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The PtdIns3P phosphatase MtMP
promotes symbiotic nitrogen fixation
via mitophagy in Medicago truncatula

Qixia Xue,1,2 Chen Shen,1,2 Qianwen Liu,1 Peng Liu,1 Da Guo,1 Lihua Zheng,1 Jinling Liu,1 Chang Liu,1 Qinyi Ye,1

Tao Wang,1 and Jiangli Dong1,3,*
SUMMARY

Symbiotic nitrogen fixation is a complex process in which legumes interact with rhizobia under nitrogen
starvation. In this study, we found that myotubularin phosphatase (MtMP) is mainly expressed in roots
and nodules in Medicago truncatula. MtMP promotes autophagy by dephosphorylating PtdIns3P on au-
tophagosomes. The mp mutants inoculated with rhizobia showed a significant reduction in nitrogenase
activity and significantly higher number of mitochondria than those of wild-type plants under nitrogen
starvation, indicating that MtMP is involved in mitophagy of the infection zone. Mitophagy may provide
carbon skeletons and nitrogen for the development of bacteroids and the reprogramming of infected
cells. In conclusion, we found, for the first time, that myotubularin phosphatase is involved in autophagy
in plants. MtMP-involved autophagy plays an active role in symbiotic nitrogen fixation. These results
deepen our understanding of symbiotic nitrogen fixation.

INTRODUCTION

Autophagy is an important ‘‘self-eating’’ process that recycles waste proteins as well as organelles such as mitochondria, chloroplasts, and

proteasomes during normal life processes and stress responses.1–3 When cells require autophagy, TOR, an important kinase involved in

the upstream negative regulation of autophagy, is inactivated, and the assembly of the ATG1 kinase complex induces autophagy initiation.4

Next, lipid delivery to expanding autophagic vesicles is driven by the transmembrane protein ATG9 and its recycling factors ATG2 and

ATG18.5 The PI3K kinase complex modifies autophagic vesicles by phosphorylating PtdIns to PtdIns3P in the midstream regulation of auto-

phagy.6 The next step is that theATG8-PE complex covers expanding autophagic vesicles, andATG8- and PtdIns3P-coated autophagosomes

are transported to vacuoles.7 Then, proteins downstream of autophagy, such as FREE1, are involved in the fusion between the outer mem-

brane of autophagosomes and the vacuole membrane, thereby releasing the autophagosome.8 Once the autophagosome enters the vac-

uole, the inner membrane of the autophagosome and its cargos are degraded by vacuole hydrolases.1

Myotubularin phosphatase dephosphorylates PtdIns3P.9 Myotubularin phosphatase are known to play a fundamental role in human phys-

iology, and deletion of these genes can lead to a variety of diseases.10 Myotubularin phosphatase is involved in the downstream process of

autophagy by dephosphorylating PtdIns3P generatedby PI3K in yeast, which in turn helps autophagosomes fuse with vacuoles.11–13 However,

the involvement of the myotubularin phosphatase AtMTM1 and AtMTM2 in the regulation of reactive oxygen species (ROS) accumulation

under drought stress has been reported in Arabidopsis.14,15 It is unknown whether myotubularin phosphatase is involved in autophagy in

plants.

Symbiotic nitrogen fixation is a symbiotic and mutually beneficial relationship between rhizobia and legumes under nitrogen starvation,

and the system involves several processes, such as infection thread formation, nodule primordia formation, and mature nitrogen fixation

nodule formation.16 In legumes, PI3K and TOR, important regulatory genes in autophagy, regulate the process of rhizobial infection and

the formation of nodule primordia. RNA interference (RNAi) of PI3K and TOR was shown to disrupt the formation of normal infection threads

and functional nodules in plants.17,18 The infection threads of these RNAi-transformed plants were unable to penetrate the root cortex cells,

and it was difficult to form normal nodules. However, whether autophagy is involved in the formation of mature root nodules, has not been

reported.

In this study, we identified a myotubularin phosphatase, MtMP, in Medicago truncatula. MtMP is involved in autophagy by dephosphor-

ylating PtdIns3P on autophagosomes. TheMtMP expressed in the infection zone of nodules promotes nitrogen fixation through mitophagy.
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Figure 1. Phylogenetic analysis of myotubularin phosphatase and expression pattern of MtMP

(A) MtMP protein domains prediction plot. The CRISPR target is on the Myotub-related domain and before the catalytic site. Gray bar means protein skeleton.

Orange bar means PH-like domain. Purple bar means myotub-related domain.

(B) The protein sequences ofmulti-species were used for phylogenetic analysis. Poaceae is the representative of monocotyledons, Rosales, malvaceae, fabaceae,

and brassicaceae are the representative of dicotyledons. The original image with the protein ID is in the Figure S1B.

(C–G) Gus staining of root (C), stem (D), leaf (E), 5 dpi nodule (F) and 21 dpi nodule (G) with ProMP::GUS plants (Bar = 100 mm (C) , 1 mm (D, F, G) and 2 mm (E)).

(H) Root cross section of ProMP::GUS plants (Bar = 50 mm).

(I) Enlarged view of root cross section. Red arrows mean pericycle cells (Bar = 20 mm).

(J) Early stage nodule (5dpi) cross section of ProMP::GUS plants. Black arrow means nodule-forming side of root. Red arrow means non-nodule-forming side of

root (Bar = 50 mm).

(K) Enlarged view of early stage nodule cross section. Red arrows mean pericycle cells (Bar = 20 mm).

(L) Mature nodule (28dpi) cross section of ProMP::GUS plants (Bar = 100 mm).

(M) Enlarged view of mature nodule cross section. Red arrows mean infection cells (Bar = 100 mm)..
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We speculate that mitophagy plays a crucial role in symbiotic nitrogen fixation. This study provides new ideas for understanding the regu-

latory mechanism underlying symbiosis between rhizobia and legumes.
RESULTS

Identification of MtMP

Myotubularin phosphatase gene Ymr1 in yeast is able to participate in autophagy, and its mutants present partial inhibition of autophagy.We

hope to find genes of the same family that perform similar functions in plants as well. Myotubularin phosphatase is commonly found in mono-

cotyledons and dicotyledons by blast (Figures 1B and S1B). In dicotyledons, each family is a single branch, which is relatively conservative.

While in Poaceae, the myotubularin family genes are divided into two distinct branches, and there may be functional divergence in different

branches. In Medicago truncatula genome, there is only one myotubularin phosphatase, which we have named MtMP. And then we cloned

MtMP from cDNA of M. truncatula. The coding sequence of MtMP is 2532 bp in length, and the MtMP protein consists of 843 amino acid

residues, predicting to encode a 93 kDa protein. MtMP has two superfamily structural domains, the PH (pleckstrin homology)-like domain

and theMyotube-related (myotubularin-like phosphatase) domain (Figure 1A). PH-like domains can bind to inositol phosphates and are often

involved in directing proteins to appropriate cellular sites or interacting with binding proteins.19
Tissue expression pattern of MtMP

To determine the tissue expression localization ofMtMP, we cloned the 2.5-kb promoter region sequence upstream of the ATG codon of the

MtMP gene. ProMP::GUS transgenic plant material was constructed for GUS staining to detectMtMP tissue expression patterns, and the re-

sults showed deeper staining in roots and young nodules as well as mature nodules and lighter staining in leaves and stems (Figures 1C–1G).
2 iScience 26, 107752, October 20, 2023
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To further clarify the expression ofMtMPwithin the nodules, we performed agarose-embedded sections of GUS-stained roots, young nod-

ules, and mature nodules. The results of root cross-sections showed thatMtMP was localized in vascular bundle cells and pericycle cells, with

no obvious staining in cortex cells (Figures 1H and 1I). At the early stage of nodule formation (5 days post inoculation (dpi)), MtMP was ex-

pressed in the infected cells of the nodule primordia and localized in vascular bundle cells and pericycle cells (Figure 1J). In the early stages

of nodule development, pericycle cells are the first to differentiate, and then cortex cells differentiate and form nodules in symbiosis with

rhizobia. Interestingly, we found that MtMP was expressed on the nodule-forming side of the root and not on the nonnodule side

(Figures 1J and 1K), implying that MtMP plays a role in the process of nodule primordia division. At the nodule maturation stage (21 dpi),

MtMP was expressed mainly in the infection zone of the nodules (Figures 1L and 1M). In summary,MtMP was mainly localized in the vascular

tissue of the roots, the nodule primordia, and the infection zone of mature nodules.

To investigate the function of MtMP in depth, we constructed MtMP loss-of-function mutants. The myotube-related domain, the catalytic

domain of the MtMP protein, was used as a clustered, regularly interspaced, short palindromic repeat (CRISPR)/CRISPR-associated 9 (Cas9)

gene knockout target (Figure 1A). We used a modified CRISPR/Cas9 toolkit.20 The T1 generation was obtained by self-crossing. Three mp

mutant lines without the complete phosphatase active domain were finally screened (Figure S1A). We used mp22 for all assays as its 41bp

deletion can be checked easily, and three mutant lines for phenotype assays. All mp mentioned below are mp22 except phenotype results.

MtMP can bind to and dephosphorylate PtdIns3P

Myotubularin is a bispecific lipid phosphatase that dephosphorylates PtdIns3P.21 Based on the function of the domain, we hypothesized that

MtMPmay bind to PtdIns3P and dephosphorylate PtdIns3P. To determine the lipid-binding capabilities of the MtMP, we purified the protein

of MtMP PH-like domain fused with the His-MBP tag (His-MBP-MPN). And confirmed MtMP interact with PtdIns3P by protein lipid overlay

assay (Figure 2A).

We use 2xFYVE to indicate PtdIns3P in vivo. 2xFYVE consists of two tandem FYVE domains that bind to PtdIns3P and can indicate the loca-

tion of PtdIns3P in vivo.22We usedAgrobacterium rhizogenes ARqua1 to transformMedicago truncatula, and themCherry-2xFYVE vector was

expressed in WT and mp mutants to detect intracellular PtdIns3P. The GFP expression cassette in the expression vector was used as an in-

ternal reference to ensure consistent transgene efficiency. The results showed significant accumulation of 2xFYVE punctate fluorescence in

the mp mutant (Figure 2B). The number of FYVE puncta in mp mutants was significantly greater than that in WT (Figure 2C), indicating that

MtMP is able to dephosphorylate PtdIns3P in vivo.

Next, we assayedMtMP dephosphorylation activity in vitro. Themyotubularin phosphatase AtMTM1 inArabidopsiswas used as a positive

control for in vitro enzyme activity assays, as it has enzymatic activity and can dephosphorylate PtdIns3P. By referring to other myotubularin

phosphatase activity confirmation methods,14,23 we purified the myotubule-related enzymatic activity domain for the enzyme activity assay.

The results of the PtdIns3P phosphatase activity assay showed that MtMP has a distinct phosphate absorption peak compared to MBP blank

control, similar to AtMTM1, indicating that MtMP has phosphatase activity in vitro (Figures 2D and S2). In summary, MtMP is a myotubularin

phosphatase with enzymatic activity that can dephosphorylate PtdIns3P both in vivo and in vitro.

MtMP localizes to autophagosomes and participates in autophagy

Based on the fact that PtdIns3P binds to the autophagosome membrane1 and our results that MtMP is able to dephosphorylate PtdIns3P,

further research was conducted to investigate whether MtMP can participate in autophagy. ATG8 is a commonly used autophagy marker,

and its punctate fluorescence in protoplasts can indicate the presence of autophagosomes. Coexpression of MtMP-GFP and mCherry-

MtATG8 inArabidopsis protoplasts shows that the fluorescence signal ofMtMP could colocalize with the punctate fluorescence of ATG8 (Fig-

ure 3A). Similarly, MtMP was able to colocalize with the punctate fluorescence of 2xFYVE (Figure 3B). The above results indicated that MtMP

localizes to autophagosomes.

Myotubularin phosphatase Ymr1 in yeast has been reported to participate in autophagy.We further investigatedwhetherMtMP could play

a role in the yeast ymr1D mutant. Autophagy complementation experiments were performed in ymr1D mutants using the transfer of

ProYmr1::MtMP in yeast. The results of green fluorescent protein (GFP) cleavage experiments showed that the proportion of GFP remained

unchanged in yeast ymr1D mutants due to the suppression of autophagy in ymr1D strains.12 The proportion of GFP increased after MtMP

transfer into the ymr1D mutant, and MtMP was able to complement the autophagy phenotype of the yeast ymr1D mutant (Figure S3).

This result indicates that MtMP is functionally similar to Ymr1 in yeast and can play a role in promoting autophagy.

WhetherMtMP is involved in nitrogen starvation-induced autophagy inMedicago truncatulawas further investigated. We examined intra-

cellular autophagy by transforming GFP-ATG8 intoMedicago truncatula using ARqua1. After nitrogen starvation-induced autophagy, punc-

tate fluorescence of ATG8 was significantly increased in mp mutants compared with WT, indicating an increase in autophagosomes

(Figures 3C and 3D). As expected, a higher proportion of GFP-ATG8 and a lower proportion of cleaved GFP were found in the mp mutant

than in theWT in theGFP cleavage assay (Figure 3E). This result indicates that autophagy is inhibited inmpmutants. Overall, the above results

suggest that MtMP promotes autophagy in plants.

Autophagy is induced by nitrogen starvation and rhizobia

Legumes have a unique ability to nodulate and fix nitrogen. To further investigate the relationship between autophagy and symbiotic nodu-

lation at the transcriptional level, we explored whether autophagy-related genes are involved in the early process of nitrogen starvation and

nodulation symbiosis. We used RT–qPCR to examine the effects of nitrogen starvation and the inoculation of rhizobia on the expression of
iScience 26, 107752, October 20, 2023 3



Figure 2. PtdIns3P phosphatase activity of MtMP

(A) Lipid protein overlay assay of recombinant MPN fused to His-MBP (His-MBP-MPN) with PtdIns3P.

(B)Agrobacterium rhizogenes Aqua1 transformsmcherry-2xFYVE andGFP double expression vector intoMedicagoWT andmpmutant plants (Bar = 50 mm). Left

is mcherry-2xFYVE channel. Right is GFP channel.

(C) The number of FYVE puncta per cell in WT and mp mutant plants. Data are presented as mean G SD for 15 individual cells. **p < 0.01(Student’s t test).

(D) PtdIns3P phosphatase activity of protein MtMP. AtMTM1 is regarded as positive control, and MBP empty vector as negative control.
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autophagy-related genes. The results show that the expression of TOR, an important negative regulator upstream of autophagy, is signifi-

cantly downregulated by nitrogen starvation and Sm1021. The expression of ATG8,MtMP, and FREE1 downstream of autophagy was signif-

icantly upregulated (Figure 4). We also examined the GFP cleavage in GFP-ATG8 transgenic M. truncatula noduled roots after inoculation

with Sm1021 from 0 to 7 days. Immunoblot showed increased GFP cleavage after inoculation with Sm1021 (Figure S4). The results indicated

that autophagy is induced and activated in roots during nitrogen starvation and rhizobial infection.

MtMP promotes nitrogen fixation capacity

To explore the impact of MP deficiency on plant growth and development, we analyzed the phenotypes of WT and mp mutants under full

nutrient conditions. There were no significant differences in mp mutants compared to WT in aboveground and underground parts under

full nutrient conditions (Figure S5).

As found, both nitrogen starvation and Sm1021 induction led to autophagy.MtMP high expressing in the underground parts is positively

involved in autophagy. Therefore, we explored whether MtMP is involved in autophagy during nodulation. We found that MtMP affects the
4 iScience 26, 107752, October 20, 2023



Figure 3. MP locate on autophagosomes and participates in autophagy

(A) Coexpression MtMP-GFP and mCherry-MtATG8 in Arabidopsis protoplast. The following figure is marked regions to calculate fluorescence

intensity(Bar = 20 mm).

(B) Coexpression MtMP-GFP and mCherry-2xFYVE in Arabidopsis protoplast. The following figure is marked regions to calculate fluorescence intensity

(Bar = 20 mm).

(C) Agrobacterium rhizogenes Aqua1 transforms GFP-ATG8 into Medicago WT and mp mutant plants (Bar = 50 mm).

(D) Statistical analysis of the number of ATG8 puncta per cell in WT and mp mutant plants. *p < 0.05(Student’s t test).

(E) Immunoblotting quantitative analysis of GFP and GFP-ATG8WT andmpmutant plants transformed with GFP-ATG8. Numbers mean gray values of each lane

and ratio of GFP and (GFP + GFP-ATG8). NPTII was used as internal reference gene.
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Figure 4. Expression pattern of autophagy related genes

(A and B) Transcript level ofMP, ATG8h, FREE1 and TOR inMedicago wild type roots with N starvation treated for 0 to 7 days (A) and induced by Sm1021 treated

for 0 to 7 days (B). Data are mean G SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s t test).
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formation of nodules (Figure S6A). The number and density of infection threads and nodule primordia were significantly lower in the mp

mutant than in the WT (Figures S6B–S6E). So MtMP affected the formation of infection threads and nodule primordia. Expression of nodu-

lation marker genes, including Nodule inception (NIN), Interacting protein of DMI3 (IPD3), and nuclear factor Y, subunit A1 (NF-YA1) was

reduced in mp mutant nodules at 7 days and 14 days after inoculation with Sm1021 (Figures 5E–5G). Next, we examined the phenotype

at 21 dpi, and the number of nodules in thempmutants was also significantly lower than that in theWT at 21 dpi (Figure S6F). Themost impor-

tant is that themature nodules of thempmutant had significantly lower nitrogenase activity and significantly reduced nodule fresh weight and

nodule size compared to WT plants (Figures 5A–5D). We also observed that WT nodules were pink in color (Figure 5A). Pink nodules have

better nitrogen fixation capacity.24,25 In contrast, the nodules of thempmutant were lighter in color, and these results imply that the nodules

of the mp mutant were poorly developed and had a reduced nitrogen fixation capacity. In summary, MtMP mainly promotes the nitrogen

fixation capacity of mature nodules.

MtMP affects mitophagy in the nodule infection zone

During nodule formation, the mitochondrial morphology is swollen and its functionality declines in infection zone.26 Autophagy may be

required to participate in the degradation of these mitochondria with reduced function during the transformation of infected cells into nitro-

gen-fixing cells. VDAC was used as a mitochondrial marker of immunostaining to clarify the mitochondrial number in root nodules. Compared

with WT plants,mpmutants had stronger fluorescence intensity in the infection zone (Figures 6A and 6C). By counting the number of fluores-

cent spots (mitochondria) in the cells of the infection zone, we found that mp mutants had significantly more mitochondria than the WT

(Figures 6B and 6D). The mitochondrial number of WT andmpmutant nodules was also detected with immunoblot. The degradation of mito-

chondrial markers (VDAC and COXII) is blocked in autophagy-defectivemutants.27We found that VDAC and COXII accumulated inmpmutant

nodules (Figure 6E), but the difference is not as pronounced as in the immunostaining counts. We speculate that the proteins used for immu-

noblotting were extracted from whole nodules,MtMP is expressed in cells in the infection zone of nodules (Figure 1M). The results show that

MtMP is involved in themitophagy of cells in the infection zone. The inhibition ofmitophagy in thempmutantmay in turn inhibit the conversion

of cells in the infection zone into cells in the nitrogen-fixing zone, thereby affecting nodule size, color, and nitrogen-fixing capacity.

We also examined autophagy under carbon starvation, the yellowing ofWT andmpmutant leaves was consistent between 0 and 6 days of

carbon starvation. The chloroplast marker TIC was quickly depleted under carbon starvation in bothWT andmpmutant leaves. But there was

no significant difference in chloroplastmarker content betweenWT andmpmutant (Figure S7). The results indicated thatMPwas not involved

in autophagy induced by carbon starvation.

DISCUSSION

Autophagy is crucial in the tissueand cell differentiation anddevelopment of bothmammals and invertebrates. Autophagy hasbeen found tobe

involved indirecteddifferentiation inavarietyof tissuesandcells, includingembryonic, stemand immunecells.28,29Duringcellulardifferentiation,
6 iScience 26, 107752, October 20, 2023



Figure 5. MP affects nitrogen fixing capacity of nodules

(A) Phenotype of nodule of 21dpi WT and mp mutant plants (Bar = 1 mm).

(B) Microscopic phenotype of nodule of 21dpi WT and mp mutant plants (Bar = 100 mm).

(C) Nitrogenase activity of 21dpi WT, mp19, mp22, mp40 plants. Data are presented as mean G SD for 15 individual plants. **p < 0.01, ***p < 0.001,

****p < 0.0001, (Student’s t test).

(D) Nodule average fresh weight of 21dpi WT, mp19, mp22, mp40 plants. Data are presented as mean G SD for 15 individual plants. *p < 0.05, ****p < 0.0001,

(Student’s t test).

(E–G) Transcript levels of multiple nodulationmarker genes (NIN,NF-YA1 and IPD3) inWT andmpmutant plants at 7 dpi and 14 dpi induced by Sm1021. Data are

mean G SD (n = 3). *p < 0.05, **p < 0.01 (Student’s t test).
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cells transition from an undifferentiated state to a differentiated state in a complex regulatory manner. This process requires the degradation of

obsoleteproteins toallow the synthesis of newproteins required for cellular transition.Autophagydegrades theseobsoleteor redundantprotein

complexes to provide substrates for the synthesis of new proteins required for cellular activities associated with morphogenesis.30

During cellular transformation involving autophagy, MtMP can dephosphorylate PtdIns3P on autophagosomes to promote autophagy,

and studies in yeast have shown that the removal of PtIns3P from autophagosomes is required for autophagosome fusion with vacuoles. It

is unknown whether autophagy requires dephosphorylation of PtdIns3P in plants. In this study, we found that PtdIns3P on autophagosomes

inhibits the fusion with vacuoles under certain conditions. We also examined autophagy under carbon starvation. There was no significant

difference in chloroplast marker content betweenWT andmpmutant (Figure S7), which indicates that MtMP does not participate in all types

of autophagy. This result may indicate that autophagy is very finely regulated. In future studies, resolving these finely regulated processes will

be important for understanding organ, tissue and cellular remodeling and differentiation.

Mitochondria are dynamic organelles that constantly adapt to environmental changes. Severe energy stress can cause mitochondria

dysfunction and pathological swelling.26 When mitochondrial function is impaired, the production of more free radicals than energy
iScience 26, 107752, October 20, 2023 7



Figure 6. MP promotes mitochondrial degradation in nodules

(A) Immunostaining of mature nodules of WT andmpmutant plants. White boxes mean infection zone ofWT andmpmutant nodules. Blue fluorescence (DAPI) is

cell nucleus. Red fluorescence (anti-VDAC) is mitochondria (Bar = 100 mm).

(B) Enlarge view of infection zone of WT and mp mutant nodules. White arrows mitochondria of WT and mp mutant infection zones of nodules (Bar = 25 mm).

(C) Mean fluorescence intensity of infection zones. **p < 0.01 (Student’s t test).

(D) The number of VDAC puncta per cell in WT and mp mutant plants. **p < 0.01(Student’s t test).

(E) Immunoblot of mature nodules of WT and mp mutant plants. ACTIN was used as internal reference gene.
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leads to increasing oxidative pressure, and mitophagy begins in cells.31 Mitophagy provides carbon skeletons and nitrogen for cells.27,32

During uncoupler treatment, the damaged mitochondria are selectively engulfed by autophagosomes that are labeled by ATG8 pro-

teins in an ATG5-dependent manner in Arabidopsis,33 suggesting that ATG8 is involved in the mitophagy in plants. For cells in the

nodule infection zone, it was observed that the mitochondria became larger and longer and presented more cristae,34 indicating

that the mitochondria in plant cells were stressed during the infection of rhizobia into plant cells. MtMP was expressed specifically

in the nodule infection zone. When mitochondrial function was impaired, MtMP participate in mitophagy (Figure 6) and recover carbon

skeletons and nitrogen from mitochondria, which may constitute a source of substances for the formation of bacteroids. In the MP dele-

tion mutants, mitochondria accumulated in the infection region (Figure 6), the degradation and regeneration cycle of mitochondria in

the cells were disrupted, and the intracellular material supply was not in balance, which affected nodule development and resulted in a

decrease in nodule weight. This affected the nitrogen-fixation ability of the nodules, which was characterized by a decrease in nitroge-

nase activity (Figure 6). Under nitrogen starvation, legumes shift from normal growth to symbiotic nodulation, which is a complex bio-

logical change.16 During the development of mature nodules, most of the cells in the nitrogen-fixing zone are transformed from cells in

the infection zone.16 Cells in the infection zone need to undergo rhizobial transformation into bacteroids.35 MtMP is involved in mitoph-

agy in the infection zone and may help transform the infected cells into nitrogen-fixing cells. In conclusion, mitophagy plays a crucial

role in symbiotic nitrogen fixation.

Based on the previous research results on themechanism ofmitophagy in animals, yeast and plants,1,32,36,37 we proposed a putativemodel

of mitophagy in the nodule infection zone (Figure 7). Under the induced conditions, TOR and ATG1, important regulators upstream of auto-

phagy, initiate the assembly of the pre-autophagosomal structure (PAS). A variety of autophagy-related proteins are involved in thismid-auto-

phagy process, including PI3K, which phosphorylates PtdIns on the PAS to generate PtdIns3P. Moreover, someATGproteins help ATG8 atta-

ch to PE and anchor to the PAS.38 Eventually, the PAS bends and wraps into an autophagy vesicle with the help of proteins such as SH3P2 for

transport toward the vacuole. downstream of autophagy, PtdIns3P on the autophagosome needs to be dephosphorylated by MP and fused

with vacuoles with the help of the ESCRT complex. Hydrolases in the vacuoles hydrolyze the cargo into amino acids, sugars, lipids and other

basic substances.1 Cells can recycle these basic C and N sources as well as energetic materials to synthesize new functional proteins and

organelles.
8 iScience 26, 107752, October 20, 2023



Figure 7. The model of mitophagy in the nodule infection zone

(A) The infection cells transfer to nitrogen-fixing cells in mature nodules.

(B) Induction of autophagy.

(C) TOR and ATG1 participate the upstream of autophagy.

(D) Formation of pre-autophagosomal structure (PAS). PI3K phosphorylates PtdIns to produce PtdIns3P. SH3P2 assists in the transformation of PAS into

autophagosomes.

(E) MP dephosphorylate PtdIns3P for maturation of autophagosome for fusing with vacuoles assisted by ESCRT.

(F) Autophagosomes fuse with vacuoles where its cargo is degraded by resident hydrolases. These digestion products can be transported back to the cytosol for

re-use.

(G) The digestion products can resynthesis function proteins and organelles. The middle circle is a simplified diagram of ouroboros that represents the inner

impetus and self-perpetuating.
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Limitations of the study

Under low nitrogen conditions, legumes transition from normal growth to symbiotic nodulation, which is a complex biological change.16

There are four main processes of symbiotic nodulation between legume and rhizobia, each of which involves cell differentiation or morpho-

logical transformation. Our research found that MtMP promotes the nitrogen fixation capacity of mature nodules. MtMP participate in mi-

tophagy and recover carbon skeletons and nitrogen from mitochondria, which may constitute a source of substances for the formation of

bacteroid and may help infected cells transform into nitrogen-fixing cells. At the same time, we also found that MtMP affects the early events

of nodule formation, such as the number of infection threads and nodule primordia, but it is still unclear how MtMP affects the formation of

infection threads and nodule primordia. In future research, further investigation of these regulatory processes will be critical to understanding

the organogenesis of nodules.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-GFP Proteintech Cat#66002-1-Ig; RRID:AB_11182611

anti-NPTII Abcam Cat#ab60018; RRID:AB_944399

anti-VDAC Agrisera Cat#AS07212; RRID:AB_1031829

anti-COXII Agrisera Cat#AS04053; RRID:AB_347493

anti-BIP1 Agrisera Cat#AS09481; RRID:AB_1832007

anti-His Proteintech Cat#66005-1-Ig; RRID:AB_11232599

anti-ACTIN CWBIO Cat#CW0096; RRID:AB_2665433

goat anti-rabbit IgG-AF594 secondary

antibodies

QualitYard Cat#QYB082

goat anti-mouse IgG secondary antibodies seracare KPL Cat#5220-0341; RRID:AB_2891080

Bacterial and virus strains

Sinorhizobium meliloti 1021 N/A N/A

Agrobacterium rhizogenes ARqua1 N/A N/A

Agrobacterium tumefaciens EHA105 N/A N/A

Escherichia coli TOP10 N/A N/A

Escherichia coli Rosetta (DE3) TIANGEN Cat#CB108

Chemicals, peptides, and recombinant proteins

40,6-diamidino-2-phenylindole (DAPI) Sigma Cat#28718-90-3

X-gluc Sigma Cat#B5285

agarose Sigma Cat#A9414

Trizol Invitrogen Cat#16695-018

PtdIns3P Avanti Polar Lipids Cat#850150

HiScript II 1st strand cDNA synthesis kit Vazyme Cat#R211

SYBR qPCR mix Vazyme Cat#Q712

His-MBP-MP (myotube-related enzyme active

domain)

This paper N/A

His-MBP-AtMTM1 This paper N/A

His-MBP-MPN (PH-like domain) This paper N/A

Critical commercial assays

Phosphatase kit Echelon Biosciences Cat#JJ-052208

http://www.echelon-inc.com/

Experimental models: Organisms/strains

R108 N/A N/A

mp22/mp19/mp40 (CRISPR/Cas9) This paper N/A

GFP-MtATG8 This paper N/A

ProMP::GUS This paper N/A

yeast ymr1D mutant strain Cebollero et al., 201212 N/A

yeast ymr1D+ProScYmr1::Ymr1 This paper N/A

yeast ymr1D+ProScYmr1::MtMP This paper N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

See Table S1 N/A N/A

Recombinant DNA

Pro35S:: GFP-MtMP This paper N/A

Pro35S::mCherry-MtATG8 This paper N/A

Pro35S::mCherry-2xFYVE This paper N/A

GFP-ScATG8 This paper N/A

Software and algorithms

GraphPad Prism9 Open source https://www.graphpad.com

ImageJ Open source https://ImageJ.nih.gov/ij/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jiangli Dong

(dongjl@cau.edu.cn).

Material availability

Materials generated in this study are available upon request. For further details contact the lead contact.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

R108M. truncatula plants were used in this study. Seeds were treated with 98% (v/v) H2SO4 for 8min, washed three times with water, sterilized

with 5% (v/v) sodium hypochlorite for 12 min, and then washed six times with sterile water. The seeds were then placed on the surface of 0.8%

(w/v) agarose media and stratified at 4�C for 3 days, after which they were germinated at 24�C in the dark. All the plants were subsequently

grown in a greenhouse (22�C temperature, 16/8 h light/dark photoperiod, 100 to 150 mmolm2/s light intensity provided by a white fluorescent

lamp, and 60 to 70% humidity). For seed production, plants were grown in a soil:vermiculite (1:3, v/v) mixture. For nodulation, plants were

grown in a perlite:vermiculite (2:5, v/v) mixture soaked in N-deprived Fåhraeus media for 1 week and then inoculated with Sm1021 rhizobia

resuspended in liquid Fåhraeus media (OD600 nm = 0.05). For N-starvation experiments, plants were grown on plates of Fåhraeus media

supplemented with 1.5% (w/v) agarose covered with seed germination paper (Anchor Paper) or in liquid Fåhraeus media with or without N.

METHOD DETAILS

RT-qPCR

RT-qPCR was used to confirm RNA-seq expression data for selected genes related to autophagy and nodulation. To detect the expression of

autophagy related genes, RNA was extracted with Trizol reagent from roots of R108 treated with nitrogen hungry or inoculated with Sm1021

for 0, 3, and 7 days. To detect the expression of nodulation relatedmarker genes, RNAwas extractedwith Trizol reagent from nodules of R108

and mp mutants which were grown in Fåhraeus medium for 7 days and then then inoculated with Sm1021 for 7 days and 14 days.

First-strand cDNAwas synthesizedwith 1 mg of total RNA using HiScript II 1st strand cDNA synthesis kit. SYBR qPCRmix was used as well as

the CFX-96 real-time system (Bio-Rad). Gene expression was calculated using the 2�DDCT method.MtACTIN4A andMtRBP1 was used as a

reference gene. The primers used in this experiment are listed in Table S1.

Agrobacterium rhizogenes transformation in hairy roots

The full-length ATG8 and 2xFYVE coding sequences (CDS) overlapping with GFP or mCherry sequences were cloned into a pCAMBIA-1307-

FLAG-HA vector,39 an FLAG-HA tag was fused to the C-terminal end of the genes, and Agrobacterium rhizogenes ARqua1 strains40 express-

ing either a Pro35S:GFP-ATG8-FLAG-HA construct or a Pro35S:mCherry-2xFYVE-FLAG-HA construct was used to transformR108 andmpmu-

tants. In brief, seedlings were incubated together withARqua1 for 1 week in half-strengthMurashige and Skoogmedia (without sucrose (Suc))
iScience 26, 107752, October 20, 2023 13
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at 20�C, transferred to new media (with 20 g/L Suc and 3 mM MES, pH 5.8) for 1 week at 24�C, and then transferred to a plate with freshly

solidified Fåhraeus media (without Suc) covered with seed germination paper. Three weeks later, the roots of the transgenic plants were sub-

jected to fluorescence observations.

Generation of constructs and transgenic lines

A stable mp mutant was generated based on the CRISPR/Cas9 system, as reported by Zhu et al.20 Briefly, a site (CCCTGTCA

AATGACTTGTGG) was selected from the 7th MtMP exon as well as theMtU6-1 promoter in the pCBC-1 vector. Mutations in MPs were de-

tected in individual transgenic plants by sequencing. TheMP promoter (the 2.5 kb region upstreamof ATG) was cloned into a pCAMBIA-1381

vector, after which the resulting ProMP::GUS vector was stably transformed into R108 cells.

The transformation protocol is briefly described here. Constructs were transferred into the EHA105 strain, which were subsequently

cultured in yeast extract beef (YEB) liquid media until the OD600 reached 0.6. The culture was then centrifuged and gently resuspended

in SH3a liquid media (OD600 = 0.6). Leaves of 3- to 4-week-old in vitro plants were chosen, cut into pieces and put into an Agrobacterium

mixture, after which a vacuum was applied to the leaf explants for 30 min. The leaf explants were transferred to sterile paper to remove the

bacterial solution and then placed on solid SH3amedia without antibiotics; the explants were subsequently allowed to grow for 3 days in the

dark (at 24�C). The leaf explants were then transferred onto SH3amedia (supplementedwith 50mg/L hygromycin and 200mg/L timentin) and

cultured for 6 weeks in the dark at 24�C (during which time they were transferred to new SH3a media every 2 weeks). The leaf explants were

then transferred to solid SH9 media for further cultivation (4–6 weeks). Finally, the plantlets were transferred to 1/2-strength MS media (1.5%

Suc, 0.8% agar) to induce rooting.

ITs, primordia, and nodulation phenotype assays

Plants were grown in a perlite:vermiculite (2:5, v/v) mixture soaked in N-deprived Fåhraeusmedia for 1 week and then inoculated with Sm1021

rhizobia for 3 weeks before the nodulation phenotype assays were performed. To determine the IT and primordium phenotypes, the plants

were inoculated with Sm1021 rhizobia carrying a ProHemA::LACZ fusion construct for 5 days before X-Gal staining, which was performed as

previously described by Gonzalez-Rizzo et al.40

Subcellular localization of MP

For the subcellular localization of MP, the full-length MP protein was cloned into a pCAMBIA-1307-Pro35S::GFP vector, and then

Pro35S::MP-GFP was transiently coexpressed with a Pro35S::mCherry-ATG8 autophagy marker or a Pro35S:mCherry-2xFYVE41 PtInds3P

marker in Arabidopsis protoplasts. Fluorescence was detected using an SP8 confocal microscope (Leica) at excitation and emission wave-

lengths of 488 and 495 to 545 nm, respectively, for GFP and 552 and 590 to 670 nm, respectively, for mCherry.

GUS staining analysis

For GUS staining analysis, the roots of transgenic plants were stained in a solution (pH 7.0) consisting of 10 mM EDTA disodium salt, 100 mM

NaH2PO4, 0.5 mM K4Fe (CN)6, 0.5 mM K3Fe (CN)6, 0.1% Triton X-100, and 0.5 mg/mL X-gluc at 37�C for 12 h. The GUS staining patterns were

then observed and photographed with an Olympus BX51 microscope. The GUS-stained roots were embedded in 3% (m/v) low-gelling-tem-

perature agarose and sectioned at a thickness of 50 mm using a Leica VT1000S instrument.

GFP cleavage assays

To evaluate autophagic flux, GFP-MtATG8 was expressed inWT plants andmpmutants via hairy root transformation. The total protein of the

roots was extracted under N-starvation conditions. The protein extract was analyzed with anti-GFP, and free GFP was detected. To evaluate

GFP cleavage when plants inoculated with rhizobia, GFP-MtATG8 stable plants inoculated with Sm1021 after 7 days of N-starvation, and

sampled from 0 days to 7 days of Sm1021 inoculation to detect GFP cleavage. Like in plants, GFP-ScATG8was expressed in the ymr1Dmutant

strain, ymr1D+ProScYmr1::Ymr1 supplementation strain and ymr1D+ProScYmr1::MtMP supplementation strain; the ymr1D strain was a gift

from Fulvio Reggiori.12 Total protein was extracted under N-starvation conditions for 0 h, 2 h, 4 h and 6 h. ImageJ was used to perform

gray value statistics.

Phosphatase activity assays

Phosphoinositide 3-phosphatase assays were performed using amalachite green assay42,43 with a standardized phosphatase kit according to

the manufacturer’s protocol. Recombinantly expressed and affinity column-purified His-MBP-tagged proteins were reacted with phosphoi-

nositides (Echelon) as substrates. AtMTM1 phosphatase was used as a positive control. The truncated myotube-related enzyme active

domain was used to purify the truncated MtMP recombinant protein. An AtMTM1 truncation vector and a His-MBP empty vector were

used as controls.

Protein lipid overlay assay

Protein lipid overlay assay were performed as described previously.44 Each PtdIns3P was spotted onto PVDF membrane and incubated at

23�C for 1 h to allow the chloroform to evaporate. The membrane was blocked at room temperature for 1 h in Tris-buffered saline (TBS)
14 iScience 26, 107752, October 20, 2023
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containing 5% (w/v) skimmedmilk powder, with shaking at 60 rpm. Themembranewas incubatedwith 50 mg of recombinant His-MBP-MPNor

His-MBP protein at 4�C for 16 h. The membrane was washed three times for 10 min each with TBST (containing 5% Tween 20), then incubated

with anti-His monoclonal antibody at 23�C for 1 h. Goat anti-mouse IgG was used as a secondary antibody.
Nodule immunofluorescence assays

The nodules were placed in 4% paraformaldehyde in phosphate-buffered saline (PBS) (0.1 M; pH 7.4; Gibco) at 4�C for fixation. Paraffin

embedding and paraffin sectioning were then performed. For VDAC immunofluorescence staining, sections were incubated together with

rabbit anti-VDACovernight at 4�C. After the unbound primary antibodies were removed, the sections were incubatedwith the corresponding

goat anti-rabbit IgG-AF594 secondary antibodies for 1 h at 23�C, followed by nuclear staining with 40,6-diamidino-2-phenylindole (DAPI) for

5 min. The stained sections were then observed and imaged with an Olympus BX51 microscope. ImageJ was used to perform intensity sta-

tistics on the red fluorescence.
Shoot carbon hungry assays

Carbon hungry assays were performed as described previously45 using seedlings grown for 4 weeks on soil at 21�C under LD conditions. The

expanding third and fourth leaves were individually covered with aluminum foil, whereas the rest of the plant remained exposed to LD light

conditions.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance of the biological parameters was assessed using Student’s t test Statistical analyses were performed with the software

GraphPad Prism9. The statistical parameters are reported in the figure legends.
Accession numbers

Sequence data from this article can be found in theM. truncatula genome database and the GenBank data library under accession numbers

Medtr1g092570 (MtMP), Medtr7g096540 (MtATG8h), Medtr5g005380 (MtTOR), Medtr3g114080 (MtFREE1), Medtr5g099060 (MtNIN),

Medtr1g056530 (MtNF-YA1), Medtr5g026850 (MtIPD3).
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