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Abstract To investigate the differential sensitivity of antioxidant defense and ion homeostasis regulatory systems
to salt stress across rice developmental stages, salt-tolerant variety ‘Suijing 311° (SJ 311) and the salt-sensitive

variety ‘Suijing 326’ (SJ 326) were used. Salt stress was simulated by treatment with 50 mmol/L NaCl at four
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specific growth stages: seedling stage (S), tillering-jointing stage (TJ), heading-flowering stage (FH), and
grain-filling stage (GF), as well as three consecutive stage combinations starting from the seedling stage (S+
TJ, S+TJ+FH, and S+TJ+FH+GF). Growth traits (plant height, tiller number, chlorophyll content), nutrient
cations (Na", K*, Ca®*, Mg”, and trace elements), anions (CI', SO/, PO,*), osmolytes (proline, total soluble
sugars), malondialdehyde (MDA) content, enzymatic antioxidants (SOD, APX, CAT, GPX), and non-enzymatic
antioxidants (DHA/AsA, GSH) were determined to analyze salt tolerance mechanisms and response
characteristics. The results showed that both varieties were most sensitive to salt stress at the seedling stage,
followed by the heading-flowering stage. Among the consecutive stage treatments, salt stress during the S+TJ
period had no significant impact on growth. At mature stages, ‘SJ 311’ exhibited higher salt tolerance
(GF=FH>TJ) under both stage-specific and continuous salt stress. Activities of superoxide dismutase (SOD),
ascorbate peroxidase (APX), and catalase (CAT) were significantly elevated in ‘SJ 311’ , which enhanced its
antioxidant capacity, while glutathione peroxidase (GPX) activity showed a relative decrease (negativerelative
change). The levels of non-enzymatic antioxidants DHA/AsA and GSH in ‘SJ 311’ fluctuated less than those
in ‘SJ 326°,

restricted Na* uptake and accumulation, maintained lower Na“/K*, Na*/Ca®*, and Na’/Mg®" ratios. It also exhibited

indicating a stronger capacity for redox homeostasis regulation. Moreover, ‘SJ 311’ effectively

higher contents of Fe*, Mn?*, and Co®" but lower levels of CI" and SO,*, thereby significantly enhancing ion
homeostasis. In summary, rice salt tolerance is stage-specific. ‘SJ 311’ displays stronger tolerance during

mature stages under continuous salt stress by synergistically enhancing antioxidant defense, osmotic regulation,
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and ion homeostasis mechanisms.
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Table 1  Salt stress treatment groups at different growth stages and their corresponding rice growth periods
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Group Salt stress s 26—d5 45 46—75 4 76—100 % 4 101—130 %
treatment Days 26-45 Days 46-75 Days 76-100 Days 110-130
LIS
-(S) BEH
Seedling
H-CTD SPBER W I(TD
5 B B Tiller-jointing
Specific stage it W(FHD
: ¢ HI-(FH) ARSI A CET
Flowering-heading
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Grain-filling
T+ oy BER T WIS+ TD
VST BET IO+ 3 B T

Seedling + tiller-jointing

A By
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Integrated phase

VII-(S+TJ+
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I HE ) 2 BE AR - R OT AE ) (S+TT+FHD
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H ] 2 BEARCY ] AR T AR+ 45 S (S+ TT+FH+GF)
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Fig. 1 Relative changes in growth characteristics of rice at different growth stages under salt stress
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Fig. 2 Relative changes of antioxidant enzymes in rice at different growth stages under salt stress
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Fig. 3 Relative changes of non-enzymatic antioxidants in rice at different growth stages under salt stress



70 OoE kOl K IR 2026 4F 55 31 &
VII VI
VI VI

v § v
£ E
S v S v
= = |
=
fi}j m| B 4 m
I I
I I

-25-2.0-15-1.0-0.5 00 05 1.0 1.5 20 25 3.0
log, (A FRZH /T FRZH)
log, (treatment group/control group)
(a) Proline

‘
vi| z
vi| .
g v
£ Y
<
2|
3 i t
1
I

-15 -10 05 00 05 10 15 20
log, (A FRZH /T FRZH)
log, (treatment group/control group)
(c) MDA

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
log, (RbFRZH /% FRZH)
log, (treatment group/control group)
(b) TSS

B 240 31143 ST 311-Roots
I 44 326-A7 ST 326-Roots
[_] &4 311-2£0 SJ 311-Shoots
[ &4 326-251 SJ 326-Shoots

4 HBEBTABERHEKBESEFTMELLIEXHENENL

Fig. 4 Relative changes in osmotic regulation and lipid peroxidation of rice at different growth stages under salt stress
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Table 2 Relative changes of macronutrient cations in rice plants at different growth stages under salt stress
HUH O F ) E0F G E )
T LUES Roots (below-ground portion) Shoots (above-ground portion)
Cation Treatment SJ311 ST 326 SJ 311 ST 326
I 1.582+0. 085° 2.159+0. 130 0.444+0. 082" 3.84540.093"
11 0.099+0. 024" 1.828+0. 125" 0.08840. 017" 0.350+0. 118%
111 —0.877+0.015" 1.17540. 005" 0.063+0. 005" 0.421+0. 075
Na' v —1.02740. 036" 1.028+0. 014" —0.185+0. 021 0.25240. 024"
\% 0.326+0.051° 2.110+0. 048" 1.81340. 230° 3.351+0. 181
VI 0.275+0.030° 1.76140. 031" 0.901+0. 006" 0.79540. 045"
VII —0.219+0.037¢ 1.81240.012" —0.11940. 034" 0.513+0. 115
I —0.19240. 031 —0.209+0.041% —0.091+0. 018" —0.026+0.012%
II 0.09340. 027" 0.04440. 010" 0.008=+0. 002 —0.550£0. 035"
111 0.18240. 020" 0.038+0. 008" 0.14940. 016" —0.124+0.016°*
K* v —0.57540. 086 —0.43240.072 0.043+0.011¢ —0.252+0.024¢"
\Y% —0.15040. 073 0.096-+0. 024" —0.21940. 087 —0.544=+0. 038
VI 0.69140.012° 0.25540. 049" 0.26440.013" —0.2924+0. 027"
VII —0.23440. 067" 0.21840. 065" 0.442+0. 025" 0.13840. 055"
I —0.30140. 035" —0.296+0. 119" 0.303+0.014" 0.769=+0. 028"
11 0.4454+0. 031" 0.416=0. 054" 0.251+0.015" —0.154+0.043%
111 0.45040. 042° 0.312+0.042% 0.19240. 017" —0.30540. 099¢"
Ca’ v 0.532+0. 058" 0.344+0. 068" —0.06440. 058 —0.18440. 075"
\Y% —0.02740. 127 0.035+0.013° 0.05540. 009 0.12140. 041"
VI 0.023=0.010° 0.066-+0. 035" 0.020+0.011%" —0.342+0. 068"
VII 0.312+0. 099" 0.375+0.052° —0.15740. 059" —0.360+0.107"
I 0.149+0. 029" —0.02940. 009" 0.088+0. 068" 0.124+0.049°
11 —0.06440. 032" 0.06040.024™ —0.13840. 077 —0.3674+0.031°%
111 —0.040+0. 021" 0.017+0. 008" —0.09440. 059" —0.36340.042°%
Mg*" v —0.0314+0.017"™ 0.013+0. 010" —0.05540. 012" —0.1824+0.101**
A% —0.09540. 048" 0.03940. 015" —0.26040. 056" —0.38140. 038"
VI —0.09340. 059" —0.03340. 017" —0.205+0. 079 —0.48440.043°
VII —0.134+0.024° —0.11840. 045 —0.117+0.012¢ —0. 358+0. 055
I 1.77440. 092" 2.368+0.151° 0.535+0.171* 3.871+0. 159%
11 0.006+0. 053" 1.78440. 174" 0.080+0. 253% 0.900-+0. 108*
111 —1.05940. 041" 1.137+0.038° —0.086+0.015° 0.54540. 065"
Na' /K"
v —0.452+0. 183 1.460=+0. 059 —0.228+0.111¢ 0.50440. 053"
A% 0.476+0.130° 2.014+0.102 2.032+0. 206" 3.895+0. 177%

VI

—0.416=+0. 045°

1.506=+0. 061°

0.637+0.015%

1.087-+0. 060"
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HREER (3R &R ) ENUNC Mot %)
RS LIRS Roots (below-ground portion) Shoots (above-ground portion)
Cation Freatment ST 311 SJ 326 ST 311 SJ 326

VII 0.015+0. 142' .594+0.110° —0.561+0. 123" 0.375+0. 169*

I 1.883+0. 051" .455+0. 039" 0.141+0. 201 3.076+0.072"

11 —0.346+0. 052" 1.41240.101° —0.16340. 239’ 0.504+0. 083"

111 —1.32740. 044 .863+0. 051" —0.12940. 022 0.726+0.187%

Na /Ca™" 1A% —1.55940. 045 .684+0.116 —0.12140. 050" 0.43640. 066"
\Y% 0.35340.152¢ 2.075+0. 098" 1.758-+0.198" 3.230+0. 221"

VI 0.252+0. 098¢ .69540.070% 0.881+0. 049 1.137+0. 119°

VII —0.53140. 134" . 43740.112* 0.038+0. 144 0.873+0. 210

I 1.433+0. 109 .188+0. 097" 0.356+0. 174 3.721+0. 152

11 0.16340.061# 1.768+0. 133 0.226+0. 225 0.71740. 103

Jusi —0.837+0.012" 1.158=+0. 020° 0.157+0.070%" 0.784+0.139

Na'/Mg™" v —0.996+0.070" 1.0152+0. 035° —0.1304+0. 045" 0.434+0. 044
\Y% 0.42140.073" .07140. 056® 2.07340.193" 3.732+0.211°

VI 0.368+0. 110" .794+0. 077" 1.10640. 079 1.27940. 120

VII —0.085+0.016° .93040. 012" —0.002+0.103¢" 0.87140. 106"

TE P T A B 3 E 5 log, A BREH /X HR2HD o ARG B R8s BA 22 5, P<<0. 05, .

Note: All data in the table have been converted to log, (treatment group/control group). Different lower case letters indicate significant

differences, P<<0.05. The same below.
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Table 3 Relative changes of trace cations in rice plants at different growth stages under salt stress

HRFE CHb R &8 53 22t CHlL 8 40)
UIehi s Roots (below-ground portion) Shoots (above-ground portion)
Cation Treatment SI 311 SJ 326 SJ 311 SJ 326
I —0.44040. 081 —0.76140. 067" —0.091£0. 079 —0.158+0. 056%
I 1.591+0. 045" 0.688=+0.053" 0.56140. 028" 0.24240.078"
111 1.368+0.07° 0.614+0. 084" 0.32540. 049" 0.166+0.032"
Fe'" v 0.255%40. 033" —0.58640. 095" —0.082+0. 035 —0.58440.013"
A% 0.3790. 049" —0.12240. 027 0.384=+0.097" 0.062=+0. 005"
VI 0.21640. 012 —0.25340. 059 0.166=+0. 030" —0.087+0. 097
VII —0.112+0.026% —0.95640. 068" —0.28540. 054 —0.967+0.038¢
1 —0.258+0.016% —1.051£0.135¢% —0.089+0. 067 —0.645+0.039°
11 0.87540. 039" 0.456=+0. 097" 1.006+0. 083" —0.009=40. 002
Jusl 0.47640. 085" —0.57440. 075 0.59740.071" —0.601£0.051°
Mn*" v 0.32140.077" —0.26840. 038 —0.07240. 012 —0.20740. 075"
\Y% 0.47940.018" 0.26740.051" 0.554=40. 026" —0.27940. 033"
VI 0.07140. 023" —1.101£0. 063" 0.18740.014° —0.96540. 027"
VII —0.05940. 044 —0.78940. 056" —0.228+0. 059" —0.89240. 039"
1 0.13140. 028" 0.51140.073" —1.450£0. 258° —0.14340.056™
11 —0.31840.039%% —0.16540. 045% —0.21940.099* 0.119+0.037*
il 0.279+0.097" —0.57240.061¢ —0.14140. 037" —0.666+0. 075
Zn*! v —0.085+0. 011 —0.37840. 039" —0.10340. 062" —0.44140. 048"
\% —0.52040. 095% —0.27940. 055 —0.48640. 075" —0.085+0. 029"
VI —0.061£0. 006" —0.99240. 127" —0.35540. 023" —1.03240. 084"
Vil —0.21440. 053" —0.89740. 082" —0.303£0.089™ —1.02740. 118"
I —2.20940. 0768 —1.62540. 053" —2.13640. 231° —1.459+0.098"
11 —0.063+0. 058 0.494+0.037 0.951+0.078" 0.241+0.076"
il 0.90740. 098" —0.20940. 041% 0.753+0. 083" —0.31240. 045
Co*" v 0.38240.023" —0.161%0.018* 0.42940. 037" —0.25740. 059
\Y% 0.01140. 004 1.033+0. 056" 0.95040. 042" 1.12640. 022"
VI 0.95440. 058" 0.12440.072° 0.88840. 075" —0.22840. 064
VII 0.12040.031° —0.362+0.023° 0.22140. 038" —0.564+0. 038"
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£5, B0 SOD \APX A1 CA'T 376 M i) #1285 A7 Bl T 48 58 A
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Fig. 5 Relative changes of anions in rice at different growth stages under salt stress
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