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Abstract: This study analyzed the seed germination characteristics and physiological
responses of five Korean Veronica species (V. daurica, V. nakaiana, V. kiusiana var. glabrifolia,
V. pusanensis, and V. pyrethrina) under salinity stress. Preliminary experiments on five
Veronica species using various NaCl concentrations revealed that treatment with 150 mM
NaCl almost completely inhibited seed germination, whereas treatment with >50 mM NaCl
significantly decreased seed germination rate and index. Therefore, this study focused
on the effects of treatment with 0, 50, and 100 mM NaCl for 7 days on the germination
rate, germination index, germination energy, germination vigor index, water content, fresh
weight, dry weight, and root length of the plants. When treated with 100 mM NaCl, most
species had few survivors after 5 days, even if germination had occurred. Almost all
parameters significantly decreased with increasing NaCl concentration. Especially, fresh
weight and water content decreased with increasing NaCl concentration, while dry weight
did not show a significant response to NaCl concentration, suggesting that salinity stress
inhibited water uptake, which is crucial for seed germination. Hormonal analysis revealed
the presence of indole-3-acetic acid (IAA) and abscisic acid (ABA) and the absence of
gibberellic acid. Most species showed no significant changes in IAA and ABA levels with
varying NaCl concentrations. However, V. pusanensis showed significantly increased ABA
levels with increasing NaCl concentration, and V. daurica showed significantly higher IAA
levels at 100 mM NaCl than at other NaCl concentrations. This study demonstrates that salt
stress negatively affects Veronica seed germination, with varying intensities among species.

Keywords: hormonal analysis; NaCl; salinity stress; salt tolerance; seed germination;
Veronica

1. Introduction
In Korea, many reclaimed lands have been established along the southwestern coastal

regions, and soil salinization is worsening due to rising sea levels caused by climate
change [1,2]. Additionally, various scale gardens are being developed in these reclaimed
areas, making it necessary to investigate the salt stress tolerance of domestic garden plants.

Salinity stress is an important abiotic factor that negatively affects the growth and
development of plants worldwide [3]. Approximately 19.5% of all irrigated lands and
2.1% of dry lands are affected by salinity stress [4,5]. Salinization occurs in urban areas,
gardens, and arid and semi-arid regions because of overdoses of deicer and fertilizer and
irrigation of reclaimed water, damaging plant ecology [6–8]. Soil salinization is intensified
by high temperatures and increased evaporation caused by climate change [9]. Salinity

Int. J. Plant Biol. 2025, 16, 60 https://doi.org/10.3390/ijpb16020060

https://doi.org/10.3390/ijpb16020060
https://doi.org/10.3390/ijpb16020060
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijpb
https://www.mdpi.com
https://orcid.org/0000-0002-2783-1694
https://orcid.org/0000-0001-7820-1978
https://orcid.org/0000-0003-2897-0298
https://doi.org/10.3390/ijpb16020060
https://www.mdpi.com/article/10.3390/ijpb16020060?type=check_update&version=1


Int. J. Plant Biol. 2025, 16, 60 2 of 11

stress causes osmotic stress, ion stress, and mineral deficit, which damage the physiological
and biochemical systems of plants; consequently, this stress inhibits plant growth and
development [10,11], reduces ornamental value by destroying chlorophyll [12,13], and
promotes reactive oxygen species production [14]. Oxidative stress induced by reactive
oxygen species causes defects in cell membranes, nucleic acids, and cell structures, thereby
disrupting normal plant growth [15].

Various stages of the plant life cycle are affected by salinity stress, but seed germi-
nation and seedling development are particularly sensitive [16]. Seed germination and
seedling development are crucial for successful plant establishment [17]. Resistance to
salinity stress at these stages suggests a plant’s adaptability to saline soil [18,19]. Studying
salinity stress responses during these stages can help predict plant growth responses to
salt [3,16,20,21]. It also aids in identifying resistance factors and developing salt-tolerant
cultivars [3,22–25]. Salinity stress significantly reduces germination rates (GRs), seedling
growth and establishment, and root and shoot development [26,27]. Seed germination
and seedling development involve complex pathways that are regulated by numerous
hormones and proteins. For instance, seed germination is promoted by hormones such
as gibberellic acid (GA), ethylene, cytokinins, and brassinosteroids (BRs) but inhibited
by abscisic acid (ABA) [28]. Increased ABA levels help plants adapt to stress [29,30]. A
key factor regulating germination is the balance between ABA and GA [31–34]. Salinity
stress directly and indirectly disrupts these pathways, thereby suppressing germination
and seedling development [35].

Previous studies explored how individual hormones affect seed germination and
development under salinity stress. For instance, auxin accumulation and distribution are
altered by salinity stress, causing root structure changes and growth reduction [35–37].
Therefore, the auxin signaling pathway is closely related to salinity stress [38], and pre- and
post-treatment with indole-3-acetic acid or α-naphthaleneacetic acid mitigates the negative
effects of salinity stress on seed germination and seedling establishment [39]. Additionally,
treatments with GA [40] and BR [41] significantly improve germination, whereas ethylene
enhances salt tolerance during germination and development [42,43].

Veronica belongs to Plantaginaceae and includes about 500 species worldwide [44],
with 17 native species in Korea. Recently in Korea, the genus Veronica was changed to
Pseudolysimachion belongs to Scrophulariaceae [45]. In this paper, it is written as Veronica
according to the internationally accepted classification system. Veronica species are peren-
nials valued for their horticultural potential owing to their diverse flower colors, extended
flowering period, and easy maintenance [46]. From 2018 to 2019, Veronica species saw an
eightfold increase in trade volume and a 50% increase in price [47]. Despite the horticultural
significance of Veronica species, most studies focused on their antioxidant potential, and
few analyzed their stress tolerance [48–50]. Thus, the present study investigated how salt
stress affects seed germination and seedling development in five native Veronica species: V.
daurica, V. pusanensis, V. nakaiana, V. pyrethrina, and V. kiusiana var. glabrifolia. Especially, we
attempted hormone analysis with LC/MS-MS, which was difficult to perform due to the
small size of the seed of Veronica. We set the following hypothesis: (1) As the concentration
of NaCl treatment increases, the germination of Veronica seeds will be adversely affected;
(2) there will be common and significant NaCl concentration that affects the seed germina-
tion of five Veronica species; and (3) NaCl treatment will cause changes in the endogenous
hormones of the seeds of Veronica. The results of this study may provide basic data on
seed salt stress for breeding salt-tolerant varieties of Veronica, which is widely distributed
and useful worldwide, but has had limited research on salt tolerance.
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2. Results
2.1. Preliminary Experiment for Determining NaCl Concentration

To determine the specific NaCl concentration that induces salinity stress responses in
the seeds of the five Veronica species, we measured the GR and GI under various NaCl
concentrations (Figure 1). Although the responses varied among the species, both GR and
GI decreased with increasing NaCl concentration. A significant difference was observed at
the NaCl concentration of 100 mM compared with the control group. However, germination
was not observed in any species at relatively high NaCl concentrations of 150 mM and
above. Specifically, germination was not observed in V. nakaiana and V. pyrethrina even at a
lower concentration of 150 mM. Furthermore, the average GR compared to the control group
showed decreases of 45.5, 13.8, 8.4, 49.2, and 38.2% in V. daurica, V. nakaiana, V. kiusanum var.
glabrifolia, V. pusanensis, and V. pyrethrina, respectively, at a NaCl concentration of 50 mM,
albeit not significantly for all species. Therefore, the NaCl concentration for investigating
the effects of salinity stress on germination was determined to be 100 mM NaCl. An
additional investigation of seed responses was conducted using 50 mM NaCl to observe
the variation in responses.
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Figure 1. Seed germination rate (A) and germination index (B) of Veronica daurica, V. nakaiana, V.
kiusiana var. glabrifolia, V. pusanensis, and V. pyrethrina treated with different NaCl concentrations for
14 days. Vertical bars represent the standard error. *, **, and *** indicate significant differences at
p < 0.05, 0.01, and 0.001, respectively, between the control and treatment groups.

2.2. Germination Experiment

The GR, GI, GE, GVI, WC, FW, DW, and RL of seeds from the five Veronica species
treated for 7 days with NaCl concentrations of 0, 50, and 100 mM were investigated
(Table 1). The Gp, which is used in calculating GE, is G4 and G5 in V. nakainaum, V. kiusiana
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var. glabrifolia, and V. pyrethrina and in V. daurica and V. pusanensis, respectively. The RL
data from the 100 mM NaCl treatment groups were excluded from further analysis because
in the 100 mM NaCl treatment group, almost no individuals from any species survived
beyond 5 days post-germination. The analysis revealed that NaCl treatment significantly
affected most parameters, except for DW, which showed no significant effect. Notably, the
GI decreased significantly (p < 0.001) across all species with increasing NaCl concentration.

Table 1. Results of the germination experiment of seeds of five Veronica species treated with 0, 50,
and 100 mM NaCl.

Species NaCl Concentration
(mM)

Germination Rate
(%) Germination Index Germination Energy Germination Vigor

Index

V. daurica

0 76.2 ± 4.55 zay 10.6 ± 0.94 a 41.6 ± 4.80 a 5.8 ± 1.04 a
50 41.5 ± 2.15 b 4.6 ± 0.77 b 11.2 ± 3.14 b 1.4 ± 0.36 b

100 7.9 ± 1.0 c 0.4 ± 0.05 c 0.0 ± 0.00 b 0.1 ± 0.01 b
Significance *** *** *** **

V. nakaiana

0 95.8 ± 1.04 a 21.4 ± 0.94 a 23.0 ± 3.15 a 15.7 ± 1.22 a
50 82.6 ± 4.83 a 9.2 ± 1.43 b 6.5 ± 3.28 b 3.4 ± 0.94 b

100 8.2 ± 4.52 b 0.7 ± 0.35 c 0.0 ± 0.00 b 0.1 ± 0.07 b
Significance *** *** *** ***

V. kiusiana var.
glabrifolia

0 65.9 ± 7.13 a 14.2 ± 1.26 a 51.3 ± 7.42 a 10.9 ± 2.87 a
50 60.3 ± 3.18 a 6.2 ± 0.22 b 6.8 ± 0.91 b 3.2 ± 0.22 b

100 14.0 ± 1.61 b 1.1 ± 0.16 c 0.0 ± 0.00 b 0.3 ± 0.05 b
Significance *** *** *** *

V. pusanensis

0 42.7 ± 1.78 a 5.9 ± 0.18 a 23.0 ± 1.82 a 2.5 ± 0.02 a
50 21.7 ± 6.13 b 2.4 ± 0.48 b 6.5 ± 1.89 b 0.7 ± 0.17 b

100 6.4 ± 1.74 b 0.5 ± 0.18 c 0.0 ± 0.00 c 0.1 ± 0.04 c
Significance ** *** *** ***

V. pyrethrina

0 78.1 ± 6.95 a 11.6 ± 1.19 a 26.0 ± 5.85 a 7.8 ± 1.56 a
50 48.3 ± 4.81 b 4.6 ± 0.76 b 4.4 ± 2.94 b 2.0 ± 0.50 b

100 6.5 ± 4.00 c 0.5 ± 0.26 c 0.0 ± 0.00 b 0.1 ± 0.08 b
Significance *** *** ** **

Species NaCl Concentration
(mM) Water Content (%) Fresh Weight (mg) Dry Weight (mg) Root Length (cm)

V. daurica

0 78.6 ± 1.96 a 0.54 ± 0.034 a 0.11 ± 0.003 a 1.66 ± 0.038
50 65.6 ± 0.62 b 0.29 ± 0.019 b 0.10 ± 0.007 a 0.38 ± 0.049

100 54.0 ± 2.37 c 0.21 ± 0.004 b 0.10 ± 0.004 a - x

Significance *** ** ns ***

V. nakaiana

0 87.1 ± 0.78 a 0.73 ± 0.014 a 0.09 ± 0.002 a 1.55 ± 0.321
50 75.9 ± 4.24 a 0.35 ± 0.033 b 0.08 ± 0.001 a 0.43 ± 0.009

100 46.4 ± 1.39 b 0.16 ± 0.010 c 0.08 ± 0.004 a -
Significance *** *** ns *

V. kiusiana var.
glabrifolia

0 84.0 ± 1.65 a 0.74 ± 0.076 a 0.07 ± 0.020 a 0.83 ± 0.020
50 75.6 ± 1.87 b 0.51 ± 0.022 a 0.12 ± 0.004 a 0.39 ± 0.108

100 59.6 ± 0.31 c 0.31 ± 0.008 b 0.13 ± 0.003 a -
Significance *** * ns *

V. pusanensis

0 73.6 ± 1.37 a 0.42 ± 0.007 a 0.11 ± 0.005 a 1.34 ± 0.094
50 57.2 ± 4.56 b 0.28 ± 0.011 b 0.12 ± 0.003 a 0.32 ± 0.014

100 53.1 ± 1.50 b 0.22 ± 0.002 c 0.11 ± 0.003 a -
Significance ** *** ns ***

V. pyrethrina

0 78.2 ± 1.71 a 0.66 ± 0.035 a 0.14 ± 0.004 a 1.75 ± 0.088
50 76.0 ± 4.03 a 0.44 ± 0.021 b 0.10 ± 0.009 a 0.60 ± 0.074

100 51.2 ± 1.74 b 0.29 ± 0.003 c 0.14 ± 0.004 a -
Significance ** ** ns **

z Values represent standard error (n = 3). y Different letters in the table indicate significant difference by Duncan’s
multiple range test, p ≤ 0.05 (n = 3). x No data are available for this treatment group as all individuals withered.
ns, *, **, and *** indicate non-significance or significance at p ≤ 0.05, 0.01, and 0.001, respectively, by ANOVA
(n = 3).

2.3. Hormonal Analysis

Hormonal analysis revealed the presence of IAA and ABA and the absence of GA3.
For most species, neither IAA nor ABA levels showed a significant difference across NaCl
concentrations (Figure 2). However, V. pusanensis exhibited significantly higher ABA levels
with increasing NaCl concentration, and V. daurica showed significantly higher IAA levels
at 100 mM NaCl.
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Figure 2. Endogenous indole-3-acetic acid content (A) and abscisic acid content (B) of Veronica daurica,
V. nakaiana, V. kiusiana var. glabrifolia, V. pusanensis, and V. pyrethrina treated with 0, 50, and 100 mM
NaCl on days 4–5. Vertical bars represent the standard error. * and ** indicated significant differences
at p < 0.05, and 0.01 respectively.

3. Discussion
Germination experiments indicated that the GIs for all five Veronica species decreased

with increasing NaCl concentration, except for DW. Although significant differences in GR
were observed between the 100 mM NaCl treatment groups and the control group, the
GRs of V. nakaiana and V. kiusiana var. glabrifolia treated with 50 mM NaCl did not differ
significantly from that of the control. However, the GI, the parameter most significantly
affected by NaCl concentration, indicated a prolonged germination time compared with
the control. This finding suggests that NaCl-induced salinity stress inhibits water uptake
in plant cells and causes ion imbalance, which reduces seed GR and vigor [10]. This
conclusion is supported by the significant differences in the GVI, FW, and WC across NaCl
concentrations despite the absence of a significant difference in DW.

Similar to other stress responses, salinity stress tolerance in plants is mediated by
the complex coordination of various signaling pathways, including stress-recognizing
sensor proteins, signaling transducers, transcription factors, and stress-responsive genes
and metabolites [20,26]. In the present study, we investigated the effects of salinity stress on
seed internal hormone levels beyond germination indices to identify salinity stress-related
factors, such as transcription factors and proteins. However, the hormonal analysis results
were inconsistent across species and NaCl concentrations. GA induces the synthesis of α-
amylase in embryoless seeds [51]. Similar to GA, IAA promotes starch degradation during
seed germination and regulates root growth in seedlings [52]. These two phytohormones
positively affect seed germination and seedling growth and development, and their levels
decrease under salinity stress [31,53–55]. Meanwhile, ABA facilitates plant acclimation to
stressful conditions, and exposure to salt stress increases endogenous ABA levels [20,56,57].
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The absence of detectable GA, the relatively high IAA levels in the 100 mM NaCl treatment
group, and the increase in ABA levels with increasing NaCl concentration in V. pusanensis
remain unexplained by our hormonal analysis. Errors in the timing of the hormonal
analysis may have occurred. We hypothesized that endogenous hormone production
would be highest during the peak germination period. However, the limitations of our
hormonal analysis suggest the need for further investigations into the temporal dynamics
of endogenous hormone levels in NaCl-treated seeds.

This study aimed to gather fundamental information for breeding salt-tolerant Veron-
ica cultivars. Although this study investigated various indicators of salt stress response
to identify the most influential factors and elucidate the underlying mechanisms, consis-
tent correlations between all measured indicators and salt stress response were not found.
Nevertheless, the significant correlation between the GI and NaCl concentration across
all species aligns with the findings of Li et al. [58]. Therefore, further research should
identify reliable indicators associated with the GI for a more efficient assessment of salt
stress response and salt tolerance and investigate temporal changes in hormone, protein,
and transcription factor levels.

4. Materials and Methods
4.1. Plant Materials

Seeds of the five Veronica species were obtained from the Useful Plant Propagation
Center and gathered from Namyang Valley (Table 2). The seeds had been stored imme-
diately within one month from the date of gathering in the refrigerator at 5 ◦C. Seeds
with dormancy broken and high germination rates (GRs) were selected under optimal
germination conditions to ensure accurate assessment of salinity stress responses. The
optimal germination condition of the native Veronica in Korea is a 25/20 ◦C day/night
temperature cycle with a 16/8 h light/dark photoperiod [59].

Table 2. Scientific name, source, and date of seed gathering of the five Veronica species used in
this study.

Scientific Name Source Date of Seed Gathering

Veronica daurica Useful Plant Propagation Center
(Dudam-gil, Yangpyeong, Republic of Korea) 1 November 2018

Veronica nakaiana Namyang valley
(Namyang-gil, Ulleung island, Republic of Korea) 16 October 2016

Veronica kiusiana var. galbrifolia Useful Plant Propagation Center
(Dudam-gil, Yangpyeong, Republic of Korea) 31 October 2016

Veronica pusanensis Useful Plant Propagation Center
(Dudam-gil, Yangpyeong, Republic of Korea) 20 October 2020

Veronica pyrethrina Useful Plant Propagation Center
(Dudam-gil, Yangpyeong, Republic of Korea) 1 November 2018

4.2. Preliminary Experiment for Determining NaCl Concentration

A preliminary experiment was conducted to determine the specific NaCl concentra-
tion for inducing salinity stress. Seeds were surface-sterilized by soaking in 10% NaOCl2
solution for 1 min, rinsed three times with distilled water. Maximum salt tolerance of
halophytes and glycophytes at the seed germination stage has been reported to vary from
1.7 to 0.3 M and from 0.25 to 0.05 M NaCl, depending on species and other environmental
conditions such as temperature, moisture, and light [60]. Salt tolerance at the seed germina-
tion stages of Veronica has not been studied, and the native environment of V. nakaiana and
V. pusanensis is Ulleung Island and the coasts in Busan in Korea, respectively. Therefore, a
wide range of NaCl concentrations needed to be treated. Seeds were exposed to 0, 25, 50, 75,
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100, 150, 200, 300, and 400 mM NaCl. Twenty seeds were placed on two layers of filter paper
in a 9 cm-diameter Petri dish. Germination tests were performed at 25/20 ◦C day/night
temperature cycle with a 16/8 h light/dark photoperiod for 2 weeks, and the GR and
germination index (GI) were calculated for each treatment using the following formulas:

GR =
G14

N
× 100% (1)

GI = ∑
Gt

T
; (2)

where G14 is the number of seeds germinated on day 14, N is the total number of seeds, T is
the number of days after sowing, and Gt is the number of seeds germinated on day T.

4.3. Germination Experiment

On the basis of the preliminary experiment results, 0, 50, and 100 mM were selected as
the NaCl concentrations for further analyses. Thirty seeds were placed on each Petri dish,
and the experiment was conducted in triplicate. Parameters such as GR, GI, germination
energy (GE), germination vigor index (GVI), water content (WC), and root length (RL) were
measured over 7 days. GE, GVI, and WC were calculated as follows:

GE =
Gp

N
× 100% (3)

GVI = ∑
Gt

T
× AFW; (4)

WC =
FW − DW

FW
× 100% (5)

where Gp is the number of seeds germinated on the day with the highest germination, N
is the total number of seeds, Gt is the number of seeds germinated on day T, AFW is the
average fresh weight, FW is the fresh weight, and DW is the dry weight.

FW was measured immediately after the experiment concluded, and dry weight was
measured after drying the samples at 70 ◦C for at least 72 h. RL was determined by sowing
20 seeds per treatment and measuring them 5 days after germination.

4.4. Hormonal Analysis
4.4.1. Preparation of Seed Samples

Germination, a period of high hormonal activity, is most active at a specific point
during germination. Germination experiments showed that relative to the control group, V.
nakaiana, V. pyrethrina, and V. kiusiana var. glabrifolia exhibited peak germination on day
4 post-sowing, whereas V. daurica and V. pusanensis showed peak germination on day 5.
Therefore, hormonal analysis was conducted on days 4 and 5 using ≥5 g of seeds per Petri
dish for each species treated with 0, 50, and 100 mM NaCl.

4.4.2. Chemicals and Reagents

Analytical-grade 1H-indole-3-acetic acid (HPLC ≥ 99%), gibberellin A3 (HPLC ≥ 99%),
and abscisic acid (HPLC ≥ 98%) and formic acid, acetonitrile, methanol, and ultrapure
water were purchased from Thermo Fisher Scientific Inc. (Massachusetts, USA). All mobile
phase manufacturing reagents were of LC-MS/MS grade.

4.4.3. Preparation of Standard Solutions

Primary stock solutions of daidzin, daidzein, genistin, genistein, and glycitein were
prepared in DMSO to obtain a nominal concentration of 20 mg/mL (20,000 ppm). Individ-



Int. J. Plant Biol. 2025, 16, 60 8 of 11

ual sub-stocks were prepared at 1 mg/mL (1000 ppm) in DMSO, and dilutions of these
sub-stocks of 20 ppm (20 µg/mL, in 70% methanol) were used to extract the optimized
multiple reaction monitoring (MRM) transition for the MRM method of LC-MS/MS anal-
ysis. Each diluted sub-stock (20 ppm, 70% methanol) was mixed and serially diluted to
prepare the mixture working solution and obtain a calibration curve ranging from 1 ng/mL
to 4000 ng/mL. The LOQ values were acquired at 10 ppb for all isoflavones.

4.4.4. Preparation of Test Solutions

All seeds were ground using a ball mill. Seed meal powders (0.1 g) were mixed with
10 mL of 70% aqueous methanol followed by serial extraction via shaking for 1.5 min at
room temperature by AGIA200 (Collomix, Milwaukee, WI, USA), sonication at 40 kHz for
60 min at 45 ◦C by CPX8800H-E (Branson, Danbury, CO, USA), and shaking for 1.5 min at
room temperature. After extraction, each sample was centrifuged at 17,000 rpm for 1 min.
Subsequently, 100 µL of supernatant was mixed with 900 µL of 70% methanol, vortexed
for 30 s, and then re-centrifuged at 17,000 rpm (Dilution factor = 10×). The diluted sample
solutions were filtered through a 0.22 µm PVDF membrane (Thermo Fisher Scientific,
Waltham, MA, USA) for LC-MS/MS.

4.4.5. Analytical Conditions

The amounts of daidzin, daidzein, genistin, genistein, and glycitein in the sample
extracts from soybean meal powders were qualified and quantified by LC-MS/MS (Agilent
1290 Infinity II liquid chromatography and 6470 series triple quadruple tandem mass
spectrometer). The mass spectrometer was operated under the negative electrospray
ionization (ESI) mode under MS/MS conditions, and MS spectrum data were acquired
under MRM mode consisting of the following transitions from negative ESI: (precursor ion
m/z → product ion m/z) 415.1 → 252 (CE = 28 eV), 415.1 → 195 (CE = 72 eV) on 177 V
of fragmentor for daidzin; 253.1 → 223 (CE = 36 eV), 253.1 → 132 (CE = 44 eV) on 162 V
of fragmentor for daidzein; 431.1 → 269 (CE = 16 eV), 431.1 → 239 (CE = 48 eV) on 162 V
of fragmentor for genistin; 269.0 → 133 (CE = 36 eV), 269.0 → 63.1 (CE = 40 eV) on 147 V
of fragmentor for genistein; and 283.06 → 268 (CE = 16 eV), 283.06 → 211 (CE = 36 eV) on
122 V of fragmentor for glycitein. The conditions of ESI MS/MS settings were as follows:
negative electrospray capillary voltage, 3500 V (4146 nA); nozzle voltage, 500 V; chamber
current, 0.61 µA; gas temperature, 300 ◦C; gas flow, 5 L/min; sheath gas temperature,
250 ◦C; sheath gas flow, 11 L/min; nebulizer, 45 psi. Isoflavones (daidzin, daidzein,
genistin, genistein, and glycitein) were separated on an ACQUITY UPLC BEH C18 column
(1.7 µm, 2.1 × 100 mm; Waters, Milford, USA) at 35 ◦C, and the mobile phase consisted of
distilled water (A) and acetonitrile (B) each containing 0.1% formic acid at a flow rate of
0.34 mL/min. A 3 µL aliquot of the sample was injected from an autosampler maintained
at 7 ◦C, and the total running time was 10 min for analysis. The retention times of each peak
on the total ion chromatogram were 1.248 min (nicotine) and 0.766 min (nornicotine). The
gradient elution conditions were as follows: mobile phase B (acetonitrile + 0.1% formic acid)
was set to 7% at 0 min and maintained for 3 min; a linear gradient from 7% to 100% mobile
phase B for 4 min; and an isocratic mode of 100% mobile phase B from 4 min to 7 min.
Subsequently, the initial condition (7% acetonitrile + 0.1% formic acid) was maintained
from 7.1 min to 10 min.

Data acquisition was performed using Agilent MassHunter Workstation software
(LC/MS Data Acquisition for 6470 Series Triple Quadrupole, Version B.08.02), and quan-
titation was performed using Agilent MassHunter Workstation software (Quantitative
Analysis for QQQ, Version B.08.00).
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4.5. Statistical Analysis

The germination rate and germination index of each treatment group from the pre-
liminary experiment were averaged from 20 seeds per replicate and compared with the
control group using Student’s t-test. In the germination experiment, the germination rate,
germination index, germination energy, germination vigor index, fresh weight, dry weight,
water content, and root length were averaged from 30 seeds per replicate and statistically
analyzed using Duncan’s multiple range test (p < 0.05) and analysis of variance (ANOVA).
Statistical analyses were performed using the SPSS Statistics program (IBM SPSS Statistics
20, IBM Co., Armonk, NY, USA).

Author Contributions: Conceptualization, J.W.K.; methodology, J.W.K., S.E.J. and E.J.C.; software,
J.W.K.; validation, J.W.K. and W.C.; formal analysis, J.W.K., J.H.Y., S.E.J. and E.J.C.; investigation,
J.W.K. and J.H.Y.; resources, W.C. and C.H.K.; data curation, J.W.K. and J.H.Y.; writing—original
draft preparation, J.W.K.; writing—review and editing, J.W.K., J.H.Y., W.C. and S.H.K.; visualization,
J.W.K.; supervision, J.W.K. and W.C.; project administration, J.W.K.; funding acquisition, J.Y.J. and
W.C. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Korea National Arboretum of the Korea Forest Ser-
vice (Development of Breeding Models for Native Garden Plants in the New Climate Regime,
KNA 1-5-1-24-1).

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Acknowledgments: We would like to thank Mok and other researchers at the Seoul National
University Green-Bio Research Facility Center, NICEM Pyeongchang Branch and other related
personnel for their active assistance in the research.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Kim, R.-H.; Kim, J.-H.; Ryu, J.-S.; Chang, H.-W. Salinization properties of a shallow groundwater in a coastal reclaimed area,

Yeonggwang, Korea. Environ. Geol. 2006, 49, 1180–1194. [CrossRef]
2. Jung, E.; Park, N.; Park, J. Composite modeling for evaluation of groundwater and soil salinization on the multiple reclaimed

land due to sea-level rise. Transp. Porous Media 2021, 136, 271–293. [CrossRef]
3. Parida, A.K.; Das, A.B. Salt tolerance and salinity effects on plants: A review. Ecotoxicol. Environ. Saf. 2005, 60, 324–349. [CrossRef]

[PubMed]
4. Food and Agriculture Organization of the United Nations. Available online: https://www.fao.org/global-soil-partnership/

insas/zh/ (accessed on 11 November 2024).
5. Dehnavi, A.R.; Zahedi, M.; Ludwiczak, A.; Perez, S.C.; Piernik, A. Effect of salinity on seed germination and seedling development

of sorghum (Sorghum bicolor (L.) Moench) genotypes. Agronomy 2020, 10, 859. [CrossRef]
6. Dai, X.; Huo, Z.; Wang, H. Simulation for response of crop yield to soil moisture and salinity with artificial neural network. Field

Crops Res. 2011, 121, 441–449. [CrossRef]
7. Chen, W.; Lu, S.; Pan, N.; Jiao, W. Impacts of long-term reclaimed water irrigation on soil salinity accumulation in urban green

land in Beijing. Water Resour. Res. 2013, 49, 7401–7410. [CrossRef]
8. Gerasimov, A.; Chugunova, M.; Polyak, Y. Changes in salinity and toxicity of soil contaminated with de-icing agents during

growing season. Environ. Res. Eng. Manag. 2021, 77, 53–62. [CrossRef]
9. Carlos, F.S.; Schaffer, N.; Andreazza, R.; Morris, L.A.; Tedesco, M.J.; Boechat, C.L.; Camargo, F.A.D.O. Treated industrial

wastewater effects on chemical constitution maize biomass, physicochemical soil properties, and economic balance. Commun. Soil
Sci. Plant Anal. 2018, 49, 319–333. [CrossRef]

10. Munns, R.; Tester, M. Mechanisms of salinity tolerance. Annu. Rev. Plant Biol. 2008, 59, 651–681. [CrossRef]
11. Kim, J.W.; Jeong, S.E.; Kwon, H.H.; Cho, W. Growth and physiological responses in Sanguisorba hakusanensis to different irrigation

cycle and NaCl concentration. Flower Res. J. 2023, 31, 364–377. [CrossRef]
12. Tavakkoli, E.; Rengasamy, P.; McDonald, G.K. High concentrations of Na+ and Cl− ions in soil solution have simultaneous

detrimental effects on growth of faba bean under salinity stress. J. Exp. Bot. 2010, 61, 4449–4459. [CrossRef] [PubMed]

https://doi.org/10.1007/s00254-005-0163-3
https://doi.org/10.1007/s11242-020-01511-z
https://doi.org/10.1016/j.ecoenv.2004.06.010
https://www.ncbi.nlm.nih.gov/pubmed/15590011
https://www.fao.org/global-soil-partnership/insas/zh/
https://www.fao.org/global-soil-partnership/insas/zh/
https://doi.org/10.3390/agronomy10060859
https://doi.org/10.1016/j.fcr.2011.01.016
https://doi.org/10.1002/wrcr.20550
https://doi.org/10.5755/j01.erem.77.2.23633
https://doi.org/10.1080/00103624.2018.1427257
https://doi.org/10.1146/annurev.arplant.59.032607.092911
https://doi.org/10.11623/frj.2023.31.4.21
https://doi.org/10.1093/jxb/erq251
https://www.ncbi.nlm.nih.gov/pubmed/20713463


Int. J. Plant Biol. 2025, 16, 60 10 of 11

13. Chen, J.; Zong, J.; Gao, Y.; Chen, Y.; Jiang, Q.; Zheng, Y.; Liu, J. Genetic variation of salinity tolerance in Chinese natural
bermudagrass (Cynodon dactylon (L.) Pers.) Germplasm resources. Acta Agric. Scand. B Soil Plant Sci. 2014, 64, 416–424. [CrossRef]

14. Puyang, X.; An, M.; Han, L.; Zhang, X. Protective effect of spermidine on salt stress induced oxidative damage in two Kentucky
bluegrass (Poa pratensis L.) cultivars. Ecotoxical. Environ. Saf. 2015, 117, 96–106. [CrossRef] [PubMed]

15. Noreen, S.; Ashraf, M.; Hussain, M.; Jamil, A. Exogenous application of salicylic acid enhances antioxidative capacity in salt
stressed sunflower (Helianthus annuus L.) plants. Pak. J. Bot. 2009, 41, 473–479.

16. Cuartero, J.; Bolarin, M.C.; Asins, M.J.; Moreno, V. Increasing salt tolerance in the tomato. J. Exp. Bot. 2006, 57, 1045–1058.
[CrossRef]

17. Ibrahim, E.A. Seed priming to alleviate salinity stress in germinating seeds. J. Plant Physiol. 2016, 192, 38–46. [CrossRef]
18. Bojovic, B.; Delic, G.; Topuzovic, M.; Stankovic, M. Effects of NaCl on seed germination in some species from families Brassicaceae

and Solanaceae. Krag. J. Sci. 2020, 32, 83–87.
19. Bijeh, K.M.H. Studying the effects of different levels of salinity which caused by NaCl on early and germination of Lactuca sativa

L. seedling. J. Stress Physiol. Bioch. 2012, 8, 203–208.
20. Bybordi, A. The influence of salt stress on seed germination, growth and yield of canola cultivars. Not. Bot. Horti Agrobot.

Cluj-Napoca 2010, 38, 12–133.
21. Shiade, S.R.G.; Boelt, B. Seed germination and seedling growth parameters in nine tall fescue varieties under salinity stress. Acta

Agric. Scand. B Soil Plant Sci. 2020, 70, 485–494. [CrossRef]
22. Munns, R.; James, R.A. Screening methods for salinity tolerance: A case study with tetraploid wheat. Plant Soil 2003, 253, 201–218.

[CrossRef]
23. Katerij, N.; van Hoorn, J.W.; Hamdy, A.; Mastrorilli, M.; Fares, C.; Ceccarelli, S.; Grando, S.; Oweis, T. Classification and salt

tolerance analysis of barley varieties. Agric. Water Manag. 2006, 85, 184–192. [CrossRef]
24. Verma, O.P.S.; Yadava, R.B.R. Salt tolerance of some oats (Avena sativa L.) varieties at germination and seedling stage. J. Agron.

Crop Sci. 2008, 156, 123–127. [CrossRef]
25. Lei, Y.; Liu, Q.; Hettenhausen, C.; Cao, G.; Tan, Q.; Zhao, W.; Lin, H.; Wu, J. Salt-tolerant and -sensitive alfalfa (Medicago sativa)

cultivars have large variations in defense responses to the lepidopteran insect Spodoptera litura under normal and salt stress
conditions. PLoS ONE 2017, 12, e0181589. [CrossRef] [PubMed]

26. Murillo-Amador, B.; López-Aguilar, R.; Kaya, C.; Larrinaga-Mayoral, J.; Flores-Hernández, A. Comparative effects of NaCl and
polyethylene glycol on germination, emergence and seedling growth of cowpea. J. Agron. Crop Sci. 2002, 188, 235–247. [CrossRef]

27. Liang, W.; Ma, X.; Wan, P.; Liu, P. Plant salt-tolerance mechanism: A review. Biochem. Biophys. Res. Commun. 2018, 495, 286–291.
[CrossRef]

28. Miransari, M.; Smith, D.L. Plant hormones and seed germination. Environ. Exp. Bot. 2014, 99, 110–121. [CrossRef]
29. Zhu, J.K. Salt and drought stress signal transduction in plants. Annu. Rev. Plant Biol. 2002, 53, 247–273. [CrossRef]
30. Hadiarto, T.; Tran, L.S.P. Progress studies of drought-responsive genes in rice. Plant Cell Rep. 2011, 30, 297–310. [CrossRef]
31. Ali-Rachedi, S.; Bouinot, D.; Wagner, M.H.; Bonnet, M.; Sotta, B.; Grappin, P.; Jullien, M. Changes in endogenous abscisic acid

levels during dormancy release and maintenance of mature seeds: Studies with the Cape Verde Islands ecotype, the dormant
model of Arabidopsis thaliana. Planta 2004, 219, 479–488. [CrossRef]

32. Finch-Savage, W.; Leubner-Metzger, C. Seed dormancy and the control of germination. New Phytol. 2006, 171, 501–523. [CrossRef]
33. Finkelstein, R.; Reeves, W.; Ariizumi, T.; Steber, C. Molecular aspects of seed dormancy. Ann. Rev. Plant Biol. 2008, 59, 387–415.

[CrossRef] [PubMed]
34. Graeber, K.; Linkies, A.; Muller, K.; Wunchova, A.; Rott, A.; Luebner_Metzger, G. Cross-species approaches to seed dormancy

and germination: Conservation and biodiversity of ABA-regulated mechanisms and the Brassicaceae DOG1 genes. Plant Mol.
Biol. 2010, 73, 67–87. [CrossRef] [PubMed]

35. Ryu, H.; Cho, Y.G. Plant hormones in salt stress tolerance. J. Plant Biol. 2015, 58, 147–155. [CrossRef]
36. Petersson, S.V.; Johansson, A.I.; Kowalczyk, M.; Makoveychuk, A.; Wang, J.Y.; Moritz, T.; Grebe, M.; Benfey, P.N.; Sandberg, G.;

Ljung, K. An auxin gradient and maximum in the Arabidopsis root apex shown by high-resolution cell-specific analysis of IAA
distribution and synthesis. Plant Cell 2009, 21, 1659–1668. [CrossRef]

37. Wang, Y.; Li, K.; Li, X. Auxin redistribution modulates plastic development of root system architecture under salt stress in
Arabidopsis thaliana. J. Plant Physiol. 2009, 166, 1637–1645. [CrossRef] [PubMed]

38. Jung, J.H.; Park, C.M. Auxin modulation of salt stress signaling in Arabidopsis seed germination. Plant Signal Behav. 2011, 6,
1198–1200. [CrossRef]

39. Akbari, G.; Sanavy, S.A.; Yousefzadeh, S. Effect of auxin and salt stress (NaCl) on seed germination of wheat cultivars (Triticum
aestivum L.). PJBS 2007, 10, 2557–2561. [CrossRef]

40. Javid, M.G.; Sorooshzadeh, A.; Moradi, F.; Sanavy, S.A.M.M.; Allahdadi, I. The role of phytohormones in alleviating salt stress in
crop plants. Aust. J. Crop Sci. 2011, 5, 726–734.

https://doi.org/10.1080/09064710.2014.919349
https://doi.org/10.1016/j.ecoenv.2015.03.023
https://www.ncbi.nlm.nih.gov/pubmed/25841065
https://doi.org/10.1093/jxb/erj102
https://doi.org/10.1016/j.jplph.2015.12.011
https://doi.org/10.1080/09064710.2020.1779338
https://doi.org/10.1023/A:1024553303144
https://doi.org/10.1016/j.agwat.2006.04.006
https://doi.org/10.1111/j.1439-037X.1986.tb00016.x
https://doi.org/10.1371/journal.pone.0181589
https://www.ncbi.nlm.nih.gov/pubmed/28719628
https://doi.org/10.1046/j.1439-037X.2002.00563.x
https://doi.org/10.1016/j.bbrc.2017.11.043
https://doi.org/10.1016/j.envexpbot.2013.11.005
https://doi.org/10.1146/annurev.arplant.53.091401.143329
https://doi.org/10.1007/s00299-010-0956-z
https://doi.org/10.1007/s00425-004-1251-4
https://doi.org/10.1111/j.1469-8137.2006.01787.x
https://doi.org/10.1146/annurev.arplant.59.032607.092740
https://www.ncbi.nlm.nih.gov/pubmed/18257711
https://doi.org/10.1007/s11103-009-9583-x
https://www.ncbi.nlm.nih.gov/pubmed/20013031
https://doi.org/10.1007/s12374-015-0103-z
https://doi.org/10.1105/tpc.109.066480
https://doi.org/10.1016/j.jplph.2009.04.009
https://www.ncbi.nlm.nih.gov/pubmed/19457582
https://doi.org/10.4161/psb.6.8.15792
https://doi.org/10.3923/pjbs.2007.2557.2561


Int. J. Plant Biol. 2025, 16, 60 11 of 11

41. Koh, S.; Lee, S.C.; Kim, M.K.; Koh, J.H.; Lee, S.; An, G.; Choe, S.; Kim, S.R. T-DNA tagged knockout mutation of rice OsGSK1, an
orthologue of Arabidopsis BIN2, with enhanced tolerance to various abiotic stresses. Plant Mol. Biol. 2007, 65, 453–466. [CrossRef]

42. Achard, P.; Cheng, H.; De Grauwe, L.; Decat, J.; Schoutteten, H.; Moritz, T.; Van der Straeten, D.; Peng, J.R.; Harberd, N.P.
Integration of plant responses to environmentally activated phytohormonal signals. Science 2006, 311, 91–94. [CrossRef] [PubMed]

43. Wang, Y.N.; Liu, C.; Li, K.X.; Sun, F.F.; Hu, H.Z.; Li, X.; Zhao, Y.K.; Han, C.Y.; Zhang, W.S.; Duan, Y.F. Arabidopsis EIN2 modulates
stress response through abscisic acid response pathway. Plant Mol. Biol. 2007, 64, 633–644. [CrossRef] [PubMed]

44. Albach, D.C.; Jensen, S.R.; Özgökce, F.; Grayer, R.J. Veronica: Chemical characters for the support of phylogenetic relationships
based on nuclear ribosomal and plastid DNA sequence data. Biochem. Syst. Ecol. 2005, 33, 1087–1106. [CrossRef]

45. Korean Plant Names Index. Available online: http://www.nature.go.kr/kpni/SubIndex.do (accessed on 27 May 2024).
46. Hawke, R.G. Comparative studies of Veronica and Veronicastrum. Plant Evol. Notes 2010, 33, 1–8.
47. Oh, H.Y.; Shin, U.S.; Song, S.J.; Kim, J.H.; Kim, S.Y.; Suh, G.U. Growth and flowering characteristics of 20 Veronica species. Flower

Res. J. 2019, 27, 308–317. [CrossRef]
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