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Symbiotic nitrogen fixation is a highly coordinated process involving legume plants and nitrogen-
fixing bacteria known as rhizobia. In this study, we investigated a novel Fix− mutant of the model 
legume Lotus japonicus that develops root nodules with endosymbiotic rhizobia but fails in nitrogen 
fixation. Map-based cloning identified the causal gene encoding the filamentation temperature-
sensitive H (FtsH) protein, designated as LjFtsH4. The LjFtsH4 gene was expressed in all plant organs 
without increased levels during nodulation. Subcellular localization revealed that LjFtsH4, fused with a 
fluorescent protein, localized in mitochondria. The Ljftsh4 mutant nodules showed signs of premature 
senescence, including symbiosome membrane collapse and bacteroid disintegration. Additionally, 
nodule cells of Ljftsh4 mutant displayed mitochondria with indistinct crista structures. Grafting and 
complementation tests confirmed that the Fix− phenotype was determined by the root genotype, 
and that protease activity of LjFtsH4 was essential for nodule nitrogen fixation. Furthermore, the 
ATP content in Ljftsh4 mutant roots and nodules was lower than in the wild-type, suggesting reduced 
mitochondrial function. These findings underscore the critical role of LjFtsH4 in effective symbiotic 
nitrogen fixation in root nodules.
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Symbiotic nitrogen fixation by legume root nodules is a vital biological process that significantly contributes 
to nitrogen uptake in terrestrial ecosystems and crop production in agricultural lands. This process involves 
the infection of host plant roots by symbiotic rhizobia, the development of root nodules, and the subsequent 
nitrogen fixation by rhizobia within these nodules. These processes are tightly regulated by both the host legume 
and the symbiotic rhizobia.

Rhizobial infection begins with the mutual recognition of symbiotic signals from both partners. Host root-
secreted flavonoids are perceived by symbiotic rhizobia, inducing the production of lipochito-oligosaccharide 
signals known as Nod factors (NFs). Host plant receptors containing Lysine-motif (LysM) in their extracellular 
domain then recognize these rhizobial NFs. In model legumes like Lotus japonicus and Medicago truncatula, a 
complex of LysM receptors (NFR1 and NFR5 in L. japonicus, LYK3 and NFP in M. truncatula) are responsible 
for recognizing compatible NFs1–3. This recognition triggers calcium (Ca²⁺) oscillation, known as Ca²⁺ spiking, 
in the nucleus of host root cells4. NF perception and Ca²⁺ spiking are mediated by leucine-rich repeat receptor 
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kinases SYMRK/DMI2 and several receptor-interacting proteins4. Studies on symbiotic mutants defective in 
Ca²⁺ spiking have revealed several nuclear proteins involved in generating the calcium signals. These proteins 
include cation channels, LjCASTOR and LjPOLLUX/MtDMI15,6, MtCNGC7, calcium ATPase MCA88, and 
nucleoporins (LjNUP133, LjNUP85, LjNENA)9–11. Calcium and calmodulin-dependent protein kinase (CCaMK) 
decodes the nuclear Ca²⁺ signals to induce downstream symbiotic genes for rhizobial infection and cortical 
cell division, leading to nodule organogenesis12,13. CYCLOPS (IPD3) is a transcription factor that transmits 
the Ca²⁺ signals decoded by CCaMK and induces downstream gene expression14,15. Nodule inception (NIN) is 
induced exclusively in response to NF and is crucial for both rhizobial infection and nodule organogenesis16. 
Ectopic expression of NIN induces nodule development in cooperation with other transcription factors, such 
as nuclear factor Y (NF-Y) and ASL18/LBD1616,17. Through these signalling cascades, infection by symbiotic 
rhizobia ultimately leads to the development of specialized organs, root nodules, where the rhizobia reside and 
fix atmospheric nitrogen.

Nitrogen fixation within nodules is conducted by the rhizobial enzyme nitrogenase, which is, in most 
cases, induced only in the bacteroids, the symbiotic form of rhizobia in nodules. Identification of a number of 
legume Fix− mutants, which develop root nodules with endosymbiotic rhizobia but are impaired in nitrogen 
fixation, indicates the existence of host legume genes that control rhizobial nitrogen fixation activity. The 
Fix− genes identified so far can be classified into three categories based on their function within the nodule. 
The first category comprises genes encoding enzymes and proteins for nodule-specific metabolism required 
for the expression and maintenance of bacteroid nitrogenase activity. This category includes the homocitrate 
synthase FEN118, which provides the bacteroid with homocitrate, an essential component of the Fe-Mo cofactor 
of nitrogenase. Reverse-genetic approaches have also revealed nodule-specific or nodule-upregulated host 
plant genes/proteins that can be classified into the first category. These include genes for leghaemoglobins19, 
sucrose synthase20, and phosphoenolpyruvate carboxylase21. The second category includes genes involved in 
the transport of metabolites between plant cells and bacteroids. SST1, a nodule-specific sulfate transporter that 
mediates the supply of sulfate22, and SEN1, a molybdate transporter in nodule-infected cells23, can be classified 
in this category. Additionally, other transporters in nodules, such as those for iron, citrate, dicarboxylate, and 
ammonium, are also involved in nodule nitrogen fixation24. The third category comprises genes required for 
bacteroid differentiation or nodule immunity. Legumes belonging to the inverted-repeat lacking clade (IRLC), 
such as Medicago and pea, express hundreds of genes for nodule-specific cysteine-rich (NCR) peptides25, which 
play pivotal roles in bacteroid differentiation. The loss of specific NCR peptides results in Fix− phenotypes in M. 
truncatula26,27. Several genes that control nodule immunity were identified from Fix− mutants of M. truncatula, 
including the genes for DNF2, SymCRK, RSD, and NAD128. Mutations in these genes lead to the development 
of nodules with increased defense responses, indicating that these gene products act as defense repressors in 
nodules.

Although extensive studies have been conducted, our understanding of the host plant factors responsible for 
regulating symbiotic nitrogen fixation activity remains limited. In this study, we characterized a novel symbiotic 
mutant of L. japonicus impaired in symbiotic nitrogen fixation. Map-based cloning revealed that the causal 
gene encodes the membrane-bound, ATP-dependent metalloprotease, known as Filamentation temperature-
sensitive H (FtsH) protease29. We designated the mutant as Ljftsh4. In root nodule symbiosis, several host plant 
proteases (peptidases) regulate nitrogen fixation activity. Cysteine proteases are abundantly expressed in old or 
stressed nodules, some of which are involved in nodule senescence30–32. We have previously shown that APN1, 
a nodule-specific aspartic peptidase of L. japonicus, determines the compatibility of symbiotic nitrogen fixation 
with specific rhizobial strains33,34. DNF1 of M. truncatula encodes a signal peptidase required for the maturation 
of NCR peptides by cleaving the N-terminal signal peptide35,36. Rhizobial peptidases also play an important role 
in regulating symbiotic nitrogen fixation. Sinorhizobium meliloti metallopeptidase (HrrP) is involved in cleaving 
host-encoded NCR peptides and promoting the proliferation of rhizobia in nodules37. This study is the first to 
demonstrate the importance of the host plant ATP-dependent metalloprotease for effective symbiotic nitrogen 
fixation in legume root nodules.

Results
Symbiotic phenotypes of the Ljftsh4 mutant
The Ljftsh4-1 mutant (formerly known as sym102 in Sandal et al.38) was isolated from the progeny of regenerated 
plants from calli derived from L. japonicus B-129 Gifu. When grown under nitrogen-free conditions and 
inoculated with symbiotic rhizobia Mesorhizobium loti, the Ljftsh4-1 mutant exhibited stunted shoot growth 
compared to the wild-type plant (Fig. 1a). The nodules formed on the Ljftsh4-1 mutant were white to pale green, 
in contrast to the pink nodules formed on the wild-type (Fig. 1a). The total nodule numbers in the Ljftsh4-1 
mutant at 21 and 28 days after inoculation (dai) were slightly higher than those of the wild-type (Fig. 1b). At 14 
and 21 dai, the Ljftsh4-1 mutant very rarely formed nodules with a pale pink colour (Fig. 1c). Nitrogen fixation 
activity, as estimated by acetylene reduction activity (ARA), was significantly lower in the mutant compared 
to the wild-type (Fig. 1d, e). The exogenous application of potassium nitrate (KNO₃) to the Ljftsh4-1 mutant 
promoted shoot and root growth but did not fully restore growth to the levels observed in the wild-type plant 
(Supplemental Fig. 1).

At 16 dai, light microscopy of nodule sections from the Ljftsh4-1 mutant showed the presence of rhizobia in 
infected cells, but the toluidine blue staining was less intense than in the wild-type (Fig. 2a, b). Large vacuoles 
found in wild-type nodules were not observed in most of the infected cells of the Ljftsh4-1 mutant (Fig. 2c, d). 
Transmission electron microscopy revealed that in wild-type nodules, bacteroids appeared to be surrounded by 
a clear symbiosome membrane (Fig. 2e, g), whereas the symbiosome membrane was indistinct in the Ljftsh4-1 
nodules (Fig. 2f, h). Additionally, some starch granules were observed in the Ljftsh4-1 nodules (Fig. 2f). These 
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phenotypes suggest that premature nodule senescence, characterized by the collapse of the symbiosome 
membrane and disintegration of bacteroids, occurs in the Ljftsh4-1 mutant nodules.

Map-based cloning of the LjFtsH4 gene
To identify the causal gene of the Ljftsh4-1 mutant, we conducted map-based cloning using L. japonicus MG-2039 
as a crossing partner. The LjFtsH4 locus was positioned on chromosome 1 between the simple sequence repeat 
(SSR) markers TM0671 and TM0349 (Supplemental Fig. 2a). Fine mapping with 1,644 F2 progeny narrowed 
down the LjFtsH4 locus to a 180-kb region between the markers BM2176 and TM0349. The genome sequence 
of L. japonicus build 2.540 contains twenty-six putative open reading frames (ORFs) in this region (Supplemental 
Fig. 2a). Comparison of the genome sequences of these ORFs in both the wild-type and the Ljftsh4-1 mutant 
revealed a 784  bp deletion in the 7th ORF of the Ljftsh4-1 mutant genome, resulting in a premature stop 
codon. Re-annotation of the genome sequence revealed that the 7th and 9th ORFs correspond to a single gene, 
Lj1g3v1786070 (L. japonicus genome sequence build 3.0), and a retrotransposon-like sequence, predicted as the 
8th ORF, is inserted between the two ORFs (Supplemental Fig. 2a, b). LjFtsH4 gene is approximately 10 kbp long 
and consists of seven exons, with the mutation located in the 7th exon (Supplemental Fig. 2b).

LjFtsH4 encodes an ATP-dependent metalloprotease that belongs to the FtsH family of peptidases29. 
Functional domain analysis using InterProScan41 revealed that LjFtsH4 contains AAA (ATPases Associated with 
Diverse Cellular Activities) (PF00004), AAA_lid_3 (PF17862), and peptidase M41 (PF01434) domains (Fig. 3a). 
The Ljftsh4-1 mutant, obtained from regenerated plants (G00496-9-6), contains a mutation in the peptidase 
M41 domain (Supplemental Fig. 2c). We isolated four additional mutant alleles through C6

+ ion beam or ethyl 
methanesulphonate (EMS) mutagenesis on L. japonicus ecotype MG-20 (Supplemental Fig.  2d). All these 
mutants contain mutations within the peptidase M41 domain (Supplemental Fig. 2c, d). Similar to the Ljftsh4-1 
mutant, mutant alleles derived from ecotype MG-20 (Ljftsh4-2 to Ljftsh4-5) exhibited stunted plant growth 
compared to the wild-type and formed white nodules when inoculated with symbiotic rhizobia (Supplemental 
Fig. 3a, b). The growth of the Ljftsh4 mutant alleles was promoted by the addition of exogenous nitrogen nutrient 
(KNO₃) but was not fully restored to the level of the wild-type plant (Supplemental Fig. 4).

Fig. 1.  Symbiotic phenotypes of the Ljftsh4-1 mutant.  (a) Plant growth (upper panel) and nodulation 
phenotype (lower panel) of the wild-type (Wt) B-129 Gifu (left) and the Ljftsh4-1 mutant (right) inoculated 
with M. loti. Pictures were taken 28 days after M. loti inoculation. Scale bars: 1 cm (upper panel), 1 mm (lower 
panel). (b) Total number of nodules per plant and (c) number of mature pink nodules (grey bars) and Fix− 
nodules (white bars). Values are means with standard error of eight plants. Inset photos in (c) show typical 
pink mature and Fix− nodules, respectively. (d, e) Acetylene reduction activity (ARA) per plant (d) and per 
nodule fresh weight (e). Values are means with standard error of 12 plants. ** indicates a significant difference 
at P < 0.01 (Student’s t-test).
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Fig. 2.  Structure of the Ljftsh4-1 mutant nodule cells.  (a-d) Optical micrographs of nodule sections from the 
wild-type (a, c) and the Ljftsh4-1 mutant (b, d) at 16 days after inoculation (dai). (c, d) are magnified images of 
the boxed areas in (a, b), respectively. Vacuole (V) in the wild-type nodule infected cell is shown in (c). Scale 
bars: 100 μm (a, b) and 25 μm (c, d). (e-h) Electron micrographs of nodule sections from the wild-type (e, 
g) and the Ljftsh4-1 mutant (f, h) at 11 dai (e, f) and 18 dai (g, h). B, bacteroid; CW, cell wall. Starch granule 
accumulation is observed in the Ljftsh4-1 nodule (starch in f). Arrows in (e) and (g) indicate the peribacteroid 
membrane. Scale bars: 2 μm.
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LjFtsH4 shares structural similarities with YME1 of yeast42 and FtsH4 of Arabidopsis43. Phylogenetic analysis 
shows that LjFtsH4 belongs to the FtsH4 group and is located in the clade that includes FtsH4 homologs of 
legumes (Fig. 3b). The closest paralogous gene of L. japonicus (Lj1g3v0948570) clusters with Arabidopsis FtsH11 
(At5g53170), which is another AAA protease with a different function from AtFtsH444.

The LjFtsH4 gene is expressed in aerial parts (leaves, flowers, stems, pods, and flower buds), as well as in roots 
and nodules. The expression levels did not change significantly during nodule development (Fig. 4). Constitutive 
expression throughout the plant organs and during nodule development is also observed in the orthologous 
genes of M. truncatula (Medtr3g104470 and Medtr3g104480), as examined by the Gene Expression Atlas45.

Complementation assay of the Ljftsh4 mutant
To confirm that the gene Lj1g3v1786070 identified from map-based cloning is the causal gene of the Ljftsh4 
mutant, a complementation test was conducted using hairy root transformation. Ljftsh4-1 plants with hairy roots 
transformed with polyubiquitin promoter (pUbi)::LjFtsH4 cDNA formed numerous pink, mature nodules and 
exhibited improved shoot growth. In contrast, control plants transformed with an empty vector produced white 
nodules and showed poor growth (Fig. 5a). The nitrogen fixation activity of nodules on roots transformed with 
LjFtsH4 cDNA was significantly higher than that of the empty vector controls (Fig. 5b), comparable to that in the 
wild-type (Fig. 1e), confirming that Lj1g3v1786070 is indeed the causal gene of the Ljftsh4-1 mutant.

Since LjFtsH4 is an ortholog of the Arabidopsis FtsH4 (AtFtsH4), we also performed complementation 
analysis using AtFtsH4 cDNA. This analysis showed that AtFtsH4 successfully complemented the Ljftsh4-1 
mutant, resulting in the formation of mature pink nodules with nitrogen fixation activity comparable to those 
on LjFtsH4-transformed roots (Fig. 5a, b). As reported for AtFtsH443, LjFtsH4 did not complement the yeast 
yme1 mutant, suggesting a different function from yeast YME1 (Supplemental Fig. 5).

To determine whether the protease activity of LjFtsH4 is necessary for its role in symbiotic nitrogen fixation, 
we conducted further complementation analyses using mutated LjFtsH4 variants. Mutations that would 
eliminate the protease activity of LjFtsH4 were introduced, based on mutagenesis information from E. coli FtsH 
proteins, as there is limited information on loss-of-function mutations for plant and yeast FtsH4 proteases. In 
the AAA domain of E. coli FtsH (UniProtID: P0AAI3), mutations in Arg309 and Arg312 cause a loss of ATPase 
activity in vitro46. Additionally, mutations in the zinc-binding site (414-HEGEH-418) result in a loss of protease 

Fig. 3.  Protein structure of LjFtsH4 and phylogenetic tree of plant FtsH proteins.  (a) Protein structure of 
LjFtsH4 consisting of the ATPase family associated with various cellular activities (AAA) (PF00004), AAA_
lid_3 domain (PF17862), and Peptidase M41 (PF01434) domain as predicted by Pfam. (b) Phylogenetic tree of 
plant FtsH4 proteins. Gene IDs are followed by plant species in parentheses. LjFtsH4 of L. japonicus is shown 
in bold. AtFtsH3 and AtFtsH10 are used as outgroup.
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activity46,47. These amino acid residues are conserved among yeast and plant FtsH4 proteins, and we introduced 
the same mutations at the corresponding residues in LjFtsH4 (Supplemental Fig. 6a). Transformation with the 
mutated LjFtsH4 (R378A_R381A and H483Y_E484Q_H487Y) did not restore the formation of mature pink 
nodules in the Ljftsh4-1 mutant (Supplemental Fig. 6b). This indicates that the protease activity of LjFtsH4 is 
essential for its function in symbiotic nitrogen fixation in nodules.

Grafting experiment of Ljftsh4 mutant
The LjFtsH4 gene is constitutively expressed throughout the plant organs (Fig. 4), indicating that the gene might 
control nitrogen fixation in nodules systemically. To determine whether above- or below-ground mutations 
are responsible for the Fix− phenotypes of the Ljftsh4 mutant, we conducted a grafting experiment. When the 
Ljftsh4-1 shoot was grafted onto wild-type roots, mature pink nodules with nitrogen fixation activity were 
formed, with activity levels comparable to those of the wild-type control (wild-type shoot/wild-type root). In 
contrast, when the wild-type shoot was grafted onto Ljftsh4-1 roots, both plant weight and nitrogen fixation 
activity were as low as those of the mutant control (Ljftsh4-1 shoot/Ljftsh4-1 root) (Supplemental Fig. 7). These 
results indicate that the Fix− phenotypes of the Ljftsh4-1 mutant is determined by the root genotype.

Subcellular localization of LjFtsH4 protein
Plant FtsH4 is reported as a mitochondrial protein43,48,49. Indeed, prediction using TargetP50 and MultiLOC51 
programs indicated that the LjFtsH4 protein likely localizes to mitochondria, similar to Arabidopsis FtsH443. To 
verify the subcellular localization of the LjFtsH4 protein, we constructed a fusion protein of green fluorescent 
protein (GFP) and LjFtsH4. GFP was translationally fused at the C-terminal end of LjFtsH4, and the resulting 
LjFtsH4-GFP was expressed using the polyubiquitin promoter of L. japonicus52. As a mitochondrial localization 
marker, we used the gamma subunit of mitochondrial F1-ATPase (pFAγ, AT2G33040) from Arabidopsis53. The 
N-terminal 72 amino acids of pFAγ were fused to red fluorescent protein (RFP) at its N-terminal end, and pFAγ-
RFP was also expressed using the L. japonicus polyubiquitin promoter. When both LjFtsH4-GFP and pFAγ-RFP 
were co-expressed in the hairy roots, punctate GFP signals were observed. These signals co-localized with the 
RFP signals of the mitochondrial marker (Fig. 6), confirming that LjFtsH4 localizes to mitochondria.

To determine whether the mutation in the Ljftsh4 gene affects the distribution and appearance of 
mitochondria, we compared the distribution of the mitochondrial marker (pFAγ-RFP) between wild-type and 
Ljftsh4-1 mutant cells. In root cells, the distribution and number of RFP signals were similar in both wild-type 
and Ljftsh4-1 mutant cells, regardless of nutrient conditions (Supplemental Fig. 8a, b). These results suggest that 
the mutation in the Ljftsh4 gene does not significantly affect the distribution of root mitochondria. In nodules, 
however, the distribution of the mitochondrial marker differed between wild-type and Ljftsh4-1 mutant cells. In 
wild-type nodule cells, punctate RFP signals were found along the cell outlines, whereas in Ljftsh4-1 mutant cells, 
the signals were less distinct and dispersed throughout the cells (Supplemental Fig. 8c).

Transmission electron microscopy (TEM) of nodules revealed morphological differences in mitochondria 
between wild-type and Ljftsh4 mutants. In wild-type nodule cells, mitochondrial cristae, folds in the inner 
membrane of mitochondria54, were clearly observed, while in Ljftsh4 mutants, the cristae were not distinct 
(Fig. 7a, b).

Fig. 4.  Expression profiles of LjFtsH4 gene in different organs.  Bars represent the means of three independent 
experiments with standard error and are shown as relative expression to the level in uninoculated (UI) 
roots, which is set to 1. All values were normalized against the expression of the L. japonicus ubiquitin gene 
(Flemetakis et al.88) as an internal standard. No significant differences in LjFtsH4 expression were observed 
between roots and other organs. dai indicates days after inoculation with rhizobia.
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Fig. 6.  Subcellular localization of LjFtsH4.  Confocal microscope images showing the mitochondrial 
localization of the GFP-fused LjFtsH4 (LjFtsH4-GFP) in root epidermis. pFAγ-RFP (RFP-fused N-terminal 
part of the gamma subunit of mitochondrial F1-ATPase of Arabidopsis) is a marker for mitochondrial 
localization. LjFtsH4-GFP co-localized with pFAγ-RFP, as shown in merged images of GFP and RFP (Merged). 
BF is a bright field image. Scale bars = 50 μm.

 

Fig. 5.  Complementation assay of the Ljftsh4-1 mutant.  (a) Complementation of the Ljftsh4-1 mutant 
with LjFtsH4 and AtFtsH4 cDNAs. Plant growth phenotype (upper panel) and nodules formed on 
transformed hairy roots expressing GFP as a transformation marker (lower panel). Pictures were taken 28 
days after rhizobial inoculation. Scale bars: 2 cm (upper panel) and 1 mm (lower panel). Empty indicates 
complementation with the empty vector. Numbers in parentheses indicate the number of plants that formed 
nitrogen-fixing nodules out of the total number of plants analysed. (b) Acetylene reduction activity of nodules 
formed on transformed roots at 28 days after rhizobial inoculation. Values are means with standard error of 
6 independent transformants. ** indicates significant differences (P < 0.01) compared to the empty vector 
(Student’s t-test).
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ATP and reactive oxygen species levels in Ljfsth4 mutant
Symbiotic nitrogen fixation in root nodules requires ATP energy55. To determine whether the symbiotic nitrogen 
fixation defect in Ljfsth4 mutants is related to ATP levels, we measured ATP content in roots and nodules using 
a bioluminescence assay. The root ATP content of the Ljfsth4-1 mutant was significantly lower than that of the 
wild-type. In contrast, the root ATP content of wild-type plants inoculated with the nifH mutant of M. loti 
(ΔnifH) was comparable to that of wild-type plants inoculated with wild-type M. loti (Fig. 7c). Luminescence 
intensity was higher in nodules than in roots, indicating a higher ATP content in nodules. The nodule ATP 
content of the Ljfsth4-1 mutant was significantly lower than that of the wild-type, similar to that of wild-type 
plants inoculated with the nifH mutant (Fig. 7c).

Previous studies have reported increased levels of reactive oxygen species (ROS) in ftsh4 mutants compared 
to wild-type plants56–58. A comparison of hydrogen peroxide (H₂O₂) and superoxide (O₂⁻) levels in nodules 
showed similar ROS generation in both wild-type and Ljfsth4-1 mutants (Supplemental Fig. 9).

Fig. 7.  Ultrastructure of nodule-infected cells and ATP contents of the wild-type and the Ljftsh4-1 mutant.  
(a) and (b) TEM micrographs of nodule-infected cells of the wild-type (B-129) (a) and the Ljftsh4-1 mutant 
(b) at 11 dai. B: Bacteroid, CW: cell wall, M: mitochondria. Scale bars = 0.5 μm. (c) ATP contents of roots and 
nodules of the wild-type (Wt) and the Ljftsh4-1 mutant estimated by luminescence intensity of luciferase at 
100 ms integration time. Genotypes of inoculated rhizobia are indicated in parentheses. Values are means with 
standard error of three independent experiments. Asterisks indicate significant differences relative to the Wt 
(** P < 0.01, * P < 0.05, t-test).
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Discussion
FtsH proteases play a crucial role in the quality control of membrane proteins in bacteria and organelles of 
bacterial origin, such as mitochondria and chloroplasts29. They degrade damaged or unassembled proteins and 
facilitate the maturation of unfolded proteins as molecular chaperones. The plant FtsH protease family consists 
of multiple members, each with specific roles and localizations within the cells48,59,60. In Arabidopsis, 12 genes 
encoding FtsH proteases have been identified, including four in mitochondria: m-AAA (matrix) (FtsH3 and 
FtsH10) and i-AAA (intermembrane space) protease (FtsH4 and FtsH11)59,61. Phylogenetic analysis shows 
that LjFtsH4 is a single gene in the FtsH4 clade and is closely related to orthologs in other legumes (Fig. 3). 
Complementation analysis demonstrated equivalent function and activity between AtFtsH4 and LjFtsH4 (Fig. 5).

In Arabidopsis, loss of the FtsH4 protease causes alterations in leaf and root development under specific 
conditions56. The Atftsh4 mutant exhibits abnormal leaf morphology in the later stages of rosette development 
under short-day conditions (8 h light) but not under long-day conditions (16 h light)56. Continuous heat stress 
(30 °C) under long-day conditions also halts shoot and root growth62,63. These developmental changes correlate 
with increased ROS generation and accumulation of carbonylated proteins56. In the case of the ftsh4 mutant of 
L. japonicus, a Fix− phenotype was observed under normal growth conditions (16 h light, 25 °C/8 h dark, 23 °C). 
Additionally, no clear increase in ROS levels was observed in the nodules of the Ljftsh4 mutants (Supplemental 
Fig. 9). It remains unclear whether these differences are due to species variation or distinct mechanisms of FtsH4 
protease action in each plant. The Ljftsh4 mutants showed reduced shoot growth even in the presence of sufficient 
nitrogen nutrition (Supplemental Figs.  1 and 4). However, it is obvious that the stunted shoot growth does 
not cause the Fix− phenotype of the Ljftsh4 mutant. Grafting experiments demonstrated that nitrogen fixation 
activity is determined by the root genotype (Supplemental Fig. 7) and molecular transfection of LjFtsH4 cDNA 
into the Ljftsh4 mutant roots via hairy roots transformation could restore nitrogen-fixing nodule formation 
(Fig. 5).

Among the Fix− genes identified in L. japonicus, Sst1, Fen1, Sen1, and Apn1 are predominantly expressed 
in nodules, and their expression levels increase during nodule development18,22,33,64. These Fix− gene mutants 
exhibited stunted shoot growth upon rhizobial inoculation, but under non-symbiotic conditions with sufficient 
nitrogen nutrition, their growth was comparable to that of the wild-type33,65. In contrast, LjFtsH4 was 
constitutively expressed in various plant organs (Fig. 4), and Ljftsh4 mutants exhibited reduced shoot growth, 
even with sufficient nitrogen nutrition (Supplemental Figs. 1 and 4). These unique features of the LjFtsH4 set 
itself apart from other Fix− genes and suggest that LjFtsH4 functions not only in nodule nitrogen fixation but 
also in plant growth. Despite the pleiotropic functions of the LjFtsH4 being predicted, the primary phenotype of 
Ljftsh4 mutants appears in nodule nitrogen fixation, highlighting the exceptional importance of LjFtsH4 in this 
process. The most notable feature of the Ljftsh4 mutant is the rarity of mitochondria with normal ultrastructure 
in nodule cells. Unlike wild-type nodules, the folded cristae structure of mitochondria was not clearly observed 
in the Ljftsh4 mutant (Fig.  7). The leaves of 14-week-old ftsh4 mutant of Arabidopsis also showed similar 
mitochondrial ultrastructure alterations56. LjFtsH4 is a mitochondrial protein (Fig. 6), and thus the observed 
abnormalities in the mitochondria of the Ljftsh4 mutant may be due to the loss of FtsH4 function, leading to 
impaired mitochondrial function. Nodule-infected cells contain numerous mitochondria, which can produce 
ATP more efficiently at low O2 levels and develop characteristic metabolic capacities than mitochondria in roots 
and other tissues66–68. These cells have a high energy demand to support large supply of carbon substrate to 
endosymbiotic rhizobia, assimilation of the fixed nitrogen, material transport processes, and leghaemoglobin 
synthesis, with energy provided by nodule mitochondria67. Therefore, mitochondria in nodule infected cells 
must be highly efficient to support the substantial energy demand for nitrogen fixation as compared to those in 
nonsymbiotic organs. The Ljftsh4 mutant exhibits mitochondrial abnormalities that can lead to decreased ATP 
levels in nodules (Fig. 7), as reported in the Atftsh4 mutant62. It is likely that the decreased ATP levels in the 
Ljftsh4 mutant are barely sufficient to sustain plant growth but are inadequate to support nitrogen fixation in 
nodules, which requires large amounts of ATP.

The nodule cells of the Ljftsh4 mutant display senescence-like symptoms, including reduced bacteroid density 
and disintegration of the symbiosome membrane (Fig. 2). These phenotypes are more or less common to various 
Fix− mutants, but the mechanisms that trigger the breakdown of symbiosis are thought to differ depending 
on the function of each Fix− gene. In Arabidopsis, FtsH4 has been suggested to plays a role in leaf senescence 
as a negative regulator of plant immunity69. Leaf senescence and plant immunity are known to interplay with 
each other, and there are also some similarities in physiological responses between leaf senescence and nodule 
senescence28,70. The interplay between immunity against endosymbionts and nodule senescence has been 
investigated in detail in several Medicago Fix− mutants28. These studies indicate that LjFtsH4 might play a role 
in maintaining nitrogen-fixing activity by regulating the immune response to endosymbionts in the nodules. 
Transcriptome analysis of Ljftsh4 mutant nodules could reveal the physiological responses occurring in Ljftsh4 
nodules.

Nodules produce high levels of ROS, such as superoxide radicals (O2
−) and hydrogen peroxide (H2O2), 

due to increased respiration rates in bacteroids and mitochondria71. Consistent with previous studies72–74, we 
detected the generation of O2

− and H2O2 in young nodules, with higher amounts than in the surrounding roots 
(Supplemental Fig. 9). However, there were no clear differences in O2

− and H2O2 levels between wild-type and 
Ljftsh4-1 mutant nodules, indicating that ROS production is not the cause of the Fix− phenotype of the Ljftsh4-1 
mutant. Previous studies have reported a relationship between nodule senescence and elevated ROS production 
in old nodules or nodules of host plant gene-deficient mutants, such as nad1 of M. truncatula and Lbs knockout 
mutants of L. japonicus74–76. The lack of elevated ROS in the Ljftsh4 mutant may indicate that the senescence 
process of this mutant is fundamentally different from that of old nodules or nodules of host plant gene-deficient 
mutants.
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In the MEROPS peptidase database, FtsH is classified in the metallopeptidase family77. Several metalloproteases 
have been reported to be involved in legume-rhizobium symbiosis. MtMMPL1, a metalloproteinase of  
M.  truncatula, is induced in roots inoculated with symbiotic rhizobia and is proposed to be involved in the 
rhizobial infection process78. On the bacterial side, two metalloproteases of Sinorhizobium, HrrP and SapA, 
are involved in symbiotic compatibility by degrading host-derived cysteine-rich peptides (NCRs)37,79. These 
metalloproteases differ structurally and functionally from FtsH proteases. The complementation experiment 
using mutated LjFtsH4 variants showed that the protease activity of LjFtsH4 is necessary for its function in nodule 
nitrogen fixation (Supplemental Fig. 6). In Arabidopsis, several mitochondrial proteins have been identified as 
proteolytic substrates of AtFtsH449. A mitochondrial small heat shock protein (HSP), HSP23.6, was identified 
as a proteolytic substrate of AtFtsH4, and the accumulation of HSP23.6 as the insoluble aggregated form was 
observed in the Atftsh4 mutant80. Chungopast et al.81 reported that the gene encoding a small heat shock protein 
of L. japonicus (chr3.CM0127.770.r2.d), similar to AtHSP23.6, was expressed in nodules and upregulated in the 
senescence stage. Although the function of HSP23.6 in nodules is currently unknown, FtsH4 might be involved 
in maintaining nodule activity by preventing the aggregation of HSP23.6. Investigating the relationship between 
LjFtsH4 and HSP23.6 will clarify their roles in nodule nitrogen fixation. Additionally, comparative proteomics 
of mitochondria between wild-type and Ljftsh4 mutant nodules will help identify other potential counterparts of 
LjFtsH4, clarifying its biochemical function in symbiotic nitrogen fixation.

Understanding the roles and regulation of proteases in symbiotic nitrogen fixation is crucial for unravelling 
the intricate molecular mechanisms underlying this process. Further research on proteases in legume nodules 
can provide insights into their specific functions, interactions with other proteins, and potential applications in 
improving nitrogen fixation efficiency and legume crop productivity.

Materials and methods
Plant and microbial materials
The Ljftsh4-1 mutant (G00496-9-6) was isolated from somatic mutations through intensive culture of calli and/
or suspension cells of L. japonicus B-129 Gifu82 plants transformed with a nodule-specific gene. The Ljftsh4-1 
mutant line was established by eliminating the transgene through segregation after backcrossing with wild-type 
Gifu plants. Other Ljftsh4 mutant alleles were identified from L. japonicus MG-2039 generated by C6

+ ion beam 
(Ljftsh4-2, Ljftsh4-3, and Ljftsh4-4) or EMS (Ljftsh4-5). M. loti strain TONO83 was used as the microsymbiont. 
RFP-expressing M. loti strain TONO34 was used to monitor rhizobial infection inside nodules. M. loti was grown 
in tryptone-yeast extract (TY) medium containing phosphomycin (100 µg/mL) at 28 ˚C.

Phenotypic analyses
L. japonicus seeds were scarified with sandpaper and sterilized in a 5% NaOCl solution containing 0.02% Tween 
20 for 10 min. After several washes with sterilized water, seeds were germinated on 0.8% agar plates in the dark. 
The seedlings were then transplanted into vermiculite pots supplied with nitrogen-free B&D medium84 and 
grown in a growth chamber under a 16-hour day/8-hour night cycle at 25 ˚C/23 ˚C. For nodulation assays, 
M. loti was inoculated at 7 days after transplanting. Nitrogen fixation activity was analysed using an acetylene 
reduction assay as described in Yamaya-Ito et al.33.

Map-based cloning
Map-based cloning of the causal gene in the Ljftsh4-1 mutant was performed as described in Yamaya-Ito et al.33. 
The Ljftsh4-1 mutant was crossed with L. japonicus ecotype MG-20. Genetic linkage analysis was conducted 
with SSR markers using 1644 F2 progenies. The LjFtsH4 gene locus was mapped to a 180 kb region between 
the markers BM2176 and TM0349. To cover this region, Lotus BAC/TAC clones were selected, and ORFs on 
the clones were predicted using TBlastN and ORF sequences from the syntenic region of the soybean genome. 
Sequence comparisons of predicted ORFs between Ljftsh4-1 mutant and wild-type genomes identified the 
mutation position.

The Ljftsh4 mutant alleles derived from ecotype MG-20 were identified through genetic mapping using 
ecotype Gifu as a crossing partner. Fix− lines with the mutated gene mapped close to the LjFtsH4 locus were 
crossed with each other to confirm that they are genetically identical alleles of the gene. Each allele was 
subsequently sequenced to confirm the LjFtsH4 mutation.

Plasmid constructions
For complementation of the Ljftsh4 mutant, the full-length protein-coding region of LjFtsH4 was amplified 
by PCR from cDNA synthesized from total RNA of mature plants. The amplified fragment was then cloned 
into the pENTR-D-TOPO vector (Invitrogen), and the resulting entry clone (ENT_LjFtsH4) was confirmed by 
sequencing to ensure no PCR errors. The insert from the entry clone was transferred to a Gateway-compatible 
binary vector, pUbi-GW-GFP52, using an LR recombinase (Invitrogen) reaction. Point mutations in LjFtsH4 
were introduced using a PrimeSTAR mutagenesis kit (TAKARA Bio) with ENT_LjFtsH4 as the PCR template. 
Full-length AtFtsH4 was amplified by PCR from cDNA synthesized from total RNA of Arabidopsis Col-0 
seedlings and cloned into pUbi-GW-GFP using the same procedures as above.

For subcellular localization analysis of LjFtsH4, the full-length LjFtsH4 without a stop codon was cloned 
into the pENTR-D-TOPO vector (Invitrogen). The insert from the entry clone was then transferred into the 
pK7FWG2 vector85 to create a C-terminal GFP fusion of LjFtsH4 (LjFtsH4-GFP). The entire region of LjFtsH4-
GFP was amplified by PCR and inserted between the Xba I and Kpn I sites of pUb-Hyg52 using the In-fusion 
cloning system (TAKARA Bio). As a mitochondria marker, the N-terminal region (1-72aa) of the F1F0 ATPase 
gamma subunit of Arabidopsis (pFAγ, AT2G33040) was amplified by PCR from cDNA synthesized from total 
RNA of Arabidopsis (Col-0) seedlings. The amplified fragment was connected with PCR-amplified RFP to create 
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pFAγ-RFP and cloned into pUb-Hyg. LjFtsH4-GFP and pFAγ-RFP were then transformed into Agrobacterium 
rhizogenes LBA1334 and AR1193, respectively, and used for hairy root transformation. Primers used for plasmid 
constructions are listed in Supplemental Table 1.

Hairy root transformation
Hairy root transformation was performed according to the procedures described by Shimoda et al.86, using A. 
rhizogenes LBA133487. Plants with GFP-positive hairy roots were transplanted into vermiculite supplemented 
with B&D medium containing 0.5 mM ammonium nitrate. For nodulation, M. loti strain TONO was inoculated 
at 5 days after transplanting, and the plants were grown in a growth chamber with a 16-hour light/8-hour dark 
cycle at 25 ˚C/23 ˚C. The nodulation phenotype was examined using an MZFLIII stereomicroscope (Leica).

Light and electron microscopy
The nodules were fixed in 4.0% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M sodium phosphate buffer 
(pH 7.0) for 3 h and then overnight at 4 ˚C. After several washes with the same buffer, the samples were post-
fixed in 2.0% osmium tetroxide in the same buffer for 3–4  h at room temperature. They were dehydrated 
through graded ethanol and acetone series and finally embedded in epoxy resin (Quetol-812, Nisshin EM Co. 
Ltd., Tokyo, Japan). Thin sections (~ 1 μm) for light microscopy and ultrathin sections (~ 0.05 μm) for electron 
microscopy were made using an ultramicrotome (Ultra Cut-R, Leica Microsystems). Thin sections were placed 
on a slide glass, stained with 0.002% (w/v) toluidine blue, and observed with an optical microscope. Ultrathin 
sections were stained with uranium acetate and lead citrate for observation using an electron microscope (H-
700, Hitachi, Tokyo, Japan).

Gene expression analysis
Total RNAs were isolated using the cetyl trimethyl ammonium bromide (CTAB) method, followed by 
purification with the RNeasy Plant Mini Kit (QIAGEN)33. cDNA synthesis was performed using the Quantitect 
Reverse Transcriptase Kit (QIAGEN) and quantitative RT-PCR (qRT-PCR) was conducted on the Light Cycler 
2.0 (Roche) with FastStart DNA Master SYBR Green I (Roche), following the manufacturer’s instructions. L. 
japonicus ubiquitin (LjUbq)88 was used as internal standard. Primers used for qRT-PCR are listed in Supplemental 
Table 1.

Measurement of ATP content
The wild-type and Ljftsh4 mutants were grown as described above (see phenotypic analyses). Fourteen days post-
inoculation with M. loti, nodules were detached from roots and frozen in liquid nitrogen. The frozen nodules 
and nodule-detached roots were ground using a RETSCH MM300 TissueLyser Mill Mixer (QIAGEN) with 
zirconia balls. ATP extraction was performed according to Hou et al.89. 500 µl of 50 mM Tris-HCl buffer (pH 
7.4) was added to 100 mg samples and incubated at 95 °C for 10 min. After centrifugation (15,000 rpm at 4 °C 
for 10 min), the supernatant was collected and 100 µL aliquots were stored at − 80 °C until ATP measurement. 
ATP content was measured using the Tissue ATP Assay Kit (WAKO, CatNo. 302-31801), which detects ATP 
based on the luciferin-luciferase assay method. Luminescence intensity was measured using an Infinite M1000 
Pro plate reader (Tecan).

Computer analysis
Functional domains of LjFtsH4 were analysed using InterProScan41. Subcellular localization was predicted using 
TargetP50 and MultiLOC51. Phylogenetic analysis of FtsH4 was performed using the Phylogeny.fr platform90.

Data availability
All data generated or analyzed during this study are included in this published article and in its Supplementary 
material.
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