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Abstract

Salt stress is one of the most important abiotic stresses that limits plant growth and development. In high salinity environments, plants adapt to stress
mainly by changing their appearance and cell physiological metabolism. Iron is an important trace element in plant growth and development. It is not only
an important factor affecting plant photosynthesis but also an ion to maintain plant homeostasis. To ensure the efficient utilization of iron nutrition, Fe (Il)
EDTA is usually used in iron supplementation of plants. In this study, the aim was to investigate the effects of excessive iron (Fe (Il) EDTA) on physiological
responses and expression levels of salt-tolerance-related genes in seashore paspalum under salt stress. The results showed that the salt toxicity could be
alleviated by applying appropriate excess Fe () EDTA under salt stress. Plant biomass, chlorophyll content, net photosynthetic rate (Pn), photochemical
efficiency (Fv/Fm), and root activity were improved by excess Fe (Il) EDTA under salt stress. High concentration Fe (ll) EDTA significantly reduced Na* content,
increased K*/ Na*, and significantly increased Ca**, Mg?*, Mn?*, and Fe?* contents in seashore pasplum roots under salt stress. The expression levels of salt-
tolerance related genes (PvSOS1, PvCIPK24, PvCBL4 (Na*/H* transporter), PvHKT1 (K* transporter), PvPHA, and PvVHA (proton pump) were significantly
increased by excess Fe (Il) EDTA under salt stress. Therefore, the results of this study suggested that excess Fe (Il) EDTA treatment can effectively enhance salt
tolerance of seashore paspalum by maintaining ion balance.
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Introduction

Salt stress is one of the important abiotic stresses that restricts
plant growth and development!’-2, The symptoms of salt damage to
plants are mainly manifested in leaves, such as changes in leaf color,
brown-yellow necrosis at the leaf edge, and leaves becoming
fleshy3l. Long-time salt stress inhibited the growth of turfgrass. It
significantly inhibited leaf weight, branch dry weight, and branch
length of turfgrass, increasing dry weight ratio of underground and
aboveground biomass!l. Salt stress inhibited the growth and
biomass of tall fescue (Festuca arundinacea) and seashore paspalum
(Paspalum vaginatum)561,

Plants have developed a series of adapting mechanisms to survive
under salt stress. Under high salinity treatment, plants active the
synthesis or accumulate organic (pro-line, soluble sugar, betaine,
and glycerol, etc.) or inorganic substances (Na*, K+, Cl-, Ca2+, SO,2-,
Mg?*, and NO;~, etc.) in cells to enhance the dehydration tolerance
and regulate the osmotic stress”). Plants can also activate their
antioxidant system and the synthesis of stress-related hormone
(abscisic acid) response to salt stress®9. Under salt stress, plants
have to modulate Na*/K+ homeostasis. High-affinity potassium tran-
sporter, HKT1, provides Na* exclusion and maintains a high K*/Na+*
ratio in leaves during salinity stress!'%l, The SOS pathway also main-
tains the Na* homeostasis and transports excess Na* from the
cytosol to the apoplast to prevent the accumulation of Na+ to toxic
levels,

Iron (Fe), one of the nutrient microelements, is essential to plant
growth and development, it is involved in many physiological and
biochemical reactions in living organisms['213, Iron not only plays
an irreplaceable role in photosynthesis, cellular respiration, and
electron transport but also participates in plant growth and stress
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responsel’3], To ensure the efficient utilization of iron nutrition, che-
lated iron (such as Fe-EDTA) is widely used in agricultural produc-
tion based on its ease of solubility and stability('., Iron deficiency
will affect the growth and development of plants, and will cause
significant economic losses['®l, However, it is also suggested that
excess iron is toxic to plantsl'®l. Thus, regulating ions homeostasis to
avoid both iron deficiency and toxicity is crucial for plantst'7l,

Salt stress causes osmotic stress in plants, and the homeostasis of
ions in cells is destroyed. High concentrations of salt ions reduce the
absorption of other nutrient ions, leading to the imbalance of
nutrient elements, cell metabolism disorder, and death[3'8], Exces-
sive Na* accumulation in plant roots limited the absorption of iron
and resulted in the imbalance of iron under salt stresst'929], Now, it is
well documented that excess iron could alleviate salt toxicity in
plants under salt stress'2211. Iron could enhance the activity of anti-
oxidative enzymes, scavenge reactive oxygen species (ROS) and
thereby enhance cell defense mechanisms against salinity22-241,
Under salt stress, appropriate excess iron reduce the accumulation
of Na* in chamomile and improve the absorption of K+'2, Another
study showed that excessive iron increased the contents of Fe2*,
Zn?*, and K* in shoots of tomato, and increased the activities of cata-
lase (CAT), and ascorbate peroxidase (APX) in leaves under salt
stress24, These results indicate that excessive iron can alleviate the
adverse effects of salt stress on plants to a certain extent.

The objectives of the present study were to select an appropriate
excess iron (Fe () EDTA) concentration for improving salt tolerance
of seashore paspalum plants, analyze tissue-specific responses of
ion contents, and detect the expression level of salt tolerance regu-
lating genes in seashore paspalum plants exposed to salt stress and
excess iron.
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Materials and methods

Plant material and growth conditions

Plants of seashore paspalum ('Sea Isle 2000) were vegetatively
propagated from erect stems cultivated in the grass germplasm
resource nursery at Nanjing Agricultural University (Nanjing, Jiangsu
Province, China). Ten erect stems were randomly selected and fixed
with a sponge on a circular foam board and the plants were fixed
with six sponges. The plants were then cultivated in hydroponic
culture in plastic containers (10 cm in height and 15 cm in diameter)
filled with 1 L half-strength Hoagland's nutrient solution?*! in a
growth chamber. The nutrient solution was replaced once every 3 d
and not ventilated during the cultivation and treatment. Plants were
established in the growth chamber for 20 d with 30/25 °C day/night
temperatures with a 14 h photoperiod with 6,000 LX light intensity.
The plants cultivated in one plastic container represented an inde-
pendent biological repetition, and three independent biological
repetitions were used in each different treatment in this study.

Screening of iron concentration threshold

Seven different Fe (Il) EDTA concentrations were used in the expe-
riment: 0 yumol, 10 umol, 20 umol, 30 umol, 50 umol, 80 umol, and
100 umol. After 10 d of treatment, plant phenotypes were observed
and photographed.

Experimental design of excessive iron on salt stress

Four treatments were designed to explore the effect of iron
nutrition on salt tolerance of seashore paspalum: The control group
(C): 20 uM Fe (I1) EDTA + 0 mM NaCl; salt treatment (CS): 20 uM Fe (Il)
EDTA + 250 mM NaCl; excessive iron treatment (E): 80 uM Fe (Il)
EDTA + 0 mM NaCl; excessive iron and salt treatment (ES): 80 uM Fe
(1) EDTA + 250 mM NacCl. 1/2 Hoagland nutrient solution including
NaCl or Fe (Il) EDTA were added at once. Samples were takenon 0 d
and 10 d of salt stress treatment for physiological and ion content
analysis.

Leaf photochemical efficiency (Fv/Fm) and relative
chlorophyll content (SPAD)

Leaf photochemical efficiency (Fv/Fm) was measured using a fluo-
rescence induction monitor (OPTI-Sciences, Hudson, USA). Leaves
were dark-adapted for 30 min before the measurement. Relative
chlorophyll content (SPAD) was measured using the chlorophyll
meter (SPAD-502, Konica Minolta, Japan).

Chlorophyll content

The chlorophyll content of leaves was measured according to the
method of Hiscox & Israelstam(26], Leaf chlorophyll was extracted by
soaking 0.05 g fresh samples in 10 mL dimethyl sulfoxide (DMSO)
and kept in the dark until full extraction. The absorbance was
measured at 665 nm and 649 nm using a spectrophotometer (Ultro-
spec 2100 pro, Amersham, USA), and the concentration of chloro-
phyll was calculated according to the following equations: C, =
13.95 X Aggs — 6.88 X Agsg; Cpy = 24.96 X Agag — 7.32 X Aggs; Chloro-
phyll (mg/g DW) = (pigment concentration X extraction liquid
volume)/dry weight.

Electrolyte leakage of leaves (EL)

Electrolyte leakage (EL) of leaves was measured according to the
method of Blum & Ebercon?’l. About 0.2 g of fresh leaves were
weighed and placed into a 50 mL centrifuge tube containing 30 mL
deionized water. The centrifuge tubes were placed on a shaker for
24 h at room temperature and the initial conductivity (C,) was
measured. Afterward, leaf tissues were killed by autoclaving at
121 °C for 15 min, and the final conductivity (C)) was measured after
the tubes were placed back on the sharker for another 24 h. The EL
was calculated as: EL = Co/C, x 100%.
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Net photosynthetic rate of leaves (Pn)

Net photosynthetic rate (Pn) of plant leaves was measured using a
LI-6400XT portable photosynthesis system (LI-COR Inc., NE, USA)
equipped with a standard 2 cm x 3 cm chamber with light-emitting
diode light sources. All the measurements were taken under a light
intensity of 600 pumol/m?/s and at a CO, concentration of 400
pumol/mol with a constant flow rate of 300 umol/s.

Root activity

Root activity was measured using the TTC method!28], Five mL of
0.4% TTC solution (m/v) and 5 mL of phosphoric acid buffer (pH =
7.0) were added into 0.5 g root tip samples. The roots were
completely immersed in the solution and kept in darkness at 37 °C
for 1-2 h. Then, 2 mL of 1 mol/L sulfuric acid was added to termi-
nate the reaction. The liquids were then removed and the remained
root samples were ground thoroughly with 4 mL ethyl acetate. The
supernatants were collected in a new test tube and the final volume
was adjusted to 10 mL with ethyl acetate. The absorbance was
measured at 485 nm using a spectrophotometer (Ultrospec 2100
pro, Amersham, USA), and root activity was calculated as follows:
Root Activity = TTC reduction amount/(1,000 X root weight X reac-
tion time) [mg TTF/(g-h)].

lon content

Plant samples were taken on 0 d and 10 d after salt stress treat-
ment and the shoots and roots were separated, oven-dried to a
constant weight, and ground to a fine powder. About 0.1 g ground
sample was decomposed for 45 min at 160 °C by a microwave
(ETHOS ONE, Milestone, Italy), using 3 mL 65% nitric acid as the
digestion solution. After that, the liquid was diluted to 30 mL with
deionized water. The contents of K, Na, Fe, P, Ca, Mg, Mn, Zn, and Cu
ions were determined by an ICP-OES (Optima 8000, Perkin Elmer,
USA). The ranges of calibration were 0-60 mg/L (Na, K), 0-30 mg/L
(P, Ca), 0-10 mg/L (Mg, Mn), 0-2 mg/L (Zn), 0-0.2 mg/L (Fe, Cu),
respectively. Seven concentrations were diluted according to a hal-
ving gradient of each calibration, respectively.

Total RNA extraction, cDNA synthesis, and qRT-PCR
analysis

Total RNA was extracted from seashore paspalum roots which
were collected on the 10t day. Using Plant RNA Kit (R6827, Omega,
USA), and then reverse-transcribed to cDNA using MonScript™ RTIII
Super Mix with dsDNAse (MR05201, Monad, China). qRT-PCR analy-
sis was performed with Roche LightCycler480 Il machine (Roche
Diagnostic, Rotkreuz, Switzerland) and the MonAmpTM ChemoHS
gPCR Mix (MQO00401, Monad, China) as the intercalating dye to
detect gene expression level. The operating procedure included 1 x
gPCR mix, 0.2 uM primer, 10—200 ng/uL cDNA template, and nucle-
ase-free water up to 20 pL. Thermocycling conditions for a PCR:
95 °C, 10 min; 95 °C, 10's, 55-65 °C, 10°s, 72 °C, 30 s, 40 cycles.

Gene expression levels were calculated by the 2-2ACT method(?°]
with PvEF1a as the reference gene. Primer sequences are listed in
Table 1.

Statistical analysis

All experimental data were statistically analyzed and processed by
SPSS (Statistical Package for the Social Science, Chicago, IL, USA) and
Excel. The analysis of data types used single factor analysis of
variance.

Results
Selection of optimum concentration of Fe (ll) EDTA

To screen the iron absorption threshold of Sea Isle 2000, seven
iron concentration gradients were designed. As shown in Fig. 1,
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plants provided with 0 and 10 pM Fe-EDTA showed obvious iron
deficiency symptoms, with yellow leaves and stems. SPAD and
Fv/Fm of leaves increased with the increase of iron concentration
until 20 uM and tended to be relatively stable when iron concentra-
tion was higher than 20 pM, and SPAD content peaked at 80 uM Fe
(I EDTA (Fig. 1). Based on these results, the iron concentration
threshold for normal growth of Sea Isle 2000 was set at 20 uM and
80 uM Fe (Il) EDTA was selected for the excess iron treatment in the
following experiment.

Effect of excessive Fe (Il) EDTA on salt tolerance of
seashore paspalum

Under non-stress conditions, excessive iron (80 uM Fe () EDTA)
had no significant effect on plant appearance, biomass, and root

Grass
Research

activity (Fig. 2). Under salt stress condition, plants with excessive
iron (80 uM Fe () EDTA) showed greener appearance, significantly
higher shoot biomass and root activity than plants with optimal iron
(20 uM Fe (I1) EDTA). Excessive Fe (ll) EDTA had no significant effects
on electrolyte leakage, chlorophyll content, Fv/Fm, and Pn under
non-stress conditions, but helped to maintain significantly higher
chlorophyll content, Fv/Fm and Pn and lower electrolyte leakage
under salt stress (Fig. 2).

Effect of excessive Fe (ll) EDTA treatment on ion
content of seashore paspalum under salt stress

The ion content of K*, Na*, P, Cazt, Mg?*, Mn2*, Zn2+, Fe2*, and
Cu?*, as well as Na*/K* ratio in roots and shoots showed no signifi-
cant difference before salt stress. Salt stress significantly increased
the content of Na* and the ratio of Na*/K* in both shoots and roots.
However, excess Fe (Il) EDTA increased the content of K*, decreased

Table 1. Primers of genes used for RT-PCR analysis. the ratio of Na*/K* in roots, reduced the content of Na* in roots, and
Gene Primer sequences 5'-3' (RT-F/RT-R) increased Na* content in shoots under salt stress. Salt treatment
PvSOS1 GCTTGAAGAGGGACGAATAAA/ACGAAGAAATGCAGCACAGAT Signiﬁcantly reduced the content of P in roots, while excess Fe (")
PVCIPK24  GGCTTAATGAGGTGTTGGCTG/TGGTAAACTCCTTTGCTGTGG EDTA had no significant effect on P content. In addition, excess Fe
PvCBL4 ~ GCGCCGACATCAGACAAGA/CGAGCAATGCCAAGACCAT (1) EDTA increased Ca2?* content under salt stress and significantly
PvPHA CAGGAAGTACCCGAGAAATCA/CGTTAACACCAAGAACAAGAGC increased the content of Mg+ in roots regardless of salt stress.
PWHA  CTCTCCTCCTGGTGGTGGTTT/CCTCACGTGCTTTTGTCCTAATAT Excessive Fe (Il) EDTA also affected the changes of trace elements
PvHKTI g(c:’éTGCACTCGTAGCCAZCZTGTGCC/TGCAGTEEGCAGEEWETC(G:TC in Sea Isle 2000 under salt stress. Salt stress decreased the content of
PvEFTa ACTGTGCTGTGCTTATC/AGTGGTGGCATCCATCTTGTT MnZ+* in roots, but increased its content in shoots. Excessive Fe (ll)
0 ymol/L 10 ymol/L 20 pmol/L
30 pmol/L 50 pmol/L 80 pmol/L
100 pmol/L
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Fig. 2 The appearance and physiological indexes of seashore paspalum under different treatments. (a)—(d) The control group. (e) The treatment of 20
UM Fe (I1) EDTA + 0 mM NaCl (C); (f) The treatment of 20 uM Fe (Il) EDTA + 250 mM NaCl (CS); (g) The treatment of 80 uM Fe (Il) EDTA + 0 mM NaCl (E); (h)
The treatment of 80 uM Fe (ll) EDTA + 250 mM NaCl (ES). (i)—(n) Physiological indexes of biomass, electrolyte leakage (EL), root activity, chlorophyll
content, net photosynthetic rate (Pn), and leaf photochemical efficiency (Fv/Fm) successively, the mean value and standard error were obtained from 3
biological replicates of every physiological index, and the significance difference level p < 0.05.

EDTA significantly increased the content of Mn2* in non-stress and
alleviated the decreasing trend of Mn2+ under salt stress in roots.
Excessive Fe (Il) EDTA increased the contents of Fe2+ and Cu2* under
non-stress conditions and increased the Fe2* content in roots under
salt stress.

Excessive Fe (Il) EDTA increased the expression of ion
transporter in seashore paspalum under salt stress

To further clarify the molecular mechanism of excess Fe (Il) EDTA
on improving salt tolerance of seashore paspalum, the expression
level genes of encoding ions transporter (PvSOS1, PvHKT1, PvCIPK24,
PvCBL4), proton pump (PvPHA, PvVHA) in the roots of Sea Isle 2000
were analyzed. The result showed that salt stress decreased the
expression level of PvSOS1, PvCIPK24, PvCBL4, PvHKT1, and PvPHA,
while excessive Fe (Il) EDTA significantly improved their expression
under salt stress (Fig. 3a—e). Under normal conditions, the expres-
sion of PvCBL4, PvHKT1, and PvPHA were lower when iron was exces-
sive (Fig. 3c—e). PvWHA didn't show significant changes in response
to salt stress but significantly increased in response to excess Fe (II)
EDTA under both control and salt stress (Fig. 3f).
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Discussion

Effects of excess Fe (II) EDTA on growth and physi-
ology of seashore paspalum under salt stress

Iron deficiency directly leads to decreased or even stopped
chlorophyll synthesis, significantly decreased photosynthetic rate,
yellowing of leaves, decreased biomass, and other symptoms!'2., In
the process of exploring the iron nutrient threshold of seashore
paspalum, it was found that the symptoms of iron deficiency
occurred when the iron concentration was lower than required for
plant growth. Nevertheless, there was no iron deficiency in seashore
paspalum when the Fe (Il) EDTA concentration was higher than
20 pM (Fig. 1). Therefore, 20 uM Fe (Il) EDTA can be used as an opti-
mum concentration of iron for studying iron absorption in seashore
paspalum.

The report referred that a homeostasis and high availability of
iron improved the biomass and quality of plants!’>l. EDTA acts as a
chelating function, increasing the solubility and stability of inor-
ganic ions, while excess EDTA reduces the biomass of plantsB%. In

Zheng et al. Grass Research 2025, 5: €002
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the present study, salt stress inhibited the growth of seashore
paspalum under 20 uM Fe (ll) EDTA, while the biomass of samples
treated by 80 uM Fe (ll) EDTA was higher substantially compared
with 20 uM Fe () EDTA under salt stress. It indicated that excessive
iron changed the adverse effect of EDTA on biomass. Previous
studies have shown that chlorophyll synthesis and photosynthesis
in plant leaves are strongly inhibited when plants are exposed to
high salinity, which limits plant growth and development3'32, In
the present study, salt stress reduced chlorophyll content and
photosynthesis of seashore paspalum, while excessive Fe (ll) EDTA
reduced chlorophyll degradation, and significantly increased chloro-
phyll content, and photosynthetic capacity of leaves (Fig. 2). Chloro-
phyll is the main pigment for photosynthesis located on the
thylakoid membrane, but the stability of the thylakoid membrane is
affected by stressi33l. Under salt stress, the activities of chlorophyll
degradation enzymes are activated, resulting in chlorophyll degra-
dation and a decrease in leaf photosynthesisi®4l. Leaf photochemi-
cal efficiency (Fv/Fm) is the maximum photochemical quantum yield
of PSII or the light energy conversion efficiency reflecting the maxi-
mum PSII, which has little change under abiotic stress and is inde-
pendent of species and growth conditions, and it is the survival
mechanism of plants to adapt to stressB336l In the present study,
Fv/Fm decreased under salt stress but increased by excessive Fe (Il)
EDTA treatment (Fig. 2). According to the above, excessive Fe (Il)
EDTA under salt stress can enhance the photosynthetic capacity of
plants, maintain the viability and growth potential of seashore
paspalum, and improve the salt tolerance.

Effects of excess Fe (Il) EDTA on ion contentin
seashore paspalum under salt stress

Salt stress seriously affects the balance of inorganic ions in plants,
and the sharp increase of Na* inhibits the absorption of other ions in
plantsi37:38. When plants were supplied with excessive iron, the
accumulation of Na* was reduced and increased the absorption of

Zheng et al. Grass Research 2025, 5: €002

K+ and Fe2['2, In this study, excessive Fe (ll) EDTA significantly
increased K* content in roots under salt stress, while the accumula-
tion of Na* and the ratio of Na*/K* decreased significantly (Table 2).
It is supposed that excessive Fe (ll) EDTA can promote the absorp-
tion of K*, and reduce the content of Na* in roots, thereby reducing
the accumulation of harmful ions and maintaining the homeostasis
of ions in roots, and improving the salt tolerance of plants.

In this study, it was found that the CaZ* content under salt stress
was not significantly different from that under normal growth con-
ditions, but it was significantly increased by excessive Fe (Il) EDTA
treatment (Table 2). Ca2* is known as a second messenger in plants
and is involved in the process of plant responses to stressi3%401, A
previous study has shown that calcium functions as a long-distance
signaling messenger, carrying salt stress signals to induce the
expression of salt tolerance genes in leaves', In the present study,
excessive Fe (I) EDTA stimulated the increase of Ca?* in roots,
thereby inducing the production of calcium signals under salt stress.
Mg?* is the main mineral element of chlorophyll, which mainly
affects the photosynthesis of plants and the synthesis of sugar and
protein*2, The results of this study (Table 2) indicated that the
excess Fe () EDTA under salt stress could contribute to the absorp-
tion of Mg2+, maintain the normal transport and distribution of Mg2+
in the plant.

As an essential trace element for plants, iron affects the growth
and development of plants. Plants with iron deficiency all show
green loss of leaves, become dwarfism, and even whole death!'2], In
saline-alkali soil, absorption of iron in plants was inhibited, and
excessive accumulation of Na*t in plants of stems reduced the con-
tent of Fe2* and other nutrient elements in plantsl'?. Under salt
stress, the content of Fe?* decreased in shoots and roots of seashore
paspalum. It indicates that salt stress inhibited the absorption,
transportation, and distribution of iron. However, excessive Fe (ll)
EDTA alleviated the inhibition effect of salt stress on Fe2* and signifi-
cantly increased the content in the roots (Table 2). The
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7.1522+0.015
2.169% £ 0.099
3.804% £ 0.067
0.459% £ 0.029

0.02722 + 0.0015
0.01122 +0.0002

9.388%+0.379
24482 + 0.068
1.725¢ + 0.085
0.368+0.011

0.0307° + 0.0008

0.0116P +0.0008

7.802° +0.339
2.355% + 0.054
40022 +0.159
0.464%0 + 0.018

7.726* £0.184
2.3392+0.182

3.684°+£0.177

7.020° + 0.449
2.236°+£0.187
3.7622 £0.104
0.5012+0.028
0.02522 +0.0016
0.0109? £ 0.0011

Ca

2.041° +0.003

1.0069 + 0.062

0.403°¢ + 0.045
0.0174¢ + 0.0040
0.0103P + 0.0001

Mg

Mn

0.5142+0.010
0.0240P¢ + 0.0034

0.508% £ 0.028
0.02472 +0.0017
0.00912 + 0.0007

Zn

0.07382+0.0017
0.01932 + 0.0024

Fe

0.0100P + 0.0004

Cu

0.4152
21.730° + 0.869

0.007°
25.820° + 0.055

0.436°
19.380° + 0.693

0.007°
24.810a*1.096

0.009°
23.740° £ 1.302

0.009°
22.530°+0.334

0.010°
22.360° + 0.890

0.011°@
23.100° £ 0.514

Na/K

Shoots

9.007° £ 0.474
8.440°+0.154

0.169¢ + 0.040
8.190% + 0.496
3.7212+0.154
1.5832 + 0.026
0.46720 + 0.042

8.453°+0.310

0.176+ 0.022
8.3132+0.785
3.458% + 0.071
1.476 + 0.080
0.386°+ 0.008
0.2652 + 0.154

0.00322 + 0.0009

0.0045 +0.0002

0.2172£0.022
8.386% + 0.389
3.5442 +£0.091
1.5072 + 0.020
0.4112+0.023
0.2762+£0.018
0.00312 + 0.0008
0.00472 + 0.0001

0.2052+£0.010
8.7822 £ 0.279
3.3202+0.053
1.4612+0.036
0.4052 + 0.022
0.254°+£0.014
0.0039? + 0.0003
0.00492 + 9.293E%°

0.2312+£0.015
8.5872 £ 0.395
3.505% + 0.086
1.5132+0.020
0.3942 + 0.023
0.286° £ 0.015
0.0034° + 0.0004
0.00472 + 0.0001

0.265% £ 0.054

8.676%+0.511

Na

7.683% +0.186
3.4722+£0.167
14372+0.117
0.4512b +0.030
0.2622+0.013

0.00272 + 0.0008

0.0043 + 0.0002

3.3702+0.130
1.4822 + 0.086

0.476%+£0.011

3.3572+0.024
1.440° + 0.051
0.4192 £ 0.037
0.2772£0.021
0.0040% + 0.0010
0.0049? + 5.805E%°

Ca

Mg

Mn

0.2432+0.017
0.00332 + 0.0007
0.00482 + 0.0002

(C), 20 uM Fe (I1) EDTA + 0 mM NaCl; (CS), the treatment of 20 uM Fe (Il) EDTA + 250 mM NaCl; (E), the treatment of 80 uM Fe (Il) EDTA + 0 mM NaCl; (ES), the treatment of 80 uM Fe (Il) EDTA + 250 mM NaCl. Different lowercase

letters represents the significance difference level p < 0.05 between C, CS, E and ES treatment.

0.2382+£0.015
0.0044° + 0.0003
0.00532 + 0.0003

Zn

Fe

Cu
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improvement is beneficial to promote the formation of
chlorophyll in leaves and promotes normal metabolism,
enhancing the salt tolerance of plants.

The function of Mn2* in plants by affecting enzyme
activity, and the content of MnZ* is directly related to the
formation of chloroplast membrane structurel*344, In this
study, excessive Fe (ll) EDTA treatment increased the
content of Mn2* in plants under salt stress, maintained the
function of MnZ* in the oxidation-reduction system, avoided
serious damage of chloroplasts, and enhanced the photo-
synthesis of leaves under salt stress. On the other hand, a
previous study reported that the free EDTA could chelate
with ZnZ*, CuZ*, and Mn2+ affecting the absorption of these
ions in plantsB. In this study, the contents of Zn2+, and Cu?*
were not significantly different whether normal iron (20 pM
Fe (Il) EDTA) or excessive iron (80 uM Fe (Il) EDTA). It indi-
cated that excessive iron increases the absorption of ions
when injected with the same concentration EDTA under salt
stress.

Effects of excess Fe (Il) EDTA on salt-tolerance
related gene expression in seashore paspalum
under salt stress

Plant response to salt stress is a complex process, includ-
ing induction and transmission of external salt signals at the
molecular level, which stimulates the expression of various
downstream physiological and biochemical genes or ion
transporters to maintain ion homeostasis“l. Under salt
stress, excessive accumulation of Na* in plants can cause ion
toxicity, and exportation or regionalization of Na* is one of
the self-protection mechanisms to eliminate ion toxicity[4c.,
To maintain intracellular ions homeostasis under salt stress,
Na*/H* antiporter and proton pump are activated to main-
tain high K+ concentration and low Na* concentration!7-491,
The SOST gene encodes Na*/H* antiporter located on the
plasma membrane, and functions to expel intracellular Na*
into the extracellular3483501, SOS2/CIPK24 and SOS3/CBL4
participate in the regulation of SOS7 gene, promoting the
activity of SOS1 regulating Na*/H* exchangel®l. In addition,
CIPK24 regulates Ca2* transport through the CaZ* trans-
porter CAX1 on the vacuolar membrane, and sensing the
stimulated calcium signal, and specifically binds with CBL4
to form a complex to regulate salt stress and activate SOS1
activity, thereby increasing salt tolerancel®'52l, In this study,
it was found that excessive Fe (Il) EDTA significantly upregu-
lated the expression of PvSOS1, PvCIPK24, and PvCBL4 in the
roots under salt stress, suggesting that the upregulated
expression improved the ability that PvCBL4 recruit
PvCIPK24 to the plasma membrane to achieve efficient inter-
action with PvSOS1.

The transport protein requires energy to transfer Na* to
the extracellular or vacuole, while the proton pump (P-H*-
ATPase (PHA), V-H*-ATPase (VHA)) can provide a proton dri-
ving force for this process by hydrolyzing ATPP>3, It has been
suggested that V-H*-ATPase plays a pivotal role in salt stress,
which provides proton driving force, and expels Na* to
extra-cellular milieu or into the vacuolel*55455], P-H+-ATPase
provides an active mechanism for Na* extrusion to keep Na*
concentration in root cells below the threshold level of
toxicity®®®>71, In the present study, the expression levels of
PvVHA and PvPHA were significantly increased by excess Fe
(I) EDTA treatment under salt stress, which could drive Na*/
H* antiporter protein in vacuole membrane to transport Na*
into vacuole or expel the Na* from plasma membrane.
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Excess Fe

PVHKT1,
PvSOS1, PvCIPK24, PvCBL4

Salt stress — Na*/K*

intracellular ions homeostasis

Salt tolerance
Fig. 4  Abstract figure to illustrate the result of how excess Fe
improved salt tolerance under salt stress.

HKT is a high-affinity K+ transporter, which plays a decisive role in
regulating intracellular Na*/K* equilibrium[10°859. Many studies
have shown that HKT has the function of transporting other cations
(such as Na*)061], Two types of HKTs exist in plants (HKT1 and
HKT2). HKT1 is functional in transporting Na* and K* within plants
and is linked to salt tolerancel52-641, In the present study, excessive
Fe (Il) EDTA treatment upregulated the expression levels of PvHKT1
in roots under salt stress compared with normal and salt stress treat-
ment (Fig. 3d). Combined with the decrease of Na*/K* ratio by
excess Fe () EDTA treatment under salt stress (Table 2), it is
supposed that the increasing of PvHKT1 in roots regulated the trans-
port of Na+ and K+ from root to shoot, sustained the Na*/K+* home-
ostasis under salt stress, and reduced the toxicity of salt stress.

Conclusions

In the present study, salinity stress severely inhibited the growth
and physiological function of seashore paspalum. The application of
appropriate excess Fe (Il) EDTA increased the photosynthetic capa-
city and improved the ion balance of seashore paspalum under salt
stress. Excessive Fe (ll) EDTA enhanced the outflow of Na* by
increasing the expression of PvSOSI1, PvCIPK24, and PvCBL4, and
reduced the accumulation of excess Nat*. The up-regulation of
PvHKT1 positively regulated Na* and K+ flow, PvWHA provided
energy for transporting excess Na* to the vacuole, helped to main-
tain the balance of intracellular Na*/K*, and thus improved salt tole-
rance of seashore paspalum (Fig. 4).
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