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Abstract: [Background] The antioxidant system plays an important role in plant tolerance to
stress, and whether rhizobia affect the antioxidant system of legumes to improve plant tolerance
to stress remains unclear. [Objective] Pongamia pinnata with strong stress tolerance was selected
as the representative of legumes in this study, and the pot experiments of inoculating Rhizobium
sp. PP3 to P. pinnata under nickel stress were performed. [Methods] The activities of four
antioxidant enzymes and the content of four non-enzymatic antioxidants in the roots, stems and
leaves of P. pinnata in different treatments were determined by the enzyme linked immunosorbent
assay. [Results] The activities of antioxidant enzymes in P. pinnata followed the trend of
superoxide dismutase (SOD)>peroxidase (POD)>catalase (CAT)>glutathione reductase (GR), and
the content non-enzymatic antioxidants was in the order of glutathione (GSH)>flavonoid
(FLA)>oligomeric proantho cyanidins (OPC)>ascorbic acid (AsA). In the case of no nitrogen
supply and 40 mg/L Ni*" stress, Rhizobium sp. PP3 increased the POD activity in the stems by
61.8%, and the SOD, GR, and CAT activities in the leaves by 5.7%, 23.6%, and 36.1%,
respectively. Under the stress of nitrogen and 40 mg/L Ni*", Rhizobium sp. PP3 increased the
content of GSH, FLA, and OPC in the roots by 55.9%, 61.6%, and 38.6%, respectively, and the
GSH content in the leaves by 14.8% under the stress of 40 mg/L Ni**. [Conclusion] Rhizobia had
significant effects on the four antioxidant enzymes and non-enzymatic antioxidants in P. pinnata,
while the effects on antioxidant enzymes and antioxidants varied in different tissues. The results
indicate that rhizobia regulate the antioxidant system of P. pinnata in response to nickel stress, and
they play a role in strengthening the stress tolerance of P. pinnata in the nickel-contaminated soil.
Keywords: rhizobia; nickel; Pongamia pinnata; antioxidant enzymes; non-enzymatic antioxidants
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W B A BRAF
1.4 REEEZEZFLE

R Ff 7905 56 % BLK #5 J X 40 mg/L Ni*"fily
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KW, TREEFMAER, FFHK R,
FEAE KA ) 584323545 2/3 1541 ) Leonard Jar
BrFRe B, R TR d 1 S T 40 mg/L
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Table 1 Pot experiment treatment of Pongamia
pinnata
Treatment Inoculation of Nitrogen Ni**
rhizobia treatment (mg/L)
Tl Without rhizobia ~ With nitrogen N* 0
CK
T2 Without rhizobia ~ With nitrogen N* 40
CK
T3 Without rhizobia ~ Without nitrogen 0
CK N-
T4 Without rhizobia ~ Without nitrogen 40
CK N
T5 With rhizobia PP3  With nitrogen N* 0
T6 With rhizobia PP3  With nitrogen N* 40
T7 With rhizobia PP3  Without nitrogen 0
N
T8 With rhizobia PP3  Without nitrogen 40

N

TN 16 h (25 °C), M 8 h (17 °C),
TN 90%, PSR 3 AEE, A
PR KR E R . LR E PG
55d 5, WOKHB AR, 25, mHEEAR e HARK |
PR A&
1.5 KERMENEEEMIERSRE LT
SENE

R P ARG S 88 2 P20 52 AN [ Ao B4 o 7K 8 7
ML 25 i AR B AL B (SOD) . A Bk T
JRIA J5 i (GR) | 3 481k B (CAT) Fil i 4516 1) ity
(POD) & PE, DA R4S e T BR(GSH) . 25 v il
(FLA). PUIRIMER(ASA) . JFEAETT Z(OPC)IX 4 Ff
JEEEBT AL i
1.6 HIFEAIE

X F Microsoft Office 2021 HEf P A F . Gt
o FIVER, SR SPSS 25.0 H Waller-Duncan
test 7E P<0.05 7KF T B[R] b # 8] 14 8 2 1
25,

2 HZRE5OM

21 BHETREBEMNKERRK. %S
MEMERIF

W 2 o, 7576 N2hE sk, i
RAM FHEAMHEE PP3 MK T A K (CK)
i K B Bz AR RT3 ) B E G 69.0%
37.3%; At &AM T HAHYR T PP3 AHI T
CK i /K B 2 MR A0 fk &5 4 51 8 3 1 Jm
199.2%. 19.1%. 7E 40 mg/L Ni* i &k,
Jiti FH 4 B8 AN it 80 4% 14 T 2 AR 98 T X K B2
KR AR AR ) i 3 T 2 s, AN B
M PP3 HIEOL T, MREKTE 40 mg/L M5
Joh 38 ELAS Il & A5 4 T B v I A B
FPAIRE B PP3 I, AR AE JOER e HAS i A1)
SR 3 T Al A B B v A S it L EL R
WEN 40 mg/L ST B 2R T HAth Ab 21
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Table 2 Root length, Plant height, biomass of Pongamia pinnata in different treatment conditions
Growth indicators Treatment Ni0 (N¥) Ni40 (N¥) Ni0 (N") Ni40 (N°)
Root length (cm) PP3 49.0+6.6aC 41.3+£5.7aC 116.7+£4.5aA 77.0+£7.9aB

CK 29.0+5.6bC 32.0+2.6aBC 39.0+3.6bB 75.3£5.0aA
Plant height (cm) PP3 65.9+7.7aA 64.0+4.6aA 58.7£3.1aA 46.7+6.1aB

CK 48.0£6.6bA 58.7£6.0aA 49.3+4.0bA 55.3£5.1aA
Biomass (g/plant) PP3 8.1£1.2aB 12.7£2.7aA 10.2+1.3aAB 7.0£2.0aB

CK 8.7£3.4aA 9.243.3aA 9.8+1.2aA 8.9£1.6aA

ANFNE PR A R AR B R B RR R PP3 Z AR B2 A AR AR 22 5 B3 s A FIR'S TR M RUR HFh PP3

B9 7K B B AR AN ] Ak B 22 [0 4 A R s 2 5 (B

Different lowercase letters indicate significant difference in the growth indicators of Pongamia pinnata between inoculated

and non inoculated PP3 under the same treatment. Different capital letters indicate significant difference in the growth

indicators of P. pinnata between inoculated and non inoculated PP3 under the different treatments.

AP AE NP R 40 mg/L HLit R &5 F
K.

22 BHETREBENKERPREILE
& MRS 00

22,1 BHETREEXNKERRS 4 HinE
LB TE MR R0

WK1 s, TEKE R, 4 Fhdi A g
EPES®R S5 SOD>POD>CAT>GR, HH GR ¥
PRI HAR . AR PP3 . BR(ND) . A (N)ALFEXS
4 FhbT A AR TS A A R RR BE 152 o TEAN T
A RN, B Ni* W 0 mg/L
HEME] 40 mg/L, CAT {58 30 104.1%,
POD K B ZFRAE 16.8%; At & (N )AL B
SOD. POD {1 i 2 = T it AN )L FR A i
B Ni© WM 0 mg/L 3 Jn%] 40 mg/L, CAT
TR B 2% 17.0%, SOD i Pk i 32 55 31.2%,
GR {51 4 39.6%.

SRR TR PP3 A LE , 4 S Ab PR R ) POD
TEPERE CK A PRI 5 767t AU (N )AL FAR Hh 1y
CAT {EME R m T AMAN)LI, 7E 0 mg/L
NiZmf, WP g CAT &M CK B # 75
104.8%; Rl NiZ MR N3] 40 mg/L, SOD
TR E RGN 23.9%, # CK B ETHE 80.9%,

GR Wtk B EHRE 61.6%, ¥ CK BFEIE
67.9%. TEANZN)ABEIH, CAT JEM# CK
PIREAR, UL AR B PP3 A TR
CAT #itk, % NiTWREMm, WPm GR
R ERRAE, B CK BEFEIK 41.5%, 1
40 mg/L Ni* A 2NN E AT, R
) SOD {4 CK B ERFAIL 36.3%. HIHEFIR
JETH PP3, TEjiti AN )AL FE R A 25 48 i /K B 1z
M SOD Mg M, T7EAIE R (N )L H T i
SOD )74 JC &8 3 A Ak s 32 20, ZEE (N
40 mg/L Ni*"Ab PR, B R AR 1 PP3 BE R &
PEm AR GR G, WA B POD AYIE T
222 BRMETREBEXKBERZF 4 HiRE
WESE MR

HE 2 &, fEKEEZEY, 4 FyiA LG
TSRS SOD>POD>CAT>GR, #(Ni), & (N)
AR FEXT 4 TR A A0S 1 A5 AS AR B 1) 52 ) 76
ANFERIARR TR T B, Ol R (N ) A B R 7K
229 GR, CAT & M 8.3 m T /(N #E
b7 Ni2 e R NE] 40 mg/L, SOD 514 i 24
5 48.1%, 1M GR. CAT 5 POD &tk G %
225, T POD & M AEHE (N b B 3 AR
17.4%, Bl NiTHEEBINE] 40 mg/L, CAT i
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Figure 1

Effect of rhizobia on antioxidant enzyme activity in nickel-stressed Pongamia pinnata roots. A:

Superoxide dismutase (SOD). B: Glutathione reductase (GR). C: Catalase (CAT). D: Peroxidase (POD).
Different lowercase letters indicate significant differences.

P BB 15.6%, T POD 1 14 i 23140 127.8%,
Hag T 2R B A B 1

AL PP3, GRIGVEMIRE, H 4 4~ib
IR EZESR; 4 MY CAT IEEE CK
TR . ZEMER N AT, 0 mg/L Al 40 mg/L
Ni* AL H T GR 1M CK B & T+
21.5%F1 12.1%, BlE#H NI WM 0 mg/L i
# 40 mg/L, SOD &k # 5 24.2%, Hi
CK B #THE 21.2%, 7E 40 mg/L Ni*'if, POD

TR CK B FEAR 54.8%; TEAiE A (N )AL B
T, GR {E M EE CK 43 3 FEAIK 26.5%F1 21.5%,
HEEAZ B3], T POD TG 7 3 5 T AN
AhBE, BEFE NiTHERSNE] 40 mg/L, POD &
PEIEIN 19.0%, HAE 0 mg/L Fl 40 mg/L Ni*'fif
B CK BETHE 41.8%F1 61.8%. {HTE 40 mg/L
Ni* AUl A (N B E A T, SOD I 4x
CK Pk 18.3%. HIZEAMAMNHMHE T, K
BB T ZE A B GR IS PR IE A R 3T .
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Figure 2 Effect of rhizobia on antioxidant enzyme activity in nickel-stressed Pongamia pinnata stems. A:
Superoxide dismutase. B: Glutathione reductase. C: Catalase. D: Peroxidase. Different lowercase letters

indicate significant differences.

223 BB TREEXKERMG 4 IS
1L EEEM A2

WK 3 s, TeKeE b, 4 Mhiéa it
G5 55 8 SOD>POD>CAT>GR, H# GR
FITEPEAE R AR, BR(ND) . ANAEFEXT 4 FhHT A
B PEA R R AR B 52 I . ZEANEERIAR BT,
-1 ) SOD 15 GRIEETE 4 b R[] TG ik 3 25
5, Hitrh GR GRS AR . 25 GR G,
JEZANOEHET, CAT 5 POD & AE Wi a] G
BEERFEAR AN )T BEE Ni® i 3 i %)

40 mg/L, M) CAT 112 FRFL 41.2%,
POD 4 2 1 55.3%.

AP TARR PP3, TEEAN)ZLEET, SOD.
CAT W& MEAL CK PR, GR IEHETE 0 mg/L
140 mg/L Ni*" %% CK {2 Z A% 26.2%H1 29.4%,
POD {448 CK 435l 3 T+ 49.2%F1 47.9%;
TEATAN AR, GR 6P B2 5 T AN
AbFE, POD B4 0] 5+ To AR K25 5%, 4 0 mg/L Ni**
i SOD JE 4@, A2 722 Ulg, B&mTAH
[ AL FRAIZH N CK, GR % CK B #7175 21.4%,
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Figure 3 Effect of rhizobia on antioxidant enzyme activity in nickel-stressed Pongamia pinnata leaves. A:
Superoxide dismutase. B: Glutathione reductase. C: Catalase. D: Peroxidase. Different lowercase letters

indicate significant differences.

Bt NiZHeE THE ] 40 mg/L, SOD WG4 fr
V&A%, {HBS 25 F CK, CAT GRS 5.7%, i CAT
5 GR /3% CK BT+ 36.0% 5 23.6%, POD
TR CK B IR 35.4%, Bp3ERP PP3 W] LU
R FH R GR 5 CAT 3.
23 BHETREBENKERIEEREWL
FE2EE M
2.3.1 BB TREENKERRS 4 FhiEds
MEAF SR

WK 4 Fos, fEKE RS, 4 FAERET

FALFI & B BN GSH>FLA>OPC>AsA, Hii
AsA FREEEMR, AN . AN 4 Fhk
b AL o A R F AR . CK b FE
H, RHERN)SET, 24 NiTHEH 0 mg/L
e E] 40 mg/L B, OPC & & B Z K 29.0%,
GSH & B % T 55.0%; M AESENOT,
AsA FH ¥ FTF, OPC & H#AE 0 mg/L Ni**Hil
40 mg/L Ni*" 218 T #H b i 2040 B4 531 T [
18.3% 11.1%. R PP3, AhiAN)K
1 ,0PC 5 GSH & & ¥4 5f Ni W B2 T TR,
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Figure 4 Effect of rhizobia on the content of non-enzymatic antioxidants in nickel-stressed Pongamia
pinnata roots. A: Glutathione (GSH). B: Ascorbic acid (AsA). C: Flavonoids (FLA). D: Oligomeric proantho
cyanidins (OPC). Different lowercase letters indicate significant differences.
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