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Abstract 29 

The stabilization of rhizobia in specialized organelles, called symbiosomes, is 30 

an evolutionary hallmark for maintaining high rates of nitrogen fixation in 31 

legumes. This is achieved by releasing thousands of bacteria from nodular 32 

infection threads within in a single plant cell, which poses a great challenge for 33 

the host to keep control over these differentiated bacteria. Considering the 34 
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importance of proteolytic degradation of antimicrobial proteins or generation of 35 

symbiosis-promoting peptides, proteolytic activity may represent a key 36 

regulatory system. Indeed, we identified the Medicago truncatula subtilisin-like 37 

protease (subtilase, SBT) 12a acting as a novel regulator of symbiosome 38 

functionality and maintenance. Loss-of-function mutations in SBT12a led to 39 

severe symbiotic defects with nodules of sbt12a being characterized by high 40 

level induction of defense/senescence-related genes. Using untargeted 41 

proteomic High-efficiency Undecanal-based N-Termini EnRichment (HUNTER) 42 

we identified and individually confirmed specific SBT12a target proteins that are 43 

involved in plant defense responses and symbiosome maintenance. This 44 

positions SBT12a as a central host factor controlling symbiosome performance. 45 

 46 

Introduction 47 

The ability of legume plants to form symbiotic associations with nitrogen-fixing 48 

rhizobia (root nodule symbiosis; RNS) allows them to overcome nitrogen 49 

deficiency in the soil. While this ability has been lost several times 50 

independently during evolution, legumes which maintained this unique 51 

mutualism, stabilized their intracellular symbionts in newly formed root organs, 52 

called nodules, and further compartmentalized them in specialized cell 53 

organelles, known as the symbiosomes. Given their tremendous importance 54 

and despite their complex nature, nodule-hosted nitrogen-fixing symbiosomes 55 

are considered key targets for engineering RNS in non-legume crops to 56 

sustainably reduce the amounts of chemical nitrogen fertilizers in agriculture 57 

(Huisman & Geurts, 2020, Jhu & Oldroyd, 2023).  58 

Over the past decades, our understanding of the initial molecular dialogue 59 

between soil-borne rhizobia and their host plants has advanced considerably 60 

(Ghantasala & Roy Choudhury, 2026, Ruan et al., 2026). The corresponding 61 

receptors are able, when being stably associated, to trigger nodule 62 

organogenesis in the absence of the symbiont (Rübsam et al., 2023). However, 63 

these and other spontaneous nodules have so far never been colonized by 64 

rhizobia. In legumes, successful infection of the host root and nodules in is 65 

achieved by the formation of infection threads (ITs) (de Carvalho-Niebel et al., 66 

2024, Gao et al., 2024). To support polar growth of ITs which enables 67 

transcellular progression of rhizobia across several cell layers, host cells 68 
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undergo extensive cellular reprogramming that involves local cell wall 69 

modifications, membrane repolarization, cytoskeleton rearrangement and cell 70 

cycle regulation (Liang et al., 2018, Gao et al., 2022, Lace et al., 2023, Su et 71 

al., 2023, Zhang & Ott, 2024, Batzenschlager et al., 2025, Zhao et al., 2025, 72 

Qiao et al., 2026). The ultimate step to stabilize the functional symbiosis is the 73 

release of the bacteria from nodular ITs (nITs) into infection-competent nodule 74 

cells. This step occurs at so-called infection droplets (IDs), bulged and cell wall-75 

free sites of nITs from where thousands of bacteria are pinched off into a single 76 

host cell while remain being encapsulated by a plant-derived membrane 77 

forming the nitrogen-fixing symbiosome (Adema & Kohlen, 2024, Zhang et al., 78 

2024). At their peak of symbiotic performance, these infected cells are densely 79 

packed with bacteria which, in the case of Medicago truncatula (hereafter, 80 

Medicago) belonging to the inverted repeat-lacking clade (IRLC), terminally 81 

differentiate into bacteroids. This state is hallmarked by genome duplications, 82 

membrane permeabilization as well as cell elongation, and substantially 83 

controlled by a large plant gene family (over 700 members) encoding NODULE-84 

SPECIFIC CYSTEINE-RICH (NCR) peptides (Alunni & Gourion, 2016, Guerra-85 

Garcia & Sankari, 2025). Although exhibiting antimicrobial activity in vitro, these 86 

NCR peptides, which are targeted to symbiosomes via the DEFECTIVE IN 87 

NITROGEN FIXATION (DNF)1-mediated nodule-specific protein secretory 88 

pathway, were shown to be crucial for bacteroid survival and differentiation in 89 

planta (Kim et al., 2015, Wang et al., 2010, Van de Velde et al., 2010). For 90 

instance, NCR169 was identified as a single causal gene in the dnf7 mutant, 91 

which displays impaired bacteroid persistence, premature nodule senescence 92 

and reduced nitrogen fixation ability (Horváth et al., 2015), while NCR343 93 

controls bacteroid maintenance (Zhang et al., 2023, Horváth et al., 2023, Gao 94 

et al., 2023). Moreover, accumulating evidence suggests that, in addition to 95 

NCR peptides, several other plant factors, such as the phosphatidylinositol-96 

specific phospholipase C-like (PI-PLC) X domain protein DNF2 (Bourcy et al., 97 

2013), the SYMBIOTIC CYSTEINE-RICH RECEPTOR-LIKE KINASE 98 

(SymCRK) (Berrabah et al., 2014), NODULES WITH ACTIVATED DEFENSE 1 99 

(NAD1) (Wang et al., 2016), REGULATOR OF SYMBIOSOME 100 

DIFFERENTIATION (RSD) (Sinharoy et al., 2013), and NODULE-SPECIFIC 101 

POLYCYSTIN-1, LIPOEXYGENASE, α-TOXIN (PLAT) DOMIAN (NPD) 102 
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proteins (Pislariu et al., 2019, Trujillo et al., 2019) are also indispensable for 103 

bacteroid differentiation. Loss-of-function mutations in any of these genes result 104 

in severe defects in symbiosome development, disrupted nodule zonation, and 105 

the failure to maintain functional nitrogen-fixing nodules. The tight association 106 

between the endoplasmic reticulum (ER), symbiosomes and the plasma 107 

membrane also poses challenges to fine-tune targeted secretion and 108 

distribution of proteins to the symbiosome membrane/space and the plasma 109 

membrane/apoplast. This was recently exemplified for the peribacteroid space. 110 

Although being cell wall-free, it requires constant clearing of antimicrobial pectin 111 

fragments by lytic enzymes that are continuously secreted into the 112 

peribacteroid space (Gao et al., 2025).  113 

These processes further raise the demand for proteases that remove 114 

antimicrobial proteins or generate symbiosis-promoting peptides in the 115 

peribacteroid space. One of the largest families of proteolytic enzymes 116 

responsible are subtilisin-like serine proteases (subtilases, SBTs), which are 117 

characterized by a specific arrangement of Asp, His and Ser residues in the 118 

catalytic triad. Plant SBTs are typically synthesized as preproenzymes 119 

comprising an N-terminal signal peptide for secretion, an inhibitory prodomain 120 

that is self-cleaved during maturation, the catalytic domain and the C-terminal 121 

fibronectin (Fn) III-like domain (Meyer et al., 2016, Nakagawa et al., 2010). In 122 

recent years, subtilases have emerged as critical regulators in plant-microbe 123 

interactions (Schaller et al., 2018). For example, during immune responses, 124 

plants utilize SBT5.2 to regulate the abundance of elicitors in the apoplast, 125 

owing to its ability to cleave the 22-residue flagellin epitope (flg22) at multiple 126 

sites (Buscaill et al., 2024). Intriguingly, large-scale phylogenetic analysis of 127 

plant subtilases, combined with transcriptomic data, has additionally suggested 128 

potential roles for subtilases belonging to the SBT1.13 and SBT1.10 linages in 129 

symbiotic interactions (Taylor & Qiu, 2017). Consistent with this, as a 130 

representative member from those linages, the Casuarina glauca subtilase 131 

gene Cg12 was specifically induced in response to Frankia infections (Fournier 132 

et al., 2018, Svistoonoff et al., 2003, Laplaze et al., 2000), while its function 133 

remains unsolved. The same applies to the subtilases SbtM1,3,4 and SbtS that 134 

are highly activated during arbuscular mycorrhiza symbiosis (AMS) (Kistner et 135 

al., 2005, Takeda et al., 2009, Takeda et al., 2011). However, genetic evidence 136 
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for the importance of these symbiotic subtilases or of their target proteins have, 137 

to our knowledge, never been reported so far. Here, we study a Medicago 138 

subtilase, SBT12a, that is specifically induced during RNS and we demonstrate 139 

that SBT12a is genetically required for symbiosome maintenance and nitrogen 140 

fixation.  141 

 142 

Results 143 

SBT12 subtilases are symbiotically regulated in legumes 144 

Although the compartmentalization of efficient nitrogen-fixation in symbiosomes 145 

is at the heart of RNS, the mechanisms driving symbiosome stabilization and 146 

maturation are sparsely understood. To identify core genetic components, we 147 

searched available legume transcriptome data for genes with peaking 148 

expressions during nodule formation including their nitrogen-fixing state. These 149 

data were cross-referenced with evolutionary datasets, pre-assuming that the 150 

core gene set should have been retained in nodulating species. Among them, 151 

two proteases, Medtr7g079300 and Medtr7g079310 sparked our interest as 152 

their expression strongly correlated with leghemoglobin genes and was 153 

associated with symbiotic tissues (Supplementary Fig. 1). Phylogenetically, 154 

both genes clustered with members of the subtilase SBT1.13 subfamily (Fig. 155 

1A), the linage that was potentially implicated in symbiotic associations  (Taylor 156 

& Qiu, 2017). According to the previous nomenclature within this clade (Taylor 157 

& Qiu, 2017), we named these subtilases SBT12a (Medtr7g079300, 158 

MtrunA17Chr7g0248861) and SBT12b (Medtr7g079310, 159 

MtrunA17Chr7g0248871). Interestingly, they are the only members of this clade 160 

being significantly upregulated during root nodule symbiosis (Fig. 1A). To gain 161 

more confidence on their putative importance for RNS, we reconstructed a 162 

phylogenetic tree of SBT12a, SBT12b and their homologs using 100 eudicot 163 

species, including 62 species from the nitrogen-fixing clade (NFC) and 38 plant 164 

species outside the NFC as outgroups, and combined the phylogeny with 165 

available transcriptome data (Libourel et al., 2023) (Supplementary Fig. 2; 166 

Table S1). AMS-related expression data was additionally included in the 167 

analysis to reflect the symbiotic specificity. First, we determined that SBT12a 168 

and its paralog SBT12b, originate from a recent duplication in the common 169 

ancestor of Medicago and Trifolium pratense and belong to a single clade, here 170 
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named Papilionoid A (Supplementary Fig. 2A). Intriguingly, this clade contains 171 

members including SBT12a and SBT12b that specifically respond to RNS. We 172 

additionally revealed an additional closely related clade, Papilionoid B, which 173 

comprises SBT12 homologs potentially involved in RNS or AMS. Interestingly, 174 

the model legume Lotus japonicus forming determinate nodules, harbors two 175 

SBT12 homologs with one located in a third clade Papilionoid C, suggesting a 176 

possible functional divergence between different nodule types during evolution 177 

(Supplementary Fig. 2A).  Secondly, with few exceptions that mainly exist in the 178 

mimosoid clade of legumes, we found that within NFC orders a loss of SBT12-179 

related genes frequently occurred in non-nodulating species (Supplementary 180 

Fig. 2B). This observation was substantially pronounced in Cucurbitales, where 181 

none of the six non-nodulating species harbor copies of SBT12 homologs while 182 

the two nodulators retain it. Furthermore, the transcriptional induction of SBT12 183 

homologs in Datisca glomerata during RNS implies that this gene might have 184 

essential symbiotic functions across nodulating species (Libourel et al., 2023). 185 

These data support that SBT12 homologs are well conserved within the NFC, 186 

including a possible functional specialization for some of the members. 187 

At the protein level, both SBT12a and SBT12b exhibit a classical plant subtilase 188 

topology comprised of an N-terminal signal peptide, an autoinhibitory 189 

prodomain, a catalytic domain hosting the catalytic triad (for SBT12a: D154, 190 

H226, S551) intersected by a protease associated (PA) domain and a C-191 

terminal region that shares similarities to a fibronectin III domain (Fig. 1B). To 192 

further characterize these genes and their possible roles in nodule function, we 193 

first recapitulated their transcriptional induction by quantitative Real-Time PCR 194 

(qRT-PCR) using a cDNA time course for root infection and nodule 195 

development (0-14 dpi). We confirmed significantly increasing transcript levels 196 

over time for both SBT12a and SBT12b (Supplementary Fig. 3, A and C), 197 

matching data from published transcriptome datasets (Fig. 1A; Supplementary 198 

Fig. 1). To assess spatiotemporal expression dynamics over nodulation 199 

process, we cloned their putative promoter regions by selecting 2000 bp 200 

upstream of the translational start sites of both SBT12a and SBT12b, to 201 

generate beta-glucuronidase (GUS) reporters. These constructs were 202 

transformed into Medicago A17 wild-type (WT) roots, which were subsequently 203 

inoculated with S. meliloti expressing a beta-galactosidase (lacZ) reporter. 204 
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Assessing GUS activity at different symbiotic stages, we detected an activation 205 

of the SBT12a promoter in infected roots hairs, along the IT trajectory of the 206 

root cortex, in nodule primordia and predominantly in the infection/interzone 207 

(zone II) of mature nodules (Fig. 1C). By contrast, SBT12b promoter activation 208 

was closely linked to meristematic tissues, as we detected staining in lateral 209 

root primordia and root tips of uninoculated roots, nodule primordia, young 210 

nodules and in the apical, meristematic region of mature nodules (Fig. 1D; 211 

Supplementary Fig. 3E). These expression patterns are consistent with their 212 

spatial transcript abundance retrieved from available single-cell RNA 213 

sequencing dataset (Pereira et al., 2024), where SBT12a expression was 214 

mainly found in putative infected nodule cells that eventually contain nitrogen-215 

fixing symbiosomes, while SBT12b transcripts were enriched in tissues with 216 

meristematic activity (Supplementary Fig. 3, B and D). Thus, both genes are 217 

symbiotically induced and expressed during nodulation, but with the clear 218 

distinction that SBT12a expression is restricted to infection sites while SBT12b 219 

is more widely associated with dividing cells. Notably, the rhizobial infection-220 

specific expression pattern of SBT12a resemble its C. glauca and Discaria 221 

trinervis homologs, Cg12 and Dt12, of which expression domains were found 222 

to be linked to Frankia colonization sites during actinorhizal symbiosis 223 

(Svistoonoff et al., 2003, Fournier et al., 2018). 224 

 225 

sbt12a mutants are severely altered in nitrogen fixation 226 

To investigate their role in RNS genetically, we identified independent exonic 227 

mutant alleles for both genes within the Tnt1 retrotransposon mutant collection 228 

(Tadege et al., 2008). Homozygous individuals were isolated for sbt12a-1 229 

(NF1441), sbt12a-2 (NF18072), sbt12b-1 (NF4378) and sbt12b-2 (NF19394) 230 

(Fig. 1B). When grown under fully fertilized (high N) conditions, none of the 231 

mutant alleles showed any developmental defects upon scoring shoot and root 232 

fresh weight and comparing this to WT R108 plants (Supplementary Fig. 4). By 233 

contrast, both sbt12a mutant alleles developed severe signs of nitrogen 234 

starvation (anthocyanin accumulation, chlorotic leaves) when grown in the 235 

absence of an inorganic nitrogen source but in the presence of symbiotic S. 236 

meliloti 2011 (Fig. 1E). In line with this, the shoot fresh weight was significantly 237 

reduced in the sbt12a mutants (Fig. 1F). To verify that nitrogen fixation capacity 238 
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is altered in sbt12a mutants, we assayed rhizobial nitrogenase activity within 239 

these mutant nodules and found that this was almost fully abolished (Fig. 1G). 240 

Accordingly, nodules of both sbt12a mutants appeared to be white or greenish 241 

(senescent) and less elongated when being scored as early as 21 dpi with S. 242 

meliloti 2011, while nodules on WT plants were mostly pink (Fig. 1H to H’’).  243 

To gain cellular resolution of the patterns observed in stb12a mutants, we 244 

embedded and sectioned young (21 dpi) WT and sbt12a nodules and stained 245 

them with toluidine blue to visualize bacterial structures. As expected, WT 246 

nodules exhibited a dominant fixation zone with densely packed infected cells 247 

and a central vacuole scored as “normal” (Fig. 1I to I’’). While only few of such 248 

infected cells were present in sbt12a mutants, these nodules were 249 

characterized by a markedly enlarged senescence zone (zone IV) (Fig. 1, I to 250 

I’’). To further confirm this, we inoculated WT, sbt12a-1 and sbt12a-2 mutants 251 

with S. meliloti carrying a nifH:GUS reporter that is only active in fixing rhizobia 252 

and grew these plants for an extended period of 28 days to allow full nodule 253 

elongation. While WT nodules with their extended fixation zone were largely 254 

stained (Fig. 1J), nodules of sbt12a-1 and sbt12a-2 exhibited staining restricted 255 

to the apical region and displayed an enlarged, non-stained senescence zone 256 

(Fig. 1J’ to J’’). As a final experiment we genetically rescued this mutant 257 

phenotype by introducing a SBT12a-eGFP fusion protein driven by the 258 

endogenous SBT12a promoter into both sbt12a mutant alleles gaining full 259 

expansion of the fixation zone in these nodules (Fig. 1K). In contrast, neither 260 

the empty vector control (EV) nor the mutant variants being affected in putative 261 

propeptide cleavage (D122A) or catalytic activity (S551A) were able to restore 262 

the loss-of-function phenotype of the sbt12a-2 mutant (Fig. 1K). None of these 263 

phenotypes was observed on sbt12b mutant plants (Supplementary Fig. 5). 264 

From these data we concluded that only SBT12a but not SBT12b actively 265 

controls nitrogen fixation and therefore only considered SBT12a for the 266 

following experiments. 267 

 268 

SBT12a controls bacteroid differentiation in symbiosomes 269 

To assess symbiont release as well as bacteroid and symbiosome states in 270 

more detail, we first inspected the nodule infection zone (zone II). High 271 

magnification toluidine cross-sections revealed the presence of nITs in the WT 272 
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(Fig. 2, A and B), which appeared bulky in the sbt12a-2 mutant (Fig. 2, C and 273 

D). In addition to the enlarged senescence zone (Fig. 1, I to II’’), sbt12a nodules 274 

showed clear sign of defects in bacterial release (Fig. 2E). Further 275 

ultrastructural analyses of 14 days old nodules by transmission electron 276 

microscopy (TEM) revealed the presence of clearly confined nITs in WT 277 

nodules (Fig. 2F). In accordance with the light microscopy data (Fig. 2D), nITs 278 

were greatly enlarged with occasional intercellular (apoplastic) bacterial release 279 

observed in sbt12a nodules (Fig. 2G). Upon intracellular release, bacteroids 280 

were found to be predominantly rod-shaped in WT nodules (Fig. 2, H and H’). 281 

They were, however, smaller and often distorted with a highly enlarged 282 

peribacteroid space in sbt12a-2 mutants (Fig. 2, I and I’).  283 

To quantify these differences in bacteroid morphology robustly, we isolated 284 

bacteroids from WT and sbt12a mutant nodules by fractionation (Fig. 2, J and 285 

K). Indeed, bacteroids from WT nodules were significantly longer than those 286 

from sbt12a-2 nodules (Fig. 2, J to L). This indicates that sbt12a-derived 287 

bacteroids may not reach the differentiation degree and ploidy level as 288 

observed in WT nodules. As this can be monitored by the DNA content of these 289 

cells, we conducted flow cytometry analysis (FCA) on DAPI-stained bacteroids, 290 

considering DAPI intensities of around 104 RU as being derived from terminally 291 

differentiated bacteroids (Gao et al., 2023). The FCA profiles of bacteroids 292 

isolated from young WT nodules showed two dominant peaks, indicating a 293 

mixture of young differentiating and older, terminally differentiated bacteroids 294 

(Fig. 2M). By contrast, the single FCA peak around 103 RU suggested that 295 

bacteroids in the sbt12a mutant failed to undergo terminal differentiation (Fig. 296 

2N). 297 

Although some bacterial release does occur in sbt12a nodules, most of these 298 

symbiosomes never reached a fully functional stage. To gain a global insight 299 

into how SBT12a contributes to symbiosome functionality, we performed bulk 300 

RNA sequencing on WT and sbt12a-2 nodules. We first analyzed the reads 301 

mapping to SBT12a transcripts in sbt12a-2 mutant allele. Indeed, a clear 302 

deletion within the SBT12a transcripts was observed immediately downstream 303 

of Tnt1 retrotransposon insertion site, rendering these transcripts dysfunctional 304 

(Supplementary Fig. 6A). Subsequent comparison of the transcriptome profiles 305 

revealed the transcriptional induction of 1161 genes in sbt12a-2, while 1142 306 
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genes were downregulated (Supplementary Fig. 6B; Table S4). When 307 

assigning functional categories to these genes, we found a strong repression 308 

of classical symbiotic markers in the mutant while several senescence markers 309 

including CYSTEINE PROTEASE (CP) 2, CP6 (Berrabah et al., 2023) and 310 

VACUOLAR PROCESSING ENZYME (VPE) (Pierre et al., 2014) were 311 

upregulated in sbt12a nodules (Fig. 2, O and P; Table S4). This is in line with 312 

the fact that sbt12a mutant nodules displayed obvious early senescence 313 

phenotype. Furthermore, immunity-related genes such as CHITINASES, 314 

PATHOGENESIS-RELATED PROTEIN (PR) 10 and FLAGELLIN SENSING 2 315 

(FLS2) were also significantly induced in sbt12a nodules (Fig. 2, O and P), 316 

indicating that the suppression of defense response was compromised in 317 

sbt12a-2 nodules. In addition, up to 184 prominent regulatory peptides of the 318 

NCR family were strongly downregulated in the sbt12a mutant (Fig. 2O; Table 319 

S4). These includes NCR169, NCR247 and NCR-new35 (Fig. 2P), for which 320 

single loss-of-function mutations have been shown to cause severe defects in 321 

symbiosome development and nitrogen fixation (Farkas et al., 2014, Horváth et 322 

al., 2015, Horváth et al., 2023). Taken together, these data demonstrate that 323 

bacterial differentiation in Medicago nodule cells requires SBT12a. 324 

 325 

SBT12a is predominantly secreted to bacterial release sites and into the 326 

peribacteroid space 327 

To gain insights into the molecular function of SBT12a, we explored the 328 

subcellular localization of the SBT12a protein. For this, we introduced eGFP-329 

tagged SBT12a under the control of its endogenous promoter to Medicago 330 

hairy roots. This construct was shown to successfully complement the sbt12a 331 

mutant phenotype (Fig. 1K). Confocal microscopy analysis revealed that the 332 

fluorescent signal was robustly detected in infected cells within transformed 333 

nodules. Here, the SBT12a-eGFP fusion protein was initially found to 334 

specifically accumulate as small foci around IDs within the infection zone (Fig. 335 

3, A to A’’’). Moreover, the signal of SBT12a-eGFP was later predominantly 336 

observed in symbiosomes but was excluded from bacteroids, indicating a 337 

peribacteroid space localization pattern of SBT12a (Fig. 3, B and C). To rule out 338 

that this signal derives from auto-fluorescent molecules within this space, we 339 

conducted Fluorescence Lifetime Imaging Microscopy (FLIM) and confirmed 340 
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lifetimes of 2.58 ns and 1.51 ns for eGFP and mCherry, respectively (Fig. 3D). 341 

These lifetimes resembled values reported earlier for these genetically encoded 342 

fluorophores (Lace et al., 2023). These results suggest SBT12a to be a 343 

secreted protein in nodule cells, consistent with the presence of a typical signal 344 

peptide at N terminus of the protein (Fig. 1B). To further validate symbiosome 345 

association, we biochemically fractioned proteins from transformed nodules 346 

expressing SBT12a-eGFP, and performed western blot analysis. This 347 

confirmed the localization of SBT12a-eGFP in symbiosomes (Fig. 3, E and F), 348 

and additionally supports that our isolation protocol is suited to enrich intact 349 

symbiosomes from root nodules. 350 

 351 

SBT12a is a canonical subtilase identified as a phytaspase 352 

To biochemically characterize SBT12a and shed light on its potential substrates, 353 

we ectopically expressed the WT, catalytically inactive (S551A) and putative 354 

propeptide cleavage-resistant (D122A) SBT12a variants, each fused to a triple 355 

hemagglutinin (HA) tag, in N. benthamiana leaf epidermal cells. Apoplastic 356 

fluids (AFs) were additionally isolated to determine the secretion of SBT12a. As 357 

expected, two bands were detected for WT SBT12a in total extracts, with the 358 

predominant one representing the processed form, which was also present in 359 

the apoplast fraction (Supplementary Fig. 7A). In contrast, SBT12a variants 360 

carrying the D122A, and especially S55A1 mutations remained in the 361 

unprocessed zymogen form. As a consequence, none of these mutant forms 362 

was efficiently secreted into the apoplast or capable of fully complementing the 363 

nodulation phenotype of sbt12a mutants (Fig. 1K; Supplementary Fig. 7C). This 364 

observation suggests that SBT12a is autocatalytically processed in planta and 365 

that its serine activity is required for the zymogen maturation and secretion.  366 

To gain information on possible SBT12a target proteins, we first aimed to 367 

determine the cleavage specificity of SBT12a. For this purpose, SBT12a was 368 

transiently expressed as a HA-fusion protein in N. benthamiana leaves and 369 

enriched by immunoprecipitation (IP) using HA-traps. The SBT12a (S551A) 370 

variant was included as a negative control. To assess whether our recombinant 371 

SBT12a has serine hydrolase activity as predicted, we incubated both protein 372 

fractions with a Tetramethylrhodamine fluorophosphonate (FP-TAMRA) probe, 373 

which specifically and covalently labels serines within enzymatically active 374 
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serine hydrolases. Indeed, we observed a clear and strong fluorescent signal 375 

at around 90 kDa for the WT SBT12a but not for the catalytic SBT12a (S551A) 376 

mutant (Fig. 4A). This demonstrates that SBT12a is indeed an active serine 377 

hydrolase. Subsequently, substrate specificity of SBT12a was analyzed by 378 

Proteomic Identification of protease Cleavage Sites (PICS) assay (Schilling & 379 

Overall, 2008). For this, we incubated our IP-enriched SBT12a protein with an 380 

Escherichia coli proteome-derived tryptic peptide library and analysed the 381 

corresponding cleavage products by mass spectrometry. This identified 205 382 

cleaved peptides that accumulated after incubation with SBT12a (Fig. 4B; Table 383 

S5), unambiguously revealing Asp as a dominant residue immediately 384 

preceding the cleavage site (P1), and a clear preference for hydrophobic amino 385 

acids both upstream (P2 and P3) and downstream (P1’ and P2’) of the scissile 386 

bond (Fig. 4, B and C). This cleavage pattern is highly similar to what has been 387 

reported for tomato phytaspase 2 (SlPhyt2), a subtype of subtilase that exhibits 388 

strict Asp cleavage selectivity (Reichardt et al., 2020). Our results thus strongly 389 

indicated that SBT12a is a bona fide phytaspase. In addition, phytaspase 390 

identity of SBT12a could also be inferred based on the presence of a diagnostic 391 

Asp residue at the prodomain junction site (Fig. 1B). Owing to the autocatalytic 392 

cleavage of the prodomain, the sequence at this site is thought to reflect the 393 

protease substrate specificity (Reichardt et al., 2018).  394 

 395 

Identification of SBT12a substrates using N-terminomics 396 

Having characterized SBT12a as a phytaspase (Fig. 4C) and demonstrated its 397 

localization to the peribacteroid space (Fig. 3, B to F), we next aimed to identify 398 

its in vivo targets within this cellular compartment. To this end, we applied High-399 

efficiency Undecanal-based N-Termini Enrichment (HUNTER), a method for 400 

identification of protein N-termini that allows unbiased protease substrate 401 

identification (Weng et al., 2019). We isolated intact symbiosomes from WT and 402 

the sbt12a-2 mutant and extracted the corresponding proteins. Primary amines 403 

including free amino-termini of in vivo cleaved fragments were modified by 404 

reductive dimethylation prior to tryptic digestion. The new amino-termini 405 

generated by trypsin were subsequently modified with the hydrophobic 406 

aldehyde undecanal, enabling their retention on C18 reverse phase cartridges, 407 

leaving only the original protein N-termini in the flow-through (Fig. 4D). 408 
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Accordingly, high affinity substrates of SBT12a are expected to accumulate in 409 

their processed (cleaved) form in WT, while remaining in their unprocessed 410 

(uncleaved) form in the sbt12a mutant samples.  411 

Mass spectrometric analysis identified 19541 N-terminal peptides, with 1740 412 

originating from Medicago, and 17801 from rhizobia. To identify candidate 413 

SBT12a cleavage products, we first limited the dataset to reliably quantified 414 

peptides (quantified in ≥ 50% of replicates or exclusively detected in ≥ 3 415 

replicates of one condition) mapping to positions within the protein model 416 

(position < 8, to exclude freshly synthesized or aminopeptidase-processed 417 

proteins). The resulting dataset contained 509 neo-N-terminal peptides from 418 

Medicago, with 31 exclusively found in WT but not in sbt12a-2 mutant nodules 419 

and 37 N-terminal peptides significantly enriched (q ≤ 0.05) in WT (Fig. 4E; 420 

Table S6). In addition, 24 neo-N-terminal peptides of rhizobial origin were solely 421 

detected in the WT and 235 significantly accumulated in WT with respect to the 422 

mutant. Further alignment of all these 327 protease-generated N-terminal 423 

peptides showed a pronounced selectivity for Asp at the P1 position, along with 424 

a preference for hydrophobic residues both upstream and downstream of the 425 

putative cleavage sites (Fig. 4F). This pattern largely resembles the substrate 426 

specificity of SBT12a determined by the in vitro PICS assay (Fig. 4C). Of these 427 

candidate substrates harboring an Asp at P1, the abundance of the two 428 

Medicago NCR peptides, NCR039 and NCR361, was found to be markedly 429 

accumulated in the WT compared to the sbt12a mutant (Fig. 4E; Table S6). This 430 

implies that SBT12a might be involved in the processing of NCRs in nodules. 431 

Although, plant mutants of these NCRs have not been reported by now, the 432 

phenotypes of other NCR mutants such as dnf7 (NCR169), dnf4 (NCR211), 433 

NF-FN9363 (NCR343), sym19/20 (NCR-new35) resemble the one of the 434 

sbt12a mutant (Horváth et al., 2023). Interestingly, in recent years phytaspases 435 

have been implicated in the maturation of peptide hormones. For instance, 436 

tomato SlPhyt1 and SlPhyt2 could cleave prosystemin to regulate defense 437 

signaling, while SlPhyt2 additionally process phytosulfokine precursors in 438 

response to drought stress, thereby promoting flower abscission (Beloshistov 439 

et al., 2018, Reichardt et al., 2020). Here, a similar activation mechanism may 440 

apply to SBT12a and these candidate NCR peptides. 441 
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Notably, peptides mapping to the Medicago DNF2 protein were found to be 442 

exclusively present in the WT (Fig. 4E; Table S6). Previous studies have 443 

reported an essential role of DNF2 in maintaining bacteroid viability during 444 

nitrogen fixation (Bourcy et al., 2013). As the dnf2 mutant phenocopies sbt12a 445 

we assume that both proteins act synergistically to regulate symbiosome 446 

development. Moreover, multiple peptides derived from NPD family proteins, 447 

including NPD5 and NPD1, accumulates exclusively (NPD5) and significantly 448 

(NPD1) in the WT than in the mutant (Fig. 4E; Table S6). Likewise, the npd1 449 

mutant and multigene NPD knockout lines, to a large extent, phenocopy the 450 

sbt12a mutant, indicating an additional functional link between these proteins 451 

(Pislariu et al., 2019, Trujillo et al., 2019).  452 

To further verify these putative host substrate proteins, we performed cleavage 453 

assays using quenched peptides (QP) as also applied for other proteases 454 

(Buscaill et al., 2024, Chen et al., 2024). In the intact peptide, close proximity 455 

between the quencher and the fluorophore in the non-cleaved peptide prevents 456 

fluorescence emission, an effect that is abolished upon peptide cleavage (Fig. 457 

4G). For this, we designed and custom-synthesized QPs containing cleavage 458 

sites from DNF2, NPD5 and NPD1, and exposed them to purified, recombinant 459 

active SBT12a as well as the catalytically inactive SBT12a (S551A) variant. 460 

Indeed, we observed high levels of fluorescence emission for DNF2 and NPD5 461 

and lower levels for NPD1, confirming that these proteins are indeed direct 462 

targets of SBT12a (Fig. 4H-J). Taken together, our data prove that loss-of 463 

function mutations in SBT12a lead to altered proteolytic processing of host 464 

proteins, including DNF2, NPDs, NCRs, and also rhizobia proteins. Thus, we 465 

conclude that SBT12a controls symbiosome integrity by mediating proteolysis 466 

of those and additional substrates. 467 

 468 

 469 

Discussion 470 

During legume-rhizobial interactions, symbiosome formation and differentiation 471 

represent the key steps in the transition from initial infection and organogenesis 472 

to nitrogen fixation within nodules (Zhang et al., 2024). To accommodate 473 

thousands of those newly formed organelles in a single cell, the host undergoes 474 

extensive cellular adaptations involving the reorientation of endocytic/exocytic 475 
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pathways (Harrison & Ivanov, 2017), structural reconfigurations of common 476 

organelles, in particular vacuoles and the ER (Zhang et al., 2022, Yang et al., 477 

2023), and fine-tuning of various signaling responses (Ren et al., 2025). 478 

Intriguingly, recent studies have underpinned the importance of symbiosomes 479 

for the evolutionary stabilization of nitrogen fixation in legumes (de Faria et al., 480 

2022, Casaes et al., 2024). However, our knowledge about how host cells 481 

tightly monitor and maintain symbiosome integrity over time to achieve 482 

sufficient nitrogen fixation is limited. Here, we uncovered a specific protease in 483 

Medicago, SBT12a, to be central in this process. In nodules, SBT12a is 484 

specifically secreted to symbiotic compartments, IDs and the peribacteroid 485 

space where its continuous proteolytic activity in the peribacteroid space 486 

secures sustained symbiosome differentiation and nitrogen fixation. This 487 

involves SBT12a-mediated processing substrates of plant and/or rhizobial 488 

origin (Supplementary Fig. 8). 489 

Comparable to other canonical plant subtilases (Schaller et al., 2018), SBT12a 490 

follows the secretory pathway in a prodomain-dependent manner 491 

(Supplementary Fig. 7A), which in nodules may involve the action of the DNF1-492 

containg signal peptidase complex (Wang et al., 2010). This is supported by 493 

the fact that both SBT12a and DNF1 shared largely overlapped expression 494 

domains in the infection zone of mature nodules (Fig. 1C) (Wang et al., 2010). 495 

Accumulation of SBT12a around IDs suggests a role in bacterial release (Fig 3, 496 

A to A’’’). Indeed, corresponding defects were clearly observed in sbt12a 497 

nodules (Fig. 2, C to G). Given the similarities with other subtilases, it is 498 

tempting to hypothesize that SBT12a might be involved in the processing of cell 499 

wall modifying enzymes around IDs facilitating bacterial release (Sénéchal et 500 

al., 2014, Su et al., 2023, Zhao et al., 2025). Apart from IDs, SBT12a 501 

predominantly localizes to the peribacteroid space within the nodular fixation 502 

zone (Fig. 4, B to F). This localization is spatially distinct from its expression 503 

domain in the nodular infection zone (Fig. 1C), indicating sustained stability of 504 

the SBT12a protein in the fixation zone. Considering that such spatial 505 

separation has also been shown for other symbiosome (membrane) localized 506 

proteins such as SYMREM1 and NCR (Lefebvre et al., 2010, Horváth et al., 507 

2023). we assume that protein loading of symbiosomes mainly occurs during 508 

bacterial release from IDs and early bacteroid differentiation. 509 
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The possibility to isolate these symbiotic organelles allowed us to apply 510 

quantitative proteomics and the identification of putative SBT12a substrates 511 

(Demir et al., 2018). Our HUNTER analysis revealed 68 and 259 N-terminal 512 

peptides derived from Medicago and rhizobia, respectively, that were more 513 

abundant in WT than in the mutant (Fig. 4E; Table S6). Given that neo-N-termini 514 

represent a direct signature of protease activity, which should only occur in the 515 

WT but not in the mutant, we focused on those candidates for further analysis. 516 

Surprisingly, systematic profiling of potential “cleavage windows” from all these 517 

327 peptides uncovered a cleavage specificity pattern similar to that observed 518 

in the PICS assay, with a dominant presence of Asp at P1 position (Fig. 4, C 519 

and F). This not only confirms the strict Asp-dependent cleavage specificity of 520 

SBT12a but also validates the robustness of our proteomic approaches. 521 

Among plant-derived candidate substrates, Medicago DNF2, NPD5 and NPD1 522 

caught our main attention as they were reported to be involved in symbiotic 523 

nitrogen fixation (Bourcy et al., 2013, Pislariu et al., 2019, Trujillo et al., 2019). 524 

Bacterial differentiation and viability were strongly impaired in loss-of-function 525 

dnf2 nodules, and typical defense markers including PR genes were activated 526 

(Bourcy et al., 2013), which is similar to what we observed in sbt12a nodules 527 

(Fig. 2, H to P; Table S4). However, as an atypical PI-PLC protein lacking part 528 

of the catalytic core, the mechanism by which DNF2 participates in dampening 529 

defense response during bacteroid differentiation remains unclear (Bourcy et 530 

al., 2013). Our data indicates that this process likely involves SBT12a-mediated 531 

proteolysis. This is supported by data from QP assays showing that SBT12a 532 

was indeed capable of directly and efficiently cleaving the DNF2 peptide (Fig. 533 

4H). We therefore propose that SBT12a modifies DNF2, thereby modulating 534 

host immune responses to create a permissive environment for bacteroid 535 

persistence. Similar scenarios may also apply to NPD family proteins, as we 536 

observed clear processing of NPD1- and NPD5-derived peptides by SBT12a, 537 

albeit with different efficiencies (Fig. 4, I and J).  538 

In recent years, the involvement of plant subtilases, and also phytaspases, in 539 

peptide signaling through selective processing of peptide precursors to release 540 

mature peptides has been shown (Deng et al., 2025). In nodules of IRLC 541 

legumes including Medicago, terminal differentiation of bacteria is specifically 542 

controlled by mature NCR peptides (usually 35-55 residues in length) that are 543 
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delivered from host cells to symbiosomes (Alunni & Gourion, 2016, Guerra-544 

Garcia & Sankari, 2025). While several NCRs are processed by DNF1 during 545 

secretion (Wang et al., 2010), further modifications of these peptides are 546 

unknown. Identifying NCR039 and NCR361 in our proteomic profiles suggest 547 

that SBT12a may serve such functions. Exploiting over 200 rhizobia-derived N-548 

terminal peptides during HUNTER analysis, it is very likely that several SBT12a 549 

substrates are of rhizobial origin (Fig. 4E; Table S6). Supporting this possibility, 550 

cross-species proteolytic processing by subtilases has recently been 551 

demonstrated for N. benthamiana SBT5.2. In that system, SBT5.2 fine-tunes 552 

immune responses by directly inactivating the immunogenicity of bacteria-553 

derived molecules, such as flagellin and CSPs, in the apoplast (Buscaill et al., 554 

2024, Chen et al., 2024). On the other hand, the possibility that SBT12a may 555 

be responsible for a non-selective protein turnover (including potential 556 

antimicrobial components) cannot be excluded. Other subtilases, such as 557 

melon cucumisin and Arabidopsis SBT1.7, have been indicated to play such 558 

roles (Schaller et al., 2018). This indicates that continuous removal of specific 559 

proteins would be required for symbiosome stabilization as recently proposed 560 

for cell wall-related proteins (Gao et al., 2025). 561 

In summary, our study determined SBT12a as a core factor in Medicago, 562 

functioning as a symbiosis-specific subtilase/phytaspase that controls nitrogen 563 

fixation in root nodules by modulating proteolytic processes within the 564 

peribacteroid space. Future studies, particularly those employing biochemical 565 

and genetic approaches, will be required to fully understand how SBT12a-566 

mediated substrate processing contributes to symbiosome performance. 567 

 568 

 569 

Methods 570 

Plant materials and growth conditions 571 

Two Medicago truncatula (Medicago) ecotypes, Jemalong A17 and R108 were 572 

used in this study. All Tnt1 insertion lines including sbt12a-1 (NF1441), sbt12a-573 

2 (NF18072), sbt12b-1 (NF4378) and sbt12b-2 (NF19394) generated in the 574 

R108 background were obtained from Medicago Mutant Database (Oklahoma 575 

State University, USA).  576 
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Medicago seeds were scarified in 96% sulfuric acid (H2SO4) for ten minutes 577 

followed by rinsing six times with sterile tap water. The washing steps were 578 

repeated again after treatment with a bleach solution containing 1.2% sodium 579 

hypochlorite (NaClO) and 0.1% sodium dodecyl sulfate (SDS) for 1 minute. 580 

Seeds were germinated on 1% water agar plates in the dark at 22°C for 20 581 

hours after vernalization at 4°C for 5 days. Germinated seedings were either 582 

transferred to pots filled with 1:1 (v/v) mixtures of quartz sand and vermiculite 583 

and kept in a growth chamber with 16 hours light/8 hours dark photoperiod at 584 

24°C for one week before rhizobial inoculation (for phenotyping), or subjected 585 

to hairy root transformation. 586 

Wild type Nicotiana benthamiana plants were grown in a growth chamber 587 

(22°C, 16 hours light/8 hours dark). 588 

 589 

Hairy root transformation and rhizobial inoculation 590 

Hairy root transformation of Medicago plants was performed as described 591 

previously (Boisson-Dernier et al., 2001). In brief, seed coats were removed 592 

from germinated seedlings and a cut was made 5 mm below the cotyledons 593 

using a sterile blade. The wound area was then dipped into solid culture of 594 

Agrobacterium rhizogenes ARqua1 carrying the corresponding binary vector. 595 

Transformed seedlings were placed on Fahräeus medium supplemented with 596 

0.5 mM NH₄NO₃ and kept vertically at 21°C in the dark for 3 days, followed by 597 

4 days under a 16 h light/8 h dark photoperiod in a growth chamber, with the 598 

root part shaded in the darkness. Next, seedlings were transferred into fresh 599 

Fahräeus medium and grown for another ten days under the same growth 600 

conditions. Positive roots were selected based on nuclear fluorescent selection 601 

maker using a stereo microscope. The transformed plants were then 602 

transferred to a mixture of quartz sand and vermiculite (1:1) in pots and 603 

inoculated with rhizobia after one week. 604 

Sinorhizobium meliloti strain 2011 (Sm2011), Sm2011 hemA::lacZ, Sm2011 605 

nifH::GUS or Sm2011 mCherry were used for the inoculation of Medicago roots. 606 

For this, the Sm2011 strain was first cultured on solid TY medium supplemented 607 

with appropriate antibiotics for 3 days at 28°C. Freshly grown Sm2011 cells 608 

were then used to inoculate liquid TY medium and cultured for 24 hours at 28°C 609 

with shaking. Rhizobial cells were harvested by centrifugation at 3000 rpm for 610 
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10 minutes, and the resulting pellet was resuspended in liquid Fahräeus 611 

medium to a final concentration of OD600 = 0.005. Each plant was inoculated 612 

with 10 mL of rhizobial suspension. Plants were watered with sterile tap water 613 

(30 mL/pot) and fertilized with liquid Fahräeus medium (30 mL/pot) once a 614 

week. 615 

 616 

Phylogenetic analysis 617 

To identify putative SBT genes in Medicago, the S8 domain of known SBT 618 

proteins was used as query sequences to perform BLAST searches against 619 

Medicago genome (https://phytozome-620 

next.jgi.doe.gov/info/Mtruncatula_Mt4_0v1). The obtained SBT sequences 621 

were further manually examined by the criteria of the presence of I9 prodomain 622 

and all four conserved residues (Asp, His, Asn and Ser) essential for catalytic 623 

function in the S8 domain. All SBT sequences were aligned using the ClustalW 624 

program with default parameters and a phylogenetic tree was constructed using 625 

the neighbor-joining method in MEGA11 software. 626 

To reconstruct the phylogeny of plant subtilases, we first made a database of 627 

proteomes from 100 eudicot species, including 29 species from Fabales, 15 628 

species from Rosales, 9 species from Fagales, and 9 species from Cucurbitales 629 

(Table S1). The sequences of SBT12a (Medtr7g079300) and SBT12b 630 

(Medtr7g079310) were aligned against this database using blastp 2.16.0+ 631 

(Camacho et al., 2009), with the following parameters: “-outfmt 6 -evalue 10e-632 

5-word_size -max_target_seqs 999999”. The 7570 sequences from this blast 633 

search were aligned using MAFFT v7.526 (Katoh & Standley, 2013) with default 634 

parameters and trimmed with trimAL v1.4.rev15 (Capella-Gutiérrez et al., 2009) 635 

with the parameter -gt 0.05. A preliminary phylogeny was reconstructed using 636 

fasttree v2.1.11 using default parameters (Price et al., 2010). This dataset was 637 

reduced in multiple steps by keeping only the closest related sequences to 638 

SBT12a and SBT12b, to eventually have a dataset consisting of subtilases that 639 

originated form a single copy in the common ancestor of land plants. This set 640 

of 262 sequences were aligned with MAFFT using the L-INS-I method, followed 641 

by trimming with trimAL with the parameter -gt 0.2. Model testing was 642 

performed using IQ-tree v2.2.2.3 with the parameter -m TESTNEWONLY (Minh 643 
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et al., 2020, Kalyaanamoorthy et al., 2017). The best model based on the 644 

Bayesian Information Criterion (BIC) was Q.plant+I+R8 (Minh et al., 2021). A 645 

more complex model test was done based on this model by additionally 646 

including the profile mixture models C10-C60 (Quang le et al., 2008). The best 647 

model based on BIC was again chosen, and the tree was reconstructed with 648 

that model with IQ-TREE using the following parameters: “-m 649 

Q.plant+C60+F+I+R8 --ufboot 1000 --alrt 1000 --mix-opt --wbtl” (Guindon et al., 650 

2010, Minh et al., 2013). Expression levels of genes were determined using the 651 

summarized data provided by a previous study (Libourel et al., 2023). For 652 

nodulation, up- and downregulation was based on the columns ending on 653 

“WSR_Nod_Up” and “WSR_Nod_Down”. Expression during arbuscular 654 

myccorhizal symbiosis was extracted for M. truncatula from the column starting 655 

with “Medtru_Myct” and for L. japonicus from the columns “Lotjap_Myc_Down” 656 

and Lotjap_Myc_Up. The phylogeny and related data were visualized in R 657 

v4.2.2 (Team, 2022) using the tidyverse metapackage and the packages ggtree 658 

v3.15.0, ggtreeExtra v1.8.1, ggnewscale 0.5.1, phytools 2.4-4 and ape 5.8-1 659 

(Yu et al., 2016, Revell, 2024, Paradis & Schliep, 2019). 660 

 661 

Molecular cloning 662 

For plasmids expressed in Medicago, the Golden Gate cloning system was 663 

used (Weber et al., 2011). The open reading frame of SBT12a was amplified 664 

from Medicago Jemalong A17 by PCR using a primer pair with the appropriate 665 

overhangs designed for subsequent Golden Gate assembly, and cloned into 666 

pJET1.2/blunt vector (Thermo Scientific) followed by Sanger sequencing 667 

confirmation. The pJET1.2-SBT12a was further used as a template to generate 668 

point mutations by PCR in order to eliminate internal BsaI or BpiI restriction 669 

sites, or to create active site mutants of SBT12a if needed. Putative promoters 670 

of both SBT12a and SBT12b comprising 2 kb upstream of the start codon were 671 

retrieved from the Phytozome database (https://phytozome-next.jgi.doe.gov/), 672 

and synthesized by Life Technologies after in silico removal of internal BsaI or 673 

BpiI restriction sites present in the sequences. All other functional Level 0 674 

modules used for Golden Gate assembly in this study were obtained from the 675 

ENSA project collection (https://www.ensa.ac.uk/). For expression of SBT12a 676 
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and its mutant variants in N. benthamiana, the expression vector pPPO70v1HA 677 

was used (Li et al., 2022). SBT12a and its mutant variants fused to triple 678 

hemagglutinin (HA) tag were amplified using the primers containing SmaI and 679 

XbaI restriction sites. The fragments were then ligated into pPPO70v1HA cut 680 

with SmaI and XbaI. All primers used in this study are listed in the Table S2. 681 

Details of all constructs are listed in the Table S3. 682 

 683 

RNA extraction and quantitative Real-Time PCR 684 

Total RNA was isolated from root or nodule samples harvested at indicated 685 

time points using the Spectrum Plant Total RNA Kit (Sigma Life Science) 686 

according to the manufacturer’s instructions. Subsequently, 1 μg of total RNA 687 

was used for cDNA synthesis using SuperScript III Reverse Transcriptase 688 

(Invitrogen). The resulting cDNA was diluted 1:5 and 1 μL was used for 689 

quantitative Real-Time PCR (qRT-PCR) analysis, which was performed using 690 

SYBR Green Master Mix (Applied Biosystems) and a StepOnePlus Real-Time 691 

PCR System. Gene expression levels were normalized to a ubiquitin gene used 692 

as the internal reference (Liang et al., 2021). Primers used for the analysis are 693 

listed in Table S2. 694 

 695 

Acetylene reduction assay 696 

Acetylene reduction assay was conducted as described previously (Yun et al., 697 

2023). In brief, nodulated roots of each plant were collected in a 50 mL vial with 698 

a flanged rubber septum. Air was replaced with an equal volume of acetylene 699 

using a syringe. Samples were then incubated for 2 hours at 28°C before 700 

quantification of ethylene by gas chromatography (GC-4100; EQAI, China). The 701 

nitrogenase activity was calculated as the amount of ethylene produced per 702 

plant per hour. 703 

 704 

Nodule sections 705 

For semi-thin sections, nodules collected at indicated time points were firstly 706 

fixed in buffer Z (0.1 M phosphate buffer (pH 7.0), 10 mM KCl, 1 mM MgCl2) 707 

containing 2% glutaraldehyde at room temperature for 1 hour. After 3 times 708 

washing in buffer Z, fixed nodule tissues were dehydrated in a graded 709 
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ethanol/water series (50%, 70%, 80%, 90% and 100%) for 1 hour each at room 710 

temperature and then subjected to Technovit 7100 (Heraeus Kulzer) resin 711 

embedding system according to the supplier’s instructions. Longitudinal 712 

sections (10 μm thickness) were made using a RM2245 microtome (Leica 713 

Biosystems, Germany). 714 

To assess the protein localization of SBT12a, transformed nodules generated 715 

via hairy root transformation were freshly collected and embedded in 6.5 % low 716 

melting agarose (Biozym Scientific, Hessisch Oldendorf, Germany). Nodule 717 

sections (70 μm thickness) were obtained using a VT1000S vibratome (Leica 718 

Biosystems, Germany). 719 

 720 

Histochemical staining 721 

GUS staining was performed as reported previously with minor modifications 722 

(Lee et al., 2024). Briefly, roots or nodules harvested at various time points were 723 

washed thoroughly and fixed in 2% (v/v) glutaraldehyde at room temperature 724 

for 1 hour. After rinsing three times in washing solution containing 50 mM 725 

phosphate buffer (pH 7.2), the fixed tissues were immersed in GUS reaction 726 

buffer, vacuum-infiltrated for 20 minutes, and incubated at 37°C for 2–4 hours. 727 

The GUS reaction was terminated by washing the samples in the same buffer. 728 

Stained samples were stored in 70% ethanol until imaging or further subjected 729 

to X-Gal staining. 730 

For X-Gal staining, nodulated tissues were immersed in buffer Z supplemented 731 

with 0.8 mg mL-1 X-Gal and 5 mM each of K3Fe(CN)6 and K4Fe(CN)6. Samples 732 

were vacuum-infiltrated for 20 minutes and subsequently incubated at 28°C 733 

overnight until sufficient staining was achieved. 734 

Toluidine blue staining of nodule sections was performed as previously 735 

described (Xiao et al., 2014). 736 

 737 

Sample preparation for transmission electron microscopy  738 

WT and sbt12a-2 mutant nodules harvested at indicated timepoints were cut in 739 

half and immediately submerged in 4% paraformaldehyde (PFA) and 2.5% 740 

glutaraldehyde in MTSB buffer. Vacuum was applied for 15 minutes and 741 

samples were left in the fixative for 3 hours at room temperature, transferred to 742 

.CC-BY 4.0 International licensemade available under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 12, 2026. ; https://doi.org/10.64898/2026.04.09.717438doi: bioRxiv preprint 

https://doi.org/10.64898/2026.04.09.717438
http://creativecommons.org/licenses/by/4.0/


 

23 
 

4°C and kept overnight. After primary fixation, samples were washed five times 743 

with MTSB buffer and post-fixed in aqueous 1% OSO4 for 2 hours at room 744 

temperature, washed and in bloc stained for 2 hours in 2% UrAc. Dehydration 745 

was carried out in a graded ethanol/water series (50%, 70%, 80% and 95%-15 746 

minutes each), followed by 30 minutes in 100% ethanol and 100% acetone. 747 

Samples were then embedded in Epoxy resin. Ultrathin sections (70 nm) were 748 

obtained using a Reichert-Jung Ultracut-E microtome and examined using a 749 

Hitachi 7800 TEM coupled to a Xarosa CMOS camera (Emsis). 750 

 751 

Confocal microscopy and Fluorescence Lifetime Imaging Microscopy (FLIM) 752 

Fluorescence imaging was conducted using a TCS SP8 confocal microscope 753 

(Leica Microsystems, Mannheim, Germany). Images were acquired with a 754 

20×/0.75 and a 40×/1.10 (HC PL APO CS2) water immersion lens. A White 755 

Light Laser (WLL) was used as an excitation source. eGFP was excited at 756 

488 nm, and the emission was collected at 500–550 nm. mCherry was excited 757 

at 561 nm, and the emission was detected in the 600–650 nm range. FLIM 758 

analysis was performed as previously described (Lace et al., 2023). All images 759 

were processed and analyzed using Fiji/ImageJ software. 760 

 761 

Nodule fractionation and symbiosome isolation 762 

Nodule fractionation and symbiosome isolation was carried out following the 763 

procedure described previously (Catalano et al., 2004). In brief, WT and mutant 764 

nodules were cut off from roots and homogenized in a prechilled extraction 765 

solution (0.5 M sucrose, 50 mM Tris/HCl (pH 7.4), 10 mM DTT and 1 x Protease 766 

Inhibitor Cocktail (Rochel)). The homogenate was filtered through two layers of 767 

Miracloth and labelled as nodule total proteins. This resulting suspension was 768 

further spun at 10000 g for 1 minute at 4°C, and the supernatant and pellet 769 

were labelled as cytosol and symbiosome proteins, respectively. The pellet was 770 

resuspended in extraction buffer and washed two more times sequentially in 771 

1.5 M and 1 M sucrose buffer each containing 50 mM Tris/HCl (pH 7.4), 10 mM 772 

DTT and 1 x Protease Inhibitor Cocktail. The final symbiosome pellet was 773 

resuspended in extraction solution for further analysis. 774 

 775 
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Flow cytometry assay 776 

To investigate the role of SBT12a in bacteroid differentiation, bacteroids were 777 

isolated from WT and sbt12a-2 mutant nodules as previously described 778 

(Horváth et al., 2023), and subsequently stained with 5 μg/mL DAPI. Flow 779 

cytometry analysis was performed using a BD LSRFortessa™ flow cytometer 780 

(BD Biosciences). A total of 50,000 bacteroids were analyzed, and the resulting 781 

data were processed using FlowJo software. 782 

 783 

RNA sequencing analysis 784 

Three biological replicates using WT and sbt12a-2 mutant nodules harvested 785 

at 18 dpi were prepared for RNA sequencing. Total RNA was extracted as 786 

described above, and its quality and concentration were assessed using an 787 

Agilent 2100 Bioanalyzer. Library preparation and sequencing were carried out 788 

by Novogene Co., Ltd. (Beijing, China). Sequencing data were analyzed using 789 

the Galaxy bioinformatics platform (https://usegalaxy.eu/) following standard 790 

procedures. Briefly, raw reads were quality-checked and mapped to the 791 

Medicago reference genome (https://medicago.toulouse.inra.fr/MtrunA17r5.0-792 

ANR/) using the STAR aligner. Gene-level read counts were generated using 793 

STAR, and differentially expressed genes (DEGs) were identified with the 794 

DESeq2 package, applying a threshold of log2 fold change > 1 and adjusted P-795 

value < 0.05. 796 

 797 

Transient expression in N. benthamiana and protein extraction 798 

Agrobacterium tumefaciens strain GV3101 was used for agroinfiltration of 4 to 799 

5-week-old N. benthamiana leaves. Freshly cultivated agrobacteria harboring 800 

expression constructs and p19 silencing suppressor were harvested by 801 

centrifugation (4000 g, 10 minutes) and resuspended in an infiltration buffer 802 

(10 mM MgCl2, 10 mM MES (pH 5.6), 150 μM acetosyringone). The cultures 803 

were diluted and mixed to obtain a final OD600 of 0.7 each. After 2 hours of 804 

incubation, bacterial cells were infiltrated into N. benthamiana leaves using 805 

needle-less syringes. The infiltrated plants were kept in a growth chamber until 806 

use. 807 
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For total protein extraction, leaves harvested 4 days after infiltration were 808 

ground in liquid nitrogen and suspended in extraction buffer containing 50 809 

mM Tris/HCl (pH 7.5), 100 mM NaCl, 0.5% Triton X-100, 10 mM β-810 

mercaptoethanol and 1 x Protease Inhibitor Cocktail (Roche). Extracts were 811 

then centrifuged at 16000 g for 10 minutes at 4°C. The resulting supernatant 812 

was used for measurement of protein concentrations by the dye-binding 813 

Bradford assay (Bio-Rad). Protein extracts were flash-frozen in liquid nitrogen 814 

and stored at -80°C until further analyses. 815 

. 816 

Isolation of apoplastic fluids 817 

Apoplastic fluids (AFs) were collected as previously reported (Reichardt et al., 818 

2018). Briefly, agroinfiltrated N. benthamiana leaves were submerged in ice-819 

cold extraction buffer (50 mM NaH2PO4/Na2HPO4 (pH 6.5), 200 mM KCl) and 820 

vacuum infiltrated for 5 minutes. Excess water on the surface of leaves was 821 

dried off with absorbing paper, and leaves were mounted into a 25 mL syringe 822 

placed in a 50 mL tube. AFs were collected by centrifugation at 1500 g at 4 °C 823 

for 7 minutes, and stored at -20°C for further use.  824 

 825 

Western blot 826 

For immunodetection, protein samples were separated by 12% SDS-827 

polyacrylamide gel electrophoresis (PAGE), and transferred to a polyvinylidene 828 

difluoride (PVDF) membrane (0.2 µm pore size) using the Trans-Blot® Turbo™ 829 

semi-dry transfer system (Bio-Rad). After being blocked with 5% (w/v) powder 830 

milk diluted in TBS-T for 1 hour at room temperature, the membrane was 831 

hybridized with a primary antibody anti-GFP (Takara Bio Cat# 632381; 1:5000) 832 

or peroxidase-conjugated anti-HA (Roche, Germany, Cat# 12013819001; 833 

1:4000), at 4 °C overnight. The membrane was washed 3 times in TBS-T for 30 834 

minutes. Peroxidase-conjugated secondary antibodies (anti-mouse, Sigma-835 

Aldrich Cat# A4416; 1:5000) was applied, if required, for 2 hours at room 836 

temperature. Signals were visualized using the Clarity Western ECL Substrate 837 

(Bio-Rad) on an ECL ChemoCam Imager (Intas Science imaging). 838 

 839 

 840 

 841 
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Immunoprecipitation 842 

Total protein was extracted from N. benthamiana leaves transiently expressing 843 

SBT12a-3xHA or SBT12a (S551A)-3xHA using the same extraction buffer as 844 

mentioned above but without adding protease inhibitors. 10 mL of each protein 845 

sample was incubated with 40 µL HA-Trap Magnetic Agarose (ChromoTek) at 846 

4 °C for 1 hour with gentle rotation. Beads were then washed five times with 847 

washing buffer (10 mM Tris/HCl (pH 7.5), 150 mM NaCl and 0.5 mM EDTA). 848 

Bound proteins were subsequently eluted using 500 μM HA peptide 849 

(ChromoTek), and the protein concentration was determined using the Bradford 850 

assay.  851 

 852 

Activity-based protein profiling (ABPP) 853 

FP-TAMRA probe (Thermo Scientific) was used to label and detect active 854 

subtilases. The probe was dissolved in 100 μL of DMSO to make a 0.1 mM 855 

stock solution. 10 μL of immunoprecipitated SBT12a or SBT12a (S551A) were 856 

incubated with 0.2 μM FP-TAMRA in PBS (pH 7.0) for 1 hour at room 857 

temperature in the dark. The reaction was stopped by adding 2 x SDS sample 858 

buffer and boiling for 5 minutes. Labeled proteins were analyzed by SDS-PAGE 859 

followed by fluorescent gel scanning with a Typhoon FLA 9000 (GE Healthcare 860 

Life Sciences) using Cy3 settings (532 nm excitation, 610PB filter). 861 

 862 

Proteomic Identification of Cleavage Sites 863 

An Escherichia coli (strain K12) proteome-derived peptide library was 864 

generated by whole cell proteome digestion with trypsin as described (Demir et 865 

al., 2022a). Aliquots of 5 µg purified tryptic peptide libraries were equilibrated in 866 

PBS (pH 7.0) buffer. IP-enriched recombinant SBT12a or catalytically inactive 867 

SBT12a (S551A) were added and incubated for 2 hours at 25°C. Four replicate 868 

reactions were performed for each construct. As a modification to the original 869 

protocol (Demir et al., 2022b), the resulting peptide samples were not modified 870 

by dimethylation but directly stopped by acidification, individually desalted using 871 

self-packed three-layer SDB-RPS StageTips, reconstituted in 0.1% TFA and 872 

loaded onto Evotips (Evosep) for label-free analysis.   873 

 874 

 875 
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Enrichment of N-terminal peptides 876 

N-terminal peptides were enriched with the HUNTER method as previously 877 

described (Stockert et al., 2024). Briefly, proteomes were extracted with a 878 

denaturing extraction buffer (6 M guanidine hydrochloride, 100 mM HEPES (pH 879 

7.4)), followed by reduction with 10 mM DTT and cysteine 880 

carbamidomethylation with 50 mM CAA. An estimated 100 μg of protein per 881 

replicate was purified with paramagnetic SP3 beads (Cytiva). Primary amines 882 

were labelled by reductive dimethylation with heavy formaldehyde (12CD2O). 883 

The reaction was quenched and samples were digested overnight with trypsin 884 

(1:100 w/w) at 37°C. Subsequently, 10 μg of peptides were withdrawn to 885 

determine labelling efficiency (pre-HUNTER). Newly generated tryptic peptides 886 

bearing primary amines were modified with 100 mM undecanal and removed 887 

using reversed-phase HRX spin cartridges (Macherey & Nagel). N-terminal 888 

peptides remaining in the flow-through were desalted by self-packed three-889 

layer C18 StageTips (Rappsilber et al., 2007) and reconstituted in 0.1% TFA. 890 

 891 

Mass spectrometry data acquisition 892 

Peptide samples were measured on an Exploris 480 mass spectrometer 893 

(Thermo Scientific) coupled to nanoflow chromatography systems. For 894 

HUNTER samples, peptides were separated with an Ultimate 3000 RSLCnano 895 

system (Thermo Scientific), loaded on a μPAC C18 trapping column (Thermo 896 

Scientific) with flow rate of 10 μL/minutes and separated on a μPAC C18 pillar 897 

array analytical column (50 cm bed length; Thermo Scientific) at a flow of 0.5 898 

μL/minute. Both columns were kept at 40°C. Peptides were eluted using a 899 

binary solvent system consisting of 0.1% formic acid (solvent A) and 86% 900 

acetonitrile with 0.1% formic acid (solvent B). Mobile phase B increased as 901 

follows: 1% to 4% over 2 minutes, 4% to 25% over 24 minutes, 25% to 44% 902 

over 12 minutes, and a final column wash at 90% B for 4 minutes. Peptide were 903 

introduced into the mass spectrometer with a NanoSpray Flex ion source 904 

(Thermo Scientific) equipped with the μPAC Flex iON Connect and a fused 905 

silica emitter (20 μm inner diameter, 10 μm tip inner diameter, 360 μm outer 906 

diameter; New objective). The source voltage was set to +1.8 kV and the ion 907 

transfer tube temperature to 275°C. Peptides of PICS samples were separated 908 

with 44 minutes gradient on an Evosep One system (EvoSep) equipped with a 909 
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nano-LC column (EV1137, 15 cm × 150 μm, Evosep) maintained at 40°C by a 910 

column oven (PRSVO-V2, Sonation). The binary solvent system consisted of 911 

0.1% formic acid (solvent A) and 100% acetonitrile with 0.1% formic acid 912 

(solvent B) and operated in the 30 SPD mode. For electrospray ionization, a 913 

stainless-steel emitter with an integrated liquid junction (EV1072, Evosep) was 914 

mounted into an EasySpray adapter and installed in a NanoSpray Flex ion 915 

source (Thermo Scientific). The spray voltage was set to +2.0 kV and the ion 916 

transfer tube temperature to 275°C. Data were acquired in data-independent 917 

acquisition (DIA) mode. Each acquisition cycle comprised one MS1 survey 918 

scan (m/z 350–1400, resolution 120,000, RF lens 40%, AGC target 300%, 919 

maximum injection time 45 ms), followed by MS2 fragment ion scans in profile 920 

mode (resolution 30,000, RF lens 50%, AGC target 1000%, maximum injection 921 

time 54 ms, variable isolation window width with 1 m/z overlap). 922 

 923 

Mass spectrometry data analysis 924 

Acquired DIA data were analysed with FragPipe v24.0 (Yu et al., 2023) with the 925 

integrated MSFragger (v4.4.1) search engine. For HUNTER data, peptide 926 

spectra were predicted from the Medicago and S. meliloti 2011 proteome 927 

databases, with enzyme specificity set to semi-specific cleavage with variable 928 

N-terminus and C-terminal ArgC digest, up to two missed cleavages, peptide 929 

length of 7–45 amino acids, precursor mass range of 200–5,000 Da, and a 930 

maximum of five variable modifications per peptide. Dimethylation at protein N-931 

termini and lysine side chains (+32.0564 Da) and cysteine 932 

carbamidomethylation (+57.0215 Da) were set as fixed modifications. Variable 933 

modifications included methionine oxidation (+15.9949 Da), acetylation of 934 

peptide N-termini and lysines (+9.9541 Da), N-terminal pyroglutamate 935 

formation from glutamine (-49.0829 Da) or glutamic acid (-50.0699 Da), and 936 

proline monomethylation (-16.0282 Da). For PICS data, spectra were matched 937 

against the UniProt canonical Escherichia coli (strain K12) proteome 938 

(downloaded 2026-03-02, 4,531 entries), with cleavage specificity set to semi-939 

specific cleavage with variable N-terminus and C-terminal trypsin digest, up to 940 

two missed cleavages, peptide length of 7–40 amino acids, precursor mass 941 

range of 300–5,000 Da, and a maximum of four variable modifications per 942 

peptide. Cysteine carbamidomethylation (+57.0215 Da) was set as fixed 943 
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modification. Variable modifications included methionine oxidation (+15.9949 944 

Da), and acetylation of peptide N-termini and lysines (+42.01056). Peptide and 945 

protein identifications were subjected to stringent quality filtering, with a 1% 946 

false discovery rate threshold applied at both the peptide-spectrum match and 947 

protein levels using Philosopher (v5.1.3-RC9). Identified peptides where 948 

quantified with DIA-NN (v1.8.2 beta 8) (Demichev et al., 2020) as implemented 949 

in the FragPipe package. 950 

Peptide tables were filtered to retain only peptides quantified in at least 50% of 951 

replicates per condition for the N-termini enrichment experiment, and in at least 952 

75% of replicates for the PICS experiment. Peptides exclusively observed in at 953 

least three replicates of one condition were likewise retained in both datasets. 954 

N-terminal peptides with a start position of ≤ 7 were excluded. Peptides sharing 955 

the same start position and N-terminal modification status but differing solely in 956 

methionine oxidation state or charge were collapsed into a single entry by 957 

summing their intensities. Differential abundance of N-terminal peptides 958 

between WT and sbt12a-2 mutant samples was analyzed using the LIMMA 959 

package in R (Ritchie et al., 2015). Linear modeling with empirical Bayes 960 

moderation was applied to compute moderated t-statistics, p-values, and q-961 

values, with log2 fold changes derived from replicate means. Changes in N-962 

terminal peptide abundance supported by a LIMMA-moderated q-value < 0.05 963 

were considered significant. 964 

 965 

Quenched peptide assays 966 

The quenched peptides (QPs) derived from candidate substrate proteins were 967 

commercially synthesized with a DABCYL modification at the N-terminus and 968 

an EDANS modification at the C-terminus (GenScript) at a purity of 95%. The 969 

assay was performed as previously reported. The synthesized peptides were 970 

resuspended in DMSO to prepare a 1 mM stock solution, which was further 971 

diluted in water to 200 µM. Immunoprecipitated SBT12a or SBT12a (S551A) 972 

were mixed with QPs to a final concentration of 10 µM in a total volume of 973 

100 µL. Fluorescence was recorded at 25°C for 2 hours using microplate reader 974 

(POLARstar Omega, BMG LABTECH, Ortenberg, Germany) with excitation 975 

and emission wavelengths set to 335 nm and 493 nm, respectively.  976 

 977 
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Quantification and statistical analysis 978 

All statistical analyses and generation of graphs were performed using 979 

GraphPad Prism software (version 9.5.1; GraphPad Software Inc.). The 980 

normality of the data was evaluated to determine the appropriate statistical 981 

method to be used. Brown–Forsythe and Welch ANOVA followed by Dunnett’s 982 

T3 multiple comparisons test was applied as parametric analyses. For non-983 

parametric data, Kruskal–Wallis followed by Dunn’s multiple comparisons or 984 

Mann–Whitney tests were conducted. Sample size and statistical significance 985 

level have been indicated in the respective figure legends. 986 

 987 

Data availability 988 

The mass spectrometry proteomics data have been deposited to the 989 

ProteomeXchange Consortium (Deutsch et al., 2023) via the PRIDE partner 990 

repository (Perez-Riverol et al., 2025) with the dataset identifiers PXD076390 991 

for the HUNTER N-terminome data (Reviewer access token: hDUfTNzPSYEY) 992 

and PXD076264 for PICS data (Reviewer access token: xrYmY77Zs3Z2).  993 
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Figures and legends 1026 

 1027 

 1028 

 1029 

Fig. 1. SBT12a is induced during rhizobial symbiosis and affects nitrogen fixation. 1030 
(A) Phylogenetic and expression analysis of Medicago subtilases belonging to the SBT1.13 1031 
clade. The phylogenetic tree was generated from the alignment of subtilase sequences 1032 
retrieved from the Phytozome v13 database (https://phytozome-next.jgi.doe.gov/) using the 1033 
neighbor-joining method. The symbiosis-related expression data for each gene were obtained 1034 
from the previous study (Schiessl et al., 2019). (B) Schematic primary structure of the SBT12a 1035 
and SBT12b proteins. Different domains were predicted by InterPro 1036 
(https://www.ebi.ac.uk/interpro/) and labeled with different colors. Black numbers indicate 1037 
domain junctions and active amino acid residues. Asp at the prodomain removal site were 1038 
additionally labelled with blue. Arrowheads indicate positions of the Tnt1 insertion. (C and D) 1039 
Promoter-GUS assays visualizing the expression domains of SBT12a (C) and SBT12b (D) 1040 
throughout the nodulation process. GUS activity and Sinorhizobium meliloti 2011-expressed 1041 
LacZ were stained blue and magenta, respectively. Arrows indicate infection threads (ITs) in 1042 
root hair cells and arrowheads indicate ITs penetrating from epidermis to inner cortical layers 1043 
(IT trajectory). Different zones were marked in longitudinal sections of elongated nodules. zone 1044 
I, meristem; zone II, infection zone; zone III, fixation zone. Scale bars, 100 μm. (E and F) sbt12a 1045 
mutant seedlings displayed nitrogen-defective growth phenotype (E) at 21 dpi with S. meliloti 1046 
2011. Scale bar, 1 cm. Shoot fresh weight was quantified (F). n=21, 22 and 20 for WT, sbt12a-1047 
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1 and sbt12a-2, respectively. Statistically significant differences were analyzed using Mann-1048 
Whitney test. **** p<0.0001. (G) Acetylene reduction assay (ARA) showing the disrupted 1049 
nitrogen fixation capacity of sbt12a mutant compared to WT plants. n=5 for all genotypes. Each 1050 
data point represents the mean value of 5 plants. Statistically significant differences were 1051 
analyzed using Mann-Whitney test. ** p<0.01. The ARA experiment was independently 1052 
repeated twice with similar results. (H to H’’) Representative nodules formed on WT and sbt12a 1053 
mutant roots at 21 dpi with S. meliloti 2011. Scale bars, 1 mm. (I to I’’) Longitudinal sections of 1054 
nodules from (H) showing premature senescence induced by sbt12a mutation, as 1055 
demonstrated by an expanded zone IV (senescence zone). Sections were counterstained with 1056 
0.05% (w/v) toluidine blue. Scale bars, 200 μm. (J to J’’) Representative nodules formed on 1057 
WT and sbt12a mutant roots at 28 dpi with S. meliloti 2011 carrying a pnifH::GUS reporter 1058 
enabling visualization of zones with active nitrogen fixation. Scale bars, 500 μm. Phenotyping 1059 
was independently repeated four times with similar results. (K) Genetic complementation 1060 
analysis showing that the premature senescence phenotype of sbt12a mutant nodules was 1061 
restored by introduction of the WT SBT12a, but not by the two mutant variants (S551A and 1062 
D122A). Transformed nodules were harvested 28 dpi with S. meliloti 2011 and longitudinally 1063 
sectioned. Scale bars, 200 μm. 1064 
 1065 
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Fig. 2. The sbt12a mutant is impaired in bacteroid differentiation. 1068 
(A and B) Longitudinal section of WT nodules collected 14 dpi with S. meliloti 2011. Rhizobia 1069 
were normally released from nodular infection threads (nITs), indicated by arrows, and 1070 
colonized host cells in WT nodules. (B) is a close-up image of the rectangle marked region in 1071 
(A). Scale bars, 200 μm (A), 50 μm (B). (C and D) In the sbt12a-2 mutant nodules rhizobia were 1072 
frequently blocked in swelled nITs. (D) is a close-up image of the rectangle marked region in 1073 
(C). Scale bars, 200 μm (C), 50 μm (D). (E) Quantification of WT and sbt12a-2 nodules showing 1074 
normal colonization (like in A and B), defective rhizobial release (like in C and D) and early 1075 
senescence. 38 WT and 56 mutant nodules were randomly collected for sections from two 1076 
independent replicates. (F) Transmission electron microscopy (TEM) analysis revealing typical 1077 
rhizobial release sites in an infected WT nodule cell. Scale bar, 10 μm. (G) Colonization defects 1078 
exemplified by enlarged nITs in largely uncolonized cells and apoplastic bacterial release 1079 
(arrowhead) observed in sbt12a-2 mutant nodules. Scale bar, 10 μm. Data were collected from 1080 
more than twelve nodules at 14 dpi for each genotype in two independent replicates. (H to I) 1081 
TEM analysis of nodule cells in WT (H) and sbt12a-2 (I). Symbiosome structures in sbt12a-2 1082 
are markedly disorganized with enlarged peribacteroid spaces and multiple small bacteroids 1083 
enclosed in a single symbiosome. b, bacteroid. pbs, peribacteroid space. V, central vacuole. 1084 
(H’) and (I’) are close-up images of the regions marked by rectangle in (H) and (I), respectively. 1085 
Scale bars, 10 μm (H and I), 2 μm (H’ and I’). Data were collected from ten nodules at 21 dpi 1086 
for each genotype in two independent replicates. (J and K) Representative confocal images of 1087 
isolated bacteroids stained with DAPI (cyan) from WT (J) and sbt12a-2 mutant (K) nodules 1088 
collected at 21 dpi. Scale bars, 20 μm. (L) Quantification of bacteroids length. n=89 and 98 for 1089 
WT and sbt12a-2, respectively. Statistical differences were analyzed using Mann-Whitney test. 1090 
**** p<0.0001. (M and N) Flow cytometry analysis of DAPI-stained bacteroids isolated from WT 1091 
(M) and sbt12a-2 mutant (N) nodules. Up to 50000 bacteroids from each WT and mutant 1092 
nodules were examined in the analysis. P represents bacteroid populations that exhibit the 1093 
same DAPI intensity. Experiments for bacteroids phenotyping were repeated three times with 1094 
similar results. (O) Classification of representative differentially expressed genes (DEGs) 1095 
across gene families. Numbers of up-regulated and down-regulated genes (sbt12a-2 vs WT) 1096 
are indicated for each gene family, and are labelled with pink and blue backgrounds, 1097 
respectively. (P) The expression of representative DEGs from transcriptome data. 1098 
 1099 
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 1101 

 1102 
 1103 
Fig. 3. SBT12a localizes at rhizobial release sites and at the peribacteroid space in 1104 
infected nodule cells. 1105 
(A and B) Confocal microscopy images showing the localization of SBT12a-eGFP (green) at 1106 
putative rhizobial release sites (A) and the peribacteroid space (PBS) (B) in infected nodule 1107 
cells. Nodules infected with mCherry-producing S. meliloti 2011 (magenta) and expressing 1108 
SBT12a-eGFP were collected at 28 dpi and 70 μm sections were used for confocal imaging. 1109 
White arrowheads indicate the site of rhizobial release. Scale bars, 10 μm. (C) Fluorescence 1110 
intensities measured along the linear transect (arrow) from (B’’). (D) PBS localization pattern of 1111 
SBT12a-eGFP analyzed by Fluorescence Lifetime Imaging Microscopy (FLIM). The lifetimes 1112 
for eGFP and mCherry measured by FLIM are indicated. More than 20 nodules from multiple 1113 
transgenic roots were analyzed in three independent replicates. Scale bar, 10 μm. (E) 1114 
Immunoblot assay showing that SBT12a-eGFP is targeted to the symbiosome. Protein samples 1115 
were obtained from the following fractions: Total, total nodule extracts; Cytosol, cytosolic 1116 
fragments of nodule cells; Symbiosome, isolated symbiosomes. α-actin and α-nifD were used 1117 
as controls for the cytosolic and the symbiosome fraction, respectively. Western blot was 1118 
repeated twice from two independent rounds of hairy root transformation. (F) Schematic 1119 
illustrations of SBT12a (green) localized to the peribacteroid space surrounding bacteroids 1120 
(magenta) within symbiosomes. 1121 
 1122 
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 1124 
 1125 
Fig. 4. SBT12a mediates Asp-specific proteolytic regulation in symbiosomes. 1126 
(A) Immunoprecipitation of SBT12a-3xHA and SBT12a-3xHA (S551A) (used as the negative 1127 
control. Proteins were labelled with 0.2 μM FP-TAMRA and separated on SDS-PAGE followed 1128 
by Coomassie Brilliant Blue (CBB) staining, or in-gel fluorescence. Red asterisks indicate the 1129 
mature form of SBT12a-3xHA after self-processing. (B and C) Analysis of substrate specificity 1130 
of SBT12a by Proteomics Identification of Cleavage Sites (PICS) assay. (B) shows the 1131 
abundance of peptides quantified in at least two of four biological replicates after incubation 1132 
with SBT12a and SBT12a (S551A). Peptides detected exclusively in at least three out of four 1133 
replicates of one condition but absent in the other are displayed on log₂-transformed intensity 1134 
scales on either side of the volcano plot. Light and dark red indicate increased abundance, light 1135 
and dark blue indicate decreased abundance, and grey indicates no significant change after 1136 
treatment with SBT12a compared to SBT12a (S551A) as determined by a LIMMA-moderated 1137 
t-test with FDR correction (q < 0.05). Triangles mark peptides resulting from cleavage after Asp. 1138 
(C) is the IceLogos showing over- and underrepresented amino acid residues observed 1139 
preceding (positions 1-6) and following (positions 1’-6’) SBT12a cleavage sites derived from 1140 
the significantly accumulating peptides. (D) Schematic representation of the High-efficiency 1141 
Undecanal-based N Termini EnRichment (HUNTER) pipeline. Some components were created 1142 
with BioRender.com. (E) Abundance of identified N-terminal peptides in WT compared to 1143 
sbt12a-2 mutant, with N-termini identified in only one genotype plotted on one side. Peptides 1144 
shown in red represent N-terminal peptides that were either significantly enriched (q < 0.05) or 1145 
exclusively found in at least three out of four biological replicates in WT. Blue indicates N-1146 
terminal peptides significantly enriched or exclusively observed in sbt12a-2. Triangle symbols 1147 
denote peptides resulting from cleavage with Asp preceding the cleavage site. (F) IceLogo 1148 
representations of the amino acid sequence context surrounding the scissile bond, derived from 1149 
N-terminal peptides that were exclusively and significantly enriched in the WT background. (G) 1150 
Conceptual illustration of using quenched peptides (QPs) to monitor processing. Three QPs 1151 
from MtDNF2, MtNPD5 and MtNPD1 containing the putative cleavage sites detected by 1152 
HUNTER were custom-synthesized. (H to J) Processing of MtDNF2 (H), MtNPD5 (I) and 1153 
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MtNPD1 (J)-derived QPs by SBT12a. 0.4 μg of SBT12a-3xHA proteins were used and 1154 
incubated with 10 μM QPs. The lines represent the mean value of 4 independent replicates and 1155 
the shading represents the standard deviation. 1156 
  1157 
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 1158 
 1159 
Fig. S1. Expression analyses of the leghemoglobin and subtilase genes in Medicago 1160 
truncatula. 1161 
(A) Expression heatmap showing the coordinated induction of 12 representative 1162 
leghemoglobins (LgHbs) (Jiang et al., 2021) and two subtilase (SBT) genes (Medtr7g079300 1163 
and Medtr7g079310) during the nodulation process in Medicago (Schiessl et al., 2019). (B) 1164 
Expression comparison of LgHb and subtilase genes in nitrogen-starved WT roots and 10-day-1165 
old nodule tissues (Roux et al., 2014).  1166 
  1167 
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 1168 
 1169 
 1170 
Fig. S2. Phylogenetic analysis of subtilases related to SBT12a and SBT12b and their 1171 
presence/absence in a variety of eudicots. 1172 
(A) Phylogenetic tree of subtilases reconstructed with maximum likelihood using the model 1173 
“Q.plant+C60+F+I+R8”. Branch support is shown based on ultrafast bootstrap (% UFBS) and 1174 
percentage of replicates of the SH-like approximate likelihood ratio test. (B) Cladogram of 1175 
eudicot species included in this analysis, with the presence or absence of the subtilases from 1176 
(A). Symbiotic state of the species is shown for root nodule symbiosis (RNS; blue) and 1177 
arbuscular mycorrhizal symbiosis (AMS; green). Genes known to be up- and/or downregulated 1178 
during RNS or AMS based on the analysis from (A) are marked with a symbol on the outer 1179 
circle of the tree. The two black arrows indicate the two genes from M. truncatula investigated 1180 
in this study. The scale bar represents the estimated number of substitutions per site. 1181 
  1182 
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 1183 
 1184 
Fig. S3. Expression analysis of SBT12a and SBT12b during root nodule symbiosis. 1185 
(A and C) qRT-PCR analysis of SBT12a (A) and SBT12b (C) expression in WT A17 roots 1186 
inoculated with S. meliloti 2011. Root samples were harvested at indicated timepoints. 1187 
Expression levels were normalized against ubiquitin. Values are the mean of three biological 1188 
replicates and error bars represent standard deviations. Statistical differences were tested 1189 
using Kruskal-Wallis test followed by Dunn’s multiple comparisons test. * p<0.05. ** p<0.01. ns 1190 
represents no significance (p>0.05). (B and D) UMAP projection plots showing expression 1191 
profiles of SBT12a (B) and SBT12b (D) across different cell types over the nodulation process 1192 
(from 0 to 96 hpi). Cells that express SBT12a mainly belong to cluster 15, which contains 1193 
infected cells that eventually become the nitrogen-fixing cells within the nodule. SBT12b 1194 
expression was largely restricted to cells from cluster 9 that is composed of meristematic cells 1195 
(Pereira et al., 2024). (E) Expression of SBT12b in lateral root primordium and root tip of 1196 
inoculated roots, as shown by promoter-GUS assay. Scale bars, 200 μm. 1197 
 1198 
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 1199 
 1200 
Fig. S4. Phenotypic characterization of sbt12a and sbt12b mutant lines. 1201 
(A) 28 days old sbt12a mutant seedlings grown in nitrogen-supplied conditions did not exhibit 1202 
growth phenotypes compared to WT plants. Scale bar, 2 cm. (B and C) Quantification of shoot 1203 
(B) and root (C) fresh weight of sbt12a mutant and WT plants from (A). n=16, 15 and 15 for 1204 
WT, sbt12a-1 and sbt12a-2, respectively. Statistically significant differences were analyzed 1205 
using Brown-Forsythe and Welch ANOVA test followed by Dunnett’s multiple T3 comparisons. 1206 
ns represents no significance (p>0.05). (D) 28 days old sbt12b mutant plants grown in nitrogen-1207 
supplied conditions did not exhibit growth phenotypes compared to WT plants. Scale bar, 2 cm. 1208 
(E and F) Quantification of shoot (E) and root (F) fresh weight of sbt12b mutant and WT plants 1209 
from (D). n=16 for all genotypes. Statistically significant differences were analyzed using 1210 
Brown-Forsythe and Welch ANOVA test followed by Dunnett’s multiple T3 comparisons. ns 1211 
represents no significance (p>0.05). 1212 
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 1214 
 1215 
Fig. S5. Phenotypic characterization of sbt12b mutants under symbiotic conditions. 1216 
(A) sbt12b mutant plants displayed no obvious difference compared to WT at 21 dpi with S. 1217 
meliloti 2011. Scale bar, 2 cm. (B) Quantification of shoot fresh weight of sbt12b mutant and 1218 
WT plants at 21 dpi. n=29 for both WT and sbt12b-1, and 27 for sbt12b-2. Statistically significant 1219 
differences were analyzed using Brown-Forsythe and Welch ANOVA test followed by Dunnett’s 1220 
multiple T3 comparisons. ns represents no significance (p>0.05). (C and D) Representative 1221 
nodules formed on WT and sbt12b mutant roots at 21 dpi with S. meliloti 2011 nifH::GUS. No 1222 
obvious differences in nodules developing on both sbt12b mutants were found in comparison 1223 
to WT, as shown by the pink color of the nodules indicating that they are completely functional 1224 
or overall activation of the GUS reporter indicating active nitrogen fixation. Scale bars, 1 mm. 1225 
(E) Ratio of pink and white nodules at 21 dpi. n=29 for both WT and sbt12b-1, and 27 for sbt12b-1226 
2. Nodulation phenotyping was independently repeated three times. 1227 
  1228 
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 1229 
 1230 
Fig. S6. Transcriptional reprogramming by the sbt12a mutation. 1231 
(A) Distribution of reads mapping to the SBT12a gene from RNA-seq analysis. Three biological 1232 
replicates for both genotypes are shown. Note that for all three sbt12a-2 nodule samples, reads 1233 
distribution after Tnt1 insertion site (indicated by the red arrow) is completely disrupted. (B) 1234 
Volcano plot depicting the distribution of differentially expressed genes (DEGs) comparing 1235 
sbt12a-2 and WT nodules. Red and blue circles represent genes that are significantly 1236 
upregulated (Up) and downregulated (Down) in sbt12a-2 compared to WT R108, respectively 1237 
(log2 fold change >1 and adjusted P-value<0.05). Grey circles represent genes that do not show 1238 
significant changes (Not Sig) in expression levels. 1239 
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 1240 
 1241 
Fig. S7. Characterization of SBT12a as a canonical subtilase. 1242 
(A) Immunoblot demonstrating the requirement of Ser-551 and Asp-22 for SBT12a self-1243 
processing and secretion. WT SBT12a and its mutant variants, S551A and D122A, were fused 1244 
to the triple hemagglutinin (HA) tag and were transiently expressed in N. benthamiana leaves. 1245 
An empty vector (EV) control was included. Leaf samples were harvested 4 days post 1246 
agroinfiltration and subsequently subjected to total protein (Total) extraction or apoplastic fluids 1247 
(AFs) isolation. Coomassie brilliant blue (CBB)-stained Rubisco proteins were used as a 1248 
loading control. Red asterisks indicate the mature form of SBT12a-3xHA after self-processing. 1249 
(B) Modelled structure of full-length SBT12a protein using AlphaFold3. Signal peptide and 1250 
prodomain are colored in magenta and mature SBT12a in cyan. The proximity of the prodomain 1251 
junction Asp-122 and the catalytic site Ser-551, indicated by yellow and purple arrowheads, 1252 
respectively, suggests the potential self-processing during zymogen maturation. (C) Genetic 1253 
complementation of sbt12a mutants. Nodulation defects of sbt12a mutants were restored by 1254 
expressing WT SBT12a, fused with eGFP driven by its native promoter, but not with the mutant 1255 
variants or the EV. mCherry (red) fused to a nuclear localization signal (NLS) expressed from 1256 
each construct was used as a selection marker for transformation. Nodule phenotypes were 1257 
examined at 28 dpi. Fully elongated pink nodules without displaying the sign of premature 1258 
senescence were considered as complemented nodules. The number of transformed plants 1259 
having fully elongated pink nodules relative to the total number of transformed plants is shown 1260 
for each image. Experiments were independently repeated twice with similar results. Scale 1261 
bars, 500 μm. 1262 
 1263 
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 1264 
 1265 
Fig. S8. Proposed working model for SBT12a function. 1266 
(A) In WT nodules, rhizobia are released from infection threads into nodule cells, and 1267 
subsequently enclosed within an organelle-like structure called the symbiosome. SBT12a is 1268 
targeted to the bacterial release sites, where it facilitates this process, and subsequently 1269 
accumulates in newly formed symbiosomes. Within these symbiosomes, rhizobia proliferate 1270 
and differentiate into a special form known as bacteroids. This developmental transition is 1271 
accompanied by the sustained SBT12a-mediated proteolysis in the peribacteroid space. Acting 1272 
there as a phytaspase with Asp-specific cleavage specificity, SBT12a drives symbiosome 1273 
stabilization, which is indispensable for sufficient nitrogen fixation occurring in bacteroids. The 1274 
activity of SBT12a likely involves the activation of symbiosis-promoting regulators, such as 1275 
DNF2, NPDs and NCR peptides, or the degradation of antimicrobial components. (B) In the 1276 
sbt12a mutant, the absence of SBT12a-mediated proteolytic regulation at bacterial release 1277 
sites and within the peribacteroid space results in altered rhizobial colonization and severe 1278 
defects in bacteroid differentiation. Consequently, impaired symbiosome maintenance fails to 1279 
support efficient nitrogen fixation, leading to premature nodule senescence and nitrogen 1280 
starvation in seedlings. 1281 
 1282 
 1283 
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