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Abstract: This study investigated salinity stress time-dependent responses of pak choi (Brassica
campestris L.), arugula (Eruca sativa Mill.), and red frill (Brassica juncea L.), focusing on growth
parameters, secondary metabolites, and antioxidant activities. Salinity stress (NaCl) solution with
electrical conductivity (EC) of 12.6 dS-m™" was introduced to the rhizosphere at the specific time:
from 2:00 pm on day 6 to 2:00 pm on day 7 (1t week (W)), 2:00 pm on day 13 to 2:00 pm on day 14
(2nd W), and 2:00 pm on day 20 to 2:00 pm on day 21 (3'd W). Plant growth parameters were assessed
at 1, 2, and 3 weeks after transplantation (WAT), showing detailed changes over time. Pak choi
exhibited a significant increase in biomass at 2"d W, whereas arugula and red frill showed no marked
differential reactions. Glucosinolates (GLS), phenolic compounds, and antioxidant activities were
analyzed at 2 and 3 WAT. Maximum GLS concentrations in pak choi and arugula plants occurred in
the 39 W under 3 WAT. Phenolic concentrations in the arugula peaked under the 2" W treatment.
Regarding pak choi, the 15t W treatment at 3 WAT and 2"d W treatment at 2 WAT exhibited maximum
DPPH scavenging activity and peroxidase (POD). The 2"d W treatment at 2 WAT indicated the
highest total phenol concentration and POD activity in arugula. Red frill exhibited significantly
elevated total glucosinolate concentrations under salinity conditions at 34 W. This analysis reveals
how salinity stress affects growth and biochemical responses in these vegetables, offering insights

for optimizing cultivation under saline conditions.

Keywords: Antioxidant, brassicaceae, glucosinolate, salinity stress, plant growth parameters

Abbreviations: week after transplantation (WAT), electrical conductivity (EC), glucosinolates (GLS), 2,2-diphenyl-1-picrylhydrazyl
(DPPH), peroxidase (POD), superoxide dismutase (SOD), shoot dry weight (SDW), root fresh weight (RFW), progoitrin (PG), sinigrin
(SIN), 4-hydroxyglucobrassicin (4OH), glucobrassicanapin (GB), 4-methoxyglucobrassicin (4M), gluconasturtiin (GNI), gallic acid
(GA), chlorogenic acid (CGA), 4-hydroxybenzoic acid (4HB), caffeic acid (CA), (-)-epicatechin ((-)-Ep), trans-ferulic acid (TFA),
benzoic acid (BA), rutin (Ru), trans-cinnamic acid (TCA), Korea Horticulture Experiment (KHE), sodium chloride (NaCl), and high-

performance liquid chromatography (HPLC).
Introduction

Brassica oleracea is a pivotal vegetable species cultivated
globally. This species encompasses various subspecies and
exhibits significant variations in both appearance and
phytochemical composition (Soengas et al., 2021). Cruciferous
vegetables belonging to family Brassicaceae have been
cultivated and consumed by diverse cultures since ancient
times. Recently, Brassica vegetables have garnered recognition
as functional foods owing to the presence of specialized
metabolites or phytochemicals whose bioactivity is associated
with positive effects on human health (Samec et al., 2018).
Brassica plants are widely distributed worldwide and possess
nutritionally important components such as phenolic
compounds, vitamins, fiber, soluble sugars, minerals, fats, and
carotenoids (Cartea et al, 2011; Velasco et al, 2011).
Glucosinolate (GLS) is a compound rich in nitrogen and sulfur
that is prominently present in Brassica plants. It is known for
its diverse health effects and functionalities (Miao et al., 2021).
GLS is known for its role in cancer prevention and antioxidant
activity. GLS hydrolysis products, specifically isothiocyanates,
exhibit notable anti-inflammatory, antioxidant, anticancer, and
antimicrobial properties. Studies have demonstrated their
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ability to impede cancer cell growth and stimulate apoptosis
(Connolly et al., 2021; Melim et al., 2022). GLS plays a crucial
role in fortifying defense mechanisms against pests and
pathogens and serves as a component of the plant response to
both biotic and abiotic stresses (Chhajed et al., 2020). Genetic
factors primarily dictate GLS type, and their concentrations
are significantly affected by environmental factors (Ishida et
al., 2014; Jasper et al., 2020). Brassica plants serve as natural
antioxidant reservoirs, encompassing various pigments,
phenolic acids, and flavonoids (Podsedek, 2007). Not only do
they serve as vital natural antioxidant sources, they may also
enhance human health owing to the diverse array of minerals,
dietary fibers, and vitamins they contain (Samec et al., 2018).

Numerous studies have investigated salinity as a eustressor,
revealing favorable results in terms of physical properties,
phenolic, flavor, and bioactive compounds, and anti-nutrient
modulation following salt application (Rouphael et al., 2018a;
Sarker and Oba, 2018). Elevated salinity levels have been
observed to adversely affect Brassica crops, leading to a
diminished photosynthetic system capacity and an overall
yield decrease. This environmental stressor also induces



alterations in hormonal parameters. However, under these
conditions, there was a notable increase in the phytochemical
content of crops (Linic et al., 2019; Pavlovic et al., 2019).
Changes in phytochemical content are species-specific and
contingent on the concentration of the applied salt. Under
moderate salinity conditions (25-50 mM NacCl), rapeseed
germination results in increased phenolic content and
antioxidant activity in the sprouts (Falcinelli et al., 2017).
Application of 160 mM NaCl to broccoli sprouts notably
increased  total phenolic compounds, glucoraphanin,
sulforaphane, antioxidants, and myrosinase activity levels.
Simultaneously, there was a significant reduction in the
ascorbic acid content (Guo et al., 2014). Exposure to 100 mM
NaCl resulted in increased glucoraphasatin levels, total GLS,
and total phenolic content and increased myrosinase activity
in radish sprouts (Yuan et al., 2010). Both low (50 mM) and
moderate salinity (100 mM) led to a significant increase in total
phenolic acid content in kale sprouts. Additionally, total GLS
exhibited a dose-dependent increase in all three Brassica
species sprouts (kale, white cabbage, and Chinese cabbage)
across an applied range of salt concentrations (50-200 mM
NacCl) (Sarker and Oba, 2019).

In the future, a key challenge for the research community will
be the effective application of eustress, such as salinity, to
improve vegetable nutritional and functional qualities without
sacrificing their yield. However, the molecular and
physiological ~mechanisms  responsible for increased
phytochemical production under salinity stress remain poorly
understood. Consequently, it is essential to identify crucial
factors, including exposure duration, plant growth stage,
specific salt source, and salt concentration, to further elucidate
these processes (Rouphael et al., 2018b; Samec et al., 2021).
While most studies focusing on salinity as a beneficial stressor
for augmenting phytochemical content in Brassica species
have primarily concentrated on sprouts, it is imperative to
recognize the importance of extending this investigation to full
grown plants. The manipulation of physical properties, flavor,
bioactive compounds, and mitigation of undesirable
antinutrients in vegetables should also be acknowledged and
studied in the context of salinity exposure in mature plants
grown under a hydroponic system. The objective of the current
study was to identify the optimal salinity exposure duration
that affects total phenol levels, GLS, and antioxidant enzymes
without damaging the growth of hydroponically cultivated pak
choi (Brassica campestris L.), arugula (Eruca sativa Mill.), and
red frill (Brassica juncea L.).

Results

Plant growth parameters

Table 1 and Fig. 3 provides a comprehensive overview of pak
choi responses to salinity stress at different time points post-
transplantation. At 1 and 2 weeks after transplantation (WAT),
there were no significant differences in shoot and root biomass
between the control group and the plants subjected to NaCl-
induced stress. However, a significant reduction in the
shoot/root (S/R) dry weight (DW) ratio was observed at 2 WAT
under the 1t W stress conditions compared with that of the
control. At 3 WAT, salinity stress significantly affected both
shoot and root biomass, leading to alterations in the S/R ratio.
Specifically, shoot fresh weight (SFW) exhibited a substantial
increase under the 2"d W stress conditions at 3 WAT compared
with that of the control. Moreover, SDW, RFW, and RDW
increased under the 15t and 2" W stress conditions at 3 WAT
compared to those of the control. Notably, RDW was
significantly higher under NaCl-induced stress than under
control conditions. However, despite these changes in biomass,
the S/R ratio consistently exhibited a lower value under NaCl
stress than in control plants. Regarding leaf characteristics,
including leaf length and width, no significant differences were
observed at 1, 2, or 3 WAT, indicating that salinity stress did
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not affect these parameters during the experimental period.
Leaf number remained relatively stable and did not exhibit
significant changes at 1, 2, and 3 WAT between plants
subjected to NaCl stress and that of the control plants.
Similarly, at 1 and 2 WAT, the leaf area showed no significant
changes compared to that of the control. However, at 3 WAT,
leaf area was significantly increased by salinity stress,
particularly in the 2"d W treatment. The SPAD values revealed
interesting dynamics. At 1 and 3 WAT, there were no significant
differences between the salinity stress and control. However, at
2 WAT, the SPAD values decreased under salinity stress,
suggesting a potential impact on chlorophyll content during
this specific period.

Table 2. and Fig. 3 provides a comprehensive examination of
arugula growth parameters under varying salinity stress
durations measured at 1, 2, and 3 WAT. At 1 WAT, salinity
treatment significantly reduced SFW, RFW, and RDW
compared to those in the control, indicating a detrimental
effect on both shoot and root biomass. However, there were no
significant differences in SDW and S/R between the salinity
stress treatments and the control. At 2 WAT, SFW and SDW
were significantly decreased under the 1% W treatment
compared to those in the control group, however, no significant
differences were observed in RFW, RDW, and S/R between the
salinity stress treatments and the control. By 3 WAT, no
significant differences were found in SFW, SDW, RFW, RDW,
or S/R between the salinity stress treatments and those in the
control. Leaf length showed no significant differences at 1, 2,
and 3 WAT between the stress treatments and that in the
control. Leaf width under the 15t W treatment significantly
decreased compared with that of the control at 1 WAT but
showed no significant differences at 2 and 3 WAT. Leaf number
exhibited no significant differences under salinity stress
compared with that of the control group. Although the leaf
area significantly decreased under the 15t W treatment at 1 and
2 WAT, no significant differences were observed between the
salinity stress treatments and the control at 3 WAT. A
significant increase in SPAD was detected at 1 WAT under
NaCl stress conditions compared with that in the control group,
however, no significant differences were detected between the
salinity stress treatments and the control at 2 and 3 WAT.
Arugula responded differently to salinity stress across the
three time points with significant effects on various growth
parameters.

Table 3 and Fig. 3 presents an insightful analysis of red frill
growth parameters under diverse salinity stress treatment
durations measured at 1, 2, and 3 WAT. These observations
offer valuable insight into red frill response to salinity stress
over time. At 1 and 3 WAT, no significant differences were
observed in any of the plant growth parameters between the
control and the salinity stress treatments. At 2 WAT, no
significant differences were found in almost all plant growth
parameters, except for leaf number (which was significantly
reduced after the 2 W treatment).

Individual GLS and phenol concentrations, total GLS and
phenol concentrations, DPPH scavenging activity, POD
activity, and SOD activity

Suppl. Table 1 illustrates the dynamics of GLS concentrations,
including progoitrin (PG), sinigrin (SIN), 4-
hydroxyglucobrassicin (40H), glucobrassicanapin (GB), 4-
methoxyglucobrassicin (4M), and gluconasturtiin (GNI), within
three distinct plant species: pak choi, arugula, and red frill. The
study investigates these concentrations under various
treatment conditions over a span of 2 to 3 WAT. In pak choi,
GLS concentrations exhibited significant variations across
treatments and time points. Notably, at 2 WAT, a significant
increase in 40H concentration compared to 3 WAT suggests a
prompt response to the treatment administered. Furthermore,
at 3 WAT, both 4M and 40H concentrations at 3'd w treatment
displayed significant increments, indicating a cumulative



Table 1. Growth parameters of pak choi under different salinity stress treatment timing at (1%, 2", and 34 W; 1w, 2w, and 3 w) measured at 1, 2, and 3 weeks after transplanting,

Measurement Treatments SFWx SDW RFW (g) RDW Leaf length Leaf width Leaf SPAD Leaf area S/R

timing (g) (g) (g) (cm) (cm) number values (cm?)

1 WAT? Control 5.7 0.41 0.54 0.04 10.05 4.85 9.25 37.43 97.73 10.25
1w 5.32 0.44 0.61 0.06 9.63 5.03 10.75 38.95 104.2 7.33
SignificanceY NS NS NS NS NS NS NS NS NS NS

2 WAT Control 33.03 2.28 2.84 0.21 16.55 9.05 11.25 40.05 a 533.77 10.86 a
Tw 34.55 2.30 4.28 0.28 16.1 8.65 11.75 38.45b 540.36 8.21b
2w 33.20 2.35 3.23 0.26 15.98 8.85 11.25 39.45b 537.96 9.04 a
SignificanceY NS NS NS NS NS NS NS * NS *

3 WAT Control 81.80 b 5.18 ¢ 4.66 ¢ 0.42 ¢ 16.17 9.15 14.75 37.9 916.85 b 12.33 a
1w 82.22b 6.46 ab 7.12 ab 0.68 b 18.2 10.05 15. 38.08 1055.36 ab 9.50 b
2w 98.38 a 7.27 a 8.05a 0.75 a 18.28 9.98 15.5 37.93 1106.70 a 9.69 b
3w 80.64 b 6.01 bc 6.06 b 0.59 b 18.75 9.65 13.25 37.3 905.40 b 10.18 b
SignificanceY * * * * NS NS NS NS * *

*Significant at *p < 0.05, NS: Not significant. YMeans of four measurements (n = 4) with different letters are significantly different (p < 0.05) by Tukey’s multiple range test). “WAT: Week after
transplanting. SFW: Shoot fresh weight; SDW: Shoot dry weight; RFW: Root fresh weight; RDW: Root dry weight.

Table 2. Growth parameters of arugula under different salinity stress treatment timing at (15t, 2", and 34 W; 1w, 2w, and 3 w) measured at 1, 2, and 3 weeks after transplanting.

Measurement Treatments SFW (g) SDW RFW (g) RDW (g) Leaf length Leaf width Leaf number SPAD Leaf area S/R
timing (g) (cm) (cm) (cm?)
1WAT? Control 2.54 ay 0.22 0.5T a 0.04 a 9.35 34 a 8 43.1b 44.22 a 5.5
Tw 1.75b 0.21 0.25b 0.02b 8.55 2.5b 8.75 48.75 a 28.59 b 10.5
Significance* * NS * * NS * NS * * NS
2WAT Control 10.54 a 1.01 a 2.68 0.16 19.17 5.33 8.25 46.9 210.38 a 6.31
1w 7.31b 0.67 b 1.78 0.11 1717 5.38 7.75 43.95 159.55 b 6.09
2w 9.66 a 1.11a 1.97 0.14 18.17 5.92 8.5 42.57 202.98 ab 7.93
Significance * * NS NS NS NS NS NS * NS
3WAT Control 19.22 ab 3.52 3.98 0.42 24.62 ab 5.68 10 43.87 316.33 8.38
1w 17.38 b 3.79 3.95 0.38 23.08 ab 5.67 10.5 43 303.16 9.97
2w 2217 a 3.81 4.01 0.44 27.37 a 6.32 10.5 41.2 321.24 8.66
3w 18.68 ab 3.25 413 0.41 20.7 b 6.07 9.75 40.28 300.37 7.93
Significance * NS NS NS * NS NS NS NS NS

*xSignificant at *p < 0.05, NS: Not significant. YMeans of four measurements (n = 4) with different letters are significantly different (p < 0.05) by Tukey’s multiple range test). ZWAT: Week after
transplanting. SFW: Shoot fresh weight; SDW: Shoot dry weight; RFW: Root fresh weight; RDW: Root dry weight.
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Table 3. Growth parameters of red frill under different salinity stress treatment timing at (1%, 2", and 3" W; 1w, 2w, and 3 w) measured at 1, 2, and 3 weeks after transplanting (WAT).

Measurement Treatments SFW (g) SDW (g) RFW (g) RDW (g) Leaf length Leaf width Leaf Leaf area S/R

timing (cm) (cm) number (cm?)

TWAT? Control 3.10v 0.25 0.42 0.03 14.60 5.68 9.25 25.54 8.33
1w 2.95 0.27 0.29 0.02 14.98 5.8 9.25 33.24 13.5
SignificanceX NS NS NS NS NS NS NS NS NS

2WAT Control 14.58 1.32 2.08 0.14 26.15 10.78 11.5a 155.21 9.43
Tw 15.15 1.37 3.44 0.13 25.55 11.23 10.5 ab 156.05 10.54
2w 12.88 1.21 1.8 0.12 25.73 10.8 9.5b 144.63 10.08
Significance NS NS NS NS NS NS * NS NS

3WAT Control 35.88 4.67 5.17 0.41 .30.40 12.65 15 ab 326.92 11.39
1w 41.37 497 6.16 0.55 31.63 15.86 19.25a 327.96 9.04
2w 37.45 4.74 5.26 0.39 32.10 14.08 11.5b 341.10 12.15
3w 38.41 4.99 7.04 0.67 31.65 14.90 14.75 ab 325.20 7.45
Significance NS NS NS NS NS NS * NS NS

*Significant at *p < 0.05, NS: Not significant. YMeans (n = 4) with different letters are significantly different (p < 0.05) by Tukey’s multiple range test). “WAT: Week after transplanting. SFW, Shoot
fresh weight; SDW, Shoot dry weight; RFW, Root fresh weight; RDW, Root dry weight.

Cultivation (3 weeks)
Cont. A

A
LA
v | —— A A
= =3

SIS

Treatment

3rdwW

‘ Measurement timing 1 WAT ‘ 2 WAT | 3 WAT ‘

- : 24 hour salinity stress treatment *WAT: week after transplanting

A : Measurement timing

Fig. 1. Experiment process of salinity stress treatments over a 3-week period. NaCl solution (EC 12.6 dS-m™") was applied for 24 hours during the 1st, 2nd, and 3rd weeks. Measurements were taken
at 1, 2, and 3 weeks after transplanting (WAT), indicated by triangles (»). Black boxes denote the 24-hour salinity stress periods.
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Growtray Overflow
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return to reservoir

O

Timer
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Fig. 2. The ebb and flow system in a rooftop greenhouse. The system consists of a grow tray where plants are cultivated and
connected to a reservoir via fill/drain fittings. A water pump, controlled by a timer, circulates the nutrient solution, filling the grow
tray and then allowing it to drain back into the reservoir.

Pak choi

Arugula

Red frill

Fig. 3. Images of pak choi (Brassica campestrus L.), arugula (Eruca sativa Mill.), and red frill (Brassica juncea L.) under different
salinity stress treatment timing at (1%t, 2", and 34 W; 1w, 2w, and 3 w)measured at 3 weeks after transplanting (WAT). Scale bar =
8 cm.

Pak choi Arugula Red frill
(Brassica campestris L.) (Eruca sativa Mill.) (Brassica juncea L.)
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Fig. 4. The total glucosinolate concentration and total phenol concentration of pak choi (Brassica campestrus L.) (A and D), arugula
(Eruca sativa Mill.) (B and E), and red frill (Brassica juncea L.) (C and F) under different salinity stress treatment timing at (1st, 2nd,
and 34 W; 1w, 2w, and 3w) measured at 2 and 3 weeks after transplanting (WAT). Data indicate mean + SE (n = 3). Different letters
indicate significant differences (p < 0.05) according to the Tukey’s multiple range test of each treatment.
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effect over time. Arugula showcased fluctuations in GLS
concentrations amidst different treatments and time points.
Particularly at 2 WAT under the 1t W treatment, SIN
concentrations exhibited a significant rise compared to the
control, indicating an early treatment response. However, at 3
WAT, the highest values of SIN and GIN were recorded under
the 3 W, implying a prolonged treatment impact. Red frill
demonstrated notably high GLS concentrations, especially at 2
WAT, where a substantial increase in SIN concentration
compared to the control was observed. Nonetheless, these
concentrations remained relatively stable over time, with no

significant changes observed at 3 WAT compared to the control.

Suppl. Table 2 presents the concentrations of diverse phenolic
compounds, including galic acid (GA), chlorogenic acid (CGA),
4-hydroxybenzoic acid (4HB), caffeic acid (CA), (-)-epicatechin
((-)-Ep), trans-ferulic acid (TFA), benzoic acid (BA), rutin (Ru),
and trans-cinnamic acid (TCA), within three plant species: Pak
choi, arugula, and red frill, across different treatment
conditions and time points over a span of 2 to 3 WAT. Phenolic
compound concentrations in pak choi exhibited significant
variations across treatments and time points. Notably, at 2
WAT, there were notable increases in CGA concentrations
under the 2w treatment compared to the control. Additionally,
at 3 WAT, concentrations of BA and Ru peaked under the 15t W
and 2" W treatments, respectively, suggesting a cumulative
effect over time. Arugula demonstrated distinctive patterns in
phenolic compound concentrations under various treatments
and time points. At 2 WAT, significant elevations in CA
concentrations were observed under the 2"d W treatment for
both 2 WAT and 3 WAT compared to the control, signifying a
rapid treatment response. Similarly, phenolic compound
concentrations in red frill exhibited notable variations across
treatments and time points. Particularly at 3 W under 3 WAT,
a significant increase in CGA concentration was observed
compared to the control.

Fig. 4 shows that the maximum total GLS concentration in pak
choi and arugula occurred in the 3" W salinity treatment at 3
WAT. Under salinity stress at 2 WAT, pak choi in 2" W
exhibited a significant decrease in GLS concentration
compared to that of the control (Fig. 4A). The peak total phenol
concentration in pak choi at 3 WAT was observed during the
15t W salinity treatment. Arugula displayed the highest total
phenol concentration under the 2"d W salinity treatment at 2
and 3 WAT (Fig. 4B). No significant differences in the total
phenol and GLS concentrations were observed in red frill
between the control group and salinity stress treatments (Fig.
4C and 4F). The DPPH radical-scavenging activity of pak choi
was not significantly different between the control and salinity
stress treatments at 2 WAT. However, the 1t W salinity
treatment at 3 WAT resulted in the highest DPPH scavenging
activity in pak choi. There were no significant differences in
arugula and red frill DPPH scavenging activity between the
control and salinity stress treatments at 2 and 3 WAT (Fig. 5B
and 5C). Pak choi exhibited the highest SOD activity under the
15t and 39 W salinity treatments at 2 and 3 WAT, respectively
(Fig. 5D). Arugula showed no significant differences in SOD
activity between the control and salinity stress treatments at 2
WAT. At 3 WAT, SOD values were significantly higher in the 2nd
and 39 W salinity treatments than that in the control (Fig. 5E).
Red frill showed SOD enzyme levels were reduced under the
15t and 2" W salinity treatments compared to that in the
control (Fig. 5F). POD activity in pak choi and arugula peaked
under the 39 W salinity treatment at 2 and 3 WAT.
Nevertheless, no significant differences were observed in POD
enzyme activity in red frill between the salinity stress
treatments and the control (Fig. 6).

Discussion

The results presented in Tables 1, 2, and 3 and Fig. 3 provide a
detailed understanding of pak choi, arugula, and red frill

585

responses to salinity stress at different time points after
transplantation. Regarding pak choi, in the initial weeks (1 and
2 WAT) no significant variations in shoot and root biomass
were observed under salinity stress treatments compared with
the control. However, at 2 WAT, a significant reduction in the
S/R ratio was observed in the 1t W treatment, which may
indicate a shift in resource allocation toward root development.
The subsequent increase in SFW at 3 WAT under the 2nd W
stress conditions suggested an adaptive response, possibly
driven by enhanced water uptake or altered metabolic
processes (Muchate et al., 2016). The consistent decrease in the
S/R ratio at 3 WAT implied root growth prioritization under
salinity stress (Zou et al., 2022). Leaf characteristics, including
length, width, number, and area remained relatively stable
during the early weeks of stress. However, at 3 WAT, a
significant increase in leaf area under the 2" W salinity stress
conditions suggests a compensatory mechanism (Zahra et al.,
2022). SPAD values displayed a dynamic response. Although no
significant changes were observed at 1 and 3 WAT, a decrease
at 2 WAT implied a potential impact on photosynthetic
efficiency during this critical period. This aligns with previous
studies that highlighted the vulnerability of chlorophyll
synthesis to environmental stressors (Hameed et al., 2021; Song
et al,, 2021). Magnesium is a critical element for chlorophyll
synthesis, as it is a central component of the chlorophyll
molecule. When plants are exposed to high levels of sodium
due to salinity stress, magnesium uptake and utilization can be
impaired. This magnesium deficiency within the plant inhibits
the synthesis of chlorophyll molecules (Ahmed et al., 2023).
These results underscore the intricate interplay among
biomass allocation, leaf morphology, and chlorophyll dynamics
in the adaptation of pak choi to salinity stress, with
pronounced effects emerging at different stages.

Arugula exhibits distinct responses to salinity stress at
different time points. At 1 WAT, significant reductions in SFW,
RFW, and RDW had detrimental effects on the overall biomass.
Salinity stress negatively impacts multiple physiological
processes essential for plant growth and development,
including water uptake, ion balance, nutrient uptake,
photosynthesis, and cellular integrity. These effects collectively
contribute to a reduction in plant biomass under saline
conditions (Zhao et al., 2021; Balasubramaniam et al., 2023).
However, the lack of significant changes in SDW and S/R ratios
suggests potential resilience in resource allocation. At 2 WAT,
decreases in both SFW and SDW during the 15t W treatment
indicated a sustained effect on shoot biomass. Leaf
characteristics, including leaf width, exhibited sensitivity to
stress at 1 WAT but recovered in subsequent weeks. The
increase in SPAD values at 1 WAT suggests an initial response
to maintain chlorophyll levels, possibly as a mechanism to
mitigate the effect on photosynthesis. By 3 WAT, arugula
appeared to acclimate to salinity stress, with no significant
differences in most growth parameters compared with those of
the control. This resilience is indicative of adaptive
mechanisms that allow arugula to overcome the initial salinity
stress and resume normal growth (Maryum et al., 2022).

Red frill displayed an initial tolerance or resilience to salinity
stress at 1 and 3 WAT, as evidenced by the absence of
significant differences in most growth parameters compared
with those of the control. However, at 2 WAT, a reduction in
leaf number under the 2" W treatment suggests a specific
vulnerability during this period. The findings for red frill
highlighted the species-specific response to salinity stress and
the importance of considering temporal dynamics. The ability
of red frill mustard to maintain its growth parameters during
the early and late stages of stress indicates a robust adaptive
capacity.

The observed temporal dynamics of the pak choi, arugula, and
red frill responses underscore the need for a nuanced
understanding of plant stress physiology. Variations in biomass
allocation, leaf characteristics, and chlorophyll content at
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Fig. 5. 2,2-diphenyl-1-picrylhydrazyl radical (DPPH) scavenging rate and superoxide dismutase (SOD) activity of pak choi (Brassica
campestrus L.) (A and D), arugula (Eruca sativa Mill.) (B and E), and red frill (Brassica juncea L.) (C and F) under different salinity
stress treatment timing at (15, 2", and 3" W; 1w, 2w, and 3 w) measured at 2 and 3 weeks after transplanting (WAT). Data indicate
mean + SE (n = 3). Different letters indicate significant differences (p < 0.05) according to the Tukey’s multiple range test of each
treatment.
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Fig. 6. Peroxidase (POD) vigor of of pak choi (Brassica campestrus L.) (A), arugula (Eruca sativa Mill.) (B), and red frill (Brassica juncea
L.) (C) under different salinity stress treatment timing at (15, 27, and 3'd W; 1w, 2w, and 3 w) measured at 2 and 3 weeks after
transplanting (WAT). Data indicate mean + SE (n = 3). Different letters indicate significant differences (p < 0.05) according to the

Tukey’s multiple range test of each treatment.

different time points emphasize the importance of considering
stress duration when assessing plant responses. This temporal
variability aligns with the existing literature, emphasizing the
complexity of plant salinity stress responses over time
(Isayenkov and Maathuis, 2019; Ibrahimova et al., 2021).

The results of this study revealed the intricate responses in pak
choi, arugula and red frill biochemical parameters under
different salinity treatments. The observed variations in GLS
and phenol concentrations, DPPH scavenging activity, and
SOD and POD enzyme activity provided valuable insight into
the adaptive strategies employed by these plant species to cope
with salinity stress. The maximum total GLS concentration
observed in arugula under the 2" W salinity treatment at 2
and 3 WAT suggests a potential role in salinity stress responses
(Martinez-Ballesta et al., 2013). GLS is involved in plant defense
mechanisms against various environmental stresses (Abdel-
Massih et al, 2023). The significant increase in their
concentrations may indicate a concerted effort by the plants to
bolster their defense systems during the 2"d W treatment. The
dynamic response of the total phenol concentration in pak choi
highlights its sensitivity to salinity stress at 2 WAT, as
evidenced by a significant decrease compared to that in the
control. However, the subsequent peak in total phenol
concentration at 3 WAT under the 15t W salinity treatment
suggests a compensatory mechanism, possibly triggered by an
adaptive response to mitigate stress-induced damage (Rai et al.,
2023). Arugula exhibited the highest total phenol
concentration under the 2"d W salinity treatments at 2 and 3
WAT, indicating species-specific temporal phenolic compound
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modulation in response to salinity stress (Linic et al., 2019). The
DPPH scavenging activity of pak choi was not significantly
different between the control and salinity stress treatments at
2 WAT, suggesting that antioxidant defense mechanisms may
not be fully activated during the early stages of stress. However,
the notably increased DPPH scavenging activity under the 15t
W salinity treatment at 3 WAT implied an intensified
antioxidant response, possibly as a countermeasure against
prolonged stress conditions (Singh et al., 2023). SOD activity in
pak choi displayed a complex pattern, with the highest activity
observed in the 1t and 3'd W salinity treatments at 2 and 3
WAT, respectively. This dual response suggests a nuanced
relationship between salinity regimes and antioxidant defense,
with both excessive and limited salinity inducing higher SOD
activity (Li et al., 2023). In arugula, the lack of a significant
difference in SOD between the control and salinity stress
treatments at 2 WAT indicates a potential tolerance to salinity
at this early stage. However, the significantly higher SOD
values under the 2"d and 3'd W salinity treatments at 3 WAT
suggest an enhanced antioxidant defense mechanism against
prolonged salinity stress (Hasanuzzaman et al., 2021). The
observed reduction in SOD activity at 2 WAT under salinity
stress compared to that in the control group in red frill may
reflect the initial suppression of the antioxidant system.
However, the subsequent decrease in SOD enzyme levels under
the 15t and 2" W salinity treatments at 3 WAT suggests a
potential negative effect of prolonged water stress on
antioxidant defenses (Hasanuzzaman et al., 2021). This
reduction in SOD levels under specific treatments may indicate



a complex interplay among salinity, watering regimes, and
antioxidant responses. POD activity in pak choi and arugula
peaked under the 2"d and 34 W salinity treatments at 2 and 3
WAT, respectively, suggesting a robust induction of POD-
mediated defense mechanisms during these periods (Shahzad
et al., 2022). However, the absence of significant differences in
POD enzyme activity in red frill between the salinity stress
treatments and the control group implies a unique adaptive
strategy or lesser reliance on POD activity in this species.
These findings contribute to our understanding of plant
responses to salinity stress and may inform strategies for
enhancing crop resilience in saline environments.

Materials and methods

Plant growth and salt treatments

Pak choi (Brassica campestris L.), arugula (Eruca sativa Mill.),
and red frill (Brassica juncea L.) seeds were purchased from
Asia Seed Co., Ltd. (Seoul, Korea). Seeds were sown in rockwool
plugs (AO Plug, Grodan, Poland) and each plug cell was
separated and placed in a 105-hole seedling tray. The seedling
environment was maintained at 23 + 2°C, 200 + 20 pmol-m=2-s™
light intensity, 70-75% humidity, and a 16/8 h (light/dark)
photoperiod. The initial dark treatment was maintained for 48
h, and the seedlings were irrigated daily using a low surface
irrigation method. After the appearance of three true leaves,
the plants were irrigated with a nutrient solution (Korea
Horticulture Experiment (KHE) (Ahn et al., 2022). The mineral
salts used for the A KHE nutrient solution were FeEDTA
(electrical conductivity (EC) 2.0 dS-m™" and pH 6.5): 40.0 mg-L™;

Ca(NO;)2:4H,0: 1026.0 mg-L-"; NHaNO3: 24.0 mg-L~" and KNO3:

250.0 mg.L~" and those employed for the B Hoagland nutrient
solution were H,BO,: 4.5 mg.L"; MnSO,-4H,0: 3.0 mg.L™;
ZnSO,-7H,0: 0.57 mglL™; CuSO,5H,0: 050 mg.L™T;
NaMo00O,-2H,0: 0.04 mg.L~'; KNOs: 255.6 mg.L-T; MgSO,-7H,0:
493.0 mg.L-; NH,H,PO,: 80.1 mg.L”'; and KH2POs: 136.1
mg.L-1. Three weeks after sowing, the seedlings were
transplanted into the ebb and flow system in a rooftop
greenhouse with natural light at the Korea Institute of
Machinery for three weeks (Fig. 2). The EC and pH of the KHE
nutrient solution during cultivation was set at 2.0 + 0.2 dS'm™'
and 6.0 + 0.2, respectively, and it was replaced with fresh
nutrient solution once a week. In addition, the trays with
plants were moved periodically to avoid location effects.

In this experimental setup, a sodium chloride (NaCl) solution
with a measured EC of 12.6 dS‘m™ was introduced to the
rhizosphere for 24-h at specific time intervals: from 2:00 pm on
day 6 to 2:00 pm on day 7 (15t week (W), 2:00 pm on day 13 to
2:00 pm on day 14 (2" W), and 2:00 pm on day 20 to 2:00 pm
on day 21 (3"d W), serving as salinity stress treatments (Fig. 1).
Following each 24-h exposure, the nutrient solution was
promptly replaced with the original nutrient solution delivered
through the ebb and flow system. Plant growth parameters
were measured at specific time points: from 2:00 pm on day 7
(1 week after transplantation (WAT)), from 2:00 pm on day 14
(2 WAT), and from 2:00 pm on day 21 (3 WAT). Subsequently,
samples for GLS, phenolic compound, and antioxidant enzyme
analysis.

Growth parameter measurements

To investigate pak choi, arugula, and red frill growth, four
samples (n = 4) from each replication were collected at 1, 2, and
3 WAT. Leaf number was measured by direct counting, and the
length and width of the largest leaf were measured using a
caliper (SD500-300PRO, Shin Con Co., Ltd., Korea). Leaf area
was determined using a leaf area meter (LI-3100; LI-COR Co.,
Lincoln, NE, USA), and the relative chlorophyll (SPAD) value
was measured using a portable chlorophyll meter SPAD-502
(Minolta Camera Co., Ltd., Japan). Shoot fresh (SFW) and
shoot dry weights (SDW) were measured with an electronic
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balance (MW2N, CAS Co. Ltd., Korea), and for the DW
investigation, the samples were dried in a 70°C desiccator (HB-
501M, Hanbaek Scientific Technology Co., Ltd., Bucheon,
Korea) for one week and then weighed with an electronic
balance. The shoot-to-root (S/R) ratio was determined by
dividing the SDW by the root dry weight (RDW).

Glucosinolate content analysis

The glucosinolate (GLS) concentrations of pak choi, arugula,
and red frill was analyzed using HPLC (1260 Infinity Series,
Agilent Technologies Inc., California, USA) based on the
method of Kim et al. 2017 and Lam et al. 2019 (Kim et al., 2017;
Lam et al., 2019). The shoot samples from three Brassicaceae
plants were freeze-dried at -70°C for three days using a
TFD5503 freeze dryer (ilShinBioBase, Dongducheon, Korea),
then ground into powder. Each 100 mg powder sample was
mixed with 1.5 mL of 70% methanol and heated at 70°C for 5
minutes to extract crude glucosinolates. The supernatant was
collected after centrifugation at 12,000 rpm for 10 minutes
(Hanil Scientific R17 Plus microcentrifuge, Gimpo, Korea). The
supernatant underwent desulfurization using DEAE Sephadex
A-25 ion exchanger (Sigma-Aldrich Korea, Seoul, South Korea)
and was filtered through a 0.45 um filter. Glucosinolates were
quantified using HPLC on an Agilent 1200 Infinity system
(Santa Clara, CA, USA) with an Inertsil ODS-3 (C18) column
(150 x 3.0 mm, 3 pm particle size) at 40°C. A gradient elution
with water and acetonitrile over 27 minutes at 227 nm detected
individual glucosinolates. Quantification followed ISO 9167-1
(1992) guidelines using desulfo-sinigrin as a reference standard
(Chun et al., 2018).
2,2-diphenyl-1-picrylhydrazyl (DPPH) radical
scavenging assay

Three shoot samples from three Brassicaceae plants of each
replication were promptly frozen in liquid nitrogen post-
harvest and subsequently stored at -70°C. Next, the samples
were transferred to a dry freezer (TFD5503, ILShin Biobase Co.,
Ltd., Korea) maintained at -70°C. Afterward, each sample was
finely ground using a porcelain mortar and pestle, and the
resulting powder was passed through mesh sieves. The DPPH
radical scavenging ability was assessed using a modified
version of Lam et al. 2023 (Lam et al., 2023). The DPPH solution
was prepared by mixing DPPH (D9132, Sigma-Aldrich, USA)
(200 mg) and MeOH (50 mL). 90% MeOH (170 pL), DPPH
solution (10 pL), and the sample (20 pL) were mixed and
reacted in the dark for 30 min, and the absorbance was
measured at 517 nm. The control was no sample, and the DPPH
radical scavenging rate percentage was calculated using the
following formula (n = 3):

DPPH radical scavenging rate (%)
_ A517 control — A517 sample

A517 control

X 100%

Superoxide dismutase (SOD) activity

The sample extraction was conducted with the same extraction
of the DPPH radical scavenging assay. SOD activity was
assessed using a modified version of the method described by
Kiani et al. 2021 (Kiani et al., 2021; Lam et al., 2023). The
reaction mixture was prepared by thoroughly mixing 50 mM
pH 7.0 sodium phosphate (93.5 pL), 0.1 M methionine (52 pL),
2.5 mM NBT (24.5 pL), 10 mM EDTA (2 pL), 0.5 mM riboflavin
(8 pL). The control did not contain enzyme extract and was
simultaneously exposed to LED light with a PPFD of 50
pmol-m~2s7" for 15 min, after which the light was blocked. The
absorbance was then measured at 560 nm, and SOD activity
was expressed as units mg™' DW by substituting the following
formula based on the amount of enzyme that caused a 50%
reduction in NBT (n = 3). The blank was stored in the dark with
no enzyme extract in the reaction mixture, and absorbance was
measured to confirm thermal equilibrium.



A517 control — A517 enzyme

0,
A517 control x100%
SOD inhibition X total volume

SOD inhibition (%) =

SOD activit it mL™t) =
activity (unit mL™) 50 X enzyme volume
SOD activity (unit) = unit mL™t
activity \umit) = enzyme (mg mL™1)

Peroxidase (POD) activity

The sample extraction was conducted with the same extraction
of the DPPH radical scavenging assay. POD activity was
assessed by modifying the method described by Kiani et al.
2021 (Kiani et al., 2021; Lam et al., 2023). The reaction mixture
was constituted by combining 66.6 pL of 40 mM sodium
phosphate buffer (pH 6.1), 80 pL of 20 mM guaiacol, and 33.3
pL of 3% hydrogen peroxide (H202). Subsequently, 20 pL of
enzyme extract was introduced into this mixture. Absorbance
readings were taken at 470 nm at 10-s intervals. POD activity
was quantified in pmol min~-mg~' DW, based on the formula

provided, and the procedure was replicated four times (n = 3).
(A470
min
26.6 X enzyme volume
unit mL™*

) X total volume x 1000

POD activity (umol min™*mL™1) =

POD activity (umol min"*mg~1DW) = enzyme (mg M1

Absorbance readings were taken at 470 nm for 1 min, using an
extinction coefficient of 26.6 mM~T-cm™".

Total phenolic compounds

To analyze the phenolic compounds of pak choi, arugula, and
red frill using high-performance liquid chromatography (hplc,
1260 infinity series, agilent technologies inc., ca, usa) (Meyer et
al., 2021; Yeo et al., 2021), The plant shoots were freeze-dried,
powdered, and a 100 mg sample was mixed with 2 mL of 80%
MeOH. After 1 hour of sonication and periodic vortexing, the
mixture was centrifuged at 12,000 g for 10 minutes. The
supernatant was filtered (0.45 pm) and prepared for HPLC
analysis using a Symmetry C18 column (250 x 4.6 mm, 5 pm)
at 30°C, 1.0 mL/min flow rate, and 280 nm detection. 0.15% (v/v)
acetic acid water (A) and MeOH (B) were used as the solvent
systems. The gradient program (total of 98 minutes) was used
as follows: 5% solvent B (0 min); 5% solvent B (0 - 1 min); 15%
solvent B (1 -9 min); 20% solvent B (9 - 24 min); 30% solvent B
(24 - 54 min); 45% solvent B (54 - 66 min); 56% solvent B (66 -
76 min); 60% solvent B (76 - 80 min); 80% solvent B (80 - 91 min);
5% solvent B (91 - 98 min). The individual phenol components
(gallic acid, chlorogenic acid, 4-hydroxybenzoic acid, caffeic
acid, (-)-epicatechin, 4-hydroxy3-benzoic acid, trans-ferulic
acid, benzoic acid, rutin, and trans-cinnamic acid).

Statistical analysis

The experiment was performed using a completely randomized
design and repeated twice. Plant growth parameters were
measured using four plants (n = 4) per replication, while GLS,
phenolic compounds, and antioxidant contents were analyzed
using three plants (n = 3) per replication. One-way ANOVA was
performed using SPSS 20.0 (SPSS, Inc., Chicago, IL, USA).
Tukey's multiple comparison test was used to determine
significant differences among mean values at a significance
level of p < 0.05. Graphs were created using SigmaPlot 10.0
(Systat Software, Inc., San Jose, CA, USA).

Conclusion

A comprehensive assessment of pak choi, arugula, and red frill
under varying salinity stress conditions revealed their
distinctive temporal dynamic responses. Plant growth
parameters highlighted the nuanced effects of salinity stress
on biomass, leaf characteristics, and chlorophyll content over
different WAT. Additionally, biochemical analyses revealed
variations in total GLS and phenol concentrations, DPPH
scavenging activity, and SOD activity. Regarding pak choi, the
2nd W salinity treatment at 3 WAT showed favorable results in
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terms of biomass and biochemical responses. Arugula
responses varied across the time points, suggesting a need for
tailored strategies. The 2"d W treatment at 3 WAT exhibited
fewer detrimental effects on biomass. Red frill initial tolerance
suggests that the 1st and 3" W treatments may be optimal for
maintaining growth and biochemical activity. Further research
is warranted to explore the underlying molecular mechanisms
and refine cultivation strategies for sustainable green leaf
production under salinity-stress conditions. In conclusion, this
study highlights the intricate interplay between salinity stress
and plant responses and emphasizes the importance of
temporal considerations for effective cultivation management.
These findings provide valuable insights for optimizing
treatments and advancing our understanding of the resilience
of leafy greens to environmental salinity stress.
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