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Abstract 

Background:  Stylosanthes guianensis, a representative tropical legume, exhibits 
remarkable adaptation to low-phosphorus acidic soils. As a symbiotic species, it forms 
root nodule associations with rhizobia to fix atmospheric nitrogen, potentially enhanc-
ing phosphate use efficiency. This study aims to decipher the mechanisms linking root 
nodule symbiosis to low-phosphate adaptation in Stylosanthes guianensis.

Results:  We present the first gap-free, telomere-to-telomere genome of Stylosan-
thes guianensis (1.20 Gb), containing 82.28% repetitive sequences and 34,728 genes, 
with 99.30% BUSCO completeness and a 29.05 LTR Assembly Index score. Integrated 
genomic data and multi-omics analyses reveal a coordinated symbiotic strategy. 
Specifically, roots enhance flavonoid biosynthesis, likely driven by tandem duplication 
of chalcone reductase genes, to facilitate robust symbiont recruitment, while nodule 
development was regulated by a conserved network centered on the transcription 
factor NIN. In nodules, multiple phosphate starvation response pathways are activated, 
including enhanced phosphate transport and recycling, membrane lipid remodeling, 
and phosphate-conserving metabolic bypasses to support nitrogen fixation. Further-
more, co-upregulation of vitamin B6 and nitrogen assimilation pathways suggests 
a role in mitigating oxidative stress and sustaining metabolic balance.

Conclusions:  This study reveals that root nodule symbiosis in Stylosanthes guianensis 
underpins a multifaceted adaptation to low-phosphate stress, integrating enhanced 
symbiotic signaling, conserved nodule development, reprogrammed phosphate 
metabolism, and improved antioxidant protection. These findings provide insights 
into stress-resilient symbiosis and a genomic foundation for improving nutrient effi-
ciency in legumes.
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Background
The symbiotic relationship between legumes and rhizobia converts atmospheric nitro-
gen (N2) into plant-usable ammonia. This process, called symbiotic nitrogen fixation 
(SNF), occurs within specialized root-derived structures termed nodules [1, 2]. Legume-
rhizobia symbiosis is pivotal for global agriculture and ecosystem sustainability. It con-
tributes 40–60 million metric tons of biologically fixed N annually, equivalent to 60% of 
global synthetic fertilizer use [3, 4]. This symbiosis also enhances biodiversity in nutri-
ent-poor soils.

The symbiosis initiates with a molecular cascade: legume roots secrete flavonoids that 
activate bacterial nod genes. This triggers the synthesis of lipochitooligosaccharide sign-
aling molecules called Nod factors. These factors induce root hair curling and the forma-
tion of infection thread, a plant-derived tubular structure. The infection thread grows 
inward, guiding the enclosed rhizobia through the root hair and into the underlying 
cortical tissues. Simultaneously, Nod factor signaling induces reactivation of cell divi-
sion in the root cortex, leading to the formation of a nodule primordium. Coordinated 
development of infection thread and nodule primordium ultimately results in nodule 
organogenesis, giving rise to a mature root nodule [2, 5, 6]. Within mature nodules, the 
infection threads release rhizobia into host cells. The released bacteria are enclosed by a 
plant‑derived membrane, forming organelle‑like structures called symbiosomes. Inside 
symbiosomes, rhizobia differentiate into bacteroids. These bacteroids express the nitro-
genase enzyme complex, which catalyzes the reduction of N2 to ammonia [2, 5]. This 
process requires substantial energy consumption [1].

SNF is highly sensitive to environmental stresses like soil acidification, salinity, and 
high temperature [7, 8]. Notably, over 50% of global arable land faces soil pH below 5.5. 
In China, approximately 40% of cultivated land is acidic (pH 4.0–5.5), predominantly 
located in southern regions [9–11]. Plants cultivated in acidic soils generally suffer from 
multiple nutrient-related constraints. These include low availability of phosphorus (P), 
calcium (Ca), and magnesium (Mg). Plant also face phytotoxicity caused by proton (H+), 
aluminum (Al3+), and manganese (Mn2+) [11–14]. These factors collectively inhibit crop 
productivity.

Phosphorus plays fundamental roles in cellular energy metabolism, macromolecule 
biosynthesis, and membrane integrity maintenance. P deficiency severely impairs nodu-
lation and nitrogenase activity. This disruption of root nodule symbiosis has been docu-
mented in soybean (Glycine max), common bean (Phaseolus vulgaris), and white lupin 
(Lupinus albus) [15–18]. Despite being affected by phosphate (Pi) starvation, legumes 
have developed multifaceted strategies to maintain symbiosis activity under low P stress. 
These include forming symbioses with effective rhizobial strains, establishing prefer-
ential P sinks within nodules, enhancing P remobilization, and regulating Pi starvation 
response (PSR) genes [11, 19–22].

For example, inoculation with effective rhizobial strains enhances soybean yield and 
elevates N and P contents in low-P acidic soils [19]. Furthermore, rhizobial inoculation 
can enhance P acquisition from insoluble P sources through increasing H+ and organic 
anion exudation in white lupin and soybean [17, 23]. To date, many symbiotic genes have 
been characterized as fundamental for nodule development and functioning [2, 24]. Fur-
thermore, numerous PSR genes are also implicated in maintaining Pi homeostasis and 
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nodulation efficiency, such as genes associated with Pi transporters, acid phosphatases, 
expansins, and signal transduction pathways [25–30]. Thus, precise regulation of root 
nodule symbiosis is key for improving both N and P efficiency in legumes.

The genus Stylosanthes Sw. (Fabaceae) comprises ~ 50 tropical legume species distrib-
uted across the Americas, Africa, and Asia, where acidic, low-fertility soils are wide-
spread [31–33]. We previously assembled a high-quality genome of the drought-tolerant 
S. angustifolia [34], which provides a valuable genomic resource for studies in this genus. 
Among Stylosanthes species, S. guianensis (2n = 2x = 20) is the most widely cultivated 
and economically important, serving as livestock forage and green manure while also 
providing soil cover [33, 35]. It demonstrates remarkable adaptation to multiple growth-
limiting factors in acidic soils, particularly P deficiency [36–40]. These traits make S. 
guianensis an ideal model for investigating the role of root nodule symbiosis in low-P 
adaptation.

Despite its importance, S. guianensis still lacks a high-quality reference genome, par-
ticularly a telomere-to-telomere (T2T) assembly. By contrast, several model legumes, 
including G. max [41], P. vulgaris [42], and Medicago truncatula [43], have already been 
assembled as T2T genomes. This gap has limited genetic and functional studies and 
slowed progress in understanding the molecular mechanisms underlying root nodule 
symbiosis and low-P adaptation. Comprehensive genome sequencing and high-resolu-
tion functional annotation are therefore urgently needed to advance both basic research 
and practical breeding in S. guianensis.

In this study, we report the first gap-free, T2T genome assembly of S. guianensis. The 
assembly was generated using an integrated sequencing strategy leveraging short-read 
DNA nanoball sequencing (DNBSEQ), long-read PacBio high-fidelity (HiFi) and Oxford 
Nanopore Technologies (ONT) sequencing, and high-throughput chromosome con-
formation capture (Hi-C). Using a multi-omics framework, we decipher the molecular 
mechanisms underlying root nodule symbiosis-mediated adaptation of S. guianensis to 
low-P acidic soils.

Results
Sequencing, assembly, and quality assessment of the S. guianensis genome

Whole-genome sequencing of the S. guianensis accession ’S1979’ using short-read DNB-
SEQ technology yielded 149.48 Gb of high-quality data (Additional file 2: Table S1). A 
k-mer-based genome survey estimated the genome size at ~ 1.11 Gb, with a heterozygo-
sity rate of ~ 1.51% (Additional file 1: Fig. S1). Subsequently, the genome was sequenced 
using long-read platforms, yielding 196.86  Gb of ONT reads (~ 177 × coverage) and 
17.08 Gb of ultra-long ONT reads (~ 15 × coverage) (Additional file 2: Table S2), as well 
as 121.39 Gb of PacBio HiFi reads (~ 109 × coverage) (Additional file 2: Table S3). Hi-C 
sequencing was then performed to construct a chromosome-level reference genome, 
yielding 164.53 Gb of clean data (~ 147 × coverage) (Additional file 2: Table S4). Thus, 
multi-platform sequencing generated sufficient coverage for a high-quality genome 
assembly.

De novo genome assembly was performed by integrating PacBio HiFi, ONT, and 
Hi-C data, yielding 134 contigs, including 10 that spanned the full length of all 10 chro-
mosomes of S. guianensis. This resulted in a gap-free assembly, as confirmed by Hi-C 
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contact maps (Fig. 1). We aligned the remaining 124 contigs to Stylosanthes organellar 
genomes retrieved from the National Center for Biotechnology Information (NCBI) 
database and the chromosomal genome of the S. guianensis assembly, identifying 47 
chloroplast-derived and 8 mitochondrial-derived fragments (Additional file 2: Table S5). 
The other 69 contigs likely represent redundant sequences in the assembly, as at least 
half of each contig aligned to the chromosomal genome with an average sequence iden-
tity of 85% (Additional file 2: Table S6). Consequently, a gap-free genome assembly was 
successfully achieved.

To assess telomere completeness in the assembled genome, TIDK software was used to 
identify the plant-typical telomeric sequence (TTT​AGG​G). All telomeres were detected 
except for a missing telomere at the start of chromosome 10. We then aligned ONT and 
PacBio HiFi reads to the genome and extracted those mapping to the first 1 Mb of chro-
mosome 10, comprising 6,729 ultra-long ONT reads (147.1 Mb) and 38,378 PacBio HiFi 
reads (552.9 Mb). These reads were locally assembled using HiFiasm software. Align-
ment of the resulting contig to chromosome 10 revealed a 1.25 Mb sequence, of which 
the first 174 kb corresponded to the missing region and was subsequently incorporated. 
As a result, a gap-free, T2T genome assembly of S. guianensis was obtained, spanning 
1.20 Gb across 10 chromosomes, with a contig N50 of 126.5 Mb and a GC content of 
37.57% (Table  1; Fig.  1). In addition, 20 telomere and 10 centromere sequences were 
identified (Fig. 1; Additional file 2: Table S7). Therefore, a T2T genome assembly with all 
telomeres and centromeres was constructed.

We evaluated the S. guianensis genome assembly using multiple complementary 
metrics. Benchmarking Universal Single-Copy Orthologs (BUSCO) analysis indicated 
99.30% completeness, with 7.3% of BUSCOs complete and multi-copy (Additional file 2: 
Table S8). Long Terminal Repeat (LTR) integrity, assessed via the LTR Assembly Index 
(LAI), scored 29.05, corresponding to "Gold" quality (Table 1). Assembly continuity was 

Fig. 1  Telomere-to-telomere (T2T) genome landscape and high-throughput chromosome conformation 
capture (Hi-C) contact map of S. guianensis accession ’S1979’. a Genome landscape. The tracks represent (A) 
the chromosomes, with triangles representing the telomere positions and rectangles within the chromosomes 
indicating the centromere regions; (B) transposable element density; (C) protein-coding gene density; (D) 
non-coding RNA density; (E) GC content; and (F) syntenic blocks within the S. guianensis genome. Blue 
triangles at the termini of each chromosome indicate the positions of telomeres, whereas the blue rectangles 
located in the central regions of the chromosomes denote the predicted centromere positions. Tracks B–E 
were calculated using 500-kb non-overlapping windows. b Hi-C contact map with a bin size of 1,000-kb
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confirmed by aligning ONT and PacBio HiFi reads and analyzing them with Genome 
Continuity Inspector (GCI), which assigned a perfect score of 100 to the genome and 
each chromosome (Additional file 1: Figs. S2–S11; Additional file 2: Table S9). Collec-
tively, these metrics confirm that the T2T assembly constitutes a high-quality, gap-free 
reference genome.

Genome annotation of the S. guianensis genome

We annotated repetitive sequences in the S. guianensis genome using a combination 
of de novo prediction and homology-based approaches. A total of 991.38 Mb of repet-
itive sequences were identified, accounting for 82.28% of the genome (Table  1; Fig.  1; 
Additional file 2: Table S10). LTR retrotransposons were the dominant class, account-
ing for 58.72% of the genome, whereas terminal inverted repeat (TIR) DNA transposons 
represented only 8.91%. Among LTR elements, Gypsy retrotransposons predominated 
(41.12%), substantially exceeding Copia elements (2.77%) (Additional file 2: Table S11). 
Within the TIR category, Mutator elements were the most prevalent (4.74%), followed 
by CACTA (2.85%) and hAT (1.13%) (Additional file 2: Table S11). Collectively, the S. 
guianensis genome is highly enriched in repetitive sequences, with LTR retrotranspo-
sons constituting a substantial proportion.

To support protein-coding gene prediction in S. guianensis, RNA sequencing (RNA-
seq) was performed on 14 tissues, generating 136.89 Gb of clean data (Additional file 2: 
Table S12). Reads were analyzed through both de novo assembly and reference genome-
guided transcript reconstruction, providing a foundation for subsequent gene prediction 
analyses. Full-length transcriptome sequencing was performed on the same tissues using 
PacBio Single Molecule Real-Time (SMRT), yielding 52.7 Gb of data (Additional file 2: 
Table S13) and identifying 182,741 transcripts. Open reading frames (ORFs) predicted 
from RNA-seq and Iso-Seq transcripts totaled 25,446 and 26,124, respectively. Addition-
ally, de novo gene prediction applying GALBA and SNAP software generated 40,238 and 
32,444 protein-coding genes. Homology-based prediction with amino acid sequences 
from G. max, M. truncatula, pigeonpea (Cajanus cajan), Arabidopsis thaliana, and 
S. angustifolia generated an average of 46,768 protein-coding genes. Integration of all 

Table 1   Summary statistics of the genome assembly and annotation of S. guianensis accession ’S1979’

Elements Value

Estimated genome size (Mb) 1,111.80

Assembly genome size (Mb) 1,204.87

Contig N50 (Mb) 126.5

Chromosome number 10

GC (%) 37.57

BUSCO (%) 99.30

LAI 29.05

GCI 100

Repetitive sequence (Mb) 991.38

Repetitive sequence (%) 82.28

No. protein coding genes 34,728

No. functional annotated genes 33,079
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evidence with EvidenceModeler (EVM) produced a non-redundant set of 34,728 pro-
tein-coding genes in S. guianensis (Table 1; Additional file 2: Table S14). Gene number 
and length distributions were comparable to C. cajan and S. angustifolia, but lower than 
in G. max and M. truncatula. BUSCO analysis indicated 98.6% completeness (Addi-
tional file 2: Table S15). Coding sequence (CDS) length, exon number, and exon length 
were similar to those of G. max, M. truncatula, C. cajan, and S. angustifolia (Additional 
file 2: Table S14). Collectively, these results indicate that a reliable and highly complete 
set of 34,728 protein-coding genes was annotated in the S. guianensis genome.

For functional annotation, the S. guianensis gene set was queried against multiple ref-
erence databases, resulting in 33,079 genes (95.25% of the total) being assigned puta-
tive functions. NCBI Non-Redundant Protein Sequence Database (NR) and EggNOG 
yielded the highest annotation rates, at 95.16% and 91.40%, respectively (Additional 
file 2: Table S16). Based on functional annotations against the NR and EggNOG data-
bases, Gene Ontology (GO) terms were assigned to 58.94% of the predicted protein-
coding genes (Additional file 2: Table S16). The most abundant GO terms were cellular 
anatomical entity, binding, catalytic activity, cellular process, and metabolic process 
(Additional file  1: Fig. S12). Genome-wide analysis further identified 134 microRNAs 
(miRNAs), 16,442 small nuclear RNAs (snRNAs), 668 transfer RNAs (tRNAs), and 4,709 
ribosomal RNAs (rRNAs) (Additional file  2: Table  S17). Overall, the majority of pre-
dicted genes were successfully annotated, and a comprehensive set of non-coding RNAs 
was identified.

Comparative genomic analysis of leguminous plants

To investigate the genome evolution of S. guianensis and other legumes, we conducted 
an intra-species whole-genome synteny analysis using McScan software. We identified 
256 syntenic blocks in S. guianensis, comparable to 290 in M. truncatula and 292 in 
S. angustifolia, but substantially fewer than the 1,072 blocks observed in G. max. Syn-
onymous substitution rates (Ks) of genes within these blocks revealed a shared whole-
genome duplication (WGD) among legumes, with a peak at 0.827, corresponding 
to ~ 50.92 million years ago (MYA) (Fig. 2a). No evidence of recent WGD was detected in 
S. guianensis (Fig. 2a). The WGD Ks peak of S. guianensis coincides precisely with that of 
S. angustifolia (Ks = 0.827), whereas G. max (Ks = 0.521) and M. truncatula (Ks = 0.725) 
display distinct peaks (Fig. 2a). Despite these differences, the overall distribution of Ks 
peaks aligns with the estimated timing of the Legume WGD (~ 59 MYA), suggesting that 
post-speciation evolutionary pressures have shaped the divergence of Ks values among 
these species. Thus, S. guianensis shares the ancient legume WGD event without any 
subsequent species-specific whole-genome duplication.

To explore the evolution of gene families in S. guianensis and other legumes, we iden-
tified and analyzed gene families across 11 legume species and Arabidopsis. In total, 
36,252 orthologous groups (OGs) were detected, of which 8,914 were shared across 
all 12 species, 913 were legume-specific, and 394 were unique to S. guianensis (Addi-
tional file 1: Fig. S13). A maximum likelihood phylogeny based on 254 single-copy OGs 
showed that S. guianensis and S. angustifolia form sister branches, diverging ~ 9.4 MYA. 
The Stylosanthes lineage diverged from the wild diploid peanut relatives, Arachis duran-
ensis and Arachis ipaensis, ~ 16.6 MYA (Fig. 2b). Analysis of gene family expansion and 
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contraction revealed 1,372 expanded and 2,039 contracted OGs in S. guianensis, with 
the expanded OGs comprising 7,229 genes (Fig. 2b; Additional file 2: Tables S18–S20). 
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis revealed that 
expanded OGs were significantly enriched in carbon metabolism, starch and sucrose 
metabolism, galactose metabolism, glycolysis/gluconeogenesis, linoleic acid metabolism, 
and the biosynthesis of secondary metabolites (Fig. 2c). Notably, isoflavonoid biosynthe-
sis was also observed to be significantly enriched (Fig. 2c), suggesting that genes involved 
in flavonoid metabolism may have undergone adaptive evolution in S. guianensis. These 
results indicate that gene family expansion, particularly in metabolism-related pathways, 
may contribute to the environmental adaptation of S. guianensis.

Rhizobia isolation and inoculation effects on S. guianensis in acidic soils

A total of 46 rhizobial strains were isolated from the nodule of S. guianensis. These nod-
ules were collected from the primary distribution regions of S. guianensis in southern 
China (Additional file 2: Table S21). Phylogenetic analysis based on 16S ribosomal RNA 
(rRNA) gene sequences revealed that all strains belonged to the genus Bradyrhizobium 
(Additional file 1: Fig. S14). Thus, Bradyrhizobium is the dominant microsymbiont asso-
ciated with S. guianensis in acidic soils of southern China.

We performed inoculation analysis to assess the role of rhizobia symbiosis in the adap-
tation of S. guianensis to acidic soils. The rhizobial strain LZ3-2 isolated from acidic 
soils (Liuzhou, Guangxi; pH 4.5) was used. S. guianensis seedlings were subjected to 
two treatments: inoculation with Bradyrhizobium strain LZ3-2 (+Br) and non-inocu-
lation (−Br). Plants were subsequently transplanted to a field in Danzhou, Hainan (pH 

Fig. 2  Comparative genomic analysis of S. guianensis and other legume species. a Distribution of Ks values 
for syntenic genes in S. guianensis, G. max, M. truncatula, and S. angustifolia. The dashed lines and values 
represent the peak Ks values for the corresponding species. b Phylogenetic tree with estimated divergence 
times and gene family expansion/contraction analysis for 11 leguminous species and A. thaliana. The red 
circles indicate the divergence times derived from TimeTree. c KEGG enrichment analysis of significantly 
expanded pathways in the S. guianensis genome. All displayed pathways are significantly enriched at a false 
discovery rate (FDR) < 0.05
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4.2; available N = 11.86 mg·kg−1; available P = 2.18 mg·kg−1) with no prior history of S. 
guianensis cultivation. Plants were harvested 60 days after inoculation. The results dem-
onstrated that the +Br treatment significantly increased dry weight, N content, and P 
content in both shoots and roots compared with the −Br treatment (Fig. 3a–e). Notably, 
under the +Br treatment, N and P contents in the nodules were significantly higher than 
those in the roots (Fig. 3d, e). These results indicate that nodules are a strong sink for Pi 
and root nodule symbiosis enhances whole-plant Pi uptake and translocation.

Comparative analysis of SNF genes in nodules and roots

Based on previous literature [2, 6, 44, 45], we systematically curated a comprehensive 
dataset of SNF genes from M. truncatula, Lotus japonicus, G. max, and P. vulgaris 
(Additional file  2: Table  S22). Using this reference dataset, we identified 742 putative 
SNF gene homologs in S. guianensis, which were classified into 11 symbiotic processes 
(Additional file 2: Table S23). Representative processes included early signaling, rhizo-
bial infection, bacterial maturation, symbiosome formation, nodule organogenesis, nod-
ule metabolism, autoregulation of nodule number, and senescence (Fig. 3f ). Therefore, 
the S. guianensis genome harbors a comprehensive set of SNF gene homologs covering 
key symbiotic processes.

To comparative analysis of SNF genes in response to Bradyrhizobium infection in S. 
guianensis, RNA-seq was performed on nodules, non-inoculated roots (root−Br), and 
inoculated roots (root+Br). A total of 8,376 differentially expressed genes (DEGs) were 
identified in nodules relative to root+Br (4,058 upregulated and 4,318 downregulated). 
Compared with root−Br, 11,619 DEGs (5,773 upregulated and 5,846 downregulated) 
were detected in nodules (Additional file  1: Fig. S15; Additional file  2: Table  S24). A 
venn diagram showed that 118 of the 742 SNF genes were upregulated in nodules rela-
tive to both root+Br and root−Br (Fig. 3g). These nodule-upregulated SNF genes were 
also assigned to the same 11 symbiotic processes described above (Additional file  2: 
Table S23). Thus, a core set of 118 SNF genes is significantly induced in nodules during 
symbiosis.

Among the SNF genes involved in nodule organogenesis, one NODULE INCEPTION 
(NIN) gene (SgNIN; SGM08g00013.1) exhibited the highest expression level in nod-
ules (Fig.  3h). NIN is an RWP-RK DNA-binding domain containing family transcrip-
tion factor that plays a central role in nodule organogenesis in G. max, M. truncatula, 
and L. japonicus [46–49]. Phylogenetic analysis showed that SgNIN clusters closely 
with its orthologs from G. max (GmNIN1a), M. truncatula (MtNIN), and L. japonicus 
(LjNIN) (Fig. 3i). In addition, the single-copy homolog of GmNAC181 in S. guianensis 
(SGM04g01800.1) was also identified as a nodule-upregulated SNF gene (Additional 
file 1: Fig. S16; Additional file 2: Table S23). Interestingly, GmNAC181 has been reported 
to act as a positive regulator of GmNIN1a in G. max [50]. These results suggest that an 
SgNIN-centered regulatory network may orchestrate root nodule symbiosis in S. guian-
ensis under acidic soil conditions.

Comparative analysis of SNF genes in inoculated and non‑inoculated roots

RNA-seq analysis identified 8,683 DEGs in root+Br compared with root−Br (4,532 
upregulated and 4,151 downregulated) (Additional file  1: Fig. S15; Additional file  2: 
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Fig. 3  Effects of rhizobial inoculation on S. guianensis growth and symbiotic nitrogen fixation (SNF)-related 
gene expression. a–e Phenotype (a), shoot dry weight (b), root dry weight (c), N content (d), and P content 
(e) of S. guianensis inoculated with Bradyrhizobium (+Br) or non-inoculated (−Br) under field conditions. 
Thirty-day-old seedlings were inoculated with Bradyrhizobium strain LZ3-2 for 1 h. Subsequently, seedlings were 
transplanted into a prepared field with no history of S. guianensis cultivation. Non-inoculated plants served 
as controls. Sixty days post-inoculation, shoots, roots, and nodules were separately harvested for analysis. In 
b–e, box plots display the median (center line), interquartile range (box), and minimum to maximum values 
(whiskers). Individual data points represent six independent biological replicates, and green diamonds indicate 
the mean values. Statistical significance between the two groups was determined using a two-sided Student’s 
t-test (**P < 0.01; ***P < 0.001). f Distribution of SNF gene counts across symbiotic processes in S. guianensis. 
g Venn diagram showing the overlap between SNF genes and genes upregulated in nodules relative to 
non-inoculated (root−Br) and inoculated (root+Br) roots in S. guianensis. h Comparison of SgNIN expression in 
nodules relative to root−Br and root+Br groups. i Phylogenetic tree of NODULE INCEPTION (NIN) and NIN-like 
proteins (NLPs) in S. guianensis, S. angustifolia, G. max, M. truncatula, and L. japonicus 
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Table S24). Among these, 312 DEGs were SNF genes (Additional file 1: Fig. S17; Addi-
tional file  2: Table  S23). Notably, SNF genes involved in flavonoid biosynthesis were 
markedly upregulated in root+Br relative to root−Br. These included 7 of 18 chalcone 
reductase (CHR) genes, 7 of 12 chalcone synthase (CHS) genes, 3 of 5 2-hydroxyisofla-
vanone dehydratase (HID) genes, all three chalcone isomerase (CHI) genes, and the single 
isoflavone synthase (IFS) gene (Fig. 4a). Consistent with gene expression, widely-targeted 
flavonoid metabolomic analysis revealed higher relative levels of specific metabolites 
in the root+Br than in the root−Br. These metabolites included isoliquiritigenin, nar-
ingenin chalcone, liquiritigenin, naringenin, daidzein, and genistein (Fig. 4b; Additional 
file 2: Table S25). Accordingly, rhizobial inoculation strongly activates the flavonoid bio-
synthesis pathway at both the transcriptional and metabolic levels.

Notably, CHR shows pronounced copy number expansion within the gene families of 
S. guianensis (OG0001439; Additional file 2: Tables S19 and S20). To characterize this 
expansion, we conducted a genome-wide identification of CHR genes in S. guianensis, 
G. max, and M. truncatula. The analysis revealed that S. guianensis harbors 18 CHR 
copies, substantially more than the 8 copies found in each of G. max and M. trunca-
tula (Additional file  2: Table  S26). Phylogenetic analysis and micro-synteny compari-
sons revealed species-specific tandem duplications on chromosome 8, resulting in ten 
CHR genes arranged in tandem in S. guianensis (Fig. 4c; Additional file 1: Fig. S18). To 
further validate this expansion, we performed reference-annotation-independent CHR 
identification in G. max and M. truncatula. Remarkably, the 18 CHR copies in S. guian-
ensis were mapped to only five genomic loci in G. max and three loci in M. truncatula, 
strongly supporting a lineage-specific expansion of the CHR gene family in S. guianensis 
(Additional file  2: Table  S27). This lineage-specific expansion of the CHR gene family 
may enhance root flavonoid biosynthesis, promoting rhizobial recruitment and efficient 
nodule formation in acidic soils.

Consistent with the enhanced flavonoid biosynthesis in inoculated roots, KEGG 
enrichment analysis revealed that upregulated genes in root+Br were also significantly 
enriched in the upstream phenylpropanoid biosynthesis pathway (Additional file 1: Fig. 
S19). These genes included two phenylalanine ammonia-lyase (PAL) genes, one cin-
namate 4-hydroxylase (C4H) gene, and five 4-coumarate-CoA ligase (4CL) genes, all of 
which showed higher expressed in root+Br than in root−Br (Additional file 1: Fig. S20). 
Thus, the phenylpropanoid-flavonoid pathway is transcriptionally activated in response 
to rhizobial inoculation.

Identification of PSR genes in nodules and inoculated roots

We performed weighted gene co-expression network analysis (WGCNA) to identify 
gene modules specifically associated with inoculated roots or nodules. WGCNA 
was conducted using expression profiles of DEGs identified in at least one pair-
wise comparison among the nodule, root+Br, and root−Br groups. To improve the 
robustness of network construction, these identified DEGs were analyzed alongside 
expression profiles from 11 additional tissues (Additional file 1: Fig. S21). WGCNA 
grouped the DEGs into 11 co-expression modules. Six modules exhibited close tis-
sue-specific correlations (r ≥ 0.75, P < 0.01; Fig. 5a). Among these, the brown module was 
most associated with nodules (2,339 genes, defined as the nodule-related module) 
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(Fig.  5a; Additional file  2: Table  S28). The red module was most associated with 
inoculated roots (1,226 genes, defined as the inoculated-root-related module) 
(Fig. 5a; Additional file 2: Table S28). Thus, WGCNA identified distinct gene mod-
ules specifically enriched in nodules versus inoculated roots.

Fig. 4  Comparative analysis of flavonoid biosynthesis-related SNF gene expression and flavonoid 
accumulation in non-inoculated (root−Br) and inoculated (root+Br) roots of S. guianensis. a Heatmap 
showing differential expression of flavonoid biosynthesis-related SNF genes between root+Br and root−Br 
groups. b Differential accumulation of metabolites in the flavonoid biosynthesis pathway between root+Br 
and root−Br groups. The relative flavonoid content was derived from widely-targeted flavonoid metabolomic 
analysis. Box plots display the median (center line), interquartile range (box), and minimum to maximum 
values (whiskers). Individual data points represent three independent biological replicates, and green 
diamonds indicate the mean values. Statistical significance between the two groups was determined using a 
two-sided Student’s t-test (*P < 0.05; **P < 0.01; ***P < 0.001). c Microcollinearity of CHR genes in S. guianensis 
compared with those in G. max and M. truncatula. CHI, chalcone isomerase; CHR, chalcone reductase; CHS, 
chalcone synthase; IFS, isoflavone synthase; HID, 2-hydroxyisoflavanone dehydratase
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Based on previous studies [51, 52], we systematically compiled a dataset of 414 PSR 
genes in the model plant A. thaliana (Additional file 2: Table S29). Using this dataset, 
we identified 442 putative PSR genes in S. guianensis (Additional file 2: Table S30). In 
A. thaliana, PHR1 and its homologs PHR1-like (PHL1/PHL2) are central positive 

Fig. 5  Pi starvation response (PSR) genes in co-expression modules associated with nodules and inoculated 
roots of S. guianensis. a Identification of modules related to nodules and inoculated roots via weighted gene 
co-expression network analysis (WGCNA). WGCNA was performed using DEGs identified from pairwise 
comparisons among nodules, non-inoculated (root−Br), and inoculated (root+Br) roots, along with 
expression profiles from 11 additional tissues. The color key ranges from blue (negative) to white (neutral) 
to orange (positive), representing Pearson correlation coefficients from − 1 to 1. b Phylogenetic tree of 
PHOSPHATE STARVATION RESPONSE 1 (PHR1) and PHR-like (PHL) proteins from S. guianensis, A. thaliana, G. 
max, M. truncatula, and P. vulgaris. The heatmap depicts the differential expression of the SgPHR1 and SgPHR2 
genes from S. guianensis across the nodule, root+Br, and root−Br groups. c Expression heatmap showing the 
overlap between PSR genes and nodule-related module genes. d Expression heatmap showing the overlap 
between PSR genes and inoculated-root-related module genes. Gene expression values were normalized to 
Z-scores
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regulators of PSR [53]. Here, we identified two homologous genes in S. guianensis, des-
ignated SgPHR1 (SGM09g01442.1) and SgPHR2 (SGM07g00236.1) (Fig. 5b; Additional 
file 2: Table S30). Phylogenetic analysis revealed that SgPHR1 and SgPHR2 cluster with 
GmPHR1 from G. max and AtPHR1-like 2 from A. thaliana (Fig.  5b). Additionally, 
SgPHR1 was highly expressed in inoculated roots (root+Br), while SgPHR2 was pre-
dominantly expressed in nodules (Fig. 5b). These results suggest their respective roles in 
regulating PSR in symbiotic roots and nodules.

Intersection analysis identified shared genes between PSR genes and the tissue-related 
modules. Specifically, 58 PSR genes overlapped with the nodule-related module (51 
highly and 7 lowly expressed in nodules), and 26 PSR genes overlapped with the inocu-
lated-root-related module (25 highly and 1 lowly expressed in inoculated roots) (Fig. 5c, 
d). Both sets contained genes involved in carbon metabolism, glycolysis, lipid remod-
eling, sugar transport, sucrose metabolism, phosphate recycling, phosphate transport, 
proton transport, and root development (Fig. 5c, d). Thus, distinct subsets of PSR genes 
are preferentially associated with the nodule-related and inoculated-root-related mod-
ules, implicating divergent strategies for symbiosis-related lowP adaptation in each 
tissue.

Notably, a greater number of PSR genes were highly or specifically expressed in nod-
ules across multiple pathways. For example, in the phosphate transport pathway, two 
phosphate transporter 1 (PHT1) genes (SGM08g01440.1 and SGM07g00377.1) were 
preferentially expressed in nodules. Additionally, two PHOSPHATE 1 (PHO1) genes 
(SGM06g01080.1 and SGM07g00405.1) and one vacuolar phosphate transporter (VPT) 
gene (SGM07g00016.1) also showed high expression in nodules (Fig.  5c). In contrast, 
only two PHT1 genes (SGM06g00969.1 and SGM06g01212.1) were highly expressed 
in inoculated roots (Fig.  5d). In the phosphate recycling pathway, three purple acid 
phosphatase (PAP) genes (SGM06g01601.1, SGM04g02162.1, and SGM03g03307.1), 
one ribonuclease (RNase) gene (SGM02g01475.1), and two vegetative storage protein–
acid phosphatase (VSP) genes (SGM07g00333.1 and SGM06g00403.1) were highly 
expressed in nodules (Fig.  5c). By comparison, only two PAPs (SGM01g00868.1 and 
SGM01g00872.1) exhibited high expression levels in inoculated roots (Fig.  5d). Thus, 
nodules deploy a more extensive array of PSR genes for phosphate transport and recy-
cling compared with inoculated roots.

In the lipid remodeling pathway, four phospholipase D (PLD) genes (SGM09g01118.1, 
SGM05g00176.1, SGM02g03466.1, and SGM07g02189.1) were highly expressed in nod-
ules (Fig.  5c). In contrast, only one PLD gene (SGM09g00547.1) was predominantly 
expressed in roots (Fig.  5d). Furthermore, one non-specific phospholipase C (NPC) 
gene (SGM07g02826.1), one glycerophosphodiester phosphodiesterase (GDPD) gene 
(SGM04g01605.1), and one lipid phosphate phosphatase (LPP) gene (SGM05g00630.1) 
exhibited exclusively high expression in nodules (Fig.  5c). Lipid remodeling genes are 
preferentially activated in nodules, suggesting enhanced membrane phospholipid turno-
ver during symbiosis.

In the flavonoid/citrate transport pathway, seven multidrug and toxic compound 
extrusion (MATE) genes (SGM01g01082.1, SGM05g02173.1, SGM05g02179.1, 
SGM07g00074.1, SGM07g01134.1, SGM09g01159.1, and SGM09g01161.1) showed 
high expression in nodules (Fig.  5c). Meanwhile, five MATE genes (SGM01g04342.1, 
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SGM02g00529.1, SGM02g01059.1, SGM07g01131.1, and SGM07g01132.1) exhibited 
high expression in inoculated roots (Fig. 5d). In the sugar transport pathway, one sug-
ars will eventually be exported transporter (SWEET) gene (SGM08g02149.1) was highly 
expressed in nodules (Fig.  5c). By comparison, two sucrose–proton symporter (SUC) 
genes (SGM02g00553.1 and SGM02g00554.1) were highly expressed in inoculated roots 
(Fig.  5d). Thus, distinct transporter families involved in flavonoid/citrate and sugar 
transport are differentially regulated between nodules and inoculated roots, reflecting 
tissue-specific transport and secretory processes for these metabolites.

Pyrophosphate (PPi) recycling and energy‑efficient metabolism in nodules

PPi is generated as a byproduct during the biosynthesis of nucleic acids, proteins, poly-
saccharides, and membrane lipids [54]. Pyrophosphatase catalyzes the hydrolysis of one 
molecule of PPi into two molecules of Pi. In nodules, three soluble inorganic pyrophos-
phatase (PPase) genes (SGM06g01006.1, SGM06g00302.1, and SGM01g03733.1) exhib-
ited preferential expression (Fig. 5c). Consistently, PPase activity was higher in nodules 
than in inoculated roots (root+Br), but the relative PPi content was lower in nodules 
(Fig. 6a, b). Enhanced PPase activity in nodules facilitates PPi recycling and Pi genera-
tion, helping to meet the high P demand.

Another key finding was the high expression in nodules of genes encoding Pi- and ade-
nylate-independent bypass enzymes, which function in glycolysis, sucrose metabolism, 

Fig. 6  Comparative analysis of central carbon metabolism-associated enzyme activities and metabolite 
accumulation in nodules and inoculated roots (root+Br) of S. guianensis. a Pyrophosphatase (PPase) 
activity. b Relative pyrophosphate (PPi) content, as determined by untargeted metabolomic profiling. c 
Sucrose synthase (SUS) cleavage activity. d Phosphoenolpyruvate carboxylase (PEPC) activity. e Malate 
dehydrogenase (MDH) activity. f Adenosine 5′-triphosphate (ATP) content. g Phosphoenolpyruvate (PEP) 
content. h 3-phosphoglycerate (3-PGA) content. i Glucose-6-phosphate (G6P) content. j Dihydroxyacetone 
phosphate (DHAP) content. k Fructose-6-phosphate (F6P) content. l Fructose-1,6-bisphosphate (F-1,6-P2) 
content. m Citrate content. n Pyruvate content. o Malate content. Box plots display the median (center line), 
interquartile range (box), and minimum to maximum values (whiskers). Individual data points represent three 
independent biological replicates, and green diamonds indicate the mean values. Differences between the 
two groups were assessed for statistical significance using a two-sided Student’s t-test (*P < 0.05; **P < 0.01; 
***P < 0.001), with "NS" indicating no significant difference
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and carbon metabolism. These genes included one PPi-dependent phosphofructoki-
nase (PPi-PFK) gene (SGM03g03427.1), one pyruvate orthophosphate dikinase (PPDK) 
gene (SGM05g03414.1), two sucrose synthase (SUS) genes (SGM01g02071.1 and 
SGM05g02838.1), one phosphoenolpyruvate carboxylase (PEPC) gene (SGM09g02000.1), 
and one malate dehydrogenase (MDH) gene (SGM05g02488.1) (Fig. 5c). In line with this, 
activities of SUS, PEPC, and MDH were significantly higher in nodules than in root+Br 
(Fig. 6c–e). Thus, nodules upregulate Pi- and adenylate-independent bypass pathways to 
sustain carbon metabolism under low-P conditions.

Moreover, the enhancement of these bypass pathways was associated with altered 
metabolite levels. The contents of adenosine 5′-triphosphate (ATP) and several P-con-
taining metabolites were significantly higher in nodules than in root+Br (Fig.  6f–l). 
These metabolites included phosphoenolpyruvate (PEP), 3-phosphoglycerate (3-PGA), 
glucose-6-phosphate (G6P), dihydroxyacetone phosphate (DHAP), fructose-6-phos-
phate (F6P), and fructose-1,6-bisphosphate (F-1,6-P2) (Fig.  6g–l). Interestingly, citrate 
content was also higher in nodules than in root+Br (Fig.  6m). However, the levels of 
pyruvate and malate did not differ significantly between nodules and root+Br (Fig. 6n, 
o). The accumulation of phosphorylated intermediates in nodules reflects a metabolic 
shift toward P-conserving, energy-efficient glycolysis, ensuring adequate P allocation to 
sustain nitrogen fixation under low-P conditions.

Enhancement of vitamin B6 and nitrogen metabolisms in nodules

KEGG enrichment analysis revealed that genes upregulated in nodules relative to inocu-
lated roots (root+Br) were significantly enriched in multiple pathways, including vita-
min B6 and nitrogen metabolism (Fig. 7a). In the vitamin B6 metabolism pathway, one 
pyridoxal 5’-phosphate synthase pdxS subunit (PDX1) gene and three pyridoxal phos-
phate phosphatase (PLPP) genes were upregulated in nodules (Fig. 7b). Consistent with 
this result, untargeted metabolomic analysis revealed higher accumulation of three 
vitamin B6 components (pyridoxal, pyridoxine, and pyridoxamine) in nodules than in 
root+Br (Fig. 7c; Additional file 2: Table S31). Vitamin B6 biosynthesis is enhanced in 
nodules, potentially contributing to oxidative stress tolerance during nitrogen fixation.

Additionally, genes involved in nitrogen metabolism were upregulated in nodules. 
These included four glutamine synthetase (GS) genes, one glutamate synthase (GOGAT​
) gene, two asparagine synthetase (AS) genes, two nucleoside hydrolase (NSH) genes, 
one xanthine dehydrogenase (XDH) gene, two allantoin synthase (ALNS) genes, and one 
allantoinase (ALN) gene (Fig. 7d). Correspondingly, the levels of four nitrogen fixation 
products, including xanthosine, uric acid, and ureides (allantoin and allantoate), were 
significantly higher in nodules than in root+Br (Fig.  7e; Additional file  2: Table  S31). 
Thus, nodules exhibit elevated ureide biosynthesis and upregulated nitrogen assimila-
tion gene expression, consistent with active symbiotic nitrogen fixation.

Discussion
Decoding the T2T genome of S. guianensis to explore how root nodule symbiosis mediates 

adaptation to low‑P acidic soils

The genus Stylosanthes Sw. plays important agroecological roles in tropical ecosystems 
[33, 35]. However, genomic resources for this genus remain scarce, particularly regarding 
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Fig. 7  Comparative analysis of vitamin B6 and nitrogen metabolism in nodules and inoculated roots 
(root+Br) of S. guianensis. a Enriched KEGG pathways of differentially expressed genes between the nodule 
and root+Br groups. All displayed pathways are significantly enriched with a false discovery rate (FDR) < 0.05. 
b Differential expression heatmap of PDX and PLPP genes involved in vitamin B6 metabolism between 
the nodule and root+Br groups. c Differential accumulation of metabolites in the vitamin B6 metabolism 
pathway between the nodule and root+Br groups. d Differential expression heatmap of genes involved in 
nitrogen metabolism between the nodule and root+Br groups. e Differential accumulation of metabolites 
in the nitrogen metabolism pathway between the nodule and root+Br groups. In c and e, The relative 
metabolite levels were derived from untargeted metabolomic analysis. Box plots display the median 
(center line), interquartile range (box), and minimum to maximum values (whiskers). Individual data points 
represent three independent biological replicates, and green diamonds indicate the mean values. Statistical 
significance between the two groups was determined using a two-sided Student’s t-test (*P < 0.05; **P < 0.01). 
ALN, allantoinase; ALNS, allantoin synthase; AS, asparagine synthetase; GOGAT, glutamate synthase; GS, 
glutamine synthetase; NSH, nucleoside hydrolase; PDX, pyridoxal phosphate synthase; PLPP, pyridoxal 
phosphate phosphatase; XDH, xanthine dehydrogenase
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high-quality T2T assemblies. To address this gap, we present the T2T, gap-free genome 
of S. guianensis, the most widely cultivated and utilized species in the genus, known 
for its adaptability to low-P acidic soils. The analysis showed that S. guianensis shares 
a WGD event with other legumes, with no subsequent species-specific WGD events 
(Fig. 2a). This suggests its genetic diversity arises from alternative mechanisms like tan-
dem gene duplication, gene loss, or expression changes. Comparative genomic analysis 
revealed significant gene expansion in S. guianensis. These expanded genes enrich in 
secondary metabolite biosynthesis, indole alkaloid biosynthesis, vitamin B6 metabolism, 
linoleic acid metabolism, carbon metabolism, and isoflavonoid biosynthesis (Fig. 2c).

This genomic foundation enables investigation of how root nodule symbiosis mediates 
adaptation of S. guianensis to low-P acidic soils. Previous studies reported acid-tolerant 
Bradyrhizobium strains efficiently fix nitrogen and enhance low-P tolerance in S. guian-
ensis [55–58]. Our results confirmed rhizobial symbiosis improved S. guianensis growth 
under low-P conditions. Furthermore, inoculated plants had higher P content not only 
in nodules but also in roots and shoots than non-inoculated plants (Fig.  3a–e). Thus, 
nodules act as a strong Pi sink, and rhizobial symbiosis enhances whole-plant N and P 
nutrients in S. guianensis, consistent with other legumes [17, 19, 23, 59].

Coordinated regulation of SNF in S. guianensis during symbiosis

This study delineated the expression landscape of SNF genes during symbiosis in S. 
guianensis. The results confirmed deep conservation of core symbiotic regulators and 
revealed species-specific genetic adaptations for efficient nodulation.

A key finding is the strong activation of flavonoid biosynthesis in roots upon 
Bradyrhizobium perception. Upregulation of genes related to the dedicated pathway 
(CHS, CHR, CHI, HID) probably elevated the levels of flavonoids like naringenin, daid-
zein, and genistein (Fig.  4a, b). These compounds are established nod-gene inducers, 
facilitating partner recognition and infection [6, 60–62]. Notably, the CHR gene family 
is remarkably expanded via tandem duplications in S. guianensis (Fig. 4c). CHR is critical 
for synthesizing 5-deoxyisoflavonoids, key symbiotic signals for many legumes [2, 63]. 
We propose this gene dosage effect, combined with strong post-inoculation induction, 
enhances flavonoid production, ensuring reliable rhizobial recruitment and infection.

Transcriptomic comparison of nodules versus roots revealed a dedicated symbi-
otic program, with 118 SNF genes upregulated in nodules (Fig. 3g). Central to this was 
the transcription factor SgNIN. NIN is a master regulator conserved across legumes 
for rhizobial infection and nodule organogenesis [64–66]. Preferential expression of 
SgNIN in nodules suggests its role in nodule organogenesis. Furthermore, a co-upreg-
ulated NAC-domain transcription factor (homologous to GmNAC181) was identified. 
GmNAC181 directly activates GmNIN1a expression in soybean [50]. This suggests pres-
ervation of a hierarchical regulatory network centered on SgNIN in S. guianensis. Precise 
modulation of this core module likely ensures successful nodule growth and develop-
ment in low-P acidic soils.

Systematic modulation of PSR in root nodule symbiosis

Our WGCNA analysis revealed a sophisticated, compartmentalized regulation of 
PSR genes during symbiosis. This involves an activation of a core PSR program in 
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inoculated roots. This program is later amplified in nodules to meet the metabolic 
demands of SNF under low-P condition.

We identified two PHR homologs with distinct expression: SgPHR1 in roots and 
SgPHR2 in nodules (Fig. 5b). PHR is a master regulator in legume-rhizobia symbio-
sis [18, 67]. Under P deficiency, PHR can inhibit nodulation to conserve Pi for the 
host, as demonstrated in P. vulgaris (PvPHR-L7) and M. truncatula (MtPHR2) [18, 
68]. This process may involve suppressing key SNF genes (e.g., NIN) or flavonoid 
pathways [18, 68]. Conversely, under P sufficiency, PHR proteins promote nodula-
tion. They likely activate flavonoid biosynthesis (e.g., MtPHR2 in M. truncatula) or 
improve root growth and nutrient status (e.g., GmPHR1 in G. max) [68, 69]. Thus, 
precise spatiotemporal control of PHR activity is crucial for balancing the Pi costs 
and benefits of symbiosis.

S. guianensis employs a spatially partitioned strategy to manage P nutrition under 
Pi-limited symbiosis (Fig.  3e). In inoculated roots, high expression of two PHT1 
genes suggests their roles in Pi uptake in roots (Fig.  5d), as observed in G. max 
[25, 26]. In addition, upregulation of specific MATE genes was observed in roots 
with rhizobial inoculation (Fig.  5d), which may enhance citrate/flavonoid exuda-
tion, thereby mobilizing soil Pi and/or amplifying rhizobial signaling [70–72]. These 
root-level adaptations prime the plant for improved Pi acquisition and translocation, 
aligning with increased whole-plant P content.

Within the nodules, a specialized and intensified Pi management program is char-
acterized by a comprehensive reinforcement of several pathways (Fig. 8). For exam-
ple, in nodules, not only two PHT1 homologs but also two PHO1 homologs and one 
VPT homolog exhibited high expression levels (Fig.  5c), suggesting optimized Pi 
allocation from the host and sequestration of Pi in symbiotic tissues, as observed in 
other legumes [25, 26, 73–75]. Moreover, the pronounced induction of genes encod-
ing enzymes involved in phospholipid catabolism, including PLD, NPC, phospholi-
pase A (PLA), lysophospholipase (lysoPL), GDPD, and LPP, reflects a reprogramming 
of membrane lipid metabolism in nodules under low-P conditions (Fig.  8). When 
experiencing Pi starvation, plants can replace phospholipids with sulfolipids and 
galactolipids to conserve Pi through the action of these enzymes [76, 77]. This 
remodeling likely liberates Pi for essential metabolic processes while maintaining 
membrane integrity in infected cells, a critical adaptation for nitrogen fixation.

Another key finding is the activation of Pi-conserving metabolic bypasses in nod-
ules. Genes encoding enzymes involved in central carbon metabolic bypass pathways 
(e.g., SUS, PPi-PFK, PPDK, PEPC) were markedly induced (Fig.  8). These enzymes 
reduce adenylate (ATP and ADP) and Pi consumption by utilizing PPi as a phos-
phoryl donor and are thus regarded as alternative "Pi-free" metabolic pathways [76, 
78]. In addition, the concomitant high soluble inorganic PPase activity in nodules 
(Fig. 6), which likely hydrolyzes PPi into available Pi [54, 79, 80]. The elevated levels 
of phosphorylated glycolytic intermediates (e.g., PEP, G6P, F6P, F-1,6-P2) and ATP 
in nodules provide direct metabolic evidence (Fig. 6). This reprogramming redirects 
carbon flux, minimizes Pi dependency, and secures Pi for nitrogen fixation. It sup-
ports the nodule’s role as a Pi sink, regulating Pi homeostasis.
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Fig. 8  Schematic model of major metabolic activities and transport processes in the nodules of S. 
guianensis under low-P acidic soil conditions. Genes with high expression levels in nodule-related 
metabolic and transport pathways are marked in purple. GDPD, glycerophosphodiester phosphodiesterase; 
GOGAT, glutamate synthase; GPP, glycerol-3-phosphatase; GS, glutamine synthetase; LPP, lipid 
phosphate phosphatase; lysoPL, lysophospholipase; MATE, multidrug and toxic compound extrusion; 
MDH, malate dehydrogenase; NPC, non-specific phospholipase C; PAP, purple acid phosphatase; PEPC, 
phosphoenolpyruvate carboxylase; PHO1, phosphate transporter PHOSPHATE 1; PHT1, phosphate 
transporter 1 family; PLA, phospholipase A; PLD, phospholipase D; PMA, plasma membrane H+-ATPase; 
PPase, soluble inorganic pyrophosphatase; PPDK, pyruvate orthophosphate dikinase; PPi-PFK, PPi-dependent 
phosphofructokinase; RNase, ribonuclease; SUS, sucrose synthase; SWEET, sugars will eventually be exported 
transporter; VSP, vegetative storage protein-acid phosphatase
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Integration of vitamin B6 and nitrogen metabolism for nodule function

Beyond the above outlined strategies for nodulation and PSR, the nodule exhibited coor-
dinated enhancement of vitamin B6 and nitrogen metabolism. This integration function-
ally mitigates oxidative stress. The coordinated upregulation of PDX1 and PLPP genes 
promoted the accumulation of vitamin B6 vitamers (pyridoxal, pyridoxine, and pyridox-
amine) in nodules (Fig. 7b, c), indicating a reinforced antioxidant system. Beyond its role 
as an enzymatic cofactor, vitamin B6 is a potent non-enzymatic antioxidant that scav-
enges reactive oxygen species (ROS) [81–83]. Nodules are considered major sites of ROS 
generation due to high metabolic activity and oxygen-sensitive nitrogenase [84, 85]. The 
induced vitamin B6 likely protects cellular structures and enzymes from oxidative dam-
age, maintaining nodule function.

Genes for nitrogen assimilation (GS, GOGAT​, AS) and ureide biosynthesis (XDH, 
ALNS, ALN) were upregulated, corroborated by elevated ureide precursors in nodules 
(Fig.  7d, e). This indicates that S. guianensis nodules preferentially export fixed nitro-
gen as ureides (allantoin and allantoate), which are major nitrogen sources for the host 
(Fig.  8), as also observed in soybean, cowpea (Vigna unguiculata), and common bean 
[1, 86, 87]. Furthermore, the high-flux nitrogen fixation pathways are prone to generat-
ing metabolic by-products that can exacerbate oxidative stress [84, 88, 89]. The induced 
vitamin B6 system likely scavenges ROS, protecting the activity of enzymes in nitrogen 
metabolism. This ensures efficient nitrogen fixation and export of ureide, a critical strat-
egy for symbiosis in low-P acidic soils.

Conclusions
This study revealed root nodule symbiosis not merely as an N fixation mechanism, but 
as a gateway that reprograms Pi homeostasis and metabolic pathways. This reprogram-
ming enables plant survival in low-P soils. Key elements included expanded flavonoid 
biosynthesis genes enhanced rhizobial recruitment, a core symbiotic regulatory network 
centered on SgNIN, activation of Pi-conserving metabolic bypasses, and coupling of 
vitamin B6 metabolism with efficient nitrogen assimilation. These findings offer poten-
tial targets for engineering nutrient-efficient crops. The newly assembled T2T gap-free 
genome of S. guianensis holds substantial implications for plant genomics, comparative 
genomics, and legume cultivation improvement. Future work should explore functional 
validation of candidate genes and their epistatic interactions under field conditions.

Methods
Plant materials

The Stylosanthes guianensis accession ’S1979’ used in this study was provided by the 
Tropical Crops Genetic Resources Institute (TCGRI), Chinese Academy of Tropical 
Agricultural Sciences (CATAS), Hainan, China.

Genome sequencing

Genomic DNA was extracted from tender leaves using a modified cetyltrimethylam-
monium bromide (CTAB) method optimized for plant tissue. After quality assess-
ment, high-quality genomic DNA was used for DNBSEQ, PacBio HiFi, ONT, and Hi-C 
sequencing.
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For short-read DNBSEQ sequencing, library construction was performed at BGI-
Shenzhen (Shenzhen, China). Genomic DNA was randomly fragmented, followed by 
end repair, adapter ligation, and circularization. Rolling circle amplification was then 
applied to generate DNA nanoballs, which were sequenced on the DNBSEQ-T7 plat-
form using paired-end (PE) sequencing with a read length of 150  bp. Raw reads were 
filtered and quality controlled using SOAPnuke software [90].

For ONT sequencing, both standard (15  kb) and ultra-long (150  kb) libraries were 
constructed. For the 15  kb library, DNA fragments of approximately 15  kb were size-
selected using the BluePippin system automated nucleic acid recovery system (Sage Sci-
ence, USA) and used for ONT library preparation. Sequencing was performed on the 
Nanopore PromethION platform (Oxford Nanopore Technologies, UK) at BGI-Shenz-
hen (Shenzhen, China) using single-end mode. For the ultra-long library, genomic DNA 
fragments longer than 150  kb were selected using the SageHLS HMW library system 
(Sage Science). Ultra-long ONT sequencing was carried out on the PromethION plat-
form at the Genome Center of Grandomics (Wuhan, China) using single-end sequenc-
ing. Raw reads from both standard and ultra-long ONT sequencing were filtered using 
NanoFilt (v2.8.0; https://​github.​com/​wdeco​ster/​nanof​ilt) [91].

For PacBio HiFi sequencing, libraries were prepared using the SMRTbell® prep kit 
3.0 (PacBio). High-quality libraries (20 kb) were sequenced on the PacBio Revio system 
at the Genome Center of Grandomics (Wuhan, China) using single-end sequencing. 
HiFi reads were generated using circular consensus sequencing (CCS) software (v8.0.0; 
https://​github.​com/​Pacif​icBio​scien​ces/​ccs) with a minimum of three passes and a mini-
mum read quality (RQ) of 0.99.

For Hi-C sequencing, the libraries were constructed at the Genome Center of Gran-
domics (Wuhan, China) following a standard in situ Hi-C protocol with minor modifica-
tions for plant tissues. Approximately 2 g of fresh plant tissue was cut into small strips (1 
to 2 mm), and crosslinked with formaldehyde under vacuum infiltration, after which the 
reaction was quenched with glycine. Crosslinked tissues were washed, frozen in liquid 
nitrogen, and ground to a fine powder for nuclei isolation. Isolated nuclei were lysed, 
and chromatin DNA was digested with the restriction enzyme DpnII (NEB). The result-
ing restriction fragment ends were filled in and labeled with biotinylated nucleotides, 
followed by proximity ligation under dilute conditions to favor intranuclear ligation 
events. After ligation, crosslinks were reversed by proteinase K treatment, and DNA was 
purified using a commercial DNA purification kit. Purified Hi-C DNA was sheared to 
an average fragment size of approximately 400 bp and used for library construction. The 
final Hi-C libraries were sequenced on the MGI-2000 platform using paired-end 150 bp 
reads. Raw Hi-C reads were filtered using SOAPnuke software (v2.1.7) to obtain high-
quality sequencing data [90].

Genome assembly and assessment

The genome was assembled de novo using HiFiasm software (v0.20.0; https://​github.​
com/​chhyl​p123/​hifia​sm) with a hybrid approach [92], combining PacBio HiFi, ONT 
(standard and ultra-long reads), and Hi-C data [93]. Subsequently, Hi-C data alignment 
and chromosome grouping were carried out using Juicer (v1.6; https://​github.​com/​aiden​
lab/​juicer) and 3D de novo assembly (3D-DNA, v180922; https://​github.​com/​aiden​lab/​

https://github.com/wdecoster/nanofilt
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https://github.com/aidenlab/3d-dna
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3d-​dna) pipeline [94, 95]. The resulting Hi-C crosslinking data were visualized using 
Juicebox (v1.11.08; https://​github.​com/​aiden​lab/​Juice​box), which confirmed that the 10 
assembled contigs corresponded to 10 chromosomes, with the remaining contigs show-
ing no Hi-C crosslinking signals.

To further investigate the unplaced contigs, chloroplast and mitochondrial sequences 
from the genus Stylosanthes were retrieved from NCBI (https://​www.​ncbi.​nlm.​nih.​
gov/​nucco​re/). Unplaced contigs were then aligned to the collected sequences using 
minimap2 (v2.28-r1209; https://​github.​com/​lh3/​minim​ap2) [96], followed by statistical 
analysis of alignment length, identity, and query coverage. Contigs with a query cover-
age > 50% were designated as chloroplast or mitochondrial fragments. Subsequently, 
the remaining contigs were aligned against the chromosomes of Stylosanthes guianensis 
using the same approach to further identify potential redundant sequences.

Telomeric sequences in plants (TTT​AGG​G) were searched using TIDK (https://​
github.​com/​tolkit/​telom​eric-​ident​ifier), which revealed the absence of the telom-
eric sequence at the start of chromosome 10. To resolve this, we aligned the ONT and 
PacBio HiFi reads to the assembled  genome using winnowmap (v2.03; https://​github.​
com/​marbl/​winno​wmap) [97]. Based on the alignment results, we used SAMtools (v1.9; 
https://​github.​com/​samto​ols/​samto​ols) [98] to extract ONT and PacBio HiFi reads that 
aligned to positions from 1 to 1 Mb of chromosome 10. Moreover, these reads were 
locally assembled using both HiFiasm and NextDenovo (v2.5.2; https://​github.​com/​
Nexto​mics/​NextD​enovo) software [99]. The consistency of the assembly was confirmed 
by synteny analysis with MUMmer (v4.0.4; https://​github.​com/​mumme​r4/​mummer) 
[100], which demonstrated excellent agreement between the HiFiasm assembly and the 
first 1 Mb of chromosome 10. The assembly was extended by 174 kb, which was then 
added to the start of chromosome 10.

To visualize the Hi-C crosslinking interactions, the Hi-C data were mapped to the T2T 
genome using HapHiC (https://​github.​com/​zengx​iaofei/​HapHiC) [101], and the Hi-C 
interaction heatmap was generated. Centromere regions were annotated using CentIER 
software [102].

The quality of the genome assembly was assessed using several approaches, includ-
ing evaluations based on conserved genes, LTRs, and single-base resolution. Genome 
completeness was evaluated with BUSCO (v5.8.0; https://​gitlab.​com/​ezlab/​busco) [103] 
(with parameters set to -m geno) using the embryophyta_odb10 dataset. Additionally, 
LTR_retriever (v3.0.2; https://​github.​com/​oushu​jun/​LTR_​retri​ever) [104] was per-
formed to identify complete LTRs and calculate the LTR Assembly Index. Furthermore, 
genome assembly continuity was evaluated at single-base resolution using GCI (v1.0; 
https://​github.​com/​yeeus/​GCI), based on ONT and PacBio HiFi reads [105].

Rhizobial strain isolation and purification

Root nodules were collected from Stylosanthes guianensis at 15 long-term field sites 
(> 5  years of continuous cultivation) in southern China, including Sichuan, Yunnan, 
Guangdong, Guangxi, and Hainan provinces. Soil properties, including soil pH, and N, 
P, and K contents, from all sampling locations are listed in Additional file 2: Table S21. 
The collected nodules were used to isolate and purify rhizobia as previously described 
[19]. Fresh nodules were surface-sterillized with 95% (v/v) ethanol for 3 min, 0.2% (w/v) 

https://github.com/aidenlab/3d-dna
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HgCl2 for 5  min, and rinsed with sterile deionized H2O. Bisected nodules were asep-
tically streaked onto solid yeast mannitol agar (YMA) medium. The YMA medium 
contained 3  g·L−1 yeast extract, 10  g·L−1 mannitol, 0.2  g·L−1 MgSO4·7H2O, 0.1  g·L−1 
(0.0017 M) NaCl, 0.25 g·L−1 K2HPO4, 0.25 g·L−1 KH2PO4 and 15 g·L−1 agar (pH 6.8). 
The culture was incubated inverted at 28 °C for 6–10 days. Presumptive rhizobial colo-
nies were subcultured three times on the same medium to obtain axenic cultures. Gram 
staining and microscopy (100 ×) confirmed bacterial purity and morphological consist-
ency with rhizobial taxa.

DNA extraction and 16S rDNA sequencing

Total genomic DNA was isolated from rhizobial cultures using the E.Z.N.A.™ Bacterial 
DNA Kit (Omega, USA). The 16S rDNA gene was amplified by PCR analysis. PCR reac-
tion mixture contained 10 × PCR buffer, 2  mM dNTPs, 10  μM primers (F: CTKAAG​
AGT​TTG​ATC​MTGG​CTC​AGA​TTG​AAC; R: TAC​GGY​TAC​CTT​GTT​ACG​ACTT), 
50  ng template DNA, and Ex Taq polymerase (Takara, China). PCR conditions were 
as follows: 94 °C (4 min); 35 cycles of 94 °C (1 min), 56 °C (1 min), and 72 °C (1 min); 
and a final extension at 72 °C (5 min). PCR products were electrophoresed on 1% aga-
rose gels and then purified using the Gel Extraction Kit (Qiagen, China). The result-
ing products were sequenced by Sangon Biotech (Shanghai, China). The obtained 16S 
rDNA sequences were aligned against reference strains from NCBI GenBank. Mul-
tiple sequence alignment of 16S rDNA was performed using MUSCLE (v5.3; https://​
github.​com/​rcedg​ar/​muscle/​tree/​v5.3) [106]. The resulting alignment was subsequently 
trimmed with trimAl (v1.5.0; https://​github.​com/​inab/​trimal) [107] to remove ambigu-
ously aligned regions. Phylogenetic relationships were inferred using the maximum-like-
lihood method in IQ-TREE (v2.3.6; https://​github.​com/​iqtree/​iqtre​e2) [108], and branch 
support was assessed with 1,000 iterations.

Stylosanthes guianensis growth under field conditions

A field experiment was conducted in 2023 on a typical acidic red soil at the TCGRI, 
CATAS, Danzhou City, Hainan Province, China (19°30′N, 109°30′E). Soil characteristics 
were as follows: pH 4.2; organic matter, 8.6 g·kg−1; available P, 2.18 mg·kg−1; available N, 
11.86 mg·kg−1; available K, 15.86 mg·kg−1. Seeds of Stylosanthes guianensis were soaked 
in hot water (80 °C) for 3 min and then rapidly cooled to room temperature to facilitate 
germination. The pretreated seeds were germinated on wet filter paper overnight in the 
dark at 28 °C and then transferred to nursery bags filled with sterilized soil. After 30 days 
of growth, the roots were inoculated with rhizobial strain LZ3-2 for 1 h. Subsequently, 
the nursery bags were carefully removed and seedlings with intact soil-root balls were 
transplanted into a prepared field with no history of Stylosanthes guianensis cultivation. 
Non-inoculated plants served as controls. No fertilizers were applied to the field. The 
experimental area comprised six plots (1.8  m × 1.2  m), with five plants harvested per 
plot. Sixty days post-inoculation, shoots, roots, and nodules were separately harvested 
for physiological and biochemical measurements, as well as transcriptomic and metabo-
lomic analyses. The samples were oven-dried at 75 °C to constant weight to determine 
dry weight. Dried samples were ground and digested with an H2SO4-H2O2 reagent. N 
and P contents were then determined, with P measured using the molybdenum blue 
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colorimetric method spectrophotometrically detected at 700 nm and N determined by 
the semimicro-Kjeldahl method with a nitrogen analyzer [109, 110].

Transcriptome sequencing and analyses

Total RNA was isolated from 14 distinct tissues collected from Stylosanthes guianensis 
precultured as described above. These tissues included mature leaves, tender leaves, pet-
ioles, stipules, bracts, inner bracteoles, standard petals, keel petals, wing petals, pedicels, 
stems, nodules, root−Br (root without rhizobial inoculation), and root+Br (root with 
rhizobial inoculation). For root−Br, root+Br, and nodule samples, three independent 
biological replicates were included. RNA extraction, library construction, and sequenc-
ing were performed by BGI-Shenzhen (Shenzhen, China).

RNA-seq libraries were sequenced on the DNBSEQ-T7 platform using a paired-end 
150 bp strategy. Raw reads were filtered using SOAPnuke [90]. Clean reads were used 
for downstream analyses. Transcriptome de novo assembly was performed using Trin-
ity (v2.15.1; https://​github.​com/​trini​tyrna​seq/​trini​tyrna​seq) [111] with default param-
eters. Additionally, clean data were aligned to the Stylosanthes guianensis genome 
using HISAT2 (v2.2.1; https://​daehw​ankim​lab.​github.​io/​hisat2/) with the parameters “–
phred33 –sensitive –dta -p 40”, followed by reference-guided transcript assembly with 
StringTie (v2.2.1; https://​github.​com/​gpert​ea/​strin​gtie) [112] with default settings. ORFs 
were predicted from both de novo assembled transcripts and reference-guided tran-
scripts using TransDecoder (v5.7.0; https://​github.​com/​Trans​Decod​er/​Trans​Decod​er) 
with default parameters.

Gene-level read counts were quantified from the genome-aligned RNA-seq data using 
featureCounts (v2.0.8; https://​github.​com/​ShiLab-​Bioin​forma​tics/​subre​ad) [113] with 
default parameters. Raw read counts were used for differential expression analysis, 
while transcripts per million (TPM) values were calculated for expression visualization 
and co-expression analyses. Genes with TPM > 0 in at least one sample were considered 
expressed.

DEGs were identified using DESeq2 R package (v3.19) [114] based on raw read counts. 
Genes with an absolute log2 fold change ≥ 1 and a false discovery rate (FDR) < 0.05 were 
defined as significantly differentially expressed. KEGG pathway enrichment analyses 
of DEGs were performed in R using a hypergeometric test implemented with the phy-
per function. The background gene set consisted of all expressed genes included in the 
differential expression analysis, and 139 KEGG pathways were tested. P values were 
adjusted for multiple testing using the Benjamini–Hochberg procedure, and pathways 
with FDR < 0.05 were considered significantly enriched.

Gene expression patterns were visualized using heatmaps with the pheatmap package 
(v1.0.12; https://​github.​com/​raivo​kolde/​pheat​map). WGCNA was performed to identify 
gene modules associated with tissue specificity. DEGs identified from pairwise compari-
son among nodule, root+Br, and root−Br groups were used as input, and their expres-
sion profiles across an additional 11 Stylosanthes guianensis tissues were included to 
improve network robustness. Genes with detectable expression (TPM > 0) in at least one 
sample were retained. WGCNA was conducted following published methods, and mod-
ule–tissue associations were evaluated using Pearson correlation analysis [115]. Modules 
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with correlation correlation ≥ 0.75 and p-value < 0.01 were considered significantly asso-
ciated with specific tissues.

For full-length transcriptome analysis, RNA from above tissues was pooled to con-
struct a PacBio Iso-Seq library. Single-molecule real-time sequencing was performed 
on the PacBio RSII sequencing platform with single-end sequencing by BGI-Shenzhen 
(Shenzhen, China). IsoSeq3 software (v0.7.2; https://​github.​com/​ylipa​cbio/​IsoSe​q3) was 
adopted to analyze the full-length non-chimeric transcripts, with CCS parameter set to 
“–num-passes 1”. ORFs were predicted using TransDecoder software.

Genome annotation

The de novo prediction of transposable elements (TEs) was performed using EDTA soft-
ware (v2.2.2; https://​github.​com/​oushu​jun/​EDTA) [116], while tandem repeat sequences 
were annotated using TRF software (v4.09.1; https://​github.​com/​Benson-​Genom​
ics-​Lab/​TRF). Known repeat sequences were annotated using RepeatMasker (v 4.1.1; 
https://​github.​com/​Dfam-​conso​rtium/​Repea​tMask​er) [117] using the Repbase database.

Protein-coding genes were predicted through a combination of ab  initio, homology-
based, and transcriptome-based approaches. Ab  initio predictions were performed 
using GALBA (v1.0.8; https://​github.​com/​Gaius-​Augus​tus/​GALBA) [118] and SNAP 
software (v2013-02–16; https://​github.​com/​KorfL​ab/​SNAP) with default parameters. 
Homology-based gene prediction was carried out using miniprot (v0.14; https://​github.​
com/​lh3/​minip​rot; parameters: “-t 20 -I –gff”) [119], with amino acid sequences from 
Glycine max, Medicago truncatula, Cajanus cajan, Stylosanthes angustifolia, Arabi-
dopsis thaliana, and the Swiss-Prot database (release 20,250,619). Open reading frames 
(ORFs) derived from RNA-seq and full-length transcripts were incorporated as tran-
script-based evidence. These predictions were integrated using EvidenceModeler (EVM) 
(v2.1.0; https://​github.​com/​EVide​nceMo​deler/​EVide​nceMo​deler) [120] to generate a 
non-redundant set of protein-coding genes. Finally, the gene set was further refined and 
untranslated regions (UTRs) were annotated using PASA software (PASApipeline v2.5.3; 
https://​github.​com/​PASAp​ipeli​ne/​PASAp​ipeli​ne) [121] based on transcriptome data.

Gene functional annotation was performed using eggNOG-mapper software (v2.1.9; 
https://​github.​com/​eggno​gdb/​eggnog-​mapper) based on the EggNOG v5.0 database 
[122, 123]. Additional annotation analyses were conducted using the NCBI NR, Swis-
sProt, and KOG databases. Pfam domains were identified using InterProScan software 
(v5.66–98.0; https://​github.​com/​ebi-​pf-​team/​inter​prosc​an) with the Pfam database. GO 
annotation was derived based on the NR and EggNOG annotation results. Non-coding 
RNA (ncRNA) annotation was conducted following previously published methods [34].

Comparative genomic analysis

Gene family identification was conducted for Stylosanthes guianensis and 10 representa-
tive leguminous species, with Arabidopsis thaliana used as an outgroup. To ensure the 
reliability of comparative analyses, the completeness of the reference genomes and gene 
sets was first evaluated using BUSCO. The results showed that the BUSCO complete-
ness of the genomes for the 10 selected species was greater than 99%, except for Arachis 
ipaensis (98.6%). For the gene sets, eight species exhibited BUSCO completeness greater 
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than 96%, while the remaining species were Arachis ipaensis (85.9%), Arachis duranensis 
(88.4%), and Senna tora (89.8%) (Additional file 1: Figure S22).

OGs were identified using OrthoFinder software with protein sequences from all plant 
species (parameters: -S diamond -M msa -A mafft). Based on single-copy orthologs, 
OrthoFinder software also inferred a species phylogenetic tree using FastTree software 
(v2.1.11) [124]. To estimate species divergence times, we obtained calibration points 
from TimeTree (http://​www.​timet​ree.​org/) for the divergence times between Glycine 
max and Cajanus cajan, as well as between Glycine max and Medicago truncatula. 
Using these calibration points, we calculated the divergence times for the studied spe-
cies based on the fourfold degenerate synonymous sites (4DTv) in single-copy orthologs, 
applying MCMCTree (4.9j; https://​github.​com/​dosre​islab/​mcmct​ree) [125].

Furthermore, CAFÉ5 (v1.1; https://​github.​com/​hahnl​ab/​CAFE5) [126] was performed 
to analyze gene family expansion and contraction analysis. Gene families showing signif-
icant expansion in Stylosanthes guianensis were subjected to KEGG pathway enrichment 
analysis using a hypergeometric test. The background gene set consisted of all Stylosan-
thes guianensis genes assigned to orthologous groups, and a total of 131 KEGG pathways 
were tested. Multiple testing correction was applied using the Benjamini–Hochberg 
method (p.adjust (method = "BH")), and pathways with FDR < 0.05 were considered sig-
nificantly enriched.

Intra- and inter-species collinearity analyses were performed among Stylosanthes 
guianensis, Glycine max, Cajanus cajan, and Stylosanthes angustifolia. Protein-coding 
genes were first aligned within and between species using DIAMOND (v2.1.1; https://​
github.​com/​bbuch​fink/​diamo​nd) [127], and collinear gene blocks were subsequently 
identified with MCScanX (https://​github.​com/​wyp11​25/​MCSca​nX) [128]. For intra-spe-
cies collinearity analysis, we employed the ’duplicate_gene_classifier’ tool implemented 
in MCScanX to classify gene expansion types, which include singleton, proximal, tan-
dem, dispersed, segmental, and WGD. Nonsynonymous (Ka) and synonymous (Ks) sub-
stitution rates for collinear gene pairs were calculated using ParaAT (v2.0; https://​github.​
com/​wonaya/​ParaAT) with the NG model.

Identification of PSR and SNF genes

Homology-based annotation of PSR and SNF genes in Stylosanthes guianensis was con-
ducted using the PSR genes set of Arabidopsis thaliana (Additional file 2: Table S29) and 
the SNF reference gene set (Additional file 2: Table S22) constructed from four legumes 
(Medicago truncatula, Lotus japonicus, Glycine max, and Phaseolus vulgaris), respec-
tively. The amino acid sequences of the genes from Stylosanthes guianensis were aligned 
with the PSR and SNF gene sets using DIAMOND software [127]. Genes with identity 
and coverage both ≥ 50% were selected as homologous genes.

The expansion of CHR in Stylosanthes guianensis was systematically analyzed. All CHR 
protein sequences from Stylosanthes guianensis were aligned to the Glycine max (T2T 
genome) and Medicago truncatula genomes using miniprot for gene prediction. Based 
on these predictions, each Stylosanthes guianensis CHR copy was manually curated to 
identify its corresponding loci in the Glycine max and Medicago truncatula genomes. 
The syntenic genomic positions were subsequently cataloged. Microsynteny analysis of 
the CHR-expanded loci was performed using the JCVI toolkit [129].
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Phylogenetic analysis and gene expression clustering

For gene phylogenetic tree construction, multiple sequence alignment of the amino acid 
sequences was performed using MUSCLE (v5.3; https://​github.​com/​rcedg​ar/​muscle/​
tree/​v5.3) [106], followed by alignment trimming with trimAl (v1.5.0; https://​github.​
com/​inab/​trimal) [107]. A maximum likelihood phylogenetic tree was then generated 
using IQ-TREE (v2.3.6; https://​github.​com/​iqtree/​iqtre​e2) [108] with 1,000 iterations. 
Finally, the phylogenetic tree was visualized and annotated using iTOL (v7; https://​itol.​
embl.​de/) [130]. Additionally, differentially expressed PSR genes were visualized through 
a clustered heatmap generated with ClusterGVis (v0.1.2; https://​github.​com/​junju​nlab/​
Clust​erGVis), where gene expression patterns were clustered using the mfuzz algorithm.

Metabolomic analysis and quantitative detection of central carbon metabolites

Widely-targeted flavonoid metabolomics was conducted as previously described [131], 
whereas untargeted metabolomics was performed as previously reported [132]. Dif-
ferentially accumulated metabolites (DAMs) were identified by pairwise comparisons 
between groups using the following criteria: |log2 fold change (FC)|≥ 1, variable impor-
tance in projection (VIP) ≥ 1, and a Student’s t-test P value < 0.05 [133]. Central carbon 
metabolites (ATP, PEP, 3-PGA, G6P, DHAP, F6P, F-1,6-P2, citrate, pyruvate, and malate) 
were quantitatively determined using a high-performance ion chromatography–tandem 
mass spectrometry (HPIC–MS/MS) system in conjunction with corresponding metabo-
lite standard solutions, following a previously reported method [134]. The metabolomic 
analyses and metabolite quantification described above were conducted by Biotree Bio-
tech Co., Ltd. (Shanghai, China).

Activity analysis of MDH, PEPC, SUS, and pyrophosphatase

Approximately 0.15 g fresh samples were extracted in 1.5 mL of 100 mM Tris–HCl (pH 
7.5) at 4 °C. After centrifugation at 12,000 rpm for 15 min at 4 °C, the supernatant was 
collected to determine MDH and PEPC activities. For MDH activity determination, 
0.3  mL of supernatant was incubated in 100  mM Tris–HCl (pH 8.0) buffer contain-
ing 5 mM ethylenediaminetetraacetic acid, 0.2 mM nicotinamide adenine dinucleotide 
(NADH) and 1 mM oxaloacetate (OAA). The reaction was started by enzyme addition. 
MDH activity was detected spectrophotometrically at 340  nm by monitoring NADH 
oxidation within 2  min using a spectrophotometer (UV-2010, Hitachi, Japan) and is 
expressed as the amount of enzyme catalyzing the oxidation of 1 µmol NADH (extinc-
tion coefficient 6.22 mM−1 cm−1) per minute. For PEPC activity determination, 0.4 mL 
of supernatant was incubated in 50  mM Tris–HCl (pH 8.5) buffer containing 10  mM 
NaHCO3, 2 mM MgCl2, 2 units of MDH, 0.2 mM NADH and 2 mM PEP. PEPC activity 
was measured at 340 nm by monitoring NADH oxidation within 2 min and is expressed 
as the amount of enzyme catalyzing the oxidation of 1 µmol NADH. Sucrose synthase 
activity was measured in the cleavage direction using a commercially available assay kit 
(Product Code: ADS-W-ZT011, Jiangsu Addison Biotechnology, China), as previously 
described [135]. Pyrophosphatase activity was measured according to established proto-
cols [136]. Three biological replicates were included for all experiments.
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https://github.com/junjunlab/ClusterGVis
https://github.com/junjunlab/ClusterGVis
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Statistical analysis

Statistical analyses, including Student’s t-test, were performed using R (v4.5.0). Box plots 
were generated in R using the ggplot2 package.
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