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Abstract

Salinity acts as a key abiotic stress that hampers seed germination and early seedling
growth. This study examined how salinity affects germination and initial development in Pak
Choi (Brassica rapa subsp. chinensis L.) at electrical conductivity (EC) levels from 0 up to 16
dS m™. We measured parameters like germination percentage (GP), germination index (Gl),
mean germination time (MGT), T, seedling vigor index (SVI), shoot and root lengths, fresh
and dry biomass, plus dry weight-to-length ratios. At mild salinity (EC <4 dSm™), GP stayed
high at 91.8%, and seedlings actually developed better - with fresh weight achieving a
maximum of 51.30 mg at EC 4 dS m™ (almost twice the control's 22.88 mg) and SVI-shoot
topping surpassing 250—suggesting a favorable response to low-level salt stress. Germination
time-related indices increased progressively with EC, with Tso rising from 12.38 h at EC 0 to
27.02 hat EC 16 dS m™. Seedling growth and vigor declined sharply at EC 10 dS m™, growth
and vigor dropped off quickly: shoot length fell from 3.2 cm to just 0.72 cm at EC 16 dS m™.
Shoots suffered more than roots, and higher salinity boosted dry weight-to-length ratios (from
0.60 to 1.51 mg cm™), pointing to a change toward denser biomass rather than longer growth.
Thus, these findings provide quantitative salinity thresholds for Pak choi at the germination
and early seedling stage, offering practical references for agronomic management in saline-
affected areas and a basis for selecting salt-tolerant genotypes within the Brassicaceae family.
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Tom tat

D6 man dong vai tro la tac nhan gay stress phi sinh hoc quan trong, can tro su ndy
mam cia hat va sw phdt trién ban dau cia cdy con. Chiing t6i dd nghién ciru anh huéng cia
dé man dén sw nay mam va phdt trién ban dau cia cdi thia (Brassica rapa subsp. chinensis
L.) ¢ cac mirc do dan dien (EC) tr 0 dén 16 dS m™. Chiing toi da do cdc thong 56 nhir wle
nay mam (GP), chi sé nay mam (Gl), thoi gian nay mam trung binh (MGT), Ts, chi so sic
song cdy con (SVI), chiéu dai than va ré, sinh khoi twoi va khé, cung voi 1y 1é trong luong kho
trén chiéu dai. O d man vira phai (EC <4 dS m™), ty I¢ nay mam (GP) van duy tri 6 mikc cao
91,8%, va cdy con phat trién tot hon — véi trong lwong twoi dat t6i da 51,30 mg 6 EC 4 dSm™
(gan gdp déi so voi doi ching la 22,88 mg) va chi s6 SVI-shoot vieot qua 250 — cho thay phadn
ung thudn loi voi stress man o mic thap. Cdc chi s6 lién quan dén thoi gian ndy mam ting
dan theo EC, voi Tso tang tuw 12,38 gio 6 EC 0 dén 27,02 gio ¢ EC 16 dS m™'. Sikc sinh trucng
va suc song ciia cdy con giam manh & do dan dién EC 10 dS m™, chiéu dai choi giam fr 3,2
em xuoéng chi con 0,72 cm ¢ dé dan dién EC 16 dS m™. Choi bi anh huong nhiéu hon ré, va
do man cao hon lam tang ty I¢ trong lwong kho trén chiéu dai (tr 0,60 dén 1,51 mg em™), cho
thdy su thay doi hwéng t6i sinh khoi day dic hon la sw phat trién dai hon. Nhirng phat hién
nay cung cap nguwong do man dinh luwong cho cai thia ¢ giai doan nay mam va cdy con sém,
dwa ra cdc tai liéu tham khdo thuc tién cho viéc quan ly nong hoc o cdc khu vuc bi anh huong
béi d6 man va la co sé dé lwa chon céc gié’ng chiu man trong ho Brassicaceae.

Twr khéa: Cdi thia, Sy nay mam, Sw sinh truong va phat trién, stress man.
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1. Introduction

Abiotic stress and biotic stress are considered major stressors for crops when they are
present below/above optimal levels, individually or in combination (Moulick et al., 2024).
Abiotic stress includes low and high temperatures, drought, heat, and salinity. Salinity causes
significant damage to crop yields and threatening food security in countries already suffering
from sea level rise and saltwater intrusion in the context of climate change (Ludwig et al.,
2018). Salinity inhibition of crop growth can be categorized into two main components; in the
short term, it creates osmotic stress, which can lead to the plant being unable to maintain turgor
pressure, resulting in dehydration and poor cell function (Egamberdieva et al., 2019). While
in the long term, salinity stress leads to ion toxicity due to the excessive accumulation of plant-
toxic ions, especially sodium (Na*) and chloride (CI) (Abou Seeda et al., 2022). Plant tissues
disrupted by ion balance caused by too much accumulation of sodium (Na") and chloride (CI
) ions and the replacement of potassium (K*) ions, which are crucial for many physiological
functions including enzyme activation and osmotic regulation, by sodium (Na") are severely
impaired in the physiological functions of plant metabolic processes (Chakraborty et al.,
2018). Besides these osmotic and toxic effects, salt stress also causes oxidative stress, which
leads to cell membrane peroxidation, ion leakage, and damage to nucleic acids, cell
membranes, and cellular structures (Imran et al., 2021). The combination of these factors
together contributes to the adverse effects of salinity on crops, such as metabolism, which can
manifest as reduced growth and, ultimately, reduced quality and total yield of crops (Zhang et
al., 2022). Under salt stress, plants exhibit a two-phase response to limit damage and maintain
growth. In the osmotic phase, rising external salt concentration reduces shoot growth and leaf
expansion while prioritizing root development to conserve water. In the subsequent ion-
specific phase, toxic accumulation of Na* in mature leaves accelerates leaf senescence and
impairs photosynthesis, thereby further restricting plant growth. While osmotic stress exerts
an immediate effect, ionic stress typically emerges later and is generally less severe except
under high salinity or in sensitive genotypes. The capacity to tolerate salt stress varies among
species and is closely linked to the efficiency of Na" and CI™ regulation within plant tissues
(Munns et al., 2006; Munns & Tester, 2008)

Several attempts have been made to determine how salinity affects all vegetative stages
of crops. During the vegetative stage, it negatively impacts seed germination, causes leaf
damage that impairs photosynthesis, and reduces stem biomass, leaf area, and plant height
under saline conditions (Petretto et al., 2019; Rajabi Dehnavi et al., 2020). Similarly, salinity
stress negatively affects germination rate, root and stem length, fresh and dry weight of
seedlings, and germination index in several different plants such as sorghum (Sorghum bicolor
L.) (Rajabi Dehnavi et al., 2023), Amorpha fruticosa L. (Gao et al., 2024), barley (Hordeum
vulgare) (Gupta et al., 2019), and canola (Brassica napus L.) (Shahbazi et al., 2011).

Although the effects of salt stress on the Brassicaceae family have been investigated in
numerous studies worldwide, most have focused on limited salinity ranges or isolated growth
parameters, leaving tolerance boundaries poorly defined. In Vietnam, research on Brassica
rapa subsp. Chinensis L. has concentrated primarily on cultivation techniques and nutrient
management (Nhi & Quyen, 2025; Trung Thanh & Huynh Anh Tuyet, 2025), with studies
specifically addressing salinity stress responses remaining absent. With saltwater creeping into
vital veggie-growing areas like the Mekong Delta, it's more pressing than ever to figure out
how much salt our local Brassicaceae crops can take. We all know germination and those
tender early seedlings are the most vulnerable stages - if they falter, the whole crop suffers.
That's why this study gently tested Pak choi's germination and early growth in a lab, from EC
levels (0 dS m™) up to salty (16 dS m™) under controlled laboratory conditions, using multiple
parameters including GP, MGT, Tse, SVI, shoot and root length, and biomass traits, to
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characterize salinity response patterns and establish tolerance thresholds as a basis for future
breeding and agronomic management in saline-affected environments.

2. Materials and Research Methods
2.1. Seed Preparation and Treatments

Pak Choi (Brassica rapa subsp. chinensis L) seeds were obtained from a certified
supplier of Tay Nam Co., Ltd (MESSI 10) with germination percent > 80%. Germination was
observed daily according to the method of the Association of Official Seed Analysis. The seeds
were tested by the top-of-paper method, using Newstart 102 @ 7 filter paper. The test seeds
were placed on sterilized 90 mm Petri dishes. Salinity treatments (0—16 dS m™) were prepared
using analytical-grade NaCl (AR >99.5% purity; Ghtech, CAS No. 76-14-5). A stock solution
with an electrical conductivity (EC) of approximately 20 dS m™ was prepared by dissolving
about 12.8 g of analytical-grade NaCl in 1 L of distilled water. The stock solution was then
diluted with distilled water to obtain the desired salinity levels (0—16 dS m™"). The EC of each
solution was verified and adjusted using a conductivity meter.

The experiment was conducted in November 2025 and arranged in a completely
randomized design with one factor, salinity (EC dS m™) , comprising 17 EC levels (0-16 dS
m™') with three replicates. Each replicate consisted of four Petri dishes containing 50 seeds
each (a total of 204 dishes). Salinity was maintained by adding 1 mL of NaCl solution
corresponding to each EC level daily to keep the filter paper moist. To minimize evaporation
and prevent changes in salt concentration, Petri dishes were tightly sealed during the first 3
days of incubation. Petri dishes were incubated under laboratory conditions at an average
temperature of 28°C. Germination was recorded daily at the same time for 3 days. After initial
measurements, the lids were removed, and seedlings were allowed to grow under the same
conditions until day 6, when shoot length, root length, fresh weight (FW), and dry weight
(DW) were measured.

2.2. Seed Germination Parameters

Seeds were considered germinated when the radicle emerged at least 1 mm. The
following parameters were calculated:

Number of germinated seeds

Germination Percentage (%) = x 100 (1)

Total number of seeds
T Gt
Germination index =}, (ﬂ) (2)

Gt is the number of seeds germinated on day t; Tt is the number of days.
MGT (mean germination time) = ZZDn_XDn 3)

nD: where n is the number of seeds germinated on day D;

D is the number of days counted from the beginning of the test.
0.5N-G;
(¢ — ) (houn); (4)

Tso = ti + 56 =5

N = total number of seeds germinated at the end of the test (final germination);

0.5N = half of the final germination (50%); t; = time (day/hour) just before cumulative
germination first exceeds 50%;, t = time just after cumulative germination exceeds 50%, Gi
= cumulative germination count at time t;;, G; = cumulative germination count at time t;.



Dong Thap University Journal of Science, Online First: 1-15

Ten seedlings were randomly selected from each petri dish at the end of the
germination period. After that, shoot length and root length were measured in cm.

Fresh weight (FW) and dry weight (DW) of shoots and roots were determined by
weighing all seedlings within each replicate and dividing by the total number of seedlings to
obtain the mean fresh weight per plant. Dry weight was measured after drying the shoot and
root samples at 70°C until a constant weight was reached. A four-digit analytical balance was
used, and all samples were collected at the same time, after 7 days.

Shoot Vigor Index = Germination Percentage X Mean Shoot Length
Root Vigor Index = Germination Percentage X Mean Root Length

Shoot and root dry matter per unit length (DW/L, mg cm™) were calculated as the
ratio of dry weight to the corresponding organ length.

2.3. Statistical Analysis

Data were analyzed using ANOVA to detect significant differences among treatments.
Means were compared using Duncan’s test at p < 0.05. The response curve was generated
using the mean values of three replicates with their corresponding standard errors and plotted
in OriginPro 2006 Student Edition.

3. Results and Discussion
3.1. Results
3.1.1. Germination percent (GP) and Germination index (Gl)

As can be seen from Table 1, the low EC group (0-6 dS m™") got germination percentages
reported at 84.7% - 98.7%, significantly more than the high EC group (7-12 dS m™') at 67.6%
-78.3%. What stands out in the table is that the germination percent of Pak Choi (Brassica
rapa subsp. chinensis L.) in EC > 13 dS m™' was the lowest and differed significantly from the
other treatments.

3.1.2. Mean germination time (MGT) and T’y

An overview of the concentration-dependent increase in mean germination time (MGT)
of Pak choi seeds under salt stress is provided in Table 1. At low salinity levels (EC <2 dSm"
), MGT values ranged from 1.02 to 1.04 days and did not diverge significantly among
treatments (group g). Moderate salinity led to a gradual but significant increase in MGT (1.07
- 1.20 days; groups fg—cdef), causing a marked delay, with the highest MGT recorded at EC
15-16 dS m™ (1.59 - 1.70 days; group a).

Table 1. Effect of different EC levels on seed germination of Pak choi

EC Germination %  Germination % Mean % Tso %
(dS m™) percent (%) Change index Change germination Change (hour) Change
(GP) (GI) time (day)
0 98.7 0.0 48.5* 0.0 1.04¢ 0.00 12.38¢  0.00
1 86.7% -12.2 42 .8%® -11.7 1.02¢ -1.50  12.28¢  -0.74

2 84,780 -14.2 41.6° -14.3 1.03¢ -0.47  12.44%  +0.55




Dong Thap University Journal of Science, Online First: 1-15

EC Germination %  Germination % Mean % Tso %
(dS m) percent (%) Change index Change gteill':lr;il(l(z;;iyo)n Change (hour) Change
(GP) (GD
3 96.8* -1.9 47.1% -3.0 1.07% +2.39  12.66% +2.25
4 91.8%® -6.9 44 4% -8.5 1.07% +2.90 12.84% +3.73
5 91.3% -7.4 43 4% -10.5 1.1 +5.73  13.29%  +7.36
6 89.74® -9.1 42.3° -12.7 1.12¢t +7.21  12.84%  +3.72
7 78.30¢d -20.6 35.5¢ -26.8 ].2cdef +13.65 13.29% +7.39
8 78bed -20.9 32.8¢ -32.6 1.33° +27.82  16.59* +34.05
9 72.2¢4 -26.9 31.3¢« -35.5 1.280d +22.94 16.69* +34.85
10 70.7¢¢ -28.4 32.1¢ -33.8 1.19¢edef +14.54 14.04%% +13.44
11 71.8% -27.2 31.0¢ -36.1 1.27°d +21.75 16.82° +35.95
12 67.6¢ -31.4 28.5¢ -41.3 1.33b +27.65 17.67° +42.84
13 48.0° -51.4 21.7¢ -55.2 1.18df +13.36 14.61%% +18.04
14 45.8¢ -53.5 20.2¢ -58.4 1.23bede +18.64 15.75%4 +27.24
15 45¢ -54.4 16.4 -66.3 1.59* +52.33  25.37* +105.00
16 38.3¢ -61.1 13.3f -72.5 1.7% +63.42 27.02* +118.28
CV(%) 10.6 9.8 6.3 11.1

Note: Means followed by different letters within the same column are significantly different at
P <0.05 (ANOVA, followed by Duncan’s test)

As shown in Table 1, the time to 50% germination (Tso) of Pak Choi seeds was

significantly increased by salinity (p < 0.05). Treatments reached the rapid germination period
on the first day, whereas the EC > 15 dS m™! treatment reached the rapid germination stage on
the second day. Under low EC 0 - 4 dS m™!, no significant increase in Tso was observed (12.28
- 12.84 h), indicating that early germination was not adversely affected by mild salinity. A
medium postponement was observed at EC 8 - 14 dS m™! (14.04 - 16.82 h). AtEC>15dSm"
!, Tso increased sharply, reaching 25.37 - 27.02 h; this result reflects severe osmotic and ionic
stress that disturbs ion homeostasis and enzyme activity (Table 1).

3.1.3. Shoot length and SVI - shoot (Seedling Vigor Index- shoot)

There were statistically significant differences in shoot length at the 5% level between
treatments. At EC 1 -4 dS m™!, shoot length was approximately 3.2 cm. Shoot length decreased
gradually, ranging from 2.07 to 2.66 cm at medium salinity (EC 5 - 8 dS m™'). This number
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continued to decrease sharply at EC >10 dS m!, and the lowest value was measured at EC 16
dS m™ (0.72 cm) (Table 2). The trend of shoot length response to salinity was illustrated in
Figure 1.
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1004 —8—T50

45 /
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Figure 1. Germination percent, Tso, shoot length, and root length of seedling
at different EC levels.

When analysis of variance (ANOVA) SVI showed that the value of shoots at EC levels
from 1 to 4 dS m™' was highest (>250) and higher than at EC level 0 dS m™' (212), while this
value gradually decreased at medium salinity levels (EC 5 - 8 dS m™). At EC >10 dS m™" there
was a significant decrease in the SVI of shoots (< 120), and this number reached the lowest
value at EC 16 dS m™! (29) (Table 2).

3.1.4. Root length and SVI - root (Seedling Vitality Index- root)

As shown in Table 2, root length data for Pak Choi showed significant differences
under varying salinity levels, specifically at low salinity (EC 0 - 4 dS m™). The longest
recorded roots ranged from 2.69 to 3.31 cm, but they were relatively stable at EC 6 - 10 dS m
1(1.96 - 2.10 cm). Notably, at high salinity (EC > 11 dS m™"), root length decreased to below
1.8 ¢m and reached a minimum value at EC 16 dS m™' (0.93 cm).

Statistical analysis of seedling root vitality index (SVI-root) showed significant
differences (p < 0.05) between different EC salinity levels. At low salinity (EC 0 - 4 dS m™),
the SVI has values from 251 to 287, indicating strong root vigor under mild stress conditions.
However, at EC 5 - 10 dS m™ and medium salinity, the SVI-root tends to decrease rapidly to
values of 133 - 179. This index continues to decrease sharply at EC > 11 dS m™, with the
lowest value recorded at EC 16 dS m™ (35).

Table 2. Effect of different EC levels on Pak Choi seedling

EC Shoot % SVI % Root % SVI %
(dS.m™) length  Change shoot Change 1ength  Change root Change
(cm) (cm)
0 2.14% 0 2124 0 2.69° 0 266% 0
1 3218 +49.84 278 +31 3.312 +22.91 287% +8
2 3.05%  +42.42 258 +22 2.97° +10.27  251° -5
3 2.86°  +33.50 277 +31 2.95b +9.70 286° +8
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EC  Shoot %  SVI % Root %  SVI %
(dS.m?) length  Change shoot Change 1€ngth  Change root Change
(cm) (cm)
4 3.160 +47.57  290° +37 297°  +10.20 273® +3
5 2.07¢ -3.35 1899 -11 146 4590  133%f -50
6 2.66°  +24.41  238° +13 2.00¢¢ 2590  179° -33
7 2354 +9.60 184¢ -13 2.09¢  -2249 163« -38
8 2.15%  +0.69 168° 21 2.10° -22.02 164« -38
9 1.75F  -18.21 126° -40 2.0004 2565  144% -46
10 1.66° -22.28 118% -44 1.96% -27.05  138%f -48
11 1.65° -22.73 118% -44 1.74¢% -35.32 124¢f -53
12 1.362 -36.31 94¢ -55 1.59¢ -40.80 109f -59
13 0.98" -54.00 47" -78 1.45¢ -46.02 69¢ -74
14 0.93"  -56.33 43h -80 146" -45.79 67¢ -75
15 0.89"  -58.51 39h -82 1.20%  -55.28 54¢ -80
16 0.721 -66.26 20h -86 0.93¢ -65.59 35¢ -87
CV (%) 66 9.1 8.4 11.8

Note: Means followed by different letters within the same column are significantly different at
P <0.05 (ANOVA, followed by Duncan'’s test).

3.1.5. Seedling biomass (fresh and dry weight)

55 5.0
—&— Fresh Weight|
—#— Dry Weight
ry Weig| Las
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4.0
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> —
£ 40+ 30 2
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[=)} =y
© 25 -%
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Figure 2. Fresh weight and dry weight of seedling at different EC levels.

Statistical analysis of fresh weight (FW) and dry weight (DW) of Pak choi seedlings
showed that seedling weight was significantly affected at different salinity levels. Fresh weight
increased significantly at low to medium salinity levels, reaching a maximum at EC 4 dS m"!
(51.30 mg), more than double that of EC 0 dS m (22.88 mg). Fresh weight remained
significantly higher than the control at EC 9 dS m™! before decreasing sharply at EC 11 dS m"
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!"and falling down to reach its lowest value at EC >14 dS m™ (20.22 mg). Besides, seedling
dry weight (DW) showed a similar but less pronounced response, with dry weight peaking at
EC 10 dS m™ (2.13 mg), significantly higher than the control EC 0 dS m™! (1.55 mg), and then
decreasing at higher salinity (EC > 13), reaching its low value of 1.18 - 1.46 mg.

3.1.6. Shoot and root dry matter per unit length (DW/L, mg cm™)

There was an analysis of the statistical difference in the dry weight per unit length in
shoots and roots of Pak choi at EC levels. (p < 0.05). Compared with the control (EC 0 dS m"
1, where DW shoot/shoot length and DW root/root length were 0.60 and 0.10 mg cm™,
respectively, both ratios remained low and statistically unchanged at EC <4 dS m™!, indicating
balanced elongation and biomass accumulation. At moderate salinity levels (EC 5-9 dS m™),
DW shoot/shoot length increased gradually to 0.72 - 0.96 mg cm™, while DW root/root length
showed a smaller rise (0.14 - 0.17 mg cm™). At high salinity (EC >10 dS m), the DW
shoot/shoot length ratio increased sharply and peaked at EC 16 dS m™ (1.51 mg cm™), whereas
DW root/root length remained significantly higher than the control but exhibited a more
moderate response (Figure 3 ).

3 T T T T T T
(—#— Shoot length| —=— Dry shoot/ shoot length|
#— Roct length @~ Dry rooti root length M ||

Shoot length (cm)
o
Root length (cm)

s =
Dry root/ root length (mg em™")

Dry shoot/ shoot length (mg cm™")

EC (dS m) EC (dS m)

Figure 3. Shoot length, root length, dry weight per unit shoot length, and dry weight
per unit root length at different EC levels.

3.2. Discussion

The present study determined the effect of salinity was clearly influenced by the seed
germination of Pak Choi (Brassica rapa subsp. chinensis L.) by increasing levels as reflected
by changes in germination percentage (GP), germination index (GI), mean germination time
(MGT), and time to 50% germination (Tso). Under low salinity conditions (EC <6 dS m™),
seeds maintained a high germination capacity, and all of the seeds at EC levels germinated
relatively rapidly on day 1. However, the postponement of seed germination as salinity
increased to moderate and high levels meant that both the final germination percentage and
the rate of germination were markedly reduced. When analyzing GP, which was decreased,
the estimated ECso value of approximately 13 dS m™ suggests that Pak Choi exhibits only
moderate tolerance to salinity during the germination stage. The first stage of seed germination
involved water absorption in the seed; at low EC levels, mild salinity did not substantially
restrict water uptake or metabolic activation in the seeds. Under such conditions, water always
moves by osmosis from an area of higher water potential to an area of lower water potential;
this potential gradient is what drives the rapid initial influx of water into the seed so that
osmotic adjustment mechanisms may be sufficient to sustain the physiological processes
required for germination.
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Past studies reported the relevance between seed germination in Brassica species and
salinity, where similar responses under low salt stress were observed, indicating that slight
salinity did not immediately impair germination performance (Bakirov et al., 2022; Jia et al.,
2020). However, once salinity exceeded 7 dS m-', both GP and GI declined significantly,
suggesting that osmotic stress and ion toxicity began to interfere with normal germination
processes. In addition to reducing germination capacity, the most obvious finding emerges
from the analysis is that salinity stress also delayed germination, as indicated by the increases
in MGT and T50. The results at EC <4 dS m™' showed that the absence of significant changes
in these parameters and early germination events were relatively unaffected by mild salinity.
However, at moderate salinity levels, germination was noticeably delayed, while at EC >13
dS m™', both MGT and T50 increased sharply; the concurrent decline in GP and GI together
with the increase in MGT and TS50 indicates that salinity primarily affects the kinetics of
germination rather than only final seed viability. In other words, salt stress first slows down
water uptake and metabolic activation, which delays radicle emergence, and only at higher
salinity levels does it substantially reduce the total number of seeds able to germinate
(Vujakovi¢ et al., 2017). This coordinated response suggests that germination speed is a more
sensitive indicator of salt stress than final germination percentage. The negative effects of
salinity on seed germination can be explained by the combined influence of osmotic stress,
excessive ion accumulation, and oxidative damage. The gradient pressure between the seed
and its environment is high when external salinity reduces the water absorption, thereby
slowing imbibition and delaying the reactivation of metabolic pathways (Manono, 2025). At
the same time, the accumulation of Na* and Cl~ ions disrupts cellular ion balance and may
impair membrane stability and enzyme function (Yang & Guo, 2018).

Furthermore, the overproduction of reactive oxygen species can damage cellular
macromolecules, including proteins, carbohydrates, nucleic acids, and lipids, or cellular
structures like membranes, resulting in the inhibition of seed germination (Li et al., 2018;
Nadarajah, 2020). Besides, salinity stress is also known to alter hormonal regulation during
germination; increased abscisic acid (ABA) levels and reduced gibberellin (GA) consequently
downregulate the GA/ABA ratio so that seeds under saline conditions tend to maintain
dormancy and delay radicle emergence (Shuai et al., 2017). This hormonal imbalance provides
a plausible explanation for the prolonged MGT and T50 observed at higher EC levels in the
present study, and similar mechanisms have been reported in other Brassica species and other
species exposed to NaCl stress (Hmissi et al., 2024; Khan et al., 2022).

The results of this study showed that early seedling growth of Pak Choi was strongly
influenced by increasing EC, as evidenced by reductions in shoot length, root length, and the
corresponding vitality indices (SVI-shoot and SVI-root). Both shoot and root growth remained
relatively stable, and SVI values were high under low salinity conditions (EC <4 dS m™),
indicating that mild osmotic stress did not substantially impair early development. This
experiment detected evidence that seedlings can maintain cell expansion and biomass
accumulation within a limited salinity range, likely through effective osmotic adjustment and
temporarily stimulating metabolic activity and enhancing seedling development (Nakaune et
al., 2012). Under moderate salinity conditions, shoot and root elongation decreased
progressively, concomitant with substantial declines in both shoot seedling vigor index and
root seedling vigor index. The parallel reduction in organ length and SVI values suggests that
limitations in cell expansion are closely associated with reduced seedling vigor under salinity
stress (Fatema et al., 2024). Since SVI integrates both germination performance and seedling
growth, its stronger decline compared with individual traits indicates that early seedling
establishment is governed by the combined effects of delayed germination and restricted post-
germination growth. Notably, a non-linear response in seedling growth was observed across
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salinity levels. Growth was slightly stimulated at EC 1-4 dS m™' compared to the control,
consistent with a hormetic response in which mild ionic stress promotes osmotic adjustment
and metabolic activity (Fu & Yang, 2023). However, at EC 5 dS m™, both shoot and root
length declined sharply, suggesting that this level represents a physiological threshold beyond
which osmotic stress suddenly restricts water uptake before adaptive mechanisms are fully
activated. At moderate salinity levels (EC 6-9 dS m™), growth partially stabilized rather than
continuing to decline linearly, which may reflect the early activation of ion homeostasis and
osmotic adjustment responses under sustained stress.

The concurrent sharp increase in DW/length at EC 5 dS m™' onward further supports
a shift from elongation-driven growth to biomass consolidation as the dominant growth
strategy under salt stress. Another important point is that the decrease in vitality indices,
combined with limitations on organ elongation and dry matter accumulation, indicates that
moderate salinity stress restricts water uptake, disrupts nutrient balance, and partially inhibits
enzymatic processes involved in cell wall expansion and growth (Basnet et al., 2015).The most
effective severe inhibition of seedling growth occurred at high salinity (EC >10 dS m™!), where
both organ length and vitality indices declined sharply. These responses indicate that osmotic
stress and ion toxicity exceeded the adaptive capacity of the seedlings, with excessive Na* and
CI” accumulation impairing membrane stability and enzyme function, leading to reduced
metabolic activity and biomass production (Cheng et al., 2022). The salinity-induced growth
inhibition was positively correlated with a higher accumulation of Na* ions and an elevated
Na'/K" ratio in radicles and plumules of salt-stressed seedlings. In explanation, adverse salt
stress decreases the permeability of the root plasma membrane that induces accumulation of
intracellular Na* content by substituting K* and other nutrients from plant tissues, increasing
the Na"/K* ratio and Na* ion toxicity. The ion toxicity, in turn, persuades osmotic stress and
limits the uptake of water, thereby restricting seedlings’ growth and development, which is
supported by the previous study (Basnet et al., 2015). The following results of the study
portrayed a dramatic decline in radicle and plumule length, for example, in choysum seedlings
under NaCl stress (Kamran et al., 2021) and Lactuca sativa L. (Bres et al., 2022), Pisum
sativum L. (Khan et al., 2022), and Lupinus albus L. (Beyaz & Uslu, 2025). The stronger
reduction in SVI compared with organ length alone highlights that seedling vigor is more
sensitive to salinity stress than morphological traits. It was underscoring the value of vitality
indices as integrative indicators of early seedling performance under saline conditions (Zhang
et al., 2022).

This study also found that salinity significantly affected seedling biomass
accumulation in Pak choi, as reflected by changes in fresh weight (FW) and dry weight (DW).
FW increased markedly compared with the control at low-to- moderate salinity levels and
reached a maximum at EC 4 dS m™'. The increase in FW without a proportional increase in
DW suggests that early biomass stimulation under mild salinity is primarily associated with
enhanced water retention rather than true dry matter accumulation. This indicates that tissue
hydration plays a dominant role in early seedling growth under low salt stress, while metabolic
biomass production becomes more constrained as salinity increases. This discrepancy between
FW and DW responses suggests that biomass stimulation under mild salinity was partly driven
by increased tissue hydration, which promoted early seedling growth (Ghaffar et al., 2025).
However, in this study, both FW and DW at higher salinity levels were found to cause it to
decline sharply; these results indicated that osmotic stress and ion toxicity constrained biomass
production. Comparison of the findings with those of other studies confirms were similar in
Brassica rapa L. (Jia et al., 2020), Brassica napus L. (Zhang. G et al., 2022).

The most obvious finding to emerge from the analysis is that changes in dry matter per
unit length (DW/L) further revealed salinity-induced alterations in growth patterns. DW/L for
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both shoots and roots values at EC <4 dS m™ remained low and comparable to the control,
indicating coordinated elongation and biomass accumulation. As salinity increased to
moderate levels (EC 5 - 9 dS m™), DW/L growth gradually decreased, particularly in shoots,
reflecting reduced elongation relative to dry matter deposition. Under high salinity (EC > 10
dS m™"), DW shoot/shoot length increased sharply; this evidences severe inhibition of shoot
elongation accompanied by increased tissue density (Wu et al., 2022). The inverse relationship
between decreasing organ length and increasing DW/L highlights a shift in growth strategy
from elongation to biomass consolidation under salt stress. This implies that cell division and
expansion are more strongly inhibited than dry matter accumulation, leading to shorter but
denser tissues, which is a typical adaptive response to osmotic stress conditions. The stronger
increase in DW/L observed in shoots compared with roots indicates that shoot growth is more
sensitive to salinity stress than root growth during early seedling development. This
differential sensitivity may be attributed to the greater dependence of shoot elongation on
turgor-driven cell expansion, which is highly susceptible to osmotic stress, whereas roots are
able to maintain limited elongation to sustain water and nutrient uptake under adverse
conditions. Comparatively less suppression of root growth than shoot growth may be credited
to lower retention of sodium ions in roots (Xue et al., 2011), so that roots have a more
moderate response with the objective of the need to maintain minimal elongation for water
and nutrient uptake, while shoot tissues exhibit pronounced growth restraint under high EC
levels. Overall, these results demonstrate that Pak choi responds to salinity through biomass
response and organ-specific sensitivity, with shoots representing the primary target of salinity-
induced growth inhibition at the seedling stage.

4. Conclusion

In conclusion, Pak Choi (Brassica rapa subsp. chinensis L.) exhibited a clear salinity-
dependent response during germination and early seedling growth. Low salinity levels (<4 dS
m™') had minimal adverse effects, allowing seeds and seedlings to maintain high germination
performance, growth, and vitality. Moderate salinity (5—9 dS m™) caused gradual declines in
seedling vigor and biomass accumulation, while high salinity (> 10 dS m™') markedly inhibited
germination progression, shoot and root elongation, and dry matter production. EC 5 dS m™
appeared to represent a critical threshold, beyond which salinity stress substantially restricted
seedling growth. Increased dry weight per unit length under high salinity was associated with
reduced elongation and altered biomass distribution. Overall, these findings indicated that
seedling vigor indices and biomass-related parameters are sensitive indicators of salinity stress
beyond germination rate alone. The study provides useful insights for future research on salt
tolerance and for the selection of salt-tolerant crops in saline-affected agricultural systems.
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