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AE. TERREEMAE T, fE S AR TEAn i e b I PTRUE i
SI-ALZEE Y, 2RGS0 Bt WoR 28 G W 4540 72
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AEOIZSR T AR A 6 Si-ALEIUR IR S e, 2%
WY Si-Al 22 [] J2 38 o i i W B O 2 R s 45 G A5 A
FFIESE .

BiOEREWME o/ ARF 202 ME A
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R ) R AN Y L AR R 4 b BRI AR
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R 1 LA AR e . AR IRCE 34
pH(pH 3.5.4.5.5.5) fR i W FA 858 4548, BRI HE A [F]
pH R FRBE T A K R X 99 AR 3 % 20 B AR 2 A=
PR 1 52 k) S 9 A rE 5 AR AR A L BE [ AR S5 R 1Y
SR, 5 AE R AR RERT A B AR PR DAAE N
J7 B - SRR AR PR 0 S AR 4l o

1 MRS FEE
1.1 REHR
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1.2 MRHEFRAGER X

RS 3 5 7.5 %0 G R % W 7 30 min
Ji ISR S S8 whide , 25 Bl K b Bk A & & AN R 1Y)
T =7, vk 22 JC P RE . A 1 mmol/L CaCl,
VORI 12 h 5 i 5 5% B A v S S AR 55 B
™ 15 5% 48 h,

DR GRS . i 53555 TR
JimA 2B 1 mmol/L CaCL & & , 7 B 0.5~1 cm K
RIS AE W D o By 58 J R R I P TN B W AG
W AN PR 2R B0 B0 2 min 3 LU BIAS 3
i %% 40 il (RBCs) o MR8 3 56 75 oK #F 17 5 22
Qb3

2 )N G MBI BE , ik 6 b BRAT, Bk kE
(—Si) A (4Si) Zb LA 45 34, +SiAbBAL
LA PELZEH (0.005 g/L ,pH 7.0) , —SiAbFH
ZH A Hepes 2% i (50 mmol/L,pH 7.0) , 43 5 37
10 min J& & 0 3% [ 3 # H Hepes 2% #h W Uk %
23 5 4 SiAbFRZH A =50 A Y P AR R A e T )
f Si ¥ W (1 mmol/L, pH 7.0) , — Si 4b B 20 m A
Hepes 28t , 43 9 15 3% 20 min J5 8.0 3 B
Hepes 2 i eI 2 388 ; 40 K ik AL B2 5 43 51 A pH
{H 3.5.4.5.5.5 BER I (100 pmol /L) A0 FE 1 h,

3VKIGAL I, FHE G AR KRR
U AR XS — B 4 v L RS 2 R K B A v CREA
1/4 Hogland & F# ,pH 6.0) . 2 EMR K H|—E K
JE 5 5 25 FEARIE T H0E TR, B A SRR A
Je 8O EE WAL BE , 4-Si 41 % PEL(0.003 g/L, pH
6.0) &b ¥ 4 h J5 4t Sii (10 mmol/L, pH 6.0) &b 3
8 h, — SiZH W CaCl, # # (0.5 mmol/L, pH 6.0) &b
FHURF R (%) Bof (1) i 00 4ch 3 5 B4 X6 o7 pH E 3.5.4.5,
5.5 840 (100 pmol /L) AbFH 24 h,

1.3 RIBZHREIEENE

R AL RS ARG A0 VTR 2 U0 B O R N AE R
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1140 3 min 5 WEL T p LIRS W AEDE A BRIk,
I I B WA A R T S0 B A S
SEAN ML A, RSB A FE P 5 IR,

1.4 RiBGEHREEFEESENE

B 20 B % 5 Morin Y23 101 44 €4 25 min Ji5 &5 0
Fo bW, VR 2 U A0 R GL R 25 05 N A Hepes 2% b
WRHC10 pL 23R bl BOGIE R A
1.5 RAGHEEFEESENE

A SR S A A 9 R —EB 4> & 1.5 mL B0
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35 A, VRV 2 R AN RS YL Wk 2 05 A Hepes 2% i
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B0 pL 26 A, 8 i WOt LR A I
1.7 WRREFHEKENE

T Ak 358 S5 ok A 2 B AR ARAT IR I AAR
SCU1.27 AR AL FE A AL B 24 h R PR EA BR A image]
BRI A AR A R S AR A Ak R A
6B,
1.8 MRFEEEIENE

B b T 5 ol REA kb B 2 A i U AR 2 1.5
mL B0 VR 23 , W2 22K 50 A 1 mL Morin
YL G 4 20 min J5 V8 LY R SR E AR R
TG RIS A I
1.9 EEMOIMEIERA(FTIR) X404 5 4544
B4 #f

20 Jf 4 B S TRV R TR L L S T 24 hi
B FSRAE A, R B O BT A R AR
T L TE B A 4 000~500 em ™, 43 HER
dem™t, BIFHEHE 32 o AR TS Sk AT
i, AR H,O .CO, BT,
1.10 X HE B FaEE (XPS) X 4 MR SR S 10/
ST

B VR 8 5 R 78 25 25 1 T Xk
HL P RETS (XPS) M, 75 50 J1 51077 mb, i1
AHER 0.05 eV, H 40 eV 3 HLRE R A 0.05 eV 1Y
RE A KL SR Aly, Bl Siy, 198573 BEGTE
1.1 HEFKIT RS

TR H Hh image] AL BEAR H PEOEME , R H Ex-
cel 2019 F1 IBM SPSS Statistics 26 #4754 %% B 1
By 2 00T, IR S AN [F) b B 2 ) (1 25 5 B 2
P, H GraphPad Prism 9 #F17/EE . FTIR ML 4%
FH OMNIC 32 #4752 1F , I Origin 2021 #4422 il
FTIR El. XPSMIA%HEH] Thermo Avantage #47fif
F R E R MERL A 5 FH Origin 2021 85F 22l

2 FER5HMH

2.1 AR[E pH$a40 38 3 4R 14 45 41 A 19 2% 0
M 1 AT UL, 7E pH 3.5.4.5.5.5 31X 3 Fp FR

pH 4.5.5.5 F CK 4L (—Si— Al 40 ) Y 40 i 35 % 43 1)
R 72.69% TAAS Y, IVEE G + Si— ALZH 1) 40 il 3% M
RN TIATY  71.45% , 5 CK 416 8 3% 25 5+ 5 1
pH 3.5 M PR 85 45 14 N AR Y pH PR ™ 52 W T 48
JH ) 1E AT, CK 4 41 i 33 4 B 28 50.23 %6 5 480
ik Ab B S, S [) pH 47 4 B S — Si4- Al A T 4%
pH {H CK 41 (9 4 f 3% o 2 5 F B 17 1.77% .
10.94% .13.68% , pH 5.5 ¥ 55 F —Si+ Al 4 40 i 1%
PE N BRI o 3 + Si4 AL &S AN IS AR T
— Si+ ALZH 20 J 3% £ 53 54 5 1 5.05%6.10.27% .
TA5% , ek JE W S T 4 pH AR EE R EE T 0 41

LT 1 o
—1-Si-Al == +Si-Al
30 - =3 -Si+Al —+Si+Al
a
L _T_ ab 2_II|_3 T ab
70 -I_ T

——

60
? de d
€

il
|

50 |-

MG 2/ % Cell viability

L

JLOOA NEAA NEAN

Kb Treatments
AR NG SR () — B S [ b B2 ] 22 5 1 2% (P<<0.05) .
Different lowercase letters indicate significant differences between dif-
ferent treatment groups in the same period (P<C0.05).
1 pH 3.5.4.5.5.5%R & RIRE (100 pmol/LD
T 2R IA M AREE
Fig.1 The viability of pea root border cells
under pH 3.5, 4.5, and 5.5 aluminum
solution environments (100 umol/L)
22 AEpHELAEMNROGHAMEERSEN
A
i I IR A O O ) 20 P T PR R Y
FHXS G0 BE HEA T2 2 15 , LA pH 4.5 — SiZH (18
2) 96 R B, pH 3.5.4.5.5.5 FAb#LF
RBCs 2 Jifd A AH X %€ 5l 58 B2 43 531 24 70.77 4 . 10024
92.23 %4 ; 2 PETIFE AR EEDTRUS RBCs 4H i A AR
it 7€ S B 4y R 71.19%.81.47%.93.72% .. pH
3.5 KT N D e B e IR H 4 Si il — Si 2 [8] G
W25 5, pH 5.5 FREE T 4 A 9 Ol R v L
Tk o 4B PN R 5 i A b, pH 4.5 B R — Si 4
200 L PN 9 D R R R R L IR S 0T I AR X 6 1 5 R
FRE18.53%0 , 4+ SiZHAHXTHE L B 8 F AR T —SidH.
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Relative fluorescence intensity

w
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pH35  pH45  pHb55
pH 3.5 pH 4.5 pH 5.5 AbF Treatments

A:pH 3.5 +Si+Al;B:pH 3.5 —Si+Al;C:pH 4.5 +Si+AlL; D:pH 4.5 —Si+Al; E:pH 5.5 +Si+Al; F: pH 5.5 — Si+Al; G: Morin 4%
O A BRI DL I , 45 U ST AL S 0T 20 N B IR . AN [/ T RE s b BRI A A R 35 22 57 (P <C 0.05)  Relative
fluorescence intensity of individual treatments after Morin staining for each independent test containing greater than twenty cells. Different low-
ercase letters indicate significant differences between treatments (P << 0.05).

B2 pH 3.5.4.5.5.558 & KR IRE (100 pmol/L) THER DL MNE D E
Fig.2 Effect of pH 3.5, 4.5, and 5.5 aluminum solution environments (100 pmol/L) on the aluminum
content of pea root border cells

23 AEpHELEIRBEMAFEHESERN  cies, ROS) T2 /L, +Si AR F 4 pH 355

A T — S AR S R EE 43 5 R B T 40.32.,33.53,
fEpH 3.5.4.5 5.5 8 T — Sl ARXT 29  9.61 A 43 &L (1] 3) , i R W Ik J5 FEAR KRR [ 2

543 R 114.70% . 100% . 70.62% , B4R Ab B pH T A E PSR

{EL b TH T 80553 L 400 P 3% 4 4R (reactive oxygen spe-

150

100 ‘1‘

— +Si
== -Si

+Si

=

ARG /%
Relative fluorescence intensity
wn
=
T
(=%

pH35  pH45  pH55
pH 3.5 pH 4.5 pH 5.5 ALH Treatments
A—F [E& 2;G:ROS YL J5 4 ML B A XS 9¢ 638 ) . A-F are same as Fig.2; G Relative fluorescence intensity of each treatment after
ROS staining.

3 pH 3.5.4.5.5.5 BB RIAE (100 pmol/L) THRERALMABELHE S =
Fig.3 Effects of pH 3.5, 4.5, and 5.5 aluminum solution environments (100 pmol/L) on the reactive
oxygen species content of pea root border cells

24 AEpHBELEMRDGMREIEBEEA  HAMRANLRIRR A R E M T —SIdl(E4),
EA| 2.5 7A[EpHERAMEYZEERMKHZMN

fEpH 3.5.4.5 5. 588 F 58 — Si gL AT 9 iR FH &1 5 AT L, S [] pH R Ak JUER T B 1 AR &R
451 R 63.40%6 ,100%6 . 196.63 %4, R4S ACEE pHAE | (RIS, N £k Ak 568 W 25 2% ik SR 6 X AR R A 0 5
TH (OSSR N S (0 IS AN N R IR L pH 3.5 F T, —Si— Al 4-Si— Al —Si4-Al 4-Si+
B 17 s 4+ SiHAA T4 pHIREE T — SigifAixt  AL4AbPEZ 24 h (WAHXTARAP JC I 22 7, X 53
DEEHREE RGN T 37.20.48.11 43.28 F 434, +Si - 5% pH A ik Ak BEGHAR A K 9 42 HEVE TR B B A
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" & 200¢
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&= B 2
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R3 d d
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2 g2
= 2
°
~ L L
590 nm 525 nm Mesge 590 nm 525 nm MiETEE pH35  pH45  pHS55
J-aggregate  Monomer J-aggregate ~ Monomer 4P Treatments
+Si ~8i

AB.C:pH 3.5 +Si+ ALK L:pH 3.5 —Si+Al;D E.F:pH 4.5 +Si4+ALM N.O:pH 4.5 —Si+ALG H.L:pH 5.5 +Si+ALP Q.
R:pH 5.5 —Si+Al;S : JC-1 Y& (a5 44~ Ab BEAY A XF 26 638 B The ratio of red and green fluorescence of each treatment after JC-1 staining.
A.D.G.J M F: &8 Polymer channels; B \E.H.K N, Q: ¥.{4&i# i Monomeric channels; C.F.J.L.O:% & i# i Composite chan-

nels.

B4 pH 3.5.4.5.5.55R& IR E (100 pmol/L) T 58 Z 4R 141 £ 40 A 25 T {2k % BB iz
Fig.4 Effects of pH 3.5, 4.5, and 5.5 aluminum solution environments (100 pmol/L) on mitochondrial

membrane potential in pea root marginal cells

o, {H —Si AbBRZH R R FE + Si b BRZH H B4 £ 4K
& % ., pH 45 M55 &4 T, —Si
— Al +Si— ALLL B () A AR (K i 7 2.4~2.8
em, — Si4AlZH 4 AH XS AR AR 1431 /2 0.89 Hl11.67
em, 4% pH 54T CK 41 A AR (B4 5D 17 2.13
F10.77 cm; + Si+ Al 4L YA X AR 43 51 1.17
F12.06 cm, A4 HE T — Si+ ALZH Al A AR {4 4243 501
HK T 0.28 F10.38 em.,

—-Si-Al == +Si-Al
-Si+Al —+Si+Al
3.0 ab

=

2 o

—t—e

8% g
18 g
Ko e
&3
S 1o :
=X >
[5) g g g E— e _—
(=4
Fimart (AN (AN
0.0 1 =
pH3.5 pH4.5 pH5.5
AbF Treatments
5 pH 3.5.4.5.5.54R& &R (100 pmol/L)
THREMRBEIMHIKE
Fig.5 Lateral relative root elongation of pea

under pH 3.5, 4.5, and 5.5 aluminum solution
environments (100 pmol/L)

26 AFEpHELEXNHEEZRIEHEBIEN
A

MRATEPEAR LR O 5 4l U AN ), pH. 3.5 2644

T — SidH MR AR E = A, AR P8O R R R
186.31%, +St 4 AH XF ¢ e AH b T — Si 4l N B T
36.05 F 43 .. FEpH 4.5 F15.5 5FF —Si 4R 4 A
XG5 BE 43 31 2 100 %6 1 58.42 %0, pH 5.5 AHXT25¢
JGRR BN T ALS8 H 43 A I+ ST AR T —Si4d
AR X 2 S 5 B 43 I BE N T 28.41 1 23.40 H 43 4,
FRAS PTG P45 Fr i B I (&1 6) o
2.7 A[E) pH 54032 3T 40 B 4H 2 B S0
FTIR G o] DA RAF R I 5L S 45 vl il 3
LA 4 Jm W B A B VR AL FTIR S R, 7
4 000~500 cm ' Y P4, 3 B pH 47 Ab B 7E 3 380 .
2930.1730.1660.1540.1390.1170,1 050 cm ™ "4k
HEWRLEFHA 5 AR , 3 380 em AMREIGFAE
AT Y R ALY R oK AP O-H Al N-H
AR B, 2 930 em ' IX —FRAIF 162 B 34k C-H
g5 T B REE, K 1 730 F11 660 cm ™ &b Ay v
B ESALSBE H) C=0O F1—COOR, 1540 cm ™' 1
WS B B A S BERE 11 A i N-H & i P sh 1 C-
N 4545, 1 390 F11 170 em b i i A% 3 27 4
ZC-HE MRS C-O-CM4i4Es), 1050 cm ™!
Ab 1 I R DA AR R 2 X - CH A8 JE 51 C-C,C-O $if
AYERAE™ . 76 pH 3.5 F4.543 40 3R, 7E 3 380 Al
2930 em YA AL e b B RN SR b B G I IR0 5
JE—%, P 1 730,11 540,1 390.1 050 em™ ' &b pH
3.5 B AL BT ok Ak P R AT T WS e AR B T
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0 8 : A
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AHRY R SEHRE %o
Relative fluorescence intensity

pH 4.5 pH 5.5

A—TF [[E 2;G: Morin Y0 )5 £ A Ab B A FIT 9 608 E . A-F are same as Fig.2; G : Relative fluorescence intensity of each treatment after

Morin staining.

6 pH 3.5.4.5.5.5BARIAE (100 umol/L) THERREESE

Fig.6  Aluminum content in pea root tips under pH 3.5, 4.5, and 5.5 aluminum solution environments (100 pmol/L)
pH 4.5 45 b P i A Ak B OO 06 A R N R R . pHARFRAL, HINAE AL B S A5 R AR 4 Fr I A 0 e R T
pH 5.5 SRR H T, BT 1 EE R & T b 24 MR (& 7) .
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Cellular fractions of pea root border cells (4 000-500 cm™' ) under pH 3.5, 4.5, and 5.5 aluminum

solution environments (100 pmol/L)
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Effects of mineralization and deposition of nano silicon under low pH
on aluminum tolerance in root tip and root border cells of pea

TANG Jiao, FENG Yingming, CHEN Xingyun, GUO Yiwei,
ZHENG Yuxin, TTAN Xiao, LI Xuewen, YU Min

International Research Centre for Environmental Membrane Biology /Department of Horticulture ,
School of Agricultural and Billogical Engineering, Foshan University, Foshan 528200, China

Abstract The mechanism of nano silicon physiologically regulating the alleviation of aluminum toxici-
ty in the root tip and root edge cells of pea under low pH including pH 3.5, pH 4.5, and pH 5.5 was ana-
lyzed by PEI - induced silica electrostatic adsorption to form nano-silica shells for biomimetic mineralization
to study the effects of the mineralization of nano silicon on the protective mechanism of the root tip and root
border cells of pea under different pH and aluminum environments. The results showed that the treatment
of Aluminum at various levels of pH decreased the activity of root border cells, while the treatment of sili-
con significantly increased the activity of cell in response to aluminum toxicity. The content of aluminum
and ROS in silicon treated cells were lower than that in silicon deficient cells, and the mitochondrial mem-
brane potential of the cells increased after the addition of silicon. Aluminum toxicity inhibited the elongation
of root tip in peas. The effect of adding silicon to alleviate the root tip inhibition under pH 3.5 with the treat-
ment of aluminum was not significant, but the elongation of root tip was significantly increased under pH
4.5 and pH 5.5. As the pH of aluminum treatment increased, the content of aluminum in root tips de-
creased, and the content of aluminum in root tips after the treatment of adding silicon was higher than that
after the treatment of silicon deficiency. Silicon enabled more negatively charged functional groups on the
cell wall to participate in the resistance to aluminum stress, reducing the absorption peak of various compo-
nents of the cell wall including pectin, cellulose, hemicellulose, proteins, etc. Nano silica shells were
formed on the cell surface under pH 4.5 and pH 5.5 of aluminum environment, and silicon aluminum depos-
ited on the cell wall to form aluminosilicates. It is indicated that the mineralization and deposition of nano
silicon on cells under low pH can alleviate the toxic effects of aluminum ions.

Keywords peas; aluminum toxicity ; nano silicon; bio-silicification ; root border cells
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