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Effects of rhizobial strains with different symbiotic effects on the photosynthetic

characteristics and respiratory metabolism of alfalfa
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Abstract: In order to explore the effects of nodulation and nitrogen fixation on the photosynthetic characteristics,
respiratory metabolism, and plant biomass accumulation of alfalfa (Medicago sativa) plants in alfalfa-rhizobium
symbiotic system, two Sinorhizobium meliloti strains, LL2 and QL5, were used to infect the M. sativa cultivar
‘Gannong No. 9’ , and the differences in nodulation and nitrogen-fixation ability, the phenotype, photosynthetic

characteristics, and respiratory metabolism of alfalfa plants after inoculation with LL1.2 and QL5 were compared. The
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results showed that: 1) Compared with plants inoculated with S. melilori QL5, those inoculated with S. meliloti
LL2 formed significantly more effective nodules per plant (7) , and the nodules showed significantly higher
nitrogenase activity (0. 29 umol+-g '+h™") and leghemoglobin content (0. 76 mg+g '). The aboveground dry weight,
plant height, and leaf area of alfalfa plants were greater in those inoculated with S. meliloti 1.L1.2 than in those
inoculated with QL5, indicating that S. meliloti L2 was a well-matched strain for M. sativa ‘Gannong No. 9’ and
S. meliloti QL5 was a poorly matched strain. 2) The values of gas exchange and the contents of chlorophyll and
chlorophyll fluorescence parameters and photosynthetic products were significantly higher in plants inoculated with
the high-efficiency strain LL2 than in those inoculated with the low-efficiency strain QL5. 3) The adenosine
triphosphate (ATP) content and the activities of ATP synthase, hexokinase, isocitrate dehydrogenase, 6-
phosphogluconate dehydrogenase, and glucose-6-phosphate dehydrogenase were significantly higher, and the
respiration rate was significantly lower, in plants inoculated with strain [.1.2 than in those inoculated with strain QLS.
4) There was a significant positive correlation between aboveground dry weight and transpiration rate (correlation
coefficient, 0.72) , starch content (0.83) , and ATP synthase activity (0.72) (P<C0.05) ; and a negative
correlation between the aboveground dry weight and respiration rate (0. 66). The nodule nitrogen-fixation ability was
extremelly significantly positively correlated with net photosynthetic rate (0.83) and soluble sugar content (0.79)
(P<<0.01) ; significantly positively correlated with chlorophyll (a-+b) content (0.76) and glucose 6-phosphate
dehydrogenase activity (0.85) (P<C0.05) ; and negatively correlated with the respiratory rate. 5) The dry weight
per unit light time was significantly higher in plants inoculated with the highly efficient rhizobium strain L2 (0. 06 g-
h™") than in plants inoculated with QL5 (0.03 g+h™'). In summary, the well-matched, efficient rhizobial strain
promoted nodulation and nitrogen fixation, providing a nitrogen source for enhanced photosynthesis capacity and
respiration. This increases the production of photosynthetic products, reduces the respiration rate, and promotes
plant metabolism, leading to increased biomass accumulation.

Key words: alfalfa; rhizobium; symbiotic nitrogen fixation; photosynthetic characteristics; energy; respiratory

metabolism
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1 #RE57H%
1.1 XEHH

P S8 AL B 1S b AP A H AR 945 (M. sativa * Gannong No. 9°) , M8 T #k R A2 M98 TR Bk LL2(Sinorhizobium
meliloti L1243 B A B o 8 F5 AR ) AP AR AR B bk QLS(S. meliloti QLS. 4385 F W /K E 76 M) L ¥ il H 7 &l
REFWAESREBE W E AL E R
1.2 &Ko

BUIRSR O FR VD B 1k o Pk UKL AR W L /N1 — B 58 46 B 4 b, T AR VA WK TR 3 min, O JE TR K T
e 2k, 1 S A8 — ik R 15 W (sodium chloride—tween solution, ST) (0. 9% Jo# &AL #N A .0. 5% it i 80) =
¥ 1 min J5 FHICTE K oh Bk, U8 4RI T 7K 43, B 40 70 vk T JF KB4 (120 °C ik K 7§ 30 min) . T 2024 4F- 3
W KRG 1R S B R B KAV MBS (L] 1:3) 1Y 4% 5 IR 85 32 AR (A2 9 em i 12 em) v, IF 434k
TEH T8 4300 25 15 R 10 em BY7K B &b, B & 6 AR B AR RE Rl 20 KLAR L T HOR O R A Bl 2= B A TR
i 25 N (S 80 8 O BB EE 360 mol-m *+s ' AH XTI BE 6026 2247, 16 hoG R, 8 h A, Ol HEURI BRI 45 10 1 ¥ 2
G390k 25 F11 20 C) B FR 4 .

BR85S R T R DR AF T — 80 "CT Y H AR MR TR R L2 R QILS 3t 5~ Al S £k vk 0 i) 42 A T £ 13 e
B (tryptone yeast, TY) B R (RE A MRS ¢ L 5 EERH 3 g- L '5CaCl-6H,O 1.3 g-L 3 Bflg 16 g-L 5
ZE 7K 1000 mL;pH 7. 0) o i AL 35 37 , Pk 9016 75 e A% B 22 2F (yeast malt agar, YMA) W 1A B #% 3 (MgSO, -
7H,0 0.2 g-L s K,HPO,*3H,0 0.5 g-L ';NaCl 0.1 g-L ' HEE B 10 gL s BEREH 1 gL 15 2848 /K 1000 mL;
pH 7.0), T4 K 28 °C 180 remin '5Ei 3% 18 hJ& , £ 4 °C, 10000 r-min ' F & .L> 10 min, 3 b 1 85 A 45 G 7K
PR AR R 4R AT B SR ODy, i 0. 5(HEJE R 10° CFU-mL ) B B B .

FEG T A 5 14 KIE, RS WA 1) A3k 4 1 AR A e 5 oL BT B VL, Y0 322 b 45 2 G /K AR i 4 BR(CKD
FT A AL B A K S AE N R . B R B 45 0 300 mL Hoagland JTCAEUVH 21,3 d 4k — 1K,

FEEEAEE M8 A K 2 45 d 22 4 R I 259 [ L LR B OB IR S5 48 47 -
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SF RS W I 50 L R M A AR @352 (Agilent 78908, 36 [ ) I &, 4 Ab HR & 3K .

SLMZLER S I vk OGRS L AR 4 CRBERR 22 ph AW (0. 1 mol-L ', pH 6. 8) i
B A0 3 T TR % I TR AR AR R A% A A, 4 CCEE 0 15 ming BB JE 5 RS 0 20 min, FEERC_E W, 7E I
K 540 nm 444 F 66T (TU-1901, b 50) B (o 5 WG (8, 45 Ab H 3 I 42 .
1.3.2 FRUSHRMME b AR BEFLE 10 BRA R A9 b %843, 26 AfE 105 *CR 7 30 min, 70 “CHE+ =
fHE T &, S E R 3k,

PR A RO, & ab B AT 101K .
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- TE R« AL 5SRO AR TR RS 3 kLl B AR AL (Canon EOS R50, H 4%) 3 HCE 1 i X
g B4R, Imaged BRI 3  im BL, 45 A B 10 IR EAZ .

bbb 2Ert o BT e T E IR R L A k=t T /2R T E L S AR 3K
1.3.3 OSLE MG bR i & J6A 28 Al TS E GFS-3000 45 KOG G — 26 I & & 4o @ ot & %
(net photosynthetic rate, P,) .7& % i % (transpiration rate, T,) "<, fL 3 £ (stomatal conductivity, G.)FljEH CO, ¥
E(mtercellular CO, concentration, C,)., FALHTEE 31K,

MR EGE SRR ML, RHEECBERSRRBE REREFeEEr R e aEa
(chlorophyll a, Chl a){% & . %% % b(chlorophyll b, Chl b) {% & & M4t % (a+b) [ chlorophyll (a+b), Chl (a+b) ]
T IRt AR R a/b, KB INER

A T AT 5 A% B AR BB A R 2 w1 & DU AT S M (soluble sugar, SS) JE 3 (starch, Sta) .
HEWE (sucrose, Suc) & i, FALMIWER

R 2R R 9O S0 R R A B T8 M W5 3E N 60 min Ji , A FH 7l [ 2 296 6 1% R G -IMAGING-PAM
& PS B TE e 1b 2 %0% (PS 1] potential photochemical efficiency, F.,/F,),PS Il fx K E4 % 550R (PS Il maximum
photochemical efficiency, F,/F,) , Y64t 2% ¥ K Z B (photochemical quenching coefficient, g,) , JE 6 b 2% ¥ K & %
(non-photochemical quenching coefficient, gy), Y64k 2% & F 5 & (photochemical quantum yield, @, ), & W H F 1%
1% %% (apparent electron transfer efficiency, ETR) . #A4bH & 31K .

1.3.4  FEIGAH SC T8 b5 0 0 5 N W 3 % . AF SRS 251, 4 [ GFS-3000 i #5 X0k & — 2 6 R4l
i 55 A6 H E i PP 3 (respiration rate, R,) . S0 BIHE 31K

i FH 5 0 A B SR AR W R B A BR A w1 R & ATP iR R = 8 2 IR T A BUEE (adenosine triphosphate
syntherase, ATPase) i, AL 3WEL .

I WA e A28 O B T 1% e T P 950 A B3 L2 R A PR W) R0 6 I S B U (hexokinase, HK) | P i 112 13
i (pyruvate kinase, PK) . 5 #7 4 R it & B (isocitric dehydrogenase, IDH) | 3% 31 2 Bl & B (succinate
dehydrogenase, SDH) | 6-f i 1 4 ¥ I &0 B ( glucose-6-phosphate dehydrogenase, G6PDH ) | 6- & #ij % # IR i &
fitt (6-phosphogluconate dehydrogenase, 6PGDH) ¥, 44 FE3 R EE .

1.4 HFEAE

K I Excel 2019 805 % 508 47 8 38, 1 SPSS 26. 0 Xl dhs #5477 50 D 38 0 26 43 A0 ST RE AR T ARG 58, o8 1)

R 5 #E17 Mantel # G PE 4387, 38 4 Origin 2024 /E & .
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i 35 1 (0. 29 ,J.mol-gfl-h*ﬁuﬁmlélﬁéwﬁ(o 76 mgrg )W TR AE W QLS A (41 .0. 21 pmol-
g '*h'.0.66 mg-g ',P<<0.05), 43 Bl &40 QLS AL FERY 1. 75, 1. 38 Al 1. 154% o #EFPAR IR 9 LL2 Al QLS J5 #H Bk
PATRAR L OC R E 2
2.1.2 fHBRERA  HROTEALE MR R G B ENIN T e LT Ak o m AU 2Lt L (P<<0. 05, &
2). M LL2 ML E R T8 PR i m A 4 528 0,59 g+ 10 plants ', 25. 90 em. 1. 88 em’, # CK
(0.40 g-10 plants '.15. 90 em . 1. 04 cm®) 73 54 T 47. 50 % .62. 89% .80. 77 % , HFh QLS A I T bk it
18 A3 3 8 0. 49 g+ 10 plants ', 20. 86 cm 1. 55 cm?, %8 CK 4 B34 N T 22.50% .31. 19% .49. 04 % . 4% Fh kb Bl 2
(i), 2 o oA AR L2 Ji5 R A Ml b T b e R A TR Y W TR R QLS HIT X 3 TS AR 4 R JE 1 1. 20,
1.24.1.214%.,
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Fig. 5 Effects of rhizobium on chlorophyll fluorescence parameters of alfalfa
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2.3 "FRAR

RE BRI AP B R SRR IR (ATP) 2 A W A D9 i o s o 0 e A 109 480K, 2 A W R 9 e B9 1Y)
KR, ATPase XBR KL NT W4 5245 1RV, 2 LRI S8 A0 B R 10 1 M R I o H AR 945 50 48 1 78 2 Al A U8
A LR T AR Ak (8 7) 3 M LL2 A1 QLS J5 ATP & 2 Al ATPase 5 1 . 3 3 (P<<0. 05) ,ATP &
J& 14,18 F1113. 07 pmol-g ', % CK(10. 01 pmol-g ") 4> 548 hin 1 41. 67 % 11 30. 56 % ; AT Pase i 14 43 %1 hy
13. 07 #110. 80 pmol+h '-g ', 8 CK(8.49 pmol-h '-g )/ 5I¥E i 1 53.90% F127.23% . LL2ALHEH) ATPase i&
e S T QLA R 1. 21 fiF . AR R T H AR 9 5 SR 48 B 15 1 I I 1R B 3 IK T CK(P<C0. 05) , 45
LL2 Al QL5 Ji A Bk 89 I 10 33 2% 23 51 A 3.86 1 7. 44 pmol-m “+s ', % CK(10. 38 pmol-m “+s )/ % F & T
62.80% F128.33%

2.3.2  PRWAR M 18 O ik il H P 8 W, A 9 5 58 A B 4 HE A AR T SR 0 AR R AR OC B E R AR T

Em
B T

—



B34 B 11 Bl 2R 3] 2025 4 73

284k, $ F s PK IDH ,SDH 6PGDH i 7 . 2 8 i (P<<0. 05) , HK . G6PDH i £ & % F Ik (P<C0.05) . % Ff
LL2 5 B9 PK.IDH,SDH. 6PGDH ¥ 4 4> % J& 186. 21 nmol-min '+g ', 1.42 nmol-min '-g ', 135.70 U-g '
19. 36 nmol-min '-g ', % CK(118.71 nmol-min '-g ', 0.29 nmol-min '-g '.67.67 U-g ', 10.82 nmol-min '
g A T 56,870 ,384.47% ,100. 54 % . 78.97% 5 ¥ F QLS J5 1 PKIDH ., SDH ., 6PGDH {if 14 43 Jll /&
177. 44 nmol+min '+g '.0.67 nmol-min '-g '.129.62 U-g '.16.09 nmol-min '-g ', % CK 4> $& & T 49.47% .
128.88% .91.54% .48.80% . % F L12 J5 A ¥k 1 HK 1 G6PDH I 14 43 %] & 152. 22 nmol-min '-g ' 1 3.77
nmol-min '+ g ', # CK(196. 44 nmol-min '-g "Ml 6. 41 nmol-min~'- g~ ") 43 5l AKX 22. 51% F141. 20% ; % F QL5
J& M RR 9 HK AT G6PDH 3 14 43 %1 J& 114. 40 nmol-min '-g 'F12. 66 nmol-min '+g ', % CK 2> B F&AK T 41. 75%
F158.49% . LL2 bk #EFh AL B HK . IDH .G6PDH ,6PGDH % £ ¥ . 2 7 T QLS bk , B 5 B % 1k 20 9 2 5
H1.33.2.12.1.42.1. 20 1% .
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Fig.7 Effects of rhizobium on respiration rate and energy metabolism of alfalfa
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Fig. 8 Effects of rhizobium on key enzyme activities in the respiratory metabolic pathway of alfalfa

2.4 KA FRI/HEE AN ENESTN

2.4.1 MM HT XK H AR 95 R AL B R W it S5 [ AURE ) 6 B R BRI AR iE 4T Mantel 4
Br, b I+ 5 (aboveground dry weight, GDW ) A SR M Bk A= 9 i, FH PR R A A5CHR 988 550 L 181 /U O 1 L B 4 25
Frm AR AR A S5 F AR (N)  InE 9 FiR . 1 BT HE 5 T,.Suc & i . Sta & it AT Pase 1§ ¥ 2 1 & IEAH G,
AHE I35 0. 72.,0.78.,0. 83.,0. 72(P<<0. 05) , 15 - Mg 3 8 52 7 AH G, AH G R H0 0. 665 259 WA BE /1 5 P,
SS i R E A S M R B 0. 83.0. 79(P<C0. 01), 5 Chl (a+b) & & .G6PDH i M 5 B 3 IE M ¢,
KRB B4 0. 76.0. 85(P<C0. 05) , 5 I 17 38 3 5L 7 4 %
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Fig. 9 Correlation analysis of alfalfa biomass and nodulation nitrogen fixation capacity with photosynthesis and respiration

GDW : Ji I T Aboveground dry weight; N FUBRAT RO IR %5 | [ 20 06 M 1 2102178 11 & Effective nodule number per plant, nitrogenase activity
and leghemoglobin content; P,: 4 # % Net photosynthetic rate; T,: 7%} 4 %8 Transpiration rate; G,: X L J¥ Stomatal conductance; C;: Jifg [
CO, % Intercellular CO, concentration; Chl a: M4 Z a Chlorophyll a; Chl b: M4t % b Chlorophyll b; Chl (a+b) : M4t % (a-+b) Chlorophyll (a-+
b); Chl (a/b): M£E% (a/b) Chlorophyll (a/b); SS: Al %4 4% Soluble sugar; Suc: HEH# Sucrose; Sta: 3 # Starch; Rd: MW j# # Respiration rate;
ATP: =B Adenosine triphosphate; ATPase: — 2 i 1 & W Adenosine triphosphate synthase; HK: C #f{# [ Hexokinase; PK: P4 i i ¥
fitf Pyruvate kinase; IDH: 54745 i il & i Isocitric dehydrogenase; SDH: 3% 3112 il & Hf Succinate dehydrogenase; G6PDH . 6-f 2 5 45 4l /I &0 i
Glucose-6-phosphate dehydrogenase ; 6PGDH : 6-f fif 7 25 4 iR it & i 6-phosphogluconate dehydrogenase. F [i] The same below.

2.4.2 ESERE XPEERASE A ROV AR E bR LL2 QLS A BRI A I AR YR OGS PRI SRR AT R R
BotB . B, LL2 AP F AR5 2500 1. 04%~65. 78 % , IDH 7 PE A8 5 R A (65. 78 %0 ) e K, FLR S I I
HR(45.77% ) \P,(43.18%) ; QLS AL R A8 53 R EU K 0. 52% ~41. 33% , G6PDH 15 PE 48 53 R 8 (41. 33%0) ) fe Kk,
FLWRJE IDH I £ (39.19%0) \SDH I £ (31. 4054 ) , 156 BH 42 ol A1 98 TR XTI W52 A 15 3% 42 OC B il 0% 1k s i e K A
b Z 6] B GEPDH W P \C HK W& PEZ Ab B AR 27 M8 bR 978 S R R LL2 AL PR T QLS AR B . Ui W] LL2
PR RN H A 95 S A8 VA 1 AR 0 B 6 B A P R AR 38 A R L O B Rl 0 P 1) 5 0 KT QLS TR K

2.4.3 REWESEE AR Sh T oM R AR R T X AL A AR R e dE T T SRR E b b T (dry
weight, DW )3 I $ 2@ B8, M0 A2 5L T A AE 7 A i 1 0 55 R IR A T T A T 3 A% 22 5, X DR A 4
WA T AR T

dow - . 1 1
7 = AL (PAR)X 3.6 X 10" X Mco, X S(DW ) X tj, — Ry X 3.6 X 1077 X Mo, X e X X
' leaf ©OH,0
FW(DW)X Liight + dark (1)
PAR
Ahv(PAR):Ahvmaxi (2>

PAR + K,
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Table 1 Coefficient of variation of biomass, photosynthesis and respiration in different inoculation treatments

i LL2 QL5
Index Tl b i 22 557 A T b e 22 PTEY
Average value  Standard deviation Coefficient of variation (%) Average value  Standard deviation — Coefficient of variation ( %)
GDW 0.50 0.09 18.37 0.45 0.04 9.60
PH 20.90 5.00 23.92 18.38 2.48 13.49
LA 1.46 0.42 28.87 1.29 0.25 19.79
RLS 0.85 0.01 1.04 0.84 0.01 0.52
P, 13.71 5.92 43.18 9.75 1.96 20. 14
T, 10. 37 4.36 42.01 8.33 2.32 27.84
G, 166. 47 45.23 27.17 136.48 15.23 11.16
C, 423.80 51.99 12.27 369.97 105. 83 28.60
Chl a 1.34 0.10 7.59 1.31 0.07 5.27
Chlb 0.68 0.20 29.12 0.63 0.15 23.73
Chl (a+b) 2.08 0.32 15.19 2.00 0.23 11.58
Chl (a/b) 2.11 0.46 22.04 2.17 0.40 18.65
F,/F, 2.76 0.46 16. 81 2.54 0.25 9.66
F./F, 0.73 0.03 4.58 0.72 0.02 2.78
Gx 0.37 0.04 11.97 0.41 0.01 2.90
p 0.95 0.02 2.08 0.95 0.01 1.49
Dog 0.65 0.03 4.59 0.63 0.02 2.58
ETR 66.18 12.12 18.31 57.23 3.17 5.53
SS 10. 04 1.08 10.78 9.32 0.36 3.85
Suc 7.56 1.77 23.45 6.13 0.34 5.54
Sta 9.20 2.53 27.49 7.33 0.66 8.97
R, 7.12 3.26 45.77 8.91 1.47 16. 50
ATP 12.09 2.09 17. 24 11.54 1.53 13.25
ATPase 10.78 2.29 21.23 9.65 1.16 11.98
HK 174.33 22.11 12.68 155. 44 41.00 26.38
PK 148.07 29.36 22.14 152. 46 33.75 19.83
IDH 0.86 0.56 65.78 0.48 0.19 39.19
SDH 98. 64 30.97 33.45 101. 69 34.02 31.40
G6PDH 5.09 1.32 25.94 4.54 1.88 41.33
6PGDH 15.09 4.27 28.31 13.45 2.64 19.61

PH: # & Plant height; LA : I [ #{ Leal area; RLS: 250 Lt Stem-leaf ratio; F,/F,: PS I #7464k 2% PS 1l potential photochemical efficiency;
F,/F,: PSI K IGA2:%0% PS Il maximum photochemical efficiency; gy: 6 Ak 2 ¥ K F %1 Non-photochemical quenching coefficient; ¢,: G4t 2%

P K % 84 Photochemical quenching coefficient; @pgy :

transfer efficiency.

DW
S(DW )= S,...

FW(DW )=KiywDW

DW+ K

B

Jt Ak 2% i T 77 5 Photochemical quantum yield; ETR: & W L T £ 3% 2L % Apparent electron

(3)
(4)

KA (PAR)EIGA CO, R R 505 B X FR 53,6 X 10 &AL “pmol-m *+s " F|“mol-cm *+h " Ay §%
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e BB Mo, & CO, 1Y EE /R i 2 (44 g+mol ') ;S(DW) ®2 BAXRHEETFEMNEGCTE
PALSY I Vo 2N s Llight

. . . . e isi A (PAR)  S(DW) FW(DW) dyy/d,

O BRAF L [H) (16 h) 5 R, A ~F- F47 5 I 152 3 56 | 05 4 U , e
Treatment (pmol-m “+s™ ') (cm®) (g) (g-h™H)

1/ P 29 I JRE AR SCHRR L7 A6 I T B 249 O LL2 11.74 35.14 0.28 0.06+0.01a

0.0183 em, o0 BRI 201 grem * FW(DW) QL5 9.58 27.86 0.24  0.03+0.01b

SEHEE 5 T A OCR | i au e A5 1Y ' BRI I CK 9.08 15.26 0.20  0.0120.00c

FREEmf ] (24 h) 5 A, o B KOEA CO, AL R K, A, (PAR) : Y64 CO, il L 3 % (6 4 41 204 41 ) Photosynthetic CO,

HXF R T 0.5 Ay o BT HY GRS, N R, K 2 assimilation rate (photosynthetically active radiation) ; S(DW) : & I 1i
% B+ &) Total leaf area (dry weight) ; FW(DW) : ff & (+ & ) Fresh
. A B , BEFWE . | ]2,
0. 55, A, Koy 2 FW A5 DW Y LB weight (dry weight) ; dpy/d,: S0 T F /A6 B E] Dry weight per
Wt 2T BLFT SR AR B BB ERGOEIRAT oo g sime perun
] T 77 A i B T R S5 R T CK, B LL2 Ak B AR #k

B IR () AR A B T I G R T QLS Ak B

(P<<0.05),
3 itit

3.1 RE) A2 B ARG B R AR AT B HLAR L A4 89 T AL

YA VB F AW T 1 03 AR B0 7 Sk T B 4 Sl BB B Wk 2 7 M R Y AR AR TR g B A AR
FA] [ AR B N K I A A A T R MR P 0 i S N AR IE T N ER A AT R A A5 A R i Ik
PR, 2 2t T, AR TG A RE Ty A2 T 5L B R I A G Bk v . B A IR Y R IR AE T A
e AR TR G L P, T, GOR S S i, CRRAR . A 5% v 2R 30432l oo A5OHRJR P Bk LL2 J5 AL AR 19 P, T G
BAEFRAL QLS AL FE B E 3G N, T, G 53 T3 2 B ARG . RIS 45 WF 90 R AR IEH L AT, 270
MR R AR B F R R R T A SR R SRR SR R O SR R I A R R LY T 2 A B Chl
(a/b) %t B M0 A 78 2 AR K . A0 v 45 Al AR 88 BBk LL2 48 it i Chl a . Chl b il Chl (a+b) & & 12 %
o TR AR QLS AL IR, Chl a 5 i b8 5 28 B A OC , 3% 5 A A58 45 2R — B0 H b v SOHL R T bR L2 A9 AR B
Chl (a/b) e/, X A B2t FHEFD THUR R MR LL2 MAEBOE G RE T ZEAZ AWM E S H 24t
Eb sy, Mt O REAEGWN & & R 7AW R CRE R AR T, T2 3F 1T O6G V8 F o 42 Fi A I8 74 ik
LL2(S. meliloti 1L1.2)J5 F,/F,.F,/F, @ ETR W% 5 THM QLS A B, X 506G FrrE Mt 4 R & @ ny B e %
5. B5ORE R LRI, KT (Glycine max ) ¥ FARJE W 5, B R R b 1386 & 1E AR It s 21
GG 7 YR 8 ZE MR, Sue M SS i N o AT rh, 5846 A A AR DY SS | Suc  Sta F i AE HE R AR 1A B
LL2 J5 8 i % , Sta Suc & B 54 18 2 5 A G, X 57 AF9E 45 51— 3

KA T B, A ] A IR 88 25 0 R ) S RH A ) m] 5[] — A 98 77 2 11 0, [°] — S RHE Pt vl DL 5 2 Fh
FRJRE A AT A T R0 . AN TR AR R B 5 7 o ) I A S R DT I P A7 AR 22 5 o 4P DG T e 1) R T TR T LA 3 3
SEAE A (7 R T . AR BRI B R R A VT AR AR LL2 AR B SRS SR M g R R g ROk S
B AT S TR AR K U T AR R TR AR QLS A B, B HC I DR AT B i A B AT DA T £ A ROR IR
L [ SR 07 R 2 0 £ 1 e B TS L BB A I P 2 i R SR R ) i s R DB AE R
(RS RE (S E: T Rt /b b IS
3.2 Rk A 208 ARG B AR AP S HLAR oF R AR A 69 AL

IV 152 1 ) il i, S 0 a0 A7 45 ol 2 B O ) LAl WA A2 K R B A L Y R N B fiE R
TLLATP BB . AT Pase Kok 40 A 7E SRR N I 0 SR IR S 380K RS b, 766 45 7 FH A W /R o
TG RE R ATP & ™0 SR HE 2R 45 R I, 76 He Fh b A8 MU 18 J5 K AR BRI R 1 AT Pase 36 M3 i,
HAfb a5 P AR A — B0, A b 2 R R bR LL2 J5 , M bk ATPase I P AL ATP & & W 35 5 T 4% b
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PR QLS AL B, ATPase 5 4b T 5 52 W 2 IEAHOC . 33X AT REJ2 45 Al w0 DE B AR IR TR SR AL E A O G 1R I 1S o
AT Z GG T WIS AR R R L A SRy W W1 JEG 0 0 AR IR A0 B e, AR RS ROR 1 vl - R RE o BRI
B VA7 AE AR B ATP rh o 75 PR WA 20 o B 16 o A 9 WF W JEE 4, S8 A0 B il K o H T R BE L BB T R OB 1
AE B B S5 AR AT B LA TP

W K2 S8 24 178 DA /0N T I W A 0 1180 o AR 0% 2l , 05 5 1% WP R S 3 T L AR T 2 B E AL (A ) I 0 B R 4
R AR R AEL R v (0 I W A 2 T HROAE 0 T R A L T TSRO AR R A DL AN R T A2 R I T R L R 2
YR AERK LT . ARG 00 E A 5 T S UM G, 5 Rl oAR R T A B A I R R Rt /N T X R 3
A RE S PRy o) BRI 5 =2 AR JR TR 0 A SR it i &UNE AR Bk A R T L B /N OGS ORI L A AR IR N R RE 1D T
DL SR W W ok 77 A T 22 0 e B (IR AE R A R B IR R AR R bR L2 5, UG N 78 I, W Wi 38 0 i R AT
To5 HAETE Z WDOCE IR R FEAT WP AE T o PR WA T A A2 v i) — S il 2 o 42 A1) o 2 1 PR B G, e A W 1A 9
T B R (glycolysis, EMP) | = #& ig i #F (tricarboxylic acid cycle, TCA ) Fl# iz 1% i& 12 (pentoso phosphate
pathway, PPP)iX 3 2 WA R 42 6 & 1R ™ A2 09 A ML) e 48 23 E A 3K 3 Fha A2 b AT AR 26 . SR H 0%
RIS e B, R AR PR AR T S, AR O R SDH TG MERE N, 33X AT RE S PR Ok A AR R IR Y AR R Tk B ORE
A, R W AR S AR IR o A 5% A 1 % 0 GG A v B FH 2 A WP IR O SR , X AR S MR R S AR 9 5 55 B
T A K R R ok R b R B I S YRR AT 30T, 4R AN AR S EMP-TCA R PPP 38 42 v il 3 1 i A T X0 B, b S
91 X = v TR R, 3K AT BB R 4 A S R RO A VR TR SR 2R BRI BESE ARG A 7 & B T 8 R AT AR O AR
SR A5l S R AR R R B T AR AR 0 PR AR IR O T LU M, R AR B R L2 SR AR A i
EMP iy HK i P TCA % IDH 7% £ F1 PPP th (1 G6PDH ,6PGDH 1if M i 3 &5 T He b QLS T bk b 28, 561 3
S WP AR IR AR 1 e R T R L2 b R T4 0 QLS Ab B, H EMP AT CA i i) S HE il 15 8 K T PPP G A il
T PE, BB A I I S0 A B AR AR R AR DL EMP-TCA B2 8 &
3.3 FARAEAABZERBARBEFSGHAREBRRRLAD AW ETELEF PR X A

TS B G E 1 8 R BH BB 76 Ak Ak 27 BE I AF AL B AR T 7 1) — oK AL & 0N L 78 R Y 5 AR T
(i e 2 [ ek AR h X OGS R TR Y TRER Y A 0 o A W DL RE R 25 Bl 6 B AR O BN 2R TR R 1Y
A AR LTS MR A [ ECTE SR T M B R L A R R R A W O A F VAR R B B
e, O AV 3 BB, 77 A R DG & 7 W R 22, T Oy [ R0 FR R I e IR s e 2 . ez, AR Y [ AUPE

5 W ABL R 1 D' G R R I AR

WFSE A I, AR IR A 5 i | B LR A R 0 /DN 2 5 i B R AL R S A N A R R MR R R ) AR
S AR 5 T RURE A DG BRI T TS 5 AL T R A AR R % T R T RN O I AT R e S
R 96 [ SR it o P HL 1 R0 O R [ R0 T /N B R B T 1 2T R A A AR R P — R G B R 4, RE A AT A0 b O
2 2 T A o) 30 S0 W B, DA 4 i R R 100 [ ORI ORI G 0 Pk 5 I 2T 1 R TR AF AR S Y AR O
PR ARG v, D v AT TC AR SRR TR PR L2 Ak B A R RR A ORI R M AT AR A b e T
T AR A DG T T R QLS A B, 1 B9 TR AR & TR & AU S8 R 5 i D687 W) A TPase W IR R 12
OB G P 0 T o OGE VR T2 AL 0 W o AR RN RE B A A A S R R IS L S 7 K
fiff 7= AR F AN Sta F Suc, #E R AR BRSOG4 BE 0 3G 9 A BE 10 AE A A K 26 DG G P S 22, Sue AT Sta i 5 1)
B8 Ay 0 W AR PR R A TR 2 BB YR . b bR AR W LR BRI R0, X UGG 7 ) A R TR R B
AR I 12 ol 3 6 1) &8 40, (3 TR S S AR S AR W B B . b R ORUR TR PR L2 A9 8 S R BOR TR R QLS B
HH e AR R L2 X AR AR 09 AR K B A S S AR ) i O A R N I g AR AR R D B AR T Ak
JHLA) A PR B2 O BRI [R] R 7 A 1 B I v TS TR AL B HC b A v D TC M AR TR R L2 X 2R A AE
BT ARG N RCR B AR A AT DU R ZE AT A i R R RS . RO S R TE
TR IR TR ik L2 3R 20 5 WA Sy i 7 2 S AE AR S E R AR LA H] .
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5 R A%k D T R SR BT R A L, 5 4K T Rl o i 8 VS RO AR R R LIL2 S, T S A S8R R T
PR S £0 R R R R AR R R A [ E R, O AR RO A A I R L 2 i SR BRI, T AR T 2 LA
W, W AR I i 3k 3 i R R AR 30, e X AR R i 0 LR W

5 % 3Lk References:
[1] WangZ, Chang W, LiJ C, et al. Effects of alfalfa green manure on the yield, nitrogen absorption, and nitrogen translocation of
feed maize. Acta Prataculturae Sinica, 2024, 33(8): 63—73.
EU, AR, AR, AL SRR AE B X R K T R R W IS SR . RO, 2024, 33(8): 63—73.
[2] Diao C, Wang W X. The trade pattern of alfalfa importation into China and its influencing factors. Pratacultural Science, 2023,
40(9): 2424—2434.
AW, EICAF . P E B RO SR SRR BT R R R, 2023, 40(9) : 2424—2434.
[3] Wilkinson H, Coppock A, Richmond B L., ez al. Plant-environment response pathway regulation uncovered by investigating non-
typical legume symbiosis and nodulation. Plants, 2023, 12(10): 1964.
[4] Wang D, Yang S, Tang F, et al. Symbiosis specificity in the legume: Rhizobial mutualism. Cellular Microbiology, 2012, 14(3) :
334—342.
[5] LuBF, Kang W J, Shi S L, ez al. Nitrogen fixation system of legume-rhizobia and its carbon-nitrogen interaction. Chinese
Journal of Grassland, 2023, 45(11): 119—135, 144.
Bl R, RESCHR, WAL, 45 . SRHELY) — AU B R R R O MO R LA . v RS A4, 2023, 46(11) - 119—135, 144,
[6] HanK, SunY, Zhang K, et al. Effect of different rhizobium on productivity of Medicago sativa .. Acta Agrestia Sinica, 2018,
26(3): 639—644.
SRRl AN, SRES, AF . SRS AR DU S8 A E A R D RO RE . LA, 2018, 26(3) : 639—644.
[7] Zhang Q X, Zhu A M, Zhang Y X, et al. Effects of different rhizobium inoculation on growth of Medicago and nodule in sandy
land. Grassland and Turf, 2019, 39(1): 7—15.
SRIRWT, ARZR, ST, 45 HeMOA AR X U0 M B A8 408 B RORBL A e . J 5 B BE 2019, 39(1) - 7—15.
[8] LiY L, Chen P, FuZ D, et al. Research progress on regulation of root nodule formation and development of legume by light
signals and photosynthetic products. Chinese Journal of Eco-Agriculture, 2023, 31(1): 21— 30.
o E, R AR, S OUE SRS W R SR Y AURE U B BB R . p E A SR A, 2023, 31(1)
21—30.
[9] Marie-Christine Morére-Le P, Clochard T, Limami A M. NPF and NRT2 from Pisum sativum potentially involved in nodule
functioning: Lessons from Medicago truncatula and Lotus japonicus. Plants, 2024, 13(2): 322.
[10] Govindjee. Advances in photosynthesis and respiration: Focus on plant respiration. Photosynthesis Research, 2005, 85(2) :
255—259.
[11] Yurkevich M, Kurbatov A, Tkkonen E. Effect of secondary paper sludge on physiological traits of Lactuca sativa 1.. under
heavy-metal stress. Plants, 2024, 13(8): 1098.
[12] Kang W J. Biotype division and transcriptomic analysis of alfalfa rhizobia. Lanzhou: Gansu Agricultural University, 2019.
e SCUE . 5 AE 7 AR T A W R O3 R R SR 2 O A 22N HR Al k2R, 2019,
[13] LuBF, Kang W J, Shi S L, et al. The study on dynamics of nitrogen fixation efficiency of alfalfa-rhizobia symbiosis. Chinese
Journal of Grassland, 2024, 46(6): 36—48.
Bh R AR, FESCHR, IR AL, 45 . S E 1E S AVR At A B P B A RCR B BT ST . h E E AR, 2024, 46(6) : 36—48.
[14] Wang T, Wang Z J, Zhang Y H, et al. Study on relationship between soybean leghemoglobin content and yield. Soybean
Science, 2020, 39(1): 45—51.
T, TEAN, Ko, % REMREE ML EA TR 7EXERIT . KERHE, 2020, 39(1): 45—51.
[15] Zou Q. Plant physiology experiment instruction. Beijing: China Agriculture Press, 2003: 110—114.
ARE . AW EHAE SRR S At EAO R, 2003: 110— 114,
[16] Yudina 1., Sukhova E, Gromova E, ez al. Effect of duration of LED lighting on growth, photosynthesis and respiration in
lettuce. Plants, 2023, 12(3): 442.
[17] Zhang Y Y, Hu D D, Ma C H, et al. Leaf structure and photosynthetic properties of alfalfa in response to bacteria and



B34 B 11 Fll2F 3 2025 4 79

[18]

[19]

[20]

[21]

[22]

[24]

[25]

[26]

[27]

[28]

[29]

phosphorus addition. Acta Prataculturae Sinica, 2024, 33(8): 133— 144.

TRELEL, WITE, SARIE, A5 B AE I G5 R ARG R B RS I A R A . B AR, 2024, 33(8): 133— 144,

Liu HF, Zhuang H M, Han H W, ez al. Effects of different exogenous substances on photosynthetic characteristics and dry
matter accumulation of tomato seedlings. Molecular Plant Breeding, (2024-11-18)[2024-12-23]. http://kns. cnki. net/kcms/
detail/46. 1068. S. 20241115. 1634. 010. html.

Xex35, LA, SR M, 45 . AN SN A Tt Xoh 76 0 /LD SRR PE R T B R . Sy TAEY A RN, (2024-11-18)
[2024-12-23]. http://kns. cnki. net/kems/detail/46. 1068. S. 20241115. 1634. 010. html.

Liu S X, Wei G J, Jing R'Y, et al. Effects of sinorhizobium SD101 inoculation and shading on nitrogen fixation and
photosynthesis of Medicago sativa 1.. Crop Journal, 2018(5): 156—161.

XBUER , B, R 5G 05, 45 . e Ab b AR I SD 101 RIEE 6 X 5248 B A5 T A MOE S A i s . R 28k, 2018(5) .
156—161.

Meng J, Ma H, Li HJ, er al. Effects of rhizobia on photosynthetic characteristics and the growth of alfalfa (Medicago sativa
L. ). Journal of Xinjiang Agricultural University, 2021, 44(4): 241—247.

THE, IhOT, AEL A 2 Rl T TR 15 B A IR AR K OB L BT AL K 2R R, 2021, 44(4) : 241247,
Zhou X J, Liang Y, Shen S H, et al. Effects of rhizobial inoculation and shading on nitrogen fixation and photosynthesis of
soybean. Scientia Agricultura Sinica, 2007(3): 478—484.

JRARGR, e, VR, SRR AR BRI 0 O S ARG S AR R R L R E AR RN, 2007(3) : 478 —484.
LiXY, Wang S Y, Wang S R, ez al. Effect of rhizobium combined with Pamibacillus mucilaginosus on soybean chlorophyll
fluorescence characteristics, yield and quality. Soybean Science, 2014, 33(4): 541—544, 549.

REERE , ESF X, EWOR, A AR R IC I R BT S 2 AT B R T R RO R R R B SR . KR SR, 2014,
33(4): 541—544, 549.

MalJ B, YuX B, WuH Y, er al. Effects of inoculation of different rhizobium on photosynthetic characteristics and nitrogen
fixation of soybean. Chinese Journal of Oil Crop Sciences, 2020, 42(1): 102—108.

LG, TR, e de, A5 He Ml AR TR P4 Ry 3 DX R K206 5 M RE A [ 2208 0 p 52 . P IR 1 2 4l , 2020, 42(1)
102—108.

Gao Y Z, Ren J. Advances and prospects in plant root nodule symbiotic nitrogen fixation. Scientia Sinica Vitae, 2025, 55(1) :
131—145.

R, AR RO AR B AT R S R P R AR ARl 2025, 55(1): 131—145.

Zhan J, Liu D W, Li L, er al. Responds of respiration related enzymes activity to waterlogging stress occurred at germination
stages of peanut. Journal of Peanut Science, 2019, 48(4): 63—66, 74.

TETH, NNER R, AR, AR L BRI R I P I e K A e R . 4B A 2R, 2019, 48(4): 63—66, 74.

YuC, LiG L, SunY Q, et al. Characteristics of respiratory metabolism in growth and development of sugar beet taproot. Acta
Agronomica Sinica, 2023, 49(12): 3377—3386.

T, AEEE, PN, A SEBAR A K KT A R R Y . AR, 2023, 49(12) : 3377 —3386.

Falhof J, Pedersen J T, Fuglsang A T, ez al. Plasma membrane H -ATPase regulation in the center of plant physiology.
Molecular Plant, 2016, 9(3): 323—337.

Zhou S J, Zhang M, Wang P. Response of plant plasma membrane H'-ATPase to environmental stress factors: A review.
Chinese Journal of Applied & Environmental Biology, 2021, 27(2): 485—494.

S RRGE, sk, £OF . MW BUE HO-ATP B X BRI 30 BT fma N WY Ok . NS R AR AR AR, 2021, 27(2)
485—494.

WuYF, LiuQM, Liu W H, eral. Effects of inoculation of AMF and rhizobium on photosynthetic and respiratory metabolism
and growth of intercropping glycine max. Journal of Guangxi Normal University (Natural Science Edition) , 2022, 40(2) :
231—241.

SHIF, XIEKG , X TBR, 45 AME 5008 B RE R SO6A 5 RS2 m . P8 R 2 Rk (B AR D L 2022,
40(2): 231—241.

Chen X J, Xu Z S, Zhao B P, et al. Effects of salt stress on root respiratory metabolism, antioxidant enzyme activities, and
yield of oats. Chinese Journal of Ecology, 2021, 40(9): 2773—2782.

PRIGE S, TR, BC5E T, 45 . SR 30 X g 22 AR R 0 AT | B A Al O R R p R L AR AR 2Rk, 2021, 40(9)
2773—2782.



ACTA PRATACULTURAE SINICA(2025) Vol. 34,No. 11

Fan Q S, Lou W J. Physiological and biochemical studies on symbiotic nitrogen fixation between rhizobium and leguminosae.
Journal of Nanjing Agricultural University, 1984(3): 58—66.

BEPSAE, 20 . ARTTA — SR A L B AU R BE AR RIS . R Al K2R AR, 1984(3) 1 58—66.

Dehigaspitiya P, Milham P, Ash G J, ez a/. Exploring natural variation of photosynthesis in a site-specific manner: evolution,
progress, and prospects. Planta, 2019, 250(4): 1033—1050.

Wang J K. Mechanism and regulation of high temperature at the early stage of grain filling on changes in carbon and nitrogen
metabolism of japonica rice grains. Beijing: Chinese Academy of Agricultural Sciences, 2021.

AT PR A S0 v R W R AR Rk Atk UG AR A O LR S A AR bt R ERME R B, 2021

Hwang S, Ray J D, Cregan P B, ez a/. Genetics and mapping of quantitative traits for nodule number, weight, and size in
soybean ( Glycine max L. [Merr. ]). Euphytica, 2014, 195(3): 419—434.

LuB F, Kang W J, Shi S L, ez al. Differences in fatty acid and central carbon metabolite distribution among different tissues of
alfalfa-rhizobia symbiotic system. Agronomy, 2024, 14(3): 511.

Ma C, LiuC, YuY, et al. GmTNRPI1, associated with rhizobial type-III effector NopT, regulates nitrogenase activity in the
nodules of soybean (Glycine max). Food and Energy Security, 2023, DOI: 10. 1002/fes3. 466.

Hoya J A, Hargrove M S. The structure and function of planthemoglobins. Plant Physiology and Biochemistry, 2008, 1(46) :
371—379.



