3

− 1.10,
Na+ 1.2, K+ 0.25, Ca2+ 1.27%, and Mg2+ 0.58 meq L−1. Phosphorus fertilizer was added
before sowing at a rate of 6.0 g per pot of calcium superphosphate (15.5% P2O5). Nitrogen
fertilizer was applied in two equal portions at a rate of 0.60 g/pot for each in the form
of ammonium nitrate (33.5%N) at 30 and 60 days after planting. Potassium fertilizer was
applied as a soil application at the rate of 2 g/pot in the form of potassium sulfate (48–52%
K2O) 45 days after planting. The foliar spray of stigmasterol treatments was applied at the
vegetative stage (45 days after sowing).
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2.2. Growth Parameters

At 65 days after sowing, three representative samples were collected from each treat-
ment for detecting the tested growth traits (shoot length (cm), root length (cm), leaves (no.
per plant, flag leaf area), as well as fresh and dry weights of shoot and root per plant).

2.3. Photosynthetic Pigments

According to the procedure in [26], photosynthetic pigments—chlorophyll-a (Chl a),
chlorophyll-b (Chl b)—and total carotenoids in samples of wheat fresh leaves tissues using
85% acetone with 0.1 g fresh weight (FW) of wheat leaves after grinding in the solvent was
measured. The homogenized samples were centrifuged at 3000 rpm, and the filtrate was
topped up to 10 mL with acetone (85%). The absorbance was recorded at 663, 644, and 452
nm using a spectrophotometer (VEB, Carl-Zeiss-Promenade, Jena, Germany) using acetone
as a blank. The concentration of the pigment fractions (Chl a, Chl b, and carotenoids) was
accounted for as μg/mL using the following equations:

Chl a = [(10.3 × E663) − (0.918 × E644)] = μg mL−1 (1)

Chl b = [(19.7 × E644) − (3.870 × E663)] =μg mL−1 (2)

Carotenoids = (4.2 × E452) − [(0.0264 × Chl a) + (0.426 × Chl b)] = μg mL−1 (3)

The concentrations of chlorophylls and carotenoids were expressed as mg g−1 fresh
weight (FW) of plant material. Pigment contents are represented as mg g−1 FW.

2.4. Identification of Endogenous Hormones

A total of 10 g of fresh tissue per sample was homogenized with 80% (v/v) ethanol
and stirred overnight at 4 ◦C. The extract was filtered through a Whatman filter, and the
methanol was evaporated under a vacuum. The aqueous phase was adjusted to pH 2.5
with 1 N HCl, then partitioned with ethyl acetate (3 times), and finally passed through
anhydrous sodium sulfate. After that, the ethyl acetate phase was evaporated under a
vacuum. The dry residue containing acidic hormones (fraction I) was dissolved in 2.0 mL
of methanol and stored in vials at 4 ◦C. The phytohormones (auxins, gibberellins, and
abscisic acid) were determined by high-performance liquid chromatography (Shimadzu,
Tokyo, Japan), isocratic UV analysis, and a reverse-phase C18 column (RP-C18 μ Bondapak,
Waters). The column used included octadecylsilane (ODS) ultra-sphere particles (5 μm),
and the mobile phases used were acetonitrile/water (26:74 v/v) at pH 4.00. The flow rate
was 0.8 mL min−1, and detection was UV 208 nm. The standard solutions of the individual
acids (auxins, gibberellins, and abscisic acid (Sigma, St. Louis, MO, 63178, USA)) were
prepared in the mobile phase and chromatographed. All solvents were purchased from
Aldrich (Munich, Germany).

2.5. Total Soluble Sugars

Total soluble sugars (TSS) were estimated in dry flag leaves of the wheat plant by
the anthrone technique [27]. The TSS was analyzed by reacting 0.1 mL of ethanol extract
with 3.0 mL freshly prepared anthrone (150 mg anthrone (Aldrich Chemical Company
Inc., Milwaukee, WI 53233, USA) + 100 mL 72% H2SO4) in a boiling water bath for 10 min.
The cooled samples were read at 625 nm using a spectrophotometer (VEB, Carl-Zeiss-
Promenade, Jena, Germany). Total soluble sugar was calculated using a standard curve
of glucose.

2.6. Proline

Proline content was determined according to [28]. A total of 0.5 g of fresh leaves was
extracted in 10 mL of aqueous sulfosalicylic acid (3%). A total of 2 mL of the extract was
taken and mixed with 2 mL of acid ninhydrin reagent (Alpha, Mumbai, 400 002, India) and
2 mL of glacial acetic acid for one h at 100 ◦C. After cooling, 4 mL of toluene was added to
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the reaction mixture to extract the proline content. The absorbance was recorded using a
spectrophotometer (VEB, Carl-Zeiss-Promenade, Jena, Germany) at 520 nm using toluene
as a blank. Free proline was determined from the standard curve of L-proline.

2.7. Total Phenolics

Total phenolic content in dry leaves was estimated by the method described by [29,30].
One milliliter of the extract was added to ten drops of concentrated HCl in a boiling water
bath for ten min and cooled. Then 1 mL of Folin–Ciocalteau reagent and 1.5 mL of 14%
sodium carbonate were added to the extract. The mixture was completed with distilled
water up to 5 mL, shaken well, and then kept in a boiling water bath for five minutes. The
absorbance at 650 nm was noted, and the data were represented as mg g−1 FW using a
pyrogallol standard curve.

2.8. Assay of Antioxidant Enzymes

The crude enzyme was obtained according to the assay of antioxidant enzyme activi-
ties. A fresh flag leaf (2 g) of wheat plants was extracted in 10 mL of 100 mM phosphate
buffer (pH 6.8) and kept at 4 ◦C overnight. The extract was centrifuged at 5000 rpm for ten
minutes and reserved to assay the activities of enzymes [31].

2.8.1. Peroxidase (POX) Assay

POX activity was assayed according to [32]. A total of 0.2 mL of crude extract was
reacted with 5.8 mL of phosphate buffer (50 mM, pH 7.0), 2.0 mL pyrogallol (20 mM), and
2.0 mL hydrogen peroxide (20 mM). The increase in absorbance was determined within
60 s against a reagent without enzyme at 470 nm using a spectrophotometer. The amount
of crude enzyme that converts one micromole of hydrogen peroxide in one minute at room
temperature equals one unit of enzyme activity [33].

2.8.2. Catalase (CAT) Assay

The CAT activity was assayed [34] by mixing 40 μL of enzyme extract and 9.96 mL
phosphate buffer (pH 7.0) containing H2O2 (0.16 mL of 30% H2O2 in 100 mL of 50 mM
phosphate buffer). CAT activity was determined by measuring the rate of H2O2 absorbance
change in one minute against a buffer blank at 250 nm using a spectrophotometer. One
unit of enzyme activity is equivalent to the amount of enzyme that reduced 50% of the
hydrogen peroxide in one minute at room temperature.

2.9. Lipid Peroxidation

The level of lipid peroxidation (malondialdehyde; MDA) was measured according
to [35]. A total of 200 mg of fresh flag leaf of wheat plants was ground in 10 mL of 5%
trichloroacetic acid (TCA) and centrifuged at 15,000 rpm for 10 min. Then, 2.0 mL of the
extract was added to 4.0 mL of 0.5% thiobarbituric acid (Mallinckrodt. Inc., Paris, KY 40361,
USA) in 20% TCA, heated in a boiling water bath for a half-hour, immediately cooled,
and centrifuged at 10,000 rpm for ten minutes. The reading was noted at 532 and 600 nm
using a spectrophotometer. By subtracting the absorption value at 600 nm, the absorption
coefficient of 155 nmol cm−1 was used to assess the MDA content as nmol g−1 FW.

2.10. Protein Profile

The rapid freeze-dried leaf samples (0.2 g) were extracted with 1 mL of protein buffer
and kept in the freezer overnight and then vortexed for 15 s and centrifuged at 5000 rpm at
4 ◦C for 15 min. Then, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS–
PAGE) was performed [36]. The molecular weight of the isolated proteins was estimated
using standard molecular weight markers (standard protein markers, 11–180 kDa; Sigma,
St. Louis, MO, USA). The protein bands were stained with Coomassie Brilliant Blue G-250
(Sigma, St. Louis, MO, USA).
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2.11. Statistical Analysis

The experiment was statistically analyzed as a split-plot design according to [37]. The
significant differences were statistically evaluated by Duncan’s test and one-way analysis
of variance (ANOVA) using SPSS, version 18.0 (Statistical Package for Social Science,
Copyright 2010, Chicago, IL, USA) to discriminate significance (defined as p ≤ 0.05). The
least significant differences (LSD) at 5% were calculated for means comparisons.

3. Results

3.1. Growth Parameters

Gamma radiation at 25 Gy significantly decreased flag leaf area, shoot dry weight, and
root dry weight while showing no significant difference in plant height, root length, no. of
leaves, shoot fresh weight, and root fresh weight. Moreover, except for root fresh weight,
gamma radiation at 50 Gy significantly decreased (p < 0.05) the shoot and root lengths, no.
of leaves, flag leaf area, shoot fresh and dry weights, and root dry weight of wheat plants
compared with the control group (Table 1).

Table 1. Effect of stigmasterol treatments on the growth parameters of wheat plants grown from
irradiated grains. The different letters (a–f) show statistical significance at p < 0.05. Differences are
statistically significant at p < 0.05; vertical bars indicate ±SD.

Radiation
Dose (Gy)

Stigmasterol
(ppm)

Plant Height
(cm)

Root Length
(cm)

No. of
Leaves

Flag Leaf
Area
(cm2)

Shoot Fresh
Weight (g)

Shoot Dry
Weight (g)

Root Fresh
Weight (g)

Root Dry
Weight (g)

0
0 60.00 b 10.67 ab 6.00 c 20.10 b 6.08 ab 0.75 bc 1.50 cd 0.17 c

100 63.00 a 11.00 a 6.00 c 25.77 a 6.12 ab 0.76 bc 1.26 de 0.24 b

200 68.00 a 11.00 a 8.33 a 22.67 ab 6.21 ab 0.88 a 1.61 bc 0.28 a

25
0 58.67 b 9.67 bc 5.67 c 16.37 c 5.64 bc 0.48 e 1.45 cd 0.12 e

100 52.00 c 10.00 bc 6.33 c 14.17 c 4.70 a 0.66 cd 1.34 cd 0.16 c

200 68.00 a 12.00 a 7.33 b 23.90 a 6.70 a 0.83 ab 1.51 e 0.14 de

50
0 46.00 d 7.50 d 4.67 d 15.33 c 4.77 d 0.38 f 1.22 de 0.09 f

100 59.00 b 9.10 c 5.67 c 20.90 b 5.00 cd 0.58 d 1.95 a 0.14 de

200 66.00 a 10.00 bc 6.33 c 22.60 ab 6.63 a 0.87 a 1.83 ab 0.15 cd

LSD (0.05) for radiation or
stigmasterol 2.388 0.844 0.504 1.611 0.389 0.052 0.192 0.015

LSD 0.05 for the interaction 4.136 1.463 NS 2.791 0.6743 0.091 0.332 0.025

Foliar application of stigmasterol at 100 ppm showed a significant effect on flag leaf
area, root length, and root dry weight but showed no changes in plant height, no. of leaves,
shoot fresh and dry weights, and root fresh weight of the non-irradiated. Stigmasterol at
200 ppm increased significantly plant height, root length, no. of leaves, shoot dry weight,
and root dry weight while showing no changes in flag leaf, shoot fresh weight, and root
fresh weight compared to the control plants.

The treated plants with 25 Gy + stigmasterol at 100 ppm caused significant increases
in shoot and root dry weights, decreases in plant height and shoot fresh weight, and no
significant effects on root length, flag leaf area, and root fresh weight compared to the
corresponding control. Regarding the irradiated plants with 25 Gy, stigmasterol at 200 ppm
significantly (p < 0.05) improved the shoot length, root length, number of leaves/plant, flag
leaf area, shoot fresh and dry weights, and root dry weight over the control values.

The irradiated plants with 50 Gy and stigmasterol at 100 ppm, except for shoot fresh
weight, showed significant increases in the following growth parameters: shoot length,
root length, number of leaves/plant, flag leaf area, shoot dry weight, and root fresh and
dry weights (28.26%, 21.33%, 21.41%, 36.33%, 52.63%, 59.84%, and 55.56%, respectively)
of wheat plants over the corresponding control. Regarding the irradiated plants with 50
Gy, stigmasterol at 200 ppm significantly (p < 0.05) improved the shoot length, root length,
number of leaves/plant, flag leaf area, fresh and dry weight of shoot, and root by 43.5%,
33.3%, 42.8%, 47.4%, 39.1%, 129.0%, 95.0%, and 66.7%, respectively, over the control values.

The effect of stigmasterol wheat plant growth depends on the applied concentra-
tion. However, stigmasterol at 100 ppm showed no significant effects on some of the
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physiological attributes compared to control plants. Foliar application of stigmasterol at
200 ppm could improve the growth parameters in non-irradiated and 25 Gy-irradiated
plants. Moreover, 200 ppm could counteract the effects of 50 Gy gamma radiation on wheat
plant growth.

3.2. Photosynthetic Pigments

Irradiated grains had a significant (p < 0.05) influence on the photosynthetic pigments,
Chl a, Chl b, and carotenoids of wheat plants (Figure 1). Radiation at 25 Gy showed no
significant effect on Chl a, while it decreased significantly Chl b and carotenoids compared
to the control plants. Radiation at 50 Gy produced progressive damage in the photosynthetic
pigments compared to the control plants. On the other hand, the application of stigmasterol
at 100 and 200 ppm showed significant (p < 0.05) increases in Chl a and Chl b, and no
significant effect in carotenoids in non-irradiated plants compared to the control plants.
Moreover, the application of stigmasterol at 100 and 200 ppm significantly (p < 0.05)
increased Chl a-, Chl b-, and carotenoid-irradiated plants compared with corresponding
control values. Stigmasterol at 200 ppm was the most effective treatment for increasing the
photosynthetic pigments.
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Figure 1. Effect of stigmasterol treatments on photosynthetic pigment; (A) Chl a, (B) Chl b, and
(C) carotenoids contents of wheat plants grown from grain irradiated with gamma rays. The different
letters (a–e) show statistical significance at p < 0.05; vertical bars indicate ± SD.

3.3. Endogenous Phytohormones

Data in Figure 2 revealed that gamma radiation (25 and 50 Gy) significantly decreased
in GA and IAA compared to the control values. Moreover, 25 Gy showed no significant
effect on ABA content, while 50 Gy caused a significant increase compared to the control
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value. In terms of stigmasterol, 200 ppm seemed to be more effective than the control, while
100 ppm treatments were not analyzed. The results showed that stigmasterol at 200 ppm
markedly increased the growth promoter (GA3 and IAA) while decreasing the growth
inhibitor (ABA) compared with control (non-irradiated plants).
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Figure 2. Effect of stigmasterol treatments on endogenous phytohormones; (A) IAA, (B) GA, and
(C) ABA of wheat plants grown from grain irradiated with gamma rays. The different letters
(a–d) show statistical significance at p < 0.05; vertical bars indicate ±SD.

3.4. Compatible Solutes

Concerning TSS content, the pretreatments with gamma radiation resulted in dramatic
decrements (p < 0.05) in total soluble sugar (TSS) in wheat plants. Similarly, TSS decreased
with increasing concentrations of stigmasterol in non-irradiated and irradiated plants. The
control plants had the highest values of TSS compared to the other treatments.

Total soluble phenols showed no significant response to gamma radiation at 25 but
were significantly stimulated (p < 0.05) with 50 Gy compared with the control value
(Figure 3). In addition, stigmasterol at 100 and 200 ppm increased significantly the soluble
phenol content in non-irradiated and 25 Gy-irradiated wheat plants over the control values.
However, 100 ppm stigmasterol showed no significant effect on total phenols in 50 Gy-
irradiated plants compared to the corresponding control. The interaction between 50 Gy
and 200 ppm stigmasterol achieved the highest value of total phenols compared to the
other treatments.
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Figure 3. Effect of stigmasterol treatments on compatible solutes; (A) soluble sugars, (B) soluble
phenols, and (C) proline of wheat plants grown from grain irradiated with gamma rays. The different
letters (a–e) show statistical significance at p < 0.05; vertical bars indicate ±SD.

Gamma radiation dramatically decreased proline content compared to the control
value. The effect of foliar application of stigmasterol on the proline content depended
on the applied concentration. Stigmasterol at 100 ppm significantly increased the proline
content in wheat plants over the corresponding control values. However, the maximum
increase (108%) in proline content was in 50 Gy-irradiated plants treated with 100 ppm
stigmasterol compared to the control value. Stigmasterol at 200 ppm shifted the proline
content to the minimum value below the control value.

3.5. Antioxidant Enzymes

The data in Figure 4 indicated that irradiated grain with gamma radiation at 25 Gy
and 50 Gy significantly (p < 0.05) increased the activity of the catalase (CAT) enzyme.
Stigmasterol at 100 ppm and 200 ppm significantly (p < 0.05) increased the activity of CAT
enzyme in wheat plants originating from irradiated and un-irradiated grains. Irradiated
plants with 50 Gy and treated with 200 ppm stigmasterol increased the CAT activity by
13.0 (U/g) over the control 3.6 (U/g).

Peroxidase (POX) induced a significant decrease (p < 0.05) in response to the tested
dose of gamma radiation in wheat plants. Radiation at 25 Gy and 50 Gy significantly
decreased POX activity by 25.0% and 50.7%, respectively, compared to control values. On
the other hand, stigmasterol increased POX activity compared to untreated wheat plants.
Stigmasterol at 100 ppm resulted in the highest increase percentage, reaching 49.73, 84.43,
and 173.0% in the 0 Gy-, 25 Gy-, and 50 Gy-irradiated plants, respectively, compared to the
corresponding untreated plants.
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Figure 4. Effect of stigmasterol treatments on the activities of antioxidant enzymes; (A) CAT and
(B) POD, and (C) lipid peroxidation of wheat plants grown from grain irradiated with gamma rays.
The different letters (a–f) show statistical significance at p < 0.05; vertical bars indicate ±SD.

3.6. Lipid Peroxidation

Gamma radiation at 25 Gy showed a non-significant effect on lipid peroxidation
MDA), while 50 Gy significantly increased (p < 0.05) MDA compared with the control value.
Moreover, foliar application of stigmasterol lowered (p < 0.05) the MDA content in treated
plants below the control. Stigmasterol at 200 ppm decreased MDA by 25%, 25.2%, and
31.25%, respectively, in the control plants and the 25 Gy- and 50 Gy-irradiated plants.

3.7. Protein Profile

Irradiated grain and application of stigmasterol induced a synthesis or disappearance
of different protein bands compared to control plants (Table 2 and Figure 5). There were
23 polypeptide bands ranging from 11 to 185 kDa in the wheat proteins profile. Control
plants had six protein bands with molecular weights of 11, 23, 30, 35, 43, and 48 KDa. The
results revealed that 25 Gy induced the new polypeptides with 26 and 51 kDa. In addition,
gamma radiation at 50 Gy induced polypeptides with 51 and 96 kDa. Moreover, foliar
application of 200 ppm stigmasterol caused the appearance of new polypeptide bands with
molecular weights of 185, 150, 141, 137, 89, 74, and 37 kDa.
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Table 2. Changes in protein profile in leaves of wheat plants originated from irradiated grains
and treated with stigmasterol. L1: Control, L2: 25 Gy, L3: 50 Gy, L4: 100 ppm stigmasterol, L5:
25 Gy + 100 ppm, L6: 25 Gy + 200 ppm, L7: 200 ppm stigmasterol, L8: 50 Gy + 100 ppm, L9:
50 Gy + 200 ppm.

No. MW L1 L2 L3 L4 L5 L6 L7 L8 L9

1 180 - - - - - - + - -
2 157 - - - - - + - - -
3 150 - - - - - - + - -
4 141 - - - - - - + - -
5 137 - - - - - + + + +
6 134 - - - - - - - - +
7 105 - - - - - - - + -
8 104 - - - - - + - - -
9 96 - - + - - - - - -

10 89 - - - - - + + + +
11 79 - - - - - + - - -
12 74 - - - - - - - - +
13 64 - - - - - - + - -
14 51 - + + - - - - - -
15 48 + + + + + + + + +
16 43 + + + + + + + + +
17 38 - - - - - - - + +
18 37 - - - - - - + - -
19 35 + + + + + + + + +
20 30 + + - - - + - + +
21 26 - + - - - - - - -
22 23 + + + + + + + + +
23 11 + + + + + + + + +
No. of Bands 6 8 8 6 8 13 11 9 12

 
Figure 5. Changes in protein profile in leaves of wheat plants originated from irradiated grains
and treated with stigmasterol. L1: Control, L2: 25 Gy, L3: 50 Gy, L4: 100 ppm stigmasterol,
L5: 25 Gy + 100 ppm, L6: 25 Gy + 200 ppm, L7: 200 ppm stigmasterol, L8: 50 Gy + 100 ppm,
L9: 50 Gy + 200 ppm.

The combination of 25 Gy and 200 ppm stigmasterol induced the formation of new
polymorphic polypeptides with molecular weights of 157, 137, 104, 89, and 79 kDa and
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unique bands at 137, 105, 89, and 30 KDa. Furthermore, the interaction of 50 Gy and
200 ppm stigmasterol resulted in the appearance of the protein bands at 137, 134, 89, 74,
and 38 KDa. The treatment of 50 Gy, stigmasterol, and the interaction (25 Gy and 100 ppm
stigmasterol) led to the disappearance of 30 kDa compared to the control plants.

4. Discussion

The results indicated no significant difference in plant height, root length, no. of leaves,
shoot fresh weight, or root fresh weight between 0 Gy and 25 Gy treatments, while the
vegetative growth of wheat plants decreased with radiation dose (50 Gy). The changes in
the plant growth exposed to gamma radiation are due to the conversation of metabolic
energy and metabolites to ameliorate the oxidative stress effects imposed by ionizing
radiation [8]. The growth inhibition of wheat plants may be due to gamma radiation
inhibition and the photosynthetic pigments, IAA, GA3, and the antioxidant capacity while
inducing ABA and MDA, as mentioned in this study. The negative response of wheat plants
is dependent on the nature and extent of the disturbance of cellular metabolism and finally
cell damage. For the stigmasterol applied treatments after gamma pretreatment, some of the
growth parameters did not differ between 0 ppm and 100 ppm of stigmasterol treatments
(Table 1). On the other hand, the application of stigmasterol at 200 ppm improved the
growth parameters of both irradiated and un-irradiated wheat plants (Table 1). Stigmasterol
plays a vital role in regulating plant growth and development [21,23]. Furthermore, they
added that these improvements may be due to increasing the efficiency of water uptake
and utilization, enhancing cell division, and/or cell enlargement.

Leaf chlorophylls are indicators of chloroplast structure and are considered the central
part of photosynthetic systems. Data in Figure 1 indicated that Chl a, Chl b, and carotenoids
decreased significantly with 50 Gy gamma radiation doses. These results agree with the
previous study [38] on barley plants. The reduction in photosynthetic pigments may be
related to the increasing chlorophyll photo-oxidation and damage to the photosynthetic
apparatus. Interestingly, the application of stigmasterol can alleviate the damaging effects
of gamma radiation on photosynthetic pigment content. The increase in photosynthetic pig-
ment in response to stigmasterol could be attributed to increased photosynthetic apparatus
and antioxidant enzyme activities [5].

Interestingly, gamma radiation modulates and alters the endogenous hormones of
wheat plants represented by the inhibition of GA and IAA, associated with the accumulation
of ABA. These results were confirmed by the findings recorded by [39] on barley plants
using gamma radiation (50 Gy). Moreover, foliar spraying of the irradiated plants with
200 ppm stigmasterol showed a marked increase in growth promoter levels (GA3, IAA),
while the growth inhibitor (ABA) was decreased as compared with control plants. Similarly,
the authors in [40] found that 150 or 200 ppm of stigmasterol resulted in the highest GA3
and IAA and the lowest ABA in both cultivars when compared to untreated plants. In
addition, the authors in [41,42] stated that stigmasterol increases phytohormones, which
can act as messengers and regulators of plant growth and development. The changes in
the endogenous hormones were correlated with the changes in the activity of antioxidant
enzymes, MDA, and proline, suggesting that the application of stigmasterol plays a central
role in counteracting the injurious effects of gamma radiation.

In addition, changes in total soluble sugars in wheat plants may indicate that gamma
radiation has induced oxidative stress [43]. The accumulation of TSS by stigmasterol may
be due to scavenging ROS to maintain them at the optimum level, hence protecting cell
metabolism from free radicals. This explanation was supported by the fact that stigmasterol
may act as a photosynthesis activator in wheat plants (Figure 1).

Phenolics are important constituents with scavenging ability due to their hydroxyl
groups, which hence may contribute directly to their antioxidant properties. Total phe-
nol content was increased in 50 Gy-irradiated wheat plants. The alterations in the effect
of gamma radiation on phenols may occur because irradiation can break the chemical
bonds of bioactive compounds, releasing soluble phenolics with low molecular weight
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and increasing the antioxidant potential of these compounds [44]. On the contrary, stig-
masterol increased total phenol content compared to untreated plants. The significant
positive correlation between stigmasterol and total phenol content may be induced by
protective mechanisms against cell damage resulting from oxidative stress. These findings
are consistent with those of [45], who demonstrated that stigmasterol promoted the antiox-
idant defense mechanism to counteract the negative effects of gamma radiation on faba
bean plants.

Regarding proline, gamma radiation leads to a marked decrease in proline content.
These results may be due to the radiosensitivity of proline or its oxidation using free
radicals generated by gamma irritation. Moreover, stigmasterol stimulated proline content
in irradiated and un-irradiated wheat plants. Similar results were obtained by [42] on flax
plants. The results may be due to the role of stigmasterol, which stimulates proline content
with high antioxidant properties for use in repair mechanisms against radiation effects on
plant cell metabolism.

The application of gamma radiation (25 and 50 Gy) decreased the activity of POX
enzymes while increasing the CAT activity. Ionizing radiation can trigger the production of
ROS by interacting with atoms or molecules in the cell, which is called water radiolysis [38].
The results suggest that the increased activity of CAT induced by gamma irradiation can
scavenge excess ROS, especially with the inhibition of peroxidase activity, consequently
leading to the enhancement of the antioxidant capacity to overcome oxidative stress induced
by water radiolysis. Moreover, treatment with stigmasterol increased POX and CAT
activities (Figure 4). It appears that the increase in antioxidant enzymes may be due to the
mediated role of stigmasterol in detoxification mechanisms against radio-oxidative stress.

Lipid peroxidation was markedly increased in the 50 Gy-irradiated wheat plants while
decreasing with exogenous stigmasterol treatment. The increase in lipid peroxidation due
to gamma radiation treatments was confirmed by [46] on the Black gram (Vigna mungo
L.), who explained that ROS can react with nearly all cell constituents, which triggers free
radical chain reactions that eventually cause membrane lipid peroxidation. They added
that the membranes lose their stability, and their permeability is enhanced, leading to
damage to the cell structure and disturbances of normal physiological functions as a result
of free radical reactions. Moreover, treated wheat plants with stigmasterol improved stress
tolerance by decreasing membrane lipid peroxidation in comparison to the corresponding
control. This indicates that stigmasterol has a protective role in counteracting the damage
induced by gamma radiation, resulting in the induction of antioxidant enzymes (POX and
CAT) and non-enzymatic compounds (phenols and proline) associated with lower lipid
peroxidation of wheat plants.

Gamma radiation induced the new polypeptides with molecular weights (Table 2
and Figure 5). These results agree with [47] on fenugreek and [38] on barley plants. They
indicated that the formation of new bands (unique) is frequently caused by various DNA
structural changes (e.g., breaks, transpositions, and deletions), which cause changes in
amino acids and, as a result, the protein generated. Furthermore, proteins may play a role
in signal transduction, anti-oxidative defense, and osmolyte production, all of which are
crucial to the function and growth of plants [48]. In this regard, the authors in [49] suggested
that a band with a molecular weight of 51 kDa could be linked to the Rubisco activase
enzyme. Ribulose-1, 5-bisphosphate carboxylase activase is a key enzyme that initiates both
photosynthetic and photo-respiratory carbon metabolism. Moreover, according to [45], a
protein with a molecular weight of 26 KDa appears to be osmotically expressed in flax and
sunflower plants under salinity stress to aid survival in stressed environments.

5. Conclusions

Gamma radiation at 25 Gy showed no significant difference in some growth param-
eters, Chl a, ABA, soluble phenols, and MDA compared to the control values. Gamma
radiation at 50 Gy caused growth inhibition and lowered the photosynthetic pigments,
promoting hormone and antioxidant capacity while inducing ABA hormone and lipid
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peroxidation. The foliar application of stigmasterol, especially at 200 ppm, on wheat plants
originating from gamma-irradiated grains, improved the photosynthetic pigments, in-
duced an accumulation of osmolytes, phenols, the activity of antioxidant enzymes, and
new polypeptides, as well as resynthesized the missed bands by radiation. It is also
noteworthy that the stimulatory effects persisted in plants pretreated with stigmasterol
throughout, promoting hormones while lowering the ABA hormone. Overall, the results
proved the effectiveness of stigmasterol at 200 ppm application in alleviating the adverse
effects of radiation stress on wheat plants, as indicated by their protective and stimulatory
effects on growth attributes and biochemical constituents.
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Abstract: Flooding is harmful to almost all higher plants, including crop species. Most cultivars of the
root crop sweet potato are able to tolerate environmental stresses such as drought, high temperature,
and high salinity. They are, however, relatively sensitive to flooding stress, which greatly reduces
yield and commercial value. Previous transcriptomic analysis of flood-sensitive and flood-resistant
sweet potato cultivars identified genes that were likely to contribute to protection against flooding
stress, including genes related to ethylene (ET), reactive oxygen species (ROS), and nitric oxide (NO)
metabolism. Although each sweet potato cultivar can be classified as either tolerant or sensitive to
flooding stress, the molecular mechanisms of flooding resistance in ET, ROS, and NO regulation-
mediated responses have not yet been reported. Therefore, this study characterized the regulation
of ET, ROS, and NO metabolism in two sweet potato cultivars—one flood-tolerant cultivar and
one flood-sensitive cultivar—under early flooding treatment conditions. The expression of ERFVII
genes, which are involved in low oxygen signaling, was upregulated in leaves during flooding stress
treatments. In addition, levels of respiratory burst oxidase homologs and metallothionein-mediated
ROS scavenging were greatly increased in the early stage of flooding in the flood-tolerant sweet
potato cultivar compared with the flood-sensitive cultivar. The expression of genes involved in NO
biosynthesis and scavenging was also upregulated in the tolerant cultivar. Finally, NO scavenging-
related MDHAR expressions and enzymatic activity were higher in the flood-tolerant cultivar than in
the flood-sensitive cultivar. These results indicate that, in sweet potato, genes involved in ET, ROS,
and NO regulation play an important part in response mechanisms against flooding stress.

Keywords: ethylene response factor; flooding stress; metallothionein; monodehydroascorbic acid
reductase; resistant cultivar; respiratory burst oxidase; sensitive cultivar

1. Introduction

Flooding is a major environmental stress that causes loss of crop yield in various
agricultural settings. The global risk of flooding has increased dramatically in recent
decades due to climate change [1]. Over the past 50 years, increasingly frequent and severe
flood events have negatively impacted the lifespan of terrestrial plants. When flooding
occurs, gas exchange between the plant and its environment is severely restricted, causing
several internal changes in the plant. Plant organs that are submerged in water lack O2
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and/or CO2 and may accumulate high levels of the gaseous hormone ethylene (ET). In
addition, there are changes in the concentrations of oxygen-derived free radicals, reactive
oxygen species (ROS), and nitric oxide (NO) [2]. The production, kinetics, concentration,
and precise balance of these substances in flooded cells depend on the plant organ and the
type of flooding. Some crop species can withstand soil inundation for only a few hours,
while other flood-tolerant crops can cope with partial or complete flooding for days or
months [2].

Flood-tolerant crops have anatomical, morphological, or metabolic adaptations. One of
the responses to flooding is the induction of ET [3]. ET production is enhanced in crops such
as rice and barley. Only flood-tolerant rice varieties, however, can withstand prolonged
soil submersion or submergence phases [2]. ET is usually produced in a two-step reaction
involving 1-aminocyclopropane-1 carboxylate (ACC) synthetase and ACC oxidase. ET is
not only produced in response to flooding stresses but is also a modulator of stress-related
morphological responses during plant growth [4,5]. In Arabidopsis thaliana, ET is sensed by
ET receptors (ETRs), which trigger a downstream signaling cascade of transcription factors
(TFs) including APETALA2/ETHYLENE RESPONSE FACTOR (AP2/ERF) [6,7].

ROS are among the key molecules mediating plant responses to flood stress [8].
Apoplastic ROS are usually generated via the respiratory burst oxidase homolog (RBOH)
protein located in the plasma membrane. RBOH is a homolog of the mammalian NADPH
oxidase subunit gp91phox that produces a superoxide anion (O2

−) [9]. The short-lived and
highly reactive toxic chemical O2

− is converted to the nonradical hydrogen peroxide (H2O2),
either spontaneously or by catalysis by superoxide dismutase (SOD) [10]. ROS might also
be formed by mitochondria and/or the photosynthetic electron transport chain [8,10].
Nonenzymatic ROS-scavenging proteins, including cysteine-rich metallothionein (MT) and
antioxidant enzymes such as catalase and ascorbate-glutathione cycle-related enzymes, are
essential for ROS homeostasis. During flooding stress, the ROS balance of cells is disturbed
due to either enhanced ROS production or a decrease in ROS scavenging capacity [8].

NO is a short-lived, highly reactive molecule that regulates several plant develop-
mental and stress responses [11,12]. The main method of NO production is through the
enzymatic and nonenzymatic reduction of nitrites [13,14]. Nitrite production is highly
dependent on nitrate reductase (NR) activity. The dependence of NO production on nitrite
availability means that NR plays the major role in NO production [14,15]. There are limited
and contrasting data on the temporal and spatial dynamics of NO in flooded plants [15–17].
NO emissions from unsubmerged atmospheric plant tissues decreased in Arabidopsis
and cotton under waterlogging, whereas NO emissions increased in three submerged
deciduous tree species [15–17]. In addition, cellular and exogenous NO levels increased in
various plant species during hypoxia [13,18,19]. During hypoxic conditions, this NO burst
is thought to reflect an increase in NO production due to increased NR activity and nitrite
accumulation. The spatiotemporal dynamics of NO and its effects may vary, therefore,
depending on the flood conditions. Studying the changes in ET, ROS, and NO levels
is thus important for fully understanding the mechanisms of plant flooding responses
and tolerance.

We previously studied 33 sweet potato cultivars, using phenotypic and biochemi-
cal characteristics to identify flood-tolerant cultivars [20]. In addition, we recently used
comparative transcriptome profiling to compare a flood-tolerant sweet potato cultivar,
Yeonjami (YJM), with a flood-sensitive cultivar, Jeonmi (JM) [21]. The expression levels of
several candidate genes thought to be involved in flooding tolerance correlated with the
comparative transcriptomic data. However, although each sweet potato cultivar can be
classified as either tolerant or sensitive to flooding stress, the molecular mechanisms of
flooding resistance in ET, ROS, and NO regulation-mediated responses have not yet been
reported. In this study, therefore, we conducted a transcriptome-based expression analysis
of genes involved in ET, ROS, and NO regulation in two sweet potato cultivars during
flooding stress.
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2. Materials and Methods

2.1. Plant Materials

This study involved two previously characterized cultivars of sweet potato (Ipomoea batatas
(L.) Lam), namely, Yeonjami (YJM) and Jeonmi (JM). YJM is highly tolerant to flooding
stress, whereas JM is highly sensitive [20,21]. Both cultivars were obtained from the
Bioenergy Crop Research Center, National Crop Research Institute (RDA, Muan, Jeonnam,
Korea). Sweet potato plants were cultivated and subjected to flooding stress as described
by Park et al. [21]. Plants were grown in a growth chamber at 25 ◦C under a 16 h/8 h
light/dark photocycle and 60% relative humidity. Experimental plants were grown for
2 weeks under normal conditions and then subjected to flooding stress. To induce flooding
stress, water was added to the pots until approximately 65% of the aboveground tissue was
submerged. Leaves were sampled 0 (control), 0.5, and 3 days after the beginning of flooding
treatment. For leaf samples used in the experiment, the 3rd and 4th leaves from the top
were used in four plants. The harvested leaves were above the water surface. Leaf samples
were frozen immediately in liquid nitrogen and stored at −70 ◦C until further analysis.

2.2. Analysis of H2O2 Levels

The H2O2 content of sweet potato leaves was assessed using the xylenol orange
method [22]. A total of 0.1 g of leaf tissue was ground and homogenized in a solution of
50 mM potassium phosphate buffer (pH 6.5) and 1 mM hydroxylamine. The homogenate
was centrifuged at 12,000× g for 15 min at 4 ◦C. A total of 100 μL of the supernatant was
added to a reaction mixture containing ferric ammonium sulfate (FeNH4[SO4]), 25 mM
sulphuric acid, 250 μM xylenol orange, and 100 mM sorbitol. After 30 min in the dark at
room temperature for incubation, the absorbance of the samples was determined at 560 nm.
H2O2 measurements were expressed as relative values by control and treatment.

2.3. Analysis of Nitrite Content

The nitrite (NO2
−) content was analyzed using a Promega Griess Reagent System

assay kit (Promega, USA). Sweet potato leaves were homogenized on ice using a pestle and
mortar in 25 mM HEPES buffer (pH 7.7), incubated for 20 min at 4 ◦C, and centrifuged for
10 min at 12,000 rpm. The NO2

− concentration was determined using the Griess Reagent
System, according to the manufacturer’s instructions. Briefly, 40 μL of each sample was
added to 50 μL sulfanilamide solution in a 96-well microtiter plate. The microtiter plate was
covered and incubated at room temperature for 10 min before 40 μL NED (N-(1-naphthyl)
ethylenediamine) solution was added to each well. The plate was then incubated at room
temperature for a further 10 min. The absorbance of nitrite was read at 540 nm using a
plate reader.

2.4. RNA Isolation and Analysis of Gene Expression

Total RNA was isolated from leaves using TRIzol reagent (Invitrogen, Carlsbad, CA,
USA) and treated with RNase-free DNase I to avoid contamination with genomic DNA.
Quantitative real-time PCR analysis was performed using a Bio-Rad CFX96 thermal cycler
(Bio-Rad) with EvaGreen fluorescent dye, according to the manufacturer’s instructions.
Linear data were normalized to the mean threshold cycle (Ct) of the reference gene ADPRI-
BOSYLATION FACTOR (ARF) [23]. Gene-specific PCR primers are listed in Table S1.

2.5. Monodehydroascorbate Reductase Assay

Monodehydroascorbate reductase (MDHAR) activity was measured in sweet potato
leaves according to the methodology of Truffault et al. [24]. The MDHAR enzymatic
activity assay is based on NADH oxidation. Extractions were performed on ground sweet
potato leaf powder in 50 mM Tris-HCl at pH 7.8. The soluble extract was mixed with
1 mM ascorbate, 0.2 mM NADH, and ascorbate oxidase to give a linear production of the
monodehydroascorbate (MDHA) radical. Measurements were performed in triplicate at
340 nm.
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2.6. Statistical Analyses

Data were analyzed by two-way analysis of variance (ANOVA). The subsequent
multiple comparisons were examined using the least significant difference (LSD) multiple
range test. All statistical analyses were performed using Statistical Package for the Social
Sciences software (SPSS 12). Statistical significance levels were set at p < 0.05.

3. Results

3.1. Expression of ERFVII during Early Flooding Treatment

To analyze the responses of sweet potato plants to flood stress, the tolerance of whole
plants grown in soil was measured during early flooding treatment. Approximately 65%
of the aboveground tissue of 2-month-old plants was submerged by adding excess water
to the pot in a growth chamber at 25 ◦C under a 16 h/8 h light/dark photocycle. When
the susceptible cultivar JM and the resistant cultivar YJM were exposed to flooding for 0,
0.5, and 3 days, the above atmospheric leaves of the JM plants showed slight wilting and
curling, whereas the leaves of the YJM plants were less damaged (Figure 1A).

ET biosynthesis and signaling pathways are usually activated during flood treatment
in plants [25]. TFs belonging to the ERFVII group, including ERF71/HER2, ERF72/RAP2.3,
ERF74/RAP2.12, and ERF75/RAP2.2, are important representatives of genes that function
in the ET signaling pathway activated during flood treatment at the transcriptional and
post-translational levels [26,27]. Although expression analysis at the post-translational level
is more important in the ERFVIIs [27], in this study, the expression of ERFVII group genes
was investigated during early flood treatment at the transcriptional level (Figure 1B). The
expression patterns of ERF72/RAP2.3 (g6122), ERF74/RAP2.12 (g55154), and ERF74/RAP2.12
(g60549) were investigated after flood treatment using our previous transcriptomic data [21].
ERF72/RAP2.3 was strongly induced from 0.5 d after flooding treatment in the flood-tolerant
cultivar, YJM, whereas its expression decreased in the flood-sensitive JM. In contrast,
ERF74/RAP2.12 showed a weak increase in expression level in YJM, and increased ex-
pression after 3 d of flooding treatment. In JM, there was no clear pattern of changes in
expression under flooding conditions, as levels increased or decreased at different times.

Figure 1. Cont.
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Figure 1. Effects of flooding stress on the sweet potato cultivars Yeonjami (YJM) and Jeonmi (JM).
(A) Phenotypes of aboveground portions of YJM and JM after 3 d of flooding treatment. (B) Expression
of ERFVII transcription factors in each cultivar after 0, 0.5, or 3 d of flooding treatment. Different
letters represent statistically significant differences between control and flooding treatment, and
between flooding-treated JM and YJM, determined using two-way ANOVA with the LSD post hoc
test; p < 0.05.

3.2. The Responses of ROS during Early Flooding Treatment

The levels of free radicals and ROS in plants usually increase during flood treat-
ment [25]. Increases in ET biosynthesis and signaling during flood treatment modulate the
amount of ROS and free radical signaling. Therefore, changes in H2O2, a representative
ROS, were investigated during the early flood treatment process (Figure 2A). On day 3 of
flood treatment, the H2O2 content of the flooding-tolerant cultivar, YJM, was 38% lower
than that of the flooding-sensitive cultivar, JM.

We also investigated the expression levels of RBOH, a gene which is involved in early
ROS production, during flood treatment (Figure 2B). Expression levels of RBOHA (g19623),
D (g51882), and E (g55049) were higher in the resistant cultivar YJM than in the susceptible
JM under normal untreated conditions; expression increased to higher levels in YJM than
in JM within 0.5 days of flood treatment. On the other hand, RBOHC (g19835) showed
similar changes in expression levels in both cultivars under the normal control and the
early flooding treatment. After 3 days of flood treatment, the expression levels of all the
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RBOH genes measured in the experiment were higher in JM than in YJM, due to decreases
in expression in the resistant YJM cultivar between 0.5 and 3 days of flood treatment.

Figure 2. Expression of genes related to hydrogen peroxide (H2O2) and ROS pathways in sweet
potato cultivars treated with flooding stress for 3 d. (A) Relative levels of H2O2 in each cultivar after
0, 0.5, or 3 d of flooding treatment. (B) Expression of RBOH genes in each cultivar after 0, 0.5, or
3 d of flooding treatment. (C) Expression of MT genes in each cultivar after 0, 0.5, or 3 d of flooding
treatment. Different letters represent significant differences between control and flooding treatment,
and between flooding-treated JM and YJM, determined using two-way ANOVA with the LSD post
hoc test; p < 0.05.

370



Antioxidants 2022, 11, 878

Next, we measured the expression of METALLOTHIONEIN (MT) genes, which encode
proteins that remove reactive oxygen species during flood treatment (Figure 2C). Expression
levels of all the MT genes were higher in the flood-resistant YJM than in the flood-sensitive
JM under normal untreated conditions. After 0.5 days of flood treatment, expression levels
of MT genes remained higher in YJM than in JM; in particular, MT2 (g58960 and g4909)
showed a greater increase in expression in YJM than in JM. In contrast, MT3 (g64044)
showed similar expression levels in both cultivars under both control conditions and early
flooding treatment. By the third day of flood treatment, however, the expression levels of
MT1 and MT2 decreased in YJM and increased in JM.

3.3. The Responses of NO during Early Flooding Treatment

An increase in NO, together with rises in ET and ROS levels, is seen in plants at the
initial stage of flood treatment; this increase in NO controls the increase in ET during
flood treatment [26]. Plants usually regulate endogenous NO levels via the control of
biosynthesis and scavenging. The main source of NO production is via the enzymatic and
nonenzymatic reduction of nitrite (NO2

−) [13,14]. NO2
− production is highly dependent

on nitrate reductase (NR). The dependency of NO production on nitrite availability makes
NR the major player in NO production [14,15]. The NO generation during hypoxia is
also thought to result from enhanced NR activity and NO2

− accumulation, providing a
substrate for NO production [13,19].

We therefore tested the changes in nitrite (NO2
−) levels in sweet potato plants during

early flood treatment. In contrast to the changes in H2O2 levels (Figure 2A), the increase in
NO2

− was 31% higher in YJM than in JM (Figure 3A).

Figure 3. Cont.

371



Antioxidants 2022, 11, 878

Figure 3. Levels of nitrite (NO2
−) and expression of NO-related genes in sweet potato cultivars

treated with flooding stress for 3 d. (A) Relative levels of NO2
− in each cultivar after 0, 0.5, or 3 d of

flooding treatment. (B) Expression of the NO biosynthesis genes NR and NIR in each cultivar after 0,
0.5, or 3 d of flooding treatment. (C) Expression of PGB genes in each cultivar after 0, 0.5, or 3 d of
flooding treatment. Different letters represent statistically significant differences between control and
flooding treatment, and between flooding-treated JM and YJM, determined using two-way ANOVA
with the LSD post hoc test; p < 0.05.

Next, we investigated changes in the expression of the NO biosynthesis genes NI-
TRATE REDUCTASE (NR) and NITRITE REDUCTASE (NIR) (Figure 3B). The expression of
NR (g1372) and NIR (g59680), both genes involved in early NO biosynthesis, did not differ
significantly between YJM and JM under control conditions. After flood treatment, their
expression gradually increased in YJM but gradually decreased in JM. We also examined
the expression of the NO-scavenging PHYTOGLOBIN (PGB) genes during early flooding
treatment (Figure 3C). PGB1 (g34086), 2 (g60867), and 3 (g21239) showed higher levels of
expression in YJM than in JM under control conditions and during early flood treatment
(0.5 days). Their expression decreased, however, in YJM by 3 days after flooding so that, by
this timepoint, the expression of PGBs was higher in JM than in YJM.

3.4. The Responses of MDHAR during Early Flooding Treatment

Previous studies reported that ascorbic acid (AsA) and PGB are involved in NO
metabolism in plants. In vitro enzymatic assays have shown that NO scavenging is cat-
alyzed by monodehydroascorbic acid reductase (MDHAR), which mediates binding re-
actions involving iron reduction in PGB in the presence of AsA and NADH [28]. AsA
supports NO scavenging, directly reducing PGB in plants to produce nitrate and mon-
odehydroascorbate (MDA). The final product of this reaction is MDA, which is efficiently
reduced back to AsA in the presence of MDHAR and NADH. NO scavenging is also
promoted by MDHAR [29].

We therefore investigated MDHAR gene expression and MDHAR-associated enzy-
matic activity (Figure 4). It was confirmed that the expression of different MDHAR genes
(cytosolic, g25138; peroximal, g17489; and mitochondrial, g35177) and MDHAR enzymatic
activity were higher in the flood-tolerant YJM than in the flood-sensitive JM. Changes
in MDHAR expression and activity in tolerant sweet potato during flood treatment may
therefore play an important role in NO regulation through interactions with PGB as well as
via ROS regulation.
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Figure 4. Changes in MDHAR activity and MDHAR gene expression in sweet potato cultivars treated
with flooding stress for 3 d. (A) Relative MDHAR activity in each cultivar after 0, 0.5, or 3 d of
flooding treatment. (B) Expression of MDHAR genes in each cultivar after 0, 0.5, or 3 d of flooding
treatment. cMDHAR: cytosolic MDHAR; pMDHAR: peroxisomal MDHAR; mMDHAR: mitochondrial
MDHAR. Different letters represent statistically significant differences between control and flooding
treatment, and between flooding-treated JM and YJM, determined using two-way ANOVA with the
LSD post hoc test; p < 0.05.

4. Discussion

Plants that exhibit resistance to flooding use two general survival strategies: low-O2
escape syndrome (LOES) and low-O2 quiescence syndrome (LOQS) [2,30]. Regulated
anaerobic metabolism in both LOES and LOQS is equivalent to survival in low-O2 condi-
tions. At the heart of this mechanism is an evolutionarily conserved group of TFs, ethylene
response factor VIIs (ERFVIIs), which activate the genes required for anaerobic metabolism
in Arabidopsis [31]. A reduction in O2 levels in plants stabilizes ERFVII TFs such as
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RAP2.12 and RAP2.3, which play an important role in activating anaerobic responses at the
transcriptional level [32]. Giuntoli et al. [33] also reported that the expression of a set of
genes involved in the oxidative stress response is induced in flood-exposed Arabidopsis.
Thus, ERFVII is a positive regulator of oxidative stress-related genes and genes involved in
fermentative metabolism. The ERFVII TFs RAP2.2, RAP2.3, and RAP2.12 mediate responses
to oxidative stress and may act redundantly [34]. Overexpression of RAP-type ERFVII TFs
also confers resistance to oxidative stress after H2O2 application. RAP-type ERFVII genes,
which are involved in ROS scavenging and signaling, are themselves positively regulated
by ERFVII TFs [33,34].

We investigated the expression of the representative ERFVII TFs RAP2.3 and RAP
2.12 in the sweet potato cultivars YJM and JM, which were identified as flood-resistant
and flood-sensitive, respectively, in a previous study [21] (Figure 1). The expression of
ERF72/RAP2.3 and ERF74/RAP2.12 was higher in YJM than in JM during flood stress;
expression levels of these genes were increased, especially during the early period of
flooding. We also measured the expression of four genes belonging to other groups within
the ERF transcription factor family, ERF1 (g31279), ERF2 (g25395), ERF4 (g54463), and
ERF5 (g20475). These showed either similar increases in expression in the two cultivars
after flood treatment or slightly higher expression levels in JM (data not shown). A recent
transcriptomic analysis of the sweet potato cultivars YJM and JM revealed changes in the
expression of ETR, EIN, and ERF, which are all genes related to signal transduction involved
in ET signaling pathways [21]. As indicated by previous studies in Arabidopsis and rice, it
is highly likely that RAP2.3 and RAP2.12, which are ERFVII TFs, are an important part of
the mechanism enabling flood resistance in sweet potato.

The onset of anaerobic conditions triggers a burst of ROS in Arabidopsis due to
changes in NADPH oxidase activity in membranes and an imbalance in the mitochondrial
electron transfer system [35]. Arabidopsis RBOHD mutants are less tolerant of anaerobic
conditions and show negative effects on ALCOHOL DEHYDROGENASE1 (ADH1) expres-
sion, compared to wild-type seedlings immersed in water [35–37]. This suggests that
ROS generated by RBOHD under these conditions may be a positive signal necessary for
plant tolerance of flooding-mediated hypoxia. Yamauchi et al. [38] observed high levels of
induction of RBOH expression in parallel with repression of MT, which encodes an ROS
scavenger, in maize roots that did not show tissue reduction following treatment with the
NADPH oxidase inhibitor diphenyleneiodonium (DPI). High expression of RBOH can
therefore induce cell death in plants during flood treatment through oxidative burst. High
RBOH expression appears to act either by suppressing the expression of ROS-scavenging
genes, including the MTs, or, during flooding, through signal transduction pathways that
increase the expression of a downstream gene that causes ROS to be removed and activates
an appropriate defense mechanism. We observed that the expression of RBOHA, D, and
E increased during the initial flood treatment in the flood-resistant cultivar YJM, and the
expression of MT2 significantly increased in the flooding treatment after 12 h (Figure 2).
Therefore, flood tolerance in sweet potato appears to involve activation of the pathway
involving the ROS scavenger protein MT.

Like ROS, NO is detrimental to plant cells, but it is also a key component of plant
response-related signaling pathways [39]. In plants, NO is involved in the degradation
of transcriptional regulators, which leads to the activation of key hypoxia-responsive
genes [40]. Indeed, in anaerobic plants, NO availability negatively modulates the activation
of responses induced by ERFVII TFs. Arabidopsis NR mutants such as nitrate reductase
1 (nia1) and nia2 exhibit changes in anaerobic gene transcription due to the impaired
production of NO, which alters the activation of genes downstream of ERFVII in reaction
to anaerobic conditions [40]. Therefore, NO destabilizes ERFVII and inhibits downstream
signaling pathways. Hartman et al. [41] reported that early ET capture from flooded
Arabidopsis increases transcription of the NO scavenger nonsymbiotic PGB1, thereby
reducing the solubility of NO and promoting the stability of ERFVII. This phenomenon
occurs prior to severe hypoxia in plants and acts as a priming event, enhancing the plant’s

374



Antioxidants 2022, 11, 878

tolerance to upcoming stressful conditions. In the current study, a greater increase in NO2
−

levels during flood treatment was observed in the flood-resistant cultivar YJM than in JM,
a flood-sensitive cultivar (Figure 3A); although there was no significant change during the
initial flood treatment, a difference was observed after 3 days of treatment. During the
flood treatment, the expression of NR and NIR, genes involved in NO2

− levels, gradually
increased in YJM but decreased gradually in JM (Figure 3B). It therefore appeared that
exposure to flooding activated response mechanisms regulated by NO2

− generation in
YJM, a flood-resistant sweet potato cultivar.

PGB, which scavenges NO, potentially promotes the interaction between NO and ET.
Levels of PGB mRNA increase during submergence and hypoxic conditions in several plant
species [42,43]. NO also increases the levels of PGB mRNA in rice, cotton, and spinach,
indicating a feedback mechanism [44–46]. Interactions and feedback regulation between
NO and ET have also been shown at the level of ERFVII, as ERFVII stability and action are
highly dependent on NO and oxygen levels [40,47]. When NO or oxygen concentrations
are reduced, ERFVII TFs accumulate, thereby promoting transcription of downstream
target genes. Interestingly, several genes regulating ERFVII TFs contain hypoxia-responsive
promoter elements, including several ET signaling genes and the NO-scavenging gene
PGB [31]. Therefore, ERFVII TFs are upregulated by NO, oxygen, and ET, whereas ERFVII
action can, in turn, induce ET biosynthesis and NO scavenging, creating a positive feedback
loop [31]. We observed that the expression of PGBs increased strongly within 0.5 days
of flood treatment in the flood-resistant cultivar YJM, i.e., during the initial period of
flooding (Figure 3); in contrast, the expression of PGBs increased slowly and gradually in
JM. In this study, therefore, the expression of NO2

− generation-related genes gradually
increased in response to flooding, but the expression of PGBs increased immediately,
suggesting that the overall level of NO2

− increased gradually in the flooding-tolerant YJM.
It is possible that NO2

− generated through the nonenzymatic pathway via mitochondria
may have influenced the increase in NO2

− levels, in addition to NO2
− generated by the

enzymatic pathway acting through NR and NIR. These results suggest that increases in
NO2

− generation and elimination affected the ROS signaling mechanism through the
expression of ERFVII, thereby activating the flood resistance mechanism.

We previously reported comparative transcriptome profiling to compare a flood-
tolerant sweet potato cultivar with a flood-sensitive cultivar [21]. A higher number of some
of the ROS signaling-related genes such as mitogen-activated protein kinase (MAPK) and
ET signaling-related genes were upregulated in the tolerant cultivars than in the susceptible
cultivar. Recently, another study also reported comparative transcriptome profiling using
different soybean cultivars [48]. A higher number of some of the ROS-related genes such as
glutathione S-transferase and lipoxygenase were upregulated in the tolerant cultivars than
in the susceptible cultivar. The number of some phytohormone ABA-related TFs of the
basic leucine zipper domain was also higher in the tolerant cultivars than in the susceptible
cultivar. Similar to our previous study, the expression levels of several candidate genes-
related to ROS and phytohormones thought to be involved in flooding tolerance correlated
with the comparative transcriptomic data.

This study addressed the transmission of the plant signaling molecules ET, ROS, and
NO and showed how these signals were correlated in flood-tolerant and flood-sensitive
cultivars of sweet potato (Figure 5). Consistent with previous research, a signaling pathway
acting through ERFVII was activated in flood-resistant plants. In addition, our results
suggest that the expression of RBOH and MT genes, which encode components of an ROS
signaling pathway involving ERFVII, played an important role in enabling the flood resis-
tance of sweet potato. This study also suggests that activation of the NO biosynthesis and
scavenging cycle and an increase in MDHAR activity likely regulated ERFVII expression
and levels of ROS via other pathways.
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Figure 5. A suggested model of the ET-, ROS-, and NO-related biological processes and genes
involved in influencing the flooding response that occurs in sweet potato leaves under early flood-
ing. Flooding conditions result in the induction of ERFVII transcription factors and the expression
of RBOHs, which produce O2

− radicals from oxygen in the apoplast. RBOH expression may en-
hance RBOH activity and increase ROS levels in the apoplast as well as the cytosol. Expression of
genes encoding ROS scavengers, such as MTs, increases, leading to an increase in ROS signaling
and scavenging responses and inducing the response in flooding-tolerant sweet potato. The NO
synthesis-scavenging cycle regulates ERFVII-mediated signaling. MDHARs are also potentially
involved in NO/ROS-mediated responses in sweet potato under early flooding conditions. ERF:
ethylene response factor; ET: ethylene; ROS: reactive oxygen species; RBOH: respiratory burst oxidase
homolog; MT: metallothionein; NO: nitric oxide; NR: nitrate reductase; NIR: nitrite reductase; PGB:
phytoglobulin; MDHAR: monodehydroascorbate reductase.
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5. Conclusions

In conclusion, we characterized changes in the expression of flooding response-related
genes in flood-tolerant and flood-sensitive sweet potato cultivars that were associated with
response mechanisms mediated by ET, ROS, and NO. This approach identified candidate
sweet potato genes whose expression was associated with changes in specific responses
involved in metabolic and signaling pathways related to ET, ROS, and NO. The use of
marker-assisted selection to identify genes linked to flood tolerance offers several advan-
tages over flooding control in an integrated management system. Further investigation,
based on large-scale genomic and transcriptomic analysis, is required to elucidate the
exact role played by each candidate gene in regulating the signaling pathways involved
in flooding tolerance responses of sweet potato during flooding stress. Transgenic plants
with an enhanced or reduced expression of candidate genes will be generated to determine
their role in the mechanisms conferring flooding tolerance. Overall, our results provide
valuable information for enabling the development of crops with enhanced tolerance to
hypoxic stress induced by flooding.
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Table S1: List of primers used for quantitative real-time PCR (qRT-PCR) analysis of sweet potato genes.
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ADH alcohol dehydrogenase
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AP2/ERF Apetala2/ethylene response factor
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DPI diphenyleneiodonium
ET ethylene
ETR ET receptor
Hb hemoglobin
JM Jeonmi
LOES low-O2 escape syndrome
LOQS low-O2 quiescence syndrome
LSD least significant difference
MAPK mitogen-activated protein kinase
MDHA monodehydroascorbate
MDHAR monodehydroascorbate reductase
MT metallothionein
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NED N-(1-naphthyl) ethylenediamine
NIR nitrite reductase
NO nitric oxide
NR nitrate reductase
PGB phytoglobin
RBOH respiratory burst oxidase homolog
ROS reactive oxygen species
SOD superoxide dismutase
TF transcription factor
YJM Yeonjami
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Abstract: Helicases function as key enzymes in salinity stress tolerance, and the role and function
of PDH45 (pea DNA helicase 45) in stress tolerance have been reported in different crops with
selectable markers, raising public and regulatory concerns. In the present study, we developed five
lines of marker-free PDH45-overexpressing transgenic lines of rice (Oryza sativa L. cv. IR64). The
overexpression of PDH45 driven by CaMV35S promoter in transgenic rice conferred high salinity
(200 mM NaCl) tolerance in the T1 generation. Molecular attributes such as PCR, RT-PCR, and
Southern and Western blot analyses confirmed stable integration and expression of the PDH45 gene
in the PDH45-overexpressing lines. We observed higher endogenous levels of sugars (glucose and
fructose) and hormones (GA, zeatin, and IAA) in the transgenic lines in comparison to control
plants (empty vector (VC) and wild type (WT)) under salt treatments. Furthermore, photosynthetic
characteristics such as net photosynthetic rate (Pn), stomatal conductance (gs), intercellular CO2

(Ci), and chlorophyll (Chl) content were significantly higher in transgenic lines under salinity stress
as compared to control plants. However, the maximum primary photochemical efficiency of PSII,
as an estimated from variable to maximum chlorophyll a fluorescence (Fv/Fm), was identical in
the transgenics to that in the control plants. The activities of antioxidant enzymes, such as catalase
(CAT), ascorbate peroxidase (APX), glutathione reductase (GR), and guaiacol peroxidase (GPX), were
significantly higher in transgenic lines in comparison to control plants, which helped in keeping
the oxidative stress burden (MDA and H2O2) lesser on transgenic lines, thus protecting the growth
and photosynthetic efficiency of the plants. Overall, the present research reports the development of
marker-free PDH45-overexpressing transgenic lines for salt tolerance that can potentially avoid public
and biosafety concerns and facilitate the commercialization of genetically engineered crop plants.

Keywords: antioxidants; reactive oxygen species; oxidative stress; marker-free transgenic rice; mature
seed-derived calli; pea DNA helicase 45; photosynthesis; salinity stress tolerance

1. Introduction

Rice (Oryza sativa L., family Gramineae (Poaceae)) is an important staple food crop that
is produced (518 million tonnes, milled), cultivated, and consumed globally in >122 coun-
tries (excluding Antarctica), being susceptible to salt amongst cereal crops [1–3]. Major
abiotic stresses (salinity, drought, extreme temperatures, heavy metal, etc.) are a significant
limitation in rice cultivation globally [1]. Soil salinity is a major problem that reduces
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productivity of crops in irrigated as well as in tropical fields, where the deterioration of agri-
cultural lands occur due to salinity [4–6]. It brings series of changes at the physiological, bio-
chemical, and molecular levels by affecting the photosynthetic machinery (partial stomatal
closure and hampered photosystem II (PSII), reactive oxygen species (ROS)-led molecular in-
jury, restricted water/nutrient availability, and disturbed sodium (Na+)/potassium ion (K+)
homeostasis), which ultimately poses serious yield penalty [7–12]. Due to rapidly growing
global population and urbanization, it is impossible to increase the cultivated land area, and
therefore to fulfill the demand of rice consumers, it becomes imperative to discover new
techniques for developing salinity-tolerant crop plants by protecting the photosynthetic ma-
chinery (net photosynthetic rate, stomatal conductance, chlorophyll content), efficient ROS
scavenging, membrane integrity, Na+ exclusion, etc. [13–15]. Robust antioxidant machinery
consisting of enzymatic (SOD, CAT, APX, GPX, GR, etc.) and non-enzymatic antioxidants
(glutathione (GSH) and ascorbic acid (AsA) is efficient enough to protect the photosynthetic
machinery, cellular components, and membranes under various abiotic stresses [8]. There-
fore, strong antioxidant machinery can be well correlated with salinity stress tolerance in
crop plants [8]. Nidumukkala et al. [16] reviewed the fact that overexpression of helicases
in different model and crop plants provides salt tolerance though increased antioxidant
capacity, photosynthetic efficiency, and ion homeostasis, as well as by regulating the expres-
sion of various stress responsive genes. Therefore, introduction of a stress-tolerant gene in
rice is one of the effective ways to develop stress-tolerant cultivars without yield penalty.
The presence of selectable marker genes (SMGs, antibiotic or herbicide resistance genes) in
genetically engineered crops may arouse public and regulatory concerns due to biosafety
issues because the weeds or pathogenic microorganisms present in soil may become resis-
tant to herbicides or antibiotics and can harm public health [17]. The problem of transgene
expression arises due to the sexual crossing, which can lead to homology-dependent gene
silencing in the genome [17]. Due to consumer, environmental, and biosafety concerns, the
regulatory bodies also encourage the development of marker-free transgenic crops with
an array of different transformation strategies such as homologous recombination, site-
specific recombination, co-transformation, transposon-mediated transgene reintegration
system, and CRISPR/Cas9 system [17–20]. The tissue culture methods are generally used
to understand the mechanisms underlying salt tolerance of transgenic lines [21,22]. Several
techniques have been developed to improve Agrobacterium-mediated transformation of
indica rice [23–25]. The development of an efficient large-scale transformation system
requires a large number of transformants for successful gene transfer [24]. Previously, many
researchers developed a transformation protocol for marker-free transgenic rice plants
using anther culture [26,27], but the unavailability of explants (anther) throughout the year
is a major limitation of this method and it is very laborious to screen the transgenic plants
by a PCR-based method.

In the present study, we report that overexpression of PDH45 gene in an elite indica
rice variety IR64 (Oryza sativa L., cv. IR64) showed tolerance against salinity stress as well
as improved growth, photosynthesis, and better antioxidant machinery in the transgenic
rice. We exploited the potential of transgenic technologies for crop improvement through
developing marker-free transgenic PDH45 rice. Thus, we also successfully developed a
screening technique using 200 mM NaCl salt to screen marker-free PDH45 transgenic rice
plants. Development of rice transgenic lines overexpressing the PDH45 gene without the
antibiotic marker gene for stable expression of the stress-tolerant trait in a predictable
manner avoids the transfer of undesirable transgenic material to non-transgenic crops and
related species.

2. Materials and Methods

2.1. Cloning and Transformation of PDH45 Gene in IR64 Rice

PDH45 gene (accession number: Y17186) was used to establish the tissue culture
technique. The coding region of PDH45 gene (1.2 kb) was cloned in reporter gene-free
plant transformation vector pCAMBIA1300 in place of hygromycin to generate complete
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reporter and antibiotic marker-free plasmid pCAMBIA1300-PDH45. An empty vector
(pCAMBIA1300) construct, called vector control (VC), was used to compare the function
of the gene, and the VC construct comprises all components except the PDH45 gene.
The above two constructs (pCAMBIA1300-PDH45 and pCAMBIA1300) were used for the
Agrobacterium tumefaciens (LBA4404)-mediated transformation method [28]. The same
conditions were used to generate all the plants.

2.2. Development of Selection Technique for Marker-Free Transgenic Plants

A new selection technique was developed by adding 200 mM NaCl in selection media,
shoot induction, and root induction media for the selection of PDH45 marker-free transgenic
plants during the plant induction stage. We modified the media described by Sahoo and
Tuteja [28]. Here, we used 200 mM NaCl in place of hygromycin as the gene PDH45 has
already been reported as being responsible for salinity tolerance in different plants [29–34].
The other compositions of media were the same as described earlier [28].

2.3. Molecular Analysis (PCR, Southern Blot, qRT-PCR, and Western Blot) of T1 Transgenic
PDH45 Plants

The genomic DNA was extracted from the healthy leaves of marker-free PDH45
transgenic plants and used to check the integration of the gene by PCR and Southern
blot analysis. About 25 μg of genomic DNA was used for Southern blot analysis. First,
the genomic DNA was digested with XbaI and resolved on 0.8% agarose gel followed
by transfer to nylon membrane (Hybond-N, Amersham, Inc., Amersham, UK) as previ-
ously described [35]. The probe was radiolabelled by the gene amplification method using
α–[32P] dCTP. Hybridization with the probe was conducted using the method described [35].
The qRT-PCR experiment was performed to check the transcript levels of the gene us-
ing gene-specific primers such as forward 5′-ATGGCGACAACTTCTGTG-3′ and reverse
5′-TATATAAGATCACCAATATTCATTGG-3′. For Western blot analysis, the crude plant
extract was denatured and separated by SDS PAGE and transferred onto a polyvinyli-
dene fluoride (PVDF) membrane using the method described [36]. Polyclonal antibodies
(1:1000 dilutions) from rabbit were used as a probe against the PDH45 gene.

2.4. Leaf Disk Senescence Assay and Chlorophyll Content

The chlorophyll content after leaf disk senescence assay was measured using the
method described earlier [37].

2.5. Biochemical Analysis of Antioxidant Activities of Marker-Free PDH45 Transgenic Lines

The seeds of PDH45 transgenic, WT, and VC plants were kept in hydroponics for
germination, and 21-d-old plants were dipped in 200 mM NaCl for 24 h. The experiments
were conducted in green houses of the International Centre for Genetic Engineering and
Biotechnology (ICGEB), New Delhi, where 16 h light photoperiod at 25 ◦C temperature was
maintained. Similar stress treatment and stress conditions as described were also used in the
present study [12]. After 24 h salt stress, the plant tissues were used for biochemical analysis
such as catalase (CAT), ascorbate peroxidase (APX), glutathione reductase (GR), proline,
hydrogen peroxide (H2O2), lipid peroxidation, relative water content (RWC), and electrolytic
leakage. All the parameters were measured using the methods described earlier [38].

2.6. Measurement of Photosynthetic Activities and Agronomic Characteristics of PDH45
Transgenic Plants

The different photosynthetic measurements such as photosynthetic yield, rate, inter-
cellular CO2 concentration, CO2 release, stomatal conductance, and transpiration rate were
recorded using an infrared gas analyzer (IRGA; LI-COR, http://www.licor.com, (accessed
on 2 November 2021), on a sunny day between 11:00 and 12:00 noon. The plants were
grown under 200 mM NaCl stress in a large tank, and all the parameters were measured
using the expanded leaves of mature plants (60 d old). After 12 d of salt stress, different
agronomic characteristics were measured using the method described earlier [12].
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2.7. Chlorophyll a Fluorescence Measurements

Plants were grown in green houses of the International Centre for Genetic Engineer-
ing and Biotechnology (ICGEB), New Delhi, where 16 h light [photosynthetically active
radiation (750 μmol m−2 s−1)] photoperiod at 25 ◦C temperature was maintained. Minimal
fluorescence (Fo), maximal fluorescence (Fm), maximal variable fluorescence (Fv), and
Fv/Fm ratio were included, where Fv = Fm − Fo.

Chlorophyll a (Chl a) fluorescence from the leaves of 25-day-old WT, VC, and trans-
genic rice seedlings was measured with a PAM-2100 fluorometer (Walz, Germany). Before
each measurement, the leaf sample was kept in the dark for 20 min [39]. Optimum quan-
tum efficiency (uPSII, also referred to as Y) of Photosystem II (PSII) was inferred from
Fv/Fm = (Fm − Fo)/Fm [40].

2.8. Estimation of Sugar, Hormones (GA, Zeatin and IAA), and Ion Contents

Shoots and roots from mature (60 d old) PDH45 T1 transgenic, VC, and WT plants after
12 d of salt stress were used in this study. The sugar content was estimated as described
earlier [41]. The endogenous plant hormones (GA, zeatin and IAA) were estimated as
described earlier [42]. The flame ionization photometer was used for the estimation of
potassium, as described by Chapman and Pratt [43]. The sodium content was estimated as
described by Munns et al. [44].

2.9. Salinity Tolerance of Transgenic Plant under 200 mM NaCl Stress

The PDH45 transgenic lines (L4, L7, L8, L11 and L13) and VC and WT rice plants (60 d
old) were grown in one large metal pot filled with soil and dipped in 200 mM NaCl. The
plants were allowed to grow up to maturity (harvest), and the phenotypic conditions of
these plants were recorded.

2.10. Statistical Analysis

The experimental data were statistically analyzed, and standard error was calculated
from three independent observations. Analysis of variance (ANOVA) was performed on
the data using SPSS (10.0 Inc., Chicago, IL, USA) to determine the least significant difference
(LSD) for the significant data to identify the differences between means and presented as
mean ± SE. The means were separated by Duncan’s multiple range tests. Different letters
indicate significant difference at p < 0.05.

3. Results

3.1. Molecular Analysis of Marker-Free PDH45 Transgenic Lines

The marker-free PDH45 transgenic IR64 rice plants were developed using the pCAMBIA1300-
PDH45 gene construct (Figure 1a). Phenotypically, the transgenic rice plants were not signif-
icantly different from WT and VC plants (Figure 1b). The desired PDH45 gene (1.2 kb)
fragment was detected by PCR (Figure 1c). The Southern blot results confirmed the in-
tegration of a single-copy PDH45 gene in transgenic rice plants in all the five transgenic
lines (L4, L7, L8, L11, and L13) (Figure 1d). The real-time PCR (qRT-PCR) provided ≈8-fold
induction in the transcript level of PDH45 in transgenic lines (L4, L7, L8, L11 and L13)
(Figure 1e). The Western blot results showed that PDH45 protein was expressed to almost
similar levels in all the transgenic lines (L4, L7, L8, L11 and L13) as compared to WT and
VC plants (Figure 1f).

3.2. PDH45 Transgenic Lines Showed Salinity Tolerance

The damage caused in the leaf pieces by salt stress was observed in all the plants after
72 h; however, the PDH45-overexpressing lines displayed darker green leaves, in contrast
to the yellowish leaves of the WT and VC plants (Figure 2a). In this sense, the reduction of
chlorophyll content in leaf tissues was lesser in transgenic lines as compared to WT and
VC plants under salt stress (Figure 2b). The lesser chlorophyll content in the leaf tissues
of WT and VC plants as compared to transgenic lines provided strong evidence towards
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tolerance against salinity stress (Figure 2a,b). The transgenic lines (L4, L7, L8, L11 and L13)
along with WT and VC plants were allowed to grow up to maturity in a metal tank filled
with 200 mM NaCl. After 3d, WT and VC plants showed dropping characteristics, whereas
PDH45-overexpressing transgenic lines L4, L7, L8, L11 and L13 grew well and produced
viable seeds (Figure 2c,d).

Figure 1. Screening and analysis of PDH45 marker-free transgenic lines. (a) T-DNA construct of
pCAMBIA 1300-PDH45. (b) Transgenic lines (L4, L7, L8, L11, L13, VC, and WT). (c) PCR conforma-
tion of the PDH45-overexpressing transgenic (T1) lines showed the amplification of 1.2 Kb fragment.
(d) Southern blot analysis showing the integration and copy number of the PDH45 gene. (e) Rel-
ative gene expression of PDH45 transgenic lines. (f) Western blot analysis showing the PDH45
protein (≈45 kDa).

Figure 2. Salinity tolerance of PDH45-overexpressing transgenic T1 IR64 rice lines. (a) Leaf disk
senescence assay under 100 and 200 mM NaCl treatment. (b) Chlorophyll content (mg/g fw) in
PDH45 transgenic lines after salt treatment. (c) Third day in 200 mM NaCl treatment. (d) After
15 days of NaCl treatment.
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3.3. Agronomic Performance of Marker-Free PDH45 Transgenic Plants under Stress

The agronomic performance of T1 transgenic lines under 200 mM NaCl treatment
was compared with WT and VC without NaCl treatment. Better agronomic characteristics
were observed in PDH45 transgenic plants as compared to WT and VC plants. Several
phenotypic characteristics of transgenic plants were recorded and found to be almost
similar to the WT and VC plants grown in 0 mM NaCl. However, under 200 mM NaCl
treatment, the WT and VC plants did not survive until flowering stage (Figure 2d).

3.4. Photosynthetic Characteristics and Endogenous Ion Content of Marker-Free PDH45 T1
Transgenic Plants under Stress

The photosynthetic characteristics of transgenic plants were observed and compared
to WT and VC plants after 12 d of induction of 200 mM NaCl salt treatment. The photosyn-
thetic rate declined by 33% in WT and 35% in VC plants as compared to PDH45 marker-free
transgenic lines. The net photosynthetic rate, stomatal conductance, intracellular CO2, CO2
release, and transpiration rate were also higher in transgenic lines as compared to the WT
and VC plants (Figure 3a–e).

Figure 3. Measurement of photosynthetic characteristics and chlorophyll a fluorescence of WT, VC,
and PDH45 marker-free transgenic lines (L4, L7, L8, L11 and L13) under 200 mM NaCl treatment.
(a) Photosynthetic rate. (b) Stomatal conductance. (c) Intracellular CO2. (d) CO2 release.
(e) Transpiration rate. (f) Photosynthetic yield (Fv/Fm). Values are mean ± SE (n = 3). Differ-
ent letters on the top of bars indicate significant differences at p ≤ 0.05 level as determined by
Duncan’s multiple range test (DMRT).

3.5. Chlorophyll a Fluorescence

The chlorophyll fluorescence rose from a low minimum level (“O” level or Fo) to a
higher maximum level (“P” level or Fm) when exposed from dark to light. The maximum
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primary photochemical efficiency of PSII, estimated from Fv/Fm, was almost identical in
the transgenics to that in the VC and WT (Figure 3f).

3.6. Analysis of MDA, H2O2, Ion Leakage, and Antioxidant Response in Marker-Free PDH45 T1
Transgenic Plants

The salt-induced changes in the ion leakage, H2O2, proline content, accumulation of
MDA, RWC, and antioxidant machineries in T1 PDH45 transgenic lines (L4, L7, L8, L11 and
L13) were compared with WT and VC rice seedlings. We observed reduced levels of MDA,
H2O2, and ion leakage, alongside an increase in proline content in PDH45 transgenic lines
in comparison to the WT and VC plants under salt stress at 200 mM NaCl (Figure 4a–d).
The activities of CAT, APX, GPX, GR and RWC were increased in PDH45 transgenic plants
as compared to WT and VC plants (Figure 4e–i).

Figure 4. Biochemical analysis of PDH45-overexpressing T1 transgenic lines (L4, L7, L8, L11, L13,
VC) and WT plants exposed to 24 h at 200 mM NaCl treatment. (a) Ion leakage. (b) Hydrogen
peroxide (H2O2) content. (c) Lipid peroxidation expressed in terms of MDA content. (d) Level of
proline accumulation. (e) Catalase (CAT) activity; one unit of enzyme activity defined as 1 μmol
H2O2 oxidized min−1. (f) Ascorbate peroxidase (APX) activity; one unit of enzyme activity defined
as 1 μmol of ascorbate oxidized min−1. (g) Guaiacol peroxidase (GPX) activity. (h) Glutathione
reductase (GR) activity; one unit of enzyme activity is defined as 1 μmol of GS-TNB formed min−1

due to reduction of DTNB. (i) Percent relative water content (RWC). Values are mean ± SE (n = 3).
Different letters on the top of bars indicate significant differences at p ≤ 0.05 level as determined by
Duncan’s multiple range test (DMRT).

3.7. The Sugar and Hormone Content of Marker-Free PDH45 T1 Transgenic Plants

The PDH45 L4, L7, L8, L11 and L13 transgenic lines showed higher endogenous sugar
(glucose and fructose) content in roots as well as in shoots when compared with WT and VC
plants (Figure 5a,b). The endogenous hormones such as GA, zeatin, and IAA content were
also higher in roots and shoots of PDH45 transgenics as compared to WT and VC plants
(Figure 5c–e). The potassium content in transgenic plants was higher, whereas sodium
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content was lower in marker-free PDH45 transgenic plant tissues as compared to WT and
VC plants (Figure 5f).

Figure 5. Soluble sugar, hormones, and K+ and Na+ content in the roots and shoots of PDH45-
overexpressing marker-free transgenic lines (L4, L7, L8, L11 L13) as compared to WT and VC plants
exposed to 24 h at 200 mM NaCl treatment. (a) Glucose content. (b) Fructose content. (c) Endogenous
GA content. (d) Endogenous zeatin content. (e) Endogenous IAA content. (f) Endogenous potassium
and sodium content. Values are mean ± SE (n = 3). Different letters on the top of bars indicate
significant differences at p ≤ 0.05 level as determined by Duncan’s multiple range test (DMRT).

4. Discussion

In the era of frequently changing global climatic conditions, shortage of irrigation
water, reduced agriculturally suitable cultivable land area, degradation and salinization of
the agricultural soil, and unpredictable onset of abiotic stresses, agricultural productivity
is severely affected, posing a serious threat to food security. Therefore, it is imperative to
develop genetically engineered stress-tolerant crops with all the qualifications of global
acceptance. It has been reported that overexpression of helicases (PDH45/PDH47) in
different model and crop plants provides salt/cold tolerance through increased antioxidant
capacity, photosynthetic efficiency, and ion homeostasis, as well as by regulating the
expression of various stress responsive genes [16,29–32,37,45]. Genetically engineered
transgenic crops with selectable markers (antibiotic or herbicide resistance) have public
and regulatory concerns; therefore, development of marker-free transgenic plants is needed
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in order to avoid public and biosafety concerns and to facilitate the commercialization of
genetically engineered crop plants [17].

We developed the method to select marker and reporter free transgenic lines using
the previously published reports [46,47]. In this research, marker-free PDH45 transgenic
rice plants were raised using Agrobacterium-mediated transformation followed by screen-
ing with 200 mM NaCl in selection, shoot, and root regeneration media to select only
the transformed calli for plant regeneration because PDH45 is responsible for salinity
tolerance [31–33,45]. The elevated stress tolerance in PDH45-expressing plants correlated
with MH1 (M. sativa helicase 1) transgenic plants, showing that MH1 functions in abiotic
stress tolerance by elevating reactive oxygen species (ROS) burden and through osmotic
adjustment [48]. Five independent transgenic lines (L4, L7, L8, L11 and L13) along with
empty VC and WT plants were used for functional validation under salt stress. These
lines express almost similar levels of PDH45 protein. Similar to previous reports, these
PDH45 transgenic rice plants also showed high salinity tolerance. This was indicated by the
presence of higher chlorophyll content in the leaf disks of salinity-stressed T1 transgenic
plants, whereas VC and WT plant leaves became yellow. Moreover, the transgenic plants
were able to grow in the continuous presence of 200 mM NaCl stress. These results indicate
that the introduced trait is functional in transgenic plants and that it is also stable. The
transgenic lines also maintained higher endogenous nutrient contents as compared to the
VC and WT plants under salinity stress, which revealed the salinity tolerance potential of
the transgenic lines. Similar findings have been reported earlier [12,32,33,45,49]. Higher
concentration of potassium and lower concentration of sodium were found in leaves of
PDH45-overexpressing transgenic lines as compared with VC and WT plants.

PDH45-overexpressing marker-free transgenic lines maintained higher endogenous
nutrient contents under salinity stress as compared with WT and VC plants, which proved
the salt stress tolerance potential of the marker-free PDH45 transgenic lines, which is in
agreement with the previous reports [31–33]. The higher potassium and lower sodium
concentration in T1 transgenic plants indicates that the lower Na+/K+ ratio in the trans-
genic lines might be responsible for imparting better stress tolerance to salinity stress in
comparison to the VC and WT plants. The better photosynthetic activities such as net
photosynthetic rate, stomatal conductance, intercellular CO2 concentration, CO2 release
and transpiration rate, and photosynthetic yield (Fv/Fm) were observed in PDH45 trans-
genic lines as compared to the VC and WT plants. The retention of chlorophyll content
in transgenic lines indicates the better control over the photosynthetic apparatus under
salt stress. Our data are in agreement with the earlier reports on PDH45-, SUV3-, and
BAT1-overexpressing rice plants under stress [12,31,32,49].

Sugars such as glucose and fructose may play a key role in salt defense mecha-
nisms through ROS detoxification [49–53]. The sugar content in PDH45-overexpressing
marker-free transgenic lines was higher as compared to VC and WT plants. The PDH45-
overexpressing transgenic rice plants showed significantly higher endogenous content of
plant hormones in leaf, stem, and root, directing the molecular and biochemical mech-
anisms to confer increased stress tolerance [54]. A similar trend of endogenous plant
hormone profile was also reflected in OsSUV3 and OsBAT1 transgenic rice under stress
conditions [7,49]. This is a very simple, reproducible, and improved protocol for selection
of marker-free transgenic rice plants using Agrobacterium-mediated transformation of
mature seed-derived callus tissues of indica rice variety, IR64.

5. Conclusions

The present study provides reporter and marker-free transgenic rice plants that has
a scope for future commercialization and approval from regulatory agencies as they are
focusing on the removal of reporter and marker genes from transgenic plants. We developed
a unique successful salt screening method for screening transgenic lines during tissue
culture and also utilized the unique function of PDH45 helicase in providing salt tolerance
in marker-free transgenic rice cv. IR64. It also provides a good example for the exploitation
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of helicases for enhanced agricultural production, while withstanding extreme climatic
conditions, maintaining biosafety regulations, and ensuring food security.
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Abstract: The Bcl-2-associated athanogene (BAG) proteins are a family of multi-functional group
of co-chaperones regulators, modulating diverse processes from plant growth and development to
stress response. Here, 10 members of SlBAG gene family were identified based on the available
tomato (Solanum lycopersicum) genomic information and named as SlBAG1-10 according to their
chromosomal location. All SlBAG proteins harbor a characteristic BAG domain, categorized into
two groups, and SlBAG4, SlBAG7, and SlBAG9 of group I contain a plant-specific isoleucine glu-
tamine (IQ) calmodulin-binding motif located in the N terminus. The quantitative real-time PCR
expression analysis revealed that these SlBAG genes had organ-specific expression patterns and most
SlBAG genes were differentially expressed in multiple abiotic stresses including drought, salt, high
temperature, cold, and cadmium stress as well as abscisic acid and H2O2. In addition, heterologous
overexpression of SlBAG9 increased the sensitivity of Arabidopsis to drought, salt, and ABA during
seed germination and seedling growth. The decreased tolerance may be due to the downregulation
of stress-related genes expression and severe oxidative stress. The expression levels of some stress
and ABA-related genes, such as ABI3, RD29A, DREB2A, and P5CS1, were significantly inhibited by
SlBAG9 overexpression under osmotic stress. Meanwhile, the overexpression of SlBAG9 inhibited
the expression of FSD1 and CAT1 under stress conditions and the decreased levels of superoxide
dismutase and catalase enzyme activities were detected accompanying the trends in the expression
of both genes, which resulted in H2O2 accumulation and lipid peroxidation. Taken together, these
findings lay a foundation for the future study of the biological function of SlBAG genes in tomato.

Keywords: antioxidant defense; arabidopsis; bioinformatic analysis; SlBAG genes; SlBAG9; Solanum
lycopersicum

1. Introduction

B cell lymphoma 2 (Bcl-2)-associated athanogene (BAG) protein is a relatively conserva-
tive protein in animals and plants. BAG proteins share a common conserved BAG domain
(BD), which interacts with the ATPase domain of heat-shock protein 70 (Hsc70/Hsp70
in the C-terminal region but is generally different in the N-terminal region, which gives
specificity to specific proteins and pathways [1]. In animals, BAGs are widely involved in
many biological processes, such as tumor regulation, apoptosis and stress response [1,2].
In plants, seven BAG family genes were first discovered in Arabidopsis [3,4]. The family
of plant BAG protein can be divided into two categories. The first category contains N-
terminal ubiquitin-like (UBL) domain and BAG domain, including AtBAG1–4 proteins.
They may be direct homologues of animal BAG1, with high similarity in structure and
function. The second type (BAG5-7 proteins) contains an isoleucine glutamine (IQ) motif
binding to Ca2+-free calmodulin (CaM) near BAG domain, which is unique to plants [3].
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Plant BAG proteins are involved in biological processes such as plant programmed cell
death (PCD) and autophagy, and play an important role in plant response to abiotic stresses
such as salt, drought, temperature, and pathogen infection. Some BAG family genes have
been explored in other plants such as rice, tomato, and wheat [5–9], but presently, as a
model plant Arabidospis has gained the primary research attention, while relatively little is
known about the functional research on other species.

The Arabidopsis seedlings overexpressing AtBAG1 challenged with salinity stress
and decreased seedling growth [10]. The atbag4 mutant plants were more sensitive to salt
stress, while the tobacco plants overexpressing AtBAG4 gene showed stronger tolerance
to ultraviolet (UV), low temperature stress, oxidative stress, drought, and salt stress than
the wild type [3]. AtBAG1-AtBAG4 bound to Hsc70 through the BAG domain. The atbag5
mutant showed the delayed aging, while the overexpression transgenic lines showed
the premature aging. As a signaling hub, AtBAG5 linked the Ca2+ signaling network
with the Hsc70 chaperone system to regulate plant senescence [11,12]. AtBAG6 cleavage
triggered autophagy and plant defense and AtBAG6 [13]. AtBAG7 was an endoplasmic
reticulum (ER) localization protein that played a central regulatory role in the heat-induced
unfolded protein response (UPR) pathway [14]. The double-faced role of AtBAG7 in
plant–phytophthora interaction has been found recently [15]. However, it is gratifying
that, nowadays, studies on other plants species are becoming available. Transgenic rice
plants overexpressing OsBAG4 showed tolerance to NaCl stress [16]. OsBAG4 is an active
regulator of disease resistance and a rice E3 ubiquitin ligase EBR1 targeted OsBAG4 for
proteasome degradation [17]. Soybean GmBAG6a gene overexpressed in Arabidopsis
had the ability to resist nematode infection [18]. Overexpressing BAG family gene HSG1
from grapes in Arabidopsis plants showed obvious resistance to high temperature [19].
Overexpression of wheat TaBAG2 increased Arabidopsis heat tolerance [6]. SlBAG2 and
SlBAG5b mediated tomato leaf tolerance to dark stress and senescence [8].

Based on the publication of plant genome sequence databases, the BAG gene fam-
ily have been proved to exist in different species, such as Arabidopsis thaliana [3], Oryza
sativa [5,20], and Physcomitrium patens [21]. We have previously tried to explore the key
high-temperature-responsive genes in tomato using integrative analysis of transcriptome
and proteome [22] and SlBAG9 with a high expression level under high temperature stress
was screened at the transcriptional and protein levels, which aroused our interest in the
BAG gene family. In this study, ten SlBAG genes were identified, the related characteristics
of SlBAG gene and protein were studied, and the gene expression pattern under different
stress conditions were explored. In addition, further research on the function of SlBAG9
was carried out. Heterologous overexpression of SlBAG9 in Arabidopsis increased the
sensitivity of Arabidopsis to drought, salt, and abscisic acid (ABA), which was reflected
in the decrease in seed germination rate and seedling growth, low expression levels of
stress/ABA-responsive genes and activities of superoxide dismutase (SOD) and catalase
(CAT), and aggravated oxidative damage. Taken together, these findings lay a foundation
for the future study of the biological function of SlBAG genes in tomato.

2. Materials and Methods

2.1. Genome-Wide Identification and Analysis of the Tomato BAG Gene Family

To identify the tomato BAG gene family, the BAG domain (PF02179) was used as a
query to perform an HMMER (v3.3.2) search against the tomato proteome downloaded
from Tomato Genome Annotation ITAG4.0 database (https://solgenomics.net, accessed
on 10 October 2021). At the same time, a comprehensive search was carried out by using
the amino acid sequence of Arabidopsis thaliana according to a previous study [4], of which
seven AtBAG proteins were obtained from the Arabidopsis thaliana Araport11. The reliability
of SlBAG gene sequences and genome sequences was further confirmed by searching
the NCBI database (https://www.ncbi.nlm.nih.gov, accessed on 20 October 2021). The
genomic regions, transcripts, and products were from Tomato Genome version SL4.0
(https://solgenomics.net, accessed on 10 October 2021) and NCBI data comparison. The
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molecular weight (Mw) and isoelectric point (pI) were calculated by ProtParam on the
ExPASy Server (https://web.expasy.org/protparam, accessed on 25 October 2021).

2.2. Phylogenetic Analysis

The BAG protein sequences were downloaded from database Solanum lycopersicum
ITAG4.0, Arabidopsis thaliana Araport11, and Oryza sativa v7.0, respectively. Multiple
sequence alignments of BAG proteins were carried out using MUSCLE and the tree
was constructed by PhyML method (phylogeny.fr/simple_phylogeny.cgi, accessed on
5 November 2021).

2.3. Motif Analysis of SlBAG Proteins

The conserved motifs of tomato SlBAGs were predicted by the MEME tool (Ver-
sion 5.4.1, http://meme-suite.org/tools/meme, accessed on 11 December 2021). The
number of BAG conserved domain was validated using NCBI conserved domains (CDD)
and shown using the HMMER web server (Biosequence analysis using profile hidden
Markov Models|HMMER).

2.4. Gene Structure and Cis-Element Analysis of SlBAG Genes

The Gene Structure Display Server (http://gsds.cbi.pku.edu.cn, accessed on
15 December 2021) was used for the gene structure determination. The cis-regulatory
elements of the SlBAG gene promoters were analyzed by the PLANTCARE database (http:
//bioinformatics.psb.ugent.be/webtools/plantcare/html, accessed on 20 December 2021)
and the elements were displayed on the TBtool software (version v1.0986853, https:
//github.com/CJ-Chen/TBtools, accessed on 28 December 2021).

2.5. Expression Analysis of SlBAG Genes

Seeds of Solanum lycopersicum cv. Ailsa Craig were sterilized and sown in the solid
Murashige and Skoog (MS) medium at 25 ◦C/20 ◦C, and 20-day-old seedlings were used for
the following treatments. For SlBAG gene expression under stresses, tomato seedlings were
cultured in liquid MS medium for 24 h, then exposed to salt, drought, high temperature,
cold, cadmium, H2O2, and ABA treatment for 1, 3, 6, 12, 24, and 48 h. Tomato plants were
transferred to liquid medium containing 100 mM NaCl, 20% polyethylene glycol-6000,
50 uM cadmium, 100 uM ABA, and 10 mM H2O2, respectively.

For HT and cold, the seedlings were exposed to HT (42 ◦C) or 4 ◦C conditions. All
real leaves were collected, frozen, and preserved at −70 ◦C for RNA extraction. For organs-
specific expression of SlBAG genes, organs from root, stem, leaf, flower, green fruit, and
red fruit of different stages were collected according to the method of Ding et al. [23]. The
transcription levels of SlBAG genes were determined by quantitative real-time PCR (qRT-PCR).

2.6. Phenotypic Analysis of SlBAG9 Overexpression Plants under Osmotic Stress

To analyze the phenotype of SlBAG9-overexpressing plants under osmotic stress
(drought and salt), two developmental stages were used for processing. For seed ger-
mination assay, the seeds of Arabidopsis thaliana ecotype Columbia-0 (WT) and SlBAG9
overexpression line 2–12 and 4–9 [22] were surface-sterilized and sowed on 1/2 MS plates
supplemented with or without 200 and 300 mM mannitol (M1, M2), 175 and 200 mM NaCl
(N1, N2), and 1.0 and 1.5 μM ABA (A1, A2), and placed under 4 ◦C for 3 days, then moved
to a growth room under a 16 h-light/8 h-dark photoperiod in the greenhouse. The seed
germination rate (root emergence) was evaluated every day, and the number of seedlings
with significantly expanded and green cotyledons were also evaluated. For seedling growth
assay, the seven-day-old seedlings were transferred to 1/2 MS medium supplemented with
0 or 300 mM mannitol, 175 mM NaCl, and 1.5 μM ABA and grown for different days. After
3 days, the rosette leaves were sampled for qRT-PCR and after 14 days the photographs
were taken.
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2.7. H2O2 Content, Lipid Peroxidation, and Antioxidant Enzymes

According to the method of Ding et al. [23], the lipid peroxidation of cell mem-
brane was evaluated by the determination of malondialdehyde (MDA). The amount of
MDA-TBA (thiobarbituric acid) complex was calculated from the coefficient of absorbance
(155 mM−1 cm−1). The content of H2O2 was estimated by monitoring the absorbance of
the titanium peroxide complex at 415 nm. Next, 0.2 g of plant material were homogenized
in 1.5 mL 50 mM phosphate buffer solution (PBS) (pH 7.5) containing 0.2 mM ethylene-
diamine tetra acetic acid (EDTA) and 2% polyvinylpyrrolidone (PVP). The homogenate
was centrifuged in a refrigerated centrifuge at 13,000× g for 20 min and the supernatants
were used for protein determination and enzyme assay. All the steps were carried out at
4 ◦C. superoxide dismutase (SOD) activity was measured by monitoring the inhibition of
photochemical reduction of nitroblue tetrazolium (NBT) at 560 nm. The catalase (CAT)
activity was determined by measuring the decrease in absorption of H2O2 at 240 nm.

2.8. RNA Isolation and qRT-PCR

Total RNA was extracted with an RNA Isolater Total RNA Extraction Reagent (Vazyme
Biotech Co., Ltd., Nanjing, China). Reverse transcription was performed using the HiScript
II Q RT SuperMix for qPCR (Vazyme, Nanjing, China). The primer pairs used in this study
are all listed in Table S1. The qRT-PCR was performed on an ABI7500 instrument (Applied
Biosystems, Foster, CA, USA) using SYBR Green qPCR kits (TaKaRa, Kusatsu, Japan). The
PCR amplification conditions included an initial heat-denaturing step at 95 ◦C for 3 min,
followed by 40 cycles of 30 s at 95 ◦C, 30 s at 58 ◦C, and 1 min at 72 ◦C. Relative mRNA
levels were normalized to that of the internal reference genes. Each sample was divided
into 3 biological replicates. The data were processed on the basis of the 2−ΔΔCT method.

3. Results

3.1. Genome-Wide Identification of BAG Gene Family in Tomato

The released whole-genome sequences of Solanum lycopersicum (ITAG2.4, 3.0, 4.0) were
used in the present study. Firstly, we performed a keyword search using the BAG domain
file (PF02179) as a query and 10, 14, and 12 genes were obtained from three databases,
respectively. Secondly, we searched the genome protein sequence databases ITAG4.0 by
BLASTP using seven Arabidopsis (AtBAG) proteins [4], and 11 gene-encoding proteins
were identified. After InterProScan search and manual analysis to remove false positive
and redundant genes, a total of 10 non-redundant, full-length BAG genes in Solanum
lycopersicum were identified and designated as SlBAG1-SlBAG10 based on their physical
location. Interestingly, there were great differences in the information of the ten SlBAG
genes in the three databases (Table S2). In order to further confirm the gene information, we
cloned the full length of these genes to confirm the CDS sequence. Combining the sequence
alignment through the NCBI database, the gene information was finalized (Table 1), which
was partly different from the existing ITAG database and the reported characteristics of
tomato SlBAG genes [24] to some extent. Compared with the BAG gene family reported
by [24], there were differences in the genome sequences of eight genes and the coding
protein sequences of five genes. In particular, the information of SlBAG4 was completely
different from the existing database. Therefore, we re-analyzed some characteristics of
10 SlBAG genes in the following sections.

These SlBAG genes were distributed on six chromosomes. SlBAG1, SlBAG4, and
SlBAG8 were located on chromosome 1, 4, and 10, respectively. Three SlBAG genes were on
chromosome 6, and the rest were distributed on the other two chromosomes. The relevant
characteristics of genes and proteins of SlBAGs were shown in Table 1. The range of coding
sequence (CDS) was 513 bp to 3708 bp, and the range of protein was 170 to 1235 amino
acids, with an average of 402 amino acids. The molecular weight range of SlBAG protein
was 19.43–137.35 kDa and the isoelectric point range was 5.09–10.26.
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Table 1. The sequence characteristics of SlBAG family members in tomato.

Name a Gene Identifier b Gene Symbol c
Gene d Protein e

Chr Intron CDS (bp) AA MW (kDa) pI

SlBAG1 Solyc01g095320 LOC101246665 1 2 3708 1235 137.35 5.30
SlBAG2 Solyc03g026220 LOC101264896 3 3 1026 341 38.25 9.52
SlBAG3 Solyc03g083970 LOC101246514 3 2 1188 395 45.28 9.43
SlBAG4 Solyc04g014740 LOC109119998 4 0 651 216 24.44 5.83
SlBAG5 Solyc06g007240 LOC101243790 6 3 837 278 31.53 6.28
SlBAG6 Solyc06g035720 LOC101267811 6 3 1002 333 37.56 9.45
SlBAG7 Solyc06g072430 LOC104648101 6 0 1122 373 42.50 5.66
SlBAG8 Solyc08g080320 LOC101246459 6 3 855 284 32.33 9.73
SlBAG9 Solyc10g084170 LOC101250069 10 0 513 170 19.43 10.26

SlBAG10 Solyc10g085290 LOC101258018 10 4 1185 394 41.91 5.09
a: Tomato BAG protein names given in this study; b: gene ID in the ITAG4.0 database; c: gene symbol in NCBI;
d: gene characteristics; e: protein characteristics; CDS, coding DNA sequence; AA, amino acid; MW, molecular
weight; pI, isoelectric point; kDa, kilodalton.

3.2. Phylogenetic Characterization of BAG Family Genes in Tomato

A comprehensive search was conducted for plant lineages, including 30 representative
monocotyledons, eudicotyledons, basal angiosperms, ferns, bryophytes, and algae. As
a result, 485 putative genes were identified from 30 plants with BAG as the keyword in
the phytozome13 database, and 292 putative genes encoding BAG proteins were further
identified by batch CD search, which were divided into five different groups (Figure 1).
By now, some functions of the BAG family members have been studied in Arabidopsis
and rice [7,25]. To predict the function of SlBAG proteins, the evolutionary relationship
among Arabidopsis thaliana (7 genes), Oryza sativa (8 genes), and Solanum lycopersicum
(10 genes) was constructed using the MUSCLE and PhyML method. The phylogenetic tree
showed that these BAG proteins were divided into two groups (I, II) (Figure 2). Group I
contained 14 members (with four, five, and five members of Arabidopsis, rice, and tomato,
respectively). Cluster II included eleven members (with three, three, and five members of
Arabidopsis, rice, and tomato, respectively). This classification is basically similar to the
previous analysis of BAG proteins in Arabidopsis [3,21].

3.3. Exon–Intron Arrangement and Conserved Motifs Analysis

Gene structure diagrams of SlBAG genes, including the presence of exon-intron com-
ponents, were constructed by the Gene Structure Display Server (GSDS) (Figure 3A). As a
result, new gene structural sequences were presented in this study in addition to SlBAG7,
and SlBAG9, which were reported [24]. SlBAG7 and SlBAG9 were predicted to exhibit no
introns and two SlBAG genes (SlBAG1, SlBAG4) contained one intron, whereas five SlBAG
genes in group II exhibited three introns. Besides, several conserved motifs among the
SlBAG proteins were calculated using the MEME, a tool used to discover motifs in a group
of related DNA or protein sequences (Figure 3A). The BAG domain was analyzed using
the HMMER web server (Figure 3B). Besides the BAG domain, all members of group II
(SlBAG2, 5, 6, 8, 10) contained ubiquitin-like domains similar to some animal counterparts.
However, SlBAG4, SlBAG7, and SlBAG9 of group I contained an IQ calmodulin-binding
motif located in the N terminus, which was unique to plants. The previous study showed
that the SlBAG4 has no IQ calmodulin-binding motif [24]. However, here we proved that
its gene and protein structure were completely different from that in the existing database.

3.4. Organ-Specific Expression Profiles of SlBAG Genes

The promoters of all ten SlBAG genes contained different cis elements for plant growth
regulation, stress responses, hormone responses, and light responses (Figure S1; Table S3).
To evaluate the function of SlBAG genes in the growth and development, the expression
pattern of ten SlBAG genes in different organ (root, stem, leaves, flowers, green fruits, and
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red fruits) was determined with qRT-PCR. The expression of SlBAG genes, shown as a
cluster heat map, was different in various organs and some genes were only expressed in
specific organs (Figure 4). SlBAG2, SlBAG3, SlBAG4, and SlBAG5 were highly expressed in
roots. SlBAG8 displayed the high expression in roots and leaves. For flowers and fruits,
SlBAG6 showed the highest transcript level. SlBAG7 showed relatively higher expression
in flowers and green fruits. However, SlBAG1, SlBAG9, and SlBAG10 showed the highest
level in red fruits. These results suggest that SlBAG genes might be involved in the growth
and development of tomato.

 
Figure 1. The number of BAG family in 30 plant species. The number of BAG proteins in 30 plant
species and each group were shown on the right. The whole genomic data come from Phytozome 13.
The number of BAG conserved domain analyzed by batch CD search were shown on the right. The
species evolution tree was constructed by TimeTree 5 Beta (http://www.timetree.org, accessed on
10 January 2022).
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Figure 2. Phylogenetic tree of tomato SlBAG proteins. The 25 amino acid sequences of three plant
species (Sl, Solanum lycopersicum; Os, Oryza sativa; At, Arabidopsis thaliana) were generated using the
PhyML in MEGA 7.0. Based on the phylogenetic data, these proteins are divided into two distinct
sub-groups, which are distinguished with different colors.

 
Figure 3. Gene structure and BAG domain of SlBAG family in tomato. (A) The gene structure
was generated using a Gene Structure Display Server (GSDS version 2.0). The length of exons as
well as introns and UTRs of each SlBAG gene are displayed proportionally. (B) BAG domains were
generated through the HMMER web server (Biosequence analysis using profile hidden Markov
Models|HMMER). The legends of BAG domain, Ubiquitin-like domain and IQ calmodulin-binding
motif are listed on the right. The phylogenetic tree was constructed referring to Figure 2. SlBAG
proteins are listed on the left.

399



Antioxidants 2022, 11, 598

Figure 4. Expression profiles of SlBAG genes in different organs of tomato. The heatmap shows
the expression change of ten SlBAG genes. Total RNA was extracted from different organs (root,
stem, leaf, flower, green fruit, and red fruit) for qRT-PCR. Three independent biological repeats were
performed (n = 3). The bar in the upper right corner represents the expression value of log2, and
the change of expression level is represented by the change of color. Red indicates relatively high
expression and blue indicates relatively low expression.

3.5. Expression Pattern of SlABG Genes under Abiotic Stress

The promoter analysis of SlBAG genes indicated that these genes might be related to
the response of tomato to different stresses. Here, the SlBAG gene expression of tomato
leaves after osmotic stress (drought and salt), temperature stress (high temperature and
cold) and signal molecular (ABA and H2O2) was analyzed by qRT-PCR (Figure 5). Under
all these stress conditions, almost all SlBAG genes showed different expression patterns.
Under drought treatment, the expression of SlBAG5 and SlBAG6 generally increased with
prolonged treatment time, while SlBAG9 expression decreased with time under drought
stress. Under salt stress, the expression of SlBAG1, SlBAG2, SlBAG5, and SlBAG6 was
upregulated. In response to high temperature, the expression level of SlBAG1, SlBAG2,
SlBAG3, SlBAG7, SlBAG8, and SlBAG9 in general were upregulated, while SlBAG6 was
downregulated. For cold stress, the expression levels of SlBAG1 and SlBAG2 in general
were increased, while SlBAG4, SlBAG6 and SlBAG8 was decreased. As far as ABA is
concerned, the expression of SlBAG1, SlBAG5, and SlBAG6 generally showed an upward
trend, while the expression of SlBAG2, SlBAG8, and SlBAG10 showed a downward trend.
For H2O2, the expression of SlBAG1, SlBAG4, and SlBAG5 in general increased while
expression of SlBAG7, SlBAG9, and SlBAG10 decreased. The cluster heat map of all
treatment showed that the expression of SlBAG5 and SlBAG6 induced by osmotic stress
and signal molecules clustered in the same group and most of the SlBAG genes could be
regulated by high temperature.
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Figure 5. Expression profiles of SlBAG genes in tomato seedlings under different abiotic stresses.
20-day-old tomato plants were treated with PEG6000 (P, 20%), NaCl (N, 100 mM), high-temperature
(T, 42 ◦C), cold (C, 4 ◦C), cadmium (D, 50 uM), ABA (A, 100 uM), or H2O2 (H, 10 mM) for 0, 3, 6, 12,
24, and 48 h. Total RNA from tomato leaves at indicated time was extracted from different organs
(root, stem, leaf, flower, green fruit, and red fruit) for qRT-PCR. Three independent biological repeats
were performed (n = 3). The bar in the upper right corner represents the expression value of log2,
and the change of expression level is represented by the change in color. Red indicates relatively high
expression and blue indicates relatively low expression.

3.6. Heterologous Expression of SlBAG9 Conferred Sensitivity to Drought, Salt, and ABA

Our previous studies showed that SlBAG9 with a higher expression level at the
transcriptional and protein levels in response to high temperature stress was involved
in the negative regulation of thermotolerance [22,23]. The expression analysis of SlBAG9
showed that it might be involved in the response to drought, salt, and ABA (Figure 5).
To further investigate the biological functions of SlBAG9, heterologous overexpression
lines of slbag9 in Arabidopsis (2–12, 4–9) were used here, which have been shown to be
two homozygous lines [22]. We evaluated the seed germination and growth on 1/2 MS
medium containing 200 and 300 mM mannitol, 175 and 200 mM NaCl, and 1.0 and 1.5 μM
ABA treatments. No significant difference between the overexpression lines and WT was
observed on 1/2 MS medium without treatment. However, the seed germination rate and
seedling growth of SlBAG9-overexpressing lines were inhibited by mannitol, salt, and ABA
compared to that of WT (Figures 6 and S2). For germination, after five days on MS medium
containing 300 mM mannitol, about 85% of wild-type seeds, but less than 60% and 30%
of the transgenic seeds (2–12, 4–9, respectively) germinated (Figure 6A). After ten days,
more than 90% wild-type cotyledons, but less than 15% transgenic cotyledons turned green
(Figure 6B), and the post-germination growth of transgenic materials was much worse than
wild-type ones (Figure 6C). Two different treatments (200 and 300 mM mannitol) showed
a certain concentration effect (Figure 6). For seedling growth, seven-day-old seedlings
of wild-type, 2–12, and 4–9 were transferred to 1/2 MS containing 300 mM mannitol for
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14 days and the growth pattern was observed. Under normal conditions, no significant
difference was found in the aspects of seedlings growth of all the seedlings. Drought
inhibited the growth of all seedlings, but the inhibition degree of 2–12, and 4–9 lines was
greater than that of wild-type seedlings (Figure S2). A similar phenotype was also observed
in NaCl treatment (Figure 6, Figure S2). These results demonstrated that SlBAG9 conferred
plant more sensitive to drought and salt stress, negatively regulating osmotic stress.

 

Figure 6. The increased sensitivity of SlBAG9-overexpressing Arabidopsis to mannitol, NaCl, and
ABA stress. (A) The germination rate of SlBAG9-overexpressing lines (2–12 and 4–9) and wild type
(WT) on 1/2 MS medium containing 200 and 300 mM mannitol (M1, M2), 175 and 200 mM NaCl (N1,
N2), and 1.0 and 1.5 μM ABA (A1, A2) treatments for 5 days. (B) Cotyledon greening rate of SlBAG9-
overexpressing lines and WT on 1/2 MS medium containing 200 and 300 mM mannitol (M1, M2),
175 and 200 mM NaCl (N1, N2), and 1.0 and 1.5 μM ABA (A1, A2) treatment for 10 days. Error bars
indicate the SD of three replicated experiments. (C) The seedling growth of SlBAG9-overexpressing
lines and WT Arabidopsis on 1/2 MS plates containing 300 mM mannitol (M2), 175 mM NaCl (N1),
and 1.5 μM ABA (A2) treatments for 10 days.

ABA is an important mediator of drought and salt and senescence [26]. To further
study whether the ABA was involved in SlBAG9-mediated response, we observed the
phenotype of SlBAG9-overexpressing lines grown under ABA treatment. In total, 100%
of wild-type seeds, but about 40% transgenic seeds germinated after five days on 1/2
MS medium supplemented with 1.5 μM ABA (Figure 6A). More than 80% cotyledons of
wild-type cotyledons, but less than 50% of transgenic lines turned green as a result of ABA
treatment for seven days (Figure 6B,C). For seedling growth, ABA treatment decreased
leaf chlorophyll content, while the leaves of the WT exhibited an obvious stay-green
phenotype (Figure S2).

3.7. SlBAG9 Downregulated Stress/ABA-Responsive Genes

To better understand the mechanism of SlBAG9-mediated osmotic stress, mRNA
levels of two ABA-responsive genes ABI3, and RD29A and four stress-responsive genes
DREB2A, P5CS1, FSD1, and CAT1 were determined by qRT-PCR. The RNA transcript levels
of the six genes were not significantly altered under normal growth conditions (Figure 7).
However, the expression levels of these genes were upregulated in both WT and transgenic
plants under osmotic stress or ABA treatment, but the increase was not as pronounced
in transgenic plants as in WT plants (Figure 7). These results suggested that these genes
in the SlBAG9-overexpressing plants are more sensitive to osmotic stress than WT plants,
and that SlBAG9 may be involved in the regulation of stress-regulated gene expression.
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The expression levels of two key ROS scavenging enzyme gene FSD1, and CAT1 were
also regulated by SlBAG9, indicating that SlBAG9 modulates the ROS scavenging system.
In view of this, it was speculated that the ROS scavenger-related enzyme activity was
regulated by SlBAG9. Therefore, in the next section we further analyze the possible effect
of SlBAG9 on the oxidative damage and the activities of SOD and CAT.

Figure 7. Relative expression of stress/ABA-responsive genes in SlBAG9-overexpressing Arabidopsis
exposed to mannitol, NaCl, and ABA stress. The seven-day-old Arabidopsis plantlets of wild-type,
2–12, and 4–9 were transferred to 1/2 MS containing 0, 300 mM mannitol, 175 mM NaCl, and 1.5 μM
ABA for three days. Total RNAs were extracted, and qRT-PCR analyses were performed. Error bars
indicate the SD of three replicated experiments.

3.8. SlBAG9 Overexpression Aggravated Oxidative Damage under Drought, Salt, and ABA

Stress conditions trigger the accumulation of ROS molecules, resulting in oxidative
damage to plant organelles [27]. To uncover whether SlBAG9 was involved in drought, salt,
and ABA-induced oxidative stress, the H2O2 level was estimated. Excessive accumulation
of H2O2 was observed in the SlBAG9-overexpressing lines compared with the wild-type
plants under drought, salt, and ABA conditions (Figure 8A). MDA is considered to be an
effective marker of membrane damage caused by oxidative stress [28]. In accordance with
the stressed phenotype, SlBAG9-overexpressing line 2–12 and 4–9 accumulated more MDA
compared with the wild type under drought, salt, and ABA treatment (Figure 8B). These
results indicated that SlBAG9 can sensitively respond to drought, salt, and ABA to induce
H2O2 generation and cause membrane lipid peroxidation, resulting in hypersensitivity
responses. Since the above data suggested that SlBAG9 mediates oxidative damage, and
downregulate ROS scavenger-related gene FSD1 and CAT1, the activities of SOD and POD
were determined. There was little difference in SOD and CAT activities in WT, 2–12, and
4–9 genotypes under normal conditions. However, the SOD and CAT activities were lower
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in the 2–12 and 4–9 lines compared with the WT (Figure 8C,D). This result indicated that
SlBAG9 overexpression is implicated in ROS clearance and reduces tolerance to drought,
salt, and ABA-induced oxidative stress by regulating antioxidant enzyme activity, which
could support different change patterns of H2O2 and MDA (Figure 8).

Figure 8. SlBAG9 overexpression aggravated oxidative damage in Arabidopsis under mannitol,
NaCl, and ABA treatment. The seven-day-old Arabidopsis plantlets of wild-type, 2–12, and 4–9 were
transferred to 1/2 MS containing 0, 300 mM mannitol, 175 mM NaCl, and 1.5 μM ABA for three days
for physiological change evaluation. The H2O2 content (A), MDA content (B), SOD activity (C), and
CAT activity (D) were analyzed quantitatively in WT and SlBAG9-overexpressing lines 2–12 and 4–9.
Error bars indicate the SD of three independent experiments.

4. Discussion

Cultivated tomato is easily affected by various environmental factors. Researchers
have been studying potential resistance genes in plants for a long time. With the available
tomato genome, the study of gene function is becoming more and more important [8]. Our
previous research made us very interested in the tomato SlBAG gene family [22,29]. Many
studies have shown that BAG gene plays an important role in plant growth, development,
and stress response (reviewed by Thanthrige et al. [7]). Therefore, it is necessary to identify
SlBAG genes and their biological function in tomato. Lately, Irfan et al. [24] identified
11 BAG genes using the tomato database (ITAG2.4). However, the database now includes
three versions (2.4, 3.0, 4.0), in which different BAG gene information is presented. The
present study aimed to a comprehensive genome-wide functional characterization of SlBAG
genes and proteins in tomato. We obtained 10 BAG genes through sequence alignment
and multi database comparison, cloned all ten CDS sequences, and finally determined the
information of these genes (Table 1 and Table S2). Compared with the newly published
genetic information obtained by Irfan et al. [24], SlBAG6, SlBAG8, SlBAG10, SlBAG4, and
SlBAG1 have new CDS sequences and eight gene structural sequences were new in addition
to SlBAG7, and SlBAG9.

For the ten BAG proteins in this study, their protein structures and evolutionary
relationships with BAG proteins in tomato, Arabidopsis and rice were analyzed. The
proteins were divided into two groups, and the difference is mainly at their N-terminal. In
addition to BAG domain, the first group has a UBL domain. A UBL domain can interact
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with 26S proteasome and is an indispensable part of BAG1 in stress response [30]. UBL
domain in the group I suggests that they may also participate in the degradation of some
proteins as molecular bridges. The second group has a specific CaM-binding domain IQ
motif near the BD domain in plants, indicating that it may be involved in unique biological
processes [31]. Irfan et al. [24] found that SlBAG7 and SlBAG9 had IQ domain. In the
present study, three SlBAGs (SlBAG4, SlBAG7, SlBAG9) in the group II have IQ domain,
indicating that their biological functions may be related to the Ca2+ signal. IQ motif can
bind CaM and affect the formation of complex between CaM and targeted protein [32].
In vitro studies have shown that Ca2+ can affect the binding affinity of AtBAG6 and CaM
and regulate the process of cell death mediated by AtBAG6. The CaM-binding motif and
the BD are required for AtBAG6-mediated cell death [32]. As a signaling hub, AtBAG5
connects the Ca2+ signaling network with the Hsc70 chaperone system to regulate plant
senescence. The IQ motif mutant retains the association between AtBAG5 with Hsc70
while disrupting the association of AtBAG5 with apo-CaM [11]. It is possible that the
increase in Ca2+ in the mitochondrial matrix may protect mitochondria from senescence
through a combination of Ca2+ and apo-CAM, so as to promote the release of Hsc70 from
CaM/AtBAG5/Hsc70 signal complex and to inhibit ROS production [11,12].

The BAG family is widely distributed in the plant kingdom (Figure 1). The BAG family
also exists in various plant tissues and organs. Results from many experiments have shown
that the BAG gene family plays an important role in plant growth and development [3].
AtBAG4 and AtBAG6 expressions were detected in the root, stem, leaf, and flower of Ara-
bidopsis. In the whole development process, AtBAG2 and AtBAG6 genes are expressed in
various tissues in overlapping or specific expression pattern [33]. Arabidopsis knockout
mutant atbag4 or atbag6 has the phenotype of early flowers and multi branching inflores-
cences, with a shortened life cycle and early aging. It was found that the rosette diameter
of the 4-week-old atbag2 mutant was larger than that of the wild type [34]. Arabidopsis
plants overexpressing AtBAG6 are shorter than wild-type plants [3]. The tissue-specific
expression experiment of rice showed that OsBAG1, OsBAG3, and OsBAG4 had the highest
expression in roots, stems, and internodes, indicating that they may be involved in cell
elongation and expansion. Rice OsBAG4 and EBR1 form a protein complex, which makes
EBR1 control its protein stability level through ubiquitination of OsBAG4, inhibit growth
and development, resulting in plant dwarfism [17]. Irfan et al. [24] showed that several
SlBAG genes such as SlBAG1, SlBAG3, SlBAG6, and SlBAG9 had differential expression dur-
ing fruit development, which suggested that they might have a role in fruit development as
well. In this study, many SlBAGs in tomato showed specific expression patterns in organs,
indicating their important roles (Figure 4). Recently, He et al. [8] showed that BAG2 and
BAG5b were highly expressed in tomato stem and flower. Here, the corresponding name
was SlBAG7 and SlBAG9, respectively, which was not only highly expressed in flowers, but
also in fruits (Figure 4).

The regulatory elements in plant promoters play an important regulatory role at the
transcriptional level [35]. Here, it was found that in all SlBAG promoters there are a series
of elements related to abiotic stress and hormones, such as MYC, MBS, DRE, HSE, W-box,
and ABA and SA- responsive cis-elements (Figure S1). These results were consistent with
the previous study that most of the same cis elements were found in 2000 bp upstream
regions of SlBAG genes [24] and ~1000 bp upstream regions of all Arabidopsis BAG family
genes, suggesting that they play a role in coping with different environmental stresses such
as cold, drought and high salinity [4]. Take W-box as an example, AtBAG7 translocates
from the ER to the nucleus, where it interacts with the transcription factor WRKY29, which
then binds to the W-box in the promoter of AtBAG7 to initiate the transcription of AtBAG7
and other chaperones to promote stress tolerance [36]. The accumulated evidence shows
that BAG expression can be regulated by various abiotic stresses [3,7,24,36]. Accordingly,
here we monitored the transcriptional response of tomato SlBAG genes with the exposure
to various stress conditions including drought, salt, HT, cold, as well as ABA and H2O2
signals (Figure 5). Plant BAG gene expression is related to its function to some extent.
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Cold upregulated the expression of AtBAG4 and AtBAG4 overexpression increased tobacco
plants tolerance to cold, salt, UV, and oxidative stress [3]. Heat stress significantly upregu-
lated AtBAG6 gene and protein level and the atbag6 mutant is sensitive heat stress [4,33].
Transgenic rice plants overexpressing salt-induced OsBAG4 showed tolerance to NaCl
stress [25]. AtBAG6 transcript levels were significantly upregulated by H2O2 [3]. The
expression of several SlBAG genes was also induced by ACC, the precursor of ripening hor-
mone ethylene and ABA, suggesting that SlBAG genes are potentially involved in the fruit
ripening regulation and stress response [24]. In this study, some SlBAG genes also showed
similar expression patterns. However, the involvement of H2O2 in the BAG-mediated
biological function is unclear. The above results suggested that SlBAG family is involved in
the response of tomato plants to abiotic stresses such as salt, drought, cold and HT, and
ABA and H2O2 signals may be involved in these pathways.

SlBAG9 was noteworthy because in our previous studies it showed higher gene ex-
pression level and protein abundance under high temperature stress [22]. Overexpression
of SlBAG9 decreased the tolerance to HT [22,29]. Cis-elements and expression analysis
indicated that SlBAG9 may be involved in drought, salt, and ABA stress (Figures 5 and
S1). This study further showed that SlBAG9-overexpressing Arabidopsis exhibited in-
creased sensitivity to mannitol, salt, and ABA treatment (Figures 8 and S1). In terms of
salt stress, many studies have shown that BAG can positively regulate plant salt tolerance.
Arabidopsis with overexpression of TaBAG and TaBAG2 showed significant enhancement
of salt tolerance [6]. The atbag4 mutant was more sensitive to salt stress [3]. Transgenic
rice plants heterologously expressing AtBAG4 showed higher salt tolerance than WT [37].
Recently, Wang et al. [25] reported that OsBAG4 functioned as a bridge between OsMYB106
and OsSUVH7 under salt stress to regulate OsHKT1;5 expression, so as to improve salt
tolerance. Pan et al. [38] showed that salt suppressed BAG6 and BAG7 expression but
addition of ACC (1-aminocyclo-propane-1-carboxylic acid) in the salt treatment could
re-activate BAG6 and BAG7 expression, indicating that BAG genes are involved in the
process of plant cell death induced by salt stress. The negative regulation mechanism of
SlBAG9 on salt tolerance remains to be studied. As far as drought and ABA are concerned,
there are few studies on BAG gene function so far. Arabidopsis leaves with low-level
AtBAG4 overexpression appeared to be drought tolerant [3]. AtBAG4 interacted with
potassium influx channel protein KAT1 in guard cells to regulate stomatal movement [39].
However, our observation was consistent with the latest data from Arabidopsis AtBAG2
and AtBAG6 [33]. Germination of atbag2, atbag6, and atbag2atbag6 seeds was less sensitive
to ABA compared to WT, whereas AtBAG2 and AtBAG6 overexpression lines showed the
opposite results for ABA. The survival rate of atbag2, atbag6, and atbag2atbag6 plants was
higher than that of the WT under drought stress. In addition, these mutants showed differ-
ential expression of several stress and ABA-related genes and low ROS levels after drought
and ABA treatment [33]. In this study, ABI3, RD29A, DREB2A, and P5CS1 expression of
transgenic plants was lower than that of WT plants under osmotic stress. In Arabidopsis
thaliana, these genes had all been shown to be inducible by drought, salinity, or ABA. The
higher expression of these stress genes was related to plant tolerance [40]. All these data
indicated that the decreased transcription levels of these genes in SlBAG9-overexpressing
lines lead to enhanced sensitivity to osmotic stress, which might be mediated by ABA.
There are three points of view that support our hypothesis. First, the SlBAG9 expression
was induced by exogenous ABA (Figure 6). Second, SlBAG9 overexpression in Arabidopsis
resulted in hypersensitivity to ABA (Figures 7 and S2). Third, under ABA and osmotic
stress, the SlBAG9 overexpression significantly downregulated the expression levels of
ABA signaling pathway genes such as ABI3 and RD29A (Figure 8), which were reported
to play positive regulators in ABA-associated abiotic stress [41]. The decrease in ABI3
and RD29A expression of SlBAG9 overexpression lines might be one of the reasons for the
increased sensitivity to ABA and osmotic stress. The specific signaling pathway of ABA
mediated by SlBAG9 remains to be unveiled.
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It is known that a variety of environmental stresses can promote ROS production and
the senescence process will also increase the accumulation of ROS. Therefore, the regulation
of ROS production plays a key role in senescence and stress response [42]. It has been
reported that atbag2, atbag6, and atbag2atbag6 seedlings lines accumulated lower H2O2
when treated with drought and ABA [33]. The transgenic plants overexpressing AtBAG5
showed greater H2O2 accumulation than WT, indicating that AtBAG5 is involved in leaf
senescence by regulating the production of ROS. In the present study, overexpression of
SlBAG9 in Arabidopsis could induce the excess production of H2O2 in response to drought,
salt, and ABA (Figure 8), suggesting that AtBAG5 may be involved in regulating these
stress responses though the proliferation of ROS. Excessive production of ROS will lead to
oxidative stress and cell death in growing plants [43] H2O2 and MDA content is recorded
with the extent of oxidative stress [28]. Consistent with the results of H2O2, SlBAG9-
overexpressing seedlings exhibited significantly induced H2O2 and MDA accumulation
compared to the WT seedlings after stress treatment. (Figure 8). These results corresponded
well with the phenotype of these SlBAG9 overexpression plants in response to drought,
salt, and ABA, which suggested that SlBAG9 accelerate H2O2 excess production, leading to
a deeper degree of oxidative damage. Correspondingly, gene expression analyses showed
SlBAG9 overexpression downregulated the expression of key ROS scavenger-related genes
FSD1 and CAT1 (Figure 7). FSD1 encodes a chloroplast/nuclei/cytosol localized SOD that
utilizes Fe as the cofactor (FeSOD) and FSD1 presents osmoprotection in Arabidopsis [44].
CAT1 encodes a peroxisomal catalase (CAT1), which is implicated in the drought and salt
stress responses [45]. SOD and CAT scavenge ROS by converting superoxide to H2O2
and H2O2 to oxygen and water, sequentially. There is a closely correlation between the
expression of both two genes and enzyme activity. Li et al. [46] found that the expression of
CAT1 and FSD1 were upregulated in PpDHN-overexpressing plants under drought and salt
stress and elevated levels of SOD and CAT enzyme activities were detected accompanying
the trends in expression of these genes. In the transgenic overexpressing IpASR, CAT1
and FSD1 expression and SOD and CAT enzyme activities showed the same trend under
salt and drought stress [47]. In the current study, it was clearly shown that the expression
of FSD1 and CAT1 (Figure 7) and the activities of SOD and CAT (Figure 8C,D) were not
altered among wild-type and over-expressing SIBAG9 lines; however, a difference was
only detected under stress conditions or in response to exogenous ABA supply. Taken
together all the above indicate that SIBAG9 is involved in regulation of stress responses,
which needs to be further explored. ABA signaling pathway is an important way for plants
to deal with abiotic stress and ABA also regulates senescence [26]. Whether ABA was
involved in SlBAG9-mediated antioxidant protection pathway still needed further study.
Taken together, it was suggested that the increased sensitivity of SlBAG9 overexpression to
drought, salt, and ABA might be related to the oxidative damage regulated by antioxidant
enzyme system such as SOD and CAT. This complex mechanism needs to be deeply
investigated in the future.

5. Conclusions

In the present study, we identified and characterized ten SlBAGs at tomato genome
level, which were supported by structural characteristics of the SlBAG proteins and genes,
as well as by phylogenetic analysis. Large-scale expression of these SlBAGs by qRT-PCR
further revealed tissue- and abiotic stress-specific expression patterns, which might be
related to plant growth and abiotic stresses. Additionally, SlBAG9 conferred sensitivity to
osmotic stress when heterologously expressed in transgenic Arabidopsis. The enhanced
sensitivity was ascribed to the decreased expression of several stress and ABA-responsive
genes, the increased oxidative damage as well as the decreased ROS scavenging capability
in the SlBAG9-overexpressing plants. Besides, it is worth noting that this study not only
provide a foundation for understanding the functions of SlBAG gene family but also has
important guiding significance for its final application in molecular resistance breeding.
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Abstract: Heavy metal cadmium (Cd) at high concentrations severely disturbs plant growth and
development. The E3 ubiquitin ligase involved in protein degradation is critical for plant tolerance
to abiotic stress, but the role of E3 ubiquitin ligases in Cd tolerance is largely unknown in tomato.
Here, we characterized an E3 ubiquitin ligase gene Sl1, which was highly expressed in roots under
Cd stress in our previous study. The subcellular localization of Sl1 revealed that it was located in
plasma membranes. In vitro ubiquitination assays confirmed that Sl1 had E3 ubiquitin ligase activity.
Knockout of the Sl1 gene by CRISPR/Cas9 genome editing technology reduced while its overex-
pression increased Cd tolerance as reflected by the changes in the actual quantum efficiency of PSII
photochemistry (ΦPSII) and hydrogen peroxide (H2O2) accumulation. Cd-induced increased activities
of antioxidant enzymes including superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase
(APX), and glutathione reductase (GR) were compromised in sl1 mutants but were enhanced in Sl1
overexpressing lines. Furthermore, the content of Cd in both shoots and roots increased in sl1 mutants
while reduced in Sl1 overexpressing plants. Gene expression assays revealed that Sl1 regulated the
transcript levels of heavy metal transport-related genes to inhibit Cd accumulation. These findings
demonstrate that Sl1 plays a critical role in regulating Cd tolerance by relieving oxidative stress and
resisting heavy metal transportation in tomato. The study provides a new understanding of the
mechanism of plant tolerance to heavy metal stress.

Keywords: antioxidant enzymes; heavy metal stress; ubiquitination; protein degradation; tomato

1. Introduction

The rapid development of industrialization and urbanization has resulted in severe en-
vironmental pollution [1]. Sewage or waste produced by industries and garbage generated
by anthropogenic activities lead to the release of heavy metals into the environment, caus-
ing contamination of agricultural soil and water [2,3]. Thus, heavy metal pollution affects
both human health as well as plant health, particularly plant growth and development [4].

Cadmium (Cd), a toxic heavy metal, severely inhibits plant growth and crop produc-
tion when it occurs in high concentrations in soils or growth media [5]. The absorption
and translocation of Cd in plants include distinct phases, such as the absorption of Cd in
roots, the transportation of Cd into xylem and phloem, and the transportation of Cd into
aboveground tissues [6]. The absorption and transportation of Cd in plants mainly depend
on transport proteins such as heavy-metal-associated P-type ATPase family protein (HMA),
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ATP-binding cassette transporters (ABC), natural resistance-associated macrophage pro-
tein (NRAMP), metal-tolerance protein (MTP), calcium exchanger protein (CAX), and
zinc/iron-regulated transporter-like protein (ZRT/IRT) [6–12].

Owing to the interaction with the sulfhydryl group of proteins, Cd can affect the activ-
ity of multiple enzymes and the functions of proteins [13]. Hence, the accumulation of Cd
in plant tissues disorders various growth, biochemical, and physiological processes, such as
photosynthesis, antioxidant enzyme activity, cell structure, and plant morphology [13,14].
Specifically, Cd stress causes damage to chloroplast ultrastructure, inhibits pigment synthe-
sis, and affects several photosynthesis-related protein complexes [15]. Cd stress also impairs
the balance between reactive oxygen species (ROS) production and ROS scavenging [16].
In particular, Cd stress disturbs the electron transfer chain in mitochondria and chloroplasts
and activates NADPH oxidases, which cause excessive ROS accumulation and associated
oxidative stress in plants [17,18]. Moreover, Cd stress induces protein denaturation, which
disturbs the balance of protein quality in plant cells [19].

Plants have also evolved very diverse and complex defensive mechanisms for resisting
heavy metal stress [20]. The ascorbate–glutathione (AsA–GSH) cycle is an indispensable
pathway for eliminating oxidative stress [21]. Moreover, antioxidant enzymes including
superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), peroxidase
(POD), and glutathione reductase (GR) are vital for scavenging ROS [22]. Antioxidant GSH
not only functions on relieving oxidative stress, but also participates in the synthesis of
phytochelatins (PCs) in plants, which can bind with heavy metal ions [20,23,24]. Moreover,
the protein quality control system needs chaperone proteins to refold the denatured proteins
or operates a protein degradation system to clear misfolded proteins under Cd stress [24,25].

Ubiquitin proteasome system (UPS) has been recognized as a critical process to control
the abundance, quality, and function of protein in cells [26,27]. Ubiquitin is an indispensable
component of UPS, which acts as identifying target protein for degradation [28]. Ubiquitin-
dependent protein degradation requires reactions of multiple ubiquitin-related enzymes,
including ubiquitin activating enzyme (E1), ubiquitin conjugating enzyme (E2), and
ubiquitin ligase (E3) [29,30]. The ubiquitin molecule is activated by E1 and then transferred
to E2. The E3 interacts with E2-ubiquitin and targets proteins for labeling substrate protein
with ubiquitin. Finally, the 26S proteasome degrades the target proteins [31–33]. E3 ubiqui-
tin ligases play critical roles in recognizing substrate proteins [29]. Among the ubiquitin-
related enzymes, E3 ubiquitin ligases have the largest family in plants [19]. The E3 ligase
has been divided into three types, as follows: really interesting new gene (RING)-type,
homology to E6-associated carboxyl-terminus (HECT)-type, and U-box-type [31].

RING-type E3 ubiquitin ligases have a cysteine-rich domain that can bind with
Zn ions [31]. Previous studies have revealed that RING-type E3 ubiquitin ligases are
involved in mediating plant tolerance of heavy metal stress [19,25,34]. A RING-type E3
ubiquitin ligase HIR1 confers tolerance of arsenic (As) and Cd stress in rice [34]. Overex-
pression of HIR1 increases root length in rice under As and Cd treatment. The E3 ubiquitin
ligase protein HIR1 also interacts with tonoplast intrinsic protein TIP4;1 and regulates its
abundance in rice, thereby alleviating heavy metal stress [34]. Tomato E3 ubiquitin ligase
RING1 increases Cd tolerance by minimizing ROS levels due to enhanced antioxidant
enzyme activities [19,25]. However, the roles of many tomato E3 ubiquitin ligases are
largely unknown, particularly in Cd stress.

In a previous study, we found that the expression of the RING-type E3 ubiquitin
ligase Sl1 significantly increased in tomato roots when challenged with aluminum (Al)
or Cd stress [25]. However, the precise role of Sl1 remains elusive. We hypothesized that
Sl1 might play a crucial role in Cd tolerance in tomato plants. Here, we characterized the
function of Sl1 by generating sl1 mutants and Sl1 overexpressing lines in tomato. Our study
unveils a novel role of Sl1 in plant tolerance to Cd stress.
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2. Materials and Methods

2.1. Plant Materials and Treatments

In this study, tomato (Solanum lycopersicum L., Tomato Genetics Resource Center,
Davis, CA, USA, https://tgrc.ucdavis.edu (accessed on 4 March 2018)) cultivar “Ailsa Craig”
was used to generate sl1 mutants and Sl1 overexpressing transgenic lines.

Tomato seedlings were raised in vermiculite and transferred to a hydroponic jar
(40 cm × 25 cm × 15 cm) containing Hoagland nutrient solution, when two real leaves of
seedlings unfolded. The growth conditions were temperature of 23/20 ◦C (day/night),
14 h photoperiod, 60% humidity, and photosynthetic photo flux density (PPFD) of
600 μmol m−2 s−1. For Cd treatment, seedlings at the five-leaf stage were treated with
100 μM CdCl2 and the hydroponic nutrient solution was changed every 5 days (d).

2.2. Generation of Transgenic Plants

The sl1 mutant was generated by CRISPR/Cas9 technique. For CRISPR vector construc-
tion, the target sequence used as sgRNA on the only exon of Sl1 was searched by the CRISPR-P
program (http://cbi.hzau.edu.cn/cgi-bin/CRISPR (accessed on 10 May 2019)). For deletion of
a large fragment, two targets were selected (sgRNA-Sl1-254: TCATTAAAGGGTCTTCAACA
and sgRNA-Sl1-564: GTTGAACTTGGAGCAATGAT), primers were then generated by adding
adapter sequence to two ends of target sequences (Figure S1A). The sense and antisense
sgRNA primers were annealed and inserted into the BbsI site of the AtU6-sgRNA-AtUBQ-
Cas9 vector, then positive clones were confirmed by sequencing. The two clones were
named sgRNA-Sl1-254 and sgRNA-Sl1-564. The fragment was amplified using the clone
of sgRNA-Sl1-564 as a template, the fragment was then inserted into the backbone vector
with Cas9 and sgRNA-254. pCAMBIA1301 was used as a binary expression vector, and the
sgRNA-254-sgRNA-564-Cas9 was inserted into the EcoRI and HindIII site of pCAMBIA1301.
Positive clones were transformed into Agrobacterium tumefaciens strain GV3101 for transgenic
plant generation.

For the construction of Sl1 overexpressing transgenic lines, the full-length coding se-
quences (CDS) of Sl1 were amplified with primers (Forward primer 5′-TTACAATTACCAT-
GGGGCGCGCCATGGATCTTGTTAGACTAAAGTATTTTGAA-3′, Reverse verse primer
5′-AACATCGTATGGGTAGGTACCTGACTCTAACTGAATAGGTAAAACTACATTTC-3′),
then inserted the PCR products into the AscI and KpnI site of pFGC1008-HA vector. The
positive vector was confirmed by sequencing and then transformed into A. tumefaciens
strain GV3101.

The detailed method of generation of transgenic lines was described previously [35].
Two independent homozygous lines of the F2 generation of Sl1 overexpressing plants were
used in further experiments. Two homozygous lines of sl1 mutants without CRISPR/Cas9
DNA were selected for further research. The special primers for mutant detection were
designed as follows: Forward primer 5′-GCAGAGAGACAACATTCACCA- 3′, Reverse
primer 5′-AAAGTTGTCGATCCGTCGCT-3′.

2.3. E3 Ubiquitin Ligase Activity Assay

The full length CDS of Sl1 were amplified with the primers (Forward primer 5’-
GAGGGAAGGATTTCAGAATTCATGGATCTTGTTAGACTAAAGTATTTTGAA-3’, Re-
verse primers 5’-CAGGTCGACTCTAGAGGATCCTGACTCTAACTGAATAGGTAAAACT-
ACATTTC-3’). The PCR products were digested with restriction endonuclease EcoRI
and BamHI and were then inserted into the pMAL-2c vector (New England Biolabs,
Ipswich, MA, USA). The maltose-binding protein-empty vector (MBP-EV) and MBP-fused
Sl1 protein were expressed in Escherichia coli strain BL21 (DE3) and purified with in-
structions of the manufacturer (New England Biolabs, Ipswich, MA, USA). The in vitro
ubiquitination assay of Sl1 was performed by instructions described previously [36]. The
reaction system was prepared as described previously [19].

After the reaction, a Western blot was used to detect whether the Sl1 protein has E3
ubiquitin ligase activity. Anti-His (A5C12; HUABIO, Hangzhou, China) and anti-MBP
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(MBP61R; Thermo Fisher Scientific, Waltham, MA, USA) antibodies were used in Western
blot assay.

2.4. Vector Construction and Subcellular Localization of Sl1

The full length CDS of Sl1 were amplified with primers (Forward primer 5′-CTCTCGA-
GCTTTCGCGAGCTCATGGATCTTGTTAGACTAAAGTATTTTGAA-3′, Reverse primer 5′-
GCCCTTGCTCACCATGGATCCTGACTCTAACTGAATAGGTAAAACTACATTTC-3′), and
the PCR products were inserted into SacI and BamHI site of pCAMBIA2300 with a GFP tag
at the C terminus. The primers were designed by homologous recombination methods as de-
scribed previously. After confirming positive clones by sequencing, the vector (35S-Sl1-GFP)
and empty vector were transformed into A. tumefaciens strain GV3101. Transgenic
Nicotiana benthamiana that expressed with nucleus-located signaling (RFP-H2B) was used
for transient expression. The transient expression method was described previously [37].
For the fluorescence image acquisition, a Nikon A1 confocal microscope (Nikon, Tokyo, Japan)
was used at 48 h post infiltration in tobacco leaves, and the excitation/emission wave-
lengths of GFP were 488 nm/480–520 nm, and the excitation/emission wavelengths of
RFP were 561 nm/610–630 nm.

2.5. Measurement of Actual Quantum Efficiency of PSII Photochemistry

After 15 d treatment of Cd, plants were dark-adapted for 30 min before measurement.
The actual quantum efficiency of PSII photochemistry (ΦPSII) was determined by the
Imaging PAM (IMAG-MAXI, Heinz Walz, Germany) in the fifth fully expanded leaves as
described previously [38].

2.6. Measurements of Hydrogen Peroxide and Antioxidants Enzyme Activity

Three-tenths gram of tomato root samples were collected and ground in liquid ni-
trogen. The samples were combined with 3 mL precooled 1 M HClO4 in a 10 mL cen-
trifuge tube and mixed thoroughly. The pH of the sample was adjusted to 6–7 using
4 M KOH, 0.05 g activated carbon was then added to absorb pigments. The samples
were centrifuged at 12,000× rpm for 10 min at 4 ◦C and supernatants were collected in
5 mL tubes for reaction. The reaction buffer was as follows: 1 mL supernatant or H2O2,
996 μL 1 mM ABTS (dissolved in 100 mM potassium acetate, pH 4.4), and 4 μL POD (P8375,
Merck KGaA, Darmstadt, Germany). The absorbance of reaction buffer was detected at
a wavelength of 412 nm by a SHIMADZU UV-2410PC spectrophotometer (Shimadzu
Company, Kyoto, Japan) and the content of H2O2 was calculated by a standard curve [39].

Three-tenths gram fresh tomato roots were ground in liquid nitrogen and dissolved in
a precooled buffer that included 50 mM phosphate buffered saline (pH 7.8), 0.2 mM EDTA,
2 mM ascorbic acid, and 2% (w/v) poly-vinylpolypyrrolidone. The samples were mixed
thoroughly using vortex and then centrifuged at 12,000× g for 20 min at 4 ◦C. The super-
natant was collected in new centrifuge tubes for detecting enzyme activity. The method of
measuring enzyme activities of SOD, CAT, APX, and GR was described previously [40].

2.7. Measurement of Cd Content and Cd Localization

Tomato leaves and roots were washed and collected in liquid nitrogen after 10 d Cd
treatment. Samples were put in the oven for 30 min at 115 ◦C then transferred to 60 ◦C
for total dryness. The dried sample was ground and mixed with an acid solution that
contained HClO4 and HNO3 (1:3, v:v). The samples were digested at 180 ◦C and the
solution was then evaporated to 1-2 mL for dilution. The remained solution was diluted
with deionized water to a final volume of 50 mL and inductively coupled plasma mass
spectrometry (ICPMS-2030, Shimadzu Company, Kyoto, Japan) was used for determining
Cd content [25].

For Cd localization, the LeadmiumTM Green AM probe (Invitrogen, Carlsbad, CA, USA)
was used for Cd staining according to the manufacturer’s instructions. The root tips were
stained by immersing in dye solution for 3 h in dark at room temperature; the sample
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was then washed three times with buffer (0.85% NaCl). A Nikon A1 confocal microscope
(Nikon, Tokyo, Japan) was used to detect the Cd localization, and the excitation/emission
wavelengths of GFP were 488 nm/510–530 nm [41]. The mean fluorescence intensity values
of Cd stained root tips were detected by ImageJ 1.53 analysis software (National Institute of
Health, Bellevue, WA, USA) and relative fluorescence intensity normalized to the intensity
of the wild-type group under Cd stress.

2.8. Total RNA Isolation and qRT-PCR Analysis

One-tenth gram tomato samples were collected in a 2 mL centrifuge tube and frozen in
liquid nitrogen. An RNAprep pure plant kit (Tiangen Biotech, Beijing, China) was used for
total RNA extraction according to the manufacturer’s instructions. Five-tenths milligram
total RNA was used to reverse transcribe to cDNA template by HiScript II Q RT SuperMix
for qPCR Kit (Vazyme, Nanjing, China). qRT-PCR was conducted with ChamQ Universal
SYBR qPCR Master Mix (Vazyme, Nanjing, China) on a Light Cycle 480 II Real-Time PCR
detection system (Roche, Basel, Switzerland). The total 20 μL reaction system was as
follows: 10 μL SYBR qPCR Master Mix, 1 μL cDNA template, 10 μM forward and reverse
primer, and deionized water. The PCR program was performed with 30 s at 95 ◦C, followed
with 35–40 cycles of 10 s at 95 ◦C, 30 s at 58 ◦C, and 1 min at 72 ◦C. ACTIN was used
for calculating the relative expression level of the target gene. The primers are listed
in Table S1.

2.9. Immunoblotting Assays

The protein extraction and Western blot procedures were described previously [42,43].
The antibodies used in this assay included anti-HA (26183, Thermo Fisher Scientific,
Waltham, MA, USA) and rabbit antimouse (ab6728, abcam, Cambridge, UK). The sig-
nals were visualized with FDbio-Femto ECL (FD8030, Fdbio science, Hangzhou, China).

2.10. Statistical Analysis

All experiments were conducted independently three times and three replications of
each experiment were performed. All data were analyzed by SPSS 16.0 statistical software
package and Tukey’s test (p < 0.05) was used for significance analysis.

3. Results

3.1. Structure and Expression Analysis of Sl1

The Sl1 (Solyc09g089890) gene that was previously reported as one of the highly
expressed genes in tomato roots under Cd stress was selected as the target gene in the
current study [25]. We examined the time course of the relative expression level of Sl1 in
roots exposed to Cd stress. After 7 d treatment, the expression of Sl1 reached the peak,
which was 4.9-fold of that in control (Figure 1). Moreover, we examined the relative
expression of the Sl1 gene in different tissues including leaf, stem, root, flower, and fruit.
The results showed that the relative expression level of Sl1 in roots was 6-fold of that in
leaves and 1.6-fold of that in stems (Figure 1).

The Sl1 gene locates on chromosome 9 with only one exon on coding sequences
(CDS) that encodes 349 amino acids. We used InterPro (https://www.ebi.ac.uk/interpro/
(accessed on 20 October 2021)) and Expasy (https://web.expasy.org/compute_pi/ (accessed
on 22 October 2021)) to analyze thC terminus structure of the Sl1 protein. The results show
that the isoelectric point and molecular weight of Sl1 protein are 8.56 and 40.14 kDa, respec-
tively, and Sl1 contains a RING domain of 127 to 170 amino acids (Figure S2A,B).
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Figure 1. The relative expression level of Sl1 in tomato plants. (A) The relative expression level of Sl1
in different tissues of tomato. (B) Time course of the relative expression level of Sl1 in tomato root
with and without Cd stress. The data presented here are the average of three biological replicates
(±SD). Different letters indicate a significant difference (p < 0.05, Tukey’s test).

3.2. E3 Ubiquitin Ligase Activity and Subcellular Localization of Sl1

To verify the E3 ubiquitin ligase activity of Sl1 protein, we successfully purified
the maltose-binding protein-Sl1 (MBP-Sl1) fusion protein and maltose-binding protein-
empty vector (MBP-EV) fusion protein following the manufacturer instructions (Figure 2A).
We performed the in vitro ubiquitination assay and showed that Sl1 protein had self-
ubiquitination ability when present with E1, E2, and ubiquitin. However, lacking any of
E1, E2, or ubiquitin in the reaction system undermined the self-ubiquitination ability of Sl1.
Meanwhile, MBP-EV also did not show self-ubiquitination ability (Figure 2B).

Figure 2. E3 ligase activity and subcellular localization of Sl1. (A) In vitro expression of MBP-Sl1 and
MBP-EV. T: total protein; S: soluble protein; B: before expression; A: after expression. (B) In vitro
E3 ligase activity of Sl1 protein. The reaction system included E1, E2, MBP-Sl1, and ubiquitin-His,
the replacement of MBP-Sl1 with MBP-EV and the absence of E1, E2, and His-Ub as control. The
Western blot was detected with anti-MBP and anti-His. (C) Subcellular localization of GFP-Sl1 and
GFP-EV. The GFP-Sl1 was transiently expressed in Nicotiana benthamiana (tobacco with nucleus-
located mCherry). Images were pictured by confocal microscope after 48 h infiltration. Bar = 25 μm.
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To examine the subcellular localization of Sl1 protein, we transiently expressed GFP-Sl1
in transgenic tobacco (with nucleus signal). Images captured by a confocal microscope
revealed that the Sl1 protein is located in plasma membranes rather than the nucleus
(Figure 2C).

3.3. Sl1 Positively Regulates Cd Tolerance in Tomato

Since the expression of the Sl1 gene was induced by Cd stress, we investigated the
tolerance of sl1 mutant lines, wild-type, and Sl1 overexpressing lines to Cd stress. We
generated the sl1 mutant lines and Sl1 overexpressing lines as described in the Methods
and Materials section (Figure S1). Two sl1 mutant lines were mutated at different sites
that both induced early termination of translation. The sl1-1 mutant line was found
311 bp deletion between sgRNA1 and sgRNA2 and the translation was terminated after
98 amino acids (Figure S1B). The sl1-2 mutant line was deleted 1 bp after the protospacer
adjacent motif (PAM) of sgRNA1 and the translation was terminated after 89 amino acids
(Figure S1B). Two overexpressing lines of Sl1 were checked with Western blot that both
had bright bands near the predictive molecular weight (Figure S1C). The phenotypes of
sl1 mutants were similar to wild-type plants; however, Sl1 overexpressing lines grew more
slowly and showed smaller leaves compared with wild-type plants when they were grown
under optimal (nonstress) environments (Figure 3A).

Figure 3. Sl1 positively regulates tomato Cd tolerance. (A) The phenotype of Sl1 mutant lines
(sl1-1/2), wild-type (WT), and Sl1 overexpressing lines (Sl1-OE-1/2) under control and Cd stress
after 15 d treatment. Bar = 10 cm. (B) The content of hydrogen peroxide (H2O2) in the roots of Sl1
mutant lines (sl1-1/2), WT, and Sl1 overexpressing lines (Sl1-OE-1/2) under control and Cd stress
after 3 d treatment. (C,D) the image and level of actual quantum efficiency of PSII photochemistry
(ΦPSII) of sl1-1/2, WT, and Sl1-OE-1/2 plants with and without Cd treatment for 15 d. Bar = 1 cm. The
data presented here are the average of three biological replicates (±SD). Different letters indicate a
significant difference (p < 0.05, Tukey’s test).

After 15 d of Cd treatment, sl1 mutants showed sensitivity to Cd stress, while Sl1-OE
showed enhanced tolerance to Cd stress (Figure 3). Compared to control conditions,
Cd-stress-induced changes in leaf size, leaf color, level of ΦPSII, and content of hydrogen
peroxide (H2O2) in sl1 mutants and wild-type plants. In particular, the leaves of sl1 were
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more etiolated than those of wild-type, and the leaf sizes of mutants were smaller than that
of wild-type. However, the leaf size and color in Sl1 overexpressing plants were just slightly
affected by Cd stress (Figure 3). Since H2O2 is a major ROS generated under stress condi-
tions, we then detected the accumulation of H2O2 in roots under Cd stress. Importantly,
the accumulation of H2O2 increased by 43.1% and 30.5% in sl1-1 and sl1-2 mutants, while it
decreased by 31.7% and 26.5% in two lines of Sl1 overexpressing plants compared with wild-
type plants after Cd treatment, respectively (Figure 3B). Moreover, we detected the value of
actual quantum efficiency of PSII photochemistry, ΦPSII, which reflects the state of photosys-
tem II as a reliable marker of plant health status. As shown in Figure 3C,D, the ΦPSII value
of sl1 mutants, wild-type, and Sl1 overexpressing lines exhibited no significant difference
under control conditions. However, the ΦPSII levels of sl1-1 and sl1-2 mutants decreased
by 12.1% and 12.7% respectively, compared with wild-type under Cd stress (Figure 3D).
The ΦPSII levels of two lines of Sl1 overexpressing plants were significantly greater than
that in wild-type under Cd stress (Figure 3C,D). These results indicate that Sl1 is critical for
alleviating Cd-induced H2O2 accumulation and damage to the photosynthetic system.

3.4. Sl1 Promotes Antioxidant Enzyme Activity

To understand whether Sl1 influenced antioxidant enzyme activities in tomato under
Cd stress, we examined the enzyme activities of superoxide dismutase (SOD), catalase
(CAT), ascorbate peroxidase (APX), and glutathione reductase (GR). The results showed
that Cd stress increased antioxidant enzyme activities in wild-type and overexpressing
lines. However, in sl1 mutant lines, there were no significant differences in antioxidant
enzyme activities between control and Cd treatment (Figure 4). The activities of SOD, CAT,
APX, and GR in two lines of Sl1 overexpressing plants were all induced compared with
wild-type plants under Cd stress (Figure 4). These results suggest that Sl1 promotes the
activities of antioxidant enzymes under Cd stress.

Figure 4. Sl1 promotes antioxidant enzyme activities in tomato plants under Cd stress. The activities
of SOD, CAT, APX, and GR in the roots of Sl1 mutant lines (sl1-1/2), wild-type (WT), and Sl1 overex-
pressing lines (Sl1-OE-1/2) under Cd stress for 3 d. The data presented here are the average of three
biological replicates (±SD). Different letters indicate a significant difference (p < 0.05, Tukey’s test).
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3.5. Sl1 Reduces Cd Accumulation and Transportation

To investigate whether Sl1 is involved in Cd accumulation in tomato plants, we
detected the content of Cd in shoots and roots under Cd stress. Results revealed that
the Cd content in the roots was higher than that in the shoots (Figure 5A,B). Obviously,
overexpression of Sl1 decreased Cd content in both shoots and roots, while Cd content in
sl1 mutants significantly increased compared with that in wild-type (Figure 5A,B). The
content of Cd in roots of two Sl1 overexpressing lines both decreased by 25.6% compared
with wild-type, while the Cd content increased by 34.7% and 41.6% in roots of sl1-1 and
sl1-2 mutants compared with wild-type, respectively. Similarly, Cd accumulation was also
higher in the shoots of sl1 mutants than wild-type plants, while it was lower in the shoots
of Sl1 overexpressing lines.

Figure 5. Sl1 decreases Cd content in tomato plants under Cd stress. The Cd content in the shoot (A)
and root (B) of Sl1 mutant lines (sl1-1/2), wild-type (WT), and Sl1 overexpressing lines (Sl1-OE-1/2)
under Cd stress for 10 d. (C) Cd accumulation in tomato root tips stained by the Cd-specific probe
LeadmiumTM Green AM. Bar = 25 μm. (D) Relative fluorescence intensity of Cd staining over tomato
root tips of sl1 mutants, wild-type, and Sl1 overexpressing lines after 10 d Cd treatment. The relative
fluorescence intensity is normalized to the intensity of wild-type in (C). The data presented here
are the average of three biological replicates (±SD). Different letters indicate a significant difference
(p < 0.05, Tukey’s test).

To further investigate whether Sl1 decreased Cd accumulation by altering Cd delivery,
we used a Cd-specific probe to study the Cd distribution in the root tips. The Cd-specific
probe stained signals were not detected in the root tips of all plants without Cd treatment
(Figure S2E). However, Cd treatment induced the accumulation of Cd in the root tips as
reflected by the increased fluorescence intensity. The relative fluorescence intensity of sl1-1
and sl1-2 mutants were 1.40-fold and 1.41-fold of that in wild-type plants, respectively,
while the relative fluorescence intensity of Sl1-OE-1 and Sl1-OE-2 plants were only 49.2%
and 54.7% of that in wild-type plants (Figure 5C,D).

To investigate how Sl1 regulated Cd transportation, we examined the expression
of heavy metal transportation-related genes (CAX3, HMA-A, HMA-B, and IRT1). There
was no significant difference in the expression of these four genes between sl1 mutants,

419



Antioxidants 2022, 11, 456

wild-type, and Sl1 overexpressing lines under control conditions. Although these four
genes were highly expressed in sl1 mutants under Cd stress, no significant difference
was found between control and Cd treatment in two lines of Sl1 overexpressing plants.
We found that Cd stress dramatically increased the transcript level of CAX3 in sl1-1
and sl1-2 mutants under Cd stress, which were 3.2-fold and 3.4-fold of that in wild-type,
respectively (Figure 6). The heavy metal transport gene HMA-A/B was also upregulated
by Cd stress in sl1-1 and sl1-2 plants by 76.5%/73.6% and 86.5%/79.9% compared with
wild-type, respectively (Figure 6). Similarly, the expression of IRT1, which plays a promi-
nent role in heavy metal transportation, was also increased by Cd stress in sl1 mutants
compared with wild-type plants (Figure 6). These results suggest Sl1 potentially functions
in resisting heavy metal transportation through repressing the transcription of heavy metal
transportation-related genes.

Figure 6. Sl1 negatively regulates the transcripts of genes related to heavy metal transportation. The
relative expression of CAX3, HMA-A, HMA-B, and IRT1 in the roots of Sl1 mutant lines (sl1-1/2),
wild-type (WT), and Sl1 overexpressing lines (Sl1-OE-1/2) under Cd stress for 3 d. The data presented
here are the average of three biological replicates (±SD). Different letters indicate a significant
difference (p < 0.05, Tukey’s test).

4. Discussion

As a significant component of the food chain, plants play a crucial role in the trans-
portation and accumulation of toxic elements such as Cd in humans [44]. Nonetheless,
plants also suffer from the stress induced by heavy metals and they address the stress
by multiple pathways, including eliminating ROS, resisting heavy metal transportation,
and maintaining protein quality [19,20,24,25]. The E3 ubiquitin ligase-mediated protein
degradation plays an important role in plant stress tolerance [25,34,36,45,46]. Here, we
characterized a RING-type E3 ubiquitin ligase Sl1, which conferred Cd tolerance in tomato.
Our study advances the understanding of the mechanism of UPS-mediated heavy metal
tolerance in plants.
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The RING-type E3 ligase is closely associated with plant tolerance to various stress [47].
For example, a C3H2C3-type E3 ubiquitin ligase AtAIRP1 positively regulates ABA-dependent
drought tolerance by mediating AtAIRP1 degradation [48,49]. The roles of E3 ubiquitin ligases
in the positive regulation of heavy metal stress tolerance have been reported recently in
different plant species [19,25,34,46]. Overexpression of HIR1 increases the tolerance of rice
to As and Cd stress [34]. HIR1 that encodes an E3 ubiquitin ligase interacts with TIP4;1
for resisting heavy metal absorption in rice [34]. Moreover, a U-box type E3 ubiquitin
ligase, SlUPS, is highly expressed under Cd stress in tomato. Heterologous expression
of SlUPS in yeast increases the concentration of yeast bacterial fluid exposed to Cd and
overexpression of SlUPS in Arabidopsis enhances Cd tolerance [46]. The RING-type E3
ligase AtIDF1 degrades IRT1 to modulate iron homeostasis in Arabidopsis [50]. Heterologous
expression of a soybean RING-type E3 ubiquitin ligase gene GmARI1 in Arabidopsis enhances
Al tolerance [51]. Furthermore, tomato E3 ubiquitin ligase SlRING1 positively mediates Cd
tolerance by enhancing antioxidant enzyme activities and inhibiting Cd accumulation [19,25].
Similar to SlRING1, Sl1, which is highly expressed under Cd stress in tomato roots, plays a
pivotal role in Cd tolerance (Figures 1 and 3). We also found that Sl1 protein possessed the E3
ligase activity and overexpression of Sl1 inhibited Cd accumulation in tomato. These results
are consistent with previous studies [19,34], suggesting that RING-type E3 ubiquitin ligases
play crucial roles in regulating metal ion transport.

Cadmium has a broad variety of negative impacts on plants, including oxidative stress,
nutrient absorption disruption, and even plant mortality. Antioxidant enzymes such as SOD,
POD, CAT, APX, and GR function in collaboration with nonenzymatic antioxidants such as
AsA and GSH to prevent Cd-induced oxidative damage [52,53]. Furthermore, GSH directly
participates in the synthesis of PCs [54,55]. PCs form complexes with Cd that can be compart-
mentalized into the vacuoles; thus, PCs and other thiols play an important role in determining
the sensitivity or tolerance in contrasting genotypes of a plant species [56]. Moreover, studies
on the semihalophytic plant Mesembryanthemum crystallinum L. and different Cd hyperaccu-
mulators such as Arabidopsis halleri, Thlaspi caerulescens, Solanum nigrum, and Sedum alfredii
species indicate that both antioxidative enzymes and nonenzymatic antioxidants play a vital
role in Cd tolerance [57–59]. Previously, we found that an E3 ligase gene SlRING1 positively
regulates relative expression levels of CAT, MDHAR, GSH1, and PCS, while it decreases H2O2
content in tomato under Cd stress [19,25]. Consistent with those studies, Sl1 overexpression
increased the activities of SOD, CAT, APX, and GR, and decreased the content of H2O2 under
Cd stress in Sl1 overexpressing lines compared with those in wild-type and mutant lines
(Figures 3 and 4).

Metal absorption and transportation are critical for plant tolerance to heavy metal
stress [44]. The rice E3 ubiquitin ligase OsHIR1 targets TIP4;1 that functions as a heavy metal
absorption protein, and thus OsHIR1-induced degradation of TIP4;1 increases rice tolerance
to As and Cd stress [34]. Moreover, another RING-type E3 ubiquitin ligase in rice, OsAIR3,
regulates protein degradation of molybdate transporter (OsMOT1;3) in rice to increase
plant tolerance to arsenate stress [60]. In agreement with these studies, we found that
overexpression of Sl1 significantly attenuated the relative expression level of several genes
related to heavy metal transportation, such as CAX3, HMA-A, HMA-B, and IRT1, along with
decreased Cd content in Sl1 overexpressing lines compared with the wild-type and mutant
lines (Figures 5 and 6). CAX gene family is an important plant gene family involved in heavy
metal transportation [11]. It is plausible that Sl1 functions as an E3 ubiquitin ligase for the
degradation of proteins involved in heavy metal transporters or regulating the abundance
of transcription factors upstream of those transporters. Interestingly, heavy-metal-induced
stress also results in protein denaturation that aggravates the oxidative stress in plants [24].
Thus, further studies are essentially needed to investigate whether Sl1 could degrade
denatured proteins to relieve cell oxidative stress. Moreover, it will also be interesting to
study whether Sl1 can coordinate with autophagy to clear denatured proteins [61].

Plants do not have a Cd-selective transporter, therefore, Cd absorption happens
through plasma membrane transporters that also take up other divalent cations [62]. Thus,
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it is indeed difficult to reduce plant Cd accumulation without compromising plant growth
since the majority of well-known Cd transporters also transport various essential micronu-
trients such as Zn, Fe, Mn, and Cu. Despite the fact that CAXs are mostly Ca2+ specific
transporters, AtCAX2 and AtCAX4 have been demonstrated to transport various other
metals, such as Cd, Zn, and Mn in Arabidopsis [58]. Similarly, Fe-specific transporter OsIRT1
has been found to participate in Cd uptake in rice [63]. Thus, suppression of the metal
transporter may lead to essential nutrient deficiency and compromised plant growth. In
our study, overexpression of Sl1 in tomato not only decreased Cd accumulation but also
suppressed plant growth. Reduced Cd accumulation was associated with decreased ex-
pression of several metal transporters such as CAX3, HMA-A, HMA-B, and IRT1. Thus, it is
possible that decreased plant growth in Sl1 overexpressing lines could be a consequence of
the suppression of the metal transporters under Cd stress. However, reduced growth of the
Sl1 overexpressing lines under control conditions could be attributed to some other rea-
sons such as impaired hormone homeostasis since the expression levels of CAX3, HMA-A,
HMA-B, and IRT1 were not significantly different among sl1 mutants, wild-type, and Sl1
overexpressing lines under control conditions. Thus, it would be interesting to explore
hormonal involvement in Sl1-regulated plant growth and stress tolerance in future studies.

5. Conclusions

In the present study, we characterized an E3 ubiquitin ligase Sl1 in tomato, which is
located in plasma membranes and highly expressed in roots under Cd stress. For functional
characterization of Sl1, we generated knockout lines and overexpressing lines of Sl1 in
tomato. The parameters of chlorophyll fluorescence and content of H2O2 demonstrated
that Sl1 overexpressing lines suffered less photosystem damage and oxidative stress com-
pared with wild-type and mutants, suggesting that Sl1 overexpressing lines are resistant to
Cd stress, while mutant lines are sensitive to Cd stress. Moreover, Sl1 positively regulated
antioxidant enzyme activities and negatively mediated gene expression associated with
heavy metal transportation. Thus, the current study unveils a novel role of an E3 ubiquitin
ligase Sl1 in tomato that may have potential implications in enhancing heavy metal toler-
ance in plants. However, identification of the substrate protein of Sl1 needs further study
to precisely verify its association with heavy metal transportation.
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Abstract: The integrated application of nanoparticles and phytohormones was explored in this study
as a potentially eco-friendly remediation strategy to mitigate heavy metal toxicity in a bamboo species
(Pleioblastus pygmaeus) by utilizing titanium oxide nanoparticles (TiO2-NPs) and 24-epibrassinolide
(EBL). Hence, an in vitro experiment was performed to evaluate the role of 100 μM TiO2 NPs and
10−8 M 24-epibrassinolide individually and in combination under 100 μM Cu and Cd in a completely
randomized design using four replicates. Whereas 100 μM of Cu and Cd reduced antioxidant activity,
photosynthetic capacity, plant tolerance, and ultimately plant growth, the co-application of 100 μM
TiO2 NPs and 10−8 M EBL+ heavy metals (Cu and Cd) resulted in a significant increase in plant
antioxidant activity (85%), nonenzymatic antioxidant activities (47%), photosynthetic pigments (43%),
fluorescence parameters (68%), plant growth (39%), and plant tolerance (41%) and a significant
reduction in the contents of malondialdehyde (45%), hydrogen peroxide (36%), superoxide radical
(62%), and soluble protein (28%), as well as the percentage of electrolyte leakage (49%), relative to the
control. Moreover, heavy metal accumulation and translocation were reduced by TiO2 NPs and EBL
individually and in combination, which could improve bamboo plant tolerance.

Keywords: toxic metals/metalloid; nanoparticles; phytohormones; phytoremediation; reactive
oxygen species

1. Introduction

In recent decades, increasing anthropogenic activities have led to increases in green-
house gases in the natural environment, and chemical fertilization has led to increases in
heavy metal contamination in forestland and agricultural soils, deleteriously contributing
to global climate change [1]. Many reports have shown that heavy metals pose a major
threat to agricultural land, animals, and plants, which can influence the human food chain,
leading to negative effects on human health [2,3]. Copper (Cu) and cadmium (Cd) have
been mentioned as being the most abundant toxic metals in Chinese farmland soils [4].
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While there is no evidence of the biological activity of Cd in the plant growth process, trace
amounts of Cu could have a positive impact as a dietary nutrient on plant growth; however,
extreme Cu levels induce plant toxicity [5]. Cu, as a trace element, can enhance photosyn-
thetic efficiency, such as electron transport. Additionally, Cu regulates structural proteins
involved in cell wall metabolism and can elevate mitochondrial respiration to produce
energy [6]. Conversely, surplus concentrations of Cu in the form of Cu2+ are responsible
for oxidative stress due to the generation of reactive oxygen species (ROS) compounds [7],
which can result in a reduction in plant growth with an altered functionality of the cell
membrane, limitation of enzyme activities, and depression of photosynthetic efficiency,
ultimately leading to plant death [8]. Cd, a nonessential element with high toxicity, is
known as the most dispersed element in soils and irrigation water, which has a destructive
influence on plant and human life [9]. Excess Cd in soil and the absorption of cadmium
by plants increase ROS production, such as free radicals, which are the main factors in the
initiation of oxidative stress in plants [9]. Cadmium has a damaging impact on plant cell
functions and the metabolic pathways involved in the production of lipids, proteins, and
nucleic acids. Cd injures the cell membrane, which leads to lipoperoxidation and oxidative
toxicity in plants. It has been demonstrated that cadmium reduces the plant defense system
with a reduction in antioxidant activity capacity. This phenomenon finally reduces plant
photosynthesis and inhibits plant growth and development [9].

Nanoparticles with unique structures and sizes (1 to 100 nm) [10] have been observed
to increase plant nutrients and crop production [11]. The diverse surface-to-volume ratios
of nanoparticles could differ from their bulk counterparts [12]. Recently, some studies have
reported that titanium nanoparticles (TiO2) have the ability to increase plant growth under
metal stress [13–17]. Therefore, we suggest that titanium could be a good material to reduce
plant stress. Brassinosteroids (BRs) are a new phytohormone and belong to the polyhy-
droxy steroidal group. There are 70 types of BRs in plants. Among them, 24-epibrassinolide
(EBL) is known as the top bioactive BR that can promote plant growth under stressful
conditions [18]. In addition, 24-epibrassinolide EBL induces antioxidant activity, plant pho-
tosynthesis, seed yield, and oxidative production under stressful conditions [19–21]. It has
been indicated that the interaction of EBL with other cellular molecules can enhance signal-
ing efficiency within the plant defense grid under stress conditions [22]. This phenomenon
can boost antioxidant capacity in the face of multiple stressful factors, such as HMs [23].
This research study represents the individual and co-application of TiO2-NPs and EBL, as
well as the investigation of their role in the alleviation of Cu and Cd toxicity in bamboo
plants with an emphasis on antioxidant, photosynthetic, and plant growth parameters.

Bamboo (Bambusoideae) species occupy the largest portion of Chinese farmland (6 mil-
lion hectares) [24,25]. This fast-growing plant provides nutrient sources for local family
livelihoods in southern and western China [26]. Pleioblastus pygmaeus is a suitable species
for landscape purposes, with a characteristic height of 30–50 cm. Pleioblastus pygmaeus
originated in Japan but was transferred to China in the early 20th century. A desirable
condition of this plant for this experiment was its adaptation to basic (alkaline), acidic, and
neutral soils [27]. Conversely, the excess of heavy metals (frequently Cu and Cd) caused by
anthropogenic activities has become a major dilemma for agricultural and forestry soils
in this area [4], which can influence bamboo plant growth and development. Hence, it is
essential to find appropriate biologic materials to reduce soil toxicity and increase plant
tolerance under heavy metal toxicity. Therefore, we selected two applications of TiO2
NPs and 24-epibrassinolide, individually and in combination, against heavy metal toxicity,
which could aid in understanding the involved mechanisms in the combined application
of nanoparticles and phytohormones against heavy metal toxicity. To our knowledge, this
is the first comprehensive study to investigate the combination of TiO2 NPs and EBL in
the amelioration of Cu and Cd toxicity in bamboo species. Therefore, in this paper, we aim
to investigate the impact of TiO2 NPs and EBL on enhancing plant tolerance under heavy
metal toxicity with an emphasis on antioxidant and nonantioxidant enzyme capacity, ROS
production, photosynthesis, and growth indices under Cu and Cd.
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2. Materials and Methods

2.1. Plant Material and In Vitro Conditions

This research study was performed under in vitro conditions in a plant tissue cul-
ture laboratory using MS medium (Murashige and Skoog, 1962) [28] consisting of 6-
benzylaminopurine (6-BA) (4 mL), micronutrients (10 mL), macronutrients (100 mL), kinetin
(KT) (0.5 mL), sucrose (30 g) and agar (8 g) at pH 5.8 ± 0.1. For this purpose, a completely
randomized design (CRD) was employed that contained 100 μM TiO2 NPs and 10−8 M
24 epibrassinolide individually and in combination with 100 μM Cu as well as 100 μM Cd
in four replications (Table 1). We adjusted the pH value in MS to 5.8 for two reasons: firstly,
to optimize nutrient absorption, the availability of the nutrients to the plants was optimum
at pH 5.8; and secondly, the preparation of the gelling of the agar-solidified medium should
be completed at ca. pH 5.8. To proliferate bamboo roots, young shoots (10 mm long nodal
explants) were planted in MS medium supplemented with pyridoxine (3 μM), nicotinic acid
(4 μM), thiamine–HCl (1.2 μM), myo-inositol (0.6 mM), 30 g L−1 sucrose, and 0.1 mg L−1

indole-3-acetic acid (IAA) as a regulator hormone involved in plant growth. The appro-
priate amount of each treatment (100 μM TiO2 NPs and 10−8 M 24-epibrassinolide) was
mixed in 1 L MS medium, adjusted to pH 5.8 ± 0.1, and then applied to 8–10 g/L agar. The
solution was placed in 60 mm diameter glass petri dishes containing 100 mL of culture, and
sterilization of the intended MS medium was conducted in an autoclave (HiClave HVE-50,
ZEALWAY-USA, Delaware, DE, USA) at the optimum temperature of 110 ◦C for 40 min.
The dishes were transferred to an Air Tech incubation hood with ultraviolet sterilization
with white fluorescent lamps (wavelength between 10 and 420 nm) at a temperature of
25 ◦C for 4 h. In the final step, the plantlet treatments were preserved as research materials
in a controlled tissue culture chamber with fluorescent lamps (white) at a wavelength
between 10 and 420 nm. In terms of temperature, the growth was performed at 17/22 ◦C in
the dark periods and 30/25 ◦C in the light periods for three weeks.

Table 1. The treatment combinations of the experiment.

Treatments Concentrations

Control 0
Cu 100 μM Cu
Cd 100 μM Cd

TiO2 100 μM TiO2
TiO2 + Cu 100 μM TiO2 + 100 μM Cu
TiO2 + Cd 100 μM TiO2 + 100 μM Cd

EBL 10−8 M EBL
EBL + Cu 10−8 M EBL + 100 μM Cu
EBL + Cd 10−8 M EBL + 100 μM Cd

TiO2 + EBL 100 μM TiO2 + 10−8 M EBL
TiO2 + EBL + Cu 100 μM TiO2 + 10−8 M EBL + 100 μM Cu
TiO2 + EBL + Cd 100 μM TiO2 + 10−8 M EBL + 100 μM Cd

Titanium nanoparticles were provided by Nanjing Jiancheng Company, Jiangsu
Province, China, and consisted of a white powder with a purity of >99% nanotitanium
and a diameter of 25 nm. The levels of Cu and Cd were chosen according to the previous
studies, which displayed high and low levels of toxicity in bamboo plants [13,14]. Bamboo
(A. pygmaeus) was selected from local species by the Bamboo Research Institute, which is
located at Nanjing Forestry University.

In this research study, biomass and growth indices, including root and shoot dry
weight (DW) and shoot length, were quantified. To investigate photosynthesis pigments,
total chlorophyll (Chl), Chl a and b, and carotenoid contents were measured. To determine
the fluorescence parameters, 5 parameters were recorded, including: (i) actual photochem-
ical efficiency of PSll (ϕPSll), (ii) maximum photochemical efficiency of PSll (Fv/Fm),
(iii) photochemical quenching coefficient (qP), (iv) effective photochemical efficiency of
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PSll (Fv′/Fm′), and (v) nonphotochemical quenching (NPQ). Heavy metal accumulation
and TiO2 NP contents were measured in leaves, stems, and roots. Plant defense enzymes
and nonenzymatic antioxidants were measured. To assay cell membrane injury, ROS com-
pounds, electron leakage, and malondialdehyde (MDA) content were estimated. Finally,
the translocation factor (TF), bioaccumulation factor (BAF), and tolerance index (TI) of the
shoots and roots were calculated.

2.2. Preparation of Samples

Leaf samples were collected from the different treatments, and then 0.5 g samples were
placed in a container and crushed into a powder. An appropriate amount of liquid nitrogen
was added to the samples, and the obtained powder was dissolved in PBS (pH 7.2–7.4) at
2–8 ◦C. The solution was centrifuged at 2500–3500× g for 17 min to extract the supernatant,
which was kept for use in antioxidant enzyme activity tests.

2.3. Protective Enzymes

Superoxide dismutase (SOD, EC: 1.15.1.1) was measured based on the results of
photoreduction obtained by nitro blue tetrazolium (NBT), which was conducted using the
Zhang method [29]. Peroxidase (POX, EC: 1.11.1.7) was estimated by using the protocol
of Upadhyaya [30]. Catalase (CAT, EC: 1.11.1.6) was estimated based on the results of
reactions analyzing H2O2 at an absorbance of 240 nm, which was estimated by the Aebi
protocol [31]. Glutathione reductase (GR, EC: 1.6.4.2) was estimated using the protocol
reported by Foyer and Halliwell [32] with some modifications. Ascorbate peroxidase (APX,
EC: 1.11.1.11) was measured using the Nakano and Asada method [33]. APX antioxidant
activity was obtained by recording the reduction in absorbance at 290 nm (coefficient of
absorbance at 2.8 mM−1 cm−1). Phenylalanine ammonia-lyase (PAL, EC: 4.3.1.5) activity
was assessed using the Berner [34] protocol.

2.4. Assessment of Nonenzymatic Antioxidant Activities (Flavonols, Tocopherols, and
Total Phenolics)
Methanolic Extract Preparation

For this test, 0.5 g of dry leaf sample was dissolved in 4 mL of methanol (80%) and
then centrifuged at 7000× g for 15 min. The methanolic extract was used for the tests. The
total phenolics were measured according to the protocol of Conde [35]. According to this
protocol, a 0.1-m methanolic extra was added to 2.5 mL of 10% Folin–Ciocalteu reagent.
Then, for neutralization of the obtained mixture of sodium bicarbonate, 7% was added. The
final mixture was transferred to a spectrometer machine to measure the total phenolics at
an absorbance of 765 nm. The content of flavonol was determined according to the Akkol
method [36]. A 0.5-mL methanolic extract was homogenized with 0.4 mL of aluminum
chloride (2%) and 1.5 mL of sodium acetate (5%). After preparation of the supernatant,
it was kept at room temperature for 2.5 h. The flavonoid content was determined in
the supernatant at an absorbance of 445 nm. The content of tocopherol was determined
according to the protocol of Kayden [37]. For this purpose, 3 mL ethanol was mixed with
0.1 g of leaf samples, and the soluble solution was then centrifuged at 7000× g for 15 min.
The obtained mixture was added to 0.1 mL ethanol extract, 0.2 mL bathophenanthroline at a
concentration of 0.2%, 0.001 M of 0.2 mL ferric chloride, and 1 mM 0.2 mL phosphoric acid.
The content of tocopherol was recorded by measuring the absorbance of the supernatant
at 534 nm.

2.5. Assay of Hydrogen Peroxide (H2O2), Malondialdehyde (MDA), Superoxide Radical (O2
•−),

Soluble Proteins (SP), and Electrolyte Leakage (EL)

Malondialdehyde is representative of lipid peroxidation, which was measured by the
protocol described by Siddiqui [38]. In this experiment, 0.1% trichloroacetic acid (TCA)
was used for the homogenization of fresh leaves, after which the sample was centrifuged at
8000× g for 25 min. The obtained amount of supernatant was mixed with TCA solution
in the range of 20%, which contained 0.5% thiobarbituric acid. In the next process, the
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soluble solution was kept at 98 ◦C for 25 min. Then, the soluble solution was kept at room
temperature. The final soluble solution was centrifuged a second time at 2000× g for 15 min
at 5 ◦C. Finally, to estimate malondialdehyde, the absorbance was determined at 532 nm.

The levels of H2O2 were determined using the protocol reported by Patterson [39].
For this study, samples (leaves) in the specified amount of 0.5 g were mixed in a mortar
and pestle by adding 10 mL cold acetone. The mixture was centrifuged at 4000× g for
25 min. In the next step, titanium chloride at a concentration of 20% in 2 mL of concentrated
HCl and 2 mL of ammonia at the specified level of 17 M were added to the supernatant
(1 mL). The supernatant was extracted with acetone, which was conducted by the addition
of 2 N H2SO4 in 10 mL for proper absorbance. To remove immiscible inputs, the mixture
was centrifuged again. The absorbance of the supernatant was recorded at 410 nm. The
levels of H2O2 were determined based on a standard curve, which was created based
on the known levels of H2O2 and formulated as μmole g−1 FM. The soluble protein (SP)
levels were assigned according to the protocol of Bradford [40] and measured based on
the effect of Coomassie Brilliant Blue (G25) on changes in protein levels. The final data
were obtained using a spectrometer machine. The amount of superoxide radical (O2

•−)
was determined according to the method of Li [41]. According to this protocol, 200 mg
leaf tissue samples were mixed with phosphate buffer at pH 7.8 in the amount of 65 mM
and then centrifuged at 4000× g for 20 min. The supernatant was incubated in 10 mM of
hydroxylamine hydrochloride and 65 mM of phosphate buffer (pH = 7.8) for 15 min at
27 ◦C. In the next step, 7 mM α-naphthylamine plus 17 mM sulfanilamide was added to
the mixture, preserved for 25 min and then recorded at an absorbance of 530 nm at 25 ◦C.
Finally, to determine the final rate of O2

•−, nitrogen dioxide radicals (NO2) were applied
to generate a standard curve. Electrolyte leakage (EL) was calculated based on the protocol
of Valentovic [42]. According to this protocol, 0.3 g of leaf samples were mixed with 15 mL
of deionized water. Then, the mixture was kept at the optimum temperature (25 ◦C) for
2.5 h. In this stage, EC1 was recorded as the primary electrical conductivity of the mixture.
To obtain EC2 as the secondary electrical conductivity, the samples were transferred to one
autoclave and kept at 120 ◦C for 17 min. At the end of the test, EL was determined based
on the following formula:

EL (%) = EC1/EC2 × 100 (1)

2.6. Measurement of Photosynthetic Pigments and Fluorescence Parameters

Photosynthetic pigments, such as Chl a and b, and carotenoid levels were determined
according to the protocol of Lichtenthaler and Buschmann [43]. For pre-experiment bamboo
samples, ca. 0.5 g was provided, and then the samples were transferred to a mortar with
liquid nitrogen. To prepare the liquid sample extract, the obtained powder was mixed with
20 mL of acetone at a specific concentration of 80% at 0 to 5 ◦C. Then, it was centrifuged at
5000× g for 15 min. At the end of the experiment, Chl a, Chl b, and carotenoid levels were
determined at absorbances of 663, 645, and 470 nm, respectively. Finally, the levels of Chl
and carotenoids were calculated based on the following formulae, which were set in units
equal to mg/g fresh weight:

Chlorophyll a = 12.25A663 − 2.79A647 (2)

Chlorophyll b = 21.50A647 − 5.10A663 (3)

Total Chl = Chl a + Chl b (4)

Carotenoid = 1000A470 − 1.82Chl a − 95.15 Chl b/225 (5)

A chlorophyll fluorescence imager (CFI) (England) was used to measure fluorescence
characteristics, which was conducted under specific dark-adapted conditions for 35 min. To
measure the light fluorescence parameters, the fluorescence characteristics were recorded
at 700 micromoles m−2 s−0 in an illumination incubator for actinic light activation. In
this study, the main fluorescence indices were: (i) actual photochemical efficiency of
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PSll (ϕPSll); (ii) effective photochemical efficiency of PSll (Fv′/Fm′); (iii) photochemical
quenching coefficient (qP); (4) maximum photochemical efficiency of PSll (Fv/Fm); and
(5) non-photochemical quenching (NPQ).

2.7. Measurement of TiO2 NPs and Metal Accumulation in Roots, Stems, and Leaves of Bamboo

Copper (Cu) and cadmium (Cd) contents and titanium accumulation in roots, stems,
and leaves of bamboo species were investigated. For their measurement, the samples were
cleaned and dried in an oven, and subsequently 70% nitric acid was added to the samples,
which were preserved at an optimum temperature of 70 ◦C for 20 min. Then, the obtained
solution was centrifuged at 9000× g for 20 min. The contents of Cu and Cd in the plant
organs, such as roots, stems, and leaves, were assigned and analyzed using an atomic
absorption spectrometry machine (AAS HITACHI, High-Tech Company Tokyo, Japan). In
this process, a spectrometer equipped with a furnace of graphite and correction system
of the Zeeman-effect background was performed (AAnalyst 800, Perkin Elmer, Norwalk,
CT, USA). For determination of the element contents, the different characteristics of the
instruments were adjusted. Standardization of the metal was performed using 2.5% nitric
acid (spectra scan). For calibration, confirmation of the standard (Perkin Elmer), which
contained all of the elements in one inorganic target analyst list (TAL), was performed at
optimum intervals in one unattended automatic analysis run.

2.8. Biomass Determination and Shoot Length

Plant biomass was determined by measuring the dry weight of roots and shoots.
Firstly, samples (root and shoot treatment) were cleaned and then placed in an oven to
remove the water from their surfaces during the process. The samples were fixed at 115 ◦C
for 25 min. To determine the plant dry weight, the samples were maintained at 70 ◦C for
10 h and then weighed. To determine the shoot length, bamboo plants were measured
at the beginning and end of the study. The final data were defined as the difference in
plant height.

2.9. Determination of the Tolerance Index (TI), Bioaccumulation Factor (BAF), and Translocation
Factor (TF)

To determine the plant tolerance to Cu and Cd toxicity, the indices of the tolerance
index (TI), bioaccumulation factor (BAF), and translocation factor (TF) were calculated.
This result was obtained based on the method of Souri and Karimi [44] and is considered
to denote the efficiency of photoextraction. The formula below is used to find the value
of TI, which represents the tolerance index in the shoot and root; TF, which represents the
translocation factor; and BAF, which represents the bioaccumulation factor of leaves, stem,
and root.

TF (leaves/stem) = the concentration of the co-application of Ti-EBL/heavy
metals (Cu, Cd) in the leaves/stem of plants (mg/kg)/the concentration of
the co-application of Ti-EBL/heavy metals (Cu, Cd) in the roots of plants

(6)

TI shoot/root = the dry weight of plant shoot/root from the co-application
of Ti-EBL/heavy metal (Cu, Cd) treatment (g)/the dry weight of plant

shoot/root from the control (g)
(7)

BF (leaves/stem/root) = concentrations of heavy metals in the leaves or stem
or root/concentrations of heavy metals in the medium

(8)

2.10. Statistical Analysis

A completely randomized design (CRD) was used in this study, consisting of a 2-way
factorial with four replicates. R software was used for ANOVA (analysis of variance), and
the Tukey’s test was used to determine mean differences, which were conducted at the
p < 0.05 probability level.
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3. Results

3.1. 24-Epibrasinolide and Titanium Oxide Nanoparticles Promote Antioxidant Capacity in Plants
under Cu and Cd Toxicity

The data analysis revealed a significant difference between the various treatments of
the co-application of EBL–TiO2 NPs with Cu and Cd (p < 0.001). According to the obtained
data, TiO2 and EBL individually could increase antioxidant activity under stress conditions.
However, the greatest stimulation of antioxidant activity was observed with the combina-
tion of TiO2 and EBL. The combination of TiO2 and EBL showed the highest capacity for
antioxidant activity stimulation, with a 1.71-fold enhancement of SOD, 1.49-fold increase in
POX, 1.76-fold increase in CAT, 1.52-fold increase in APX, 1.73-fold enhancement of GR,
and 1.23-fold enhancement of PAL activity in comparison with their control treatments
(Figure 1). Conversely, the lowest amount of antioxidant activity was observed with 100
μM Cu and 100 μM Cd, which resulted in 36% and 61% reductions in SOD, 24% and 40%
reductions in POX, 39% and 58% reductions in CAT, 50% and 73% reductions in APX, 44%
and 59% reductions in GR, and 28% and 36% reductions in PAL activities, respectively,
compared with the control treatment. According to these results, we suggest that TiO2 and
EBL individually have the potential to reduce Cu and Cd toxicity, but the combination of
TiO2 and EBL has a larger impact on the amelioration of heavy metal toxicity.

3.2. 24-Epibrasinolide and Titanium Oxide Nanoparticles Reduce Malondialdehyde (MDA),
Soluble Proteins (SP), Electrolyte Leakage (EL), Hydrogen Peroxide (H2O2), and Superoxide
Radicals (O2

•−)

Our results showed that the TiO2 NP and EBL concentrations had the ability to reduce
ROS compounds and prevent cell membrane injury. The data analyses showed a significant
difference in the co-application of TiO2 NPs and EBL based on the concentration of Cu and
Cd in the indices of MDA, H2O2, SP, EL, and O2

•− (p < 0.001). The most positive effect of
the treatments on heavy metals was related to the combination of TiO2–EBL with Cu and
TiO2–EBL with Cd, which demonstrated 49% and 42% reductions in MDA content, 38% and
33% reductions in H2O2 content, 38% and 36% reductions in O2

•− content, 26% and 25%
reductions in SP content, and 50% and 44% reductions in EL, respectively. Additionally, the
levels of TiO2 and EBL individually showed a positive role in the amelioration of oxidative
stress, which occurred by restraining ROS production, which in turn resulted in protecting
the cell membrane against oxidative free radicals. Conversely, the results showed that
100 μM Cu and 100 μM Cd increased the levels of MDA, H2O2, O2

•−, SP, and EL, with 48%
and 60% increases in MDA content, 35% and 49% increases in H2O2, 28% and 41% increases
in O2

•−, 25% and 29% increases in SP, and 50% and 63% increases in EL, respectively,
compared with their control treatments (Figure 2).
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Figure 1. The impact of the co-application of 24-epibrassinolide and titanium oxide nanoparticles indi-
vidually and combined on antioxidant enzyme activities (superoxide dismutase (SOD) (a), peroxidase
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(POX) (b), catalase (CAT) (c), glutathione reductase (GR) (d), ascorbate peroxidase (APX) (e), and
phenylalanine ammonia-lyase (PAL) (f)) in bamboo species (Pleioblastus pygmaeus) with 100 μM Cu
and 100 μM Cd. In this study, 1-year-old branches of P. pygmaeus were used as plant treatments
together with 100 μM TiO2 NPs and 10−8 M 24-epibrassinolide, individually and in combination
with 100 μM Cu and 100 μM Cd using four replications. Planting of the treated bamboo was
performed in an Air Tech inoculation hood with fluorescent white lamps and ultraviolet light
(wavelengths of 10–400 nm) at 15 ◦C and 30 ◦C. The bamboo plants were constantly exposed to
excess heavy metals for three weeks. Sampling for the measurement of antioxidant enzyme activity
(a–f) was conducted after three weeks of plant exposure to the co-application of 24-epibrassinolide
and titanium oxide nanoparticles under 100 μM Cu and 100 μM Cd. The capital letters (A–C) indicate
significant differences between treatments of control (C), titanium (Ti), 24-epibrassinolide (EBL), and
24-epibrassinolide involving individual or combined application of titanium oxide nanoparticles
(EBL–TiO2 NPs) under 100 μM Cu and 100 μM Cd (the bars with similar colors), while the lowercase
letters (a–c) denote statistically significant differences at each concentration of the co-application of
EBL and TiO2 NPs, individually or in combination with 100 μM Cu and 100 μM Cd (the bars with
various colors) based on Tukey′s test (p < 0.05).

3.3. 24-Epibrasinolide and Titanium Oxide Nanoparticles Increase Nonenzymatic Antioxidant
Activities (Flavonol, Tocopherol, and Total Phenolics) in Bamboo Species under Cu and Cd Toxicity

The effects of TiO2 NPs and EBL concentrations on nonenzymatic activity (flavonol,
tocopherol, and total phenolics) in the bamboo species revealed a significant difference
between the co-application of 24-epibrassinolide and titanium oxide nanoparticles with
Cu and Cd (p < 0.001). According to the results, the combination of TiO2-HMs and EBL-
HMs significantly increased nonenzymatic antioxidant activities in our bamboo species.
However, the greatest increase in nonenzymatic activity under heavy metal stress was
related to the combination of TiO2 –EBL with Cu and TiO2–EBL with Cd, with a 1.55-fold
and 1.51-fold enhancement in flavonols, 1.53-fold and 1.51-fold enhancement in tocopherols,
and 1.68-fold and 1.58-fold increase in total phenolics, respectively, in comparison with
the control treatment (Figure 3). Conversely, the concentrations of 100 μM Cu and 100 μM
Cd clearly reduced nonantioxidant activity, as demonstrated by a 21% and 23% reduction
in flavonols, 12% and 24% reduction in tocopherols, and 34% and 28% reduction in total
phenolics, respectively, in comparison with the control treatment. We suggest that the
combination of TiO2 and EBL has a positive impact on the reduction in heavy metal
toxicity by stimulating nonenzymatic antioxidant activities (flavonols, tocopherols, and
total phenolics).

435



Antioxidants 2022, 11, 451

 

Figure 2. The impact of the co-application of 24-epibrassinolide and titanium oxide nanoparticles
individually and combined on malondialdehyde content (MDA) (a), hydrogen peroxide (H2O2) (b),
superoxide radical (O2

•−) (c), soluble proteins (SP) (d), and electrolyte leakage (EL) (e) in bamboo
species (Pleioblastus pygmaeus) with 100 μM Cu and 100 μM Cd. In this study, 1-year-old branches of
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P. pygmaeus were used as plant treatments together with 100 μM TiO2 NPs and 10−8 M 24-epibra-
ssinolide, individually and in combination with 100 μM Cu and 100 μM Cd using four replications.
Planting of the treated bamboo was performed in an Air Tech inoculation hood with fluorescent
white lamps and ultraviolet light (wavelengths of 10–400 nm) at 15 ◦C and 30 ◦C. The bamboo plants
were constantly exposed to excess heavy metals for three weeks. Sampling for the measurement of
MDA, H2O2, O2

•−, SP, and EL (a–e) was conducted after three weeks of plant exposure to the co-
application of 24-epibrassinolide and titanium oxide nanoparticles under 100 μM Cu and 100 μM Cd.
The capital letters (A–C) indicate significant differences between treatments of control (C), titanium
(Ti), 24-epibrassinolide (EBL), and 24-epibrassinolide involving individual or combined application
of titanium oxide nanoparticles (EBL–TiO2 NPs) under 100 μM Cu and 100 μM Cd (the bars with
similar colors), while the lowercase letters (a–c) denote statistically significant differences at each
concentration of the co-application of EBL and TiO2 NPs, individually or in combination with 100 μM
Cu and 100 μM Cd (the bars with various colors) based on Tukey′s test (p < 0.05).

Figure 3. The impact of the co-application of 24-epibrassinolide and titanium oxide nanoparticles
individually and combined on nonenzymatic antioxidant activities ((a) flavonols, (b) tocopherols,
(c) total phenolics) in bamboo species (Pleioblastus pygmaeus) with 100 μM Cu and 100 μM Cd. In this
study, 1-year-old branches of P. pygmaeus were used as plant treatments together with 100 μM TiO2

NPs and 10−8 M 24-epibrassinolide, individually and in combination with 100 μM Cu and 100 μM Cd,
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using four replications. Planting of the treated bamboo was performed in an Air Tech inoculation
hood with fluorescent white lamps and ultraviolet light (wavelengths of 10–400 nm) at 15 ◦C and
30 ◦C. The bamboo plants were constantly exposed to excess heavy metals for three weeks. Sampling
for the measurement of flavonols, tocopherols, and total phenolics (a–c) was conducted after three
weeks of plant exposure to the co-application of 24-epibrassinolide and titanium oxide nanoparticles
under 100 μM Cu and 100 μM Cd. The capital letters (A–C) indicate significant differences between
treatments of control (C), titanium (Ti), 24-epibrassinolide (EBL), and 24-epibrassinolide involving
individual or combined application of titanium oxide nanoparticles (EBL–TiO2 NPs) under 100 μM
Cu and 100 μM Cd (the bars with similar colors), while the lowercase letters (a,b) denote statistically
significant differences at each concentration of the co-application of EBL and TiO2 NPs, individually
or in combination with 100 μM Cu and 100 μM Cd (the bars with various colors) based on Tukey′s
test (p < 0.05).

3.4. 24-Epibrassinolide and Titanium Oxide Nanoparticles Improve Photosynthetic Pigments and
Fluorescence Parameters in Bamboo Species under Cu and Cd Toxicity

Photosynthetic pigments and fluorescence parameters are important indices in the
evaluation of photosynthetic efficiency in different species of plants under stress conditions.
The indicators of plant photosynthesis performance, including photosynthetic pigments
(Chl a, Chl b, and total Chl, as well carotenoid contents), and fluorescence indices, includ-
ing the maximum photochemical efficiency of PSll (Fv/Fm), photochemical quenching
coefficient (qP), effective photochemical efficiency of PSll (Fv′/Fm′), actual photochem-
ical efficiency of PSll (ϕPSll), and nonphotochemical quenching (NPQ), were measured.
We found a significant difference between the co-application of 24-epibrassinolide and
titanium oxide nanoparticles with Cu and Cd (p < 0.001). Based on the results, the levels
of TiO2NPs and EBL alone and in combination with heavy metals (Cu and Cd) could
increase photosynthetic pigments in bamboo under Cu and Cd. However, the greatest
increase in photosynthetic pigments under Cu and Cd was attributed to the co-application
of TiO2–EBL with Cu and the co-application of TiO2–EBL with Cd, which resulted in 21%
and 17% increases in Chl a, 85% and 83% increases in Chl b, 42% and 38% increases in
total Chl, and 46% and 39% increases in carotenoid, respectively, in comparison with their
control treatments (Table 2). Conversely, the measurement of the fluorescence parameters
demonstrated a significant difference between the combination of TiO2–EBL and Cu and
Cd (p < 0.001). The data analysis revealed similar results, e.g., in the Chl and carotenoid con-
tents and in the measurement of fluorescence parameters. Therefore, the greatest increase in
fluorescence parameters was related to the combination of TiO2 and EBL, which resulted in
a 50% increase in the maximum photochemical efficiency of PSll (Fv/Fm), 41% increase in
the photochemical quenching coefficient (qP), 54% increase in the effective photochemical
efficiency of PSll (Fv′/Fm′), 56% increase in the actual photochemical efficiency of PSll
(ϕPSll), and 58% increase in nonphotochemical quenching (NPQ) in comparison with their
control treatments. We suggest that the combination of TiO2 NPs and EBL has a strong
ability to increase photosynthesis parameters in plants exposed to heavy metal stress (Cu
and Cd) (Figure 4).
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Table 2. The effect of the co-application of 24-epibrassinolide and titanium oxide nanoparticles
individually and combined on photosynthetic pigments (Chl a, Chl b, and total Chl, as well as
carotenoid contents) in bamboo species (Pleioblastus pygmaeus) with 100 μM Cu and 100 μM Cd.

Treatments
Chl a

(mg g −1 F.w.)
Chl b

(mg g −1 F.w.)
Chl a + b

(mg g −1 F.w.)
Caratenoids

(mg g −1 F.w.)

Control 9.64 ± 0.57 Aa 7.14 ± 1.24 Ba 16.78 ± 1.76 Ba 1.35 ± 0.23 Ba

100 μM Cu 8.51 ± 0.54 Bab 4.32 ± 1.75 Bb 12.83 ± 2.03 Bb 1.02 ± 0.11 Bab

100 μM Cd 8.35 ± 0.60 Ab 3.77 ± 1.16 Bb 12.12 ± 1.57 Bb 0.92 ± 0.12 Ab

100 μM TiO2 10.71 ± 0.76 Aa 10.14 ± 1.57 Aa 22.35 ± 3.73 Aa 1.82 ± 0.11 ABa

100 μM TiO2 + 100 μM Cu 9.52 ± 0.67 ABab 6.54 ± 0.95 ABb 16.06 ± 1.62 Ab 1.32 ± 0.33 ABb

100 μM TiO2 + 100 μM Cd 9.17 ± 0.83 Ab 4.43 ± 1.27 ABb 13.60 ± 1.87 Bb 0.92 ± 0.21 Ab

10−8 M EBL 10.39 ± 0.54 Aa 9.50 ± 1.01 ABa 19.90 ± 1.35 Aa 1.50 ± 0.24 Ba

10−8 M EBL + 100 μM Cu 9.09 ± 0.77 ABab 5.80 ± 0.97 ABb 14.89 ± 1.66 Ab 1.09 ± 0.09 ABa

10−8 M EBL + 100 μM Cd 8.85 ± 0.67 Ab 4.33 ± 1.31 ABb 13.18 ± 1.97 Ab 1.09 ± 0.25 Aa

100 μM TiO2 + 10−8 M EBL 11.05 ± 1.22 ABa 10.86 ± 0.82 Aa 21.92 ± 1.97 Aa 2.27 ± 0.27 Aa

100 μM TiO2 + 10−8 M EBL + 100 μM Cu 10.23 ± 1.04 Aa 8.01 ± 1.68 Ab 18.24 ± 1.72 Aab 1.48 ± 0.08 Ab

100 μM TiO2 + 10−8 M EBL + 100 μM Cd 9.74 ± 0.98 ABa 7.01 ± 1.44 Ab 16.75 ± 2.08 Ab 1.30 ± 0.12 Ab

In this study, 1-year-old branches of P. pygmaeus were used as plant treatments together with 100 μM TiO2 NPs
and 10−8 M 24-epibrassinolide individually and in combination with 100 μM Cu and 100 μM Cd using four
replications. Planting of the treated bamboo was performed in an Air Tech inoculation hood with fluorescent white
lamps and ultraviolet light (wavelengths of 10–400 nm) at 15 ◦C and 30 ◦C. The bamboo plants were constantly
exposed to excess heavy metals for three weeks. Sampling for the measurement of photosynthesis pigments was
conducted after three weeks of plant exposure to the co-application of 24-epibrassinolide and titanium oxide
nanoparticles under 100 μM Cu and 100 μM Cd. The capital letters (A,B) indicate significant differences between
treatments of control (C), titanium (Ti), 24-epibrassinolide (EBL), and 24-epibrassinolide with titanium oxide
nanoparticles (EBL–TiO2 NPs) individually or in combination with 100 μM Cu as well as 100 μM Cd (the bars with
similar colors), while the lowercase letters (a,b) denote statistically significant differences at each concentration of
the co-application of EBL and TiO2 NPs individually or in combination with 100 μM Cu and 100 μM Cd (the bars
with various colors) based on Tukey′s test (p < 0.05).

3.5. 24-Epibrasinolide and Titanium Oxide Nanoparticles Reduce Heavy Metal Accumulation in
Bamboo Leaves, Stems, and Roots

The decrease in metal accumulation in different types of plants is one of the main
mechanisms responsible for the reduction of metal toxicity and increase in plant resistance
when exposed to oxidative stress. Our results showed that TiO2 and EBL had a positive
impact on the reduction in heavy metal concentrations in bamboo species; therefore, TiO2
and EBL alone or in combination significantly reduced heavy metal accumulation in leaves,
stems, and roots (Table 3). This phenomenon is related to the role of TiO2 as a physical
barrier that leads to a reduction in metal translocation from roots to aerial parts. The
roots in plants are typically the first contact points where exposure to heavy metals occurs.
Therefore, root physical traits are extremely decisive in limiting metal entry into plants.
The root-based cellular layers comprised of epiblema, endodermis, and exodermis form
apoplastic barriers in the roots, which can restrict heavy metal uptake by plants. We
hypothesized that TiO2 NPs, through strengthening the apoplastic barriers in the roots and
enhancing their impermeability, can significantly diminish the uptake of heavy metals. On
the other hand, TiO2 NPs with high adsorption capacity act as an efficient binder of metal
ions. Hence, TiO2 NPs can restrain the movement of heavy metals within the extracellular
or intercellular parts of roots, thereby restricting heavy metal translocation from the root
to shoot. TiO2 NPs may also have the ability to influence the expansion of the epidermal
layer in plants, preventing heavy metal accumulation in nonphotosynthetic tissues by
providing additional physical resistance. Conversely, we indicated that EBL, a hormone
that is involved in plant growth regulation alone and in combination with TiO2, plays a
positive role in the stimulation of antioxidant activity, which can scavenge ROS components
in plant organs and inhibit plant oxidative stress caused by heavy metal toxicity. As shown
in Table 3, the combination of TiO2–EBL with heavy metals showed the greatest reduction
in heavy metal accumulation in the leaves, stems, and roots of bamboo species (Table 3).
We suggest that TiO2 and EBL can reduce heavy metal contents in plant leaves, stems, and
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roots, thus demonstrating that the combination of TiO2 and EBL has the greatest impact on
the decrease in metal toxicity.

 

Figure 4. The effect of the co-application of 24-epibrassinolide and titanium oxide nanoparticles indi-
vidually and combined on fluorescence parameters, including the maximum photochemical efficiency
of PSll (Fv/Fm) (a), effective photochemical efficiency of PSll (Fv′/Fm′) (b), photochemical quenching
coefficient (qP) (c), actual photochemical efficiency of PSll (ϕPSll) (d), and nonphotochemical quenching
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(NPQ) (e) in bamboo species (Pleioblastus pygmaeus) with 100 μM Cu and 100 μM Cd. In this study,
1-year-old branches of P. pygmaeus were used as plant treatments together with 100 μM TiO2 NPs and
10−8 M 24-epibrassinolide individually and in combination with 100 μM Cu and 100 μM Cd using
four replications. Planting of the treated bamboo was performed in an Air Tech inoculation hood
with fluorescent white lamps and ultraviolet light (wavelengths of 10–400 nm) at 15 ◦C and 30 ◦C.
The bamboo plants were constantly exposed to excess heavy metals for three weeks. Sampling for the
measurement of fluorescence parameters (a–e) was conducted after three weeks of plant exposure
to the co-application of 24-epibrassinolide and titanium oxide nanoparticles under 100 μM Cu and
100 μM Cd. The capital letters (A–C) indicate significant differences between treatments of control
(C), titanium (Ti), 24-epibrassinolide (EBL), and 24-epibrassinolide involving individual or combined
application of titanium oxide nanoparticles (EBL–TiO2 NPs) under 100 μM Cu and 100 μM Cd (the
bars with similar colors), while the lowercase letters (a–c) denote statistically significant differences at
each concentration of the co-application of EBL and TiO2 NPs individually or in combination with
100 μM Cu and 100 μM Cd (the bars with various colors) based on Tukey′s test (p < 0.05).

Table 3. The accumulation concentrations of titanium oxide nanoparticles and corresponding heavy
metals (Cu and Cd) in bamboo shoots, stems, and roots.

Treatments
Heavy Metal

in Leaves
(μmol L−1)

TiO2 NP
in Leaves

(μmol L−1)

Heavy Metal
in Stem

(μmol L−1)

TiO2 NP
in Stem

(μmol L−1)

Heavy Metal
in Root (μmol

L−1)

TiO2 NP
in Root

(μmol L−1)

Control 0 0 0 0 0 0
100 μM Cu 19.22 ± 1.10 Ab 0 25.3 ± 1.03 Ab 0 31.2 ± 1.00 Ab 0
100 μM Cd 24.20 ± 1.12 Aa 0 29.8 ± 1.02 Aa 0 36.3 ± 1.02 Aa 0

100 μM TiO2 0 18.5 ± 0.90 Aa 0 24.5 ± 0.95 Aa 0 34.6 ± 1.04 Aa

100 μM TiO2 + 100 μM Cu 13.42 ± 1.10 Bb 14.3 ± 0.79 Ab 16.6 ± 0.90 Cb 18.5 ± 0.86 Ab 19.1 ± 1.11 Cb 28.5 ± 0.85 Ab

100 μM TiO2 + 100 μM Cd 16.80 ± 0.97 Ba 10.8 ± 0.87 Ac 21.2 ± 0.86 Ca 12.3 ± 0.86 Ac 25.4 ± 0.95 Ca 20.5 ± 0.90 Ac

10−8 M EBL 0 0 0 0 0 0
10−8 M EBL + 100 μM Cu 14.60 ± 1.07 Bb 0 18.8 ± 0.98 Bb 0 22.3 ± 0.94 Bb 0
10−8 M EBL +100 μM Cd 17.41 ± 0.97 Ba 0 23.4 ± 0.94 Ba 0 28.6 ± 0.90 Ba 0

100 μM TiO2 + 10−8 M EBL 0 16.4 ± 0.77 Ba 0 21.3 ± 0.95 Ba 0 31.3 ± 0.94 Ba

100 μM TiO2 + 10−8 M EBL
+100 μM Cu 8.40 ± 1.07 Cb 11.2 ± 0.87 Bb 12.4 ± 1.02 Db 15.4 ± 0.95 Bb 15.4 ± 0.94 Db 24.5 ± 1.02 Bb

100 μM TiO2 + 10−8 M EBL
+100 μM Cd 10.36 ± 0.99 Ca 8.3 ± 0.90 Bc 15.4 ± 0.97 Da 10.2 ± 0.94 Bc 17.7 ± 0.94 Da 16.4 ± 0.86 Bc

In this study, 1-year-old branches of P. pygmaeus were used as plant treatments together with 100 μM TiO2 NPs and
10−8 M 24-epibrassinolide individually and combined with 100 μM Cu and 100 μM Cd using four replications.
The capital letters (A–D) indicate significant differences between treatments of control (C), titanium (Ti), 24-
epibrassinolide (EBL), and 24-epibrassinolide with titanium oxide nanoparticles (EBL–TiO2 NPs) individually or
in combination with 100 μM Cu as well as 100 μM Cd (the bars with similar colors), while the lowercase letters
(a–c) denote statistically significant differences at each concentration of the co-application of EBL and TiO2 NPs
individually or in combination with 100 μM Cu and 100 μM Cd (the bars with various colors) based on Tukey’s
test (p < 0.05). 2–6 24-Epibrasinolide and titanium oxide nanoparticles increase plant biomass indices (root and
shoot dry weight) and plant growth (length of shoot) in bamboo species under Cu and Cd toxicity.

To evaluate the plant growth rate under Cu and Cd toxicity, the plant biomass, in-
cluding root and shoot dry weight, as well as the length of shoots, were measured. A
significant difference was found for the co-application of TiO2–EBL and heavy metals
(p < 0.001) (Figure 5). Therefore, TiO2 and EBL individually and in combination signifi-
cantly increased plant growth and biomass under stressful conditions. Based on this result,
the greatest increase in plant biomass and growth under heavy metal exposure was related
to the combination of TiO2 and EBL, which resulted in a 21% increase in the dry weight
of shoots, a 23% increase in the dry weight of roots, and a 19% increase in the length of
shoots in comparison with their control treatments (Table 4). Conversely, the measurements
showed that the lowest plant growth was recorded under 100 μM Cu and 100 μM Cd,
which resulted in 0.5 g and 0.46 g dry weights of shoots, 0.59 g and 0.53 g dry weights of
roots, and 10.04 cm and 9.21 cm shoot lengths, respectively (Table 4).
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Figure 5. The impact of the co-application of 24-epibrassinolide and titanium oxide nanoparticles
individually and combined on the dry weight of shoots (a), dry weight of roots (b), and shoot length
(c) of bamboo species (Pleioblastus pygmaeus) with 100 μM Cu and 100 μM Cd. In this study, 1-year-old
branches of P. pygmaeus were used as plant treatments together with 100 μM TiO2 NPs and 10−8 M 24-
epibrassinolide individually and combined with 100 μM Cu and 100 μM Cd through four replications.
Planting of the treated bamboo was performed in an Air Tech inoculation hood with fluorescent
white lamps and ultraviolet light (wavelengths of 10–400 nm) at 15 ◦C and 30 ◦C. The bamboo plants
were constantly exposed to excess heavy metals for three weeks. Sampling for the measurement
of biomass indexes and plant growth (a–c) was conducted after three weeks of plant exposure to
the co-application of 24-epibrassinolide and titanium oxide nanoparticles under 100 μM Cu and
100 μM Cd. The capital letters (A–C) indicate significant differences between treatments of control
(C), titanium (Ti), 24-epibrassinolide (EBL), and 24-epibrassinolide involving individual or combined
application of titanium oxide nanoparticles (EBL–TiO2 NPs) under 100 μM Cu and 100 μM Cd (the
bars with similar colors), while the lowercase letters (a–c) denote statistically significant differences at
each concentration of the co-application of EBL and TiO2 NPs individually or in combination with
100 μM Cu and 100 μM Cd (the bars with various colors) based on Tukey′s test (p < 0.05).
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Table 4. The changes in bamboo biomass in root and shoot dry weight as well as shoot length with
24-epibrassinolide and titanium oxide nanoparticles individually or combined with 100 μM Cu and
100 μM Cd in comparison with the control treatment.

Treatments
Dry Weight of

Shoot (%)
Dry Weight of

Root (%)
Shoot Length

(%)

100 μM Cu 29%↓ 26%↓ 18%↓
100 μM Cd 35%↓ 34%↓ 25%↓

100 μM TiO2 18%↑ 19%↑ 12%↑
100 μM TiO2 + 100 μM Cu 5%↓ 5%↓ 3%↓
100 μM TiO2 + 100 μM Cd 17%↓ 16%↓ 10%↓

10−8 M EBL 15%↑ 13%↑ 10%↑
10−8 M EBL + 100 μM Cu 12%↓ 11%↓ 7%↓
10−8 M EBL + 100 μM Cd 24%↓ 23%↓ 14%↓

100 μM TiO2 + 10−8 M EBL 21%↑ 23%↑ 19%↑
100 μM TiO2 + 10−8 M EBL +100 μM Cu 15%↑ 13%↑ 11%↑
100 μM TiO2 + 10−8 M EBL +100 μM Cd 3%↑ 4%↑ 3%↑

3–7 24-Epibrasinolide and titanium oxide nanoparticles reduce the translocation factor (TF) and bioaccumulation
factor (BAF) and improve the tolerance index (TI) in roots and shoots of bamboo species. ↑ indicates increases and
↓ indicates decreases.

The translocation factor (TF) is one of the main mechanisms used to evaluate the
remediation efficiency of heavy metals in plant organs and the reduction of toxicity in
plants under heavy metal stress. Therefore, it is calculated according to differences in the
accumulation of Cu and Cd in shoots and roots, and it serves as an important factor in
increasing plant tolerance to toxicity. In the present study, the addition of 24-epibrassinolide
and titanium oxide nanoparticles significantly reduced Cu and Cd translocation from roots
to shoots, which led to a reduction in toxicity by limiting metal accumulation in the plant
aerial organs. Therefore, according to the results, the co-application of 24-epibrassinolide
and titanium oxide nanoparticles in combination with heavy metals (Cu and Cd) resulted
in a low level of translocation factor, which could reduce metal toxicity in the aerial parts
of bamboo plants (Table 5). Additionally, the result showed that the co-application of EBL
and TiO2 NPs significantly reduced Cu and Cd concentration in the leaves (p < 0.001),
implicating the positive role of EBL–TiO2NPs in the reduction of heavy metal toxicity in
the aerial parts of the bamboo plant (Table 5). Conversely, the calculation of the tolerance
indices in shoots and roots revealed a significant difference between the co-application
of TiO2 NPs and EBL alone under Cu and Cd (p < 0.001). Therefore, the levels of TiO2
NPs and EBL indicated an increase in shoot and root tolerance under heavy metal stress,
which was obtained by the amelioration mechanism of the co-application of TiO2 and EBL
against heavy metal toxicity, such as the stimulation of antioxidant activity and the increase
in plant biomass. We suggest that TiO2 NP and EBL concentrations alone increase plant
tolerance under metal stress; however, the most positive effect was more pronounced with
the co-application of TiO2 NPs and EBL under Cu and Cd toxicity (Table 5).
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Table 5. Changes in the translocation factor and tolerance index of shoots and roots in response to
24-epibrassinolide and titanium oxide nanoparticles individually or in combination with 100 μM
Cu and 100 μM Cd compared with the control treatment. Each data point is the mean ± SE of four
replicates. The capital letters (A–C) indicate significant differences between treatments of control (C),
titanium (Ti), 24-epibrassinolide (EBL), and 24-epibrassinolide involving individual or combined
application of titanium oxide nanoparticles (EBL–TiO2 NPs) under 100 μM Cu and 100 μM Cd (the
bars with similar colors), while the lowercase letters (a–c) denote statistically significant differences at
each concentration of the co-application of EBL and TiO2 NPs individually or in combination with
100 μM Cu and 100 μM Cd (the bars with various colors) based on Tukey′s test (p < 0.05).

Treatment
Translocation

Factor (Leaves)
Tolerance Index

(Shoot)
Tolerance

Index (Root)
Bioaccumulation
Factor (Leaves)

Control 0.00 ± 0.00 Bb 1.00 ± 0.00 Ba 1.00 ± 0.00 Ba 0.00 ± 0.00 Aa

100 μM Cu 0.65 ± 0.02 Aa 0.70 ± 0.06 Cb 0.74 ± 0.09 Bb 0.19 ± 0.01 Ab

100 μM Cd 0.66 ± 0.01 Aa 0.65 ± 0.05 Cb 0.66 ± 0.09 Bb 0.24 ± 0.01 Ac

100 μM TiO2 0.52 ± 0.04 Ab 1.19 ± 0.13 ABa 1.23 ± 0.12 Aa 0.00 ± 0.00 Aa

100 μM TiO2 + 100 μM Cu 0.58 ± 0.01 BCa 0.94 ± 0.07 ABb 0.95 ± 0.11 ABb 0.13 ± 0.01 Bb

100 μM TiO2 + 100 μM Cd 0.60 ± 0.01 ABa 0.80 ± 0.05 Bb 0.84 ± 0.10 Bb 0.16 ± 0.01 Bc

10−8 M EBL 0.00 ± 0.00 Bb 1.15 ± 0.09 ABa 1.13 ± 0.13 ABa 0.00 ± 0.00 Aa

10−8 M EBL + 100 μM Cu 0.60 ± 0.02 Ba 0.87 ± 0.08 BCb 0.89 ± 0.09 ABb 0.14 ± 0.01 Bb

10−8 M EBL + 100 μM Cd 0.61 ± 0.05 Aa 0.75 ± 0.01 Bb 0.76 ± 0.09 Bb 0.17 ± 0.00 Bc

100 μM TiO2 + 10−8 M EBL 0.49 ± 0.01 Ab 1.21 ± 0.08 Aa 1.24 ± 0.12 Aa 0.00 ± 0.00 Aa

100 μM TiO2 + 10−8 M EBL + 100 μM Cu 0.53 ± 0.02 Cab 1.1 ± 0.09 Aab 1.09 ± 0.10 Aa 0.08 ± 0.01 Cb

100 μM TiO2 + 10−8 M EBL + 100 μM Cd 0.54 ± 0.02 Ba 1.02 ± 0.04 Ab 1.04 ± 0.08 Aa 0.10 ± 0.01 Bc

4. Discussion

Titanium, as a form of TiO2, has the ability to alter the bioavailability and behavior of
metals in the environment [45]. The impact of TiO2 NPs on increasing antioxidant activity
and plant growth has been reported in several studies [13,14,46]. This increase can be
attributed to the inductive role of TiO2 NPs in enhancing signaling associated with the
activation of antioxidant enzyme activity [13]. This finding is consistent with the reported
results in the present study. Therefore, our results demonstrated that the individual levels
of TiO2 NPs could increase antioxidant and nonantioxidant activity in bamboo plants under
certain Cu and Cd levels. Conversely, the level of EBL regulates plant stress by stimulating
antioxidant activity [47]. The increasing capacity of antioxidant activity based on the levels
of EBL in plants under stress has been reported in many studies [48–50]. EBL seems to
play a main role in the activation of genes responsible for antioxidants by stimulating the
expression of genes responsible for SOD, CAT, and APX in plants exposed to heavy metal
stress [51]. Hence, it is interesting to note that EBL has the ability to ameliorate oxidative
stress caused by metals, which has previously been reported for many plant species, such
as Brassica juncea [20], Cicer arietinum [52], and Raphanus sativa [53]. The main reason
can be attributed to the role of BR signaling kinase (BSK 1) in the stimulation of salicylic
acid levels against oxidative damage [54]. In our studies, the application of TiO2 and
EBL individually and in combination enhanced antioxidant enzyme activities, including
SOD, POD, CAT, GR, APX, and PAL. However, the combination of TiO2 NP and EBL was
more effective in increasing antioxidant levels than TiO2 NPs and EBL alone. Phenolic
compounds, as nonenzymatic antioxidant activities, alleviate the negative effect of reactive
oxygen radicals and have a strong ability to chelate metals [55,56]. There seems to be a
relationship between enhancing phenylalanine ammonia-lyase (PAL) and the total phenolic
compound, and it has been reported that PAL is a key enzyme responsible for the activation
of the synthesis of phenolic compounds under stress [57,58]. This phenomenon has been
reported in some studies on the reduction of Cu and Cd toxicity [55,59]. Our results
demonstrated that the application of TiO2 NPs and EBL individually and in combination
increased nonantioxidant activity (total phenolics, flavonols, and tocopherols) under Cu
and Cd toxicity. This phenomenon could be related to PAL gene transcript levels as well as
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increasing PAL activity in response to EBL levels under heavy metal stress, which ultimately
reduces ROS compounds by synthesizing phenolic compounds.

When antioxidant activity increases, the plant experiences cellular injuries (H2O2,
MDA, and EL) [60]. It has been reported that TiO2 NPs induce certain stress-combative
mechanisms, such as an improvement of the defense mechanism against ROS accumulation
in plant intercellular space, which has been shown to attenuate H2O2 induction [60]. An
increase in MDA content has been described as the initial stage of plant injury, which shows
the rate of membrane lipid peroxidation [61]. This reveals the extent to which plants face
this serious problem. Based on the present findings, we suggest that TiO2 NPs protect
the plant cell membrane from ROS, a phenomenon that has been related to the role of
TiO2 NPs in boosting antioxidant activity. Conversely, EBL has the ability to positively
alter the membrane structure and membrane stability in plants exposed to stresses, such
as heavy metals, which leads to a reduction in membrane lipid peroxidation [62]. In one
study, the level of EBL was observed to diminish the concentrations of H2O2 and MDA
(20–60% reductions) in plants under Pb stress [63]. In another study, EBL diminished
the oxidative toxicity in cowpea under Cd by reducing lipid peroxidation, MDA content,
and electrolytes [64,65]. In the present study, the level of EBL improved the ROS content
and reduced the plant cell membrane under heavy metal toxicity. It is interesting to note
that in this study, the application of TiO2 NPs and EBL individually and in combination
decreased ROS and lipid peroxidation, including H2O2, O2

•−, MDA, SP, and EL, in bamboo
plants exposed to metal stress. One of the mechanisms underlying the amelioration of
lipid peroxidation and ROS by EBL can be attributed to the increase in endogenous plant
hormones that regulate plant growth, such as salicylic acid and ethylene, and the cross-talk
between them. These mechanisms can improve plant tolerance under metal toxicity [66].
In this study, the co-application of TiO2 NPs and EBL was more efficient in reducing ROS
compounds and ameliorating lipid peroxidation than TiO2 NPs and EBL alone.

Studies have indicated that TiO2 NPs enhance photosystem II in spinach by promoting
oxygen evolution and energy transfer [67]. Additionally, TiO2 reduces Chl degradation and
stimulates Chl biosynthesis, which can promote photosynthesis by stabilizing chlorophylls
and carotenoids [60]. Chlorophylls are the most abundant component of the chloroplast
and play an efficient role in the rate of photosynthesis [59]. The role of EBL in enhancing the
cell number and photosynthetic pigment content (Chl a, Chl b, and carotenoids) has been
demonstrated in some studies [68,69]. It seems that the increase in photosynthesis and Chl
pigments by EBL is related to the stimulation activity of ribulose 1,5-bisphosphate carboxy-
lase oxygenase as well as the increase in the Calvin cycle enzymes [20]. Therefore, the level
of EBL with increasing carotenoids ameliorates photodamage during photosynthesis [70].
According to the above mechanisms, the co-application of EBL and Ti can improve photo-
synthesis and Chl pigment levels via Chl biosynthesis and reduce photodamage via the
activation of the Calvin cycle enzymes in plants under heavy metal stress. Additionally, the
results revealed a positive impact of the co-application of EBL and TiO2 NPs on fluorescence
parameters, which showed an increase in the efficiency of fluorescence indices, includ-
ing the maximum photochemical efficiency of PSll (Fv/Fm), photochemical quenching
coefficient (qP), effective photochemical efficiency of PSll (Fv′/Fm′), actual photochemical
efficiency of PSll (ϕPSll), and nonphotochemical quenching (NPQ). Therefore, we suggest
that the co-application of EBL and TiO2 NPs can increase photosynthetic properties in
plants exposed to heavy metals (Cu and Cd), and this phenomenon could be related to the
increase in antioxidant activity and the reduction in heavy metal accumulation under metal
toxicity stress.

Titanium is known to be the most abundant transition element after iron, with a level
of 1–578 mg kg−1 in different species of non-hyperaccumulator plants [71]. However, low
mobility in the soil may impact its absorption by plants [72]. Our results showed that the
root accumulation of TiO2 NPs was higher than that of stems and shoots, indicating that
bamboo roots prefer to be storage organs of titanium, which has been reported in another
study [73]. Therefore, the accumulation of titanium NPs led to the adsorption of heavy
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metals in roots, which, as a physical barrier, reduces metal translocation from roots to shoots.
Conversely, EBL has the potential to reduce metal accumulation in plants by enhancing
phytochelatin synthesis (PC) [48–50]. In a study on sugar beet, the levels of EBL reduced the
absorption of heavy metals by plants by 50% [74–76]. It has also been reported [69] to reduce
Cd accumulation in the roots, stems, and shoots of pea seedlings. Conversely, EBL levels
reduce the accumulation of Cd by preserving ion homeostasis through the acceleration of
calcium absorption [77,78]. Therefore, EBL leads to increased absorption of K+, mg+, and
K+, which can be transported to the aerial parts of plants, such as leaves, and finally limit
Cd and metal translocation from roots to shoots [79]. In the present study, the application of
EBL and TiO2 could individually and in combination diminish the accumulation of heavy
metals. These results are related to the role of EBL in preserving ion homeostasis, which
can limit heavy metal uptake by coperception, which is associated with the role of TiO2
in the adsorption and absorption of heavy metals on the root surface. Similar to other
transition metals, titanium, present in small fractions, absorbs to and accumulates in roots,
as it is translocated through the xylem stream from roots to shoots [80]. The translocation
of TiO2 NPs to aerial plant parts has been demonstrated [81,82]. As shown in Table 5,
the co-application of TiO2 NPs and EBL significantly reduced metal translocation from
roots to shoots, which is an important mechanism in increasing the tolerance of bamboo
plants. However, the results showed that BAF in the roots was higher than in the stem
and the leaves, which indicated that TiO2 NPs–EBL could effectively reduce BAF in the
aerial parts of the bamboo plant. This could be explained by the mechanisms involved in
the absorbance of Cu and Cd in the root surface by the co-application of TiO2 NPs and
EBL. Therefore, we suggest that TiO2 NPs–EBL has an important role in the reduction
of adsorption and uptake as well as the translocation of Cu and Cd to the aerial parts
(leaves and stem). Thus, the application of TiO2 NPs–EBL can retain the heavy metals on
the bamboo root surface. On the other hand, the results showed that the TF in the leaves
was less than that in the stem, which was an indication that the heavy metals had been
accumulated in the leaves less than in the stem (Figure 6).

Figure 6. The impact of the co-application of 24-epibrassinolide and titanium oxide nanoparticles on
BAF and TF: (a) the comparison between bioaccumulation of heavy metals in the root, stem, and leaves;
(b) the comparison between translocation factor in the stem and the leaves. Bioaccumulation factor
(BAF) is obtained by the difference between the concentrations of heavy metals in the leaf, stem, or root
and concentrations of heavy metals in the medium, while the translocation factor (TF) is obtained by
the difference between the concentration of heavy metals (Cu, Cd) in the leaves or stem of plants and
the concentration of the heavy metals (Cu, Cd) in the roots of plants. The capital letters (A–G) indicate
significant differences between treatments of control (C), titanium (Ti), 24-epibrassinolide (EBL), and
24-epibrassinolide involving individual or combined application of titanium oxide nanoparticles (EBL
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–TiO2 NPs) under 100 μM Cu and 100 μM Cd (the bars with similar colors), while the lowercase
letters (a–c) denote statistically significant differences between leaves, stem, and root at each treatment
(the bars with various colors) based on Tukey′s test (p < 0.05).

Titanium is a useful element that can aid plant growth by increasing plant photosyn-
thesis and enzymatic activity as well as increasing plant uptake of other nutrients [72]. One
study reported that TiO2 can enhance the absorption rate of micro-and macronutrients,
which could be the main factor in plant growth and biomass [83]. In our study, the role of
TiO2 in increasing the plant biomass was related to an increase in nutrient absorbance by the
plants and reduced toxicity in response to an increase in antioxidant activity. Many studies
have reported that EBL increases plant growth under heavy metal stress [21,84,85]. The
reduction in plant growth by heavy metal toxicity is related to the number of intercellular
metal ions bound to the surface of the cell [86,87]. Our results showed that EBL could
increase the plant biomass and plant growth under heavy metal toxicity, which could be
related to the role of EBL in the reduction in intercellular metal ions, a phenomenon that
has been confirmed in a study on A. obliquus [63]. However, the role of EBL in plant growth
regulation during the stimulation of plant defense mechanisms can also be considered.
Therefore, we hypothesized that EBL increased the plant growth under heavy metal stress
by promoting antioxidant capacity. The increase in Chl as well as carotenoid contents in
response to EBL has been confirmed in many studies [88–91]. Conversely, EBL has the
ability to control cell division and elongation by regulating xyloglucan endotransglucosy-
lase [92,93], thus demonstrating the positive role of EBL on plant growth and development,
especially under stressful conditions. In the present research, the role of the co-application
of TiO2 NPs and EBL in improving plant biomass and plant growth seemed to be related to
the ameliorative mechanisms activated by the levels of both TiO2 NPs and EBL. The appli-
cation of small-sized nanoparticles in the range of 1–100 nm is a new strategy to maintain
plant growth and development under heavy metals and other abiotic stresses. However,
the build-up of TiO2 NPs within the plant organs can have dual effects of growth promotion
and suppression. Titanium dioxide nanoparticles (TiO2 NPs) lead to several beneficial
outcomes on the physiological, morphological, and biochemical traits of some plant species,
which has been indicated in some studies [94,95] as well as our present study. Conversely,
some researchers have reported the detrimental impacts of high levels of TiO2 NPs on
plants [96,97]. These implications might arise due to various environmental conditions,
different plant species, and the applied levels [97,98]. Therefore, the safety/danger of TiO2
NPs for plants depends on a myriad of factors including size, concentration, method of
treatment application, plant type and growth pattern, uptake amount by plants, cellular
chemical properties, translocation rate, and reactivity of TiO2 NPs in various tissues, which
determine NP interaction with a wide array of metabolic activities of the plants that can
thus lead to their advantageous or toxic effects [99,100]. Additionally, the TiO2 NP surface
area, their predisposition for accumulation in tissues, and their inherent reactivity are the
possible reasons for their toxicological repercussions [101]. Therefore, there is a great need
to take the aforementioned variables into careful consideration while applying TiO2 NPs in
the agriculture and food industry, which can minimize health risk for humans. This finding
revealed the effective role of the co-application of TiO2 NPs and EBL in comparison with
TiO2 NPs and EBL individually.

5. Conclusions

Heavy metals are deemed a considerable environmental safety hazard with inhibitory
impacts on plant growth due to the induction of excessive levels of ROS compounds, which
causes oxidative stress in cells and tissues. The use of nanoparticles and phytohormones as
two possible agents that mitigate the deleterious effects of heavy metals has been on the rise
in the recent years. Thus, conducting extensive research using various plant species with
distinct growth and morphological characteristics is needed. Based on our experimental
results, the individual application of EBL as a phytohormone and TiO2 NPs contributed
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to the amelioration of toxicity in bamboo plants under excess Cu and Cd. However, the
co-application of EBL and TiO2 demonstrated a greater effective influence on increasing
plant tolerance under metal toxicity. Therefore, our results indicated that while Cu and Cd
stress led to increased ROS production, causing injury to the plant membrane, by boosting
oxidative activity, the co-application of EBL and TiO2 significantly reduced the ROS content
and oxidative stress in the plants, resulting in an increase in the photosynthetic properties
and an enhancement in the plant growth and development. Conversely, the co-application
of EBL and TiO2 increased the plant tolerance under metal toxicity by reducing the heavy
metal accumulation within the plant and restricting the metal translocation from the roots to
the shoots. Overall, our study revealed the cellular-and tissue-level mechanisms involved
in increasing bamboo plant tolerance to Cu and Cd toxicity through the integrated use of
EBL and TiO2. This result requires further investigation with different plant species.
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