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Abstract: Climatic change, ecosystem imbalance, and soil salinization and desertification are serious
obstacles to the restoration of degraded landscapes. Halophyte cultivation could constitute a way of
mitigating these problems. Frankenia pulverulenta is used in the remediation and revegetation of areas
affected by salinity and as an ornamental plant on saline soils since it can tolerate salt concentrations
up to 200 mM NaCl. To increase saline tolerance, different plant growth regulators (auxins, cytokinins,
gibberellins, spermidine, and salicylic acid) were tested in hydroponic conditions before the addition
of NaCl (300 mM). At 52 days, growth, proline, saline excretion, free polyamines, and ethylene were
determined under both saline and non-saline conditions. All growth regulators improved growth
in the salt-free pretreatment; however, under conditions of salinity, pretreatment with spermidine
(0.5 mM) and then salicylic acid (0.5 mM) were efficient at reversing the inhibitory effect of salt and
improved saline excretion in F. pulverulenta. A strong positive correlation of polyamines and proline,
and a negative correlation with ethylene, indicate that pretreatments that increase endogenous
polyamine content and osmolytes are the most effective in improving salt tolerance of F. pulverulenta
and could be used in the technical guidance of the cultivation of this halophyte.

Keywords: growth; halophyte cultivation; phytohormones; polyamines; proline; salicylic acid; recre-
tohalophyte

1. Introduction

Climate change (i.e., irregular rainfall and extreme temperatures), intensive agricul-
ture, and the poor quality of irrigation water have provoked the degradation, salinization,
and desertification of soils, and led to a loss of agriculture areas, lower crop yields and
imbalances in ecosystems [1,2]. The search for alternatives that can reduce the pressure
on agricultural crops to provide enough food, pharmaceutical products, energy, and other
important products for the world’s population, as well as the restoration of degraded
landscapes, should be a priority area of research in the twenty-first century [3]. Halo-
phytes possess different strategies such as seed heteromorphism, dormancy, seed bank
dynamics, and the ability to recover seed germination after exposure to high salinity and
so improve the chances of seedling survival in diverse habitats [4,5]. These plants also
have morphological (succulence, salt glands, trichomes or bladders), physiological, and
bioquimic attributes (high K* /Na™ selectivity, Na* compartmentalization that prevents
ionic toxicity, osmolyte synthesis favoring osmotic adjustment, xanthophyll cycle involved
in the dissipation of excess excitation energy in the PSII antenna as heat, protecting the
photosynthetic machinery, water use efficiency, activation of antioxidant systems (enzy-
matic and non-enzymatic) to mitigate oxidative damage, and plant growth regulators that
modulate transcription and translation, up-regulating antioxidants and osmolytes) that
allow them to thrive under adverse conditions [6-8]. Thus, any increase in the use and
production of halophytic crops will be an interesting line for future research.
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In saline conditions, plant growth regulators (PGRs) might allow halophytes to better
cope with environmental stress. Plant growth regulators are related to many aspects of
plants’ life cycles. Phytohormones are structurally diverse compounds involved in many
processes such as germination, growth and development, floral initiation, and fruit devel-
opment and ripening. In terms of abiotic stress tolerance, they delay leaf senescence, control
stomata conductance, regulate antioxidant enzymes, and act as signal molecules [9-11].
Auxins (IAA) and cytokinins (CKs) regulate cell expansion and cell cycles, chloroplasts,
vascular tissue, apical dominance, leaf senescence, shoot differentiation, and photomor-
phogenic development. Gibberellic acid (GA) can lead to a significant increase in seed
germination, stem elongation, leaf expansion, and flower and fruit development; however,
little is known about the modulation of phytohormones in halophytes and their responses to
abiotic stress [12,13]. The application of exogenous polyamines (PAs) to crops has recently
been reviewed by Alcdzar et al. [14], who concluded that these small amines (putrescine
(Put), spermidine (Spd), spermine (Spm), and Cadaverine (Cad)) can regulate various phys-
iological processes such as growth, biomass production, photosynthesis activity, osmolytes
accumulation, redox homeostasis, and antioxidant defenses under abiotic stress. Salicylic
acid (SA) is a signaling molecule involved in plant growth and development, and defense
responses under stress conditions, and its exogenous application is used in many plant
species to combat symptoms of toxicity induced by saline stress [15]. Nevertheless, little is
known about the effect of PGR pretreatments on halophytes. Therefore, different PGRs
(IAA, Kinetin, GA3, Spd, and SA) were applied during the cultivation of the halophyte F.
pulverulenta to study their effect on this plant.

Frankenia pulverulenta L. (Fam. Frankeniaceae) is a small annual plant found in saline
endorheic coastal, and continental habitats, being a good indicator of saline soils. It
forms small fragile populations of plants with many-branched spreading stems reaching
15-20 ¢cm, and very small leaves (5-7 mm X 0.7-3.7 mm) and flowers. It blooms from April
to July. Fruit forms in a capsule with two to four valves and tiny seeds [16]. The mainte-
nance of the water content of its aerial parts is aided by the morphological characteristics
of its leaves (inwardly curling towards the abaxial surface) that reduce the loss of water by
transpiration. Pérez-Cuadra and Cambi [17] studied the location of salt glands at epidermal
levels, which are surrounded by radiated epidermal cells. The abaxial epidermis has eglan-
dular trichomes, a morphological adaptation that allows excess salts to be excreted. A high
content of proline, phenols, and polyamines were detected in leaves [18], which provide
the plant with a certain degree of tolerance to saline stress. This halophyte grows well in a
concentration of 200 mM NaCl [18] and is employed in phytoremediation and in revegeta-
tion projects in gardens [19,20], being an important economic source of the production of
ornamental plants [21]. This halophyte is used for medicinal purposes (antiviral effect) and
as a source of neuroprotective molecules for pharmaceutical and cosmetic use due its high
content of secondary metabolites (phenols, flavonoids, and antioxidants) [22-24].

Although the application of PGRs is used to improve crop production, little is known
about their use with halophytes. Frankenia pulverulenta (a recretohalophyte) was grown
as a hydroponic culture in an irrigation solution with the following PGRs pretreatments:
IAA, Kinetin, GA3, Spd, and SA for 10 days, and then NaCl (300 mM NaCl). After 21 days
in saline and non-saline conditions, growth parameters (dry weight and water content),
osmolyte accumulation, saline excretion, endogenous-free polyamines, and ethylene pro-
duction were analyzed. Our aim was to explore which PGR pretreatments produce the
best results in terms of the growth and physiological characteristics of F. pulverulenta under
both saline and non-saline conditions. It is hoped that the results will provide technical
guidance for increasing stress tolerance of these plants and the benefits they can bring.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

Seeds of Frankenia pulverulenta L. present in Brujuelo saltmarsh (GPS location: 37°52'46"" N,
3°40"11"" W) (Jaén province, South Spain) were randomly collected in September 2016. The
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seeds were kept dry at 4 °C until use. Then, they were washed with sterile distilled water
and sown in Petri dishes at 25 £+ 1 °C with a 16 h photoperiod. After 10 days, the most
uniform seedlings were transferred to 1.5 L pots containing a vermiculite substrate. Four
seedlings were sown per pot and cultivated hydroponically using Hoagland nutrient
solution 50% pH 6.5 £ 0.1 [25]. The experiments were conducted in a growth chamber
under the following environmental conditions: photosynthetic photon flux density (PPFD)
500 umol photon m~2 s~!, 400-700 nm, provided by Sylvania Cool White (Osram Sylvania
Inc., Danvers, MA, USA), and Osram Dulux Superstar (Osram Sylvania Inc., Danvers, MA,
USA) lamps, photoperiod 16 h/ 8 h for day/night cycle, temperature (day) 25 °C £ 1°C
and (night) 16 °C £ 1 °C, and a relative humidity of 55-75%. The pots were distributed on
the growing table at random. The plants were watered every two days with Hoagland’s
nutrient solution, excess solution being removed to prevent the solution from pooling
around the roots.

2.2. Experimental Design and Treatments

After the acclimation period (3 weeks in hydroponic conditions), plants were pre-
treated for 10 days with different growth regulators (PGRs) applied to the nutrient solution
before irrigation. These PGRs were:

- Indole-Acetic acid (1 uM)
- Kinetin (1 pM)

- Gibberellic acid (1 uM)

- Spermidine (0.5 mM)

- Salicylic acid (0.5 mM)

The PGR concentrations used were based on previous experimentations and informa-
tion in the literature [15,26,27]. An experimental design of six treatments was established:
(1) control (-PGRs); (2) indole-acetic acid (IAA); (3) kinetin (K); (4) gibberellic acid (GA3);
(5) spermidine (Spd); and (6) salicylic acid (SA) with 12 pots per treatment. Subsequently,
these pots were divided into two groups of six pots, to which two levels of NaCl were
applied: 0 and 300 mM. The NaCl levels were selected according to the germination and
growth trials conducted prior to this experiment. Salt concentrations were increased pro-
gressively to avoid osmotic shock until the required concentrations were reached [18]. Six
pots with 24 plants were grown in free saline conditions, and six other pots with 24 plants
were used in saline treatments. After 21 days of treatment, the plant materials were col-
lected. The F. pulverulenta plants were 52 days old (10 days of PGR pretreatment after
21 days in saline or non-saline conditions).

2.3. Growth Parameters

All plants were used to calculate the fresh weight (FW) (roots, stems and leaves). Part
of the plant material was placed in a forced-air oven at 70 °C for 96 h to determine the dry
weight (DW), water content, osmolytes, and free PAs. The water percentage was calculated
using the following formula: WC (%) = (FW — DW/FW) x 100, in SL (stem and leaves)
and R (roots) [18]. Part of the fresh leaves were washed with distilled water (any soluble
salt crystals were removed from the surface of the leaves and collected for ionic analysis),
and afterwards dried with towels before the fresh weight was determined. Fresh leaves
were also used to determine the ethylene production.

2.4. Determination of Proline

The method described by Bates et al. [28] was used to extract and quantify the proline
(Pro): dry leaves (at 52 days of culture) were homogenized with 3% sulfosalicylic acid
and centrifuged at 1000x g, the supernatant being used for the quantification of Pro. The
endogenous Pro content was determined at 520 nm in a VARIAN spectrophotometer (Cary
4000 UV-VIS, Santa Clara, CA, USA). A standard curve with Pro was used for the final
calculations.
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2.5. Ion Content Measurement of Salt Crystals in Surface Leaves of F. pulverulenta

The aerial parts of the plants treated with salt (300 mM NaCl) were carefully and
rapidly washed in distilled water to remove the soluble salt crystals and to estimate the
excreted soluble salt. Na* concentrations were measured using a flame photometer (Ciba
Corning, Essex, UK), while CI~ was determined with a chloridometer analyzer (MKII
Choride 926, Sherwood, UK) following the same method as used for other recretohalo-
phytes [29].

2.6. Analysis of Free Polyamines

The method used by Bueno et al. [18] was followed. Briefly, dry material was ho-
mogenized in 4% (v/v) cold perchloric acid and centrifuged at 14,000 g for 35 min at
4 °C. Aliquots of the supernatant, and standard pattern (1-6-diaminohexane, cadaverine
and putrescine (dihydrochloride), spermidine (trihydrochloride), and spermine (tetrahy-
drochloride)), were derivatized with dansyl chloride, extracted with toluene and analyzed
by HPLC (high-performance liquid chromatography). Aliquots (20 pL) of the samples
were injected into a reverse phase Spheri-5 C1g ODS (80 A, 4.6 x 220 mm) column and
eluted with a water-acetonitrile variable solvent gradient at a flow rate of 1.5 mL min~!. A
Shimadzu (Kyoto, Japan) LC-10A HPLC equipped with a fluorescence spectrophotometer
(excitation and emission wavelengths were 252 nm and 500 nm band pass) was used to
quantify the dansyl derivatives. A relative calibration procedure was used to determine
free polyamines in samples using 1-6-diaminohexane as an internal standard, and standard
curves of putrescine, spermidine, spermine and cadaverine from Sigma.

2.7. Ethylene Production

The method used by Bueno et al. [30] was followed with minor modifications: fresh
leaves (200 mg) were aseptically transferred to a 5 mL flask containing 50 uL of distilled
water. The flask was sealed with a silicone-rubber stopper and incubated in darkness at
30 °C. After 1 h, a 1 mL gas sample was injected into a HP5890 (series 1I, Hewlett Packard,
Palo Alto, CA, USA) gas chromatograph fitted with a flame ionization detector and a
2 m x 4 mm stainless-steel column packed with 50-80 mesh Poropack-R. The N, Hj, and
synthetic air flow rates were 50, 86, and 400 mL min~?, respectively. Ethylene identification
was based on the retention time compared with an ethylene (CoHy) standard (purity 99.9%).

2.8. Data Analysis

Analyses of variance (ANOVA) of the data were computed using a Statgraphics
Centurion v. 17, provided by the University of Jaén. Significant differences between means
were determined using Tukey’s multiple range test (p < 0.05 and p < 0.01). Pearson’s
correlation coefficients were calculated using the parameters analyzed under saline and
non-saline conditions.

3. Results
3.1. Effect of Pretreatment PGRs under Saline and Non-Saline Conditions

Growth in F. pulverulenta is stimulated at concentration of up to 200 mM NaCl. How-
ever, fresh, and dry weights decrease at 300 mM NaCl compared to the controls grown
under non-saline conditions [18]. Thus, concentrations of 0 and 300 mM NaCl were chosen
for growing this plant. Growth parameters after 52 days of culture are shown in Table 1. In
pretreatments without salt, all PGRs increased the dry weight of the stem + leaves (SLDW)
and roots (RDW). Significant differences (p < 0.05) were found only in aerial parts (except
for 1 uM IAA) (Table 1A), which indicates that there was a better plant growth. In terms of
water content, all pretreatments exerted a positive effect, above all on roots (RWC), with
Kinetin, Spd, and SA having the highest values (Table 1A). In pretreatments PGRs + NaCl
(300 mM) (Table 1B), control, IAA, Kinetin, and GAj all had values that were lower than
those obtained for growth without salt (Table 1A). Nevertheless, pretreatments with Spd
and SA significantly improved all studied parameters and even gave rise to dry weight
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values that were similar to those obtained in pretreatments without salt (Table 1A). The
highest values were found in the pretreatment Spd (0.5 mM) + NaCl (300 mM), which
increased SLDW by 56%, RDW by 44%, SLWC by 4%, and RWC by 17%, compared to
plants treated only with salt (-PGRs + NaCl 300 mM). There was even an increase of 4%
in RWC relative to untreated plants (-PGRs). In Figure 1, it can be observed that the best
growth of F. pulverulenta was cultivated with Spd + salt and SA + salt.

Table 1. (A) Effect of pretreatment PGRs (plant growth regulators) under non-saline conditions, and 1 (B) pretreatment
PGRs with salt (300 mM NaCl) in Frankenia pulverulenta, at 52 days of culture on SLDW (stem + leaves dry weight), RDW
(root dry weight), SLWC (stem + leaves water content), and roots water content (RWC). The values represent means + SE

(n = 16). Different letters next to column represent significant differences between treatments, according to Tukey’s test
(» < 0.05).

SLDW

RDW

A.  Pretreatment PGRs—Salt (g/Plant) (g/Plant) SLWC (%) RWC (%)
Control (-PGRs) 0.1137 4+ 0.0035 b 0.0075 £ 0.0003 a 90.11 £ 0.36 b 65.74 £1.29b
IAA 0.1241 4+ 0.0027 b 0.0080 £ 0.0001 a 92.22 4+ 0.59 ab 7190 £ 095 a
K 0.1443 £+ 0.0031 a 0.0083 + 0.0003 a 9277 £0.37 a 7515+ 094 a
GA3 0.1412 £ 0.0038 a 0.0080 +£ 0.0004 a 92.13 £ 0.90 ab 71.29 £ 0.68 a
Spd 0.1483 £ 0.0010 a 0.0086 £ 0.0003 a 92.60 £+ 0.33 ab 74.03 £ 0.88 a
SA 0.1440 £ 0.0037 a 0.0083 + 0.0003 a 92.35 4+ 0.39 ab 7339 £0.72a
B. Pretreatment PGRs + Salt SLDW RDW SLWC (%) RWC (%)
(g/plant) (g/plant)
Control (-PGRs) + NaCl 0.0912 4 0.0014 b 0.0057 = 0.0005 b 87.81 +0.61b 58.11 + 0.53 ¢
IAA + NaCl 0.0943 + 0.0021 b 0.0071 £ 0.0002 ab 89.21 + 0.54 ab 61.10 + 0.68 be
K + NaCl 0.1033 + 0.0036 b 0.0072 + 0.0004 ab 90.19 + 0.67 ab 65.04 + 0.95 ab
GA; + NaCl 0.0939 = 0.0041 b 0.0059 = 0.0004 b 89.71 £ 0.19 ab 60.40 £ 0.75 be
Spd + NaCl 0.1422 + 0.0032 a 0.0082 - 0.0004 a 91.48 £ 0.31a 68.14 £ 1.23a
SA + NaCl 0.1344 + 0.0067 a 0.0079 + 0.0005 a 91.31 + 0.75a 67.49 + 1.40 a
A A B b o e iR
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Figure 1. Frankenia pulverulenta cultivated with Spd + salt compared to control (A), and F. pulverulenta cultivated with SA +
salt compared to control (B).

3.2. Effect of Pretreatment PGRs under Saline and Non-Saline Conditions on Proline
Accumulation

The osmolyte Pro increased under high salt concentrations [18]. Figure 2A shows the
accumulation of Pro in F. pulverulenta leaves grown with pretreatment PGRs. The maximum
values were observed with all PGRs, whose values increased 2.6-fold when compared to
non-treated plants (no PGRS). The increase in Pro at 300 mM NaCl was 4.2-fold when
compared to the values of Pro (no PGRs) (Figure 2A,B). Pretreatment (Spd + salt) and (SA +
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salt) resulted in higher values of Pro content (Figure 2B), and a 1.4-fold increase compared
to plants grown only with salt.

200
180
160
140
120
100 a

a
80
60
b
40
0 1

No PGRs IAA Kinetin

Proline (nmol g DW)

a a a
GA; Spd SA

| Pretreatment PGRs

(A)

200
180 b b b —
160
140 ¢
120
100
80
60
40
20

Proline (nmol g DW)

No PGRs + IAA +salt  Kinetin + salt GA; + salt Spd + salt SA + salt
salt

| Pretreatment PGRs + salt |

(B)

Figure 2. (A) Proline content in F. pulverulenta leaves cultivated with pretreatment PGRs: 1AA,
Kinetin, GA3, Spd, and SA respect to control (no PGRs). (B) Proline content cultivated with PGRs +
salt: IAA + NaCl, Kinetin + NaCl, GA3 + NaCl, Spd + NaCl and SA + NaCl, respect to control only
with salt (NaCl 300 mM). Values represent means + SE (n = 4). Different letters above bars represent
significant differences between treatments (p < 0.01).

3.3. Effects of Pretreatment PGRs + Salt on Ionic Content in the Leaf-Washing Solution in F.
pulverulenta

Frankenia pulverulenta is a recretohalophyte that can be used in phytoremediation due
to its saline glands that facilitate the excretion of salts from the plant. We aimed to discover
whether any of the pretreatments improved saline excretion. Salt crystals were visible to
the naked eye on the surface of leaves of plants grown with salt (300 mM) (Figure 3).
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Figure 3. Salt crystals on surface leaves of F. pulverulenta.

The mineral analyses of the washing solution showed that similar amounts of sodium
and chloride were excreted to the amounts excreted in the respective controls for Na* and
CI™. The exception was the pretreatment Spd (0.5 mM) and NaCl (300 mM), after which
the increase in Na* was 17% compared to the control (-PGRs and NaCl 300 mM), indicating
that significant saline excretion occurred in this pretreatment (Table 2).

Table 2. Sodium and chloride determination from the leaf washing solution expressed per gram of
freshly rinsed leaves of F. pulverulenta in response to pretreatment PGRs with salt (300 mM NaCl),
after 52 days of culture. The values represent means + SE (1 = 4). Different letters represent significant
differences among pretreatments, according to Tukey’s test (p < 0.01).

Pretreatment PGRs + Salt Na* cr
(mg g—1 FW) (mg g~ 1 FW)
Control (-PGRs) + NaCl 549 +0.15b 1.16 £0.05 ¢
TIAA + NaCl 553 +0.20b 1.46 £ 0.06 b
K + NaCl 5.69 +0.13b 1.38 £ 0.08 bc
GA3 + NaCl 571 +0.10b 1.34 £+ 0.07 bc
Spd + NaCl 645+ 0.21a 193 +0.04a
SA + NaCl 5.72 +0.09b 1.84 £0.04a

3.4. Effect of Pretreatment PGRs on Free Polyamine Content

In general, pretreatments Spd (0.5 mM) — salt and Spd (0.5 mM) + salt in F. pulverulenta
gave the best growth results and physiological characteristics. Therefore, we decided
to measure the endogenous content of free PAs cultivated with different PGRs under
saline and non-saline conditions. The results are shown in Table 3. Putrescine, Spd,
Spm, and Cad were detected, Spd being the triamine with the highest values under non-
saline conditions, while Spd and Spm had the highest values under saline conditions. In
all salt-free PGR pretreatments, Put, Spd, and Cad decreased compared to the control
pretreatments (-PGRs) (Table 3A). Nevertheless, an increase in endogenous Spm (0.64-fold)
was observed, especially in the Spd and SA (0.5 mM) pretreatments. Table 3B shows
the results for the pretreatment PGRs + NaCl (300 mM), in which a significant increase
(p <£0.01) in Spd, Spm, and Cad was observed in all PGRs. Indeed, exogenous Spd and
SA increased 0.38- (endogenous Spd) and 0.31- (endogenous Spm) fold compared to their
respective controls. On the other hand, endogenous Spm and Cad increased one- and 12-
fold, respectively (Table 3B) compared to results obtained from Spd (0.5 mM) without salt
(Table 3A) pretreatments. Therefore, the saline treatments (300 mM NaCl) and exogenous
application of PGRs and, above all, Spd increase the PA pool favor an increase in Spm
that promotes tolerance to abiotic stress. Cadaverine levels also increased under saline
conditions in the Spd and SA pretreatments, which indicated that a modulation of these
amines occurred during the growth of F. pulverulenta.
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Table 3. (A). Effect of pretreatment PGRs — salt, and (B) PGRs + salt (300 mM NaCl) in F. pulverulenta leaves, at 52 days
of culture, on free PAs content: putrescine (Put), spermidine (Spd), spermine (Spm) and cadaverine (Cad). The values
represent means + SE (n = 4). Different letters next to columns represent significant differences among treatments, according

to Tukey’s test (p < 0.01).

Put Spd Spm Cad
A. Pretreatment PGRs—Salt (nmol g—1 DW) (nmol g~1 DW) (nmol g~1 DW) (nmol g—1 DW)
Control (-PGRs) 1.89 +0.09 a 28.47 +0.29 a 7.61 £+ 0.22 bc 0.99 +£0.07 a
IAA 1.76 £0.07 a 23.82 +0.43 bc 10.51 + 0.25 ab 0.73+0.01b
K 1.45 + 0.03 bc 2291 +£0.53 ¢ 11.23 £ 0.89 a 0.87 £ 0.05 ab
GAj3 1.38 + 0.05 ¢ 19.29 +£0.30d 10.45 + 0.58 ab 0.75+0.03b
Spd 1.73 + 0.08 ab 25,51+ 0.25b 12.87 + 0.53 a 0.91 £+ 0.03 ab
SA 1.42 + 0.05 bc 24.10 4+ 0.36 bc 12.04 £ 0.78 a 0.86 + 0.04 ab
B. Pretreatment PGRs + Salt Put Spd Spm Cad
(nmol g—1 DW) (nmol g—1 DW) (nmol g—1 DW) (nmol g—! DW)
Control (-PGRs + NaCl) 1.13+0.05b 18.08 £ 0.76 d 19.37 £ 0.51 ¢ 8.36 £ 0.26 b
IAA + NaCl 1.01 4+ 0.04 be 21.91 £ 0.37 bc 2051 +£0.71¢ 742 +020b
K + NaCl 148 +0.04 a 21.73 4+ 0.44 bc 21.29 4+ 0.69 bc 10.09 £ 021 a
GAj3 + NaCl 0.79 £0.10 ¢ 21.08 £ 0.52 ¢ 21.44 4 0.66 bc 819 +£0.27b
Spd + NaCl 1.02 4+ 0.07 be 2591+ 0.39a 25.85 +0.99 a 1097 + 045 a
SA + NaCl 1.14 +0.06 b 23.97 4+ 0.36 ab 24.75 + 0.74 ab 10.64 £ 0.25a

Total PAs (Put + Spd + Spm + Cad) and ethylene production (C,Hy4) on leaves of F.
pulverulenta are shown in Table 4. The results indicate a marked decrease in ethylene but an
overall increase in PA levels under saline conditions, which may indicate that this decrease
in ethylene will contribute to an increase in endogenous PA content.

Table 4. (A). Effect of pretreatment PGRs — salt, and (B) PGRs + salt (300 mM NaCl) in F. pulverulenta
leaves on total PAs and ethylene production. The values represent means + SE (n = 4). Different
letters next to columns represent significant differences among treatments, according to Tukey’s test

(p <0.01).

A. Pretreatment PGRs—Salt

Total PAs
(nmol g—1 DW)

Ethylene
(nmol g1 FW h-1)

Control (-PGRs)
IAA
K
GA3
Spd
SA

38.95 £ 0.352 ab
36.83 £0.596 b
36.64 £ 0.626 b
31.88 +0.301 ¢
41.01 £0.759 a
38.41 £ 0.132 ab

0.636 + 0.021 a
0.560 £ 0.026 ab
0.452 £ 0.031 b
0.491 £ 0.027 b
0.569 + 0.025 ab
0.456 £ 0.020 b

B. Pretreatment PGRs + Salt

Total PAs
(nmol g—! DW)

Ethylene
(nmol g~ FWh™?))

Control (-PGRs) + NaCl
TAA + NaCl
K+ NaCl
GA;3 + NaCl
Spd + NaCl
SA + NaCl

46.95 £1.077 d
51.00 + 1.154 cd
54.60 £ 1.193 bc
51.50 + 0.835 cd
63.769 + 1.908 a
60.50 £ 1.121 ab

0.364 + 0.019 a
0.323 £ 0.025 ab
0.215+0.019 ¢
0.211 £0.028 ¢
0.255 £ 0.014 bc
0.235 £ 0.016 be

It interesting to note the negative correlation between Put and Pro (r = —0.77; p < 0.01),
ethylene and Pro (r = —0.91; p < 0.01), and ethylene and Spm (r = —0.90; p < 0.01), and
the positive correlation between Spm and Pro (r = 0.97; p < 0.01), Cad and Pro (r = 0.93;
p < 0.01), and total PA and Pro (r = 0.90; p < 0.01) (Table 5).
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Table 5. Correlation coefficient among all parameters studied in F. pulverulenta cultivated in saline and non-saline conditions
(p < 0.05%p < 0.01**).

SLDW RDW SLWC RWC PRO PUT SPD SPM CAD Total PAs C,H,

SLDW 1

RDW 0.812 ** 1

SILWC 0.835 ** 0.768 ** 1

RWC 0.872 ** 0.805 ** 0.864 ** 1

PRO —0.283 —0.290 —-0.319 —0.476 ** 1

PUT 0.3067 0.397 * 0.393 * 0.516 ** —0.777 ** 1

SPD 0.4055 * 0.480 ** 0.373* 0.395 * —0.281 0.473 ** 1

SPM —0.316 —0.329 * —0.373* —0.528 ** 0.972 ** —0.745 ** —0.189 1

CAD —0.450 ** —0.427 ** —0.505 ** —0.648 ** 0.937 ** —0.686 ** —0.225 0.952 ** 1

Total PAs —0.269 —0.245* —0.334* —0.481 ** 0.904 ** —0.594 ** 0.082 0.951 ** 0.937 ** 1
CH, 0.365 * 0.378 * 0.312 0.496 ** —0.918 ** 0.697 ** 0.315 —0.905 ** —0.890 ** —0.832 ** 1

4. Discussion

Exogenously applied PGRs enhance growth and abiotic stress tolerance in numerous
species [14,31,32]. The application of PGRs under saline conditions alleviates the inhibitory
effects of salt on growth (increases in the root:shoot ratio), morphological (leaf area, dry
mass) and physiological (stomatal conductance, photosynthetic rate) characteristics, and
productivity [33]. This research could provide useful information for the application of
these PGRs when cultivating the halophyte Frankenia pulverulenta for ornamental and
phytoremediation purposes. We focused on the application of auxins, cytokinins, and
gibberellins, little studied in work on abiotic stress tolerance, and Spd and SA, two growth
regulators with positive effects on saline stress tolerance.

In the salt-free pretreatments, all PGRs increased their values for both dry mass
and water content compared to untreated plants (Table 1A). Growth regulators act on
multiple cellular and physiological processes of growth and plant development. More
specifically, CKs stimulated cell elongation (shoot and roots), cell division, and up-regulate
gene CK production to delay senescence. Auxins cooperate with CKs in the regulation
of cell cycles and cell expansion, and especially in the formation of lateral roots. GAs are
implicated in seed germination, stem elongation, and fruit development [34-36]. These
findings coincide with the greater growth obtained in F. pulverulenta cultivated with PGRs.
Plant growth regulators may also allow plants to adapt to saline stress. In pretreatment
PGRs + salt, Spd had the greatest effect of all the PGRs on water content and dry mass,
and thus on photosynthetic activity and growth. Polyamines offer specific protection to
photosynthetic tissues and play a key role in the structural organization and functional
activity of thylakoids in the chloroplast of stressed tissues [37]. Salicylic acid was also
effective in promoting the growth of F. pulverulenta. It is well known that SA ameliorates
toxicity symptoms provoked by saline stress. Nevertheless, the effect of exogenous SA
on growth is dependent on concentrations (concentrations of 1 mM are excessively high),
type of stress, time of exposure, and the plant species, which suggests that each halophyte
species will respond differently to SA treatment and that this type of treatment may
benefit some plants but not others [15]. In general, few studies of the effect of PGRs on
halophytes have ever been conducted. One of most studied plants is the extreme halophyte
Mesembryanthemum crystallinum, in which the application of CKs or GAs increases the
expression of the key enzyme PEPCase, which is correlated with increases in proline
and other osmolytes [13,38]. By contrast, in the halophyte Prosopis strombulifera, Kinetin
application varies with different types of salt and high salinity increases the levels of this
hormone [39]. Indole acetic acid is also implicated in the stress response of Suaeda fruticosa
and Atriplex halimus, in which an increase in NaCl significantly increased IAA levels in the
roots of both species. Conversely, in Prosopis strombulifera, low IAA levels were observed.
Therefore, for each halophyte studied, it will be necessary to investigate which is the best
pretreatment for stimulating growth and improving productivity [11,40].

In general, while glycophyte limit sodium uptake from saline soil to the plant, however,
most halophytic dicots accumulate toxic ions in the plants’ shoots to increase osmotic
pressure and maintain cell turgor in the leaves [7]. Frankenia pulverulenta is a dicotyledonous
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halophyte that accumulates toxic ions (Na* and C17) in its aerial parts. Part of the salts
are excreted through its saline glands while another part accumulates in the vacuoles,
which allows cell turgor to be maintained in the leaf tissue [18]. For this reason, we
focused our study on the Pro, PAs, saline excretion, and ethylene on leaves. Among other
strategies, halophytes tolerate salinity by accumulating osmolytes such as Pro, glycine-
betaine, sugars, polyols, and PAs that help stabilize subcellular structures and scavenging
ROS (inhibiting lipid peroxidation of membranes), and buffer the cellular redox potential,
which favors osmotic adjustment and water absorption. Proline is the most frequent
osmolyte found in halophytes [41]. In leaves of F. pulverulenta, high levels of Pro were
detected with increases in salt levels (especially at 300 mM NaCl) [18]. Pretreatments
without salt increased Pro levels (Figure 2A). High Pro levels can serve as a nitrogen
source during growth and development, and its metabolism is linked to several key
pathways such as pentose phosphate and tricarboxylic acid and contributes to purine
synthesis and the phenylpropanoid pathway [42]. In plants pretreated with salt (Figure 2B),
Pro levels were higher than in the salt-free pretreatments, and Spd (0.5 mM) + NaCl
(300 mM) and SA (0.5 mM) + NaCl (300 mM) had better growth and water content.
The accumulation of Pro may represent a major physiological adaptation in plants for
osmotic adjustment and homeostasis redox. Some PGRs such as PA increase N levels and
endogenous Pro content [43]. Salicylic acid application also boots Pro levels by increasing
nitrogen assimilation and improving photosynthesis [44].

In general, halophytes are used for multiple purposes, including transgenic ap-
proaches that can identify potential genes for improving salt tolerance in glycophytes [45].
In addition, halophyte cultivation can also be used for desalinating degraded soils and
revegetation [46-49], biosaline agriculture [50,51], biofuel-producing crops [52], forages
and fodder, and the production of secondary metabolites with medicinal uses [3]. Salt
excretion is an important desalinization mechanism that can contribute to revegetation
using native halophytes and the rehabilitation of salt-affected land. We studied the effect
of PGR pretreatments + salt on the excretion of saline solution in F. pulverulenta (Table 2).
Most PGR pretreatments had higher values for the excretion of Na* and CI~ through their
saline glands than the controls (-PGRs + salt). However, only pretreatment Spd (0.5 mM) +
NacCl (300 mM) showed any significant increase in salt excretion. More in-depth studies
are still needed if we are to determine whether the amount of salt excretion can reduce
the salt content of soils and create conditions for glycophyte cultivation (salt-sensitive
plants). Ben Hassine et al. [53] have proposed that PAs (especially Spd and Spm) could
be involved in saline excretion mechanisms and reduce the influx of Na* into mesophyll
cells by redirecting it towards the organs of saline excretion, which may explain our results.
Subsequently, Pottosin and Shabala [54] discovered that PAs are involved in the transport
of cations through the tonoplast and plasma membranes, as well as the regulation of ion
homeostasis, under saline conditions. Salt excretion activity is mediated by multi-cells
and multi-genes, and several exist strategies have been identified [55]. Nevertheless, more
study is still required to determine the potential of applying other recretohalophytes to
saline land.

The best pretreatment used in the halophyte cultivates was Spd + salt, which prompted
us to analyze the endogenous PA content. In this sense, ornithine and arginine are pre-
cursors of Put (diamine), while Spd (triamine) and Spm (tetraamine) are synthetized
from Put via Spd synthase and Spm synthase, respectively, by the addition of the amino-
propyl groups generated by S-adenosylmethionine decarboxylase from SAM (S-adenosyl-
L-methionine). Spermidine, Spm, and ethylene share a common precursor [56,57]. Salt
modifies the accumulation of PAs in F. pulverulenta leaves and increases Spd, Spm, and
Cad levels, whereas in non-saline conditions, only endogenous Spm increases (Table 3A,B).
Obviously, exogenous Spd increases the content of this triamine and favors the formation
of Spm. The drop in ethylene could contribute to an increase in the total PA levels through
SAM (Table 4). Therefore, competition for the SAM could be between ethylene and PA
biosynthetic pathways. On the other hand, exogenous Spd application could increase PA
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biosynthetic enzyme levels without altering PA degrading enzymes, thereby favoring PA
accumulation (Spd and Spm) as occurs in zoysiagrass subjected to saline stress [27]. We
have previously analyzed the function of PAs in halophytes [58] and noted the key role
played by this amine in protecting the photosynthetic apparatus and membranes, maintain-
ing ion balance, mitigating oxidative stress, and reducing the accumulation of heavy metals
in certain salt-tolerant species. Pretreatment with Spd (0.5 mM) + salt exerts a protective
effect by improving growth and other physiological characteristics in F. pulverulenta. It is
well known that PA applications and transgenic plants with over produced PAs played
protective roles under abiotic stress conditions, while reduced PA levels in vivo result
in lower stress tolerance [56,59,60]. All these studies lead us to highlight the protection
against salt stress provided by PAs. On the other hand, salt always increases Cad levels in
F. pulverulenta [18]. The diamine Cad (1.5-diaminopentane) is a lysine catabolite related
to plant growth and development, and its levels always increase in plants when exposed
to drought and salt stress [61,62]. Under stress conditions, Cad accumulation has been
proposed to compensate for the decrease in the content of the Put-family PAs [63]. Based
on the correlation matrix (Table 5) and the analyzed parameters, it is worth underlining the
negative correlation between Put, Pro, and ethylene, and the positive correlation between
Pro, Spm, Cad, and total PAs. This indicates that PGRs + salt modulate the levels of these
amines, thereby favoring the mechanisms of homeostasis redox and antioxidant activities,
key roles played by these amines. Our results confirm the potential application of PAs to
improve growth and benefits of F. pulverulenta against stress.

5. Conclusions

Recretohalophyte culture can help reduce lower environmental temperatures, desalin-
ize soils, and reestablish ecosystems. Exogenous PGR application stimulates growth and
saline excretion in the halophyte F. pulverulenta and improves the physiological characteris-
tics of this plant. The most efficient pretreatment in both non-saline and saline conditions is
Spd. Spermidine application enhances stress tolerance up to 300 mM NaCl, by modulating
cellular PA levels and has a demonstrable role in protecting against salinity. The pool of
PAs is increased when adding exogenous Spd to nutritive solutions and favor the formation
of Spm. Cadaverine is also increased and improves growth and mitigates the effects of
saline stress. These PAs probably act via the maintenance of photosynthetic activity, the
accumulation of osmolytes and the modulating of the homeostasis redox. In the case of SA,
a positive effect was also observed in F. pulverulenta, as it mitigated the toxicity effect of
saline stress, albeit to a lesser degree than with the PAs. Auxins, CKs and GAs stimulated
growth less well than Spd and SA, above all under saline conditions. Therefore, PA ap-
plication could further improve halophyte cultivation in saline and non-saline conditions
and increase its potential uses in phytodesalination and as ornamental plant. Nevertheless,
more work is still needed to determine which is the best pretreatment for stimulating
growth and productivity in each halophyte considering the large number of applications
that these plants have (phytoremediation, biosaline agriculture, biofuel-producing crops,
forages, and medicinal uses).
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