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HINH (Azoarcus) . F=H81E (Alcaligenes) . WFT & (En-
terobacter) . i AAKE (Klebsiella) . MG (Pseu-
domonas). 1ASLICH (Burkholderia). ANshFTH (Acine-
tobacter), WXL (Erwinia). Bk (Flavobacter-
ium) . FEZFAUFF I (Paenibacillus) 516 N 2 )& AR
FRRRPL MIF TR S SR IIE A B A Ik
RMEAEH), BEA AR 518 EAYOCR T R
B, BT TR R SRR 1, TR A
TR B SR SRS R GE, MR R - e
i, SR AR XREVEIEAIE Ry A 454, xut
AR 2500 TR FEPARER, TEARARHEY N+
Ko KFEL HRE. ANE) R EIEW I . i,
FEAR VYA FOK A A SRR S A R L B
Y T ] SRR R, LA [ R TR AT S R R R
Wi 80% A -1 BHFFT I, A R U T i AL H AR
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M TR A M X)) B AR B G [ TR bR
20002 0k, A XIEE A SR AEAb bt e 1
AR). b AL . wrEg) . FEAECHOR . S TUR
(= PR ZRACCR IR IS8 1(a)), 3B I T
M55 Azospirillum . Paenibacillus . Fontibacillus . Kleb-
siella. Burkholderia. Cohnella. Arthrobacter. Acine-
tobacter. Ochrobactrum®5Jg. THRACIRL R S3H1 4 IH
85%LA BB A FAMEYI(EAR . /N KREDIRPR, H
AR H 2% 28 TR B8 3 S B AR AR B

AR BN T 19844F LB 43 B IT4RIE 1 Wbk o %
PRI T R —— E62(E KRR R)FIE 63 (F3RAR R),
2 YK Azospirillum brasilense (E 7 [E IR ). H
62 B [ U 1 (L sk e ) U B2
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HAMEREEY REVEE TR ), RETEEK . /N |
IKAE AR R SR N LS ZE | 4 ] PR s
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< &
3 g2 o 3
(a) (b) 8 e & &
T S Z @
S > & vl i
30 3 s 3 & £ 3
\ = - % %% g & X & & &®
REBE  HEHE | REX  AENE s hvy (5885
> S B = S 3 ¥ @ &
<. w C = @ N 2 &
= %, 5 & % g § ¢ J & &
R 254 2t 89 %, % %32t §98§85F M o
S, %, G- o o & 6
og)1| 65 o 86 o ey g, %, % % F ¢’ o o
ey, S, 2 N o e o e
Nill=z) 119 iE 39 Bocry, o, % W e
YA M= Yess, ., 0 2 of
N Paepy, ey, 2, WS i
ST 211 L 58 g1 05 il
. a€nibaciy) Us y, 8 Ko P AMAA
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6812 o iensis SX-49
% 7251 52 B%ﬁ 39 Paenibacillus stellifer Bs63 K Paenibacillus maysiensis SX
; inensis 39 Paenibaciliys grig;e;
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RGERTM. BRI B RR (5 1 PR T S P S AT BAGH 13 L N A AT 25 RE o),

A Paenibacillus)E I 21~ Cohnella)&)

BB BRI S R T I (a) I B HRR AL M RBHESETT; (b) 25T 16S rRNAJE KR A B 2R AT I . TRUR Y

H 2T AR AR BA & 1Y 154 B 0B A (13

Figure 1 Distribution and phylogenetic analysis of associative diazotrophs. (a) Geographic distribution and quantitative statistics of isolated strains.
(b) Phylogenetic tree based on 16S rRNA gene sequences of nitrogen-fixing Paenibacillus and Cohnella strains, incorporating isolates with conserved
nif gene clusters (including internationally published species and those identified through genomic analysis), with red labels indicating the 15 novel
nitrogen-fixing species published published by our team (13 in Paenibacillus and 2 in Cohnella)

4371



M4 Z b B 2025598 F70% L2558

RIAAIE 7 T L 7Y [5] UE TRT 7R AR ) 1 PN 1 5 4 2L
FERRPE XL 508 FHARDLH], AR HUMIE S
RN R AR-AE D PR AR T SR A 1 OGS,
15 [T 20 TR0 1) EH ) 1 R A B 1 B R iy HI AR
oAl

B = XU BA 1 200 1 4F 2 5 £ T [ 028 2 A AT i
(Paenibacillus) 5T, FHAS 200 5 LB A A 2890
FFTE R (Bacillus). 19934F, Ash2 AUV 55 <7 2628 40
. R E20254F6 H 1 H (http://www.bacterio.net/pae-
nibacillus.html), 1)@ E 1 5 415 FPAI8ANIE A, HAR
BN Paenibacillus polymyxa ATCC 842", US4
BB Z 0 FARPR B3 . KA K &SRS,
B4 R 28R RA BB ARG S, 252K KRN
[ A IS ZEAOAT R R A 254, Ho R = XU BA & 5%
Mt T13HF, fdE: P. sabinae (5= ILAAMRFR) .
P. zanthoxyli (AEMURPR). P. forsythia (GEEMRFFR).
P. sonchi (EEIEMPR). P. sophorae (FHIHRFR).
P. jilunlii (BKIF3ARBR) . P. taohuashanense (8539 )LAR
Br). P. triticisoli (/NERRPR). P. maysiensis (F KM
bR). P. caui (BEFPARPR). P. sinensis (KFG. FeAMR

F1 EAERE B SRR Y A R A ALY

FR). P. haidiansis (E%MFR). P. sanfengchensis (7KFg
PR 2 SR R G KT W A T4
532 (KIL(b)), BREAR . RABMEY MR 5 20
AL, FEMARIL T H TR EE . AR EE N
THIA 1000 R E A AT IR B IR I, 2 E NS
IR R 22 0 SR . [ RS SRAT R 2R, Bt
WPESR, TR, #A k2 e A LR G B Ak
RN, XS ARTEAE YT 2R 2R, A
FEEABRGETE . EREAL. Wi, R i
Ve, WHERVE . IMBEPE AR K ARG, il
IREMEERRP. triticisoli BI-18F1P. polymyxa WLY78
(T FARFR) 2 GFPARICUESEREFE /N AE . oK. B
VEMIROMR R . RN, 228l bR e mt™!, A
WS PUR IR BRI 2R EY A K POI(EIST). iR
B LRI 2H J A 2 BH G 18 800 P o oM T — Oy i 22
B 1 [ 5 L R % (nitrogen fixation (nif) cluster)(210 kb),
59 nif N (nifBHDKENXhes AnifV); 873 WK A nif
RSB orfl, N TnifENXZER T ALEifif L
¥ WnifB . nifHDKFEH , 4~6%% Ul fnitrogenase-like 3
Kl (nifH-like, nifD-like, nifK-like3EP), 9B EAEAE S

Table 1 Physiological and biochemical properties of representative associative diazotrophic strains

o (3] SR P IAAP & N (AL o
ik (nmol C,H,/(mg protein/h)) (ng/mL) R S (mg/L) (mmol/L) IWEE
A. brasilense Yu62 (£62) 938.9 >50 - ND -
e " (7 Fusaricidin, FEERZ), XK
P. polymyxa WLY78 3385:214.8 46.6+2.8 ‘ﬁfﬂj‘g;%}ﬁf&gi;'l’ - RIHH . RS AT . R
" : WAL AR
P. sabinae T27 7218+392.8 - - 300 55
- H(Surfactin, FEREERE ), XK
P. triticisoli BJ-18 992.8+95.0 24.9+1.2 {ﬁﬁ)ﬁﬁ%&ﬁ?ﬁfgs’ ND AT . R . RIGEHE |
IO WAL A MRIVE
. 3 (F=Fusaricidin®), XF 24 /]
Paenibacillus sp. 1-43 908.2+27.6 49.9+3.6 {gﬁ;ﬁ%}eﬁgﬁf@ ND . RO, R . RKEH
" : A HiIEH
o WA L4203, S, RTIRAUGRITTH . RATLLA%TH
P. maysiensis SX-49 1124.6+11.9 26.3+4.2 MR 5£0.7 ND WO . KA TV
Paenibacillus sp. AH-4 7660.3+603.6 - ND 300 55
W, KR LALR . RARITH
Paenibacillus sp. BJ-4 3083.9+239.5 >4 ND ND INAEIREEIATA B R IITA . AR
A A FHAR AR 7155 R
e . 58 (7= Tyrocidine%s), X} KA %10
Paenibacillus sp. TD94 1555.8+110.0 30.144.7 *ﬁgﬁ?ﬁ%ﬁ%ﬁg’ ND RAFLLIZTR . IRYRAIT . RS

Paenibacillus peoriae A22 2289+169.2 -

AR
SR, XPERCER . WERE . B2
FRFETR . R BRI . S ARTA
TN FAL A SR A R R

a) $d sk 422 3k [6,10,24~29]. —, £KI; ND (not detected), A4 %]

4372


http://www.bacterio.net/paenibacillus.html
http://www.bacterio.net/paenibacillus.html

ISk

Bk [P SR () BB [ SRR (v R S PR 12932340 i
W RIEH IS, T ERIER A PR HE . IAAG
A PURPI R A AR (ES P, tkab, HAE
K22 T AT LG R & (Cohnella) WS8R Cohnella
capsici (BHRFR) M Cohnella plantaginis (Z-HijHAR
73 R+ € 2 ¥ 4 U1 i1 B S N2 WS = e g W
WpF At oY S e T U AE B T & B9 T IR SR B IS
Ffih.

2 RO R SR A S I SR o1
PLiE

ZEZEAR L R = RUIAT BT 1 260t e A ML T R 1 2 %
IRV 25 P HL G ST R T RGNS, HF5RXT
S s 2 SRR, A0S PG [ BB IE (Azospir-
illum brasilense). RZLLIMRWE (Rhodospirillum ru-
brum) . B0 % (Azotobacter vinelandii)F =R 7i.[G
FF# (Klebsiella oxytoca)Vh S [E RIS ZEHFT i (Paeniba-

cillus polymyxa. Paenibacillus sabinae).

2.1 WS REIEPLE

Y BRI T R R e R EAE A
Y- A, AR O 4 R TR 4 AR (MoFe) |
Rk (FeFe) MR (VFe) = FP2S A, Hor BH 2k [ AU B A7
TET A B A RCE Y T B BIR A Bl PR &
HEH R FetE FH 2 — M nifHFE R gt i)y, — 5
K, U [4Fe-4SIFEFIMg-ATPLE &7 5, TR T1£
i, MoFefh H 2 —1 o, B, Y I A (o Fl BV JE 43 51
nifDFInifKFEHF 9RT), 4 FeMo-co (FeMo-cofactor)Fll
P-cluster P~ 44 s 7k FeMo-co[7Fe-9S—-Mo—C-
homocitrate]ii ol JE N, EfHHEF L, BEHEM TN
G505, TMiiP-cluster[8Fe-7S 1 To/pilV AL, VE R
HL b A, 15T 8080k H Fel I [4Fe-4STHE R L
FIB L AL 45 FeMo-co. T BMMAFEAEIREAS B i
feiEd:, RAMESESIENRE GG, #itMg-ATPIK
FH T M Feth A& 45 MoFe ik [ i P-cluster, fxZ& 3]
kFeMo-co, AfESEMA RS, RAFITJLH4E4:
W [ RS T S R, (EX R A A O
PLHI AR A PRARAIAEAERR AR, FERAE LU JLAN 7 i
W2 o SR A AR T TR L /B
R IR, RPN, HEA K= (NH,/H,) % FF FeMo-co
By s RMIN % s R TE K e R S Ay A T @ =
o B SRR B A S BR . IR AT X LEAILHI, AN

3

{UH BT BB EAR AR AL R, ks RS Tolk & i
BUAS DA BAR RN [ A R g e B R 2%

ZE A0 P AR R [ R R AR DL . R
BPEESr JRAASRIR S aifb R, A Ia L2 PRI & A
PIREALHLERIBT ST 2EE | HOREEA. 20120804 w), 5
EEBurrisZ 52 54E, EA T [ A EHE LAY &SR (hydro-
gen-deuterium molecule, HD)YE il J v J& 1k 3, H.
RN TN, A 1R T AN HDIE
BN WL P2 JE %) [ RO A T R T
KRG, A ABEMS, fh T AR LT
S TR AT p5 I U 10T SRy B AR 435 LA
K. oxytocaflA. vinelandii- N ¥F4:, IESC5—Z5 AT BEAYHL
T/ AL, BIP-cluster—a-Cys62—a-Gly61—
a-GIn191-0-His195-S2B  (FeMoco)*"*?!. 3@ i i fifd
SO Z WAL . PRI, AR R
FRAE I JE I B OCHEVE I, BRAS 58 — A0 il
P-cluster=a-Cys61—a-Ala62—a-Tyr63—-a-Ala64—
homocitrate (O1)—>Mol*** Sy Ffig e ik J5 7T ML
PEALSCHESC ISR, 5638 TR Siegbahnfy it 1k
B — DA, RS RIS IR
MG AIE R 7O B AR s
Wi Yot S e 157 L T B B HL B >0, U s A A 5 —
f# R THDIE A . Ho B S NI S AR ERAIL I, {HN, i
AFeMo-col) 531 1 K Fi 1% 3 i) 15 240 1 A1t 45 4
AR E, A R S U e B R S AR A D
AL e AR

2.2 [EREER IR DRTELE]

PRI P (N ) R4 (O ) YR JEE 2 47 A4 ) i 2
ROROCHER 7 e W P B R A 23 0 B i iR PR 1Y)
B s, T RELAS BT EUVE . (EAS [ b 28 [ 0 o ) B4
FENLRIAFAEZE 5. FRBE B MR B 1) A8 A LR 50 o e
SR T Snif G 3 TS E R, i
B SRR AR, nifk PRI -5 A A S PR 3 [ 4y
A2 R E M 2%, DR TR E RO, A A
& il (glutamine synthetase, GS), HgmAREE %, &
JZAEAE TR N A A% O . GSHEALAE R
PR ——4 S W e (glutamine,  Gln)——1 > 20 M P9 &
IR B AR S 031, TR AU B A BB A 4 o
£7 R0 AMRYEREEN

e 74 [ ZAR TR b, P BN AT Hst G e, i e
FEHYEE TntrBC . draTG . glnB. ginZ. nifA%5 K5
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PR, HIER A = SR PR K nifL, IF
T UK ) B L PTIAR 14 577 S50 B AN EAZ [ () A AR
FH22 2 e B i 750, Rr 4T A2 T vh, [ U EL
E RSN A = AR AR e, H A2 NifA 4K
B, HE RN A2 DraT/DraG % 5 16 1 22 40 BRS 40
. AR T = 2 W P e A R R A
NifA 7 P PELAS [ UG s B, G 3 0 Dra TR fiff
TR B [P U & A B G 1 10001 Db v [ R
PR IR ET 2T W B A A 2 1) 2 R B B i s L ) A
HAE DI TNIfL). niffi 31 T8 Too Y, o™
5 Rl et N ARV 8 A2 P SR B ANEA TR S . Timif4
(A 5 X 52— AR 4 (nitrogen regulation, Ntr) %
SR, NueRGH R R A48 ghDJiSI R
PEAE RS (GInDEY FR UTase) . glnBZifiB)GInB (LK K
Pl &HFHASH T ZRGENuB/NeeC. fIRELRT, GS
MWILAAE IR AR S AR, T GSIRHREE; GInDAEAL
GInBJR T BEALIE B GInB-UMP, GInB-UMPiH 1 NtrBAf#
FENtrCBERR fL(NtrC-P), NtrC-PEADNAZE S, fE
WS nif Al 57, W, GInEfEGSHRHAL, BEiifGS
KEWMM; GInDEILGInBBL R ELIL, JERTFILH)
GInBAAEE A NtrBfiNtrC & A= Wi R 1k, AEBEER LAY
NtrCAN BB nifd Ko A 2RI L PR A 3%, Dl ol
FILH 5. AL, nif HDKARRS I B ek SR %,
J&, HEFE L 72 DraT/DraG &2 4 TS, &84 K, DraT
PR AR AR 1 T M2 s (RER T, DraGlfi gk FIR
TPE, PII. GInBHIGInZ M GInK S 548 1 3 #6265
(F2(a)).

JUAE [ R 2T TR AN 5 i FH DT s A,
T8 2 T T B K U ) 24 [ SRR s ML B 0 0
W = RUAT A RGEWFIE AN TIX —25 . Hi 3k R 4l
A0S 22 WD [ K ZE AT B o0 R A S
P. polymyxa WK RIZERE, 9 ALK (nifBHD-
KENXhesAnifV) S5 E B, %o’ B 8 F(%-35/-10
X A%:5F XM GInR-binding site TFIIN) 5, AXAE To4k a1
Bk T A, BRI RS2 J A A R
GInRFIGSHAE> ) fikEzH}, GInR5GInR-binding
site [ 256, Wfni e, mgent, GSHELG
Gln, GInJimHIGSH SiE M, H-5GSIE U AT il 74
2 5 W)(feedback inhibited glutamine synthetase, FBI-GS),
ZE A YR HEGInR 55 3 F X ) GInR-binding  site
N 454, THRNAREESE T EG, Pamidmdl
nifFER R, I TAEE R I T GInR7E [5 2K 21

4374

FFES HPOE SR A S Rk L. AP, sabinae
AT A AT, ANMUFEAREE (0~4 mmol/L)5%
PEFFEA, HAE R (30~300 mmol/L)FREE Hh 4k 15 [ &
fitg s P, Al b i [ U A TR A TS HR I A AR o e
B B B0, o R ke B W S
(30~300 mmol/L  NH,")AA T i) 2] [ 0BG 1 i B
FErdE. IRADLRIFR R, S S EA R ald K
b BN AR I A B (ADH) B 21k 40 o
aldFE I TE>30 mmol/LEE Mk B F ik 35 Lo, TG U
FEUFSCADHMEIL IR IR T, Bsh J12 ot ilt— 4 m
ADHN} Wi 3 F 1) 25 FAPE SR (Km=39.78 mmol/L,
pH 7), FREHANAE R AT 1 (B 1 B PR rh s T
ST, BRsEER T mEE R ENR S S b S
FADHUEAE RN EIR & R RN AR, TR L
IHIGSIETE, SN GIndk B AL, (R GIn ot
SGSHIHEAEHEMFBI-GS, NIt/ER 5 F, GInR
{45 A GInR-binding site T MM FREEITE [ LR %
ik, DL TREL R SaE . TE TP AR TR (4~30 mmol/L)
JEFEl, ADHYERIAS 2 DAKIRFEIRGIn, 2888 FBI-GSHK
A HIFLE o 325 (GInRZE A GInR-binding site 1T 7
F3K); MTE =4 (>30 mmol/L) 51, ADHA S 15 S
T AR T (FI2(b)). XS R I IR RS
WY T T A S 20T R A [ AR R 4%, Rl e s T
o AR < e AT ) ] 2Rk — A% L Bk A 4 8 o AL
J T S B v BT A2 ) T AR T R R B T IR
FIHE SERIIEHE B T A AT SR A AL SR

Shy G [ R A2 A, R 2B A A e
AR TR R A | 38 A IR B T
THFEE . BRI ARy iR . B S B
b, TRIE, TR U EE R, AR AR S A
e B AR IR ni S PR 2 5% AT BAFRTT T FixLI/FixKAF
530 I L VG [P R R R P VR, FixLAE N
LR MR IR A , BRIAEE ERE: FEIT A
PEF, FixLis [R14153 A mi 157 9845 28 Fixd B S 30G
UItie; FEAFAME T, MIIHIFixITEPE. G AL A FixI E
FEPE R FFixK (—FhCRP/FNR S 5 N 1) 23k,
FixKZ5 5 EDNAJT A, Feiibnif A 5% 5%, I FF
Ja FiEni R RIE. TEBASEZHFTEP. polymyxah,
A= ) R ) TR 1 i 08 B I AR B B LA AR A7 i R
TEATE A DR, 5% %80SR AT 56 200900 il ] 2R 15
e YIS, RIEREET21%EA T, 454
50% 4 [ A EETEETY. P, polymyxadfli A 4N FNRF R



I IR

(a) PIl |

NH, PII-UMP L /v
I NtrB ®
AMP ee
Gin GInB <G|n0> ., GlnB-UMP
e omamanit -
1
Glu /@) : ! NtrB-P
NtrB-P > : oo
Ne \ =
N&B ‘ DraT J ———
= : ‘ DraT J

NtrC-| NtrC

Inactive / \

|—a: ginz | amtB | |o%| nita
O‘O

1o NifA

GInZ-UMP —
1
| l
1
Ginz o0 .
' o) 9" nif genes
Inactive @ Active @

Low N

(b)  Pyr ADH —$8> Al Pyr ADH Ala
\ v
Acetyl-CoA Acetyl-CoA
Gin
o
““““““ T )\
ginR { ginA >
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B 2 USSR I RS SRR L. () BV EIR R (Azospirillum brasilense) R A5 5 ATSGE M (E A Ntr, NifA, DraT/DraGZR4); (b) [l
AR (Paenibacillus sabinae) ™! ADH-GInR-GSX nif R 5% 55 i 81

Figure 2 Regulatory mechanisms of nitrogen signaling on nitrogen-fixation gene transcription. (a) Nitrogen signaling regulatory pathway in
Azospirillum brasilense (integrating Ntr, NifA, and DraT/DraG systems). (b) Regulation of nif gene transcription by ADH-GInR-GS in Paenibacillus
sabinae
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SRR, FEmN G SR OER, RE 68T, KM onfI 3N B e BUIE IR RER ] Hh A R AR
T SRR iR N FATY. B TP, H(Clostridium) MR E /MR, RIGKEHE
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Figure 3 Organization and heterologous expression of nif gene clusters. (a) Comparative organization of nif gene clusters in diverse associative
diazotrophs. (b) Advances in heterologous assembly of core nitrogenase components (NifH and NifDK) in hosts (Escherichia coli, Saccharomyces

cerevisiae, Oryza sativa). Rice elements sourced from BioGDP.com
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Figure 4 Cooperative mechanisms of growth promotion and disease suppression by associative diazotrophs in cereal crops. Root exudates (e.g.,
sugars, organic acids, amino acids) drive rhizosphere colonization of associative diazotrophs (e.g., Azospirillum, Pseudomonas, Klebsiella,
Paenibacillus). Cooperative mechanisms enhance crop growth through nitrogenase-mediated N, reduction to NH,", siderophore secretion for iron
chelation (facilitating iron-siderophore complex uptake to boost nitrogenase/IAA synthesis and host iron nutrition), and phosphate solubilization via
organic acid secretion. Disease suppression involves direct pathogen inhibition by lipopeptides (e.g., fusaricidin) and cell wall hydrolases, induction of
systemic resistance (ISR) through SA signaling pathways activated by volatile organic compounds (VOCs) and lipopeptides, and protective biofilm
formation via EPS matrices. Furthermore, diazotroph colonization restructures the rhizosphere microbiome by enriching indigenous beneficial
microbiota (e.g., phosphate-solubilizing and IA A-producing bacteria), thereby synergistically enhancing broad-spectrum resilience to biotic stresses and
abiotic stresses. Root element sourced from MedPeer.cn; other graphical elements from sourced BioGDP.com
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40 Years of associative nitrogen fixation: from discovery to
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Biological nitrogen fixation (BNF), exclusively performed by prokaryotes, catalyzes the reduction of atmospheric
dinitrogen to plant-available ammonium—a cornerstone process for sustainable agriculture by reducing synthetic fertilizer
dependence, enhancing global food security, and mitigating environmental degradation. While rhizobia-legume symbiosis
represents the most efficient BNF system, staple cereal crops (e.g., rice, wheat, maize) lack such symbiotic capabilities.
Alternatively, associative diazotrophs colonize the rhizoplane, vascular tissues, and endophytic compartments of cereals
and horticultural crops, deploying multidimensional plant-beneficial mechanisms: through nitrogen fixation,
phytohormone secretion, antimicrobial compound synthesis, and enhanced host stress tolerance. To harness this
potential, the Department of Microbiology at China Agricultural University has established a comprehensive “resource-to-
application” research framework over four decades, integrating strain discovery, mechanistic dissection, synthetic biology
engineering, and field deployment.

Systematic exploration has yielded transformative outcomes: isolation of >2,000 diazotrophic strains established the
world’s largest germplasm repository, with 15 novel nitrogen-fixing species formally described. Mechanistic studies
revealed an alanine dehydrogenase (ADH)-mediated coordination pathway in Paenibacillus that overcomes ammonium
inhibition—a persistent bottleneck in non-legume BNF—whereby high ammonium induces ADH to deplete glutamine,
mimicking low-nitrogen signaling to activate nif genes. In synthetic biology, co-expression of 15 nif genes in
Saccharomyces cerevisiac achieved assembly of functional NifH and correctly structured NifDK tetramers (~240 kD),
while chromosomal integration of 13 nif genes in rice (Oryza sativa) enabled stable NifDK assembly and protease-resistant
NifH mutants (T17C, T17V and S18A). Field applications of developed inoculants significantly increased crop yields
under 15% nitrogen reduction—wheat and maize by 7.64%—23.2%—through synergistic nitrogen provision, iron chelation
via siderophores, and systemic resistance induction.

These advances establish a dual theoretical-technical foundation for engineering biological nitrogen fixation in cereals.
The constructed innovation chain encompasses foundational resources (globally unique strain library), pioneering
mechanisms (ADH-mediated nitrogen-metabolism coordination), transformative technologies (heterologous nitrogenase
assembly in eukaryotes), and scalable field solutions (proprietary biofertilizers). This end-to-end progress positions China
at the forefront of agricultural microbiology, with a fully integrated intellectual property portfolio spanning microbial
resources, genetic toolkits, and sustainable farming practices—significantly accelerating the transition toward green
agriculture and fortified food systems.

associative nitrogen fixation, resource exploration, regulatory mechanism, heterologous expression, inoculant
application
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