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Abstract: In saline conditions, establishing healthy seedlings is crucial for the productivity of sun-
flowers (Helianthus annuus L.). Excessive potassium (K*) from irrigation water or overfertilization,
similar to sodium (Na*), could adversely affect sunflower growth. However, the effects of salt stress
caused by varying K/Na ratios on the establishment of sunflower seedlings have not been widely
studied. We conducted a pot experiment in a greenhouse, altering the K/Na ratio of a soil solution to
grow sunflower seedlings. We tested three saline solutions with K/Na ratios of 0:1 (P0S1), 1:1 (P1S1),
and 1:0 (P1S0) at a constant concentration of 4 dS m~1, along with a control (CK, no salt added),
with five replicates. The solutions were applied to the pots via capillary rise through small holes
at the bottom. The results indicate that different K/Na ratios significantly influenced ion-selective
uptake and transport in crop organs. With an increasing K/Na ratio, the K* concentration in the roots,
stems, and leaves increased, while the Na* concentration decreased in the roots and stems, with no
significant differences in the leaves. Furthermore, an excessive K/Na ratio (P1S0) suppressed the
absorption and transportation of Mg?*, significantly reducing the Mg?* concentration in the stems
and leaves. A lower leaf Mg?* concentration reduced chlorophyll concentration, impairing photosyn-
thetic performance. The lowest plant height, leaf area, dry matter, and shoot/root ratio were observed
in P1S0, with reductions of 27%, 48%, 48%, and 13% compared to CK, respectively. Compared with
CK, light use efficiency and CO, use efficiency in P1S0 were significantly reduced by 13% and 10%,
respectively, while water use efficiency was significantly increased by 9%. Additionally, improved
crop morphological and photosynthetic performance was observed in P1S1 and P0S1 compared with
P150. These findings underscore the critical role of optimizing ion composition in soil solutions,
especially during the sensitive seedling stage, to enhance photosynthesis and ultimately to improve
the plant’s establishment. We recommend that agricultural practices in saline regions incorporate
tailored irrigation and fertilization strategies that prioritize optimal K/Na ratios to maximize crop
performance and sustainability.
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1. Introduction

The sunflower (Helianthus annuus L.) is ranked third globally among the oilseed plants,
following soybean and peanut [1]. However, salinity is one of its major abiotic stresses,
resulting in a more than 60% reduction in sunflower yields worldwide [2]. Currently,
about 15% of the salt-affected topsoil, especially that rich in sodium (Na*), is categorized
as sodic soil, while the remaining 85% is categorized as saline soil, which is the result of
combinations of various salts including Na* and potassium (K*) salts [3]. The effects of
Na* on crops have been extensively studied. The presence of excess Na* leads to osmotic
problems, ion toxicity, and ion imbalances in crops [4]. Because of the known promotion of
plant growth by K supplementation in agricultural fields, most past studies have focused
on the uptake of K* by plants at low concentrations in the soil [5]. Consequently, our
understanding of the effects of excess K* on sunflower establishment is limited.

As one of the nutrient elements, K plays an essential role in many physiological
functions in crops [6]. The absorption of K is highly selective and closely associated with
the metabolic activity of crop plants. For example, K contributes to pH stabilization as well
as osmotic and ionic regulation [7]. An adequate K supply also improves photosynthetic
rates and even enhances grain quality [8]. Furthermore, K can regulate the opening and
closing of plant stomata [9]. Specifically, the increase in K concentration in the guard cells
leads to its water uptake from the neighboring cells and a consequent increase in turgor,
which opens the stomata. Thus, an adequate K supply is conducive to ion regulation and
improves photosynthesis, thereby promoting crop growth and plant establishment.

Although previous studies have focused more on salt stress caused by Na*, there are
many naturally saline soils that are rich in K* [10,11]. Furthermore, there is increasing
interest in studying high levels of K* in applied water [12-14] and the overfertilization
of agricultural land [15,16]. Thus, there is a particularly urgent need to study the effects
of a high K/Na ratio on crops. Fageria [17] indicated that K* toxicity is rarely found in
crop tissues, but it can cause nutrient imbalances if more K* is absorbed than the crop
needs. An increase in K* concentration in the growth medium resulted in an increase in K*
uptake versus a decrease in calcium (Ca?*) uptake, suggesting a possible competitive effect
between K* and Ca?* [17]. Ding et al. [18] highlighted that high K* levels in the nutrient
solution exacerbated the magnesium (Mg) deficiency effect caused by a low Mg supply and
contributed to oxidative damage in rice. In high K* environments, Arabidopsis exhibited
a decrease in primary root growth, K* overaccumulation in shoots and roots, reduced
necessary nutrients, and depletion of nitrogenous metabolites, which increased oxidative
stress and ultimately led to reduced photosynthesis [5]. Undoubtedly, as described above,
the interaction between K and other nutrients is complex, and the effect on crop phenotypes
and photosynthesis is unknown. Therefore, the systematic evaluation of crop growth
response under high levels of K* are of central importance for improving crop performance
and plant establishment.

Additionally, it is widely recognized that Na* cannot replace the specific function of
K* because of its large hydration shell [4]. The competition of Na* with K* can decrease
K’s availability to plants [19]. Compared with Na*, whether the same concentration of
K* is harmful to crops is controversial. Adiloglu et al. [20] found that wheat (Triticum
aestivum L.) treated with Na*™ showed higher reduction in biomass compared with K*.
Reich et al. [21] also demonstrated that oilseed rape (Brassica rapa L.) treated with Na*
exhibited a greater decrease in biomass than K*. In addition, Farahani et al. [22] indicated
that at an electrical conductivity (EC) of 3 dS m~!, penetration resistance increased due to
clay dispersion with an increasing K/Na ratio, and therefore, plant growth did not increase
(p > 0.05), although plant-available water increased. However, plant growth increased
due to the increasing amount of plant-available water with an increasing K/Na ratio at
EC =6 dSm™!, under conditions without impedance for root penetration. However, there
are also studies that show that a high K* level is more deleterious than Na* given the same
external concentrations [5,23,24]. Thus, the impact of excessively high or low K/Na ratios
on plants is uncertain.
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Sunflower is a moderately salt-tolerant crop and is often grown in arid regions, where
it is frequently affected by salinity [25-27]. However, our understanding of the photo-
synthesis and ion absorption response of sunflower to different K/Na ratios is limited.
In addition, sunflower is more sensitive to salt at the seedling stage than at subsequent
growth stages, so salt tolerance at the seedling stage is the key point for plant establishment
and even ultimately yield formation [28]. Therefore, we conducted a pot trial to observe
the physiological response of sunflower seedlings to different K/Na ratios at the same
external electrolyte concentration. We hypothesized that there exists an optimal K/Na
ratio capable of promoting plant establishment in sunflower seedlings and an inappro-
priate K/Na ratio that may cause an ion imbalance and reduced photosynthesis, thereby
further hindering seedling establishment. The specific aim of our study was to assess the
effect of different K/Na ratios on crop phenotypes, dry matter accumulation, ion uptake,
and photosynthesis during the sunflower seedling stage. This study could reveal the ion
absorption and photosynthetic response mechanisms of crops to different K/Na ratios,
and thus provide a theoretical basis for the efficient use of water and fertilizer to improve
agricultural productivity in saline regions.

2. Materials and Methods
2.1. Experimental Materials and Design

The experiment was carried out in a greenhouse at Northwest A&F University
(34°15’ N, 108°04’ E and 521 m elevation) in Yangling, Shaanxi Province, China. The
study soil was taken from the 0-20 cm soil layer of local farmland. After being air-dried,
the soil was ground to pass through a 2 mm seize. Then, the ground soils were filled into
polyvinyl chloride pots (inner diameter = 16 cm and height = 40 cm) with a bulk density of
1.35 g cm 3. The physicochemical properties of the used soil are shown in Table 1.

Table 1. The physicochemical properties of the studied soil.

Indicator Value
Sand (% by weight) 8.10
Silt (% by weight) 60.62
Clay (% by weight) 31.28
Soil texture (USDA classification) Silty clay loam
Bulk density (g cm~3) 1.35
pH 7.66

Electrical conductivity of saturated soil extract

(ECe, dS m~1) 0.72
Water-soluble ion concentration (mmol L™1)

Sodium (Na™*) 0.1
Potassium (K™) <0.01

Calcium (Ca2*) 0.54

Magnesium (Mg?") 0.32

Chloride (C17) 0.23

Sulfate (50427) 2.18

Carbonate + bicarbonate (CO32~ + HCO3 ™) 0.60
Organic matter content (g kg ') 10.25

Total nitrogen (g kg™') 0.93
Total potassium (g kgfl) 10.27
Available phosphorus (mg kg~1) 15.67
Available potassium (mg kg~1) 103.35

Considering that sunflower has a salt tolerance threshold of 4.8 dS m~! (ECe, electrical
conductivity of saturated soil extract) with a 5.0% reduction in yield for each unit increase
in salinity above this threshold [26], our targeted ECw (electrical conductivity of irrigation
water) was set to 4 dS m~! with an acceptable decline of 6% in yield (according to an ECe
of 1.5 ECw, as reported by Ayers and Westcot [29]). As for the 4 dS m~! solution, three
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different K/Na ratios were implemented: (i) POS1 (K/Na ratio = 0:1), (ii) P151 (K/Na
ratio = 1:1), and (iii) P1S0 (K/Na ratio = 1:0). A blank control with an ECw of 0.15 dSm™!
(CK, no salt added in tap water) was also set up (Table 2). Five pots (replicates) were
prepared per treatment. The saline solutions were added to the pots by using capillary rise
through small holes at the bottom, and the soil in the pots was kept at a constant water
content by using a plastic pool around the pots in the greenhouse (Figure 1). To control
environmental conditions between experiments, we utilized a standardized greenhouse
setup with regulated temperature, humidity, and light intensity. Specifically, an automated
temperature control system maintained the set temperature range for each experimental
group. Humidity was managed through a scheduled fan and pad system, while light
exposure was standardized using a timed artificial lighting system. Considering the
problem of environmental homogeneity in greenhouses and ensuring randomization and
eliminating the uneven distribution of the air among the treatments, the positions of the
pots and pools were randomly changed every three days.

Table 2. Ion concentrations of each treatment added into the tap water.

Adding Salt (mmol, L-1) EC (dSm™1) Cation Ratio (mmol, L—1)0
Treatment K/Na
Na* K* Ca?t Mg+ Cl- Targeted Measured SAR PAR
CK 0 0 0 0 0 - 0 0.15 - -
POS1 35.00 0.00 2.25 2.25 40 0:1 4 4.20 14.77 0.01
P1S1 17.50 17.50 2.25 2.25 40 1:1 4 4.31 7.56 7.22
P1S0 0.00 35.00 2.25 2.25 40 1:0 4 4.44 0.36 14.42
Tap water 0.87 0.03 0.6 0.8 10 0.034 - 0.15 0.74 0.03

SAR, sodium adsorption ratio; PAR, potassium adsorption ratio.

Figure 1. Experimental device in this study. P15S0, P1S1, and P0S1 indicate treatments with K/Na
ratios of 1:0, 1:1, and 0:1 at the same external concentration (4 dS m_l), respectively. CK indicates no
added salt in the tap water.

In the first batch experiment, the sunflower seeds (cultivar: AD6199) were sown
(two plants per pot) on 13 March 2021 and harvested on 27 April 2021. During the first
batch experiment, the average temperature and relative humidity were 19 °C and 58%,
respectively (Figure 2). Then, the sunflower seeds were planted on 10 May 2021 and
harvested on 24 June 2021 in the second batch experiment. During the second batch exper-
iment, the average temperature and relative humidity were 25 °C and 68%, respectively
(Figure 2). This means that both experiments were conducted for 45 days, i.e., the sunflower
seedling stage.



Agronomy 2024, 14, 2301

50f19

A C 100
25%~75%
Range within 1.5IQR T-
Median Line
Mean
80 Outliers
$ 60
0 5 10 15 20 25 30 35 40 45 §
; R -
B 2
S 40
20
r T T T T T T T T 1 0 T T T T
0 5 10 15 20 25 30 35 40 45 First Second First Second

Days after planting (d) Air temperature  Relative humidity

Figure 2. Daily air temperature and relative humidity during the seedling stage of sunflower.
(A) Daily air temperature and relative humidity of the first batch of experiments from 13 March
(planting date) to 27 April (harvest date). Sunflower was harvested at the end of the seedling stage.
(B) Daily air temperature and relative humidity of the second batch of experiments from 10 May to
24 June. (C) Data dispersion of air temperature and relative humidity in two batches of experiments
by box plot.

In this study, no fertilizers were applied to any of the treatments, as the nitrogen (N)
and phosphorus (P) requirements of sunflower seedlings were low. Therefore, the essential
elements (N and P) were the same in all treatments. In addition, the applied concentrations
of Ca and Mg in the saline solutions were larger than the swelling threshold concentration
(>1 mmol L) (Table 2) defined by Quirk and Schofield [30] to avoid affecting permeability.

2.2. Data Collection
2.2.1. Study Soil Physicochemical Properties

Soil particle size distribution was determined by the Laser Mastersizer 2000 (Malvern
Instruments, Malvern, UK). Extracts from saturated soil paste were used to measure
ECe and pH [31]. The concentrations of Na* and K* were determined by using a flame
photometer apparatus, and the concentrations of CaZ*, Mg2+, Cl—, SO42~, CO32~, and
HCO;~ were measured by means of the titration method in saturated paste extract [31].
The SAR (sodium adsorption ratio) [31] and PAR (potassium adsorption ratio) [32] were

calculated as follows:

SAR — _ Na (1)

/ Ca+Mg
2

K
PAR= —— )
Ca+Mg
2

where the unit of each ion concentration is mmolc L™ in (1) and (2).

2.2.2. Plant Height, Leaf Area, and Dry Mass of Sunflower

The plant height (PH) of sunflower was measured 12, 16, 18, 22, 25, 28, 31, 34, 37, 40,
43, and 45 days after sowing (DAS) in the first batch experiment and 13, 17, 21, 24, 27, 30,
33, 36, 39, 41, 43, 45 DAS in the second batch experiment. The height of each plant was
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measured using measuring tapes from the soil surface to the highest point of the plant. In
addition, the leaf area (LA) of each plant was determined in the first batch of experiments
on 25, 31, 37 and 45 DAS and in the second batch of experiments on 30, 39, 41 and 45 DAS.
The length (LL) and the widest part (LW) of the leaves were measured by using measuring
tapes. Leaf area = LL x LW x 0.65. Sunflowers were harvested at the end of the seedling
stage, and then dry mass (DM) of the roots, stems, and leaves were measured. The plant
organs were left in the oven (65 °C) until a constant weight was reached. The shoot/root
ratio was calculated as follows:

DMstem + DMLeaf
DMRoot

Shoot/Root = 3)
where DMstem, DMeqp, and DMRot are the dry masses of the roots, stems, and leaves,
respectively.

2.2.3. Ion Absorption from Soil and Ion Transport in Different Sunflower Organs

After plant harvesting, the sampled sunflowers were divided into their roots, stems,
and leaves. The organs were dried to a constant weight at 70 °C, and ground through a
1 mm sieve, adopting a plant disintegrator. The screened plant samples were extracted
with HySO4~HClO4—HNO;3, and analyzed for their concentrations of K, Na, Ca, and Mg by
an atomic absorption spectrophotometer (Hitachi Z-2000, Hitachi, Inc., Tokyo, Japan). Ion
accumulation (IA) was determined as

n

IA =) (C;x DM;) (4)

i=1

where C is the concentration of the ion for each organ, DM is the dry mass for each organ,
and i represents the roots, stems, and or leaves.

The selective absorption (SA) and selective transport (ST) coefficients of ion X (K,
Ca, and Mg) displayed by the roots, stems, and leaves were calculated by referring to the
methods of Flowers et al. [33] and Pitman [34]:

Soil — Root SAx/Ng = W B
Root — Stem STx N, = W ;
Root — Leaf STx/Ng = ILRZZE @; m ZB '

where X is expressed as the concentration of K, Ca, and Mg. The ionic concentrations in the
soil at the end of the experiment are shown in Table S1.

2.2.4. Gas Exchange Parameters and Chlorophyll Concentration

At the end of the seedling stage, leaf photosynthesis was measured in five randomly
selected sunflower plants from each treatment group, totaling 10 plants. Photosynthesis
was measured using the youngest fully expanded leaf on the main stem. The gas exchange
parameters of this leaf, consisting of transpiration rate (Evap, mmol HyO m~2 s~1), net
photosynthesis (P, pmol CO, m—2 s’l), stomatal conductance (g;, mol H,O m—2 s’l),
and intercellular carbon dioxide concentration (C;, pmol CO, mol 1), were determined
from 9:00 a.m. to 11:00 a.m. using a Li-6800 Portable Photosynthesis System (LI-COR, Inc.,
Lincoln, NE, USA). The leaf was exposed to light at an intensity of 1000 pmol m~2 s~ with
an ambient CO, concentration of approximately 400 umol mol~!. The settings of LI-COR
measurement were as follows: the flow rate was set to 500 pmol s~ !, the relative humidity
(RH) was set to 65%, the fan speed was set to 10,000 rpm, and the temperature was set
to 20 °C.



Agronomy 2024, 14, 2301 7 of 19

Stomatal limitation values (Ls) [35] and resource use efficiency, including the in-
stantaneous water use efficiency (WUE;) [36], light use efficiency (LUE) [37], and CO,
use efficiency (CUE) [38] of the leaves, were calculated from the measured gas exchange

parameters:
C;
Ls=1-— C—l 8)
a
WUE; = P 9)
Evap
P,
LUE B A”R (10)
CUE = % (11)
1

where C; (umol CO, mol 1) is the air CO, concentration and PAR (umol photons m~2s1)
is the photosynthetically active radiation

The chlorophyll concentration (tmol m~2) of the leaves was determined using an MC-
100 (Apogee Instruments, Inc., Logan, UT, USA) at the end of the seedling stage. Five fully
developed leaves were randomly selected in each treatment group and measured at the
center of each leaf.

2.3. Data Analysis

All measured data were first checked for normality and homogeneity of variance
using the Shapiro-Wilk test and Levene test. All observations met the normal distribution
requirements, so no transformation was required in this study. SPSS 26.0 (https://www.ibm.
com/products/spss-statistics (accessed on 13 May 2024)) was used for analysis of variance
(ANOVA) of the data. Multiple comparisons of mean values and significant differences
between treatments were determined based on the least significant difference (LSDy g5).
The results are presented as the mean =+ standard error (SE). Statistical significance was
determined at the 5% probability level (p < 0.05). The correlation analysis of the K/Na ratio,
ion concentration of K, Na, Ca, Mg, and Cl in crop organs, gas exchange parameters, PH,
LA, and DM was performed using the “Corrplot” package in R [39].

3. Results
3.1. Plant Height, Leaf Area, and Dry Matter of Sunflower Seedling

The K/Na ratio significantly affected the plant height, leaf area, and dry mass of sun-
flower plants at the seedling stage (Figure 3). There was no significant difference (p > 0.05)
in plant height between different K/Na ratio treatments and CK in the first batch experi-
ment, which might be due to the short duration. The P1S0 treatment significantly decreased
plant height by 14% compared to the CK at the end of the second batch experiment, while
there was no significant difference (p > 0.05) between P0S1 and P1S1 (Figure 3E). The leaf
area of CK was significantly higher than that of the different K/Na ratio treatments in both
batch experiments. There was no significant difference in leaf area under different K/Na
ratios in the first batch experiment, while the leaf area of P1S0 was significantly reduced
by 30% and 33% compared to P0S1 and P151 at the end of the second batch experiment,
respectively. The highest dry matter and shoot/root ratio were determined in CK. For
different K/Na ratio treatments, the dry mass and shoot/root ratio of P0S1 and P1S1 were
significantly higher than those of P150 in both batch experiments.
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Figure 3. Plant height and leaf area of sunflower during the experiments, dry matter, and site photos
at the end of the seeding stage under different K/Na ratios in the first batch experiment (A-D) and
second batch experiment (E-H). P0S1, P1S1, and P1S0 indicate treatments with K/Na ratios of 0:1,
1:1, and 1:0 at the same external concentration (4 dS mfl), respectively. CK indicates no added salt
in the tap water. Different small letters on the same color bar or point in (C,G) indicate significant
differences among treatments (p < 0.05).

3.2. Ion Concentration and Accumulation in Sunflower Seedling

The organ ion concentration in sunflower seedlings was significantly affected by the
different K/Na ratio treatments (Figure 4). With an increasing K/Na ratio, the Na and K
concentration in the roots, stems, and leaves gradually decreased and increased, respec-
tively. It is worth noting that there was no significant difference in the Na concentration
in the leaves between the different K/Na ratios and CK in the second batch experiment
(p > 0.05). In addition, the P0S1, P1S1, and P1S0 treatments significantly increased leaf Ca
concentration by 39%, 42%, and 34%, respectively, compared to CK, while there was no
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significant difference between different K/Na ratios (p > 0.05). With an increasing K/Na
ratio, the Mg concentration in the stems and leaves gradually decreased, and there was no
significant difference in the roots (p > 0.05). The P150 treatment on average significantly
decreased leaf Mg concentration by 21% compared to CK. The CI concentration of differ-
ent K/Na ratios was significantly greater than that of CK, but there was no significant
difference between different K/Na ratios.
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Figure 4. Na, K, Ca, Mg, and Cl concentration of each organ of sunflower at the end of the seeding
stage under different K/Na ratios in the first (A-E) and second (F-J) batch experiments. P0S1, P151,
and P1S0 indicate treatments with K/Na ratios of 0:1, 1:1, and 1:0 at the same external concentration
(4 dS m1), respectively. CK indicates no added salt in the tap water. Different small letters on the
same organ in the subfigure indicate significant differences among treatments (p < 0.05).

The K/Na ratio significantly affected ion accumulation in plant organs at the seedling
stage (Figure 5). The minimum ion accumulation was always recorded in P1S0, resulting
from the reduced dry mass. Na was mainly accumulated in roots and stems, and Na
accumulation in the roots, stems, and leaves gradually decreased with the increasing K/Na
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ratio. The maximum K, Ca, and Cl accumulation was always measured in P1S1, except
for Ca in the first batch experiment. The P0S1, P1S1, and P1S0 treatments significantly
decreased Mg accumulation by 38%, 44%, and 67%, respectively, compared to CK.
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Figure 5. Na, K, Ca, Mg, and Cl accumulation of each organ of sunflower at the end of the seeding
stage under different K/Na ratios in the first (A) and second (B) batch experiments. P0S1, P1S1, and
P1S0 indicate treatments with K/Na ratios of 0:1, 1:1, and 1:0 at the same external concentration
(4 dSm~1), respectively. CK indicates no added salt in the tap water.

3.3. Cation Selective Absorption and Transport in Sunflower Seedling

The selective absorption (SA) and selective transport (ST) of cations were significantly
affected by different K/Na ratios (Table 3). The greater the values of SA, the better the roots’
selective absorption ability for K, Ca or Mg. Compared with the CK, the P1S0 treatment
significantly decreased selective absorption ability for Mg by 74% and 84%, respectively.
In addition, the higher the values of ST, the better the selectivity transport ability of K,
Ca or Mg from the roots to the stem or from the roots to the leaves. Different K/Na ratio
treatments significantly reduced the selectivity transport ability of K and Mg from the
roots to the stem compared with CK. There was no significant difference (p > 0.05) in
STca/Na from the roots to the stem between different K/Na ratio treatments and CK. The
P0S1 treatment significantly increased STy /Na, STca/Na, and STyig/Na from the roots to the
leaves compared with other treatments. The lowest STk /N, and STyig/Na values from the
roots to leaves were observed in P1S0, which were 70% and 36% lower than those for CK,
respectively.

Table 3. The selective absorption (SA) and selective transport (ST) coefficients of ion X (K, Ca?t,
and Mg2+) by the roots, stems, and leaves under different K/Na ratios in the first and second batch
experiments.

First Batch Experiment Second Batch Experiment
CK PoS1 P1S1 P1S0 CK PoS1 P1S1 P1S0

SAK /Na 296d 3971a  1564b 473 ¢ 6.23 ¢ 5023a  3727a  10.26b
Soil — Root SACa/Na 86.12b  228.16a  247.78a  4529c¢  3136c  43.60b  8494a  13.08d
SAMg/Na 5.17b 739 a 8.21a 127 ¢ 2.66b 2.60b 535a 0.88 ¢

STk /Na 111.94a  51.19b  5556b  65.11b  159.74a  59.11b  63.72b  65.30b

Root — Stem STca/Na 0.95a 0.87a 0.90a 1.08a 096 a 0.82a 0.86a 1.04a
SThig/Na 530a 1.64b 1.61b 394b 574a 2.85b 2.99b 347b

STk /Na 168.79b  237.48a  11428c  7692d  187.37b  32229a  8652c  26.38d

Root — Leaf STca/Na 2.35b 330a 1.87b 2.05b 10.65b  29.72a 8.59b 8.93b
STmg/Na 6.89b 8.66a 552¢ 481d  2447b  4561a  2191b  14.26¢

SA or ST

Different small letters after values in the same row for each batch experiment indicate significant differences
among treatments (p < 0.05). P0S1, P1S1, and P1S0 indicate treatments with K/Na ratios of 0:1, 1:1, and 1:0 at the
same external concentration (4 dS m~1), respectively. CK indicates no added salt in the tap water.
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3.4. Gas Exchange Parameters and Chlorophyll Concentration in Sunflower Leaves

Different K/Na ratio treatments significantly affected the gas exchange parameters
of sunflower leaves (Figure 6). The biggest and smallest Evap, P, gs, and C; values were
measured in CK and P150, respectively. Compared with P0S1, P151 significantly increased
the Evap by 6.8% and C; by 2.1%, while there was no significant difference in P, and gs. Ls
is used to characterize the reduction in C; caused by the decrease in gs and the resulting
effect on P;,. The largest Ls was always determined under the highest K/Na ratio, and CK
always produced the smallest Ls. Compared with the POS1 and P1S1 treatments, the P1S0
treatment significantly increased WUE by 2.3% and 6.2%, respectively. In addition, with
the increasing K/Na ratio, LUE and CUE decreased. In addition, compared with CK, the
P0S1, P1S1, and P1S0 treatments significantly decreased chlorophyll concentration by 3.9%,
2.3%, and 9.0%, respectively (Table 4).
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Figure 6. The photosynthetic characteristics (Evap, Py, g5, and C;), Ls, and resource use efficiency
(WUE, LUE, and CUE) under different K/Na ratios in the first batch experiment (A-H) and second
batch experiment (I-P). Evap, transpiration rate; Py, net photosynthetic rate; gs, stomatal conductance;

C;, intercellular CO, concentration; Ls, stomatal limitation; WUE, water use efficiency; LUE, light use
efficiency; CUE, CO, use efficiency. P0S1, P1S1, and P150 indicate treatments with K/Na ratios of
0:1, 1:1, and 1:0 at the same external concentration (4 dS m~!), respectively. CK indicates no added
salt in the tap water. Different small letters in the subfigure indicate significant differences among
treatments (p < 0.05).
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Table 4. The chlorophyll concentration of leaves at the end of the seedling stage under different K/Na
ratios in the first and second batch experiments.

Chlorophyll Concentration (umol m—2)

Treatment First Batch Pot Trial Second Batch Pot Trial
CK 26255+ 214 a 293.30 £ 3.62a
P0S1 255.32 + 3.67b 279.00 £5.21b
P1S1 258.59 +3.13 b 284.67 = 5.85b
P1S0 241.73 £5.15¢ 264.02 £4.31c¢

Different small letters after values in the same row of each batch experiment indicate significant differences among
treatments (p < 0.05). POS1, P1S1, and P1S0 indicate treatments with K/Na ratios of 0:1, 1:1, and 1:0 at the same
external concentration (4 dSm™1), respectively. CK indicates no added salt in the tap water.

3.5. Correlation of K/Na Ratio, Ions Concentration, Gas Exchange Parameters, and Growth
Indicators

The K/Na ratio was significantly negatively correlated with Root-Na (Na concentra-
tion in the roots), Stem-Na, Stem-Mg, Leaf-Na, Leaf-Mg, gas exchange parameters (Evap,
Py, gs, Ci), and growth indicators (PH, LA, and DM), while it was significantly positively
correlated with Root-K, Stem-K, and Leaf-K (Figure 7). Remarkably, the K/Na ratio is
not significantly correlated with Leaf-Na. In addition, Leaf-K had a significant negative
correlation with gas exchange parameters, while Leaf-Mg displayed the opposite trend.
There was no significant correlation between Leaf-Na and Leaf-Ca and gas exchange param-
eters (p > 0.05). Undoubtedly, the gas exchange parameters were significantly positively
correlated with crop growth indicators (p < 0.05). Furthermore, the CI concentration of
all organs showed no significant correlation with gas exchange parameters and growth
indicators. This indicated that the concentration of Cl in all organs did not reach a level
harmful to crops
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Figure 7. Correlation matrix between the K/Na ratio, ion concentration of plant organs, gas exchange
parameters (Evap, Py, s, and C;), PH, LA, and DM in the first batch experiment (A) and second batch
experiment (B). Root-Na, Root-K, Root-Ca, and Root-Mg indicate the Na, K, Ca, and Mg concentration
in the roots, respectively. Stem-Na, Stem-K, Stem-Ca, and Stem-Mg indicate the Na, K, Ca, and Mg
concentration in the stems, respectively. Leaf-Na, Leaf-K, Leaf-Ca, and Leaf-Mg indicate the Na, K, Ca,
and Mg concentration in the leaves, respectively. Evap, transpiration rate; P,;, net photosynthetic rate;
gs, stomatal conductance; C;, intercellular carbon dioxide concentration; PH, plant height; LA, leaf area;
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DM, dry matter weight. The gradient of the legend is a function of the strength of the correlation
(darker colors indicate stronger correlations); ellipse slopes indicate a negative or positive correlation
(i.e., increasing towards the right indicates a positive correlation, and decreasing towards the right
indicates a negative correlation). The shape of the ellipse also indicates the strength of the correlation;
a wide shape indicates a weak correlation and a narrow shape indicates a strong correlation. * indi-
cates p < 0.05. For example, the DM and P, were significantly and strongly positively correlated.

4. Discussion

Na™ is the main cause of ion-specific damage under salinity stress for many higher
plants [40]. However, the overapplication of fertilizers, particularly potassium fertilizer, is
very common in greenhouse production in China. Bai et al. [41] found that the exchangeable
K content in the topsoil was at a high level in greenhouses after five years of cultivation.
Therefore, it is crucial to systematically evaluate the effect of the K/Na ratio, especially for
excessive K/Na ratios, on sunflower seedlings.

4.1. Effects of K/Na Ratios on Ion Absorption and Transport

In this study, we found that the concentration and accumulation of K were significantly
greater than those of Na in the roots, stems, and leaves for all treatments (Figures 4 and 5).
This might be due to plants generally not being able to tolerate cytoplasmic Na* concen-
trations greater than 40 mM [40,42]. In contrast, because of the important function of K in
enzyme activation, charge balance, and osmoregulation, the cytoplasmic K* concentration
is strictly regulated around 100-200 mM [43]. This consistency is thought to arise from
the operation of subtle feedback systems that enable plants to respond to environmental
fluctuations in a homeostatic manner [7]. In addition, our results show that an increased
K/Na ratio significantly raised the K* concentration in the roots, stems, and leaves and
lowered the Na* concentration in the roots and stems. In addition, no significant difference
in leaf Na concentration was observed with an increasing K/Na ratio. This revealed that
the main strategy employed by sunflower seedlings to cope with salinity stress caused
by different K/Na ratios was to store the absorbed Na in the roots and stems to prevent
excessive Na* from entering the leaves. This could be attributed to (i) the antagonism of
K and Na at sites of uptake in the roots and (ii) the effect of K on Na’s transport into the
xylem or the inhibition of uptake processes [44]. Therefore, K* was more readily absorbed
and accumulated in the plant compared to Na*, which caused excessive K* to impede crop
growth under the higher K/Na ratio.

In addition, our results indicate that there were no significant differences in the
CaZ* concentration of the roots, stems, and leaves at different K/Na ratios, whereas the
Mg?* concentration in the stems and leaves was significantly reduced with the increasing
K/Na ratios (Figure 4). This demonstrates that there was strong competition between
K* and Mg?* for the transportation sites in the non-selective cation channels (NSCCs)
and/or transporters [45]. In addition, our results indicate that SA (SAca/Na, and SAyg/Na)
from the soil to the roots and ST (STca/Na, and STyig/Na) from the roots to the leaves
for the P1S0 treatment were significantly decreased compared with the POS1 and P151
treatments. This suggests that the selectivity for Ca?* and Mg?* uptake and transport in
sunflower was reduced under the salt stress caused by a higher K/Na ratio. The reduced
selectivity level for Ca?* and Mg?* could be attributed to the following mechanisms:
(i) Various cations (Na*, K*, Ca?*, and Mg?*) enter the root system through NSCCs. There
is competition between cations when passing through this channel [46]. The NSCCs
maintain a greater number of high-affinity K*-selective sites [47]. Therefore, K* has stronger
competition with Ca®* and Mg?* compared with Na+, which is responsible for the reduced
selectivity of Ca?" and Mg?" uptake in P1S0 treatment. (ii) The transport of Ca®" and
Mg?* mainly occurs in the xylem, which is driven by transpiration [23]. In this study, the
P1S0 treatment significantly decreased crop transpiration rate (Evap) compared with the
other treatments (Figure 6A,1), which may explain the lower selectivity for Ca** and Mg?*
transport determined in sunflower under a higher K/Na environment.
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Although the SA and ST of Ca?* and Mg?* were significantly reduced in the P150
treatment, we only observed a significant reduction in Mg?* concentration at the organ
level. This may be related to the NSCCs of sunflower showing a much weaker response to
extracellular Ca?* in the range (0.2-2 mM) of physiological Ca?* levels (1.125 mM in this
study) [48]. Therefore, Mg deficiency caused by ion competition during the plant’s growth
was another reason for the poor growth performance [49] under a higher K/Na ratio (P150).
This is consistent with the research results of Ding et al. [50]. Their results showed that
excessive K supply can exacerbate Mg deficiency and a Mg concentration below 1.1 g kg ™!
DM in the shoot resulted in a decrease in rice dry matter. Li et al. [51] indicated that Mg
concentrations and uptake in the shoots of tomato were significantly lower under high-K
treatment (468 mg-L.~!) compared with CK (156 mg-L~!). Our results also found that dry
matter under the P1S0 treatment was significantly decreased. This could be attributed to the
following mechanisms: (i) Mg deficiency decreased H*-ATPase activity within the plasma
membrane in cells within the sieve tube, which resulted in dysfunction of the phloem and
(ii) the transportation of sugars from source leaves to the sink (i.e., new leaves) decreased
due to dysfunction of the phloem, thereby reducing dry matter [52]. Therefore, excessive
K* inhibited the uptake and/or transport of divalent cation (Ca?* and/or Mg?*) [7,23].

Cl™ is an critical nutrient for crops, but its overaccumulation can result in ionic
toxicity as much as that caused by excessive Na* [53]. Our results suggest that there
was no significant difference in C1~ concentration among treatments. Normally, the Cl
concentration in plant leaves is 50-200 mg kg~!, but some plants may contain up to
20,000 mg kg~ without adverse effects [54,55]. In this study, the Cl concentration of all
organs treated with different K/Na ratios was significantly greater than that of CK, but
there was no significant difference between different K/Na ratios treatments, due to the
same external C1~ concentration. This demonstrates that C1™ causes damage to crops, but
this effect may be the same for the different K/Na ratios treatments.

It is worth explaining that the adverse effects on sunflower seedling growth were
mainly due to ions’ concentration rather than accumulation. Munns et al. [56] found that a
decrease in plant growth was attributed to an increase in salt concentration to toxic levels.
The accumulation of ions under the P1S0 treatment was significantly lower than that under
the other treatments (Figure 5), due to it having the lowest dry matter. Therefore, we
discussed the effects of different K/Na ratios on the morphology and photosynthetic char-
acteristics of sunflower seedlings from the perspective of ion concentration. As elaborated
above, an excessive K* concentration inhibited the uptake and transport of Mg?*, and
consequently the leaf Mg?* concentration was significantly reduced.

4.2. Effects of K/Na Ratios on Crop Photosynthesis and Growth

Chlorophyll is the most important plant pigment involved in photosynthesis [57]. Our
results indicate that chlorophyll concentration was significantly reduced in the P1S0 treat-
ment (Table 4), mainly due to the reduced leaf Mg concentration (an essential constituent of
chlorophyll). Jayaganesh and Senthurpandian [58] demonstrated that the overapplication
of K resulted in a 50% reduction in the chlorophyll content of tea tree. Our results indicate
that the P, of P150 was significantly decreased compared with the other treatments. This
was due to the decreased gs and C;, resulting in a decreased P, thereby increasing Ls [59].
The findings of Liu and Shi [60] are in agreement with our results that the significant
reduction in leaf P, in sunflower under salt stress was accompanied by a decrease in g
and C;. Furthermore, there was a significant negative correlation between the gas exchange
parameter values and K concentration in the leaves (Figure 7). This was attributed to
the fact that K contributes to the photosynthesis process by activating ATPase, while the
performance of ATPase is best only when the K concentration in the plant is at an optimum
level [61]. Additionally, the WUE; is defined as the ratio of P, to Evap. Our results show
that WUE; in the P150 treatment was significantly increased compared with CK, which is
mainly due to the decrease in Evap being greater than that of P, i.e., Evap was reduced by
20% and P, by 13% in the P1S0 treatment compared with CK. This may be attributed to
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the fact that plants reduce transpiration by regulating stomatal opening and closing, thus
reducing the effects of a high potassium concentration. The LUE and CUE under the P1S0
treatment were significantly reduced, which also confirmed the effect of a higher K/Na
ratio on sunflower seedling growth as being more harmful at the same concentration.

In this study, our results indicate that an excessive K/Na ratio (P150) was more
detrimental (lower plant height, leaf area, dry matter, and shoot/root ratio) to sunflower
seedlings than Na* at the same concentration (EC = 4 dS m1) (Figure 3). This observa-
tion was supported by previous studies stating that excess K* caused more severe stress
symptoms compared with Na* [5,23]. A high level of K under the P1S0 treatment inhibit
Mg uptake, reducing chlorophyll concentration, and this led to a reduction in the Py,
which in turn inhibited plant growth [62]. In addition, the P1S0 treatment significantly
reduced the shoot/root ratio, which was probably due to a larger fraction of the water
and nutrients being taken up and retained in the roots when any factor in the water or
nutrients limited growth [63]. Therefore, in this study, an excessive K/Na ratio caused a ion
imbalance and reduced photosynthesis, thereby further hindering seedling establishment.
Mg deficiency induced by ion competition and an excessive K concentration are the main
reasons for the more serious stress on sunflower seedlings under a higher K/Na ratio.
Meanwhile, the chlorophyll concentration, photosynthetic performance (P, and Evap), LUE,
and CUE of sunflower seedlings were significantly reduced, which in turn hindered crop
growth (Figure 8). In addition, the growth and photosynthetic performance of sunflower
seedlings in the second batch experiment were improved compared with those in the first
batch experiment, whereas the differences between the treatments were more significant
(Figures 3 and 6), which was obviously due to better environmental conditions (higher air
temperature and relative humidity, Figure 2) during the second batch experiment.
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Figure 8. Response of crop organ ion concentration and leaf photosynthesis to an excessive
K/Na ratio.

In addition, changes in the ionic composition of soil solutions may affect soil structure
and water infiltration, which in turn affects water uptake and plant establishment [22].
In general, the ECw (salinity) and SAR (sodium adsorption ratio) of irrigation water are
combined to assess the effects of irrigation water quality on soil physical structure and
water infiltration (Table S2) [29]. However, the SAR only considers the effects of Na*, Ca?t,
and Mg?* on soil structural properties and ignores the role of K*. The potassium adsorption
ratio (PAR) can be used to evaluate the effect of K* on soil infiltration performance [32].
Smith et al. [64] found that K* disperses about one-third as much as Na* in the soil, and
that K* accumulation decreases the soil’s saturated hydraulic conductivity and reduces
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the number of soil macropores. Buelow et al. [65] investigated the effect of irrigation water
with different PAR values on the soil’s hydraulic conductivity (Table S3). Comparing the
SAR and PAR of the solution in plastic pools after harvest with the previous assessment
of SAR or PAR thresholds affecting soil infiltration or hydraulic conductivity, the results
indicate that the SAR in our study did not or only slightly affected soil infiltration, but
the PAR in the P150 treatment may pose a major threat to soil hydraulic conductivity
(Table S4). Liang et al. [66] found that exchangeable Mg?* was easily replaced by K*, and
the accumulation of K* in the field led to a decrease in the concentration of Mg?*, and a
high concentration of exchangeable K* may have a potential negative effect on the stability
of the soil structure. This may also be one of the reasons for the poorer growth performance
of the P1S0-treated plants.

4.3. Optimal K/Na Ratio to Promote Plant Establishment

An optimal K/Na ratio is crucial for maintaining plant establishment and even yield
development [19]. Farahani et al. [22] reported that increasing the K/Na ratio under the
same EC increased plant-available water in the studied soil, with positive effects on maize
growth. This may be attributed to the fact that the K concentration in these plants did
not reach the harmful level. Higher K levels (adequate but not excessive) in photosyn-
thetic tissues could alleviate salt-induced damage due to net CO, assimilation and the
growth protection provided by its critical roles, including osmotic solutes and enzyme
cofactors [67,68]. In this study, we found that the plant height, leaf area, photosynthetic
performance, and dry matter accumulation of sunflower seedlings under S1P0 and P1S1
were significantly higher than those under P0S1; however, there were no significant differ-
ences between S1P0 and P1S1 (p > 0.05). Sun et al. [69] found that the optimal alleviation
of moderate salt stress for the yield and quality of fiber and cottonseed was achieved at a
K/Na ratio of 1:9. This indicated that there might exist an optimal K/Na ratio to promote
crop growth and plant establishment. In this study, although we did not find an optimal
K/Na ratio, which is the key point for our further study, the plant establishment and yield
were affected by the overapplication of K fertilizers and K-rich water due to the fact that
it affects ion uptake by influencing the composition of the soil solution. Therefore, on the
basis of clarifying the current status of excessive K in soils and the ionic composition of
irrigation water, the findings of our study can provide a theoretical basis and technical
support for the efficient and sustainable utilization of fertilizers and water in agricultural
production, thereby safeguarding regional food security, especially in arid and semi-arid
areas. We recommend that agricultural practices in saline regions incorporate tailored
irrigation and fertilization strategies that prioritize optimal K/Na ratios to maximize crop
performance and sustainability.

5. Conclusions

Our experiments with potted sunflower seedlings indicated that varying K/Na ratios
significantly influenced ion selective absorption and transport in plant organs, even at a con-
sistent electrolyte concentration (ECw = 4 dSm™!). An excessive K/Na ratio (P150) led to
increased K* levels and Mg?* deficiency, which in turn reduced chlorophyll concentration
and photosynthetic performance, resulting in decreased plant height, leaf area, dry matter
accumulation, and CO; and light use efficiency. In contrast, seedlings treated with P1S1
and P0S1 showed significantly better morphological and photosynthetic traits compared to
P1S0, with no significant differences between P1S1 and POS1. These findings underscore the
critical role of optimizing ion composition in soil solutions, especially during the sensitive
seedling stage, to enhance photosynthesis and ultimately to improve plant establishment.
We recommend that agricultural practices in saline regions incorporate tailored irrigation
and fertilization strategies that prioritize optimal K/Na ratios to maximize crop perfor-
mance and sustainability. Future studies should further explore the specific K/Na ratio
that best supports crop growth and development in diverse saline conditions.
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