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Abstract 19 

Soil salinization threatens global agriculture, increasing interest in salt-tolerant halophytes like 20 

Limonium tetragonum for their remarkable bioactivities. However, cultivation strategies 21 

enabling their industrial utilization remain underdeveloped. This study assessed the cultivation 22 

potential of L. tetragonum under conventional agricultural conditions by comparing plants 23 

grown in saline soil (SS; high EC, Na⁺, Mg²⁺) and non-saline soil (NSS; higher organic matter, 24 

available P, Ca²⁺). Growth parameters (leaf number, leaf length, biomass) were measured, five 25 

major secondary metabolites (catechin and flavonoids) were quantified via LC-MS/MS, and 26 

antioxidant activities (DPPH, ABTS, ROS assays) were evaluated. Principal component 27 

analysis determined correlations among soil traits, plant growth, and metabolite profiles. Plants 28 

grown in NSS exhibited significantly superior growth, higher accumulation of major bioactive 29 

compounds (including total anthocyanins and carotenoids), and stronger antioxidant capacities 30 

compared to those in SS. Correlation analysis revealed that elevated organic matter and 31 

available P in NSS likely enhanced metabolite biosynthesis and physiological activity. These 32 

results demonstrate that L. tetragonum is readily cultivable under non-saline conditions, 33 

challenging the paradigm that salinity maximizes secondary metabolite production, and 34 

providing a scientific basis for the sustainable utilization of bioactive halophytes. 35 

 36 

 37 

Keywords:  38 

Limonium tetragonum, Halophyte, Salinity, Soil, LC-MS, Metabolites, Antioxidant activity  39 
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1. Introduction 40 

Soil salinization refers to the accumulation of water-soluble salts in the soil, a process that can 41 

significantly impact agricultural productivity and ecosystem health1. According to existing 42 

publications, soil salinization is a growing global issue that now affects more than 1 × 10⁸ 43 

hectares across over 100 countries worldwide, with approximately 6% of agricultural land 44 

impacted by salt stress, making salinity a significant environmental factor limiting plant 45 

growth2,3,4. Recent FAO assessments confirm this escalation, with salt-affected soils covering 46 

1,381 million ha (10.7% of global land) and impacting 10% of irrigated and rainfed croplands5.  47 

Halophytes are generally characterized as plant species capable of completing their entire life 48 

cycle in soils containing a minimum of 200 mM NaCl. It is estimated that halophytes comprise 49 

no more than 2% of all terrestrial plant species6. Halophytes are indigenous to saline soils 50 

characterized by high concentrations of Na⁺ and Cl⁻. These plant species possess inherent 51 

mechanisms that enable them to tolerate multiple abiotic stresses commonly encountered in 52 

their natural environments, including salt excretion via specialized salt glands and salt bladders, 53 

osmotic adjustment through compatible solutes like proline, and enhanced antioxidant 54 

systems7,8. Salinity stress substantially alters secondary metabolite profiles in halophytes 55 

growing in salt affected soils. Recent systematic reviews highlight halophytes' potential for 56 

cultivation and ecological restoration in saline regions9, yet practical applications remain 57 

limited by insufficient data on species like Limonium tetragonum.  58 

L. tetragonum (Thunb.) Bullock is a biennial herbaceous halophyte within the Plumbaginaceae 59 

family, and it predominantly inhabits saline coastal ecosystems such as salt marshes and muddy 60 

seashores10. L. tetragonum exhibits ecological adaptability to high-salinity environments 61 

through specialized salt-secreting structures (e.g., salt bladders) and osmotic regulation via 62 

proline accumulation8. These traits support its cultivation potential in saline environments. In 63 

addition to its ecological properties, a variety of biological activities of L. tetragonum have 64 

been reported including hepatoprotective11, osteogenic & anti-osteoporotic12,13, anti-obesity12, 65 

and endurance-enhancing activity14. Phytochemical studies have identified that L. tetragonum 66 

contains flavonoids (myricetin and quercetin glycosides) and catechins (epigallocatechin 67 

gallate) as major constituents15,16.  68 

The industrial exploitation of halophytic plants rich in bioactive compounds necessitates the 69 

development of cultivation strategies that enable large-scale production. Soils that halophytes 70 

typically inhabit are characterized by high salinity and low Organic Matter (OM) content 71 
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relative to conventional agricultural soils. To date, research on halophytic plants has focused 72 

on salt-adaptive mechanisms under high-salinity conditions, such as ion homeostasis, osmolyte 73 

synthesis, and salt secretion etc. However, studies aimed at elucidating the correlations among 74 

plant growth characteristics, secondary metabolite production, and associated changes in 75 

biological activities in response to soil environmental conditions remain limited. In the present 76 

study, plant growth characteristics, the production of secondary metabolites, and antioxidant 77 

activities were compared under different soil environments (saline soil from native habitat and 78 

conventional agricultural soil) using the bioactive halophyte, L. tetragonum. The contents of 79 

total carotenoid and anthocyanin of plants were determined using spectrophotometric 80 

colorimetric assays. The contents of five major constituents of L. tetragonum including (−)-81 

epigallocatechin-3-gallate, myricetin-3-O-β-D-galactopyranoside, myricetin-3-O-α-L-82 

rhamnopyranoside, 5,7,2′,5′-tetrahydroxy flavanone-3-O-β-D-galactoside and myricetin-3-O-83 

(2”-O-galloyl)-α-L-rhamnoside were determined using ESI-LC-MS. In addition, principal 84 

component analysis (PCA) was employed to evaluate the correlations among the parameters. 85 

 86 

2. Materials and methods  87 

2.1. Plant material and Soil collection 88 

Seeds of L. tetragonum were collected in 2022 from Gohyeon-myeon, Namhae-gun, 89 

Gyeongsangnam-do, Republic of Korea. Plant identity was authenticated by Prof. Min Hye 90 

Yang at Pusan National University, Republic of Korea. A voucher specimen (voucher number 91 

GNT-68) was deposited at the Laboratory of Pharmacognosy, Gyeongsang National University, 92 

Republic of Korea. In 2023, the seeds were germinated under natural outdoor conditions at the 93 

Naedong Campus of Gyeongsang National University (GNU) and randomly divided into two 94 

groups. The first group (saline soil group, SS) was transplanted to a coastal site in Gohyeon-95 

myeon, Namhae-gun, the native habitat of L. tetragonum (Saline Soil, 34.8746073°N, 96 

127.8977219°E). The second group (non-saline soil group, NSS) was transplanted to an 97 

experimental farm at the Naedong Campus of GNU (Non-Saline Soil, 35.1573381°N, 98 

128.0820927°E). Both groups were grown until August, prior to the flowering stage, and then 99 

harvested for subsequent analyses. 100 

 101 

2.2. Collection of Soils 102 
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Soil samples were collected from the respective cultivation sites. In each plot, soil samples 103 

were obtained using a soil auger. Each plot was divided into three sections (A, B, and C), and 104 

five soil cores were collected at regular intervals within each section. Soil samples from each 105 

section were thoroughly homogenized to produce composite samples, and at least three 106 

composite samples were obtained per treatment. 107 

 108 

2.3. Determination of Soil Physicochemical Properties 109 

Soil texture (particle size distribution) was determined by the pipet method in accordance with 110 

the USDA Soil Survey Laboratory Methods Manual and relevant literature17. Air-dried soil 111 

samples (10 g) were pretreated with 30% H₂O₂ to remove OM, dispersed in 5% sodium 112 

hexametaphosphate solution, and equilibrated. After thorough mixing and sedimentation, 113 

aliquots were extracted at specified depths and times with a pipet, dried, and weighed to 114 

quantify the percentages of sand, silt, and clay fractions. The results were expressed as 115 

percentages by weight. pH and EC were determined in the laboratory using air-dried soil 116 

samples (5 g) mixed with 25 mL of distilled water (1:5 w/v ratio) in 50 mL tubes. The 117 

suspensions were agitated for 1 hour and filtered through filter paper. pH was measured using 118 

a calibrated pH meter (HM-30R, DKK-TOA, Japan), and EC was measured with a conductivity 119 

EC meter (CM-25R, DKK-TOA, Japan). OM content was determined by quantifying total 120 

organic carbon (TOC) using an elemental analyzer (Flash EA 1112, Thermo Electron 121 

Corporation, USA) via combustion at 1,000°C. OM content was calculated by multiplying the 122 

TOC value by the van Bemmelen factor (1.724). Exchangeable cations (K+, Ca2+, Mg2+, Na+) 123 

were extracted from 2.5 g of air-dried soil with 30 mL of 1 M ammonium acetate (NH₄OAc, 124 

pH 7.0) in 50 mL tubes. The suspensions were shaken for 8 hours, filtered, and the 125 

concentrations of K+, Ca2+, Mg2+, and Na+ were determined by inductively coupled plasma 126 

optical emission spectroscopy (ICP-730-ES, VARIAN, USA). Available phosphorus (P) was 127 

measured using the Bray No. 1 method18. Soil samples (2.85 g) were extracted with 20 mL of 128 

Bray-1 solution (0.03 M NH₄F + 0.025 M HCl) in 50 mL centrifuge tubes, shaken for 1 minute, 129 

and immediately filtered. A 5 mL aliquot of the filtrate was mixed with 5 mL of ascorbic acid 130 

reagent in a 50 mL volumetric flask, and absorbance was measured at 720 nm after 10 minutes 131 

using a UV-Vis spectrophotometer (Cary 100, Agilent, USA). 132 

 133 

2.4. Instrumentation and Reagents 134 
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LC-ESI-MS/MS analysis was performed using an Agilent HPLC 1100 series (Santa Clara, CA, 135 

USA) coupled to an AB Sciex API 3200 mass spectrometer (Applied Biosystems, MDS Sciex, 136 

Concord, Canada) equipped with an ESI source, and data were processed using Analyst® 137 

software (version 1.6.3). The analytical column was a YMC-Triart C18 (50 × 2.1 mm i.d., 3 µm, 138 

12 nm, YMC Co., Ltd., Japan). MTT reagent, penicillin/streptomycin, DMSO, H2O2, L-139 

ascorbic acid, and sodium acetate buffer (pH 4.5) were purchased from Sigma-Aldrich (St. 140 

Louis, MO, USA). Acetonitrile, acetone, methanol, and water (HPLC grade) were obtained 141 

from Honeywell Burdick & Jackson (Muskegon, MI, USA), and formic acid (HPLC grade) 142 

from Fujifilm Wako Pure Chemical Corporation (Osaka, Japan). Immortalized human HaCaT 143 

keratinocytes were kindly provided by KB Cosmetics (Jinju, South Korea). DMEM (CM002-144 

050) was from GenDEPOT (Katy, TX, USA), fetal bovine serum (FBS) from Gibco (Grand 145 

Island, NY, USA), and the Muse® MitoPotential Kit from EMD Millipore (Burlington, MA, 146 

USA). Cell viability was measured with a microplate reader (Infinite M200 Pro, Tecan, 147 

Männedorf, Switzerland), and mitochondrial membrane potential with a Guava® Muse Cell 148 

Analyzer (Luminex Corporation, Seattle, WA, USA). DPPH (2,2-diphenyl-1-picrylhydrazyl), 149 

ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt), and Trolox 150 

were obtained from Thermo Fisher Scientific. Potassium persulfate and butylated 151 

hydroxytoluene (BHT) were purchased from Daejung Chemicals & Metals (Siheung, South 152 

Korea). Commercial buffer solution at pH 1.0 was obtained from Taelim Chemical (Korea). 153 

 154 

2.5. Investigation of growth characteristics of L. tetragonum 155 

To investigate the growth characteristics of L. tetragonum, leaf length, leaf width, root length, 156 

and number of leaves were measured prior to the flowering stage. For each individual, the 157 

length (mm) of the longest leaf and the width (mm) of the widest leaf among all leaves were 158 

recorded. The root length (cm) was measured after harvesting by carefully washing the roots 159 

to remove soil, and then measuring the length of the primary root using a ruler. The number of 160 

leaves was investigated by the number of leaves per individual. L. tetragonum leaves used for 161 

yield determination were obtained from freeze-dried leabes. 162 

 163 

2.6. Preparation of L. tetragonum extract 164 
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For the extraction, 100 mg of dried L. tetragonum was extracted with 10 mL of 50% (v/v) or 165 

100% ethanol at 70℃ for 4 h using a water bath extraction. The extract was filtered through a 166 

0.45 ㎛ PVDF filter and the solvent was removed in vacuo. 167 

 168 

2.7. DPPH radical scavenging assay 169 

The DPPH (2,2-Diphenyl-1-picrylhydrazyl) radical scavenging activity was measured with 170 

modifications to the method described by Amalia et al., 2020. A 1 M DPPH stock solution was 171 

diluted with methanol to prepare a 0.05 mM working solution. For the assay, 20 µL of sample 172 

extract was mixed with 230 µL of the DPPH solution and incubated in the dark at room 173 

temperature for 30 minutes. Absorbance was measured at 517 nm using a spectrophotometer. 174 

Radical scavenging activity (%) was calculated by comparing the absorbance reduction 175 

between the sample-treated group and the negative control (without sample). The IC50 value, 176 

representing the sample concentration required to scavenge 50% of DPPH radicals, was 177 

determined from the dose-response curve of concentration versus scavenging activity. 178 

 179 

2.8. ABTS radical scavenging assay 180 

The ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonate)) radical scavenging activity 181 

was analyzed following Zhang et al., 2020 with modifications. An ABTS stock solution was 182 

prepared by mixing 7 mM ABTS with 2.45 mM potassium persulfate in a 1:1 ratio and allowing 183 

the reaction to proceed in the dark at 4°C for at least 12 hours. The stock solution was diluted 184 

with ethanol to achieve an absorbance of 0.70 ± 0.02 at 734 nm. For the assay, 50 µL of sample 185 

extract was reacted with 200 µL of the diluted ABTS solution in the dark at room temperature 186 

for 30 minutes. Absorbance was measured at 734 nm. Scavenging activity (%) was calculated 187 

relative to the negative control (without sample). The IC50 value, indicating the sample 188 

concentration needed to scavenge 50% of ABTS radicals, was derived from the concentration-189 

scavenging activity curve. 190 

 191 

2.9. Measurement of Total Anthocyanin Content 192 

The content of total anthocyanin was measured following the method described by Lee et al., 193 

2005, with some modifications. First, 0.1 g of the sample was mixed with 5 mL of methanol 194 

containing 0.1% formic acid and sonicated for 20 minutes. The supernatant was collected, and 195 
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the extraction was repeated three times. 100 µL of the extract was mixed separately with 2 mL 196 

of buffer solutions at pH 1.0 and pH 4.5. The absorbance of each mixture was recorded at 520 197 

nm and 700 nm using a spectrophotometer (Ultraspec 2100pro, Amersham Co.). The difference 198 

in absorbance between the two pH conditions was used to calculate the total anthocyanin 199 

content, expressed as cyanidin-3-O-glucoside equivalents, based on the following formula. 200 

 201 

Total anthocyanin content (mg/100 g) = A × Mw × D F × V × Fఌ ×1  202 

 203 

A = [(OD520nm - OD700nm) at pH 1.0] – [(OD520nm - OD700nm) at pH 4.5], Mw = molecular weight 204 

of cyanidin-3-glucoside (449.2), DF = dilution factor, V = total volume of extract (mL), F = 205 

conversion factor for sample weight, ε = molar absorptivity of cyanidin-3-glucoside (26,900 206 

L·mol⁻¹·cm⁻¹), 1 = path length 207 

 208 

2.10. Measurement of Total Carotenoid Content 209 

Total carotenoid content was determined using a modified version of the method described by 210 

Al-Farsi et al., 2005. Briefly, 1 g of sample was extracted with acetone:ethanol (1:1, v/v) under 211 

dark conditions at 4°C for 24 hours in an incubator. The extracts were centrifuged at 12,000 212 

rpm for 10 minutes at 4°C, and the supernatant was filtered using Whatman No.42 filter paper. 213 

The absorbance of the filtrate was measured at 470 nm using a spectrophotometer (U-2900, 214 

HITACHI Ltd., Japan). The total carotenoid content was calculated according to the following 215 

equation. 216 

 217 

Total carotenoid content (mg/g) = ஺470 × V × 106஺1% × 100G  218 

 219 

A is the absorbance at 470 nm, V is the total volume of extract, A1% is the extinction coefficient 220 

for a 1% mixture of carotenoids at 2,500, and G denotes sample weight (g). 221 

 222 

2.11. Cell culture and Viability determination  223 

Immortalized human HaCaT keratinocytes were maintained in DMEM containing 10% (v/v) 224 

fetal bovine serum and 1% (v/v) antibiotic (100 U mL−1 penicillin and 100 μg mL−1 
225 

streptomycin) mixture at 37℃ in a 5% CO2-humidfied incubator. Cell viability was determined 226 
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using the colorimetric MTT assay, which is based on the reduction of MTT to formazan by 227 

cellular dehydrogenase. HaCaT cells were seeded at densities of 1 × 104 cells/well in 96-well 228 

plates and incubated for 24 h. Then, the extracts of L. tetragonum were treated at concentrations 229 

of 0, 5, 10, 20 and 40 μg/mL and cultivated for 24 h. MTT (2 mg/mL) in distilled water was 230 

added to each well for 3 h at 37°C. Subsequently, the insoluble formazan precipitate was 231 

dissolved in DMSO, and the absorbance was measured at 540 nm using a microplate reader. 232 

 233 

2.12. Measurement of intracellular ROS production in HaCaT cells 234 

HaCaT keratinocytes were seeded at a density of 2 × 105 cells/mL and then treated with 20 235 

µg/mL of L. tetragonum extracts for 20 h prior to stimulation with 2,000 µM H2O2 for 4 h. The 236 

cells were washed with ice-cold PBS and incubated with Muse® MitoPotential Kit for 30 min. 237 

Mitochondrial membrane depolarization was measured by Guava® Muse Cell Analyzer. 238 

 239 

2.13. LC-ESI-MS/MS analysis of L. tetragonum Extract 240 

LC-ESI-MS/MS analyses were performed on an Agilent HPLC 1100 series (Santa Clara, CA, 241 

USA). A YMC-Triart C18 (50 × 2.1 mm I.D. S-3 ㎛, 12 nm, Japan) was used and maintained 242 

at room temperature. The mobile phase consisted of DW (0.1% formic acid) (A) and MeOH 243 

(0.1% formic acid) (B) at a flow rate of 0.5 mL/min, with a gradient elution as follows: 0-18 244 

min, 95-5% A; 18-20 min, 5%. The injection volume was 1.0 µL. MS/MS analysis was 245 

performed using MRM (Multiple Reaction Monitoring) mode after optimization to derive the 246 

optimal analysis conditions for compound 1-5. Ionization was performed using ESI 247 

(electrospray ionization) using Z-spray, argon gas was used as collision gas, and nitrogen gas 248 

was used as nebulizer gas. Ion source temperature was set at 500℃, nebulizer gas flow at 50 249 

L/min, curtain gas flow at 20 L/min, auxiliary gas flow at 55 L/min, and Ion spray voltage at 250 

4.5 kV. ESI was operated in the positive ion mode. Full-scan spectra were acquired over the 251 

range of m/z 100-1000. L. tetragonum extracts were diluted to 50 µg/mL with 10 % acetonitrile 252 

in 0.1% formic acid solvent and then injected into LC-ESI-MS/MS. (−)-epigallocatechin-3-253 

gallate (1),  myricetin-3-O-β-D-galactopyranoside (2), myricetin-3-O-α-L-rhamnopyranoside 254 

(3), 5,7,2′,5′-tetrahydroxy flavanone-3-O-β-D-galactoside (4) and myricetin-3-O-(2”O-255 

galloyl)-α-L-rhamnoside (5) were set as major compounds, and the experiment was conducted 256 

by diluting in the range of 62.5-10,000 ng/mL using 10% acetonitrile containing 0.1% formic 257 

acid. 258 
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2.14. Statistical analysis 259 

Growth characteristics, dry yield, and quantitative data were analyzed using GraphPad Prism 260 

10 (GraphPad Software, Inc., USA). Significant differences (p < 0.05) between groups were 261 

assessed using Duncan’s multiple range test (for multiple comparisons), one-way ANOVA, and 262 

Student’s t-test (for pairwise comparisons). 263 

Principal component analysis (PCA) was performed in R (version 4.5.0; R Core Team, Vienna, 264 

Austria) using the prcomp function on standardized data to explore relationships among 265 

variables and visualize the distribution of samples in reduced dimensions. For antioxidant 266 

indices (ROS+, DPPH, ABTS), lower values indicate higher activity; therefore, these variables 267 

were sign reversed prior to PCA so that higher scores represented greater antioxidant capacity. 268 

 269 

3. Results 270 

3.1. Soil physicochemical characteristics of saline and non-saline soils used for L. 271 

tetragonum cultivation 272 

Soil texture analysis revealed clear differences between SS and NSS. SS were dominated by 273 

sand, with sand content ranging from 89.32% to 90.28%, silt content from 1.40% to 2.40%, 274 

and clay content from 7.76% to 9.16%. According to the USDA soil classification, these soils 275 

were categorized as sand or loamy sand. In contrast, NSS exhibited a lower sand fraction 276 

(60.16%-64.08%), higher silt (22.32%-25.76%), and higher clay content (13.64%-14.24%), 277 

and were classified as sandy loam (Fig. 1). The physicochemical characteristics of SS and NSS 278 

are summarized in Table 1. Significant differences were observed between the two groups for 279 

all parameters measured, except for pH and K+ content. SS had EC and Na+ concentrations that 280 

were significantly 32 and 70 times higher, respectively, than those in NSS. In contrast, the 281 

contents of OM, Ca2+, and available P in NSS were 11, 7, and 4 times higher, respectively, than 282 

those in SS, and these differences were statistically significant. Both SS and NSS showed pH 283 

values between 6.6 and 6.8, confirming that both soils were slightly acidic. 284 

 285 

3.2. Growth characteristics of L. tetragonum cultivated under saline and non-saline soils 286 

The growth performance of L. tetragonum was compared between plants cultivated in SS and 287 

NSS (Fig. 2; Table 2). Plants grown in NSS had a significantly greater leaf width (p < 0.001), 288 

which was 1.1 times higher than that observed in SS. Similarly, the number of leaves in NSS 289 

was 1.2 times higher than in SS, also showing a significant difference (p < 0.001). No 290 



11 

 

significant differences were observed in leaf length and root length between the two soil 291 

conditions. Biomass production also differed markedly between habitats (Table 2). The fresh 292 

weight of plants cultivated in NSS was 1.7 times higher than that in SS, while the dry weight 293 

was 1.8 times higher. Both differences were statistically significant (p < 0.001). However, dry 294 

yield did not differ significantly between the two groups. These results indicate that non-saline 295 

soil conditions promote vegetative growth and biomass accumulation in L. tetragonum, 296 

primarily through increases in leaf width, leaf number, and overall plant weight, whereas the 297 

proportion of dry matter relative to fresh weight remained unchanged. 298 

 299 

3.3. Antioxidant potentials of L. tetragonum extract cultivated under saline and non-saline 300 

soils 301 

To select an extraction solvent that enhances the recovery of antioxidant compounds from L. 302 

tetragonum, plant materials were extracted using 50% or 100% ethanol. The extraction yields 303 

were higher for 100% ethanol extracts (SS: 11.98 ± 1.37%; NSS: 11.95 ± 1.38%) compared to 304 

50% ethanol extracts (SS: 9.03 ± 1.65%; NSS: 8.07 ± 1.41%), regardless of soil type. Despite 305 

lower yields, the 50% ethanol extracts exhibited higher antioxidant activities than the 100% 306 

ethanol extracts, as reflected by consistently lower IC₅₀ values in both DPPH and ABTS assays 307 

(Fig. 3). In DPPH assay, the IC₅₀ value of the 50% ethanol extract from plants cultivated in 308 

NSS (138.40 ± 19.36 μg/mL) was approximately 1.3-fold lower than that of the corresponding 309 

extract from SS (174.30 ± 27.36 μg/mL), indicating a significantly greater free radical 310 

scavenging activity in the NSS group (p < 0.001). Similarly, in ABTS assay, the IC₅₀ value of 311 

the 50% ethanol extract from the NSS group (59.15 ± 18.07 μg/mL) was approximately 1.5-312 

fold lower than that of the SS group (87.16 ± 10.60 μg/mL) (p < 0.001). Furthermore, the 50% 313 

ethanol extracts from both NSS and SS exhibited lower IC₅₀ values than the positive control, 314 

Trolox (124.50 ± 3.21 μg/mL), indicating strong radical scavenging activity of L. tetragonum 315 

extracts. 316 

 317 

3.4. Effects of L. tetragonum extracts on HaCaT cell viability and ROS production 318 

The antioxidant potential of L. tetragonum cultivated in SS and NSS was further compared in 319 

vitro. The effects of L. tetragonum extracts on the attenuation of ROS production were 320 

evaluated in H₂O₂-induced HaCaT cells using flow cytometry. Prior to the activity assays, the 321 

cytotoxicity of L. tetragonum extracts was assessed using an MTT assay (Fig. 4). Treatment 322 
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with each extract showed no detectable cytotoxicity in HaCaT cells at concentrations ranging 323 

from 0 to 40 μg/mL. In flow cytometric analysis, the proportion of ROS-positive cells (M2 324 

population) in untreated control cells (NC) was 3.6%, which increased to 45.7% following 325 

H₂O₂ exposure. Treatment with NAC, used as a positive control, significantly reduced the 326 

proportion of ROS-positive cells to 7.3% (p < 0.001 vs. H₂O₂-treated group). Treatment with 327 

L. tetragonum extracts also resulted in a significant reduction in ROS-positive cell populations, 328 

to 29.7% and 30.8% for the SS and NSS extracts, respectively (p < 0.001 vs. H₂O₂-treated 329 

group). The decrease in ROS-positive cells was accompanied by a corresponding increase in 330 

ROS-negative cells following treatment with L. tetragonum extracts. No significant difference 331 

was observed between SS and NSS extracts with respect to their effects on ROS attenuation in 332 

vitro (Fig. 5). 333 

 334 

3.5. Accumulation of Carotenoid and Anthocyanin, Pigment Type Secondary Metabolites, 335 

in L. tetragonum cultivated in SS and NSS 336 

The total anthocyanin and carotenoid contents accumulated in L. tetragonum were compared 337 

using colorimetric assays. As shown in Fig. 6, L. tetragonum cultivated in NSS (350.30 ± 87.20 338 

mg/100 g) exhibited significantly higher total anthocyanin contents than those grown in SS 339 

(245.21 ± 33.14 mg/100 g), with mean values approximately 1.4-fold greater (p < 0.01). Total 340 

carotenoid contents were also higher in NSS (299.88 ± 16.17 mg/g), with average levels 341 

approximately 2.6-fold greater than those observed in SS (114.16 ± 20.90 mg/g) (p < 0.001). 342 

 343 

3.6. Optimization of LC-ESI-MS/MS for analysis of target compounds in L. tetragonum 344 

In a previous study by Lee et al., 2017, a total of 13 compounds, including flavonoids, 345 

flavonoid glycosides, and catechins, were isolated from the aerial parts of L. tetragonum, and 346 

their structures were elucidated. Among these compounds, (−)-epigallocatechin-3-gallate 347 

(1),  myricetin-3-O-β-D-galactopyranoside (2), myricetin-3-O-α-L-rhamnopyranoside (3), 348 

5,7,2′,5′-tetrahydroxy flavanone-3-O-β-D-galactoside (4) and myricetin-3-O-(2”O-galloyl)-α-349 

L-rhamnoside (5), which were identified as the major constituents of L. tetragonum, were 350 

quantitatively analyzed in the present study using LC–ESI–MS/MS. Prior to analyzing the 351 

extracts using MRM mode to improve detection sensitivity, the detection conditions for five 352 

compounds were optimized, and the corresponding parameters were selected for the analysis. 353 

The precursor and product ions for compound 1 were set as m/z 457.1 [M–H]⁻ and m/z 169.1 354 

[M–C₇H₅O₅–H]⁻, respectively; for compound 2, m/z 479.2 [M–H]⁻ and m/z 316.8 [M–355 
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C₆H₁₀O₅–H]⁻; for compound 3, m/z 463.1 [M–H]⁻ and m/z 317.2 [M–C₆H₁₀O₄–H]⁻; for 356 

compound 4, m/z 462.9 [M–H]⁻ and m/z 300.3 [M–C₆H₁₀O₅–H]⁻; and for compound 5, m/z  357 

615.3 [M–H]⁻ and m/z 317 [M–C₁₃H₁₄O₈–H]⁻ (Fig. 7; Fig. 8). The parameter values of 358 

declustering potential (DP), entrance potential (EP), collision energy (CE), collision cell 359 

entrance potential (CEP), and cell exit potential (CXP) optimized for compound 1-5 were 360 

shown in Table 3. For quantitation of compound 1-5 in the extract of L. tetragonum 361 

calibration curves were obtained with different concentration ranges. Calibration data 362 

indicated the linearity (R2 > 0.9994) of the detector response for all standard compounds. The 363 

limits of detection (LOD) were determined using the formula 3.3 σ / S, where σ represents 364 

the standard deviation (SD) of the response, and S is the slope of the calibration curve. The 365 

limits of quantification (LOQ) were calculated based on the expression 10 σ / S. LOD and 366 

LOQ for compound 1-5 were found to be in the range from 0.08 to 0.26 ug/mL and 0.25 to 367 

0.78 μg/mL, respectively (Table 4).  368 

3.7. Quantitative analysis of compounds 1-5 in L. tetragonum cultivated in SS and NSS 369 

using ESI-LC-MS/MS 370 

Quantitative analysis of five major secondary metabolites in L. tetragonum extracts was 371 

performed using LC–ESI–MS/MS. The quantitative results for compounds 1–5 in L. 372 

tetragonum extracts are summarized in Fig. 9. Among the five secondary metabolites analyzed, 373 

compounds 2 and 3 were the most abundant in both SS and NSS extracts. The content of 374 

compound 2 in NSS was approximately 1.3-fold higher than that in SS with no statistical 375 

significance. In contrast, compound 3 was significantly more abundant in NSS, exhibiting an 376 

approximately 1.7-fold increase compared with SS (p < 0.05). Among all analyzed compounds, 377 

compound 1 showed the largest difference between the two groups, with its content in NSS 378 

being approximately 3-fold higher than that in SS (p < 0.001). Overall, the concentrations of 379 

all five compounds were generally higher in NSS than in SS. The significantly higher levels of  380 

compounds 1, 3, 4, and 5 observed in the NSS group suggest a possible association between 381 

NSS conditions and increased accumulation of these secondary metabolites. 382 

 383 

3.8. Principal component analysis of soil properties, secondary metabolites and 384 

antioxidant activities in L. tetragonum cultivated in SS and NSS 385 

Principal component analysis (PCA) was performed to examine multivariate relationships 386 
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among soil physicochemical properties (EC, pH, OM, Ca2+, Na+, Mg2+, K+, and P), pigment-387 

type secondary metabolites (total anthocyanin and total carotenoid contents), major secondary 388 

metabolites (compounds 1–5), and antioxidant activities (ROS, DPPH, and ABTS) in L. 389 

tetragonum cultivated in SS and NSS. Samples clearly clustered into two distinct groups 390 

according to soil type, with the NSS group (blue) distributed on the positive side of PC1 and 391 

the SS group (red) on the negative side, indicating discernible differences in their overall 392 

phytochemical, antioxidant-related, and soil physicochemical properties. The first two 393 

principal components (PC1 and PC2) explained 68.5% and 10.3% of the total variance, 394 

respectively. Among the measured variables, the five major compounds, total anthocyanin, 395 

total carotenoid, and antioxidant activity indices (DPPH and ABTS) showed positive loadings 396 

on PC1, suggesting that these parameters were associated with the variance contributing to the 397 

separation between NSS and SS. In contrast, ROS levels exhibited a negative loading on PC1, 398 

indicating an inverse relationship with secondary metabolite contents and antioxidant activities 399 

across the groups. The orientation of the loading vectors in the biplot further indicates that 400 

higher levels of secondary metabolites and antioxidant activities were more closely associated 401 

with the NSS group, whereas increased ROS levels were more strongly associated with the SS 402 

group. In addition, soil EC, Na+, Mg2+, and K+ were oriented toward the SS side of PC1, 403 

whereas pH, OM, Ca2+, and P were more closely aligned with the NSS side, implying that 404 

distinct soil chemical environments in SS and NSS were closely associated with the observed 405 

differences in secondary metabolites and antioxidant activities. 406 

  407 



15 

 

4. Discussion 408 

Soil salinization refers to the accumulation of soluble salts, primarily ions such as sodium, 409 

calcium, magnesium, and chloride, accumulate within the soil profile. This process 410 

progressively alters soil physical and chemical properties, impairs fertility, and limits plant 411 

access to water and essential nutrients23,24. 412 

Halophytes are defined as plant species capable of completing their life cycle under salinity 413 

conditions that are typically lethal to most glycophytes, often tolerating salt concentrations 414 

equivalent to seawater or higher6. Despite the extensive global distribution of saline habitats, 415 

halophytes represent only a minor component of the world’s vascular flora, comprising 416 

approximately 1–2% of known species25. L. tetragonum is a biennial halophytic species in the 417 

family Plumbaginaceae that typically occurs in saline coastal environments such as tidal 418 

marshes and mudflats10. Within these habitats, L. tetragonum mitigates ionic and osmotic stress 419 

through leaf-based salt-secreting glands and the intracellular accumulation of compatible 420 

solutes, proline8. Salt tolerance in halophytes has been frequently associated with elevated 421 

biosynthesis of secondary metabolites and antioxidant compounds, which play key roles in 422 

osmoprotection and mitigation of oxidative stress15. Building on this concept, the present study 423 

cultivated L. tetragonum under SS, representing its natural coastal environment, and NSS, 424 

representing more conventional agricultural conditions. This experimental design enabled 425 

assessment of the species’ cultivation potential beyond its native range and provided 426 

comparative insights into the influence of soil salinity on plant growth, secondary metabolism, 427 

and antioxidant capacity. 428 

Analysis of soil physicochemical properties revealed clear contrasts between SS and NSS soils. 429 

Exchangeable cations, particularly Na⁺, were substantially higher in SS 430 

(2031.75 ± 196.72 mg/kg) than in NSS (29.21 ± 3.49 mg/kg), consistent with the characteristic 431 

ionic enrichment of salt‑affected soils. EC in SS reflected this accumulation of soluble salts, 432 

mainly Na⁺ and Mg²⁺, while NSS contained greater levels of organic matter (1.47 ± 0.28%) and 433 

available phosphorus (153.26 ± 10.19 mg/kg), indicating relatively higher fertility and nutrient 434 

exchange potential. Soil salinity is often accompanied by concurrent increases in Na⁺ and Mg²⁺, 435 

and higher combined concentrations of these cations have been shown to elevate EC and 436 

correlate strongly with salinity indices26. Consistent with this pattern, Wanga et al., 2025 437 

reported significant positive correlations between EC and both Na⁺ and Mg²⁺ in saline soils, 438 

which agrees with the elevated values observed in SS in the present study. High salinity is 439 
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known to suppress OM accumulation and phosphorus availability, largely through reduced 440 

microbial activity and altered phosphorus precipitation equilibria28,29. Excess Na⁺ may further 441 

exacerbate soil degradation by displacing exchangeable cations due to its large hydration radius, 442 

promoting clay dispersion and swelling, and thereby reinforcing a positive feedback loop of 443 

salt accumulation30. In contrast, organic amendments such as compost or animal manure have 444 

been shown to enhance microbial biomass carbon and stimulate the release of organic acids 445 

and humic substances, collectively improving P availability within the soil-plant system31,32. 446 

Wang et al., 2021 additionally identified Ca²⁺ as a cation positively associated with OM content, 447 

suggesting its role in OM accumulation and stabilization. The concurrently higher levels of 448 

OM, Ca²⁺, and available P in NSS reflect these ecological and biochemical mechanisms, 449 

whereas their depletion in SS indicates reduced nutrient bioavailability and diminished soil 450 

fertility under saline conditions. Collectively, these physicochemical patterns demonstrate that 451 

salinity-driven enrichment of Na⁺ and Mg²⁺, combined with the depletion of Ca²⁺, OM, and P, 452 

establishes a soil environment less favorable for plant growth and metabolic functioning.  453 

In accordance with these soil characteristics, the assessment of L. tetragonum growth response 454 

highlighted the biological consequences of salinity. Plants cultivated in NSS exhibited 455 

significantly greater leaf width and higher leaf numbers than those grown in SS, indicating that 456 

reduced salinity promotes more vigorous vegetative development34,35. Fresh and dry biomass 457 

production was also substantially higher under non-saline conditions, although the dry yield 458 

percentage remained unaffected by soil salinity. By contrast, leaf and root lengths showed no 459 

significant variation, suggesting that salinity primarily influences leaf initiation and overall 460 

biomass rather than organ elongation. These findings indicate that L. tetragonum achieves 461 

optimal growth and productivity under lower salinity, underscoring its potential for agronomic 462 

cultivation in non-saline or moderately saline environments. 463 

Primary metabolites are organic compounds involved in vital physiological processes within 464 

organisms. They are universally present across plant species and play key roles in growth, 465 

development, and reproduction36. In contrast, secondary metabolites including flavonoid 466 

glycosides like myricetin and quercetin derivatives are not strictly required for basic life 467 

processes but are synthesized in response to diverse environmental factors such as salinity, 468 

drought, light, and pathogen attack. These compounds play crucial roles in plant adaptation, 469 

environmental stress tolerance, and ecological interactions37,38,39,40.  470 
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Catechins and flavonoid glycosides have been previously identified as major secondary 471 

metabolites in L. tetragonum through both phytochemical characerization and biological 472 

studies8,16. In the present study, quantitative analysis revealed that all five major compounds 473 

comprising myricetin glycosides and tetrahydroxy flavanone derivatives were present at 474 

significantly higher levels in plants grown in NSS than in SS. Among these, 475 

compounds 2 and 3 represented the most abundant constituents in both soil types, yet their 476 

accumulation was markedly greater under non-saline conditions. Consistent patterns were 477 

observed for compounds 1, 4, and 5, collectively indicating that reduced salinity promotes 478 

secondary metabolite biosynthesis and accumulation. Comparable responses have been 479 

observed in other plant species. Yang et al., 2022 demonstrated that Tetrastigma 480 

hemsleyanum initially increased flavonoid accumulation under short-term high-salinity 481 

exposure, but after 12 days, the highest concentrations occurred under low-salinity treatment. 482 

Similarly, Taffouo et al., 2017 observed that flavonoid content in Capsicum annuum L. reduced 483 

with increasing NaCl concentrations and peaked in the absence of salt. Together, these results 484 

reinforce the emerging understanding that moderate or non-saline environments are more 485 

conducive to sustained flavonoid and related secondary metabolite production than 486 

high-salinity conditions. 487 

Building on the patterns observed for flavonoid metabolites, the influence of soil salinity on 488 

pigment‑type secondary metabolites was further examined by quantifying total anthocyanin 489 

and carotenoid contents (Fig. 4). Anthocyanins and carotenoids are well‑known antioxidant 490 

pigments that play pivotal roles in photoprotection and oxidative stress mitigation by 491 

scavenging reactive oxygen species and modulating stress signaling pathways42,43,44. Both 492 

pigments accumulated at significantly higher levels in L. tetragonum grown in NSS compared 493 

with SS (p < 0.01 for anthocyanins, p < 0.001 for carotenoids), paralleling the trends observed 494 

for flavonoid glycosides. These results are consistent with previous reports showing that 495 

pigment accumulation in many plant species declines under salt stress, underscoring the 496 

inhibitory effect of high salinity on pigment metabolism42,45. 497 

The elevated pigment levels under non‑saline conditions corresponded with enhanced 498 

antioxidant activities measured by biochemical and cellular assays. In DPPH and ABTS assays, 499 

L. tetragonum extracts from NSS exhibited markedly higher radical scavenging capacities than 500 

those from SS. In HaCaT cells, ROS production induced H₂O₂ was attenuated by treatments 501 

with L. tetragonum from both SS and NSS. Although the cell-based ROS assay did not 502 
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distinguish a pronounced superiority of NSS over SS, the consistently stronger performance of 503 

NSS extracts in DPPH and ABTS assays highlights their greater intrinsic chemical antioxidant 504 

capacity. Previous studies have highlighted that discrepancies between in vitro chemical assays 505 

and cellular ROS readouts often arise from differences in assay principles and biological 506 

complexity46,47,48. While DPPH and ABTS assays quantify direct free radical scavenging in a 507 

controlled chemical system, cellular assays reflect additional physiological factors such as 508 

membrane permeability, cellular uptake, metabolism, and interactions with intracellular targets 509 

49.  510 

The increased accumulation of secondary metabolites observed in L. tetragonum grown in NSS 511 

can be mechanistically explained by previous studies linking soil physicochemical properties 512 

with secondary metabolism in plants. NSS generally exhibits higher OM content, which 513 

functions as a reservoir and source of key macronutrients, particularly N and P50,51,52. OM–514 

Ca²⁺–P interactions enhance P retention and bioavailability, thereby promoting nutrient cycling 515 

and microbial activity that, in turn, support both primary and secondary metabolism and lead 516 

to increased accumulation of flavonoids, phenolics, and pigment compounds53,54. P metabolism 517 

is especially critical, as ATP derived from P‑containing compounds provides the energy 518 

required for the enzymatic reactions involved in phenolic biosynthesis55. In accordance with 519 

this hypothesis, P deficiency has been shown to suppress the expression of flavonoid pathway 520 

genes56, whereas P fertilization significantly enhances the contents of phenolics, flavonoids, 521 

carotenoids, and tannins in sorghum grain57. Furthermore, recent work has reported that higher 522 

levels of OM in soil are associated with increased quercetin accumulation58, which is in close 523 

agreement with the elevated levels of flavonoid glycosides, anthocyanins, and carotenoids 524 

observed in NSS‑grown L. tetragonum in the present study. Taken together, these observations 525 

indicate that enhanced OM status and P availability under non‑saline conditions are likely to 526 

contribute to the superior secondary metabolite profiles of L. tetragonum, and point to an 527 

important role for soil–plant nutrient interactions in modulating halophyte secondary 528 

metabolism and antioxidant capacity in conventional agriculture. 529 

PCA was employed to elucidate multivariate relationships among soil physicochemical 530 

properties, major secondary metabolite contents, pigment-type metabolites and antioxidant 531 

activities in L. tetragonum. The biplot (Fig. 10) revealed distinct clustering of samples by soil 532 

type, with NSS-grown plants (blue circles) separated from SS-grown plants (red circles), 533 

reflecting contrasting physiological and biochemical profiles. PC1, explaining 68.5% of the 534 
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total variance, was primarily associated with high levels of secondary metabolites 535 

(compounds 1–5), pigment metabolites (anthocyanins and carotenoids), and antioxidant 536 

capacities (DPPH and ABTS), all of which showed strong positive loadings aligned with the 537 

NSS group. Conversely, soil salinity indicators (EC, Na⁺, Mg²⁺, K⁺) exhibited positive loadings 538 

toward the SS group, while pH, OM, Ca²⁺, and available P were aligned with NSS, underscoring 539 

how edaphic factors drive metabolic differentiation. Anthocyanins and carotenoids co-varied 540 

with DPPH and ABTS activities, reinforcing their coordinated accumulation and contribution 541 

to antioxidant potential under non-saline conditions. PC1 also showed a strong negative loading 542 

for ROS, which clustered with SS samples, indicating heightened oxidative stress in saline 543 

environments. These patterns demonstrate that NSS promote biosynthetic pathways for 544 

antioxidant compounds and radical scavenging, whereas saline conditions elevate ROS 545 

signaling and suppress metabolite accumulation. Overall, the PCA results validated the 546 

differences between the NSS and SS groups, and identified soil salinity as a key environmental 547 

determinant of halophyte physiology and biochemistry. 548 

 549 

  550 
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5. Conclusions 551 

This study provides evidence that soil physicochemical properties, particularly salinity, 552 

regulate plant growth, secondary metabolism, and antioxidant responses in the halophyte L. 553 

tetragonum. Under NSS conditions, plants displayed greater vegetative biomass, higher 554 

accumulation of major flavonoid glycosides, and anthocyanins and carotenoids, and enhanced 555 

antioxidant capacities as assessed by DPPH and ABTS assays, compared to plants grown in 556 

SS. Multivariate PCA revealed a clear separation between SS and NSS samples, with NSS 557 

associated with elevated secondary metabolite levels and antioxidant activities, whereas SS 558 

was associated with indicators of enhanced oxidative stress. Importantly, higher levels of soil 559 

OM, Ca2+, and available P in NSS were closely associated with metabolic patterns, suggesting 560 

that the soil fertility parameters and related edaphic processes play a significant role in 561 

modulating the phytochemical profile of L. tetragonum. Taken together, these findings indicate 562 

that non‑saline cultivation conditions can support both the agronomic performance and 563 

bioactive metabolite production of this halophyte, and they identify soil salinity as an important 564 

environmental factor governing halophyte physiology and metabolism in managed systems. 565 

  566 
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Figure legends 772 

 773 

Fig. 1. Classifications of soils in sampling sites. Soil samples from each group were separated 774 

by granulometric analysis, and the percentage of sand (0.063-2.0mm), silt (0.004-0.063mm), 775 

and clay (<0.004mm) was calculated. Data are presented as weight percent (%). 776 

 777 

Fig. 2. Leaf length (A), Leaf width (B), Number of leaves (C) and Root length (D) of L. 778 

tetragonum grown in saline soils (SS, n=12) and non-saline soils (NSS, n=13). Growth 779 

characteristics were investigated prior to flowering. Asterisks indicate statistically significant 780 

differences between groups as determined by Student’s t-test (p < 0.001). 781 

 782 

Fig. 3. Antioxidant activities (IC50 values) of L. tetragonum extracts from plants grown in 783 

saline soil (SS) and non-saline soil (NSS) conditions, measured by DPPH (A) and ABTS (B) 784 

radical scavenging assays. Results were presented as mean ± SD (SS, n=11; NSS, n=14). L-785 

ascorbic acid and Trolox were used as standard antioxidants. 50%E SS: 50% EtOH extract 786 

from saline soil, 50%E NSS: 50% EtOH extract from non-saline soil, 100%E SS: 100% EtOH 787 

extract from saline soil, 100%E NSS: 100% EtOH extract from non-saline soil. ***p < 0.001 788 

vs standard. 789 

 790 

Fig. 4. The cytoxicities of L. tetragonum extracts from plants grown under saline soil (SS, 791 

n=11) (A) and non-saline soil (NSS, n=14) (B) against HaCaT cells. Cells were treated with 792 

each extract (0, 5, 10, 20, and 40 ug/ml) for 24 h, and cell viability was determined by MTT 793 

assay. Each data represents mean ± SD of three replicates per sample. 794 

 795 

Fig. 5. Effects of L. tetragonum extracts from plants grown under saline soil (SS, n=11) and 796 

non-saline soil (NSS, n=14) conditions on H₂O₂-induced oxidative stress in HaCaT cells. 797 

Intracellular ROS was measured by flow cytometry using the Muse® Oxidative Stress Kit. 798 

Shown are percentages of ROS⁻ (M1, blue) and ROS⁺ (M2, red) cells (A). Quantification of 799 

ROS⁻ and ROS⁺ cells in each group. Each data represents mean ± SD of three replicates per 800 

sample (B). NAC (5 mM) was used as a positive control. ***p < 0.001 vs H₂O₂. 801 

 802 
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Fig. 6. Total anthocyanin (A) and total carotenoid (B) contents in L. tetragonum extracts from 803 

plants grown in saline (SS, n=11) and non-saline (NSS, n=14) soil conditions. Each data 804 

represents mean ± SD of three replicates per sample. Asterisks indicate statistically 805 

significance differences between groups as determined by Student’s t-test (**p < 0.01, ***p < 806 

0.001) 807 

 808 

Fig. 7. Product ion mass spectra of compound 1 (A), compound 2 (B), compound 3 (C) 809 

compound 4 (D) and compound 5 (E) isolated from L. tetragonum 810 

 811 

Fig. 8. Extracted ion chromatograms of analytes quantified compound 1 (A), compound 2 812 

(B), compound 3 (C) compound 4 (D) and compound 5 (E) isolated from L. tetragonum in 813 

MRM mode of LC-ESI-MS/MS 814 

 815 

Fig. 9. Quantitative analysis of (−)-epigallocatechin-3-gallate (A), myricetin-3-O-β-D-816 

galactopyranoside (B), myricetin-3-O-α-L-rhamnopyranoside (C), 5,7,2′,5′-tetrahydroxy 817 

flavanone-3-O-β-D-galactoside (D) and myricetin-3-O-(2”O-galloyl)-α-L-rhamoside (E) L. 818 

tetragonum extracts from plants grown under saline soil (SS) and non-saline soil (NSS) 819 

conditions, as determined by LC-ESI-MS/MS. Results are presented as mean ± SD. *p < 820 

0.05, **p < 0.01, ***p < 0.001. 821 

 822 

Fig. 10. PCA biplot of soil physicochemical properties (EC, pH, OM, Na+, Mg2+, K+, Ca2+, 823 

and P), pigment type secondary metabolites (total anthocyanin and total carotenoid contents), 824 

major secondary metabolite contents (compounds 1–5) and antioxidant activities (ROS, 825 

DPPH, and ABTS) in L. tetragonum extracts cultivated in saline soil (SS, red circles) and 826 

non-saline soil (NSS, blue circles). 827 

  828 
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Table 1. Comparison of physicochemical properties between saline and non-saline  soils. 829 

Habitats pH 
EC 

(ds/m) 

Organic 

Matter 

(%) 

Exchangeable (mg/kg)  
Available 

Phosphorus 

(mg/kg) 
Ca2+ Mg2+ K+ Na+ 

Saline 

soil 

6.6 

± 0.17e  

11.35 

± 1.42e  

0.13 

± 0.07f 

256.25 

± 58.91b 

269.28 

± 35.29b 

135.95 

± 21.78c 

2031.75  

± 196.72a  

43.36 

± 7.52d  

Non- 

saline 

soil 

6.8 

± 0.08e 

0.35 

± 0.04f 

1.47 

± 0.28f  

1729.12 

± 107.96a 

63.69 

± 3.40c 

132.21 

± 14.24b 

29.21 

± 3.49d 

153.26 

± 10.19b  

 830 

Data represent the mean values ± SD. Different letters indicate significant differences according the 831 

Tukey’s Multiple Range test (p < 0.05).  832 

 833 

 834 

 835 

 836 

 837 

838 
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Table 2. Dry yield of leaves according to the growth stages of L. tetragonum. 839 

Habitats Fresh weight (g) Dry weight (g) Dry yield (%) 
Saline soil 4.95 ± 0.85ba 1.02 ± 0.22c 20.44 ± 1.44a 

Non-saline 
soil 8.66 ± 1.72b 1.80 ± 0.42c 20.77 ± 2.21a 

Significantb *** *** NS 
a Mean separation within column’s by Tukey’s multiple range test. 840 
b Significant: NS = nonsignificant, p < 0.001 (***). 841 

  842 
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Table 3. Optimized parameters of compound 1-5 for Multiple reaction monitoring (MRM)-MS 843 

analysis. 844 

Compounds 
precursor 

ion (m/z) 

product ion 

(m/z) 

Optimized Parameters 

DP EP CE CEP CXP 

(−)-epigallocatechin-

3-gallate (1) 
457.1 169.1 -30 -9.5 -29.1 -30 -5 

myricetin-3-O-β-D-

galactopyranoside (2) 
479.2 316.8 -85 -6.5 -20 -22 -6 

myricetin-3-O-α-L-

rhamnopyranoside (3) 
463.1 317.2 -70 -5 -16 -22 -6 

5,7,2′,5′-tetrahydroxy 

flavanone-3-O-β-D-

galactoside (4) 

462.9 300.3 -60 -4 -18 -24 -6 

myricetin-3-O-(2”O-

galloyl)-α-L-

rhamnoside (5) 

615.3 317 -85 -7.5 -26 -30 -18 

DP-declustering potential; EP-entrance potential; CE-collision energy; CEP-cell entrance potential; 845 

CXP-cell exit potential 846 

 847 

 848 

  849 
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Table 4. Parameters of the developed method for quantitation of compound 1-5 in LC-ESI 850 

MS/MS analysis. 851 

Compounds 
Regression 

equation 
R2 

Linearity range 

(ng/mL) 

LOD 

(ug/mL) 

LOQ 

(ug/mL) 

(−)-epigallocatechin-3-

gallate (1) 

y = 33.3x – 

1.77×10³ 
0.9999 62.5-10000 0.09 0.28 

myricetin-3-O-β-D-

galactopyranoside (2) 
y = 1.75x - 249 0.9994 125-10000 0.26 0.78 

myricetin-3-O-α-L-

rhamnopyranoside (3) 
y = 2.71x - 266 0.9999 62.5-10000 0.08 0.25 

5,7,2′,5′-tetrahydroxy 

flavanone-3-O-β-D-

galactoside (4) 

y = 21.7x – 

1.88×10³ 
0.9997 62.5-10000 0.14 0.43 

myricetin-3-O-(2”O-

galloyl)-α-L-

rhamnoside (5) 

y = 16x – 

1.99×10³ 
0.9994 62.5-10000 0.2 0.61 

  852 
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