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agricultural development and natural eco-environment protection. The growth period of root
nodules can be divided into young, active, and senescence stages. Root nodule senescence is a
complex physiological process involving the interactions of multiple genes and environmental
factors. The functions and lifespan of root nodules can be altered by regulating nitrogenase
activity and leghemoglobin gene expression levels. Biotic and abiotic stresses can accelerate
the senescence of root nodules and reduce the biomass and productivity of leguminous plants.
This article expounds the mechanism of morphological, physiological, biochemical, and
molecular changes of root nodules during senescence and summarizes the biotic and abiotic
factors that affect root nodule senescence. Furthermore, the measures for delaying the
senescence of root nodules are discussed. These measures will prolong the symbiotic nitrogen
fixation, improve the nitrogen utilization efficiency, and increase the overall nitrogen supply
for seed filling of leguminous plants, thereby enhancing food security and reducing the adverse
effects of chemical fertilizers on the environment.

Keywords: symbiotic nitrogen fixation; root nodule; senescence mechanism; biotic and abiotic
stresses; delaying senescence
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Figure 2 The growth cycle of soybean plants and nodules!®. A: Plant and nodule development at different time
points after inoculation with rhizobia. The upper panel illustrates plant growth at the different stages, and the lower
panel shows longitudinal sections of the largest root nodule at the base of the main root at different stages. B:
Nitrogenase activity and nodule number at different developmental stages. C: Relative expression of leghemoglobin
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Figure 3 Comparison of main bacterial composition in nodules, rhizosphere soil, and bulk soil at different
development stages of Sophora davidii (Franch.) Skeels nodules!!'®. A: The distribution of communities at
genus level. B: Proportion of relative abundances of Mesorhizobium and Bradyrhizobium in nine samples. C:
Differentially abundant diazotroph taxa in nodules, rhizosphere soil, and bulk soil. Detected using linear
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Figure 5 Different ways to characterize root nodule senescence! . A: In situ observation and slice
observation of nitrogen fixing nodules (upper) and senescent nodules (lower). B: Apoptosis analysis in fixing
nodules (left) and senescent nodules (right) using a TUNEL assay. The wupper panel
(4',6-diamidino-2-phenylindole, DAPI) illustrates DAPI-stained nuclei and rhizobia. The middle panel
(TUNEL) represents double-strand DNA breaks labeled using the TUNEL assay. The lower panel (Merged)
represents merged images of the DAPI and TUNEL signals. Nuclei and vacuoles are indicated by white
arrows and arrowheads, respectively. C: Transmission electron micrographs of nitrogen fixing nodules (left)
and senescent nodules (right). V is lytic vacuolar compartments. PHB 1is indicated by red arrow. D: Laser
capture (upper) microdissection (lower) of the infected cells of 4 weeks after inoculation (WAI) nodules of
pea plants cv. Sparkle. E: Uniform manifold approximation and projection (UMAP) map of single cell
nucleus expression distribution. The different colors represent different cell types with different transcription
levels, indicating that the gene expression between different cells in the same nodule is heterogeneous, and
different cell types may have different effects on the aging and function of the nodule.

5,8,32-33]

http://journals.im.ac.cn/actamicrocn



4710

REN Mingxia et al. | Acta Microbiologica Sinica, 2024, 64(12)

BEAL, HR FR A E b A VR A E A
PP L A R AR A MU Ak, ]
VEVERE . PHB, LU KCE RIMRIR 5 A8 E RUAR I 4
%%%%%Fiﬁm%ﬁ%%ﬁ%%%%%%
Py 534 3 nT R R I S AR P AR
Jfr, SRR IO K EERE, M AEAR
RHPRR; MEZ T, FEEE Y8R
MYEE Rt s s 28 . b rhpm R e, SR
LA ) b S [ 2R B R I IO R e 21
S R R R P,

4.3 SFHLH

SRR R EZ B - R, O
— R 53k R R TR e 0K i 1 A b g FAEAR
AL TR (R 1),

1 KRG H, GmNAC039 Fil GmNACO018 24
TR TR B S S 7 BT S S
HWE 4 B T GmCYP L 3
ik, XS FEIR ) SRR o R BONUR R, o
o 0 1R B 11 i AE SRR AR R 5 v i %
FRHAER, flan, R, TR
9o S M I 2R B 11 T Asnodf 32 35 [R] ) R ik
AT DEE VR %, AR 1 A7 A7

x1 RERZEBEURSTEL

bHLH (basic helix-loop-helix)3< 5% 5% K+
VERRE Y 58 — R S I, TETR AR X
SRR N L BAE AR P I AR A A R R
P27 ORHMER . 4R, BF9ERW] bHLH 5%
W25 T GRHE Y45 -5 A R i
¥ HAE R G A7 7E bHLH 258 5% R 4%
NI T 5 18 A ) ] ) 37 00 S B 1 O, S AR
SR AR A, JETT R AR R R E S PEDS,
Breakspear ZE00 % P, 785 7 oAb BRAR IR 1 K 25
JEHT 3 dJ5, —3%% bHLH 28545 TR Rk
KA AR UESE T bHLH M b HR IR B AN 258
NI 2 SHYR R R FIAYRIE Bl f2 . tesh,
— L8 bHLH ¥4 5% A 175 T RHE Y SRAS S R R 4%
WA EEEEM, WEREKEMFT RS H
GmbHLH47! | GmbHLH57 il GmbHLH300%*
STEMR AR h Rk, 5 NAC g 12510,
TELEAEE A5 b, MtbHLH2 A 8 52 41 i) AR 14
M FE 2 B A TR B U LR MICP77 (35, Il
SR Y AN R P RSB TR ROS B R 2K 17 [ 14
PR 1

CoH, 55 st IR & — Fh B ds R 1 28 5% sk
¥, &A CIEmMBLICIEE A I EAR P

Table 1 Physiological and biochemical changes in root nodule senescence

Leguminous plant Classification Components and related coding genes References

Glycine max Energy substances Starch, soluble sugars, soluble proteins, [5,11,29]

Pisum sativum PHB

Glycine max Nitrogen fixing products Acyl urea, Amide [11,53-54]

Pisum sativum Enzymatic oxidation-reduction SOD, CAT, GPx, Grxs, Trx [11,29]

Glycine max components

Glycine max Non-enzymatic oxidation-reduction ~ GSH, AsA, MDA, RNS, ROS [11,44]
components

Glycine max Nitrogen fixation function Nitrogenase, Lb [5,8,11-12,24]

Robinia pseudoacacia
Medicago truncatula
Medicago sativa
Glycine max
Medicago truncatula
Astragalus sinicus

Cellular phagocytosis and
decomposition

Cysteine protease, PAP, chitinase,
peptidase

[11,50-52,57]
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Figure 7 Multiple measures were taken to delay the senescence of soybean nodule and increase the yield of

soybean!®:11:133],

A: Knock out GmNACO018 and GmNACO039 increases nitrogenase activity and soybean

hemoglobin gene expression in root nodules. B: MoS2 NPs can release Mo in a responsive fashion to support
BNF and capture the ROS to promote soybean C and N assimilation. C: Effects of cropping patterns and N

rates on the nodule N fixation and antioxidant.
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