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ABSTRACT  22 

Nitrogen is essential for plant growth, yet its availability often limits agricultural productivity. 23 

Some legumes have evolved a unique ability to form symbiotic relationships with nitrogen-24 

fixing soil bacteria called rhizobia, enabling them to thrive in nitrogen-deficient soils. In five 25 

legume clades, an exploitive strategy has evolved in which rhizobia undergo Terminal 26 

Bacteroid Differentiation (TBD), where the bacteria become larger, polyploid, and have a 27 

permeabilized membrane. Terminally differentiated bacteria are associated with higher N2-28 

fixation and, thus, a higher return on investment to the plant. In several members of the IRLC 29 

(Inverted Repeat-Lacking Clade) and the Dalbergioid clades of legumes, this differentiation 30 

process is triggered by a set of apparently unrelated plant antimicrobial peptides with 31 

membrane-damaging activity, known as Nodule-specific Cysteine-Rich (NCR) peptides. 32 

However, whether NCR peptides are also implicated in symbiotic TBD in other legume clades 33 

and whether they are evolutionarily related remains unknown. Here, to address the molecular 34 

identity of NCR peptides and their evolution in different legume clades, we performed inter- 35 

and intra-clade comparisons of NCR peptides in representative species of four TBD-inducing 36 

legume clades. First, we collected genomic and proteomic data of species for which NCR 37 

peptides are known (1523 NCR peptides). We then used sequence similarity-based clustering 38 

to regroup the NCR peptides, resulting in over 400 different NCR clusters, each clade-specific. 39 

We obtained Hidden Markov Models for each cluster and used them to predict NCR peptides 40 

in 21 legume genomes (6 clades), including newly generated deep-sequenced root and nodule 41 

RNA-seq data of Indigofera argentea (Indigoferoid clade) and newly assembled high-quality 42 

transcriptomes of Lupinus luteus and Lupinus mariae-josephae (Genistoid clade), using 43 

tailored gene prediction pipeline and transcriptome matching. This resulted in 3710 NCR 44 

peptides in species that induce TBD. To date, the rapid diversification of NCR peptides that 45 

reduces the sequence similarities has masked the origin of NCR peptide evolution. We obtained 46 

high-confidence structural models for one sequence of each cluster. We performed structure-47 

based clustering and phylogenetics, which resulted in 23 superclusters (14 inter-clade and nine 48 

clade-specific) that we represent in a structural distance-based tree. Our study revealed that the 49 

evolution of NCR peptides is a mix of divergent and convergent processes within each clade. 50 

We further chose nine independently evolved NCR peptides to test in vitro whether they are 51 

functional analogs in symbiosis. 52 

 53 
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 54 
Graphical abstract. Overview of the experimental and computational workflow for NCR peptide detection, 55 

characterization, and structural analysis. 56 

Nodule and root samples from Indigofera argentea (8 weeks post-inoculation) were collected and subjected to 57 

RNA extraction, library preparation, and Illumina PE150 sequencing. Raw RNA-seq reads from two Lupinus 58 

species were also included (Lupinus luteus and Lupinus mariae-josephae). Bacteroid differentiation of I. argentea 59 

was assessed by flow cytometry and confocal microscopy. Transcriptomes were assembled de novo and analyzed 60 

for differential gene expression between root and nodule tissues. NCR peptides were identified from them and 61 

other legume genomes and transcriptomes using the SPADA pipeline and HMM profiles from NCR clusters of 62 

the known NCR peptides. The putative NCR peptides were filtered based on conserved cysteine motifs, length, 63 

and nodule expression to build an exhaustive NCR peptide database. 3D structural predictions of NCR clusters 64 

were performed using AlphaFold2 (pLDDT >70), followed by structural clustering (Foldseek) and phylogenetic 65 

analysis (Foldtree). Functional validation involved flow cytometry and antimicrobial assays (against Eschericha 66 

coli, Sinorhizobium meliloti, and Bacillus subtilis), enabling structural and evolutionary characterization of NCR 67 

peptides. The green box at the top represents the experimental analysis, the blue box represents the sequence-68 

based computational pipeline, the red box represents the structure-based computational pipeline, and the grey box 69 

at the bottom left represents the functional validation and interpretation of the results.  70 
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INTRODUCTION  71 

Legume plants (Fabaceae) have evolved the ability to house symbiotic nitrogen-fixing bacteria 72 

in their root nodules. When nitrogen is limited, legume plants can enter a symbiotic interaction 73 

with N2-fixing soil bacteria called rhizobia, an umbrella term that includes members of the 74 

classes Alphaproteobacteria and Betaproteobacteria. During this interaction, the legume plant 75 

forms root nodules where rhizobia are housed intracellularly as structures called bacteroids that 76 

fix atmospheric nitrogen and transfer ammonia to the plant. In return, legume plants provide 77 

these microsymbionts with carbon and other nutrients. This interaction initiates after mutual 78 

recognition between the host plant and a compatible bacterial partner, involving an exchange 79 

of signaling molecules between the two partners (Oldroyd, 2013). First, when grown in 80 

nitrogen-deprived soil, the legume plant releases flavonoids to the soil, thereby attracting 81 

rhizobia and triggering the bacteria's production of nodulation (Nod) factors. On perceiving 82 

these Nod factors, the plant root hairs curl to trap the rhizobia and guide them, via infection 83 

threads, toward the incipient nodule. When they reach the cortical cells (Gage, 2004), the 84 

rhizobia are released by the infection threads and internalized by the nodule cells. Inside the 85 

nodule and, more precisely, inside the subcellular compartment called the symbiosome, 86 

rhizobial metabolism is rewired, and the rhizobia become nitrogen-fixing bacteroids. 87 

Depending on the plant host, bacteroids may remain similar to free-living bacteria, with their 88 

shape and genome copy number unaltered during the symbiosis (Lamouche et al., 2019; Oono 89 

et al., 2010). However, in some legume plants like Medicago truncatula and relatives belonging 90 

to the Inverted Repeat Lacking Clade (IRLC), bacteroids undergo a process called Terminal 91 

Bacteroid Differentiation (TBD) (Haag & Mergaert, 2020; Lamouche et al., 2019; Oono & 92 

Denison, 2010). Terminally differentiated bacteroids are larger, elongated, or spherical cells 93 

with permeabilized membranes. They undergo endoreduplication and become polyploid while 94 

losing their ability to divide, but fix N2 more efficiently, providing a higher return on 95 

investment for the plant (Alunni & Gourion, 2016; Mergaert et al., 2006). In Medicago and its 96 

relatives, this differentiation process is induced by small plant antimicrobial peptides called 97 

NCR (Nodule-specific Cysteine-Rich) peptides, which are highly expressed in the nodules of 98 

some legume species that trigger TBD (Pan & Wang, 2017; Van de Velde et al., 2010). These 99 

peptides are composed of a signal peptide, which drives their secretion, and a 20 to 50-amino 100 

acid-long mature peptide, including 4, 6, or 8 cysteines that form two, three, or four disulfide 101 

bridges (Haag et al., 2012; Montiel et al., 2017; Ribeiro et al., 2017; Shabab et al., 2016). The 102 
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mature peptides are highly variable at the sequence level except for the cysteine pattern 103 

(Mergaert et al., 2003). The number of NCR peptides among legume species varies from 7 104 

(Glycyrrhiza uralensis) to 700 (Medicago truncatula) (Montiel et al., 2017; Young et al., 105 

2011). According to their isoelectric point, NCR peptides can be classified as cationic, neutral, 106 

or anionic. In the few cases studied, cationic NCR peptides display antimicrobial activity by 107 

permeabilizing bacterial membranes in vitro, while no activity has been shown for anionic 108 

NCR peptides (Maróti et al., 2011, 2015) Furthermore, NCR peptides have been suggested to 109 

provoke a cell cycle switch in symbiosis, where it has been demonstrated that NCR247 can 110 

inhibit bacterial cell division by interacting with the FtsZ protein (Farkas et al., 2014). 111 

Moreover, it has been shown that NCR247 interacts with other bacterial proteins, such as 112 

ribosomal proteins and the chaperonin GroEL (Farkas et al., 2014). 113 

Nodule Cysteine-Rich peptides are required for terminal bacteroid differentiation and 114 

establishing an effective symbiosis between IRLC legumes and rhizobia (Van de Velde et al., 115 

2010), where they control the bacterial life cycle and other cellular pathways (Roy et al., 2020). 116 

These peptides are expressed in waves during different stages of nodule formation and 117 

bacteroid differentiation (Guefrachi et al., 2014). Recently, it has been shown that at least nine 118 

individual NCR peptides are essential for the symbiosis in Medicago truncatula (Horváth et 119 

al., 2015, 2023; Kim et al., 2015). Furthermore, it has been demonstrated recently that NCR247 120 

is involved in iron homeostasis, interacting with heme moieties and thereby facilitating iron 121 

uptake by rhizobia (Sankari et al., 2022). 122 

Rhizobia can tolerate the stress provoked by NCR peptides and prevent membrane damage 123 

with the help of specific ABC transporters called BacA or BclA (Glazebrook et al., 1993), 124 

which are essential for effective symbiosis involving legumes that trigger TBD (Guefrachi et 125 

al., 2015; Haag et al., 2011). Mutants with deletion of the bacA gene cannot transport NCR 126 

peptides and die in the presence of cationic NCR peptides (Barrière et al., 2017).  127 

TBD has been observed in five different legume clades (Genistoids, Mirbelioids, IRLC, 128 

Millettioids (= Indigoferoid/Millettioid), and Dalbergioids) (Oono et al., 2010). The role of 129 

plant-secreted NCR peptides in this process is known only in two of them, IRLC and 130 

Dalbergioids (Czernic et al., 2015; Montiel et al., 2017). NCR peptides from the IRLC and 131 

Dalbergioid clades have different sequences and cysteine motifs, but both induce TBD in the 132 

symbiont (Figure 1) (Czernic et al., 2015). Indeed, NCR peptides may have evolved 133 

independently in IRLC and Dalbergioid clades, supporting the idea of convergent evolution 134 
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driving symbiont terminal differentiation (Figure 1) (Downie & Kondorosi, 2021). 135 

Nevertheless, a recent phylogenetic study between plant defensins and NCR peptides 136 

demonstrated that they may share the same origin (Salgado et al., 2022). However, all past 137 

studies about NCR peptides were sequence-based and limited to two clades and a small subset 138 

of NCR peptides. Therefore, the presence of NCR peptides in other clades, their molecular 139 

identity, and their evolution remain unknown. 140 

The evolutionary analysis of protein families was traditionally focused on sequence-based 141 

approaches, using tools like BLAST (Altschul et al., 1990) for similarity searches, Hidden 142 

Markov Models (HMM) (Eddy, 1998) or profile-based detection, and multiple sequence 143 

alignments for phylogenetic reconstruction. While these methods have proven valuable for 144 

studying conserved protein families, they face significant limitations when applied to small and 145 

rapidly evolving peptides like NCR peptides. The high divergence observed in NCR peptides, 146 

with sequence identity often below 20%, even within the same clade (Alunni & Gourion, 2016; 147 

Montiel et al., 2017), hides potential evolutionary relationships and can lead to incomplete 148 

conclusions about their origins. This sequence-based limitation needs other approaches to 149 

uncover the true evolutionary history of these functionally essential peptides. 150 

Structural biology offers a powerful complementary approach, as protein tertiary structure is 151 

generally more conserved than primary sequence during evolution (Illergård et al., 2009). 152 

Nevertheless, experimental structure determination through X-ray crystallography, nuclear 153 

magnetic resonance spectroscopy, or cryo-electron microscopy remains costly and time-154 

consuming, particularly for large-scale comparative studies involving thousands of peptides. 155 

The recent revolution in computational structural biology, particularly through AlphaFold2's 156 

deep learning-based structure prediction (Jumper et al., 2021), has resulted in the 157 

unprecedented accessibility of high-quality protein structures. This groundbreaking 158 

advancement enabled the emergence of structure-based clustering and phylogenetic approaches 159 

at an unparalleled scale, allowing researchers to integrate tools like Foldseek (van Kempen et 160 

al., 2024) for rapid structural clustering and Foldtree (Moi et al., 2023) for structure-based 161 

phylogenetic reconstruction. In the context of NCR peptides, where sequence similarity 162 

searches fail to reveal inter-clade relationships, structural analysis becomes valuable and 163 

essential for understanding their evolutionary origins and functional convergence across 164 

different legume lineages. 165 
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Here, we examine how NCR peptides evolved in legumes and how they are associated with 166 

TBD (Figure 1). We report an exhaustive list of NCR peptides of four legume clades that 167 

undergo TBD, grouped by sequence-based clusters and structure-based superclusters. 168 

Although the sequence analysis demonstrates that NCR peptides are legume clade-specific and 169 

highly diverse, the structural analysis grouped NCR peptides from different legume clades 170 

together and detected a hundred clusters in the same structural supercluster. This suggests that 171 

the NCR peptides of different legume clades may have evolved from multiple genes of the 172 

same gene family. Moreover, the presence of NCR-like genes in legume clades that do not 173 

induce TBD further suggests that NCR genes evolved from the same gene family but gained 174 

the function of inducing TBD independently in some legume clades. This paper highlights the 175 

importance of structure-based analysis in studying the evolution of protein families with highly 176 

diverse sequences.  177 

 178 

Figure 1. The evolution of terminal bacteroid differentiation (TBD) and NCR peptide mechanisms across 179 

legumes. 180 

Simplified legume phylogeny showing clades that undergo TBD (green) or do not  (red). The blue shading 181 

highlights lineages where NCR peptides and BacA/BclA have been identified as triggers of TBD, and question 182 

marks represent species that undergo TBD with unstudied molecular mechanisms. Schematic NCR cysteine motifs 183 

and representative 3D structures illustrate the cysteine-rich β-sheet fold of NCR peptides, with variable sequences 184 

and loop regions. This figure introduces the central question of this study: Do all cases of TBD involve NCR 185 

peptides, and how have these peptides evolved across legumes? 186 

 187 

RESULTS  188 

NCR peptides are clade-specific at the sequence level 189 

To decipher the evolutionary history of NCR peptides, we first studied the known NCR 190 

peptides from IRLC and Dalbergioid clades at intra-clade and inter-clade scales. We performed 191 

homology, orthology, and Markov clustering analysis of all proteins (including NCR peptides) 192 
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of all legume species where NCR peptides are known and the inferred proteomes are available, 193 

i.e., Medicago truncatula, Medicago sativa, Cicer arietinum, and Pisum sativum from IRLC, 194 

and Arachis hypogaea and Aeschynomene evenia from Dalbergioids (see Materials and 195 

Methods). This approach led us to identify 63,490 orthologous clusters from 483,710 proteins. 196 

Among those clusters, 18,856 were inter-clade (containing proteins from both IRLC and 197 

Dalbergioid clades), and 44,634 were clade-specific (36,792 IRLC clusters and 7,842 198 

Dalbergioid clusters). In this initial analysis, all NCR peptide clusters are legume clade-specific 199 

(Figure S1). In the IRLC, 1492 of the 1523 NCR peptides were clustered (assigned to an 200 

orthologous group) into 651 clusters. Of them, 203 clusters exclusively contain NCR peptides 201 

(568 NCR peptides), and the remaining 448 clusters (924 NCR peptides) were NCR-mixed 202 

orthologous groups with at least one NCR peptide and one non-NCR protein. Among the 448 203 

NCR-mixed clusters, 238 clusters were NCR-monotypic clusters with only one NCR peptide 204 

in the cluster. In the Dalbergioid clade, 117 of the 155 NCR peptides were clustered into 20 205 

clusters. Of them, 7 clusters exclusively contain NCR peptides (40 NCRs), and the remaining 206 

13 clusters (77 NCRs) were NCR-mixed orthologous groups, seven of which were NCR-207 

monotypic. One big mixed cluster with 53 sequences represented almost all the Aeschynomene 208 

evenia NCR peptides. In contrast, the other clusters were small clusters of Arachis hypogaea 209 

NCR peptides, highlighting the between-species sequence divergence of NCR peptides even 210 

within a clade. Furthermore, all the IRLC NCR peptide clusters contain only NCR peptides 211 

with four or six cysteine motifs (hereafter called type-1) in the mature peptides (Figure 2d), 212 

while 95% of the NCR peptides in the Dalbergioids NCR clusters had a defensin-motif with 213 

eight cysteines (type-2) (Figure 2d). For further analysis, we considered only the NCR peptides 214 

of clusters (including NCR-mixed clusters) containing at least two NCR peptides after filtering 215 

out the NCR peptide sequences without a signal peptide. Consequently, we end up with 385 216 

IRLC NCR clusters (1191 NCRs) and 11 Dalbergioids NCR clusters (102 NCRs). Together, 217 

these results revealed a clear clade-specific organization and diversification of NCR peptides, 218 

providing a robust foundation for understanding their evolutionary mechanisms across legume 219 

species.  220 

Sequence-based clusters help identify new NCR peptides in understudied 221 

legume clades 222 

In addition to IRLC and Dalbergioids, some Indigoferoids and Genistoids induce TBD (Oono 223 

& Denison, 2010), but whether NCR peptides are also involved remains unknown. Therefore, 224 
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to expand our NCR peptide dataset to other legume clades, we generated deep-sequenced root 225 

and nodule RNA-seq data for Indigofera argentea, a legume from the Indigoferoid clade. We 226 

first confirmed that I. argentea induces TBD, for which we quantified the DNA content and 227 

size of the bacteroids in the nodules of I. argentea using flow cytometry. This analysis showed 228 

an increase in the DNA content with peaks at 3C, albeit with only slightly enlarged bacteroids 229 

(Figure 2a; Figure S2). We obtained a de novo reference transcriptome assembly and 230 

annotation using the generated I. argentea nodule and root RNA-seq data, and we also 231 

assembled and annotated publicly available raw RNA-seq datasets sequenced from the nodules 232 

and roots of two Lupinus species from the Genistoid clade (L. luteus and L. mariae-josephae) 233 

(Keller et al., 2018). We performed differential expression analysis of nodules and roots.  234 

The de novo assembly of the I. argentea, L. luteus, and L. mariae-josephae transcriptomes 235 

generated 277,022, 156,834, and 152,943 contigs, respectively. Assembled contigs include 236 

different splice variants of one gene, which we subsequently merged into one contig called a 237 

“supertranscript”. The resulting assemblies contain 72,846, 57,642, and 55,700 238 

supertranscripts for I. argentea, L. luteus, and L. mariae-josephae, respectively. Based on 239 

BUSCO genome completeness and the mapping of reads against the de novo assemblies’ 240 

metrics, the assemblies are of high quality, with more than 99% of the cleaned reads mapped 241 

to their corresponding contigs, and >85% could be mapped to their corresponding 242 

“supertranscript” (Dataset S2). Moreover, 95% of the Viridiplantae and 86% of the Fabales 243 

BUSCO genes were identified as complete and single-copy for I. argentea (Figure S3).  244 

We next used a hidden Markov model-based gene caller, SPADA, to search for NCR peptides 245 

in the de novo transcriptome assemblies of these three species (I. argentea, L. luteus, and L. 246 

mariae-josephae) and the published genome of the related organism Lupinus albus. SPADA 247 

was run once for the three Genistoids species and run twice for I. argentea (see below). A total 248 

of 129, 238, 259, and 398 putative NCR peptides were identified in I. argentea, L. luteus, L. 249 

mariae-josephae, and L. albus, respectively. Following this analysis, 12, 87, 69, and 36, 250 

respectively, were confirmed as "NCR peptides" due to their differential expression in nodules 251 

and the presence of at least four cysteines in the predicted mature peptide. A maximum of 100 252 

amino acids was allowed in the initial SPADA run. However, some predicted NCR peptides 253 

were longer than those reported in other species under this filter. Consequently, the length 254 

criterion was relaxed in the subsequent run to identify additional candidates. The mature NCR 255 

peptides' length ranged from 23 to 85 in L. luteus, 23 to 95 in L. mariae-josephae, and 23 to 65 256 

in L. albus (Figure 3a). However, in I. argentea, the length range of the mature NCR peptide 257 
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was from 46 to 152, which is higher than expected (Figure 3a). Half of the I. argentea NCR 258 

peptides had an NCR motif with four or six cysteines, and the other half had a defensin motif 259 

with eight cysteines. For the Lupinus spp., only around 14% of the annotated NCR peptides 260 

had a defensin motif.  261 

 262 

Figure 2. Indigofera argentea induces TBD and expresses NCR peptides.  263 

The few differentially expressed NCR peptides in nodules of I. argentea may induce moderate TBD with only 264 

3C. (a) The DNA content of DAPI-stained B. elkanii strain SA281 bacteria and bacteroids isolated from I. 265 

argentea nodules was measured by flow cytometry, and (b) Volcano plot of all I. argentea transcripts where the 266 

down-regulated transcripts (Log2FoldChange < -1) in nodules are in blue (left), the up-regulated transcripts 267 

(Log2FoldChange > 1) are in orange (right), the transcripts that had non-significant expression difference between 268 

roots and nodules are in gray (middle and bottom) and the NCR genes among the up-regulated transcripts are 269 

annotated and colored in red. (c) Heatmap of the expression of 12 differentially expressed NCR genes in I. 270 

argentea nodules (blue) and roots (orange), each with three biological replicates. Gene expression values were 271 

transformed using DESeq2’s variance stabilizing transformation (VST) to reduce mean-dependent variance and 272 
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accurately compare samples. Expression values were centered and scaled per gene. The color scale represents 273 

VST-transformed (Variance Stabilizing Transformation) expression values, ranging from 0 (white) to 16 (black), 274 

with higher values indicating higher expression. (d) Conserved cysteine motifs of NCR-like peptides across 275 

legume clades. Motifs are shown as “Cn” for conserved cysteine residues and “Xn” for stretches of n amino acids, 276 

where n corresponds to the most frequent spacing observed in the sequences. The red cysteines represent NCR-277 

motif (type-1 in this paper), and blue cysteines represent defensin-motif (type-2).   278 

The differential expression analysis showed 13,540 up-regulated and 12,356 down-regulated 279 

genes in the nodules of I. argentea compared to the roots (Figure S4). The 12 NCR peptides 280 

in I. argentea are highly and differentially expressed in nodules (Figure 2b,c), one of which is 281 

among the 10 most abundant transcripts. Additionally, three of the four NCR peptides most 282 

differentially expressed in nodules (clustering together in the heatmap) (Figure 2c) are 283 

cationic. Furthermore, the transcript abundances calculated using TPM (Transcripts Per 284 

Million) in the three Lupinus species show a significantly lower expression of NCR peptides 285 

in Lupinus albus than in the two other Lupinus species (Figure S5). In addition,  L. albus has 286 

fewer NCR peptides than the two other Lupinus spp. (Figure 3a).  287 

We classified the newly identified NCR peptides based on the Hidden Markov Models (HMM) 288 

constructed from multiple sequence alignments of the 396 sequence-based IRLC and 289 

Dalbergioid clusters (385 and 11 clusters, respectively). We found no matching profile for 11 290 

of the 12 I. argentea NCR peptides; thus, at the sequence level, I. argentea NCRs are also 291 

largely clade-specific. In contrast, 75 out of 87 L. luteus, 61 out of 69 L. mariae-josephae, and 292 

24 out of 36 L. albus NCR peptides matched HMM profiles of the IRLC clusters, with one 293 

additional L. luteus sequence matched to a HMM profile of a Dalbergioid NCR cluster. This 294 

leaves 11, 8, and 12 of the L. luteus,  L. mariae-josephae, and L. albus NCR peptides as clade-295 

specific at the sequence level, respectively. According to this sequence-based approach, none 296 

of the NCR peptides previously identified as necessary in the Medicago truncatula - 297 

Sinorhizobium meliloti symbiosis (NCR247, NCR211, NCR169, NCR-new35, NCR343, 298 

NCR086, NCR314, NFS1, and NFS2) (Horváth et al., 2015, 2023; Saifi et al., 2024; Wang et 299 

al., 2017; Yang et al., 2017) would have homologs in I. argentea, L. luteus, L. mariae-josephae, 300 

or L. albus. In summary, these results reveal novel NCR peptides in Indigoferoids and 301 

Genistoids legumes, with I. argentea encoding largely clade-specific variants, while most 302 

Lupinus NCR peptides share sequence similarity with previously characterized NCR peptides 303 

from IRLC, leading to the first described inter-clade clusters (Figure S1). 304 
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Legume-wide distribution of NCR peptides across legume species 305 

Once our dataset was expanded to other legume clades, we also expanded our NCR peptide 306 

dataset inside each clade and each species. Specifically, we searched for new NCR peptides in 307 

all legume species where genomic and nodule transcriptomic data were available (14 in total 308 

with Lupinus albus, Dataset S1) using SPADA that took as input the HMM profiles built from 309 

our IRLC and Dalbergioids NCR clusters and the CRP (Cysteine-Rich Peptide) clusters (a 310 

broader family of small, cysteine-rich peptides that includes defensins and other antimicrobial 311 

peptides) (Nallu et al., 2014) (see Materials and Methods). This analysis allowed us to recover 312 

NCR peptides in 14 legume species, including four species for which NCR peptide repertoires 313 

have never been described (Dataset S3) and novel NCR peptides in well-studied clades (e.g., 314 

13% to 70% of the NCR peptides in six IRLC species were newly identified here) (Figure 3a). 315 

While almost all newly identified NCR peptides in the IRLC and Genistoids were classified 316 

into our existing NCR clusters, in the Dalbergioids, only 24 to 32% of the NCR peptides were 317 

classified, and only one of the recovered Indigoferoid NCR peptides (by the second SPADA 318 

run) was classified into one Dalbergioid cluster (Dataset S3). Additionally, the six I. argentea 319 

NCR peptides recovered in the first SPADA run match a profile constructed from CRPs. A 320 

second round of SPADA, using HMM profiles built from our expanded NCR peptide clusters 321 

(including the newly identified NCR peptides from IRLC, Dalbergioids, and Genistoids) and 322 

supplemented with one I. argentea NCR peptide HMM from (Ren, 2018), recovered six new 323 

I. argentea NCR peptides, five matching the I. argentea profile and one matching a profile 324 

from a Dalbergioid cluster.  325 
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 326 

Figure 3. The distribution and characteristics of NCR peptides across the legume phylogeny, NCR clusters, 327 

and superclusters. (a) Legume species tree generated by TimeTree (Kumar et al., 2017), where the labels are the 328 

species colored by clade (top left legend). The first strip represents the occurrence of TBD (green) or not (red) 329 

(second legend from the top). The second strip represents the presence (blue) or absence (grey) of NCR peptides 330 

identified according to previous studies (third legend from the top). The bar plots represent the number of 331 

recovered known NCR peptides (white) and the new NCR peptides from the predicted NCR peptides after 332 

filtration (grey) (the fourth legend from the top). The box plots represent the length of the mature peptides (the 333 

fifth legend from the top), and the pie chart plots represent the percentage of anionic (pI <= 6) (green), cationic 334 

(pI >= 8) (blue), and neutral (6 < pI < 8) (grey) peptides (the last legend from the top). (b) Alluvial (RiverPlot) of 335 

all NCR peptides regrouped from the left by clades, sequence-based clusters, structure-based superclusters, and 336 

cysteine motifs, where we can trace the fate of each NCR peptide or cluster. For instance, IRLC NCR peptides 337 
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regroup with Genistoids in the same clusters and superclusters, while Dalbergioids and Indigoferoids regroup with 338 

defensins in the same superclusters. 339 

The average length of the mature NCR peptides was  34 for IRLC and 37 for Genistoids. The 340 

mean lengths of the Dalbergioids and Indigoferoids mature NCRs were 55 and 81 aa, 341 

respectively (Figure 3a). As expected (Zorin et al., 2022), the anionic NCR peptides are the 342 

most abundant in all the studied legume species, except for I. argentea, where the neutral NCRs 343 

are the most abundant (Figure 3a). Medicago spp. from the IRLC clade had the highest 344 

percentage of cationic NCR peptides (36%), while Aeschynomene evenia from the 345 

Dalbergioids clade had the lowest rate with no cationic NCR peptides (Figure 3a). More 346 

generally, the Genistoids and the Dalbergioids clades had few to no cationic NCR peptides. As 347 

TBD has been observed in both clades, this suggests that cationic NCR are not strictly 348 

necessary to induce bacteroid formation.  349 

Furthermore, to reveal the evolutionary connections between NCR clusters, we performed a 350 

sequence similarity network analysis using CLANS (CLuster ANalysis of Sequences), a tool 351 

that visualizes sequence relationships in 3D space based on pairwise BLAST similarities. In 352 

CLANS, sequences with significant similarity are connected by lines and cluster together 353 

through force-directed graph layout, creating a visual map of evolutionary relationships. Our 354 

analysis of representative sequences from each NCR peptide cluster revealed three distinct 355 

groups in the network (Figure 4a). The IRLC and Genistoids NCR peptides formed an 356 

extensive, interconnected network at the center, indicating their close evolutionary relationship 357 

despite originating from different clades. In contrast, the Dalbergioids NCR peptides formed a 358 

separate, more dispersed cluster, suggesting greater sequence divergence within this clade. The 359 

defensins formed a third, tightly clustered group (Figure 4a). The Indigoferoid and a few 360 

Lupinus NCR peptides appeared as small, isolated clusters at the network's periphery (Figure 361 

4a). Interestingly, one Dalbergioid cluster showed unexpected proximity to the defensin group 362 

(Figure 4a), suggesting a potential evolutionary relationship. However, the overall divergence 363 

of amino acid sequences between NCR peptides from different clades indicates that rapid 364 

sequence evolution may mask some evolutionary connections. 365 

In summary, this expanded analysis increased the number of NCR peptide clusters from 366 

approximately 1,500 to more than 3,500 (Figure 3b), revealed NCR peptide clusters with a 367 

greater number of sequences per cluster (Figure 4b), and demonstrated that NCR peptide 368 
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clusters are no longer clade-specific (Figure S1), reflecting a substantial diversification and 369 

inter-clade convergence of NCR peptides across the legume phylogeny. 370 

Structure-based analysis reveals the hidden shared evolutionary history of 371 

NCR peptides 372 

NCR peptides are small (30-50 aa in the mature peptide, with few exceptions) and are divergent 373 

at the sequence level. This rapid diversification of NCR peptides that reduce the sequence 374 

similarities has likely hidden the evolutionary origin of these peptides and made the inference 375 

of their evolutionary history using traditional phylogenetic analysis very difficult. Therefore, 376 

to gain more insights into the evolution of NCR peptides, we used structural clustering and 377 

phylogenetics to study the NCR peptides at the tertiary structure level, to see whether they are 378 

also divergent at the structural level and to reduce the number of clusters, regrouping them into 379 

structural superclusters.  380 

To perform structural analysis, we predicted the tertiary structures of one representative NCR 381 

peptide from each of 396 clusters (see Materials and Methods) and 48 defensins (outgroup) 382 

from four legume clades that induce TBD using AlphaFold2 (Jumper et al., 2021). After 383 

filtering out the structures with a pLDDT (predicted Local Distance Difference Test) score < 384 

70, 390 NCRs and 48 defensins were kept. The tertiary structures of the unclassified clade-385 

specific NCR peptides from I. argentea and the Lupinus species (Genistoids) were also 386 

predicted using AlphaFold2. We excluded five I. argentea NCR peptides as we could not 387 

predict their tertiary structure with a confident pLDDT score (pLDDT<55). We used Foldseek 388 

(van Kempen et al., 2024) to regroup all structures into 23 superclusters, nine of which were 389 

small legume clade-specific clusters and 12 of which were big inter-clade clusters (Figure 4b). 390 

For instance, this analysis allowed us to regroup the cationic clusters of IRLC and Genistoids 391 

in the same supercluster (SC156), including the NCR peptide NCR343 that was identified as 392 

essential for an effective symbiosis in M. truncatula (Figure 5) (Gao et al., 2023). Defensins 393 

group together in one supercluster with a few Genistoid NCR peptides, Dalbergioid NCR 394 

peptides, and one of the most abundant Indigoferoid NCR peptides (Figure 5). The well-395 

studied peptide NCR247 from M. truncatula belongs to a depauperate supercluster composed 396 

of just five sequences, exclusively found in Medicago species.  397 

The comparison between the TM (Template Modeling) scores (Y. Zhang & Skolnick, 2005) 398 

and the sequence identities inside the biggest supercluster (Figure 4c) of IRLC and Genistoids 399 
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showed that the tertiary structures of NCR peptides are relatively conserved despite the 400 

divergence of their amino acid sequences, which can explain why the evolutionary connections 401 

were hidden using sequence-based approaches. Moreover, the TM scores within the 402 

Dalbergioids supercluster were generally higher than the TM scores between members of this 403 

supercluster and all the other superclusters (Figure S7). A different pattern was seen for a focal 404 

IRLC-Genistoids supercluster. In this case, there is one distribution representing comparisons 405 

between the focal IRLC-Genistoids supercluster and the Dalbergioids-Defensins superclusters 406 

and other IRLC-Genistoids superclusters (Figure S7 in yellow), which overlapped with the 407 

other blue distribution that represents the distribution of TM scores for intra-supercluster 408 

comparisons within the focal IRLC-Genistoids supercluster.  409 
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 410 

Figure 4. Structural conservation of NCR peptides displaying a high level of sequence divergence. (a) 411 

CLANS (Frickey & Lupas, 2004) sequence similarity network of the identical sequences used to perform 412 

structural analysis (one per cluster + monotypic). The colors are the same as used to represent the superclusters in 413 
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the structure-based phylogeny of Figure 4. (b) Heatmap of the percentage of NCR peptides clustering according 414 

to the number of NCR peptides in the cluster or supercluster. Small clusters are abundant when we consider only 415 

the IRLC and Dalbergioids NCR peptides identified in the initial analysis (clade-specific), whereas cluster size is 416 

moderate when we consider the additional NCR peptides identified in the expanded analysis that also includes the 417 

Indigoferoids and Genistoids NCR peptides, and large for superclusters produced by classifying the NCR peptides 418 

by their structures. (c) Dot plots and histograms that represent the sequence identity between sequences and the 419 

TM scores between structures of NCR peptides of the biggest supercluster, where we demonstrated that inside 420 

one supercluster, the sequences are divergent (sequence identity around 27%), but their structures are conserved 421 

(TM score around 0.75). The two arrows in the sequence identity and TM score distributions represent the median. 422 

The horizontal green line represents the threshold of the TM score, where structures with TM scores above 0.5 423 

are considered similar. The vertical red line represents the expected sequence identity of two random proteins 424 

(<20%), and the vertical orange line represents the threshold below which homology is uncertain (30%, so-called 425 

the twilight zone). (d) Structural alignments of intra-supercluster structures with high TM scores versus inter-426 

superclusters with low TM scores. 427 

Structure-based phylogeny uncovers supercluster relationships 428 

and evolutionary history of NCR peptides 429 

In order to decipher the evolution of NCR peptides and defensins and have a better overview 430 

of our superclusters, we used Foldtree (Moi et al., 2023), a structural phylogenetic approach 431 

that uses structural distances to build a tree (see Materials and Methods). This analysis allowed 432 

us to build structure-based trees for all our structures and each supercluster (Figure 5). These 433 

structure-based trees were supported by structural alignments of each supercluster (see 434 

Materials and Methods). The structural phylogenetic tree regrouped together the superclusters 435 

of the defensins and Dalbergioid NCR peptides, separately from the IRLC-Genistoid NCR 436 

peptide superclusters (Figure 5). Additionally, the structural alignment of the defensin 437 

supercluster is similar to the Dalbergioid NCR peptide supercluster, while both are different 438 

from the structural alignments of the IRLC-Genistoid NCR peptide superclusters. Albeit not 439 

fully resolved, two scenarios emerged from these results, revealing the hidden evolutionary 440 

history of NCR peptides. On one hand, NCR peptides from Dalbergioids and Indigoferoids 441 

appear to have evolved from defensins (Figure 4d, 5, S6). On the other hand, taking into 442 

consideration that IRLC and Genistoids are relatively distant clades, the NCR peptides in these 443 

two clades appear to have been recruited independently by convergent evolution and were then 444 

expanded and rapidly diversified in the IRLC clade (Figure 4d, 5, S6). Indeed, the NCR 445 

peptides in these two clades regroup in the same clusters and superclusters with some species-446 

specific NCR peptides.  447 
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 448 

Figure 5. Structural phylogenetic analysis of NCR peptides across legumes. Phylogeny of 444 tertiary 449 

structures of NCR peptides (one per cluster) and defensins produced with Foldtree, where the branches are colored 450 

according to the superclusters defined with Foldseek (van Kempen et al., 2024). The identified NCR peptides 451 

important for effective symbiosis in M. truncatula in previous studies are annotated in the branches with different 452 

               

           

    

     

     

     

     

     

     

     

     

     

    

             

  

  

  

                                           

      

      

      

      

        

    

    

             

             

    

            

               

             

                                     

          

              

        

       

                

              

                 

             

          

           

           

         

           

           

           

          

                           

                  
                    

  
          
         
            

              

            

         
              
         

              

            

           
     
           

          
     
           

           
     
           

           
     
           

                  

   

        

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

The copyright holder for thisthis version posted September 14, 2025. ; https://doi.org/10.1101/2025.09.09.675119doi: bioRxiv preprint 

https://doi.org/10.1101/2025.09.09.675119
http://creativecommons.org/licenses/by/4.0/


 

 

motifs. The labels represent the NCR clusters. The labels are colored according to the legume clades. In the first 453 

strip, starting from the inner strip, the red represents NCR peptides and the green defensins. The second strip 454 

represents the mean isoelectric point of the clusters, calculated from the mean isoelectric points of all NCR 455 

peptides of each cluster. The multibar plots represent the size of clusters (number of NCR peptides), where the 456 

red represents the number of NCR peptides with an 8-cysteine motif, green represents the number of NCR peptides 457 

with a 6-cysteine motif, and orange represents the number of NCR peptides with a 4-cysteine motif. The structural 458 

alignments represented by a sausage representation are the alignments of all the structures of the supercluster with 459 

a color gradient from red (TM score 1) to blue (TM score 0.5). The size of the names of the legume clades or 460 

defensins inside the superclusters is proportional to the number of NCR peptides from this clade in the 461 

supercluster.  462 

In summary, our integrative structural phylogenetics pipeline revealed that despite extreme 463 

sequence divergence, NCR peptides retain conserved tertiary structures within and across 464 

legume clades, enabling the recovery of evolutionary relationships previously hidden by rapid 465 

sequence evolution. Notably, the structural phylogeny (Figure 5), the structural alignments 466 

(Figure 4d, 5), and supercluster organization support two distinct evolutionary histories, one 467 

where Dalbergioid and Indigoferoid NCR peptides appear derived from defensin-like 468 

ancestors, and another where IRLC and Genistoid NCR peptides represent a case of convergent 469 

evolution, independently recruited and diversified for symbiotic function. 470 

Convergent evolution of NCR peptides function across distinct structural 471 

superclusters 472 

NCR247 is a well-characterized cationic NCR peptide from M. truncatula that exhibits potent 473 

antimicrobial activity against a range of gram-negative and gram-positive bacteria (Farkas et 474 

al., 2014; Guerra-Garcia & Sankari, 2025; Jenei et al., 2020; Montiel et al., 2017; Penterman 475 

et al., 2014; Sankari et al., 2022). It also induces symbiotically essential processes, including 476 

driving of polyploidy and heme binding. In contrast, the anionic and neutral NCR peptides 477 

tested from M. truncatula do not exhibit potent antibacterial activity, and their functions remain 478 

largely unexplored. To validate the approach used to predict the NCR peptides, most 479 

importantly, to validate that the NCR peptides that regroup with defensins are truly NCR 480 

peptides, we synthesized nine evolutionarily distant NCR peptides from different clades and 481 

different superclusters (Figure 5; Table 1) and compared their activity directly with that of 482 

NCR247. We selected two cationic C. arietinum (IRLC) NCR peptides from the biggest NCR 483 

peptide cluster belonging to the biggest supercluster, one predicted in this study, and one that 484 

was previously known. Additionally, we picked two cationic NCR peptides from the third 485 
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biggest cluster, one from Astragalus sinicus and one from T. pratense (IRLC), three NCR 486 

peptides from a cationic supercluster: one M. sativa, one M. truncatula, and one T. pratense 487 

(IRLC). Lastly, we selected one highly expressed and cationic I. argentea (Indigoferoid) NCR 488 

peptide belonging to the defensins supercluster. In addition, one highly expressed neutral L. 489 

luteus (Genistoid) NCR peptide from the second-biggest cluster was also chosen to see if its 490 

activity matches the tested neutral peptides from previous studies. The mass of these peptides 491 

ranged from 3.23 to 5.75 kDa, and their pI ranged from 6.9 to 10.31 (Table 1). 492 

Peptide

# 

Peptide 

Name 

Clade Superc

luster 

Isoelectri

c point 

Molecular 

Weight 

(kDa) 

Ext. 

Coefficient 

(e/1000) 

Heme 

binding 

1 AsNCR1

00 

IRLC 365 9.30 4.72 1.49 Yes 

2 Incrp000

0 

Indigoferoids 37 8.4 5.75 - No 

4 LuCluste

r1026 

Genistoids 365 6.9 3.23 5.50 No 

6 MsCluste

r27085 

IRLC 156 9.68 3.90 - No 

7 MtCluste

r30202 

IRLC 156 9.66 4.15 8.48 Yes 

8 TrpClust

er1457 

IRLC 365 10.31 4.22 - No 

9 TrpClust

er1190 

IRLC 156 10.27 4.30 1.49 No 

10 CaCluste

r155 

IRLC 365 9.94 3.74 2.98 No 

11 CaNCR6

3 

IRLC 365 10.04 4.13 2.98 No 

Control NCR247 IRLC Monot

ypic 

9.5 3.00 2.98 Yes 

Table 1. Details about the NCR peptides functionally tested in this study.  493 

Physicochemical properties and heme binding activity of the functionally tested NCR peptides. Each peptide is 494 

identified by its assigned number (Peptide#) and name (Peptide Name). Clade indicates the phylogenetic grouping 495 

of the peptide within the legume phylogeny, and Supercluster refers to the structural cluster classification. 496 

Isoelectric point (pI) is the theoretical pH at which the peptide carries no net charge. Molecular Weight (kDa) is 497 

calculated based on the peptide’s amino acid sequence. Ext. Coefficient (e/1000) denotes the molar extinction 498 

coefficient per 1000 Da at 280 nm, reflecting aromatic amino acid content. “-” indicates that no reliable value 499 

could be determined. Heme binding specifies whether the peptide binds heme or not. The green color means it 500 

binds to heme, and the orange means it binds to a lesser extent. NCR247 is a Control reference peptide with known 501 

antimicrobial and heme-binding activity. 502 

First, we checked the anti-bacterial activity against a gram-negative bacterium, E. coli, and a 503 

gram-positive bacterium, Bacillus subtilis. The native bacterium on which NCR247 acts during 504 

symbiosis is the rhizobial bacterium S. meliloti. To compare the activity to NCR247, we also 505 
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tested the growth inhibition induced by these peptides on S. meliloti. Next, we tested at 506 

sublethal concentrations to see if these peptides could induce polyploidy in S. meliloti since it 507 

is an NCR-dependent characteristic feature of differentiated bacteroids. Ploidy was determined 508 

by directly measuring the DNA content of synchronized, peptide-treated cells through flow 509 

cytometry. Multivariate analysis of the three relevant antimicrobial data and ploidy data of S. 510 

meliloti revealed that peptides clustered by functional activity rather than structural 511 

supercluster clustering (Figure 6). As expected, the nine tested NCR peptides exhibited 512 

antimicrobial activity against S. meliloti, but to different extents. The neutral NCR peptide from 513 

L. luteus exhibited less antimicrobial activity (Figure 6, S8), while 7 of the eight cationic NCR 514 

peptides inhibited S. meliloti growth (Figure 6, S8). These seven NCR peptides were also toxic 515 

to E. coli (Figure 6, S8) but to various extents. B. subtilis 3610 was resistant to almost all the 516 

tested NCR peptides (Figure S8), while the growth of B. subtilis PY7 showed a similar profile 517 

to that of E. coli, where the cationic NCR peptides inhibited its growth (Figure 6, S8). At lower 518 

peptide concentrations, polyploidy was induced in S. meliloti by the same seven cationic 519 

peptides that displayed antibacterial activity (Figure 6, S10). The neutral L. luteus NCR 520 

peptide did not induce changes in DNA content (Figure 6), yet it is differentially and highly 521 

expressed in nodules; we suggest that this NCR peptide is essential in the presence of other 522 

NCR peptides. The cationic T. pratense NCR peptide also did not induce an increase in the 523 

DNA content of S. meliloti (Figure 6). Notably, despite clustering structurally with defensin-524 

like peptides in the SC_37 supercluster, the I. argentea NCR peptide exhibited moderate 525 

antimicrobial activity across all tested bacteria and induced significant ploidy changes in S. 526 

meliloti (4.9-fold increase over untreated) (Figure 6, S8, S10). Thus, phenotypes of the newly 527 

identified NCR peptides are closely aligned with what is known for well-studied NCR peptides 528 

of M. truncatula. This functional convergence demonstrates that NCR peptide functions have 529 

evolved independently from diverse structural backbones, including defensin peptides.  530 

Our previous findings demonstrated that, within M. truncatula, heme binding is highly 531 

selective, with only  NCR247 exhibiting this property, while other cationic peptides like 532 

NCR035 do not bind heme (Sankari et al., 2022). When tested for in vitro heme binding 533 

activity, one other M. truncatula NCR peptide bound heme with an absorption maxima at 420 534 

nm (Figure S9, Table 1). This differs from  NCR247, which binds heme with 360 and 450 nm 535 

absorption maxima. (Figure S9, Table 1). Interestingly, the A. sinicus NCR peptide from 536 

another supercluster also bound heme with an absorption maximum at 420 nm, but to a lesser 537 

extent (Figure S9, Table 1), reflecting a convergent trend in heme binding capability. This 538 
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suggests functional specialization among NCR peptides, with some potentially involved in iron 539 

homeostasis during symbiosis, while others may have alternative functions.  540 

 541 

Figure 6. Integrated analysis of NCR peptide effects on bacterial growth and ploidy with structural 542 

supercluster classification. 543 

(a) Principal Component Analysis (PCA) biplot showing the distribution of NCR peptides based on their effects 544 

on bacterial growth inhibition (calculated using the mean area under curve of the three replicates and relative to 545 

the untreated bacteria) across the three bacterial strains (B. subtilis Py7, E. coli, and S. meliloti) and ploidy changes 546 

in S. meliloti (percentage of polyploid bacteria normalized to be relative to the untreated bacteria). PC1 and PC2 547 

axes show the percentage of variance explained. Peptides are colored according to their structural supercluster 548 

membership: Monotypic (purple), SC_156 (blue), SC_365 (red), and SC_37 (green). Representative tertiary 549 

structures for each supercluster are displayed, showing the conserved cysteine-rich β-sheet core structure with 550 

variations in loop regions and terminal extensions. Variable contributions are overlaid as loading arrows 551 

originating at the origin. Arrow direction indicates the correlation of each variable with PC1/PC2, and arrow 552 

length reflects its magnitude. Arrows are colored by contribution to PC1+PC2 (from blue (low) to red (high)). (b) 553 

Hierarchical clustering heatmap displaying normalized bacterial responses to NCR peptide treatments. Data were 554 

independently Z-score normalized for each measurement type to enable cross-species comparison. The color 555 

gradient represents scaled effects: for growth data, blue indicates strong growth inhibition (effective antimicrobial 556 

activity), white represents the mean effect across all peptides tested, and red indicates minimal to no growth 557 

inhibition (similar to untreated controls); for ploidy data, blue indicates low ploidy changes (similar to untreated 558 

controls), white represents the mean ploidy effect, and red indicates high ploidy induction (strong 559 

endoreduplication effect). The intensity scale ranges from -3 to +3 standard deviations. Hierarchical clustering 560 

was performed using Ward's linkage method on Euclidean distances. The dendrogram (left) shows peptide 561 

clustering patterns. Annotation bars indicate the structural supercluster and the clade of the peptides. 562 

DISCUSSION  563 

This study was motivated by multiple questions about the evolution and function of NCR 564 

peptides in legume-rhizobium symbiosis. First, the remarkable observation that Terminal 565 
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Bacteroid Differentiation (TBD) occurs in five phylogenetically diverse legume clades (Oono 566 

et al., 2010) raised fundamental questions about whether this trait evolved once or multiple 567 

times independently (Oono et al., 2010). Second, NCR peptides have only been characterized 568 

in two of the five clades (IRLC and Dalbergioids), which leaves a significant gap in our 569 

understanding of TBD mechanisms across legumes (Czernic et al., 2015; Montiel et al., 2017). 570 

Third, the extreme sequence divergence of NCR peptides, even within a single species, 571 

suggests that traditional phylogenetic approaches may be inadequate for determining their 572 

evolutionary history (Alunni & Gourion, 2016). Finally, whether NCRs evolved from defensins 573 

(Salgado et al., 2022) or arose independently (Czernic et al., 2015) remained unresolved.  574 

First, we identified conflicting reports about the emergence of TBD in the Indigoferoids and 575 

Millettioids clades, which created a paradox. Oono et al. (2010) reported TBD in Tephrosia 576 

species (Millettioid), but not in Indigofera species (Indigoferoids). However, our experiments 577 

revealed the opposite pattern. We observed clear evidence of TBD in Indigofera argentea. The 578 

bacteroids showed increased DNA content (3C) and slight cell enlargement, accompanied by 579 

the expression of 12 NCR peptides. In contrast, our experiments with Tephrosia species (data 580 

not shown) failed to detect TBD, despite extensive sampling across multiple growth conditions 581 

and rhizobial strains. This paradox suggests that TBD distribution may be more complex than 582 

previously recognized, where environmental or strain-specific factors may critically influence 583 

TBD expression.  584 

The limited TBD observed in I. argentea (only reaching 3C compared to >16C in Medicago) 585 

(Mergaert et al., 2006) raised additional questions about the quantitative relationship between 586 

NCR peptide diversity and TBD extent. This relationship was initially proposed by Montiel et 587 

al. (2017), who identified a correlation between the extent of TBD and the number of NCR 588 

peptides across IRLC species. Furthermore, while Lupinus species from the Genistoid clade 589 

were previously documented to induce TBD (Oono et al., 2010), no prior studies had examined 590 

the presence of NCR peptides in these species or the potential correlation between their 591 

expression and the extent of TBD observed. These gaps in scientific knowledge underscore the 592 

necessity for a systematic, multi-clade analysis that integrates computational and experimental 593 

approaches to comprehensively characterize NCR peptides, extending beyond the well-studied 594 

IRLC and Dalbergioid clades.  595 

To address these questions, we conducted the most comprehensive analysis of NCR peptides 596 

to date, identifying 3,710 NCR peptides across four legume clades that induce TBD. The 597 

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

The copyright holder for thisthis version posted September 14, 2025. ; https://doi.org/10.1101/2025.09.09.675119doi: bioRxiv preprint 

https://doi.org/10.1101/2025.09.09.675119
http://creativecommons.org/licenses/by/4.0/


 

 

successful application of the SPADA pipeline (Zhou et al., 2013), combined with custom 598 

HMM profiles and rigorous filtering criteria, enabled the discovery of NCR peptides in 599 

previously uncharacterized species. The identification of 12 NCR peptides in I. argentea 600 

provides a molecular explanation for the observed TBD in this species, while the discovery of 601 

192 NCR peptides across three Lupinus species extends our understanding to the Genistoid 602 

clade. This represents a substantial advance over previous studies limited to IRLC and 603 

Dalbergioid clades (Czernic et al., 2015; Montiel et al., 2017).  604 

The recovery rate of known NCR peptides (87-100% in well-studied species) validates our 605 

computational approach, while the discovery of 13-70% novel NCR peptides even in 606 

extensively studied IRLC species demonstrates the sensitivity of our expanded detection 607 

method. Moreover, the marked variation in NCR peptide numbers across species (from 12 in 608 

I. argentea to over 700 in Medicago truncatula) strongly correlates with the extent of TBD 609 

observed. This quantitative relationship supports the hypothesis that NCR peptide diversity 610 

drives the extent of symbiont manipulation (Van de Velde et al., 2010). Within the Genistoid 611 

clade, Lupinus albus harbors significantly fewer and less highly expressed NCR peptides 612 

compared to L. luteus and L. mariae-josephae (p < 0.001, Wilcoxon test), suggesting potential 613 

differences in symbiotic strategies even within a single genus.  614 

The sequence-based clustering analysis revealed a complex pattern that challenges the simple 615 

models of NCR peptide evolution. Initial orthology analysis using OrthAgogue (Ekseth et al., 616 

2014) and MCL clustering (Enright et al., 2002) with six species containing known NCR 617 

repertoires demonstrated complete clade-specificity, with all 651 IRLC and 20 Dalbergioid 618 

clusters showing no inter-clade members. This preliminary finding indicated the potential for 619 

distinct origins of NCR peptides across different clades. However, this perspective shifted 620 

considerably when our analysis was expanded to include Genistoid and Indigoferoid species. 621 

The finding that 86% (75/87) of L. luteus NCR peptides and 88% (61/69) of L. mariae-josephae 622 

NCR peptides matched IRLC HMM profiles reveals unexpected sequence conservation 623 

between these phylogenetically distant clades, which diverged approximately 50 million years 624 

ago (Lavin et al., 2005). This inter-clade clustering does not necessarily indicate a single 625 

common origin but instead suggests convergent sequence evolution under similar functional 626 

constraints.  627 

Interestingly, the widely used NCR peptide NCR247, encoded by M. truncatula, has homologs 628 

only in M. sativa. Recently, a study that identified the NCR peptides from the transcriptome of 629 
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M. sativa and M. officinalis (Huang et al., 2022) using SPADA reported that no homolog of 630 

the NCR peptides known to be essential for symbiosis in M. truncatula (i.e., NCR211 and 631 

NCR169) were found in M. sativa and M. officinalis. However, with our analysis, among the 632 

newly identified 633 M. sativa NCR peptides, we found the homologs of NCR211 and 633 

NCR169. Moreover, we also recovered in M. sativa and M. officinalis homologues of the 634 

recently identified essential NCR peptides in M. truncatula (Horváth et al., 2023) (NCR343 635 

and NCR-new35). However, the lack of homologs for essential Medicago NCR peptides in 636 

other species reveals the paradox of NCR peptide evolution: peptides crucial for symbiosis in 637 

one species may be absent in closely related species with similar symbiotic phenotypes. This 638 

suggests massive functional redundancy within NCR peptide repertoires, where different 639 

combinations of peptides can achieve comparable outcomes. Such redundancy would provide 640 

evolutionary flexibility, allowing rapid adaptation to new rhizobial strains while maintaining 641 

symbiotic function. 642 

Structure-based analysis has revolutionized our understanding of NCR peptide evolution, 643 

revealing relationships hidden at the sequence level. Despite an average sequence identity of 644 

only 27% within structural superclusters, the corresponding structures exhibited significant 645 

conservation, with a mean TM score of 0.75, well above the 0.5 threshold for structural 646 

similarity. Despite sequence divergence, this substantial conservation of tertiary structure 647 

explains why traditional, sequence-based phylogenetic approaches failed to capture the 648 

evolutionary history of NCR peptides. 649 

The Foldseek clustering regrouped our 396 NCR sequence-based NCR clusters and 48 defensin 650 

clusters into 23 structural superclusters, with 14 containing members from multiple clades. This 651 

structural convergence suggests that NCR peptides across different legume lineages have 652 

evolved to adopt similar three-dimensional conformations, likely reflecting shared functional 653 

constraints in bacteroid manipulation. Structure-based clustering and phylogeny reveal two 654 

primary evolutionary paths. Dalbergioid and Indigoferoid NCR peptides derive from defensin 655 

ancestors, maintaining the characteristic eight-cysteine pattern and defensin fold. In contrast, 656 

IRLC and Genistoid NCRs form a structurally distinct group with no clear relationship to 657 

known protein families. This bifurcation cannot be explained by divergence from a common 658 

ancestor but instead indicates independent recruitment of different protein scaffolds for similar 659 

functions.  660 
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We provide direct evidence for convergent evolution through our functional validation of nine 661 

NCR peptides from different clades and structural superclusters. Multivariate analysis revealed 662 

that functional properties cluster independently of structural superclusters. Peptides from 663 

different superclusters showed similar activity profiles. This functional convergence across 664 

structural classes suggests that legumes have evolved multiple molecular solutions to 665 

controlling their bacterial symbionts independently. Despite its high nodule expression, the 666 

lack of antimicrobial activity of the neutral L. luteus peptide suggests that some NCR peptides 667 

may function primarily in combination with others or may have non-antimicrobial roles in 668 

symbiosis.  669 

By synthesizing our sequence, structural, and functional data, we support convergent evolution 670 

through at least two independent origins of NCR peptides. Dalbergioid and Indigoferoid NCR 671 

peptides evolved from defensins, maintaining the 8-cysteine pattern and defensin fold while 672 

gaining symbiotic functions, as supported by their structural clustering with defensins and 673 

demonstrated ability to induce TBD features. Conversely, IRLC and Genistoid NCRs represent 674 

independent evolution from an unknown ancestor or de novo origin, shown by their distinct 675 

structural clustering, 4- and 6-cysteine motifs, and lack of similarity to known proteins. 676 

However, this pattern contradicts the actual legume phylogeny, where Dalbergioids group with 677 

Genistoids, and IRLC with Indigoferoids (Lavin et al., 2005; Oono et al., 2010). This 678 

phylogenetic incongruence suggests multiple independent recruitments of similar peptide types 679 

across the legume tree, rather than simple inheritance from a common ancestor. 680 

The rapid sequence evolution observed within structural superclusters suggests that NCR 681 

peptides experience relaxed selective constraints on primary sequence if structural integrity is 682 

maintained. This evolutionary flexibility may allow fast adaptation to new bacterial partners or 683 

environmental conditions while preserving core functional capabilities. The presence of 684 

species-specific NCR peptide clusters alongside conserved inter-clade clusters indicates 685 

ongoing birth-and-death evolution, with new peptides constantly arising through duplication 686 

and divergence while others are lost or pseudogenized. 687 

Finally, through this study, we demonstrated the importance of integrating sequence-based, 688 

statistical, and structural analysis and how this method can reveal novel evolutionary insights 689 

about NCR peptides hidden by their sequence divergence. The successful application of 690 

AlphaFold2 predictions combined with Foldseek clustering and Foldtree phylogenetics to 691 

analyze thousands of small peptides demonstrates the scalability and reliability of this 692 

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

The copyright holder for thisthis version posted September 14, 2025. ; https://doi.org/10.1101/2025.09.09.675119doi: bioRxiv preprint 

https://doi.org/10.1101/2025.09.09.675119
http://creativecommons.org/licenses/by/4.0/


 

 

approach. This methodology could be applied to other families of small, rapidly evolving 693 

peptides, including antimicrobial peptides, toxins, hormones, and signaling molecules across 694 

diverse biological systems. Moreover, our findings have significant implications for 695 

agricultural biotechnology and sustainable agriculture. Understanding the molecular basis of 696 

enhanced nitrogen fixation through TBD could allow us to engineer more efficient symbioses 697 

in crop legumes that lack NCR peptides.  698 

METHODS  699 

Bacterial strains, nodulation assays, and analysis  700 

Sinorhizobium meliloti 1021 strain was grown at 28°C in YEB (0.5% beef extract, 0.1% yeast 701 

extract, 0.5% peptone, 0.5% sucrose, 0.04% MgSO4 7H2O, pH 7.5) or LBMC (LB medium 702 

supplemented with 2.5 mM CaCl2 and 2.5 mM MgSO4). Bradyrhizobium elkanii SA281 strain 703 

was cultivated at 28°C in YM (Vincent, 1970) medium. Streptomycin (Sm; 500 µg/mL) was 704 

added to the media as appropriate.  705 

Seeds of Indigofera argentea, from an accession collected in 2010 in the Jizan desert in Saudi 706 

Arabia, which is part of the Nagoya protocol since 2020,  were provided by Ton Bisseling. 707 

Seeds were treated with 96% sulfuric acid for seven minutes before being rinsed six times with 708 

double-distilled water. The seeds were then surface sterilized with 4% commercial bleach for 709 

10 minutes and rinsed seven times before being soaked in sterile double-distilled water for 710 

three hours at room temperature in the dark. The sterilized seeds were plated on water agar in 711 

9 cm plates and incubated at 4°C for 12 hours in the dark and then at 28°C for 24 hours in the 712 

dark. After that, the seeds were exposed to light for 4-5 days, and then the germinated seeds 713 

were planted in perlite/sand (2:1 vol/vol), humidified with nutrient water in 1.5L pots in the 714 

greenhouse (28°C, 16 hours of light and 8 hours of dark, humidity 60%). The seedlings were 715 

grown in the greenhouse for 3-4 days without watering and then inoculated with 20 mL per pot 716 

of B. elkanii (SA281) at an OD600nm of 0.05 and grown for another 2-3 days without watering. 717 

The plants were watered every three days, alternating tap water and a commercial N-free 718 

fertilizer (PlantProd solution [N-P-K, 0-15-40; Fertil] at 1 g per liter) (Kazmierczak et al., 719 

2017). Root nodules from inoculated plants and roots from uninoculated plants were collected 720 

8 weeks post-inoculation, immediately frozen with liquid N2, and stored at -80°C until use. In 721 
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addition, fresh nodules (non-frozen) were kept for confocal microscopy and flow cytometry 722 

experiments.  723 

RNA extraction and sequencing  724 

The total RNA from three biological replicates of frozen root and nodule tissue of Indigofera 725 

argentea was extracted using the MasterPure Complete DNA and RNA purification kit 726 

(Epicentre, Madison, WI, USA), following the manufacturer's protocol. DNA was removed 727 

using a Turbo DNA-free kit from Ambion (Ambion, Thermo Fisher Scientific, Waltham, MA, 728 

USA), treating one µg of RNA per reaction to degrade any contaminating DNA. The 729 

concentrations of the purified RNA samples were measured using a DeNovix 730 

Spectrophotometer DS-11. RNA integrity was assessed with gel electrophoresis.  731 

Library preparation and Illumina sequencing were performed at “Plateforme de Séquençage 732 

Haut Débit I2BC” (Gif-sur-Yvette, France). Before library preparation, the quality of the RNA 733 

samples was assessed with an Agilent Bioanalyzer RNA 6000 pico chip, and the RNA 734 

concentrations were measured with a Qubit fluorometer. RNA library preparation was 735 

performed using Illumina Stranded mRNA Prep with ribosomal RNA depletion and PolyA 736 

purification. The libraries were sequenced on Illumina NextSeq 2000 to generate paired-end 737 

reads of 150x2 bases. The raw data were demultiplexed using bcl-convert 4.1.5, and then the 738 

adapters were trimmed using cutadapt 3.2 (Martin, 2011).  739 

Transcriptome de novo assembly and annotation 740 

We preprocessed the newly obtained raw reads (root and nodule I. argentea) and publicly 741 

available SRR datasets (nodules of Lupinus mariae-josephae and L. luteus) to ensure high-742 

quality data for the downstream analysis. Briefly, the remaining adaptors were removed with 743 

Fastp version 0.20.0 (Chen, 2023), reads with unfixable errors removed with Rcorrector 744 

version 1.0.4 (Song & Florea, 2015) and the FilterUncorrectablePEfastq.py python script 745 

(github.com/harvardinformatics/ TranscriptomeAssemblyTools/), and the remaining short or 746 

low-quality reads (Q score < 20 and length < 25) were removed with TrimGalore version 0.6.6. 747 

We assessed the read quality after each preprocessing step with FastQC (Andrews, 2010). To 748 

remove possible bacterial contamination from I. argentea root and nodule read sets, we mapped 749 

our reads using Bowtie2 version 2.3.5.1 (Langmead & Salzberg, 2012) against the 750 

Bradyrhizobium elkanii SA281 bacterial strain we used to inoculate our plants. We then used 751 
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Samtools version 1.10 (Danecek et al., 2021) to keep only unmapped reads and convert our 752 

data to Fastq format.  753 

The transcriptomes of all four RNA-seq datasets were de novo assembled separately following 754 

the same process. First, we simultaneously provided our processed clean reads of the three 755 

replicates to Trinity version 2.6.6 (Grabherr et al., 2011) to generate a de novo transcriptome 756 

assembly. Second, to merge the Indigofera argentea roots and nodules contigs, we used CD-757 

HIT version 4.8.1 (Fu et al., 2012). Then, we clustered our contigs into gene-level clusters, first 758 

using Corset version 1.0.9 (Davidson & Oshlack, 2014) to find gene isoforms and then Lace 759 

version 1.14.1 (Davidson et al., 2017) to merge those isoforms to form supertranscripts. The 760 

nodule transcripts of the two Lupinus species were also clustered into supertranscripts using 761 

the same approach (Corset and Lace).  762 

We checked the quality of the Trinity and SuperTranscript assemblies using STAR version 763 

2.7.3a (Dobin et al., 2013) to obtain the alignment rate and BUSCO version 5.5.0 (Simão et al., 764 

2015) to assess the completeness of the assemblies using ‘Viridiplantae’ and ‘Fabales’ 765 

databases. For I. argentea, we checked the quality of the assemblies (alignment rate and 766 

completeness) before and after merging the root and nodule assemblies to check the quality of 767 

the merged assembly.   768 

We predicted coding regions using TransDecoder version 5.7.1 (TransDecoder/TransDecoder: 769 

TransDecoder Source, n.d.)based on the results of blastp version 2.12.0+ (Camacho et al., 770 

2009) searches against the UniProt database (The UniProt Consortium, 2019)(release-771 

2023_05) supplemented with all the known NCR peptides (Czernic et al., 2015; Montiel et al., 772 

2017; Raul et al., 2021). Finally, we performed a functional annotation of the I. argentea 773 

protein sequences using the GFAP (Gene Functional Annotation for Plants) pipeline using 774 

Glycine max (the closest reference plant species available in the database) (Xu et al., 2023). 775 

The AHL and LegHB proteins were annotated manually using tblastn and all AHL and LegHB 776 

from legumes from NCBI because these genes function as positive controls, as leghemoglobin 777 

proteins (LegHB) are crucial for symbiotic nitrogen fixation and are induced explicitly in 778 

nodule development (Ott et al., 2005). At the same time, AHL transcription factors are essential 779 

for NCR gene expression and nodule development in legumes that form nitrogen-fixing 780 

partnerships with rhizobia (S. Zhang et al., 2023). 781 
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Homology, orthology, and clustering analysis  782 

The genomes and predicted proteomes of legume species with known NCR peptides (four 783 

IRLC and two Dalbergioid species) were collected from NCBI and the Legume Information 784 

System (LIS, https://www.legumeinfo.org/) (Berendzen et al., 2021). The known IRLC and 785 

Dalbergioid NCR peptide sequences were collected from (Montiel et al., 2017) and (Czernic et 786 

al., 2015; Raul et al., 2021), respectively.  787 

To ensure the presence of NCR peptides in the predicted proteomes, we searched for the known 788 

NCR peptides in their corresponding species proteome using blastp (Camacho et al., 2009). If 789 

the NCR peptides were not found in the proteome, tblastn was used to search for them in their 790 

corresponding genome. If found in the genome, the NCR peptides were added to the species’ 791 

proteome.  792 

Using the species proteomes, including all known NCR peptides, we scored the similarity 793 

among all species sequences using blastp (Camacho et al., 2009). We used those scores to 794 

define a set of orthologs using orthAgogue software (Ekseth et al., 2014) and then regrouped 795 

those orthologs into clusters using Markov Clustering (MCL) (Van Dongen, 2008). Custom 796 

scripts, available through GitHub (https://github.com/amira-797 

boukh/Legume_Transcriptome_Assembly_and_NCR_identification), were used to extract 798 

NCR clusters from all protein clusters. Any cluster containing at least two NCR peptides was 799 

defined as an “NCR cluster”, while clusters with at least one NCR peptide and at least one 800 

additional protein were described as “NCR-mixed clusters”. We extracted only the NCR 801 

peptides for downstream analyses in the NCR-mixed clusters with at least two NCR peptides.  802 

NCR peptide detection and classification  803 

The DNA and protein sequences of NCR clusters were extracted using custom scripts. SignalP 804 

version 4.0 (Petersen et al., 2011) excluded clusters with no signal peptide in at least two NCR 805 

peptides. Macse2 produced codon-based multiple sequence alignments from CDS sequences 806 

of the remaining NCR clusters. Translated protein Hidden Markov Models (HMM) profiles 807 

were built from those alignments with hmmbuild from HMMER version 3.3.2 (Eddy, 1998). 808 

The legume species used to search NCR peptides were the above de novo assembled 809 

transcriptomes (I. argentea, L. luteus, and L. mariae-josephae), the assembled nodule 810 

transcriptomes of M. sativa (Huang et al., 2022), M. officinalis (Huang et al., 2022), and C. 811 
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arietimum (Kant et al., 2016), and the publicly available legume genomes and nodule RNA-812 

sequencing data for Medicago truncatula, Pisum sativum, Trifolium pratense, Arachis 813 

hypogaea, Aeschynomene evenia, Lupinus albus, Lotus japonicus, Cajanus cajan, Phaseolus 814 

vulgaris, Vigna angularis, and Glycine max (Alves-Carvalho et al., 2015; Clevenger et al., 815 

2016; Keller et al., 2018; O’Rourke et al., 2014; Pazhamala et al., 2017; Pecrix et al., 2018; 816 

Quilbé et al., 2021; Sakai et al., 2015; Trujillo et al., 2019; Yuan et al., 2021).  817 

The RNA-seq data were downloaded from the Sequence Read Archive (SRA) database. They 818 

were converted to fastq files using the fastq-dump tool from the SRA Toolkit. Their 819 

corresponding genomes were also downloaded from NCBI and LIS. The accession numbers of 820 

the genomes and RNA-seq data are listed in Dataset S1.  821 

As described above, NCR peptides are small and highly divergent sequences. Therefore, known 822 

functional annotation methods are not sensitive enough to detect NCR peptides from genomes 823 

or transcriptomes. Consequently, we used SPADA (Small Peptide Alignment Discovery 824 

Application) pipeline version 1.0 (Zhou et al., 2013) to search for NCR peptides in our genomes 825 

and nodules transcriptomes. SPADA is a computational pipeline that, when provided with 826 

multiple sequence alignments for a particular gene family, identifies all members of this family 827 

in a target genome sequence. The SPADA pipeline specializes in predicting cysteine-rich 828 

peptides in plant genomes. First, we used SPADA's “seq.check” command to check our 829 

genomes. Second, we used the command “build_profile” to build HMM profiles from our 830 

IRLC and Dalbergioid NCR cluster alignments. We then ran SPADA three times separately 831 

for each genome or assembled transcriptome, one using IRLC profiles, one using Dalbergioid 832 

profiles, and one using CRP profiles from the SPADA pipeline, which are plant cysteine-rich 833 

peptides that we used because we were not sure that our clade-specific clusters could capture 834 

all NCRs in other clades. For each genome, we merged the results from the three analyses, 835 

converted the merged results to fasta format, and removed the duplicates.  836 

The predicted putative NCR peptides were filtered according to their length, cysteine motif, 837 

and nodule expression. To predict the length of mature peptides, we used SignalP version 4.1g 838 

(Petersen et al., 2011) with the “notm” network to predict the cleavage sites and extract the 839 

mature peptides. Using custom scripts, the length of the mature peptides and the number of 840 

cysteines were counted, and we kept only NCR peptides whose mature peptides have fewer 841 

than 100 aa and at least four cysteines. We then assessed the nodule expression by mapping the 842 

nodule RNA-seq data's reads against the genome using STAR version 2.7.3a (Dobin et al., 843 
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2013), and quantifying the number of reads using htseq-count version 0.12.3 (Putri et al., 2022). 844 

We kept only putative NCR peptides expressed in nodules (See Differential expression 845 

analysis).  846 

We classified the retained NCR peptides into two groups: NCR peptides with four or six 847 

cysteines (NCR-motif) and NCRs with eight cysteines (defensin-motif). For the IRLC species, 848 

we annotated as NCR peptides only those with the NCR motif, as defensin motif-containing 849 

peptides are presumed to act in the innate immune system of IRLC plants. However, we 850 

annotated NCR-motif and defensin-motif as NCR peptides for the other clades. To compute 851 

the pI values of the NCR peptides and clusters, we used the R package pIR, where the pI of 852 

each peptide was calculated based on the mean values from all prediction methods, excluding 853 

the highest and lowest values (Audain et al., 2016). 854 

We then performed a classification step for NCR peptides found with CRP (Cysteine-Rich 855 

Peptide) profiles (SPADA did not classify them with our IRLC or Dalbergioid profiles), where 856 

we searched them against our cluster profiles using hmmsearch version 3.3.2 (Johnson et al., 857 

2010) and chose the best hit profile to classify each sequence. Finally, we merged NCR 858 

peptides classified with SPADA and those classified with the HMMsearch approach for each 859 

species.  860 

Moreover, for I. argentea, where only a few NCR peptides were found, and all of them were 861 

unclassified, we ran SPADA a second time using our expanded clusters, including newly found 862 

NCR peptides in IRLC, Dalbergioids, and Genistoids, and also using one NCR HMM profile 863 

of I. argentea that we built using the five NCR peptides found in (Ren, 2018). The filtration 864 

steps here were more flexible, where we did not exclude long NCR peptides that are 865 

differentially expressed in nodules and have an NCR cysteine motif.  866 

Differential expression analysis 867 

To estimate the gene expression levels of I. argentea and to highlight the differentially 868 

expressed NCR peptides between root and nodules, we used the mapping-based mode of 869 

salmon version 0.12.0 (Patro et al., 2017) to map our samples individually to the reference 870 

transcriptome described above. We used the R package DESEQ2 version 1.32.0 (Love et al., 871 

2014) to predict the differentially expressed genes between root and nodules of I. argentea 872 

using the raw counts for each replicate found with salmon, the length of each gene for 873 

normalization, and the annotation of the genes. We also used the diCoexpress R package 874 
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(Lambert et al., 2020), which performs differential expression analysis using generalized linear 875 

models with the edgeR package (Robinson et al., 2010). The genes with log2(FoldChange) > 876 

1 and the adjusted p-value < 0.05 were considered up-regulated, and the genes with 877 

log2(FoldChange) < -1 and the adjusted p-value < 0.05 were considered down-regulated.  878 

For all other legume species where SPADA was run on the genomes or nodules transcriptomes, 879 

we performed a differential expression analysis to assess the expression of NCR peptides in 880 

the nodules. First, we used STAR version 2.7.3a (Dobin et al., 2013) in two-pass mode to align 881 

the roots and nodule reads (fastq files) on the genome (nodule transcriptome). In the first pass, 882 

splice junctions were identified to guide a second alignment, enhancing mapping accuracy. 883 

Then, the final alignments from the second pass were used for transcripts quantification using 884 

htseq-count version 0.12.3 (Putri et al., 2022). Using custom scripts, we extracted NCR 885 

transcripts that were differentially expressed on nodules and used them to filter out the other 886 

putative NCR peptides.  887 

Structural and phylogenetic analysis   888 

A complete command-line local installation of Alphafold2 version 2.2 (Jumper et al., 2021) on 889 

the I2BC server was used to predict the tertiary structures of one randomly picked NCR peptide 890 

per cluster. Structural models were constructed using Alphafold2's own embeddings, 891 

supplemented with macse-generated multiple sequence alignments of sequence-based clusters. 892 

All templates downloaded on 30 June 2022 were allowed for structure modeling. Five models 893 

were predicted, and we selected the model with the best pLDDT (predicted Local Distance 894 

Difference Test) score. We kept only the NCR structures with a pLDDT score higher than 70 895 

for further analysis. For the non-classified predicted NCR peptides from Indigoferoids 896 

(Indigofera argentea) and Genistoids (Lupinus spp.), we first used CD-HIT version 4.8.1 (Fu 897 

et al., 2012) with an identity threshold of 90, 80, 70, and 50% to regroup them into clusters. 898 

However, all the non-classified NCR peptides were monotypic, sharing no similarities. Thus, 899 

we predicted the tertiary structure of each NCR peptide using AlphaFold2, as described above, 900 

and we included them for further analysis in our dataset of the NCR clusters as monotypic NCR 901 

peptides. To check if NCR peptides evolved from defensins, we predicted the tertiary structures 902 

of one defensin from each of the 48 defensin orthologous clusters, ensuring to include at least 903 

one representative from each legume species, and we included them in our structural 904 

comparison analysis.   905 
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We then used Foldseek version 4-645b789 (van Kempen et al., 2024), a structure clustering 906 

approach, to regroup all the high-quality NCR and defensin structures into superclusters. 907 

Foldseek is a fast method that converts the tertiary structures into 1D vectors that contain the 908 

structure information, which decreases computation times by four to five orders of magnitude. 909 

The TM scores within each supercluster and between each supercluster and all others were also 910 

computed with Foldseek to compare intra-supercluster versus inter-supercluster TM scores, 911 

and the distributions of TM scores were plotted in R with ggplot. For each supercluster, all 912 

structures' structural alignment was computed using USalign (C. Zhang et al., 2022) or 913 

MUSTANG (Konagurthu et al., 2006). These structural alignments were represented with a 914 

sausage representation with a blue-red color gradient that represents the TM score ranging from 915 

50 to 100 of the all-vs-all alignment of all the structures of the superclusters, but defined by the 916 

alignment of all structures to the longest structure (the TM scores are the scores from all-vs-all 917 

alignment, but for a better visualization we kept only the alignment of all structures to the 918 

longest structure).  919 

Then, to generate a structural “phylogenetic” tree based on the structural distances of all the 920 

NCR peptide and defensin structures, we used Foldtree (Moi et al., 2023) for each supercluster. 921 

Foldtree uses the all-vs-all comparison of Foldseek and creates a distance matrix from the 922 

Fident scores (sequence similarity after aligning with the structural alphabet) of Foldseek 923 

output, which is used as the input of quicktree (Howe et al., 2002) to generate the structure-924 

based tree. The Foldseek parameters used for Foldtree were 0.5 of coverage, 0.25 of Foldseek 925 

alphabet sequence identity, an e-value of 0.1, and an exhaustive search. These parameters were 926 

chosen based on the separation of the superclusters and the congruence of the tree after testing 927 

more than 100 combinations of parameters. Furthermore, we excluded the monotypic 928 

superclusters to avoid any noise in our analysis and to have congruent trees. The trees were 929 

annotated and visualized with iTol version 5 (Letunic & Bork, 2021).  930 

A sequence similarity network of the representative sequence of each cluster (the same 931 

predicted by Alphafold2 used for the structural analysis) was also produced using CLANS 932 

(Cluster Analysis of Sequences) (Frickey & Lupas, 2004). The network was annotated 933 

manually with the superclusters, and the same annotation was used in the structural 934 

phylogenetic tree.  935 

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

The copyright holder for thisthis version posted September 14, 2025. ; https://doi.org/10.1101/2025.09.09.675119doi: bioRxiv preprint 

https://doi.org/10.1101/2025.09.09.675119
http://creativecommons.org/licenses/by/4.0/


 

 

Flow cytometry  936 

Bacteroid extraction was performed as described before (Mergaert et al., 2006). Bacteroids and 937 

free-living B. elkanii SA281 bacteria were stained with 5 μg/ml DAPI in BEB. After 10 minutes 938 

of incubation at room temperature, the bacteria and bacteroids were processed with a Cytoflex 939 

S cytometer (Beckman-Coulter). The data analysis was performed using cytExpert software 940 

v2.5 and the flowCore (Ellis et al., 2019) package in R. 941 

Confocal microscopy 942 

Nodule live-dead imaging was performed on an SP8X confocal DMI 6000 CS inverted 943 

microscope (Leica). First, fresh nodules were harvested, embedded in 6% agarose, and sliced 944 

into 70µm slices using a Leica vibratome. The slices were incubated for 15 minutes in a 50mM 945 

Tris-HCl buffer with 0.01% calcofluor white (to stain plant cells), M2R (Sigma), 0.5 μl of 946 

Syto9 (to stain live bacteria), and 0.5 μl of Propidium iodide (to stain dead bacteria). Then, the 947 

washed sections were observed with ×10 dry and ×63 oil immersion objectives. The analysis 948 

of images was performed using ImageJ software (Collins, 2007).  949 

In vitro NCR sensitivity assays  950 

All chemically synthesized peptides were purchased from Genscript. The purity of all peptides 951 

was > 98%. The heme assays were performed as described in (Sankari et al., 2022). The growth 952 

assays of S. meliloti and E. coli were also described in (Sankari et al., 2022). Briefly, overnight 953 

cultures were washed and diluted in GSY media. The diluted cultures were distributed in sterile 954 

96-well plates, and optical density was measured at 600 nm every hour using a Tecan SPARK 955 

10M microplate reader with continuous shaking at 150 rpm. To check the effect of NCR 956 

peptides on the cell cycle (i.e., genome amplification), we quantified the DNA content of S. 957 

meliloti supplemented with each NCR peptide using flow cytometry as described previously 958 

(Haag et al., 2011). Principal Component Analysis (PCA) and hierarchical clustering were 959 

performed on integrated data comprising bacterial growth inhibition (measured as area under 960 

the curve relative to untreated controls) for B. subtilis Py7, E. coli, and S. meliloti, along with 961 

ploidy changes in S. meliloti (percentage of >3C cells at 210 minutes with four µM peptide 962 

treatment, expressed as fold-change over untreated), and PCA was performed using the 963 

FactoMineR package (Lê et al., 2008) (v2.4) in R (v4.2.0). For the heatmap, all variables were 964 

Z-score normalized (z = (x - μ)/σ) to account for different measurement scales. Hierarchical 965 
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clustering employed Ward's minimum variance method (ward.D2) with Euclidean distances on 966 

the scaled data matrix, with visualization generated using pheatmap (Kolde, 2010) (v1.0.12) 967 

with a diverging blue-white-red color scheme representing -3 to +3 standard deviations.  968 

Data availability  969 

All publicly available genome and transcriptome sequences and assembled transcriptome 970 

accessions and publications used in this study are provided in the Dataset S1. The raw 971 

sequencing data generated here are available in the Short Read Archive (SRR30017674, 972 

SRR30017696, SRR30018070, SRR30035742, SRR30035741, and SRR30035750) under the 973 

BioProject PRJNA1140874 at NCBI. The de novo transcriptome assemblies are deposited in 974 

the Transcriptome Shotgun Assembly (TSA) Sequence Database (GKXU00000000 for I. 975 

argentea roots assembly, GKXT00000000 for I. argentea nodules assembly, and 976 

GKXV00000000 for roots and nodules assembly) under the BioProject PRJNA1140874 at 977 

NCBI. The assembly stats and the GO annotation of I. argentea are provided in the Dataset S2. 978 

The number of NCR peptides per clade and species, their length, their NCR cluster, and 979 

superclusters are provided in Dataset S3. The amino acid sequences of all NCR peptides used 980 

and predicted in this study, classified by cluster and supercluster, are provided in Dataset S4. 981 

The Newick files of the phylogenies are available on GitHub (). All the code to replicate the 982 

analysis presented here is available through GitHub (https://github.com/amira-983 

boukh/Legume_Transcriptome_Assembly_and_NCR_identification).  984 
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Supplementary figures 1398 

 1399 
Figure S1. NCR clusters are clade-specific, considering IRLC and Dalbergioids, but inter-clade, 1400 

considering four TBD-inducing clades after an exhaustive search with SPADA. NCR peptides have relatively 1401 

conserved structures despite their sequence divergence, with more than 60% of inter-clade superclusters. The bar 1402 

plots represent the percentage of clade-specific clusters versus inter-clade clusters in the first computed clusters 1403 

from IRLC and Dalbergioids (left), in the reconstructed clusters from the recovered NCR peptides with SPADA 1404 

(middle), and in the superclusters constructed based on 3D structures (right). 1405 
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 1406 

Figure S2. The slightly enlarged I. argentea bacteroids. (a) The granularity (estimated by SSC) of DAPI-stained 1407 

B. elkanii strain SA281 bacteria and bacteroids isolated from I. argentea nodules was measured by flow cytometry. 1408 

(b) The size (estimated by FSC) of DAPI-stained B. elkanii strain SA281 bacteria and bacteroids isolated from I. 1409 

argentea nodules was measured by flow cytometry.  1410 

 1411 

 1412 
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Figure S3. BUSCO assessment of the completeness of the de novo transcriptome and the supertranscripts. 1413 

(a) In I. argentea, 95% of the Viridiplantae and 86% of the Fabales BUSCO genes were identified as complete 1414 

and single-copy. (b) In L. luteus, 86% of the Viridiplantae and 71% of the Fabales BUSCO genes were identified 1415 

as complete and single-copy. (c) In L. mariae-josephae, 87% of the Viridiplantae and 71% of the Fabales BUSCO 1416 

genes were identified as complete and single-copy. 1417 

 1418 

 1419 

Figure S4. Quality control of the RNA-seq dataset and the number of up- and down-regulated genes in 1420 

nodules compared to roots in I. argentea. (a) Principal Component Analysis (PCA) on the normalized counts 1421 

of I. argentea to assess the quality of the roots and nodules RNA-seq datasets. (b) The number of up- and down-1422 

regulated genes in nodules of I. argentea compared to the roots (non-inoculated).   1423 
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Figure S5. Expression of NCR genes across three Lupinus species. 1424 

Boxplots show the distribution of log10-transformed TPM (Transcripts Per Million) values for nodule-specific 1425 

NCR (Nodule Cysteine-Rich) genes in Lupinus albus (orange), Lupinus luteus (blue), and Lupinus mariae-1426 

josephae (green). Each box represents the interquartile range (IQR), with the horizontal line indicating the median. 1427 

Whiskers extend to the furthest data points within 1.5×IQR from the lower and upper quartiles. Statistical 1428 

significance was assessed using pairwise Wilcoxon rank-sum tests, and asterisks indicate highly significant 1429 

differences (***: p < 0.001). 1430 
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Figure S6. Structural phylogenetic analysis of each structural supercluster across legumes. Structure-based 1432 

Foldtree phylogenetic trees of the most representative superclusters and structural alignments of these and other 1433 

small superclusters. In each tree, the labels are colored according to the clade. The box plots represent the 1434 

isoelectric point distributions. The multibar plots represent the size of clusters (number of NCR peptides), where 1435 

the red represents the number of NCR peptides with an 8C motif, green with a 6C motif, and orange NCRs with 1436 

a 4C motif. The structural alignments represented by a sausage representation are the alignments of all the 1437 

structures of the supercluster with a color gradient from red (TM score 1) to blue (TM score 0.5). The size of the 1438 

clades' words inside the superclusters depends on the number of NCR peptides from this clade in the supercluster. 1439 

The identified NCR peptides essential for an effective symbiosis in M. truncatula (if present in the presented 1440 

superclusters) are annotated in the branches with different motifs. 1441 

 1442 

Figure S7. IRLC and Genistoids superclusters are conserved, while Dalbergioids superclusters are highly 1443 

divergent.  1444 

Comparison between TM scores inside one supercluster (blue) and between one supercluster and all the others 1445 

(yellow), where two different profiles are observed. (a) The first is when we compare Dalbergioids (or defensins) 1446 

with all other superclusters (IRLC-Genistoids), where the TM scores, in this case, are low for the inter-supercluster 1447 

comparisons (density yellow up plots). (b) The second is when we compare IRLC-Genistoids superclusters with 1448 

all others (other IRLC-Genisoids and only two superclusters of defensins-Dalbergioids), in which case the TM 1449 

scores are high for the inter-supercluster comparisons (almost overlapping the TM scores inside the supercluster), 1450 

indicating the conservation and homology of IRLC and Genistoids NCRs even across superclusters. 1451 
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 1452 

Figure S8. Growth curves of bacterial strains treated with NCR peptides and untreated control.  1453 

(a) Bacillus subtilis strain Py7 growth curves over 24 hours following treatment with two µM NCR peptides. 1454 

Bacterial growth was computed by optical density at 600 nm (OD₆₀₀). The untreated control is shown in light blue, 1455 

with different NCR peptides, and the control peptide NCR247 is displayed in light pink. (b) Bacillus subtilis strain 1456 

3610 growth curves under identical treatment conditions as panel (a). (c) Escherichia coli growth curves following 1457 

treatment with 15 µM NCR peptides and control bacteria. The higher peptide concentration accounted for the 1458 

outer membrane permeability barrier characteristic of Gram-negative bacteria. (d) Sinorhizobium meliloti growth 1459 

curves with five µM peptide treatments. S. meliloti is a nitrogen-fixing symbiotic bacterium that naturally 1460 

encounters NCR peptides within legume root nodules. All data points represent mean ± standard deviation from 1461 

three independent biological replicates. Error bars indicate standard deviation. Bacterial growth was computed 1462 

hourly for 24 hours. Cultures were grown in LB medium (B. subtilis and E. coli) or TY medium (S. meliloti) with 1463 

continuous shaking at 200 rpm. Peptides were added at time point 0 to exponentially growing cultures with an 1464 

initial OD₆₀₀ of approximately 0.1. The different peptide concentrations (2 µM, five µM, and 15 µM) were selected 1465 

based on preliminary dose-response experiments to achieve measurable effects within the physiological range for 1466 

each bacterial species. 1467 
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 1468 

Figure S9. Heme binding assay of NCR peptides assessed by UV-Vis absorption spectroscopy. 1469 

UV-Vis absorption spectra of heme alone (black line) and heme-NCR peptide complexes (colored lines) at a 1:1 1470 

molar ratio in phosphate buffer (pH 7.4) at room temperature. Measurements were performed from 360 to 700 nm 1471 

with 5 nm intervals. Vertical dashed lines indicate key wavelengths for heme binding assessment: 360 nm and 1472 

450 nm (characteristic of NCR247-heme complex formation as previously reported), and 420 nm.  1473 

 1474 

Figure S10. NCR peptides induce polyploidy (≥3C) in S. meliloti cells after 210 minutes of treatment with 1475 

four μM. 1476 
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Bar plot showing the percentage of cells with ≥3C ploidy following treatment with various NCR peptides (4 µM) 1477 

compared to untreated control. Each bar represents a different NCR peptide treatment. 1478 
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