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Material and Methods 

 

L. japonicus growth conditions and protoplast isolation 

L. japonicus MG-20 seeds were sterilized in 2% sodium hypochlorite for 10 

min, washed 3–5 times using sterile water, and germinated on filter paper 

dampened with Murashige–Skoog (MS) liquid medium (Phyto Technology, 

USA), and vertically cultured in a growth chamber with 16 h of light and 8 h of 

darkness. Subsequently, 500 primary root tips (5 mm) were harvested and cut 

into small (1 mm) pieces, then incubated in digest solution (2% cellulase RS 

(Yakult, Japan), 0.4% macerozyme R10 (Yakult.Japan), 1% hemicellulase 

(Sigma, USA), 0.5% pectinase Y-23 (Yakult, Japan), 20 mM MES 

(2-(N-morpholino)ethanesulfonic acid) (Sigma, USA), 0.4 M mannitol (Sigma, 

USA), 10 mM CaCl2 (Sigma, USA)) under vacuum (-60 kPa) at room 

temperature (RT) for 30 min. The mixture in a 50 ml tube was then spun at 

60–70 rpm for 1 h to release root cell protoplasts. The protoplasts were then 

filtered through 80-mm nylon mesh and centrifuged at 130× g for 5 min, and 



washed three times with 8% mannitol at RT. After discarding the supernatant, a 

small amount of 8% mannitol solution was added to resuspend the protoplasts. 

Trypan Blue (Sangon Biotech, China) staining was applied to confirm the 

quality (< 10% stained) of the protoplasts.  

 

scRNA-seq library preparation and sequencing 

The isolated protoplasts were adjusted to 1000–1200 cells/ml in 8% mannitol 

solution and then processed through the 10× Chromium 3’ Single Cell Platform 

according to the manufacturer’s instructions (10× Genomics). Briefly, 22,688 

cells in one batch were loaded onto a single-cell chip for library construction 

using the Chromium Single Cell 30 Reagent Kit V3 (10× Genomics, USA). The 

protoplasts were partitioned into single-cell GEMs (gel beads in emulsion) 

followed by cell lysis and barcoded reverse transcription of RNA in the droplets. 

The quality of each cDNA library was analyzed using an Agilent 2100 

Bioanalyzer, and sequencing was performed on the MGISEQ-2000 platform 

(MGI, China). 

 

Cell-type clustering and identification of cell-type marker genes 

The scRNA-seq data were aligned to our assembled L. japonicus reference 

genome, and counted using the Cell Ranger pipelines (version 6.0, 10x 

Genomics). The raw count matrix data were imported into R using the Seurat 

(V4.1.0) package for further data analysis (Butler et al., 2018). Cells with fewer 

than 200 detected genes and genes detected in fewer than 20 cells were 

removed from further analysis. Each individual dataset was scaled and 

normalized using the ScaleData and NormalizeData functions. The top 2000 

genes with the most highly variable expression were subsequently used for 

principal component analysis (PCA) dimensionality reduction. The first 19 

principal components (PCs) were selected according to the PCA elbow plot 

and used for clustering with resolution parameter 0.3. The clusters were 

visualized and explored using t-SNE (van der Maaten & Hinton, 2008) and 



UMAP (Becht et al., 2018). Marker genes (cluster-enriched genes) were 

identified using the function FindAllMarkers in the Seurat package. Differential 

expression analysis was performed using the Wilcoxon Rank Sum test. The 

cluster-enriched genes were detected under the parameters of 

logfc.threshold=0.5. The final cluster annotation was validated using in situ 

hybridization experiments. 

 

Bulk RNA-seq and analysis 

Bulk RNA-seq was performed using RNA independently isolated from 

5-day-old root tip (5 mm) cells or protoplasts from primary roots of L. japonicus, 

respectively. RNA-Seq was performed as previously described (Liang et al., 

2018). Briefly, total RNA was extracted using the RNeasy Plus Mini Kit 

(Qiagen). The amount and quality of RNA were analyzed using a Qubit RNA 

Assay Kit (Life Technologies), by gel electrophoresis, and using an Agilent 

Bioanalyzer 2100 system. Oligo(dT)-linked magnetic beads were used to 

purify mRNA. The amplified library was sequenced on the MGISEQ 2000 

platform. Sequence reads were trimmed using SOAPnuke (version 1.5.6) 

(Chen et al., 2018) and aligned to the L. japonicus reference genomes with 

HISAT2 (version 2.0.4) (Kim et al., 2019). Gene expression values were 

calculated on uniquely mapped reads using HTSeq (version 0.11.2) (Anders et 

al., 2015), and DEseq2 (version 1.4.5) was used to calculate differential 

expression (fold change >2 and P < 0.01) (Love et al., 2014). 

 

Toluidine Blue staining 

Five-day-old root tips (5 mm) of primary roots were excised from L. japonicus 

plants and then fixed in a formaldehyde-acetic acid solution (50% ethanol, 5% 

acetic acid, and 3.7% formaldehyde) (Sangon, China). The fixed tissue was 

dehydrated through an ethanol series and HistoClear. The samples were the 

embedded in paraffin (Sigma, USA), cut into 10-mm sections with a thickness 

of on Rotary microtome (Leica RM2255, Germany), and mounted on 



microscope slides (Fisher Scientific). Sections of primary roots from L. 

japonicus were stained in a solution of 0.01% Toluidine Blue (Sangon, China). 

Paraffin was first removed from sections by dissolving in xylene and the 

sections were then rehydrated in distilled water. After staining in Toluidine Blue 

solution for 90 s, sections were washed in distilled water and dehydrated 

quickly through an ethanol series, and then covered with resinous mounting 

medium (Sigma, USA). After staining and mounting, the samples were sealed 

with cover slips and observed under a light microscope (Leica DM6B). 

 

RNA in situ hybridization 

Specific regions of marker genes were cloned into the pGEM-TEasy (Promega) 

vector, then Digoxigenin RNA Labeling Kit (Roche) was used for in vitro 

transcription and labeling. Hybridization and immunological detection were 

performed as described previously (Zhao et al., 2009; Liang et al., 2015). 

Bright-field microscopy was carried out using a Leica DM6B. The primers used 

in these experiments are listed in Table S25. 

 

Pseudotime analysis 

The pseudotime analysis of cell differentiation and determination of cell fate 

was performed using the Monocle 2 (v.2.10.0). To explore the developmental 

trajectory of specific cell types, a subset of raw data with target clusters was 

analyzed as follows. Firstly, the variance in expression of each gene across 

cells was calculated using the dispersionTable function. Genes with variable 

expression were chosen based on average expression level to define a 

developmental trajectory. Second, we reduced the dimensionality of the data 

to two (set max_components=2, method=DDRTree). With the expression data 

in a lower dimensional space, the state transition of single cells was then 

described using orderCells. The trajectory was plotted with plot_cell_trajectory 

in Monocle 2. To specify a priori the beginning of the trajectory, we ran 

orderCells again to set the root_state argument. Genes dynamically expressed 



along the pseudotime trajectory were clustered and visualized using the 

plot_pseudotime_heatmap function. To determine genes that contribute to the 

branching of developmental trajectory, branch points were chosen. Then, the 

differentialGeneTest function was used to analyze and identify the 

pseudotime-dependent or branch-dependent genes. The genes that were 

significantly branch-dependent were visualized using the 

plot_genes_branched_heatmap function. To explore the differences in root 

hair cells between branches, the Hypergeometric Distribution test in R was 

used to test the significance of enrichment. 

 

Comparative analysis of root scRNA-seq data from L. japonicus and 

Arabidopsis 

Arabidopsis root scRNA-seq data were obtained from Zhang et al. (2019b). 

OrthoFinder was used to calculate pairwise similarity scores between genes 

from Arabidopsis and L. japonicus for constructing orthology groups. Finally, a 

total of 4743 one-to-one orthologous gene pairs were identified and retained 

for subsequent analysis. An intersection set of the top 1000 genes with the 

most highly variable expression from each dataset that are expressed in all 

samples was identified using the FindIntegrationAnchors function with other 

default parameters (dims=1:20) to discover integration anchors across all 

samples. The IntegrateData function was run on the anchor set with default 

additional arguments. ScaleData and RunPCA were then performed on the 

integrated assay to compute 20 principal components. UMAP dimensionality 

reduction was carried out and an SNN graph constructed using dimensions 

1:17 as input features and default PCA reduction. Clustering was performed on 

the integrated assay at a resolution of 0.5. Reference-based integration across 

samples was performed using the Seurat package. In the Reference-based 

method, a subset of the scRNA-seq dataset (or a single dataset) is listed as a 

reference. This method provides advantages in both efficiency and in finding 

anchors. Arabidopsis scRNA-Seq results from an independent study (Zhang et 



al., 2019) were used as the reference. The functions FindIntegrationAnchors 

and IntegrateData were used to integrate and combine the datasets before 

scaling, PCA, and clustering. Average expression values of each cluster were 

log2-transformed and Pearson’s correlations were calculated to compare L. 

japonicus and Arabidopsis. Seurat was used to identify differentially expressed 

genes across homologous cell types between L. japonicus and Arabidopsis. 

Fold-differences of > 5-fold change were the threshold for identifying divergent 

differences in gene expression. Functional gene family enrichment 

(ftp://ftp.arabidopsis.org/home/tair/Genes/Gene_families/) was analyzed using 

the set of diverged genes. 

 

Functional analysis 

Cluster-enriched genes with statistical significance were applied to 

clusterProfiler (Yu et al., 2012). The R package was used for GO term 

enrichment analysis. L. japonicus phytohormone-related genes were manually 

chosen for visualization of expression profiles, the expression levels of the 

chosen genes were summarized, and the top 20% of the cells with high 

expression levels were visualized on UMAP. 

Genome sequencing 

The ~20 kb library was constructed and carried out based on the PacBio 

sequence platform (Pacific Biosciences, CA, USA), a total of 10 cells were 

sequenced and 54.85 Gb long fragment data were obtained. In order to 

construct Hi-C library, the genomic DNA in natural state in cells was fixed with 

formaldehyde and digested with restriction enzyme MboI. Then the 

constructed library was sequenced based on Hiseq X Ten platform, the raw 

data was filtered by SOAPnuke v.1.5.6 (Chen et al., 2018), and obtained 75.01 

Gb clean data. The 10x Genomics long fragment library was constructed and 

sequenced by Hiseq X ten platform (Illumina, CA, USA), a total of 107.85 GB 

of filtered data were obtained. The 350 bp small fragment library was 



constructed and sequenced using Hiseq 4000 platform (Illumina, CA, USA), 

and 51.61 GB clean data was obtained. 

RNA was extracted from the roots, leaves, stems, flowers, seed and seed 

pods, respectively. The mixed RNA sequencing and full-length transcriptome 

sequencing were performed based on DBNseq (BGI, Shenzhen, Guangdong, 

China) and PacBio Sequel, respectively. 

 

Genome assembly 

In order to use the short reads to estimate the genome size and heterozygosity, 

we used jellyfish v2.2.6 software to obtain the frequency table based on 

17-mer, and then used GenomeScope v1.0 (Vurture et al., 2017) software to 

evaluate the genome size and heterozygosity. 

We assembled the PacBio subreads sequence into preliminary contigs by 

using MECAT (Xiao et al., 2017). The results were corrected by Polish (Arrow) 

and pilon (Walker et al., 2014). Compared 10x Genetics linked read to the 

above corrected contigs using BWA software, classified the barcode 

information at both ends of the original scaffold using ARCS (Assembly 

Roundup by Chromium Scaffolding) (Yeo et al., 2018), and connected the 

scaffolds that meeted the set conditions with 10 N to obtain the scaffolds using 

LINKS (Warren et al., 2015). Effective Hi-C connected reads were obtained 

using Judge v.1.5 (Durand et al., 2016), and above scaffolds were anchored to 

pseudochromosomes using 3 D-DNA pipline v.180922 (Dudchenko et al., 

2017). 

Genome annotation 

De novo prediction of repeat annotation was based on self sequence 

alignment, full long terminal repeats (LTRs) retrotransposons were predicted 

through LTR_ Finder v1.06 (Xu & Wang, 2007). Firstly de novo (Price et al., 

2005) repeat sequence library was established using softwares such as Piler 

(Edgar & Myers, 2005), RepeatScout, RepeatModeler, etc., and then de novo 



TEs were predicted through Repeatmaker software. In addition, Tandem 

Repeats Finder v4.09 (Benson, 1999) was used to find tandem repeats in the 

genome. 

MAKER pipeline (Cantarel et al., 2008) was used for two rounds of 

genome annotation based on homology, transcripts and de novo method. The 

mixed libraries ISOforms and unigenes are used as transcriptome evidence, 

and the protein sequences of Arabidopsis and other 7 published leguminous 

species are used as homologous evidence. In the first round, transcriptome 

evidence and homologous evidence were used to obtain annotation results 

and train the parameters of Augustus (Stanke et al., 2006) and SNAP 

(Johnson et al., 2008). In the second round, we combined Augustus and SNAP 

trained models with homologous evidence and transcriptional evidence to 

predict the gene set. For StringTie results, ORF was predicted based on 

Transedcode, and the complete structural genes without overlap with MAKER 

results were added to the gene set. GeMoMa V1.7 was used for homology 

annotation to adjust some genes in the above gene set. 

Gene function annotation was based on the consistency of protein 

sequence and domain. Protein sequences were blastp with NCBI 

non-redundancy protein sequence (NR) database, Kyoto Encyclopedia of 

genes and genes (KEGG v89.0; (Kanehisa et al., 2017)), Swissprot and 

TrEMBL (UniProt release 2020-06) (Boeckmann et al., 2003). Domains of 

sequences were scanned in the databases ProDom (Servant et al., 2002), 

PRINTS (Attwood et al., 2000), Pfam (Bateman et al., 2004), PANTHER 

(Thomas et al., 2003), PROSITE profiles (Sigrist et al., 2010), and SMART 

(Letunic et al., 2012) using InterProScan v5.11-55.0 (Zdobnov & Apweiler, 

2001). Gene Ontology (GO) terms (Ashburner et al., 2000) annotation of 

genes was based on the blast with NR library. 

For the identification of miRNA, small RNA was enriched and purified from 

total RNA, single strand circle DNA (ssCir DNA) added unique molecular 

identifiers (UMI) labeled primer was formatted as the final library, which was 



sequenced by DNBSEQ platform. Raw reads were filtered by removed 

contaminant tags and the length distribution of clean tags is then summarized, 

Bowtie2 (Langmead et al., 2009) was used to map clean reads to the 

reference genome and to other sRNA databases. To make sure every unique 

small RNA is mapped to only one category, we followed this priority rule: 

MiRbase>pirnabank>snoRNA(human/plant)>Rfam>othersRNA. We used 

miRA (Nawrocki & Eddy, 2013; Evers et al., 2015) to predict novel miRNA by 

exploring the characteristic hairpin structure of miRNA precursor. Finally, target 

genes were predicted using TargetFinder (Fahlgren & Carrington, 2010) and 

kept only if their score was greater than 3. 

For the identification of LncRNA, After the rRNA was removed from total 

RNA, cDNA libraries were constructed and sequenced on BGISEQ-500. Clean 

reads were aligned and assembled using HISAT (Kim et al., 2015) and String 

Tie (Pertea et al., 2015), then campared with known mRNA and lncRNA by 

cuffcompare (Trapnell et al., 2010) to receive the newly assembly transcripts. 

We predicted the coding ability of above transcript to distinguish between 

mRNA and lncRNA using CPC v0.9-r2 (Kong et al., 2007), txCdsPredict, CNCI 

(Sun et al., 2013) and pfam (Bateman et al., 2004). 
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Figure S1. L. japonicus genome assembly and annotation  

 

Circos diagram illustrating important features of the assembled L. japonicus 

genome. a six assembled chromosomes. b Gene density. c Repetitive 

elements density, d Non-coding RNAs distribution, tRNAs: green; rRNAs: red; 

snRNAs: rose; miRNAs: blue. e Blocks of synteny of at least five gene pairs 

between the genomes are connected by linked lines at the center of the Circos 

plot. Different colors represent different pseudochromosomes or syntenic 

blocks.  

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2. Morphology, scRNA-seq, and bulk RNA-seq of L. japonicus root tip  

 

(A) Longitudinal section (left) and cross section (right) showing root tip 

morphology of L. japonicus. Scale bars, 20 μm for longitudinal section and 50 

μm for cross section. (B) Overview of L. japonicus scRNA-seq workflow. (C) 

Percentage of mitochondrial UMIs in L. japonicus root tip cells. (D) Scatter 

plots showing the correlation between replicates of root protoplast bulk 

RNA-seq of L. japonicus. (E) Scatter plot showing the correlation between root 

protoplast bulk RNA-seq and combined scRNA-seq of L. japonicus. (F) Scatter 

plots showing the correlations between replicates of root cell bulk RNA-seq of 

L. japonicus. (G) Scatter plots showing the correlations between root cell bulk 

RNA-Seq and combined scRNA-seq of L. japonicus. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3. scRNA-seq cluster and annotation  

 

(A) t-SNE visualization of seven clusters with cell-type annotation for L. 

japonicus. (B) After filtering out genes with differential expression introduced 

by preparation of protoplasts, UMAP visualization of seven clusters with 

cell-type annotation for L. japonicus. (C) Proportion of inferred cell cycle 

phases (G1, S and G2/M) in each cluster. (D,E) Cross section (D) and 

longitudinal section (E) for representative RNA in situ hybridization of cell-type 

marker genes with sense probes as negative control. Scale bars, 50 μm. (F) 

UMAP visualization of expression patterns of the genes related to 

phytohormone biosynthesis and signaling, including those related to cytokinin, 

brassinosteroid, gibberellic acid, jasmonic acid (JA), salicylic acid, and 

strigolactone functions. Color bars indicate scaled expression levels. Related 

genes are listed in Table S23. 

 



 

Figure S4. GO term analysis of DEGs in each cell type and commonly 

expressed genes in several cell types of L. japonicus root tip  

 

Scatter plots showing GO term enrichment analysis of DEGs for each cell type 

and commonly expressed genes for all cell types. Only enriched categories 

with a p value < 0.05 are shown. Overrepresentation analysis and visualization 

were performed using REVIGO. 

 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5. Analysis of the subclusters of root cortex and root hair cells  

 

(A) UMAP visualization of the cluster of cells of the middle cortex (second and 

third layer of cortex) and the cluster of cells of the inner and outmost layer of 

the root cortex. (B) Scatter plots of GO term enrichment analysis of 

differentially expressed genes in middle cortex compared with the first and 

fourth layers of the root cortex. (C) UMAP visualization of cells of Branch 1 and 

Branch 2 (related to Fig. 2B) from pseudotime analysis of root hair cells. (D) 

Expression of cell-type marker genes on Branch 2 of the pseudotime trajectory. 

Color bars indicate scaled expression levels. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S6. Analysis of conserved cell types and marker genes between L. 

japonicus and Arabidopsis  

 

(A–C) UMAP visualization of expression of conserved marker genes for root 

hair (A), stele (B) and root cap (C) cells between L. japonicus and Arabidopsis. 

Color bars indicate scaled expression levels. 

  



Table S1. Statistics of Illumina RNA-seq raw reads. 

Table S2. Statistics of Illumina RNA-seq clean reads. 

Table S3. Statistics of full-length isoform sequencing (Iso-seq) of L. japonicus. 

Table S4. Statistics of 10x Genomics sequencing of L. japonicus. 

Table S5. Statistics of PacBio sequencing of L. japonicus. 

Table S6. Statistics of Hi-C sequencing of L. japonicus. 

Table S7. Statistics of the assembled contigs and scaffolds of L. japonicus 

(10x Genomics). 

Table S8. The mapping statistics of the high quality Hi-C data. 

Table S9. Completeness of the genome based on BUSCO analysis. 

Table S10. The summary of genome assembly results of L. japonicus. 

Table S11. Summary of annotated genes. 

Table S12. Summary of functional annotation of predicted genes. 

Table S13. Summary of annotated non-coding RNA. 

Table S14. List of annotated lncRNA in L.japonicus. 

Table S15. List of annotated snRNA in L.japonicus. 

Table S16. List of annotated rRNA in L.japonicus. 

Table S17. List of annotated tRNA in L.japonicus. 

Table S18. Statistics of repeat sequences in L. japonicus genome. 

Table S1-S18 See excel file.          

 

Table S19. Statistics of scRNA-seq in L. japonicus. 

Cultivar 
Number of 

cell 

Mean reads 

per cell 

Median genes 

per cell 

Total genes 

detected 

Median UMI 

per cell 

MG-20 22688 48,898 3,183 28,464 7,947 

 

Table S20. Number of cells captured by scRNA-seq for each cell type. 

Cell type Number 

Root Cap 6760 

Root hair 2115 

Cortex 4639 

Epidermis 3279 

Exodermis 2624 

Endodermis 2139 

Metaxylem 1126 



 

Table S21. DEGs between protoplasted bulk RNA-seq and un-protoplasted 

(root tissues) bulk RNA-seq.  

See excel file. 

 

Table S22. List of enriched genes for each cluster of L. japonicus.  

See excel file. 

 

Table S23. List of phytohormone related genes. 

See excel file. 

 

Table S24. List of nodulation related genes. 

See excel file. 

 

Table S25. List of primers used in this study. 

Antisense probe for in situ hybridization 

Primer ID Primers (5’-3’) 

Lj1gvBRI08110 AAGACATCCGACCAGCGTAA 

 AGAGCAAGACCGAGCCTAA 

Lj1gvBRI36354 GCCAAAGCCATCCTTCCTC 

 GCCGTCGTCGTAGTGTTCG 

Lj1gvBRI10561 CCGCCAAGGGTCACAAACAC 

 CCTCAAGGAGGGAGCAGCAT 

Lj1gvBRI21026 ACGAGACGCTGGCACCTGTA 

 CGGGCTATCCCAACCTTATT 

Lj1gvBRI17778 CAACCAGCAAATGTAGGAATAA 

 GAGAACAACGAGGTCAGCAC 

Lj1gvBRI11791 TCTGCCATCCTTGCTCATTC 

 TGTTGTTGGTGCTTGCTGTG 

Lj1gvBRI21766 ACTGCTGTGACGCCTGATTC 

 CGCCCTTGAAAGTTGTTGTG 
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