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Figure 1 The evolutionary hypothesis of nitrogen-fixing symbiotic root nodules
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Figure 2 The CSSP model. Upon perception of Nod factors at the plasma membrane, the common symbiosis signaling pathway is activated, a
process also shared in arbuscular mycorrhizal symbiosis. This pathway transmits signals to the nucleus, triggering nuclear-associated calcium spiking,
which is a hallmark of the CSSP and initiates subsequent transcriptional responses. NFR1/5: Nod factor receptor 1/5; LYK3: LysM receptor kinase 3;
NEFP: Nod factor perception, DMI2: does not make infections 2; HMGR: 3-hydroxy-3-methylglutaryl-CoA reductase; MVA: mevalonate; CNGC15a/b/c:
cyclic nucleotide-gated channels 5a/b/c; NiCK4: NFRS-interacting cytoplasmic kinase 4; RLCKs: receptor-like cytoplasmic kinases; CaM:
calmodulin; IPD3: interacting protein of DMI3; DELLA: DELLA proteins; NSP1/2: nodulation signaling pathway 1/2; MYR1: Myc factor receptor 1;
CERKI1: chitin elicitor receptor kinase 1; RAMI: arbuscular mycorrhization 1; PHR: phosphate starvation response

R DIREAFAETE Z LA A, RUIZEIRIEE N RER  ROCHIL 5 0E 51240, R SR a5 IR S
HE PR ORI R REENIARRIAEE R R (E 1 ES R EI3)™> L B B0, NFNCH )
AR B, EARBEDIER R EZR RIESEFESRE AL O 5 9 22 00 IR AR T ] R
K, VEHIARRE IR AW A R LB T 0 R, B S R R A AR MR K KA 2 ke 2k 1%
URAh, HREBINE AR ZFEE, UREREIIAE  BRS 2 YGRS I “Mergaert i A B AT AHALLE)
WAL S ORI PR Z R ROERE 3R, USRG2I A AR RO AR A
PRI Ta] [E] B, HEMIARSR &5 5 tH DU AR BCRE, JFAEZ M BB OB B HRE TINAEAT, FTREEZK

Frh YT R A, 1 0] 7 12T 25 1 35 DR B R SR A ARG o L
e FasCY, B R AT B T3 N B 822 T R
L2 G kiR AN FIEBE Y. R E U B, LR

B LU BRI BT S R M ARG R4 WM, MORRNE D B 2T IR, MU T R 2 N

610



hERE: AaRlE 2026 F FEs6d H3IM

M — (R AR AR ) SRR AR R 2 R

(1) Jo s Mot s FE R 145988 2 IR IR R
WAFAE— AL (R () 4598 [ U 5, o DURGF B g e
4 BT SRR S IAE — NS &, G
L IR Gy R I Y (G0 A SRR N B R
DIREAR ST . W SRR IR T — M SRS, 28 A 0 5
HAEA A R O E R FJRP. Gln, 5 G RHEY
Hh,  NIN#G SR TR IE AR 28 B R A i o 234,
ZIRRTEARMBE B ORIKE, Casuarina glauca) 2 B ik
BHALSEMRKIR, Datisca glomerata) IR IR & A A Rl ##
e EEMERPY. (i) B IR R R £k
R SR R R, fEdRmEY T, R E K
5 B () J [N (NFP/NFRS, RPGHININ)E % s {5 55 K]
PRI g, ki R R A A S L AR SR T SR Trema
(LR 4H E s R I, NFP/NFRS, RPGRININTE Trema
Hopth A 4590 3 4 H W0 Ah b O R s R LD EoR
Ju F ) R SR E 3 AT IMIEBANINS RPGI R G VETR K
SRR ek mE 20 () w4
kB 2MEE. s g S5 S RHE <[ E
PSR B, 12 A R P SR AL T O 2 e IR B AR e
TR AR L U8, hah, — Ul 2k B SR, Gk
I 1L 38 BR(Parasponia  andersonii) F1EIMAE AR (Alnus
glutinosa), HMVEEEN BA 5 G RHEYNYE 2 kit
(i iz BRE RO PSR il JRAA IR N E A, R
T B G 2 21 HOIX S i il i R 2 RE S S
MmN (v) AEMAEDBEIRE KRCOMKE T
FRUIEARE (1) SRR, 78 SR S H A [ SR b, AR IR Hi &
VAR B S ARG M L AR B R R R e, XN
BRI 5 0% 2 e, Hr, ZIk4eER
A B AR Bl ) KR COLMR T B I 55 06 A H S ik
KL, AT S5 IR R A B R I AR A il 52 A ) i
B, B SHHE MG R 2 RPN (3,

LI AR BRI, AR ELAENFNC il
JEFEFA SR NFNCIUAN B B4k & A FENENC 5 1
BRIRIEHE G 29104 5 342, BT 70 A s 8] 2 114
BHEE, BRGS0 AR A R 7]
SER. i FhATREAE, [ L AR AR LSRRI A B B
Ty AT RS Z A U B AR MR R 1 e ik 2K o A
FEAF 2] FUEHE SR, (H B RIA IR AT R S RHEY)
S RUHR IR A TS TR AR D S TR R AE R A ML) AR A

ZEFE.

2 HURR A WAL BT S B S

To B KR 2 RAR I A AR R R IR SR A B,
U RS R, AR AR AL R TR — R VI DGR
O TR AR VAT HE. X Bk B AN Lk E HR IR
HAERB R A, ORI AN R SR AL E 1 5
TS DhRESGAE FEYE. LA R ST T 5 ML -
BFTARC R T A% O (E13).

(1) 16 FEYeZEMELE EZ). £ ERHEYS
RO B LA R R G, 15 3 75 A DA A
S A P RIS s Y, DRI A B R Y B
TN AT A BT OVt — R A R AR R B
TERE A M A 4ERF (1) G 1. 4, NADI(nodules
with activated fefense 1)7&—Fh7E &l & 45 R FSHEH IR
SPARTEMIER [, FLRARAR LRI AR IR PR B0 J S B Ak o
VERE SRR, RUINADIZ —Fi B 3E 55 10 G 2 31
B AU dlr, AR PE AT A b 4 S A P R
MtLICK1/2, 154598 Rl -1~ 2 AAMILY K3AH BAF H LK
LB S PR IHIE Y Y. X T L S
5 9 L AR 20 B B e S R (AR, BT L R AN E
B = A A R,

(i) PACE3Kf}. PACE & —FAF{E T NINJE B+
(R R 45 02, A AENFNC R 52 Hh R 2, B 958 26 1,
PACELEMYR R BV T K2 75 RNINE IS, 2
i IX LOYT O T AR ek, PACER) N RIR L AR 1L
T SCEEAIET, ESNING S S5 EA MAME H 34
GO BT R, AN 4 T R I R e L SR A
FISEELM AR G2 [, AN R P PACERI ST A
KGR AR A R B2, SR oo e
AR AT 5 SRR P A o 5712

(i) NINFE R 258 The k. NINE [RZEAR 8 S A4 [
R Z AR RIEZOIER, & T RMEY) 5% 6
SEWF R i SRR AR N P 2 L SR
WA N, NINHISE 98 D)REJR H NLP(NIN-like protein)
BRI, ThRe A — AN EEL 7 TS X S R 2R 15
SRR N 2 5, NINFINLPSY 576 AR i B A 5
PSSR, WIS B A LRI BhAb,
NIN 5T 5 M O T H 45 6 ) 2 T =X A 45 0
FRIRETT, I FE R AT IR T 8 31 7 B PB4
BUNINE I SBEAT 5 ( & FE R B AR 132253

(iv) SHR-SCRILA T4 EfiZE. SHORT-

611



FEAR % AR LA I RGBT Uit e 5 e

= =
il A

& |
i AR =5 |
- - RERCOSRETHEMER
o A N IRBE Rk
BRAES A B L e
% § B
ot - S P
- NOD26t Y Kt
ALEBRARR i =
| SHR-SCRT 4B RAE
NI AN - '

- - NINERGBEEN WONN
ZSCIIAY ! F g
T : JIﬁitiEEmfFPACEW%

— 1
W BRSNS s SIS
28 B UETTH L
—N H2 IR
W LR
BRI L5 T = 7 FEHL D IR SRS W
| i i W B BRIRE SRR
110 66 OMa """ L

B 3 AFSEEHERU A0 B G SRR R A LB R

Figure 3 Core concepts of different competition hypotheses and evolutionary innovations in nodule formation
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A subset of flowering plants has evolved the ability to associate with diazotrophic symbionts, converting atmospheric N, into
bioavailable nitrogen for host nutrition. However, nodulation is restricted to species within the “nitrogen-fixing nodulation clade”,
scattered across several families in four plant orders. Two primary competing hypotheses currently exist for this patchy distribution:
multiple independent gains versus a single gain. Through a systematic synthesis of validated evidence from the two competing
hypotheses, we aim to reconstruct the evolutionary origins of root nodule symbiosis. Synthesis of molecular and phylogenetic data
reveals that the evolution of root nodule symbiosis was enabled by five critical innovations, including suppression of host immune
responses, acquisition of the PACE, neofunctionalization of the NIN gene, recruitment of the SHORTROOT-SCARECROW stem cell
regulatory module, and evolutionary specialization of NOD26. Meanwhile, The genetic basis of intracellular symbiotic relationships
is highly conserved, leading to evolutionary stability in symbiotic nodulation. The innovations at the molecular and developmental
levels have provided evolutionary clues for the development of two hypotheses, offering new insights and understandings into the
origin and evolution of nitrogen-fixing symbiotic root nodules.

root nodule, symbiotic nitrogen fixation, nitrogen-fixing nodulation clade, nitrogen-fixation evolution
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