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Figure 1 Relationship between the amount of nitrogen fixation by different types of biological nitrogen fixation in global terrestrial ecosystems and

the total biological nitrogen fixation™*!
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Figure 2 Relationship between the nitrogen fixation rates of different types of biological nitrogen fixation and other types of nitrogen fixation**™*".
Amount of nitrogen fixation represents the mean value of the most commonly measured range for each type of nitrogen fixation
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Figure 3 Phylogenetic analysis of the nitrogen-fixing nodulation clade and six legume subfamilies””. A: The nitrogen-fixing nodulation clade; B:
the phylogenetic branches of the six legume subfamilies. Red indicates branches with rhizobia nodulation, and blue indicates branches with Frankia

nodulation
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Figure 4 Comparison of the developmental structures of root nodules in legumes and actinorhizal plants. A: Determinate legume nodules; B:
indeterminate legume nodules; C: nodules of actinorhizal plants. Gray represents vascular bundles, purple represents meristematic tissue, and red and

pink represent nitrogen-fixing zones

135



e 8 G A YRR S AR [ R TRt R S R

4.1 AR E RIS

H 78 88\ 9 iR IR S T 1. A 1 i 25 98 Lk,
1E6700 /3 F 1T SARMAMH e KA R G 4. FIH AT
RGEK B IR a8 &0 AV FHEOR, TR INSS
Jo ROR AEAESS R [ B oy S e LR, BEJE K2 80E AR
T 4598 S FE [KININ(Nodule  Inception) fTRPG(Rhi-
zobium-directed Polar Growth) )i 2k B {5 2t K AL (pseu-
dogenization), ff 558 PEAR K B 22600V G R
MR L 2E 5 TR 2R R AR AR R AR v RE AR — AN 3R A 1Y)
SERARSE, SR RE AT BBV SR AN (] ) J R v 4%
gl o208 R AR R A (T AR R AT
I IEEA G, B 5 S5 A6 1) TR AR G AR 38 TR TR AR R
S P SR AR S A 0L,

4.2 HURE TS

SHR-SCR(Shortshoot and Scarecrow)fF JGRASH:
X EREZER L, EXNRANEKEKE R RH
U0 G RH 45 MR8 T 2 6 R 10 B T e T A B
RME YR B JE A M R SRR, B R IR T R
15 AR JZ 2 41 Bl I MtSHR -MtSCRAFE BRIt 5 7 /2 41 ffd
XPILAEAE S BN RE ), AR AR BNE
SRR BRI, MESHR-MtSCRAELH & R
2 2 0 S 4 ) 24 2 RTINIIN ) 87 5336 470 24 BT 06 75 1140
BRAh, MR R At AR I & B R B
RIL, NINZ: 3 30 5 2 4 73 2457 i # LBD 1 6(lateral
organ boundaries domain 16). LBD163& K 7EMIMR & &
Rt R EEA, H5Nuclear Factor-Y(NF-Y)3:ZRikn
LA 434 458 B 3. NINGE L 42 LBD16 FINF-Y, K¢
ML R B R P8 G BIRR TR ot b, AN AR
LA dgil, R AL KIS SRR L SR 1
LSHI/LSH2, ‘EA A S — M EAR B Z R P, (e fifg
AR AR A, TR T AR SRR A, X
B 25 BOIVRBI 7038 0 MR R AR PR I AR, AR AR
TR SR B B BB AL B A P (4 R

4.3 HURSLAEE FOCPREE R

A MR 3 AR R S AR T R A A S5 A
FU AT LABREN R [ 5, (BRI S
AR B A LA, AT 4% SR o AR L A7 4R e,
BILHIBE TR — AL SR aIE S, AL SHRE

136

RS 1045 5 SRR B AR T B, 75K Bk
SR FEREM T 8% FGmFTsMGmSTF3/4
Ik, LML b3 A2 2 R 3, TEAR R gt
EAE T KRB 7 CCaMK K GmSTF3 /41 iR 1k, it
GmSTF3/45GmFTs HAE, #iME3ERET, 35S
AR A, S IR SR B2 s R,
GmUVR8-GmSTF3MIGmCRY 1s-STF1/2. Fi & Wil 3
UV-Bot, 1M J5 38 0 W e iU, X AN & R
M55 BR80T F27 . i A [ L
1] (1) 7 308 B 52 A A2 AR A5 5 e b R T AR R
KB RIS FHLE, 0 R A A R X R R )
P, X AR R EY) 1) [ T R ) 7 1),

4.4  HUEILAFEEIRAE RS T IRER

FH AR IR K B A [ 200 JiR S . B A v FE BE 1 3k
2, SRHEY W iR HE AN 5 B 1Rk ECIRAS SR 4%
HRIR R B FH R SRR (1 ] 2CRE 77, TP 48 A= 40 [ G
SRR DL R e A A iG sl 2 TR B FE, X — BRI
fi] AT R SR ) . Falt, 7R K OB R LI RE
K225 5 FIGmNAS 1 MIGmNAP 14 21 AR I8 B 5
BT R B RE AT, R 1 R A 8] PR )
T s g 2. TR T T AR R0 200 B PR 40 B T T, R A TR TR
ST QP B R e A o S R R OB ke, e 4R
JEILAE R B[ AR 70, X B AR B TR R R
LA 0 B R 2 o s L

4.5 ML A [ R S A AT AL

) FH B2 TN > 5 AR 2 S R 4 s DA RE 7
AR A RE TRUHRIRE T A [ e SR R R A P 48
FRE, DAS LA 0 2 BRI L A A i 2R R ) A B
ISR A2 ThAg . B g B A ks R A
WRBNE, AR R 2 AW F A R & WA
A A 1R [ OB LR LR S A 05 5 R 1 sh 2
FescAeqe. sb)a, LA BRAR 9 AAER A e REAR R 4 e
SKARIBTE DL R A 1 71 ICHRHR 88 1 2 PR 22k R P A B
KRR 708 % 52 BRI G R B g™,
AT, SRR EOK AR MR R 1) B2 e S AL IR,
BAF RN 7R LA R, XH P OfeRh s E TR
TR AR T X L o ff SR TR A K R R AL T KA
RE G g BAREREM, BT KERRB S
T2 A 0 7 6 2 T 38 1, 2 K T R ) e e



P EBNE: ARl 2025 4F M55 % A1

X8k, R T e A IR G 0 A AR A R R A
AR IR AL, FH7s— P A 3 8 4R A O
Ry e it S A, 5 5 K S A R R
WA SR, R e AR E A&
AEEEALAL S BRI A 1 S BRI U AR 3
ERIAR A SR BN U, BRI e AR L A8
AL IRE TR AT I

4.6 LA YR NS

H T TR B 45T R 2 9 A KR I R T TR
AN HBERAE B =, AT e AT A [ E 7
WIT & J5 T S RHME YRR LA [ AT 7L, R 45
AT H W 7T 2 SR TP E AR R 5 AR B AR R
F G e, BRI A O A S RHEY R ok
FRREAE B 0 0 2 U8 BRI IEAE TRk TR S5 R AR A
Tl JmEetERE A R A BRI R TR, R SR
VLR AH GE YR AR B — o (A2, X RO IR 5 il 2k
AR, Wuds N\ A58 KiEMHI-C
WMFHEA, MEABFFRHRS B (Hippophae rhamnoides)
Pt R S B R A (E HENSO: 65 Mb, JEFI4 K
/IN: 730 Mb), FEFN 3= A F 1246 D et dk 19308124
W B g DR . o A R A R R R L D R RS A R
A TE TR R 45 T R AR L AR AR S A .
4, Zhang?5 NP2k 40 5 [ A58 4 S AR DR )
HAF . AT AR B AR R P R L L B (Fa-
gus sylvatica)FAli L AR (Dryas octopetala) A J iR 8 45
SEAEYN M (Purshia tridentata)lf) 3£ 2H. 1% E2 5000 77 (1)
FERAMOGEIMABFENRFKE 2N, &K
R B AR IR FL B A T SR (A DG Y 459 /AR 498 X

5 USRI ROR KW 2

F R, A AERRR A [ S T s A Fr i,
ARARATS A AR 22 2R V8175 10 JURT HH 30 FR) B e R AT 5 &
FRRMEE, AT EEEREMKRLTEE
Ji T,

5.0 Ay RGE S PG R BAL T TS

RV RENVHAETT I, a0 75T Rk
WL SRR TN 3 oy Y, Xk A
g —2edtob, (HEAIIRTE EL TR Hr MR FEB

e, AR R R IR =, X IFAA T4
HH ) 26 PF NI SE, A A X 800 R AR B 32 21
PR Pt TPA B EsE . R HE M+
BF A RRURE A I 8] 5 51 e i P A= 90 ] i A B A 7
R I3 AL T L B LU B R S U N R, X
AMUKFE TG00 7 X W A4 R IE, B
BRI 5E B SRR AT L4 T

5.2 FEPH%IHES AR A AT

P K 4R 5 B AE D BRI 2 4 AR B R
WY TR, I EA B ra dorE. R
MM, XERWFFEE A — 0 IR AR K & H A TE K
AR A [ EUR B ) AR T RS L WL T e
S WAL S MR R A T - e A [ R A% o 2 (R LA
B DR % T J5 R AR B P o0t i a3 AR AR H B HE R S5 L
fir. R Tk E Paenibacillus ) /)N [ 5 3 K 5 AE T
F T T Rk, BT — B B E AR AT E R
PeAOTOIN gt (B E RAS FA R EE N e/ U
[RIf%, Qo] 7645 8 IR AR 28 B R s 502 [ U O
PRI A% () e AR 2 [ 0B 0 A0S AT TR v R BRURR
L] L 7 B DR A A 2H 2R B B PR R 5T R 0 P SR FEE A
e ] 2l 11 SRR A 2

5.3 JAFEEMEY SHY BT

PE LA R ) B AR B b ANAE AE R T 5 T TR
WAEAE HoAh S A ), A 2 IR B 2R 5
HIR ARG IR A RGHTRE R A AR
ALK, XA AR 1 i B 5 B R A R >,
DAL, T 9T 35 (E SRS IR M A R TR T R i ) 3 A
BT 5 0 5 R AR R 3 A4 ] 260 7 5 A 4 T 3 AT ) L
PRSI 4 278 fitn, AR AR 2 i (ar-
buscular mycorrhizal fungi, AMF)iBid 5 22 K & %5tk
WFRsy, RefRt A B IR 7R 2 S i R TR AR A
B A, T VR A AT AMFATIRR AT
BCH A HASCR, MR A [ A Y AMFR) A
KK B AR, LRI firg FHEYIIR R0 W3
AR P)oe, 753 AMFE Bl ek AR5 M AR 4G, gk
T4 126 P PR AR R ) AR e R 0L T AMF 942 e i
IR T AR P R A A S FRoC 3R, S8 RTE i
Yot Ve R G IR RO6 &k, RN S 458 B
(Nod) )ik, fx 2 He i mfa A W) 45 8 Al & fe

137



e 8 G A YRR S AR [ R TRt R S R

J3P0 B Ah, AMF IR B USSR AR T R
BEAEGRHEY Y. ], AMFIR JUEIR 25, 38
IOy < RS 5 0 T S AMEPREILCOs,
FRNHE R Myc) T, SNodHF—#f, Myclkl T #4H
YR ik 5 AR B L AR A AL AE S . MyclAl
M 1 AMFZH L A O Ca™ - S T 75 5 2 AR 22 A
KEER RIS, (M) REEH. BmA g
K, ZJE W2 HARR G NG KA Y5 AMF ) il
, FTAMFS 15 EEDE 58, dimisSE £
) 5 AMFFEAE 1) [ it 75 B 6 v R AR R
HRONR IR TR L R A 41 B (PGPR) % T AR B A FH B
SCATL ) P I R A SRS AR 2 AT 2 TR i G R
GELY/ N L U G D N E R 5 S| PoE 2V A WX i
SRHEM S RAREDRRZZLHAERT, RRETW
Y. AFREFRITERGE W B H. 5. DLEA
[ P A S A U &R s Y R S
MR B R, ARAEHFR G220 B B4 R %
WEEW, —J7H, ARAFHIR R WY T Re 2 il
SRHEYIR R B A K A G ER R R IE,
FRWEE LK R s 5, RAERE K
B R AR R s, xS R A TR
WAIER R T T SRHEMAR R FACE. AR
WK S AR B 3 () B A MDAV Bl A AN TR 4T s R AR
TP N 25058 A ] A 58 PR e R B ey AR 1)
SR, UL A SR e s AE e ) Ty
[, RAFHS SRR PR AP A BAEH, AT Res ik
BAEMAH R a2 PR KB FENE, FTHR AR PR
LRI, S S X g g A 0108 1O,

54 AR SRR PIRR A 1A LB B oL

T TR 5 9 R AN AE A 5V B o R O
A= 254 T L2 2 1R [ 2008 77 R RE AN 5 2. 91t
FEARE LRy B4 5 ERHEY A 2 T w1
[E &, PR R A K (4lnus rubra Bong.)FJHR
EAEKZEFR, BERA R E R 20 DOk F|
300 kg, IXEE T =HELAORC S A FE AR AR, A
TR T 5 R AR AR I e A [ R I 9 B i v S T
RHEY). TR A 2 TR R R SR A AR Sy S RHE AR
SR B AT, XA S R AR JR AR it
R EENEAR, Mk, ZRAEYIAEXT BB A
B e — 25 B SRR T AR R [ R R L

138

X TR T 45 TR R D RS [ S FE 475 VF 2 AR )
BEANTREDY, il MR, mymsEy
I A R I R RE T T 445 R A M ARRE 3 A ) T R 2
TRCER T 45 TR R 2 S S 2 M R e AT 5 A ] U 1
HRR, A 2R UL B A A T 18 45 R i P
AT 1R A ] R 2 ] 7E AR 2 R G A SR P v
PRI T S5 R R LR E A E B DU B e
(R 45 T8 % (1 DT 2

5.5 HURSLAR I RSB AT

MR PR LA [ B A Bk ) o A RS 5, Hogr
i %2 2 Z SR 2 2. 78 4 BRB o A 3 A
LRI AR RS ST, AR 2 3 B AR A [
PEZS B ] R AS B AU — DR AL B
FUAR IR e AR [ R W B R A AR 9 3 AR ] S REL A B R
ERA AR, IRt AR [ R ) B N g
AR IATIZ I AR, SRR 5 R
968 A (] Ui A A AR R e A (] 250 A2 P 3 1A S ek
T A BRI B A B 23 A e AR SR 24 A A [ o
ARG H A E UL LI F AR, A SR A
TEEAR K Z AR, RS T EE 2 8] T A7 AE
P J Il L, 75 BT A BROAS [R] il b A2 25 2R G [ 2 R
] 2 B A SRR ERAE S RS
HRES = AR [ EE I, B AR S A R E
BORIE, [ B 2 R PR [ B e R A S A 5
AR T S 2, e R R A R T e
TR AV TR 2 B TR 2 b S ) A TR = RO ] S5k
M Z RN, DL SR i (specialists) AL 2 Ff (opportu-
nists) B ZUHCAE VISR BE R FRE, 3k 17 52 e 428 ] 0H
AU ) 7 W 2t 75 AR A S ] RORT 1 B LR
WP REAN 25 RGBT A\ AR DTk,

5.6 FEoEES ARSI

FEREAEE BT, LA R A B B AR 5 AN A
EIRUR(A. B B L ISR AR R,
A R v 2R o B S 3 A [ AR L S Y A B KA
o, 78 IR Bk Z T, it FH W A R e i+ 19k
PR R 2, (2 3k L3 HLBAER™ 1k, 19 A 4w a] 1 HY
JE, R M B A [ B I B RACR, Stk A2
R ECE R SRR R R AR
) FH 280 (1 3 A T AR 02 vl iR s R R 1R T



REBE: ARl 20254 55 % 1

O BRBEARAL, WK AR AR A B
IR R R, IR A [ Uk ) 2L
Ft R EEMH I AR R A
FIFTTIH, KA E 2 AR i, o AR T A
VE, BTN E SR SRHEM I EIC R,
R BRI 5 — VB RO A IR R TR
bR P LR A T T, St R ASRER S AR 7 )
VEHEME, 7E %4 25 XA A M B0 1088, n i n AR [
VERIAIE . S61E . IRAERE RS RIERm 7, 6
FEHEMRNRTIN.. FHEMRN RS, e, $81E.
AR WA 7 R 478 ATEE. TR, A
BRI A P 5 ) 0 AR BN ) 4 %, DU DR AR
S0 AL G R AR R S SR G4, 2
TR 43 245 FE R A0t 7T 5 o R B LV R A, LT
BEARTF 2t AN 25 b7, AR TR SRR RAR
YT 5 AR 10 22 5 ELAMAE AT AL A Y, R
HIER AR, -2 R IE- AR 2 2 RO AR
R, RIEIA B SR R D RETE, 45 B AR AR
VEWD B AU g, AR AR R AY)- 398 52 1ot e 2,
A 2 2 A 3 R Ak B M R L S B T
P M, ROREREAIE I SRS H e 2
B R G, CABRAL VR 8] EL AN B AR, /b il
IF] 5% 4 F, 92 B0 8 i v 25

S5 3k

6 /phzh

EYEA, CHME AR, 2R TR
HNE) AN B (human-managed) A S KRG R EE
7750, ERKE R NSRRI LRGN, ATE x5
FHA KRG BHRZ T, £330 B HOER A ZIK
W R B A S R g, Bl bR G EE. &
B BAESEHER, RIAFHL & BB AN R ARFIA
T ECHL 2 FhOR SRR RORSE. 1 O i (17 S it 0 4
PEFRE LA, RGBT G B
BRIG AR R IR o B A E ML E . — €W
(R AR R L AR ] U A8 IEFE AR AR R T, OB SR
FA N 1) A W) ] Z50 AR o A0 3 e A B B4R R AT AL
8. R G A A BOR T BOR ) U P 1 ]
BE DR 75 51N B R AR FBHE Y I 5 Rk e [ B AE AN Iz 1)
Kok AT AR B S, B 2 R HOR . A
ARUL L2 H 2 EROR, 7870 7248 m R0 0 1 A
LR B S5 R R BRI R K B i TR L
KTk, GG THEDFHAR 5A RS,
TR 98 S Y5 1 ) R BEAT VR N IR R . Wi F0 3 A BE e A
15 A0 T 2 3 V0 ARSI G I P ) B0 R e DR ok B
B B0 R P AR R 3 A [ RN 1) 2 4 £ a8 R Al
TR 3.

1 Chakraborty S, Venkataraman M, Infante V, et al. Scripting a new dialogue between diazotrophs and crops. Trends Microbiol, 2024, 32: 577—

589

2 Ladha J K, Peoples M B, Reddy P M, et al. Biological nitrogen fixation and prospects for ecological intensification in cereal-based cropping

systems. Field Crops Res, 2022, 283: 108541

3 Xu P, Wang E. Diversity and regulation of symbiotic nitrogen fixation in plants. Curr Biol, 2023, 33: R543-R559

10

Wang J L, Liu C, Lei L. Asymbiotic nitrogen-fixing bacteria and their nitrogen fixation potential (in Chinese). Acta Microbiol Sin, 2022, 62:
2861-2878 [E e, X5, AN, <. A G0 R H U . A4, 2022, 62: 2861-2878]

Guo K, Yang J, Yu N, et al. Biological nitrogen fixation in cereal crops: progress, strategies, and perspectives. Plant Commun, 2023, 4: 100499
Xu P X, Han L L, He J Z, et al. Research advance on molecular ecology of asymbiotic nitrogen fixation microbes (in Chinese). Chin J Appl
Ecol, 2017, 28: 3440-3450 [#RMSEE, SENNNN, Pi4C1E, 5. R4 AR EMEY o FESAI TR, MHAESSIR, 2017, 28: 3440—
3450]

Nishida H, Suzaki T. Nitrate-mediated control of root nodule symbiosis. Curr Opin Plant Biol, 2018, 44: 129-136

Yang J, Liu C W, Li X, et al. Advances in the legume-rhizobia symbiosis (in Chinese). J Plant Physiol, 2023, 59: 1407-1435 [# %, X% K, 2=
B, 5. DRMEY- R YA T U S R A AR, 2023, 59: 1407-1435]

Huisman R, Geurts R. A roadmap toward engineered nitrogen-fixing nodule symbiosis. Plant Commun, 2020, 1: 100019

Roy S, Liu W, Nandety R S, et al. Celebrating 20 years of genetic discoveries in legume nodulation and symbiotic nitrogen fixation. Plant Cell,

139


https://doi.org/10.1016/j.tim.2023.08.007
https://doi.org/10.1016/j.fcr.2022.108541
https://doi.org/10.1016/j.cub.2023.04.053
https://doi.org/10.1016/j.xplc.2022.100499
https://doi.org/10.1016/j.pbi.2018.04.006
https://doi.org/10.1016/j.xplc.2019.100019
https://doi.org/10.1105/tpc.19.00279

o

LA YRS B R et e S e

12
13

14
15

16

17
18

19

20
21

22
23

24

25

26

27

28

29

30

31

32

33

34

35

36

140

2020, 32: 1541

Cheng Q. The Earth Is A Clock: a natural history of biological nitrogen fixation and the planetary future (in Chinese). Beijing: Science Press,
2013 [F2&7. MR B(E %R, Jbat: Bl H AL, 2013]

Ardley J, Sprent J. Evolution and biogeography of actinorhizal plants and legumes: a comparison. J Ecol, 2021, 109: 1098-1121

Chen M Y, Teng W K, Zhao L, et al. Phylogenomics uncovers evolutionary trajectory of nitrogen fixation in cyanobacteria. Mol Biol Evol,
2022, 39: msacl71

Santi C, Bogusz D, Franche C. Biological nitrogen fixation in non-legume plants. Ann Bot, 2013, 111: 743-767

Sanchez-Baracaldo P, Bianchini G, Wilson J D, et al. Cyanobacteria and biogeochemical cycles through Earth history. Trends Microbiol, 2022,
30: 143-157

Song C J, Ma K M, Fu B J, et al. A review on the functions of nitrogen-fixers in terrestrial ecosystems (in Chinese). Acta Ecol Sin, 2009, 29:
869-877 [RILZE, h3i M, AN, 5. H BRI HAES RGP INE B . AT, 2009, 29: 869-877]

Rousk K. Biotic and abiotic controls of nitrogen fixation in cyanobacteria-moss associations. New Phytol, 2022, 235: 1330-1335

Vitousek P M, Cassman K, Cleveland C, et al. Towards an ecological understanding of biological nitrogen fixation. Biogeochemistry, 2002, 57:
1-45

Svistoonoff S, Hocher V, Gherbi H. Actinorhizal root nodule symbioses: what is signalling telling on the origins of nodulation? Curr Opin Plant
Biol, 2014, 20: 11-18

Tamme R, Pértel M, Kdljalg U, et al. Global macroecology of nitrogen-fixing plants. Glob Ecol Biogeogr, 2021, 30: 514-526

Yao Y, Han B, Dong X, et al. Disentangling the variability of symbiotic nitrogen fixation rate and the controlling factors. Glob Change Biol,
2024, 30: €17206

Mathesius U. Are legumes different? Origins and consequences of evolving nitrogen fixing symbioses. J Plant Physiol, 2022, 276: 153765
dos Santos D, Joner F, Shipley B, et al. Crop functional diversity drives multiple ecosystem functions during early agroforestry succession. J
Appl Ecol, 2021, 58: 1718-1727

Guinet M, Nicolardot B, Voisin A S. Provision of contrasted nitrogen-related ecosystem services among grain legumes. Agron Sustain Dev,
2020, 40: 33

Wang E T. Plant-rhizobium symbiosis (in Chinese). China Basic Sci, 2016, 18: 21-27 [ £ %% H#-HE LA F & o E AR, 2016,
18: 21-27]

James E K. The seeds of nodulation. J Plant Physiol, 2022, 278: 153812

Herridge D F, Peoples M B, Boddey R M. Global inputs of biological nitrogen fixation in agricultural systems. Plant Soil, 2008, 311: 1-18
Liang H, Zhou G P, Gao S J, et al. Exploring site-specific N application rate to reduce N footprint and increase crop production for green
manure-rice rotation system in southern China. J Environ Manage, 2023, 347: 119033

Zhao J, Chen J, Beillouin D, et al. Global systematic review with meta-analysis reveals yield advantage of legume-based rotations and its
drivers. Nat Commun, 2022, 13: 4926

Gu C, Huang W, Li Y, et al. Green manure amendment can reduce nitrogen fertilizer application rates for oilseed rape in maize-oilseed rape
rotation. Plants, 2021, 10: 2640

Cai Y, Hao M D. Effects of rotation model and period on wheat yield, nutrient uptake and soil fertility in the Loess Plateau (in Chinese). J Plant
Nutr Fert, 2015, 21: 864872 [ %41, W&, Fe AR 30 38 L I R /N 22 7= B SR WRSORI 38 JIE 0 ) S ). A8 o7 5 IR 27
%, 2015, 21: 864-872]

Li X F, Wang Z G, Bao X G, et al. Long-term increased grain yield and soil fertility from intercropping. Nat Sustain, 2021, 4: 943-950
Wang X, Gao Y, Zhang H, et al. Enhancement of rhizosphere citric acid and decrease of NO; /NH," ratio by root interactions facilitate N
fixation and transfer. Plant Soil, 2020, 447: 169-182

Wang X, Gao Y. Advances in the mechanism of cereal/legume intercropping promotion of symbiotic nitrogen fixation (in Chinese). Chin Sci
Bull, 2020, 65: 142-149 [E#1 5%, myed. RAEY SRHEMEGE SR LA [ ZLERRT 7T . Bl 2k, 2020, 65: 142-149]

Hu B, Flemetakis E, Liu Z, et al. Significance of nitrogen-fixing actinorhizal symbioses for restoration of depleted, degraded, and contaminated
soil. Trends Plant Sci, 2023, 28: 752-764

Zhao Y Z, Wang H M, Wang Z Q. The role of leguminous plants and rhizobium in ecological environment (in Chinese). Agro Environ Dev,


https://doi.org/10.1111/1365-2745.13600
https://doi.org/10.1093/aob/mct048
https://doi.org/10.1111/nph.18264
https://doi.org/10.1023/A:1015798428743
https://doi.org/10.1111/gcb.17206
https://doi.org/10.1016/j.jplph.2022.153765
https://doi.org/10.1111/1365-2664.13930
https://doi.org/10.1111/1365-2664.13930
https://doi.org/10.1007/s13593-020-00637-0
https://doi.org/10.1016/j.jplph.2022.153812
https://doi.org/10.1007/s11104-008-9668-3
https://doi.org/10.1016/j.jenvman.2023.119033
https://doi.org/10.1038/s41467-022-32464-0
https://doi.org/10.3390/plants10122640
https://doi.org/10.1038/s41893-021-00767-7
https://doi.org/10.1007/s11104-018-03918-6
https://doi.org/10.1360/TB-2019-0138
https://doi.org/10.1360/TB-2019-0138
https://doi.org/10.1016/j.tplants.2023.03.005

REBE: ARl 20254 55 % 1

37

38

39

40

41

42

43

44

45

46
47

48

49

50

51

52

53
54

55

56

57

58

59

60
61

62
63
64

2013, 30: 7-12 [&HFF, b, 7 H R ZRHEY AR B R ARSI I A R E . RO 5 KR, 2013, 30: 7-12]

Mosley O E, Gios E, Close M, et al. Nitrogen cycling and microbial cooperation in the terrestrial subsurface. ISME J, 2022, 16: 2561-2573
Kuypers M M M, Marchant H K, Kartal B. The microbial nitrogen-cycling network. Nat Rev Microbiol, 2018, 16: 263-276

Humphreys J, Lan R, Tao S. Development and recent progress on ammonia synthesis catalysts for Haber-Bosch process. Adv Energy Mater,
2021, 2: 2000043

Stokstad E. The nitrogen fix. Science, 2016, 353: 1225-1227

Hayashi K. Nitrogen cycling and management focusing on the central role of soils: a review. Soil Sci Plant Nutr, 2022, 68: 514-525
Fowler D, Coyle M, Skiba U, et al. The global nitrogen cycle in the twenty-first century. Philos Trans R Soc Lond B Biol Sci, 2013, 368:
20130164

Davies-Barnard T, Friedlingstein P. The global distribution of biological nitrogen fixation in terrestrial natural ecosystems. Glob Biogeochem
Cycle, 2020, 34: €2019GB006387

Zhang L, Wang X, Wang J, et al. Alpine meadow degradation depresses soil nitrogen fixation by regulating plant functional groups and
diazotrophic community composition. Plant Soil, 2022, 473: 319-335

Vitousek P M, Menge D N L, Reed S C, et al. Biological nitrogen fixation: rates, patterns and ecological controls in terrestrial ecosystems.Philos
Trans R Soc Lond B Biol Sci, 2013, 368: 20130119

Unkovich M, Herridge D, Peoples M, et al. Measuring plants-associated nitrogen fixation in agricultural systems. ACIAR, 2008, 136: 258
Ladha J K, Tirol-Padre A, Reddy C K, et al. Global nitrogen budgets in cereals: a 50-year assessment for maize, rice and wheat production
systems. Sci Rep, 2016, 6: 19355

Kebede E. Contribution, utilization, and improvement of legumes-driven biological nitrogen fixation in agricultural systems. Front Sustain Food
Syst, 2021, 5: 767998

Kou-Giesbrecht S, Menge D. Nitrogen-fixing trees could exacerbate climate change under elevated nitrogen deposition. Nat Commun, 2019, 10:
1493

Libourel C, Keller J, Brichet L, et al. Comparative phylotranscriptomics reveals ancestral and derived root nodule symbiosis programmes. Nat
Plants, 2023, 9: 1067-1080

Griesmann M, Chang Y, Liu X, et al. Phylogenomics reveals multiple losses of nitrogen-fixing root nodule symbiosis. Science, 2018, 361:
eaat1743

Zhang Y, Fu Y, Xian W, et al. Comparative phylogenomics and phylotranscriptomics provide insights into the genetic complexity of nitrogen-
fixing root-nodule symbiosis. Plant Commun, 2024, 5: 100671

Delaux P M, Radhakrishnan G, Oldroyd G. Tracing the evolutionary path to nitrogen-fixing crops. Curr Opin Plant Biol, 2015, 26: 95-99
Kipp M A, Stiicken E E, Stromberg C A E, et al. Nitrogen isotopes reveal independent origins of N,-fixing symbiosis in extant cycad lineages.
Nat Ecol Evol, 2024, 8: 57-69

Sprent J I, Ardley J, James E K. Biogeography of nodulated legumes and their nitrogen-fixing symbionts. New Phytol, 2017, 215: 40-56
Doyle J J. Chasing unicorns: nodulation origins and the paradox of novelty. Am J Bot, 2016, 103: 1865-1868

Soltis D E, Soltis P S, Morgan D R, et al. Chloroplast gene sequence data suggest a single origin of the predisposition for symbiotic nitrogen
fixation in angiosperms. Proc Natl Acad Sci USA, 1995, 92: 26472651

van Velzen R, Holmer R, Bu F, et al. Comparative genomics of the nonlegume Parasponia reveals insights into evolution of nitrogen-fixing
rhizobium symbioses. Proc Natl Acad Sci USA, 2018, 115: E4700-E4709

Zhang R, Wang Y H, Jin J J, et al. Exploration of plastid phylogenomic conflict yields new insights into the deep relationships of Leguminosae.
Syst Biol, 2020, 69: 613-622

Behm J E, Geurts R, Kiers E T. Parasponia: a novel system for studying mutualism stability. Trends Plant Sci, 2014, 19: 757-763

van Velzen R, Doyle J J, Geurts R. A resurrected scenario: single gain and massive loss of nitrogen-fixing nodulation. Trends Plant Sci, 2019,
24: 49-57

Li HT, Luo Y, Gan L, et al. Plastid phylogenomic insights into relationships of all flowering plant families. BMC Biol, 2021, 19: 232
Downie J A. Legume nodulation. Curr Biol, 2014, 24: 184-190

Luo Z, Liu H, Xie F. Cellular and molecular basis of symbiotic nodule development. Curr Opin Plant Biol, 2023, 76: 102478

141


https://doi.org/10.1038/s41396-022-01300-0
https://doi.org/10.1038/nrmicro.2018.9
https://doi.org/10.1126/science.353.6305.1225
https://doi.org/10.1080/00380768.2022.2125789
https://doi.org/10.1029/2019GB006387
https://doi.org/10.1029/2019GB006387
https://doi.org/10.1007/s11104-021-05287-z
https://doi.org/10.1038/srep19355
https://doi.org/10.3389/fsufs.2021.767998
https://doi.org/10.3389/fsufs.2021.767998
https://doi.org/10.1038/s41467-019-09424-2
https://doi.org/10.1038/s41477-023-01441-w
https://doi.org/10.1038/s41477-023-01441-w
https://doi.org/10.1126/science.aat1743
https://doi.org/10.1016/j.xplc.2023.100671
https://doi.org/10.1016/j.pbi.2015.06.003
https://doi.org/10.1038/s41559-023-02251-1
https://doi.org/10.1111/nph.14474
https://doi.org/10.3732/ajb.1600260
https://doi.org/10.1073/pnas.92.7.2647
https://doi.org/10.1073/pnas.1721395115
https://doi.org/10.1016/j.tplants.2014.08.007
https://doi.org/10.1016/j.tplants.2018.10.005
https://doi.org/10.1186/s12915-021-01166-2
https://doi.org/10.1016/j.pbi.2023.102478

o

LA YRS B R et e S e

65

66
67

68

69
70

71
72

73

74

75

76
77

78

79

80

81

82

83

84

85

86

87

88

89

142

Ye Q, Zhu F, Sun F, et al. Differentiation trajectories and biofunctions of symbiotic and un-symbiotic fate cells in root nodules of Medicago
truncatula. Mol Plant, 2022, 15: 1852-1867

Liu S B, Ratet P, Magne K. Nodule diversity, evolution, organogenesis and identity. Adv Bot Res, 2020, 94: 119-148

Zhao Y, Zhang R, Jiang K W, et al. Nuclear phylotranscriptomics and phylogenomics support numerous polyploidization events and hypotheses
for the evolution of rhizobial nitrogen-fixing symbiosis in Fabaceae. Mol Plant, 2021, 14: 748-773

Mergaert P, Kereszt A, Kondorosi E. Gene expression in nitrogen-fixing symbiotic nodule cells in Medicago truncatula and other nodulating
plants. Plant Cell, 2020, 32: 42-68

Wang D, Dong W, Murray J, et al. Innovation and appropriation in mycorrhizal and rhizobial Symbioses. Plant Cell, 2022, 34: 1573-1599
Wang C, Li M, Zhao Y, et al. SHORT-ROOT paralogs mediate feedforward regulation of D-type cyclin to promote nodule formation in soybean.
Proc Natl Acad Sci USA, 2022, 119: €2108641119

Dong W, Zhu Y, Chang H, et al. An SHR-SCR module specifies legume cortical cell fate to enable nodulation. Nature, 2021, 589: 586-590
Feng J, Lee T, Schiessl K, et al. Processing of NODULE INCEPTION controls the transition to nitrogen fixation in root nodules. Science, 2021,
374: 629-632

Soyano T, Shimoda Y, Kawaguchi M, et al. A shared gene drives lateral root development and root nodule symbiosis pathways in Lotus.
Science, 2019, 366: 1021-1023

Schiessl K, Lilley J L S, Lee T, et al. NODULE INCEPTION recruits the lateral root developmental program for symbiotic nodule organogenesis
in Medicago truncatula. Curr Biol, 2019, 29: 3657-3668.e5

Lee T, Orvosova M, Batzenschlager M, et al. Light-sensitive short hypocotyl genes confer symbiotic nodule identity in the legume Medicago
truncatula. Curr Biol, 2024, 34: 825-840.e7

Taylor B N, Menge D N L. Light regulates tropical symbiotic nitrogen fixation more strongly than soil nitrogen. Nat Plants, 2018, 4: 655-661
Zhang C C, Zhou C Z, Burnap R L, et al. Carbon/nitrogen metabolic balance: lessons from cyanobacteria. Trends Plant Sci, 2018, 23: 1116—
1130

Wang T, Guo J, Peng Y, et al. Light-induced mobile factors from shoots regulate rhizobium-triggered soybean root nodulation. Science, 2021,
374: 65-71

Chen J, Xu H, Liu Q, et al. Shoot-to-root communication via GmUVR8-GmSTF3 photosignaling and flavonoid biosynthesis fine-tunes soybean
nodulation under UV-B light. New Phytol, 2024, 241: 209-226

Ji H, Xiao R, Lyu X, et al. Differential light-dependent regulation of soybean nodulation by papilionoid-specific HY5 homologs. Curr Biol,
2022, 32: 783-795.¢5

Ke X, Xiao H, Peng Y, et al. Phosphoenolpyruvate reallocation links nitrogen fixation rates to root nodule energy state. Science, 2022, 378:
971-977

Liu Z, Yang J, Long Y, et al. Single-nucleus transcriptomes reveal spatiotemporal symbiotic perception and early response in Medicago. Nat
Plants, 2023, 9: 1734-1748

Frank M, Fechete L I, Tedeschi F, et al. Single-cell analysis identifies genes facilitating rhizobium infection in Lotus japonicus. Nat Commun,
2023, 14: 7171

Sun Z, Jiang S, Wang D, et al. Single-cell RNA-seq of Lotus japonicus provide insights into identification and function of root cell types of
legume. JIPB, 2023, 65: 1147-1152

Sun B, Wang Y, Yang Q, et al. A high-resolution transcriptomic atlas depicting nitrogen fixation and nodule development in soybean. J Integr
Plant Biol, 2023, 65: 1536-1552

Liu Z, Kong X, Long Y, et al. Integrated single-nucleus and spatial transcriptomics captures transitional states in soybean nodule maturation.
Nat Plants, 2023, 9: 515-524

Wu Z, Chen H, Pan Y, et al. Genome of Hippophae rhamnoides provides insights into a conserved molecular mechanism in actinorhizal and
rhizobial symbioses. New Phytol, 2022, 235: 276-291

Soper F M, Boutton T W, Sparks J P. Investigating patterns of symbiotic nitrogen fixation during vegetation change from grassland to woodland
using fine scale 6"°N measurements. Plant Cell Environ, 2015, 38: 89-100

Zhang H, Plett ] M, Catunda K L M et al. Rapid quantification of biological nitrogen fixation using optical spectroscopy. J Exp Bot, 2024, 75:


https://doi.org/10.1016/j.molp.2022.10.019
https://doi.org/10.1016/j.molp.2021.02.006
https://doi.org/10.1105/tpc.19.00494
https://doi.org/10.1093/plcell/koac039
https://doi.org/10.1073/pnas.2108641119
https://doi.org/10.1038/s41586-020-3016-z
https://doi.org/10.1126/science.abg2804
https://doi.org/10.1126/science.aax2153
https://doi.org/10.1016/j.cub.2019.09.005
https://doi.org/10.1016/j.cub.2024.01.018
https://doi.org/10.1038/s41477-018-0231-9
https://doi.org/10.1016/j.tplants.2018.09.008
https://doi.org/10.1126/science.abh2890
https://doi.org/10.1111/nph.19353
https://doi.org/10.1016/j.cub.2021.12.041
https://doi.org/10.1126/science.abq8591
https://doi.org/10.1038/s41477-023-01524-8
https://doi.org/10.1038/s41477-023-01524-8
https://doi.org/10.1038/s41467-023-42911-1
https://doi.org/10.1111/jipb.13435
https://doi.org/10.1111/jipb.13495
https://doi.org/10.1111/jipb.13495
https://doi.org/10.1038/s41477-023-01387-z
https://doi.org/10.1111/nph.18017
https://doi.org/10.1111/pce.12373

REBE: ARl 20254 55 % 1

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111
112

113

760-771

Yao Q H, Peng R H, Tian Y S, et al. Endowing plants with the capacity for autogenic nitrogen fixation. Res Square, 2021, doi: 10.21203/rs.3.1s-
436726/v1

Bellenger J P, Darnajoux R, Zhang X, et al. Biological nitrogen fixation by alternative nitrogenases in terrestrial ecosystems: a review.
Biogeochemistry, 2020, 149: 53-73

Mommer L, Kirkegaard J, van Ruijven J. Root-root interactions: towards a rhizosphere framework. Trends Plant Sci, 2016, 21: 209-217
Venturi V, Keel C. Signaling in the Rhizosphere. Trends Plant Sci, 2016, 21: 187-198

Djighaly P I, Diagne N, Ngom D, et al. Effect of symbiotic associations with Frankia and arbuscular mycorrhizal fungi on antioxidant activity
and cell ultrastructure in C. equisetifolia and C. obesa under salt stress. J For Res, 2022, 27: 117-127

Zheng M, Zhou Z, Zhao P, et al. Effects of human disturbance activities and environmental change factors on terrestrial nitrogen fixation. Glob
Change Biol, 2020, 26: 6203—6217

Yu H, Liu X, Yang C, et al. Co-symbiosis of arbuscular mycorrhizal fungi (AMF) and diazotrophs promote biological nitrogen fixation in
mangrove ecosystems. Soil Biol Biochem, 2021, 161: 108382

Sakamoto K, Ogiwara N, Kaji T, et al. Transcriptome analysis of soybean (Glycine max) root genes differentially expressed in rhizobial,
arbuscular mycorrhizal, and dual symbiosis. J Plant Res, 2019, 132: 541-568

Abdel-Lateif K, Bogusz D, Hocher V. The role of flavonoids in the establishment of plant roots endosymbioses with arbuscular mycorrhiza
fungi, rhizobia and Frankia bacteria. Plant Signal Behav, 2012, 7: 636-641

Duan H X, Shi Q, Kang S P, et al. Advances in research on the interactions among arbuscular mycorrhizal fungi, rhizobia, and plants (in
Chinese). Acta Pratacul Sin, 2024, 33: 166182 [BoifgEg, i, AN, 5. A B AR 2 B AARR B S5 SL AR T AUt Jg . Bk 24, 2024,
33: 166-182]

Tsikou D, Nikolaou C N, Tsiknia M, et al. Interplay between rhizobial nodulation and arbuscular mycorrhizal fungal colonization in Lotus

Japonicus roots. J Appl Microbiol, 2023, 134: 1xac010

Zhang H, Wang X, Gao Y, et al. Short-term N transfer from alfalfa to maize is dependent more on arbuscular mycorrhizal fungi than root
exudates in N deficient soil. Plant Soil, 2020, 446: 2341

Dong W, Song Y. The significance of flavonoids in the process of biological nitrogen fixation. Int J Mol Sci, 2020, 21: 5926

Dagan R, Dovrat G, Masci T, et al. Competition-induced downregulation of symbiotic nitrogen fixation. New Phytol, 2023, 240: 2288-2297
Chamkhi I, Cheto S, Geistlinger J, et al. Legume-based intercropping systems promote beneficial rhizobacterial community and crop yield under
stressing conditions. Industrial Crops Products, 2022, 183: 114958

HuHY, Li H, Hao M M, et al. Nitrogen fixation and crop productivity enhancements co-driven by intercrop root exudates and key rhizosphere
bacteria. J Appl Ecol, 2021, 58: 2243-2255

Zheng M, Zhou Z, Luo Y, et al. Global pattern and controls of biological nitrogen fixation under nutrient enrichment: a meta-analysis. Glob
Change Biol, 2019, 25: 3018-3030

LiB,Li Y Y, Wu H M, et al. Root exudates drive interspecific facilitation by enhancing nodulation and N, fixation. Proc Natl Acad Sci USA,
2016, 113: 64966501

Dang K, Gong X, Zhao G, et al. Intercropping alters the soil microbial diversity and community to facilitate nitrogen assimilation: a potential
mechanism for increasing proso millet grain yield. Front Microbiol, 2020, 11: 601054

Guo Q, Yan L, Korpelainen H, et al. Plant-plant interactions and N fertilization shape soil bacterial and fungal communities. Soil Biol Biochem,
2019, 128: 127-138

Han Q, Ma Q, Chen Y, et al. Variation in rhizosphere microbial communities and its association with the symbiotic efficiency of rhizobia in
soybean. ISME J, 2020, 14: 1915-1928

Chen W X, Wang E T. Rhizobia in China (in Chinese). Beijing: Science Press, 2011 [ 3CHT, JER¥E. 1 EARE . dbat: Bt i, 2011]
Gupta V'V S R, Roley S S. Nitrogen: non-symbiotic nitrogen fixation in soils. In Scott A. Elias ed. Reference Module in Earth Systems and
Environmental Sciences. Amsterdam: Elsevier, 2023

Hu W, Wang X, Xu Y, et al. Biological nitrogen fixation and the role of soil diazotroph niche breadth in representative terrestrial ecosystems.

Soil Biol Biochem, 2024, 189: 109261

143


https://doi.org/10.1007/s10533-020-00666-7
https://doi.org/10.1016/j.tplants.2016.01.009
https://doi.org/10.1016/j.tplants.2016.01.005
https://doi.org/10.1080/13416979.2022.2037837
https://doi.org/10.1111/gcb.15328
https://doi.org/10.1111/gcb.15328
https://doi.org/10.1016/j.soilbio.2021.108382
https://doi.org/10.1007/s10265-019-01117-7
https://doi.org/10.4161/psb.20039
https://doi.org/10.1093/jambio/lxac010
https://doi.org/10.1007/s11104-019-04333-1
https://doi.org/10.3390/ijms21165926
https://doi.org/10.1111/nph.19322
https://doi.org/10.1016/j.indcrop.2022.114958
https://doi.org/10.1111/1365-2664.13964
https://doi.org/10.1111/gcb.14705
https://doi.org/10.1111/gcb.14705
https://doi.org/10.1073/pnas.1523580113
https://doi.org/10.3389/fmicb.2020.601054
https://doi.org/10.1016/j.soilbio.2018.10.018
https://doi.org/10.1038/s41396-020-0648-9
https://doi.org/10.1016/j.soilbio.2023.109261

o

LA YRS B R et e S e

114

115

116

117

118

119

120

121

122

123

144

Tognetti P M, Prober S M, Béez S, et al. Negative effects of nitrogen override positive effects of phosphorus on grassland legumes worldwide.
Proc Natl Acad Sci USA, 2021, 118: €2023718118

Schleuss P M, Widdig M, Heintz-Buschart A, et al. Interactions of nitrogen and phosphorus cycling promote P acquisition and explain
synergistic plant-growth responses. Ecology, 2020, 101: e03003

Zhong Y, Tian J, Li X, et al. Cooperative interactions between nitrogen fixation and phosphorus nutrition in legumes. New Phytol, 2023, 237:
734-745

Li M, Zhang P, Guo Z, et al. Molybdenum nanofertilizer boosts biological nitrogen fixation and yield of soybean through delaying nodule
senescence and nutrition enhancement. ACS Nano, 2023, 17: 14761-14774

Cao X, Yue L, Wang C, et al. Foliar application with iron oxide nanomaterials stimulate nitrogen fixation, yield, and nutritional quality of
soybean. ACS Nano, 2022, 16: 1170-1181

Yang S, Zhao Y, Xu Y, et al. Yield performance response to field configuration of maize and soybean intercropping in China: a meta-analysis.
Field Crops Res, 2024, 306: 109235

Qiao M, Sun R, Wang Z, et al. Legume rhizodeposition promotes nitrogen fixation by soil microbiota under crop diversification. Nat Commun,
2024, 15: 2924

Duan Y, Wang T, Zhang P, et al. The effect of intercropping leguminous green manure on theanine accumulation in the tea plant: a metagenomic
analysis. Plant Cell Environ, 2024, 47: 1141-1159

Yang X, Xiong J, Du T, et al. Diversifying crop rotation increases food production, reduces net greenhouse gas emissions and improves soil
health. Nat Commun, 2024, 15: 198

Guo M Q, Liu L, Jing J Y, et al. Species selection for no-tillage reseeding in grassland restoration based on plant-soil feedback. Acta Pratacul
Sin, 2023, 32:14-23 [FRILIH, KTk, 2L, . e THW- 3 SR SRR AL B JR S B AN R B ST Rk BT . Bk 224, 2023, 32: 14—
23]


https://doi.org/10.1073/pnas.2023718118
https://doi.org/10.1002/ecy.3003
https://doi.org/10.1111/nph.18593
https://doi.org/10.1021/acsnano.3c02783
https://doi.org/10.1021/acsnano.1c08977
https://doi.org/10.1016/j.fcr.2023.109235
https://doi.org/10.1038/s41467-024-47159-x
https://doi.org/10.1111/pce.14784
https://doi.org/10.1038/s41467-023-44464-9

REBE: ARl 20254 55 % 1

Advances and prospects in plant root nodule symbiotic nitrogen
fixation

GAO YingZhi"*" & REN Jian'

! Key Laboratory of Vegetation Ecology of the Ministry of Education, State Environmental Protection Key Laboratory of Wetland Ecology and
Vegetation Restoration, Jilin Songnen Grassland Ecosystem National Observation and Research Station, Institute of Grassland Science, Northeast
Normal University, Changchun 130024, China
2 Key Laboratory of Grassland Resources and Ecology of Western Arid Desert Area of the Ministry of Education, College of Grassland Science,
Xinjiang Agricultural University, Urumgqi 830052, China
* Corresponding author, E-mail: gaoyzl08@nenu.edu.cn

Symbiotic nitrogen fixation in plant root nodules refers to the formation of nitrogen-fixing “organs”, root nodules, during the
symbiotic process between a host plant and diazotrophic microorganisms. This includes symbiosis between legumes and rhizobia and
between actinorhizal plants and Frankia. Annually, approximately 2.59x10" tons of nitrogen are fixed by root-nodule symbioses,
accounting for approximately 29.4% of the total biologically fixed nitrogen in terrestrial ecosystems. Root-nodule symbiosis between
legumes and rhizobia is one of the most efficient biological nitrogen fixation systems and has significant ecological and economic
value. Root nodules exhibit complex phylogenetic and developmental characteristics. This complexity is apparent not only in the
exclusive presence of root nodules in the “nitrogen-fixing nodulation clade” distributed among the orders Fabales, Cucurbitales,
Fagales, and Rosales but also in the structural differences of root nodules between legumes and actinorhizal plants, ultimately
influencing the evolutionary paths of different nodule lineages. Recent progress in root nodule symbiotic nitrogen fixation has led to
outstanding achievements in the evolution of symbiotic nitrogen fixation, genetics and developmental biology, light environmental
regulation, and carbon energy factor regulation that underpin it. Future research should focus on the mechanisms of actinorhizal plant
root nodule symbiosis, the eco-geography of symbiotic nitrogen fixation, the underlying mechanisms of the interaction between the
symbiotic nitrogen-fixing microbes and plants, and relative studies should evaluate gene editing and synthetic biology. These studies
aim to utilize root-nodule symbiosis in the future and provide both practical and theoretical foundations for creating greener,
sustainable agricultural development.

rhizobia, Frankia, root nodule symbiotic nitrogen fixation, nitrogen-fixing nodulation clade, phylogenetic
evolution
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