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Abstract: This study aimed to investigate the physiological differences and coping strategies of the roots of rice varieties with
different tolerances to alkali stress. In this experiment, alkali-sensitive rice variety ‘Zhonghua 11’ and alkali-tolerant rice va-
riety ‘Ninggeng 52’ were subjected to nine alkali stress using two types of alkaline salts (sodium bicarbonate and sodium car-
bonate) in three alkali concentration levels (10 mmol-L™}, 20 mmol-L™}, and 30 mmol-Lfl) and three pH levels (8.65, 9.55, and
10.50). The effects of alkali stress on the root growth and stress resistance of rice seedlings were examined. Through stepwise
regression analysis, the optimal regression equation was established, and the key indices of the response of different rice va-
rieties to alkali stress were screened. The results showed that: 1) the decline of root growth characteristics (total root length,
total root surface area, average root diameter, and root volume) and root activity of ‘Zhonghua 11’ were greater than those of
‘Ninggeng 52’ (P<0.05). The lysyl oxidase (LOX), malondialdehyde (MDA), superoxide anion ( O; ) producing rate, and hy-
drogen peroxide (H,O,) content in the roots of ‘Zhonghua 11’ were significantly higher than those of ‘Ninggeng 52’ (P<0.05).
The content of osmotic adjustment substances [soluble sugar (SS), soluble protein (SP), free proline (Pro)], the activities of
antioxidant enzymes [superoxide dismutase (SOD), peroxidase (POD), catalase (CAT)], reduced ascorbic acid (ASA), and
reduced glutathione (GSH) in the roots of ‘Zhonghua 11’ were lower than those of ‘Ninggeng 52°. 2) In ‘Zhonghua 11°, the
average root diameter and root activity of the 20C treatment (20 mmol-L™", pH 10.50) were lower than those of the 30A treat-
ment (30 mmol-L~", pH 8.65). The MDA content, LOX activity, O, production rate, and H,O, content of the 20C treatment
were significantly higher than those of the 30A treatment, and the damage caused by high pH and a low alkali concentration
was greater than that of low pH and a high alkali concentration. 3) Redundancy analysis showed that the increase in sodium
ions (Na') and pH was negatively correlated with the increased growth indexes and positively correlated with increases in the
physiological indexes for the tested rice varieties. 4) Stepwise regression analysis showed that the ASA, SS, and H,0, contents
were sensitive indicators of alkali stress in ‘Zhonghua 11°. The average root diameter, total root surface area, root activity, Pro
content, SS content, SOD activity, POD activity, and GSH content were the sensitive indexes of alkali stress for ‘Ninggeng 52°.
In summary, alkali and pH stress affected the growth and physiological characteristics of rice roots of rice. The effects of alkali
composition and pH must be considered when cultivating rice in alkaline soil, as different rice varieties initiate different de-
fense strategies against different alkali stresses.

Keywords: Rice; Alkali stress; pH; Root system; Growth; Physiological; Response strategy
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Table 1  Alkali composition and pH of each treatment
» reament e Mt
(mmol-L™") NaHCO; Na,CO;
CK 0 5.500.05 0 0
, 10A 10 8.65+0.05 9 1
10B 10 9.55+0.05 5 5
’ 10C 10 10.50+0.05 1 9
B . ’ ' 20A 20 8.65+0.05 18 2
20B 20 9.55+0.05 10 10
1 #MRBlE5AEZE 20C 20 10.50+0.05 2 18
L1 30A 30 8.65+0.05 27 3
30B 30 9.55+0.05 15 15
2 ’ 30C 30 10.50+0.05 3 27
¢ 11’(ZH11) ¢ 52’
(NG52), 1.3
1.3.1
1.2 )
, 10, ,
1 h, 75% 15 s, 15% NaClO 5~10 mm ,
30 min, 6 (EPSON Experssion 11000XL) ,
( 100 cm 50 cm 800 dpi WinRHIZO
10 cm, 32, 10 cm 10 cm),
4d 96 PCR , 1.3.2
48, XX 21 cmx15 (TTC) 22)
cmx5.2 cm (HP1000GS) TTC [ng'g “h ' (FW)] :
, 16 h/8 h( / ), (Pro) (221,
286 20 (/) 2d 1/2 (SS)#;
(IRRI) ,5d (SP) G-250 (221
, IRRI 28d 1.3.3
(MDA) (LOX)
, MDA
3 (10 mmol'L™" 20 mmol-L™ 3l Lox Huang [**!
30 mmol-L™); s , (03)
NaHCO; Na,CO; 9 1 1 11 9 51 H,0, (1]
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(ASA) (GSH) 11.31% 21.85% (P<0.05) ,
Wang ] ZHI11 NG52 (P<0.05),
14 ZH11 (11.49%~47.73%)
Microsoft Excel 2010 , SPSS NG52 (4.74%~45.07%)
24.0 ZH11 NG52
(ANOVA) , t ( 1B), ZH11
, Na,COs3 1 d, 10A , 30C
NaHCO; Na,CO, , 55.58%; NG52
P<0.05, 20A , 30C
+ 3 , GraphPad ) 38.49% A C,
Prism 8 ZH11 NG52
" . 30 mmol-L™ (P<0.05), 30C 30A
2 HBRESH 16.74% 18.29% ZH11
2.1 NG52 (P<0.05), ZH11
, (27.42%~55.58%) NG52
( 1A); ZHI1  NG52 (4.33%~38.49%)
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Fig. 1 Effects of alkali stress on root growth characteristics of rice
ZHI1  NG52 ‘ 1« 52" CK: ;10 20 30 10 mmol'L™" 20 mmol-L™
30mmollL; A B C pH 865 9.55 10.50 (P<0.05); * ** s

P<0.05 P<0.01

ZH11 and NG52 respectively indicate rice varieties ‘Zhonghuall’ and

‘Ninggeng52’. CK: no-alkali (control); 10, 20 and 30 respectively indicate alkali contentrations of 10 mmol-L™', 20 mmol-L™" and 30 mmol-L™"; A, B
and C respectively indicate pH levels of 8.65, 9.55 and 10.50. Different lowercase letters indicate significant difference of the same rice variety among
different treatments at P<0.05 level; * and ** indicate significant difference at P<0.05 and P<0.01 levels, and “ns” indicate no significant difference,

between two rice varieties under the same treatment, respectively.
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, ZH11 CK A C (P>0.05),
( 10), 20C , 20 mmol-L™ (P>0.05) ZHI11
CK 31.77%; NG52 10B CK 10B 20C NG52 (P<0.05),
) 30C ) , ZHI11
CK 28.95% A (38.92%~63.41%) NG52
C, NG52 30 mmol-L™ (20.72%~54.05%)
(P<0.05), 30C 30A 2.2
17.60% ZH11  NGS52 CK 30A ZH11 NG52 10A
30C , NG52 CK 4.14%  9.19% (P<0.05) ( 2A);
ZH11 (P<0.05) , ZH11 CK , 30C
(14.07%~31.77%) NG52 , CK 40.89%
(5.79%~28.95%) 21.89% (P<0.05) A C,
, ZH11  NG52 ZH11  NG52 ; 10C
CK ( 1D), 30C 10A 8.18% 10.02% (P<0.05), 20C
, 63.41% 54.05% 20A 28.04%  12.27% (P<0.05), 30C
A C, NG52 30A 31.37% 10.98% (P<0.05) ,
10 mmol-L™" 30 mmol-L™" (P<0.05), 10C NG52 ZH11
10A 13.64%, 30C  30A 17.74%; (P<0.05), ZH11 (0.73%~40.89%)
ZHI11 10 mmol-L™" 30 mmol-L™ NG52 (1.75%~21.89%)
1 ZHIl —3 NG52
*
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Fig. 2 Effects of alkali stress on root activity and osmotic adjustment substances of rice
ZHI1  NG52 ‘ m 52 CK: ;10 20 30 10 mmol'L™" 20 mmol-L™
30mmollL; A B C pH 865 9.55 10.50 (P<0.05); * ** s

P<0.05 P<0.01 ZH11 and NG52 respectively indicate rice varieties ‘Zhonghuall’ and

‘Ninggeng52’. CK: no-alkali (control); 10, 20 and 30 respectively indicate alkali contentrations of 10 mmol-L™', 20 mmol-L™" and 30 mmol-L™"; A, B
and C respectively indicate pH levels of 8.65, 9.55 and 10.50. Different lowercase letters indicate significant difference of the same rice variety among
different treatments at P<0.05 level; * and ** indicate significant difference at P<0.05 and P<0.01 levels, and “ns” indicate no significant difference,
between two rice varieties under the same treatment, respectively.
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, ZH11  NG52 10 mmol-L™" 20 mmol-L™ ZH11 SP
(Pro) CK ( NG52 (P<0.05), 30 mmol-L™
2B), ZH11 Pro 30B , ZH11  NG52 SP ,NG52
CK 852.17% (P<0.05); NG52  30C SP (172.65%~799.32%) ZH11
, CK 1461.54% (P<0.05) (67.61%~141.82%)
10 mmol-L™ 20 mmol-L™" |, ZHI11  NG52 2.3
Pro A C s ,10C  10A
132.31%  125.49% (P<0.05), 20C  20A , ZH11 (MDA)
213.56%  50.49% (P<0.05); CK ( 3A), 30B  30C
30 mmol-L™" | ZHI1 Pro A C , 95.31%  105.26%(P<0.05);
, 30B , NG52 MDA 10C
30A 67.18% (P<0.05), NG52 Pro , 30C , CK
, 30C, 63.65% (P<0.05) A C,
50.37% (P<0.05) ZH11  NG52 Pro CK ZHI1 NG52 MDA ;
10A  30A ,  20A 20B 30C , 10 mmol-L™" , 10C  10A
NG52 Pro ZHI11 (P<0.05), 8.97% (P>0.05)  13.74% (P<0.05);
NG52 Pro (292.31%~1461.54%) 20 mmol-L™" ,20C  20A 25.13%
ZHI11 (156.52%~852.17%) 14.12% (P<0.05); 30 mmol- L™ ,30C 30A
ZHI1 NG52 (SS) 2041% 10.14% (P<0.05)  CK 20A
( 20),ZHI1 30B 30A ZHI1  NG52 MDA
, CK 77.77% (P<0.05); NG52 , ZHI11 NG52 (P<0.05),
30C , CK 228.01%  ZHI1 MDA (49.04%~105.26%)
(P<0.05) 10 mmol' L™ 20 mmol-L™" ,  NG52 (5.46%~63.65%)
A C,ZHI1 NG52 SS (LOX)
; 10C 10A 22.38%  18.29% ( 3B), ZHIl NGS52
(P<0.05),20C  20A 15.76%  6.34% LOX 30C ,
(P<0.05) 30 mmol' L™ , ZHII SS  578.95%  400.00% (P<0.05)
A C , A C,ZHIl NG52 LOX
30B , 30C (P<0.05); ; 10C 10A 107.79%
NG52 SS , 123.91% (P<0.05), 20C  20A 23.63%
30C, 6.44% (P<0.05) , ZH11 27.03% (P<0.05),30C  30A 24.64%
SS NG52 (P<0.05), ZH11 19.57% (P<0.05) CK  10A , ZH11
SS (28.84%~77.77%) NG52 NG52 LOX ,
(115.70%~228.01%) , ZH11 LOX NGS52 (P<0.05),
, ZHI1T  NG52 20C 30B  30C (P<0.01), ZH11
(SP) CK ( 2D), ZHI11 LOX (102.63%~578.95%) NG52
20C  30C , 140.18% (39.39%~400.00%)
141.82% (P<0.05); NG52 30C , ZHI1  NGS52 (07)
CK 799.32% (P<0.05) ( 30,
A C,ZHI1 NG52 SP 30C , 105.56%
; , 10 mmol-L™" |, 10C  10A 89.02% (P<0.05) A C,ZHII
14.76%  110.23% (P<0.05); NG52 0, : 10C
20 mmol' L™ ,20C  20A 19.73% 10A 21.30%  25.68% (P<0.05), 20C
15.94% (P<0.05); 30 mmolL™ ,30C 30A  20A 16.96%  18.02% (P<0.05), 30C
18.60%  10.19% (P<0.05) CK 30A 24.61%  19.32% (P<0.05)
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Fig. 3 Effects of alkali stress on malonaldehyde (MDA) content lipoxygenase (LOX) activity, O, producing rate and H,O, con-

tent in rice roots

ZH11 NG52 ¢ 1« 52’ CK: ;10 20 30 10 mmol'L™" 20 mmol-L™
30mmol-L'; A B C pH 8.65 9.55 10.50 (P<0.05); * ** ns
P<0.05 P<0.01 ZH11 and NG52 respectively indicate rice varieties ‘Zhonghuall’ and

‘Ninggeng52’. CK: no-alkali (control); 10, 20 and 30 respectively indicate alkali contentrations of 10 mmol-L™", 20 mmol'L™" and 30 mmol-L™'; A, B
and C respectively indicate pH levels of 8.65, 9.55 and 10.50. Different lowercase letters indicate significant difference of the same rice variety among
different treatments at P<0.05 level; * and ** indicate significant difference at P<0.05 and P<0.01 levels, and “ns” indicate no significant difference,
between two rice varieties under the same treatment, respectively.

CK 30A 30B ZHI1 NG52 0, ZH11 H,0, (86.96%~396.14%)
, ZH11 NG52  NG52 (54.47%~190.66%)
(P<0.05), 10B  20C (P<0.01), ZHI1 2.4
0, (27.06%~105.56%)  NG52 , SOD
(8.35%~89.02%) CK ( 4A), ZHI1  20C
, ZHI1  NG52 . 142.72% (P<0.05); NG52 SOD
(H,0,) ( 3D), 30C ,  CK 240.53%
30C , 396.14%  190.66%  (P<0.05) , A CZHl
(P<0.05) , A C zHI1 NG52 SOD : , 10C
NG52 H,0, : 10C 10A 20.39%  56.55% (P<0.05), 20C
10A 46.51%  27.71% (P<0.05), 20C 20A 34.56%  55.16% (P<0.05), 30C
20A 56.34%  27.25% (P<0.05), 30C 30A 21.72%  39.60% (P<0.05) CK
30A 4526% 23.06% (P<0.05) ZHIl ~ 10A 10B  10C ZH11 SOD
NG52 H,0, 20B NG52 (P<0.05), 20C 30A 30B 30C
(P<0.05),  20C 30B  30C NG52 SOD ZH11 (P<0.05),
(P<0.01), , 20C  30C (P<0.01)
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, NG52 SOD (27.27%~24.53%) NG52 30B . 42.50% (P<0.05)
ZH11 (61.71%~142.72%) 10 mmol- L™ 20 mmol-L™ A

ZHI1  NG52 POD 10A 10B  C, NG52 POD , 10C  10A
, CK( 4B) ZzHII 16.43% (P<0.05), 20C  20A
20A ,  CK 26.54% (P<0.05); 3.83% (P>0.05), 30 mmol-L! , 30B
ol e NG SOD . 30A 3.72% (P>0.05)
_ 2007 . ZHI11 10 mmol-L™
; ns ’—\b c [ s , 20 mmol-L™" 30 mmol-L™"
T 130T . ns Fc 2 = (] : 10C 10A 12.78% (P<0.05), 20C
i ol t;‘ b c b Fd al b 20A 8.44% (P<0.05); 30B  30A
R = r 9
52 :‘ £l g 13.93% (P<0.05) CK 20B  ZHIl NG52
2 5ol fn| {8 POD ., 20C 30A 30B
2 m 30C NG52 POD ZHI11
70 (P<0.05), 20C  30B
00 4 s DT (P<0.01) NG52  POD (5.27%~42.50%)
f— ns
2 R T R [0 [ 2 [abe ZHI1 (2.59%~26.54%)
= 400p B M d’—‘ cds '%"(Ij' g_c_c_d of | o
~::_u) em]‘ ef }ef EH] = (!If_l dd , ZH11 NG52
#2300t CAT CK ( 4C),ZHI1 20A
= , CK 345.45% (P<0.05);
Q= 200t
z NG52 30B 30C , 400.00%
S 100r 430.00% (P<0.05) A C,
o
I ZH11 CAT POD
150. , 20A , 10C 10A
Z ¢ o ¥ e 61.90% (P<0.05), 20C  20A 26.53%
25 r ns
-~ M e RE (P<0.05),30B  30A 42.86% (P<0.05); NG52
= 100 n 3y | [y b & |[] ¥ ¥
'\‘_._HE s T c b CAT 10 mmol-L™ 30 mmol-L
ns
2 nnW 21T ,10C  10A 37.50%
. ¢ f
g sl ki fe : (P<0.05),30B  30A 11.11%, 30C  30A
2 oslef 17.78% (P<0.05) 20B ZH11 CAT
S . NG52 (P<0.05), 30B  30C
CK 10A 10B 10C 20A 20B 20C 30A 30B 30C NG52 CAT ZH11 (P<0 01)
MbFR Treatment T
NG52 CAT
. W{i’fgﬂg?gﬁ)‘?ﬁi‘%ﬁ'géfc‘ﬁﬁf]&gﬁigor?) (140.00%~430.00%) ZH11
b= puk=R4 7 7
Fig. 4 Effects of alkali stress on antioxidant enzymes (supe- (90.90%~345.45%)
roxide dismutase, SOD; peroxidase, POD; catalase, CAT) activ- 2.5 (ASA)
ities of rice roots
ZH11 NG52 ¢ 11’ 52° CK: (GSH)
;10 20 30 10 mmol-L™" 20 mmol-L™ (ASA)
30-mm01-L’1; A B C pH 8.65 9.55 10.50 ( SA), ZH11
(P09 %™ 30B CK  690.48% (P<0.05);
ns P<0.05 P<0.01 ’ 48% (P<0.05);

ZH11 and NGS52 respectively indicate rice varieties

‘Zhonghuall’ and ‘Ninggeng52’. CK: no-alkali (control); 10, 20 and 30
respectively indicate alkali contentrations of 10 mmol-L™", 20 mmol-L™
and 30 mmol'L™"; A, B and C respectively indicate pH levels of 8.65, 9.55
and 10.50. Different lowercase letters indicate significant difference of the
same rice variety among different treatments at P<0.05 level; * and **
indicate significant difference at P<0.05 and P<0.01 levels, and “ns”
indicate no significant difference, between two rice varieties under the
same treatment, respectively.

NG52  30C , 1795.46% (P<0.05)
A C,ZH11 NG52
ASA ; 10C  10A
102.94%  32.79% (P<0.05),20C  20A
84.30%  65.99% (P<0.05); NGS52
ASA 30C  30A 12.05% (P<0.05)
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Fig. 5 Effects of alkali stress on reduced ascorbic acid (ASA) and glutathione (GSH) contents in rice roots

ZH11 NG52 ¢ 1« 52 CK: ;10 20 30 10 mmol'L™" 20 mmol-L™
30mmollL; A B C pH 8.65 9.55 10.50 (P<0.05); * ** ns
P<0.05 P<0.01 ZH11 and NG52 respectively indicate rice varieties ‘Zhonghuall’ and

‘Ninggeng52’. CK: no-alkali (control); 10, 20 and 30 respectively indicate alkali contentrations of 10 mmol-L™', 20 mmol-L™" and 30 mmol-L™'; A, B
and C respectively indicate pH levels of 8.65, 9.55 and 10.50. Different lowercase letters indicate significant difference of the same rice variety among
different treatments at P<0.05 level; * and ** indicate significant difference at P<0.05 and P<0.01 levels, and “ns” indicate no significant difference,
between two rice varieties under the same treatment, respectively.

20A 30B  30C NGS52 ASA 1 2 0.08525  0.0208, 1
ZHI1 (P<0.05), 10C NG25 2 85.25% 87.32%( 6B),
ZH11(P<0.05), , ZHI1  NG52
NGS52 ASA (454.55%~1795.46%)
ZHI11 (142.86%~690.48%) , Na®
ZHI1  NG52 (GSH) pH; Pro SS SP MDA LOX Oj
( 5B), H,0, SOD POD CAT ASA GSH
ZH11 20, CK 153.42% 2.7
(P<0.05); NG52  30C . 184.93%
(P<0.05) A C,ZHIl NG52
GSH ,10C  10A ) 3 (
46.99%  68.21% (P<0.05), 20C  20A )
26.50%  21.07% (P<0.05); ZH11 ;
GSH 30 mmollL! A C ; 2
NGO OSH 3¢ ’(RQZO 963)’IiiA a POD
30A 7.35% (P<0.05) 20A 20B 30A 7o) )
30B 30C NG52  GSH NGS2 (R=0.993) ’
SS ZH11 (R*=0.922),
ZHI11 (P<0.05), 30A  30C oD oS
(P<0.01), NG52 (R*=1.000)
NG52  GSH (29.28%~184.93%) H,0, ASA ZHII
ZHI11 (46.50%~153.42%) (R°=0.925). GSH H,0, NGS2
2.6 (R*=0.995)
(Na' 3 itig
pH) (RDA) ,ZHIT 1 2 3.1
0.6919  0.0520, 1 2 ,

69.19% 74.39% ( 6A); NG52
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10] A RREHHR 10|B

Average root diameter

HRIAR
Root volume
R LRI MR
Totalroot surface area Root volume
AR BB MDA
REBRE Total rgot length *
Total rogt length REFRER ~ ASA
Averagg root diam \\ 0{6
WAWE S R " 110,
Root activity Root adtivity B R ERMH N sy Prp
Total root surface area ,
SS
“u
pH
-1.0 o
-1.0 1.0 -1.0 1.0

6 KFERARERKRERIBERSHERFEA RDA 54(A AT 117, B A TES2 )
Fig. 6 RDA analysis between root growth and physiological indexes of rice and stress factors (A: Zhonghuall; B: Ninggeng52)
Pro: ; SS: ; SP: ; MDA: ; LOX: ; O O ; HyOs:
H,0, ; SOD: ; POD: ; CAT: ; ASA: ; GSH:
Pro: proline content; SS: soluble sugar content; SP: soluble protein content; MDA: malondialdehyde content; LOX: lipoxygenase activity; O :
0O, producing rate; H,O,: H,O, content; SOD: superoxide dismutase activity; POD: peroxidased activity; CAT: catalase activity; ASA: reduced

ascorbic acid content; GSH: glutathione content.

R2 FRMBEMEKESMERREBERSHEBEENES @A

Table 2 Stepwise regression analysis of growth and physiological indexes of different rice varieties with degree of alkali stress

The degree of stress Variety Best multiple linear regressing equation
I R*=0.963,

' ( 10 r{llrnol L' ,pH 8.65 ?.55 '10.50) 11 Y=—3.613+0.594X; 1(’~‘=183 00"
Light (10 mmol-L™ alkaline concentration with pH ZH11 : )
8.65, 9.55 and 10.50) )

52 i (R™=0.995,
NGS2 Y=85.413+0.260X5-279.923X3-0.021.X4 F=516.403"")
Lt . R*=0.922,
( ] 20 mmol-L™',pH  8.65 9.55; 11 Y=-37.44344.270X, §7=82 s01
30 mmol'L™, pH  8.65) ZH11 -

. o . . .

20 et ol oneentaton WIS, 50y e asT o0, 2000 (L0,

o Lo NGs2  71.776X;s F=16025.683")

L ; R*=0.925,
( 20mmolL'.pH 10.50 30 s 01841305 1X00+0.5491c i 270
mmol-L™, pH  9.55 10.50) ZH11 :
Sever (20 mmol-L™" alkaline concentration wiht pH 52 (R*=0.998
3 . . . 998,
10.50; 30 mmol-L™" alkaline concentration wiht pH 9.55 Y=-59.631+0.383X,7+8.619X;,+0.24.Xs F-859.791")
and 10.50) NG52
Y ;X , (X1) (X2) (X3) (X9 (X5)
(X6) (X7) (Xs) (Xo) X10) 027 (X11) H0, (X12)
(X13) (X14) (X15) (X16) Xig) ** P<0.01

Y is alkali stress degree. X is growth and physiological parameters of roots, including total root length (X)), total root surface area (X),
average root diameter (X3), root volume (Xj), root activity (Xs), proline content (Xs), soluble sugar content (X7), soluble protein content (X3), malon-
dialdehyde (MDA) content (X,), lipoxygenase (LOX) activity (X0), O, producing rate (X;;), H,O, content (X),), superoxide dismutase (SOD)
activity (Xj3), peroxidased (POD) activity (Xj4), catalase (CAT) activity (Xis), reduced ascorbic acid (ASA) content (Xjs), glutathione (GSH) content
(X17). ** represents significant correlation at P<0.01.

s pH Abbas [28]
, , ‘Janz’( ) “Jandaroi’( )
‘Jandaroi’ ‘Janz’ [29]
[26-27] [14]

(Lolium perenne L.)
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