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Running title: Single-cell soybean transcriptome atlas 

 

Summary 

Soybean (Glycine max) is an essential source of protein and oil with high nutritional 

value for human and animal consumption. To enhance our understanding of soybean biology, it 

is essential to have accurate information regarding the expression of each of its 55,897 protein-

coding genes. Here, we present “Tabula Glycine”, the soybean single-cell resolution 

transcriptome atlas. This atlas is composed of single-nucleus RNA-sequencing data of nearly 

120,000 nuclei isolated from 10 different Glycine max organs and morphological structures 

comprising the entire soybean plant. These nuclei are grouped into 157 different clusters based 

on their transcriptomic profiles. Among genes, the pattern of activity of transcription factor 

genes is sufficient to define most cell types and their organ/morphological structure of origin, 

suggesting that transcription factors are key determinants of cell identity and function. This 

unprecedented level of resolution makes the Tabula Glycine a unique resource for the plant and 

soybean communities.  

 

Keywords: Glycine max, single-cell transcriptome atlas, single-nucleus RNA-seq, transcription 
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Introduction 

Soybean (Glycine max) is an economically important legume crop, producing ~25% of 

the proteins and 30% of the oil used for livestock and human consumption [1, 2]. Additionally, 

soybean has a positive ecological footprint on agriculture with its capability to symbiotically 

interact with nitrogen-fixing soil bacteria (i.e., Bradyrhizobium diazoefficiens) [3]. This 

interaction minimizes the application of inorganic nitrogen fertilizers, supporting sustainable 

agricultural practices. Considering the current predictions of world population growth, the 

demand for soybean products should double by 2050 [4]. To reach this demand, soybean 

biologists need to maximize soybean yield and enhance other important traits (e.g., oil and 

protein content and quality, biotic and abiotic stress resistance, and biological nitrogen fixation). 

In addition to ongoing breeding programs, the emergence of synthetic biology strategies and 

genome editing technology [5, 6] allow researchers to finely regulate the activity of selected 

genes to improve a specific trait. However, to reach its full potential, there is a need to gain 

deeper knowledge of gene function, expression patterns, and the regulatory mechanisms 

controlling gene activity. As described below, our understanding of soybean gene activity at the 

scale of the entire plant is currently limited to organ-level averages, and we lack expression data 

at single cell- or cell-type resolution. 

In 2010, building on the completion of the soybean genome sequence [7], two whole-

organ transcriptome atlases were generated to measure the transcriptional profiles of the soybean 

genes across the entire plant [8, 9]. Concomitantly to the release of these transcriptome atlases, 

several online resources such as SoyBase [10], SoyXpress [11], SoyDB [12]], SoyKB [13], and 

ePlant Soybean [14] were released allowing researchers to access the expression profile of their 

genes of interest. While valuable, the current soybean transcriptome atlases do not take into 

consideration the multicellular complexity of each soybean organ/morphological structure, 

referred to as “organ” in the rest of the manuscript, and the fact that each cell type composing the 

plant is characterized by a unique transcriptomic profile. 

Plant single-cell transcriptomics, a technology that recently emerged to decipher the 

transcriptomic profile of all and even rare cell types [15], represents an attractive solution to 

precisely characterize the transcriptional profile of each cell type composing the soybean plant. 

First extensively applied to the Arabidopsis root system, researchers used isolated protoplasts as 
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an input to single-cell RNA-seq experiments [15]. However, protoplast-based single-cell RNA-

seq technology has several limitations, especially when applied to non-model species [16]. First, 

the breadth of cell types analyzed depends on the digestion of the cell wall. Considering the 

differential composition of the cell wall between species, organs, and cell types (e.g., 

suberization of the exodermis of the tomato root [17] or of the endodermis layer of the 

Arabidopsis root [18]), the implementation of plant single-cell transcriptomics on isolated 

protoplasts would require the optimization of the cocktail of enzymes for each plant organ and 

developmental stages. Second, the transcriptomic information collected from isolated protoplasts 

includes transcripts synthesized in response to protoplastization [19-21]. Third, the bursting of 

fragile protoplasts during the early stages of the cDNA library construction is another limitation 

of their use. In addition to losing the cells, protoplast bursting also generates significant 

transcriptional noise. 

To overcome these limitations and develop a high-quality single-cell resolution 

transcriptome atlas of the soybean plant, we applied single-nucleus RNA-seq (sNucRNA-seq) 

using the droplet-based 10x Genomics technology on 10 different organs of the soybean plant.  

We report the transcriptome of almost 120,000 soybean nuclei isolated from 10 organs clustered 

into 157 groups. Our analysis reveals that, on average, less than 400 nuclei per cluster are 

sufficient to cover over 95% of the transcriptome of a specific soybean cell type, a reflection of 

the quality and depth of the transcriptomic information collected. A focus on the activity of 

transcription factor genes (TFs) reveals that their co-expression is critical to control the biology 

of specific organs and cell types. In this manuscript, we present Tabula Glycine, the first single-

cell resolution and comprehensive transcriptomic resource of the soybean plant, an atlas that 

covers all the organs of this crop.  

 

Results 

Creation of Tabula Glycine, the single cell resolution soybean transcriptome atlas. 

To capture the transcriptomes of most of the cell types and cell states composing the 

soybean plant and create a comprehensive single-cell resolution soybean transcriptome atlas, we 

applied sNucRNA-seq technology to at least two and at most three independent biological 

replicates from ten representative organs of the soybean plant. In addition to our previously 

published root tip and nodule atlases [22], Tabula Glycine also includes the single cell 
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transcriptome atlases of the shoot apical meristem, unifoliate leaf, trifoliate leaf, floral bud, green 

pod without seeds and seeds collected at different developmental stages (i.e., at the heart, 

cotyledon, and mid-maturation stages; Fig.1A). A total of 140,728 nuclei were analyzed. Upon a 

stringent quality check and filtration of the processed nuclei (see Methods), we selected 116,525 

high-quality nuclei for further analysis (~83% of nuclei recovery; Fig.S1 and [22]). The number 

of analyzed nuclei per organ ranges from 4,703 for green pods (two replicates) to 20,154 for 

seeds at their mid-maturation stage (three replicates) (Fig.S2; Table.S1). The average number of 

high-quality nuclei per organ is 11,652 with, on average, 2,919 unique molecular identifiers 

(UMIs; Fig.1B) and 1,931 expressed genes detected per nucleus (Fig.1C). Upon integration, an 

average of 42,903 protein-coding genes were found expressed per organ (Table.S1) with a total 

of 51,770 expressed protein-coding genes across the entire Tabula Glycine atlas (i.e., 92.6% of 

the 55,897 predicted protein-coding genes).  

To estimate the transcriptional depth of Tabula Glycine and its quality compared to 

existing bulk RNA-seq resources, we conducted a comparative analysis between the pseudo-bulk 

single nucleus transcriptome of four organs (i.e., green pod, flower, shoot apical meristem, 

unifoliate leaves) and the previously published transcriptomes of whole soybean organs [9] 

(Fig.S3). In addition to confirming the expression of most of the genes previously reported using 

whole-organ RNA-seq technology [9] (93.4 to 95.3% of the genes found expressed in the whole-

organ transcriptomes were confirmed in Tabula Glycine), the sNucRNA-seq dataset led to the 

identification of thousands of newly expressed genes (from 5,104 to 8,250 genes in the SAM and 

green pod, respectively; Fig.S3). This result suggests that, in addition to increasing the resolution 

of existing organ-based transcriptome atlases, Tabula Glycine also provides enhanced coverage 

of the transcriptome of each soybean organ.  

The independent clustering of 10 soybean organs/seed developmental stages revealed a 

total of 157 cell clusters that vary from 21 nuclei for the “sclereid layer” cluster of the nodule 

[22] to 3,668 nuclei for cluster #14 of the seed at its mid-maturation stage (Table.S2). The 

number of biological entities per cluster, their nature (i.e., cells vs. nucleus; [18, 23]), and the 

depth of sequencing of the single cell/nucleus RNA-seq libraries [24], all impact the saturation 

rate of the transcriptome of a cluster. Therefore, we estimated the transcriptomic coverage of 

each of the 157 soybean clusters by calculating Shannon’s entropy using the Unique Molecular 

Identifier (UMI) matrix per gene (See Methods; Fig.1D). We found high transcriptomic coverage 
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(>80%) for 140 clusters of the 157 Tabula Glycine clusters (89% of the clusters; Fig.1E; Fig.S4; 

Table.S2). Among them, 100 clusters are characterized by their very high transcriptomic 

coverage (>95%; Table.S2; Fig.1E). Considering the 17 remaining clusters characterized by a 

transcriptomic coverage below 80%, twelve clusters are composed of less than 100 nuclei 

(Table.S2). To estimate the number of nuclei needed to properly cover the transcriptome of a 

cluster, we first plotted the transcriptomic coverage percentage of the 157 Tabula Glycine 

clusters versus the number of nuclei composing each cluster (Fig.1F). By noticing that a large 

transcriptomic coverage is obtained with a modest number of nuclei across all clusters, we 

modeled this coverage fraction to nuclei number with a Pareto cumulative distribution function 

(i.e., coverage fraction = 1 – 19.08/nuclei# in the cluster; Fig.1F). Based on this equation, we 

estimate that 191 and 382 nuclei are needed to cover 90% and 95% of the transcriptome of a 

soybean cluster, respectively (Fig.1F). We assume that these values will fluctuate based on the 

plant species considered for a single-cell RNA-seq study, the nature of the organs analyzed such 

as the level of endoreduplication of the cells, its response to environmental stresses, and, 

according to our experience, based on the quality of the nuclear suspension used to generate the 

sNucRNA-seq libraries. Nevertheless, for the present data and considering our previous study 

and the work of others showing that the nuclear and cellular transcriptomes at the single-cell 

level are both highly correlated with whole organ transcriptomes [18, 23], we conclude that 

Tabula Glycine is a resource that provides accurate transcriptomic information for most of its 

157 clusters. 

 

Cell type annotation of the Tabula Glycine clusters. 

In a previous study, we used Molecular Cartography™ technology to annotate all the 16 

and 11 soybean root and nodule cell clusters [22], respectively. To functionally annotate the 

remaining 130 cell clusters identified from the 8 remaining organs composing Tabula Glycine, 

we implemented multiple approaches. For the clusters of the soybean canopy (i.e., the shoot 

apical meristem, unifoliate and trifoliate leaves, floral buds, and green pods), we analyzed the 

expression of soybean genes orthologous to Arabidopsis thaliana cell type marker genes 

assuming that their cell-type transcriptional specificity is extensively conserved. Our previous 

work conducted on the expression of root marker genes between A. thaliana and Medicago 

truncatula supports this assumption [24]. Accordingly, upon identifying 25,790 pairs of 

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

The copyright holder for this preprint (whichthis version posted July 9, 2024. ; https://doi.org/10.1101/2024.07.08.602332doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.08.602332
http://creativecommons.org/licenses/by-nd/4.0/


orthologous soybean-A. thaliana genes (Table.S3), we analyzed the expression patterns of the 

soybean genes orthologous to Arabidopsis cell-type-specific marker genes (Table.S4). This 

approach revealed many soybean orthologs to Arabidopsis marker genes co-expressed in the 

same soybean cluster (Fig.2; Figs.S5 to S7). This result supports conservation of cell-type-

specificities between the expression of soybean and Arabidopsis orthologous marker genes. 

In several instances, we noticed that the same set of soybean marker genes can be used to 

annotate the same cell types of the unifoliate leaves, trifoliate leaves, and green pods, a plant 

organ sharing similar cellular features to leaves. For example, the epidermal cell clusters were 

annotated based on the expression patterns of soybean orthologs to the A. thaliana CUT1 

(AT1G68530) and LPTG1 (AT1G27950) genes [25, 26] (Table.S4, highlighted green cells; 

Fig.2; Figs.S5 to S7). In the same organs, the mesophyll cells were functionally annotated based 

on the activity of soybean genes associated with the photosynthetic complex [e.g., LHCA6 

(AT1G19150) [27], PSBY (AT1G67740), LHCB2.1 (AT2G05100), PSBO2 (AT3G50820), and 

RBCS2B (AT5G38420) (Table.S4, highlighted blue cells)] and EPFL9, a gene also known as 

STOMAGEN (AT4G12970) and expressed in mesophyll cells to induce the formation of stomata 

(Table.S4, highlighted yellow cells) (Fig.2; Figs.S5 to S7). Similarly, to identify the cell clusters 

associated with the vasculature or the guard cells, we looked for the expression of ion and sugar 

transporter genes (Table.S4, highlighted purple cells), and genes orthologous to the A. thaliana 

guard cell marker genes FMA (AT3G24140) and MPK5 (AT4G11330) and others [28], 

respectively (Table.S4, highlighted orange cells (Fig.2; Figs.S5 to S7). The expression patterns 

of the soybean orthologs to A. thaliana WRKY46 (AT2G46400) and WRKY53 (AT4G23810), 

genes promoting senescence [29-32], serve to annotate clusters #6 and 7, cluster #6, and cluster 

#3 as the “senescing cells” clusters in the soybean unifoliate leaves, trifoliate leaves, and green 

pod UMAPs, respectively (Table.S4, highlighted light blue cells; Fig.2; Figs.S5 to S7). Finally, 

soybean orthologs to A. thaliana genes controlling cellular proliferation and histone modification 

were used to annotate the clusters composed of cells engaged in the cell cycle. Using these 

marker genes and many others, we were able to annotate 15, 14, and 11 of the 16, 15, and 13 

clusters composing the unifoliate leaves, trifoliate leaves, and green pod UMAPs (90.9% of 

annotated clusters; Fig.2B, C, and E). We applied a similar strategy to annotate 13 and 17 of the 

16 and 20 clusters composing the floral bud and shoot apical meristem UMAPs, respectively 

(Table.S4, Fig.2; Figs.S5 and S6). 
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To annotate the soybean seed clusters, we adopted a different strategy. First, we 

identified cluster-specific genes for each cluster composing the three seed developmental stages 

represented in Tabula Glycine (i.e., heart, cotyledon, and mid-maturation stages). Then, we 

corroborated their cell-type specific expression upon mining the single-cell transcriptomic 

resource generated by Drs. Goldberg and Harada using Laser Capture Microdissection (LCM) 

technology (GEO accession number - GSE116036) and RNA-seq dataset from the seed-filling 

cells [33, 34] (Table.S4). This strategy allowed us to functionally annotate 15, 14, and 13 of the 

18, 15, and 17 clusters composing the UMAP of the soybean seed heart, cotyledon, and mid-

maturation stages, respectively (Fig.3). 

To better assess changes in the cellular composition and transcriptomic programs 

occurring during seed development, we also generated a unified UMAP of the soybean seed 

(Fig.S8A). The 19 clusters of this unified UMAP were annotated using the seed marker genes of 

the seed cell types as defined by LCM (Fig.S8B). This integrated analysis revealed striking 

differences in the transcriptome and cellular population of the seed during its development. 

During its early developmental stages, the soybean seed is represented by cells composing the 

epidermis and the outer and inner integuments. At the mid-maturation stage, the embryonic and 

storage parenchyma cells are over-represented (i.e., clusters #10 to 13 represent over 70 % of the 

cells transcriptionally analyzed; Fig.S8C and D). At the transcriptional level, the induction of the 

expression of the genes controlling the biosynthesis of cupins, seed storage proteins, and 

oleosins, proteins involved in the production of oil bodies, and genes encoding albumin [35-37] 

start as soon as the cotyledon stage of the seed (Fig.S8B, clusters #10 to 13, red square). Later 

during the development of the seed, their expression is extended to all the cells composing the 

mid-maturation seed including in the embryo (Fig.S8B). The co-induction of the expression of 

the oleosin-, cupin-, and protein storage-encoding genes in all the cell types composing the seed 

is not artefactual (e.g., the result of ambient noise) because such ubiquitous transcriptional 

pattern does not apply to cell-type marker genes of the soybean seed mid-maturation genes. As a 

result, and considering the annotation of the soybean root and nodule clusters [22], we 

confidently annotated 139 of the 157 clusters composing Tabula Glycine (88.5%). 

 

Evaluating the transcriptomic heterogeneity of the soybean cell types. 
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Tabula Glycine allows us to evaluate the transcriptomic heterogeneity between soybean 

cell types. First, we assessed the transcriptomic breath of the 157 soybean clusters by analyzing 

the distribution of the numbers of UMIs (i.e., transcripts) (Fig.4A) and expressed genes per 

cluster (Fig.4B). These numbers vary between organs, potentially as the result of the differential 

transcriptomic activity of an organ (i.e., developing seed and green pods show higher 

transcriptomic activities than other organs) or as the result of technical bias during library 

construction. More interestingly, we observed variations in the number of UMIs and expressed 

genes between the clusters within the same organ suggesting differential transcriptomic activities 

between the cell types composing an organ. For instance, the endosperm clusters of the soybean 

seed at the heart and cotyledon stages (clusters #14 and 13, light brown and brown arrows, 

respectively, Fig.4A and B), as well as the Rhizobia-infected cell clusters of the soybean nodule 

(clusters F and G; Fig.4A and B, dark blue arrows, [22]), show over 1.5-fold increases in the 

number of UMIs per nucleus (Table.S2, green cells) compared to the average number of UMIs in 

the organ considered (Table.S2, black cells). Accompanying this increase in transcript number 

per nucleus, we noticed an increase in the number of expressed genes per nucleus (Fig.4B). We 

assume that the higher transcriptional activity of these clusters results from events of 

endoreduplication that have been reported in the seed endosperm and the Rhizobia-infected cells 

of the nodule. Detecting a larger population of transcripts per cell supports the enhanced 

detection of expressed genes per nucleus [38, 39]. Our findings support a previous work that 

mentioned the impact of endoreduplication on gene activity at the single cell-type level [40]. 

To further reveal the unique transcriptomic activity of the 55,897 soybean protein-coding 

genes across soybean cell types, we conducted a comprehensive analysis of their expression 

(Table.S5). Considering the central role of TF-coding genes in controlling genetic programs, we 

also specifically analyzed the expression profile of 3,726 soybean TF genes (Table.S6). 

Accordingly, we categorized the soybean genes into 4 different groups based on their expression 

profile: 1) the silenced genes (i.e., not expressed in Tabula Glycine; Fig.4C and G); 2) the 

ubiquitously expressed genes (i.e., expressed in all the cell clusters with a transcriptomic activity 

detected in at least 20% of the nuclei composing the cluster; Fig.4D and H); 3) the constitutively 

expressed genes (i.e., subpopulation of ubiquitous genes characterized by less than 4-fold change 

of expression between the clusters where the gene is the most and less active; Fig.4E and I); and 

4) the cell-type marker genes (i.e., genes expressed in at least 20% of the nuclei composing a 
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cluster, with a minimum relative expression of 0.1 UMI, and with at least a 20-fold change of 

expression between the top two clusters where the gene is the most expressed; Fig.4F and J). 

Based on these parameters and considering Tabula Glycine as a whole, we identified 4,127 

silenced genes (i.e., 7.4% of the 55,897 protein-coding genes; Fig.4C), including 157 TFs (i.e., 

4.2% of the 3,747 predicted soybean TFs; Fig.4G). However, we did not identify any genes 

ubiquitously and, a fortiori, any constitutively expressed at the level of the entire soybean plant; 

likely a consequence of the stringency of our criteria and the partial coverage of the 

transcriptome of a few soybean clusters (Fig.1E). Therefore, to identify the most constitutively 

expressed genes in Tabula Glycine, we calculated the coefficient of variation of expression of all 

the soybean genes (Table.S7). Unexpectedly, among the 2,000 genes with the lowest coefficient 

of variation, we did not identify the popular SKIP16, UKN1, and UKN2 reference genes [41-43] 

suggesting that these three commonly used reference genes at the organ level are differentially 

expressed at the cell type level. Mining Tabula Glycine, we found that the expression of these 

three genes is mostly restricted to a few cell types in specific organs. For instance, SKIP16 is 

expressed in clusters #6 and 7 of the trifoliate and unifoliate leaves, UKN1 is most expressed in 

clusters #12 and 14 of the floral bud while UKN2 is most transcribed in clusters 2, 11, and 12 of 

the green pods (Fig.S9). Therefore, we propose a new set of 20 genes with the highest 

transcriptional stability across soybean cell types as new reference soybean genes (Fig.S10). We 

expect that their promoter sequences could be used to ubiquitously express transgenes in the 

soybean plant.  

Our analysis also revealed 127 cell-type specific marker genes based on their preferential 

activity in one out of the 157 soybean clusters (Fig.4F). These genes are distributed across 19 

cell types (Table.S5, “Whole plant markers” sheet) and represent another resource for the 

soybean community to preferentially express a transgene in one of these 19 soybean cell types. 

Among them, three cell types are over-represented: the nodule cluster D (i.e., sclereid layer; 26 

marker genes), the root cluster #3 (i.e., root hair cell; 47 marker genes), and the root cluster #11 

(i.e., endodermis; 20 marker genes) [22]; likely a reflection of the unique function of these cell 

types (Table.S5, “Whole plant markers” sheet). It is important to note that the representation of 

similar cell types isolated from different organs (e.g., phloem and xylem cells or the leaf 

mesophyll cells) might prevent the identification of additional valuable cell-type marker genes. 

Therefore, a more targeted exploration of Tabula Glycine might reveal additional interesting 
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cell-type marker candidate genes. As another reflection of the uses of Tabula Glycine, we also 

reevaluated the expression pattern of 318 soybean genes identified as preferentially expressed in 

the soybean root system [44]. While we confirmed the preferential activity of these genes in the 

root and the nodule, we noticed their differential expression between clusters (Figs.4K and L). 

We also observed their strong expression in a limited number of cell types from the plant canopy 

suggesting the use of these putative “root” promoter sequences to express a transgene might also 

regulate the activity of genes in other cell types potentially leading to unexpected phenotypic 

responses. Therefore, Tabula Glycine gives a novel perspective on the activity of organ-specific 

genes by providing information on their cell-type specificity. 

 

The expression landscape of transcription factor genes to define cell type identity. 

Conceptual and experimental frameworks regarding the role of transcription factors in 

defining a cell type and controlling its biology have been developed in animal species. Notably, 

the combinatorial activation of TFs was described by Yao et al (2023) as a code to determine a 

cell type [45]. We assume that a unique combination of active TFs, which is synonymous with 

the core regulatory circuit in animal and human cells as defined by Almeida et al. (2021) and 

Arendt et al. (2016) [46, 47], would also apply to define the biology of plant cell types. 

Therefore, taking advantage of Tabula Glycine, we conducted a comprehensive analysis of the 

expression patterns of the soybean TFs. 

First, to estimate the transcriptional diversity of the soybean 3,569 TFs [48] and its 

impact on organ and cell-type identities, we conducted an unbiased co-expression analysis of the 

soybean TFs across the 157 soybean clusters. Among these 3,569 TF genes, we analyzed the 

differential expression of the 2,335 TF genes narrowly expressed across the 157 cell clusters 

(i.e., Tau score > 0.9). We generated a cell lineage tree based on the co-expression pattern of TF 

genes (Fig.5A) and considered both the family membership of the 2,335 TF genes (Fig.5A, x-

axis) and the cell-type annotation or organ of origin of the 157 cell clusters (Fig.5A, left and 

right y-axes, respectively). 

Our analyses reveal hundreds of groups of co-expressed TFs in one specific cluster [e.g., 

the root hair cells (blue arrow), the root cap (gray arrow), the root endoderm (green arrow), the 

sclereid layer of the nodule (orange arrow), or the meristematic cells of the shoot apex (black 

arrow)] or shared between several clusters with similar functional annotations [e.g., the infected 
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(red box) and uninfected cells of the nodule (pink box), the mesophyll cells of the unifoliate and 

trifoliate leaves (blue box), the xylem cells (orange box), the endosperm of the developing seed 

(green box), or the lipid and protein storage cells in the developing seed (black box)] (Fig.5A, 

Table.S8 for details). Looking at the distribution of these populations of co-expressed TFs, we 

noticed that in most cases, they are unique to a cell cluster (Fig.5B). We assume that these cell 

type-specific co-expressed TFs likely synergistically activate and repress transcriptomic 

programs to regulate the biology of functionally specialized cell types. Hence, the combinatorial 

activation of TFs could serve as a code to control the biology of plant cells and, a fortiori, as a 

molecular marker of plant cell identity. Identifying the same sets of co-expressed TFs between 

cell clusters from different organs but with similar functional annotation (Fig.5A, colored boxes) 

also demonstrates the quality of the transcriptional information shared in Tabula Glycine.  

To better assess the biological impact of the combinatorial activation of TFs of the 

soybean cell type identity, we analyzed the distribution of the functional annotation and organ of 

origin of the 157 Tabula Glycine clusters in the cell lineage tree (Fig.5A, y-axes). We found that 

the tree is mostly organized based on the organ of origin of the clusters (black brackets labeled 1 

to 9 on the right y-axis legend, Fig.5A). This observation suggests that the cells' TF 

transcriptional patterns are strongly associated with the organ’s function. To a lesser extent, 

branches of this tree are also organized based on the functional annotations of the cell clusters 

(white and black dashed boxes on the left y-axis legend, Fig.5A). We noticed that the latter 

include cell types characterized by highly specialized biological function such as the rhizobia 

infected cells of the nodule, the vascular cells of the canopy, the guard cells, or the mesophyll 

cells (Fig.5A, left y-axis). 

In contrast, the epidermal cells of various soybean organs are distributed along the entire 

cell lineage tree (cyan color in the “cell types” y-axis) with two areas of concentration that 

include the epidermal cell of the developing seed and the leaf (i.e., see the black dashed boxes on 

the left y-axis). This result suggests that the epidermal cells, despite their common functional 

annotation, also have organ-specific transcriptomic signatures. To verify this hypothesis, we 

generated an integrated UMAP based on the transcriptome of all epidermal-labeled nuclei 

(Fig.5C) and observed that the epidermal nuclei were clustered based on their organ origin 

further supporting the organ's primary role in the transcriptome of plant cells. Notably, we 

noticed three main clusters of epidermal cells from the nodule and the root (Fig.5C, blue and 
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dark blue clusters), the canopy (Fig.5C, green and purple clusters), and the soybean seed (Fig.5C, 

red and brown clusters). Among these clusters, we noticed two interesting sub-populations. The 

first sub-population is composed of nuclei isolated from different organs of the canopy (Fig.5C, 

black box) suggesting a strong conservation of the transcriptome between these epidermal cells. 

The second subpopulation is composed of a subset of the root epidermal cells (Fig.5C; red box). 

Based on the expression of marker genes (Figs.S11; [22]), we functionally annotated the first and 

second sub-populations as the guard cells and the root hair cells, respectively. Our data suggest 

that the unique function of these two cell types is reflected in their unique transcriptomic profiles 

conserved across different organs in the case of the guard cells. This statement is further 

supported by the identity of the co-expressed TFs. When considering the set of 70 TFs co-

expressed in the root hairs (Fig.5A; blue arrow; Table.S8, bold characters), we identified 16 

bHLH TFs that include seven soybean genes (i.e., Glyma.04G045300, Glyma.10G257400, 

Glyma.10G257500, Glyma.14G088400, Glyma.17G236100, Glyma.20G133600, and 

Glyma.20G133700)  orthologous to AtRSL2 (Root Hair Defective 6-Like2) and AtRSL4, genes 

promoting root hair cell growth [49, 50]. Two other bHLH genes, Glyma.17G075200 and 

Glyma.02G202600, are orthologous to the AtLRL1/2/3 (Lotus japonicus Roothairless1-LIKE 

1/2/3) genes, genes controlling root hair development. As a note, AtLRL3 has been characterized 

as a direct target of RHD6 TF [51]. In the guard cells, among a group of 30 co-expressed TFs in 

the uni- and trifoliate leaves, we identified two soybean genes (i.e., Glyma.03G006600 and 

Glyma.19G119300) orthologous to AtMYB60, a central player controlling stomata opening [52, 

53]. Considering that the biological samples were collected during daytime, it is not surprising to 

identify these AtMYB60 orthologs among the set of leaf guard cell-specific co-expressed TF 

genes. Taken together, our results support the concept that a set of co-expressed TFs can be used 

as a molecular marker of organ and cell type identity especially when considering specialized 

cell types. This suggests that shared cell-type-specific co-expressed TFs between different organs 

play a fundamental role in controlling the basal function of a plant cell type like the core 

regulatory circuit in animal cells.  

Our TF co-expression analysis also allowed us to estimate the distribution of TFs 

according to their family membership in groups of cell-type-specific co-expressed TFs (Fig.5A, 

x-axis). We hypothesize that the over-representation of TF families in a specific group would 

reflect their central regulatory role in controlling the biology of a cell type. Accordingly, we 
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compared the representation of TF families in major groups of co-expressed TFs versus their 

representation in the soybean genome. Several TF families were over-represented in a few 

groups of co-expressed TFs. For instance, ZF-HD and M-type-MADS were overrepresented 

among the TFs co-expressed in the endosperm of developing seeds (adjusted p-value = 1.12e-13 

and 4.88e-08, respectively). This observation concurs with previous studies in Arabidopsis 

thaliana, which showed that the overexpression of AtZHD1 positively affects seed size [54] and 

the high transcriptional activity of M-type-MADS genes in the developing endosperm of the 

Arabidopsis seed and, more broadly, in the endosperm of many flowering plants [55]. For 

instance, among these MADS TFs, Glyma.18G052800 is orthologous to AtAGL80, a gene 

controlling endosperm development [56], and AtAGL36, a gene characterized by its imprinting to 

maintain its activity in the Arabidopsis seed endosperm [57]. Other genes include 

Glyma.20G136500, an ortholog to AtAGL62 that has been reported to be essential for the 

suppression of cellularization and the promotion of cell proliferation during endosperm 

development [58], and Glyma.13G086400, an ortholog of AtAGL66 and AtAGL67 that regulate 

seed germination [59]. In the nodule cells entering in senescence, we observed the over-

representation of ERF and C2H2 TFs (adjusted p-value = 7.87e-19 and 3.01e-08, respectively). 

Previous studies showed that the expression of several soybean ERF and C2H2 genes such as 

RSD (REGULATOR OF SYMBIOSOME DIFFERENTIATION) is critical to trigger the 

senescence of the legume nodule [60-62]. NAC and MYB TFs are also over-represented but in the 

set of TFs co-expressed in the xylem (adjusted p-value = 9.12e-10 and 9.12e-10, respectively). 

Such an observation is well supported by the functional characterization of several VND genes 

(VASCULAR NAC DOMAIN) that regulate the deposition of cell walls in the plant vascular 

tissues and control the differentiation of xylem vessel elements [63]. Similarly, several MYB TFs 

control the deposition of cell wall components such as lignin in the plant vascular tissues 

including the xylem [64-66]. 

Two other groups of co-expressed TFs are over-represented in WRKY TFs (Fig.5A, blue 

and green circles, adjusted p-value = 1.24e-07 and 2.54e-28, respectively). The first group (i.e., 

group A; Fig.5D, green line) is composed of 20 WRKY genes broadly co-expressed in the 

epidermal and cortical, and to a lesser extent in the phloem cells of the root, while the second 

group (i.e., group B; Fig.5D, blue line) is composed of 33 WRKY genes almost specifically co-

expressed in the root epidermal cells including the root hair cells. Hypothesizing that several of 
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the genes in and between groups might be evolutionarily related as the result of small-scale and 

whole genome duplications, we conducted a comprehensive analysis of their evolutionary 

relationship and evaluated their level of transcriptional conservation and divergence (see 

Methods for details). Among these 53 WRKY TFs, only 7 genes do not share an evolutionary 

relationship (Fig.5D, unlabeled genes). The remaining 46 TFs are distributed into 14 sets of 

duplicated genes (Fig.5D, colored squares). Among them, 9 and 11 WRKYs from groups A and 

B are duplicated in their respective groups suggesting the conservation of their expression profile 

and function upon duplication (Fig.5D, genes highlighted with a green and blue background, 

respectively). The remaining 8 and 18 WRKY genes from groups A and B, respectively belong 

to 7 sets of duplicated genes. The partitioning of these duplicated WRKYs in two different groups 

of co-expressed genes suggests occurrences of sub- or neo-functionalization upon duplication. 

Altogether, our co-expression analysis reveals groups of plant TFs that likely cooperate to 

control specific genetic programs that are critical in regulating cell-type function. Our analysis 

also highlights the evolutionary relationship of TFs in groups of co-expressed TFs as another 

avenue to estimate their functional redundancy, and the sub- or neo-functionalization between 

the members of TF families. We propose that such analysis would support the establishment of 

new functional genomic strategies where the knock-out or overexpression of multiple genes 

would lead to more drastic and informative phenotypes. 

 

A cellular transcriptome most reflects the biological function of a cell. 

We extended our analysis to the entire transcriptome of the soybean cell types by 

hypothesizing that, among 157 Tabula Glycine clusters, those with the same cell type 

annotations might share, at least to some extent, a core transcriptome independent of their organ 

of origin. Upon performing a dimensionality reduction by UMAP embedding, we identified 29 

clusters (Fig.6A, Video.S1), drastically reducing the complexity of the 157 soybean clusters 

previously mentioned (Fig.1) and suggesting that different populations of nuclei share common 

sets of transcriptomic programs (Table.S9). Among them, clusters #1, 4, 5, and to a lesser extent, 

13 and 20 show the most distinct transcriptomic signatures according to our PCA analysis 

(Fig.6B). Quantitatively, cluster #25 is characterized by the largest population of UMIs and 

expressed genes compared to other clusters (Fig.6C and D). The analysis of the nuclei 
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composing this cluster revealed that cluster #25 of the integrated seed UMAP is mostly 

composed of seed endosperm cells. 

To annotate these 29 integrated clusters, we analyzed the 10x barcodes of each nucleus. 

Then, similarly to our analysis of the co-expression of TFs (Fig.5), we considered both the cell-

type identity (Fig.6E and F) and the organ of origin (Fig.6G and H) to annotate each of the 29 

clusters. We observed the overrepresentation of nuclei (>70% in a cluster) sharing the same cell 

type identity in 13 out of the 29 clusters (Fig.6F, clusters highlighted in red). Among them, the 

dividing, epidermal, mesophyll, and vascular cells from various organs are often clustered 

together, likely a reflection of their functional specialization. Contrastingly, only 1 cluster is 

composed of over 70% of nuclei from the same organ (i.e., the seed at the mid-maturation stage 

Fig.6H, cluster number highlighted in red). This number increases to 8 clusters when conjointly 

considering unifoliate and trifoliate leaves, and seeds at the heart and cotyledon stages (Fig.6H, 

cluster numbers highlighted in orange). 

The impact of the transcriptome on cell function was further revealed upon integration of 

these two analyses. For instance, when considering clusters #7, 9, 15, 19, 20, 22, and 29 that are 

mostly composed of nuclei sharing the same cell type annotation (Fig.6F), their organ of origin is 

quite diverse as reflected by the mosaic pattern of the “organ” donut plots for these clusters 

(Fig.6H). This result suggests that the transcriptomic profile of these cell types shares similar 

properties independently of their organ of origin. In other words, these cells share a common 

core transcriptome, likely a signature of the biological function. 

To further explore the biological significance of the co-clustering of different cell types 

from various soybean organs based on their transcriptional profile, we identified the GO terms 

most enriched for each of the 29 clusters (Fig.S12). The integration of this analysis with the 

allocation of cell- type and organ identity (Fig.6F and H) allowed us to functionally annotate 

most of the 29 clusters. Among the clusters characterized by their cellular function, clusters #15 

and 21 are composed of the xylem and phloem cells from different soybean organs, respectively. 

When considering the soybean leaf, cluster #7 is mostly composed of leaf epidermal cells 

engaged in cutin and wax biosynthesis. Cluster #4 is also a leaf-specific cluster, but of the 

mesophyll based on its enrichment in photosynthetic GO terms. From the seed, clusters #1, 5, 

and 13, that are most represented by nuclei from the seed mid-maturation stage nuclei, are 

characterized by the activity of genes controlling fatty acid biosynthesis, the storage of fatty 
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acids and proteins, and seed maturation. Clusters #9, 19, and 22 are the active mitotic and 

meiotic cell clusters composed of nuclei isolated from developing seed, shoot apical meristem, 

and floral buds. Based on the over-representation of cells from the seed engaged in cell division 

and the enrichment of GO term controlling cell polarity, we assume that cluster #6 is composed 

of dividing cells including embryonic cells. 

Other clusters are characterized by their molecular process. Noticeably, cluster #25 is 

unique based on its high transcriptional activity (Fig.6C and D) further supported by several GO 

terms associated with gene regulation notably at the epigenetic level. Considering that this 

cluster is composed of nuclei from developing seeds, we assume that this intense transcriptional 

activity is needed to support the differentiation processes occurring in developing seeds. While 

clusters #3 and 8 did not show any specific cell type- or organ-identity enrichment, the GO 

analysis revealed the presence of cells engaged in the cell death program, stresses, and microbial 

symbiosis for cluster #3, and in amino acid catabolic processes for clusters #8.  

Finally, another population of clusters is characterized by their metabolomic and 

catabolic activities. For instance, clusters #18 and 28 are characterized by amino acid catabolism, 

specifically in the developing seeds. Cluster #11, a cluster enriched in nodule and root nuclei, 

shows a strong regulation in inosine monophosphate biosynthesis, a metabolomic pathway used 

by the soybean plant to synthesize purine to assimilate the atmospheric nitrogen fixed by its 

symbiotic bacterial partner. Clusters #12 and 24 are characterized by cell wall biosynthetic 

processes. Another example is cluster #29 that is most represented by floral bud and shoot apical 

meristem nuclei and characterized by the biosynthesis of GDP-mannose, a structural 

carbohydrate, ascorbic acid, a regulator of cell division, and lactone. Several clusters are also 

specialized in the synthesis of specialized metabolites. For instance, cluster #16, an epidermis 

cell cluster, is involved in the biosynthesis of terpenoids and flavonoids. These compounds play 

a central role in the interaction between plants and their biotic environment. Another class of 

flavonoid compounds, proanthocyanidins, is synthesized by the cells composing clusters #17 and 

23. This family of metabolites has antibacterial and antioxidant properties [67, 68]. These 

clusters, as well as cluster 14, are also involved in the synthesis of phenylpropanoids that also 

trigger plant defense responses. 

 

Discussion 
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Recent advances in single-cell genomics methods have enabled the generation of single-cell 

transcriptome atlases of different animal models such as C. elegans [69], mouse [70], human 

[71], and Drosophila [72], providing strong resources for research at cell resolution. In plants, 

single-cell transcriptome atlases are often limited to one organ [73, 74]. Here, we present Tabula 

Glycine, the first crop single-cell transcriptome atlas. This resource reveals new genomic 

properties of the soybean plant, a major source of oil and proteins for human and animal 

consumption, including cell-type resolution transcriptomic signatures that will enable enhanced 

functional genomic and synthetic biology strategies, the combinatorial expression of TFs as a 

major contributor of cell and organ identity, and a comprehensive analysis of the lineage of the 

soybean cells based on their transcriptomic profiles. 

 

A new resource for the plant science community. 

We expect that Tabula Glycine will quickly become a resource for the soybean and plant science 

communities. The deep coverage of the transcriptome of most of the cell types composing 

Tabula Glycine (Fig.1F and evidence from the quantification of the expression of almost all the 

soybean TF genes, genes known to be expressed at low levels) and the functional annotation of 

many of the soybean clusters strongly support the quality of Tabula Glycine. Notably, 

considering soybean as a non-model species, the functional annotation of each cell type 

composing these organs was a challenging task (Figs.2 and 3). However, the use of different 

strategies such as Molecular CartographyTM to annotate the soybean root and nodule cell types 

[22], and the analysis of the expression of soybean orthologs to A. thaliana and M. truncatula 

marker genes led to the assignment of more than 80% of the Tabula Glycine cell clusters. 

Considering the broad range of organs analyzed, the large biological context of Tabula Glycine 

offers an opportunity to better understand the genetic programs governing the biology of each 

soybean cell type. For instance, we reveal that the expression patterns of the soybean TFs are 

sufficient to define most, if not all, the soybean cell types through the specific combination of co-

regulated TFs (Fig.5B).  

Hence, in addition to precisely establishing the transcriptional profile of candidate genes for 

functional genomic studies, Tabula Glycine will enable discoveries and applications that will 

serve soybean genomicists, cell biologists, evolutionary biologists, and the plant science 
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community. For instance, and as described in this manuscript, we refined the set of reference and 

cell-type marker genes at the single-cell resolution. This information will impact the decision 

process of scientists when selecting promoters to drive the expression of transgenes in the most 

biologically relevant cell types. It will also help to estimate the functional redundancies -notably 

those resulting from small-scale and whole-genome duplications- and cooperation between genes 

in the same cell to support the establishment of functional genomic strategies that will drive the 

most significant phenotypic changes. For instance, our analysis of the co-expression of two 

different populations of WRKY TFs activated in two different sets of root cells revealed likely 

occurrences of both functional redundancy and neo- or sub-functionalization. Considering the 

evolutionary features of the soybean genome (i.e., soybean is an allotetraploid that results from 

two rounds of whole genome duplications [7]), Tabula Glycine will enhance our understanding 

of the evolution of the expression and co-expression of the soybean genes. We also expect 

Tabula Glycine to validate and enhance predicted gene networks providing an unprecedented 

resolution. As a demonstration of this potential, we recently created a gene co-expression 

network of the soybean nodule cells infected by their nitrogen-fixing symbiotic symbiont, B. 

diazoefficens [22]. Therefore, we expect that Tabula Glycine will support the design of high-

resolution functional genomic approaches to enhance specific soybean traits such as protein and 

oil yield and composition, biological nitrogen fixation to support sustainable agricultural 

practices, plant organ development, etc.  

 

Enhancing current transcriptomic resources to support soybean biology. 

Tabula Glycine is the first high-resolution atlas developed from multiple organs for a major crop 

species. The broad spectrum of organs represented in Tabula Glycine (i.e., from the mature 

nodule infected by the nitrogen-fixing bacteria B. diazoefficiens to the seed at the mid-maturation 

stage) gives a unique perspective on the differential use of the genome by the 157 cell clusters 

analyzed in this study. This statement is supported by the analysis of the co-expression patterns 

of TF genes in 10 different organs that revealed cell-type-specific sets of co-expressed TFs. We 

assume these TFs act together to drive important genetic programs in various cell types. Our 

integrated analysis of the entire Tabula Glycine reveals that the same cell types isolated from 

different organs share, at least to some extent, a common core transcriptome (Fig.6). Hence, the 
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characterization of the antagonistic and synergistic roles of TF genes and the identification of the 

genes under their control in the context of the epigenetic environment would further support our 

understanding of the regulatory mechanisms of plant gene expression. It also offers an 

opportunity to modify and control the biology of specific plant cell types.  

 

Perspectives. 

Tabula Glycine is a first step forward in our understanding of the differential use of the soybean 

genome by individual plant cells. Revealing the dynamic changes in gene expression occurring 

in each cell composing the plant during its development, in response to individual or 

combinatorial environmental stresses, and/or upon genetic perturbations is the logical next step. 

Accessing such information will allow the capture of transcriptomic changes, and the generation 

of cell-type-specific transcriptomic trajectories. Another avenue of expansion for Tabula Glycine 

consists in the integration of several single cell resolution -omics datasets (e.g., RNA and 

ATAC-seq) in order to reveal the mechanisms controlling gene activity. The use of high-

throughput single-cell -omics technologies will be key to generate the depth of information 

needed to gain a systems-level understanding of the soybean plant at the single-cell level. 
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Figure Legends 

Figure 1. Establishment of Tabula Glycine, the soybean single-nucleus transcriptome atlas. 

A. The soybean cell atlas is generated from 10 collected tissues, including several seed 

developmental stages (i.e., heart, early cotyledon, and mid-maturation stages), green pods, flower 

bud, shoot apical meristem (SAM), leaves (trifoliate and unifoliate leaves), nodule and root (see 

joint manuscript). Bottom: Schematic representation of the experimental design used to generate 

single-nucleus RNA-seq (sNucRNA-seq) libraries using the 10X Genomics platform. The 

soybean nuclei were sorted to ensure their purification. B and C. Number of Unique Molecular 

Identifiers (UMI; B) and expressed genes per nucleus (C) in each tissue composing Tabula 

Glycine. D. Percentage of transcriptomic coverage of the 157 different cell clusters composing 

the soybean atlas using Shannon’s entropy measure. E. Distribution of the 157 Tabula Glycine 

clusters based on the percentage of their transcriptomic coverage. F. Estimation of the 

transcriptomic coverage of Tabula Glycine based on the number of cells using the entire soybean 

cell atlas by fitting a Pareto cumulative distribution function. 

Figure 2. Functional annotation of the sNucRNA-seq clusters from the soybean canopy 

using ortholog genes. A-E. Left: UMAP plots of the shoot apical meristem (A.), unifoliate leaf 

(B.), trifoliate leaf (C.), floral bud (D.), and pod (E.) colored by distinct cell-cluster according to 

their transcriptomic profiles. Center: Stacked plots of the percentage of nuclei contributing to 

each cell cluster in a UMAP. Right: Dotplots of the expression pattern of a subset of cell-type 
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specific gene markers used to functionally annotate the clusters of the soybean SAM (A.), 

unifoliate leaf (B.), trifoliate leaf (C.), floral bud (D.), and pod (E.) (see Figures S5 to S7 for 

details). The percentage of nuclei expressing the gene of interest (circle size) and the mean 

expression (circle color) of the genes are shown. 

Figure 3. Functional annotation of the sNucRNA-seq clusters from the soybean seed using 

Laser Capture Microdissection RNA-Seq datasets. Top Left panel: UMAP and stacked plots 

of the percentage of nuclei contributing to the seed at the heart (A.), early cotyledon (B.), and 

mid-maturation stages (C.); Top right panel: schematic representation of the different tissues 

composing the seed at the heart (A.) and early cotyledon stages (B.); Bottom panel: Dotplots of 

the expression pattern of seed cell-type specific marker genes identified by LCM to support the 

functional annotation of the clusters of the seed heart, early cotyledon, and mid-maturation 

stages. The percentage of nuclei expressing the gene of interest (circle size) and the mean 

expression (circle color) of the genes are shown. 

Figure 4. Differential analysis of gene activity between soybean cell types. Distribution of the 

number of UMIs (A.) and expressed genes per nucleus (B.) across the 157 cell clusters 

composing Tabula Glycine. Arrows highlight the cell types characterized by their 

endoreduplication and higher transcriptomic activities. C-J. Numbers of soybean silent (C, G), 

ubiquitously (D, H), constitutively expressed (E, I), and marker genes (F, J) for all the soybean 

genes (C-F) and the soybean TF genes (G-J) across 10 different soybean organs and in the entire 

Tabula Glycine, K. Heatmap of the transcriptional activity of 318 soybean genes considered as 

preferentially expressed in the soybean root and nodule (Moisseyev et al., 2020) (y-axis) for each 

of the 157 cell clusters (x axis). L. Magnification of this heat map to the 11 nodule and 16 root 

clusters.  

Figure 5. Co-expression analysis of the soybean TF genes. A and B. Heatmaps of co-

expression of soybean TF genes (x-axis) across the 157 cell clusters of Tabula Glycine (y-axis). 

In A., the 157 clusters are organized in a cell lineage tree (y-axis) based on the co-expression 

pattern of TF genes (x-axis). The functional annotation (e.g., epidermal, vascular, dividing, 

mesophyll, inner integument, cortical, storage, endosperm, rhizobia-infected, guard, 

meristematic cells, etc.) and organ of origin of the 157 cell clusters are highlighted with a color 

code (left and right y-axes, respectively). Branches of this trer are highlighted with black 
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brackets and dashed boxes when considering the “organ of origin” and the “functional 

annotation” of the clusters (y-axes). Groups of co-expressed TF are highlighted with colored 

arrows and boxes. In B. the 157 clusters are rearranged while the order of the co-expressed TF 

genes is kept highlighting the sets of co-expressed TF specific to each cluster. C. UMAP plot of 

the epidermal cells of the soybean plant. Sub-populations of cells of interest are highlighted via 

zoom-in boxes.  D. Dotplots of the expression pattern of co-expressed WRKY TFs and over-

represented in two distinct groups of root clusters (i.e., the green and blue lines refer to the 

WRKYs identified among the set of co-expressed TF highlighted in the green and blue circles in 

Fig.5A, respectively). When identified, groups of duplicated WRKYs are highlighted by squares 

of the same color. WRKYs highlighted in the green and blue parallelograms are duplicated 

WRKYs that are strictly restricted to the same group of co-expressed TFs. The percentage of 

nuclei expressing the gene of interest (circle size) and the mean expression (circle color) of the 

genes are shown. 

Figure 6. Integrated Tabula Glycine UMAP reveals the preferential clustering of the 

soybean nuclei based on their functional annotation. A. Integrated 3D UMAP plot according 

to the transcriptomic profile of 116,525 nuclei isolated from 10 different soybean organs. This 

clustering led to the 29 clusters.  B. Principal component analysis of the transcriptome of the 29 

clusters of the integrated Tabula Glycine UMAP. C and D. Number of Unique Molecular 

Identifiers (UMI; C) and expressed genes per nucleus (D) in each cluster composing Integrated 

Tabula Glycine UMAP. E to H. Labels of the integrated Tabula Glycine 3D UMAPs (E and G) 

and distributions of the nuclei in each cluster (F and H) are given according to the functional 

annotation of the nuclei (E and F) or their organ of origin (G and H). Clusters represented by 

over >70% of nuclei sharing the same cell type identity (F) or organ of origin (H) are highlighted 

in red. Due to the cellular redundancy existing between the unifoliate and trifoliate leaves, and 

the seeds at the heart and cotyledon stages, we highlight in orange the clusters composed by 

>70% of nuclei sharing the same cell type identity when conjointly considering unifoliate and 

trifoliate leaves, and seeds at the heart and cotyledon stages. 

 

 

STAR Methods 
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Plant material  

Soybean (Glycine max Williams 82) seedlings were sterilized as previously described [75]. The 

true leaf samples were collected from 2-week-old seedlings grown in soil in growth chamber 

conditions. The rest of the samples were collected from plants grown in soil (Green mix, 10% 

Canadian peat, 40% coarse vermiculite, 15% Masonry sand, and 5% screened topsoil) in the 

greenhouse (24-27°C/ 18-21°C). Fully developed trifoliate leaves (without petiole) and shoot 

apical meristem were harvested from 2-month-old plants. Flower bud samples were collected 

from R1 plants before the emergence of the petals. The heart, early-cotyledon, and mid-

maturation seed samples are pooled seeds measuring 2, 5, and 10mm. Pods without their 10 mm 

seeds were collected from the green pod sample. 

 

Nuclei isolation, sNucRNA-seq library preparation, and sequencing  

For nuclei isolation, soybean tissue samples were chopped and passed through 30 and 40 µm cell 

strainers as previously described [76]. The filtered nuclei were purified by cell sorting using 

FACS Aria II™ 603 cell sorter (BD Biosciences), centrifuged, and resuspended in a solution of 

PBS and BSA 0.5%. The sNucRNA-seq libraries were constructed following the Chromium™ 

Single Cell 3’ Library & Gel Bead Kit v3.1 protocol (10x Genomics) with a targeted recovery of 

5,000 nuclei. The sequencing of single- and paired-indexed, paired-end libraries was performed 

on an Illumina™ NovaSeq 6000 platform according to the 10x Genomics recommendations. See 

Table.S10 for detailed information regarding these libraries. 

 

SNucRNA-seq data pre-processing, integration, and clustering 

Each sNucRNA-seq library was processed individually using the 10x Genomics Cell Ranger 

software v6.1.1.0 for the demultiplexing and for the alignment against the soybean reference 

genome from Ensembl Plants database (i.e., Glycine_max_v2.1.52; 

http://ftp.ensemblgenomes.org/pub/plants/release-52/fasta/glycine_max/). The background 

contamination was subtracted after the alignment of the reads using SoupX [77], and doublets 

were filtered out using the DoubletDetection prediction method70. Finally, we applied a 

minimum threshold of 500 UMIs to remove the nuclei with lower transcriptional content. Upon 

normalization, the integration anchors were defined for the integrated replicates of each sample 
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using the tool Seurat V471. The dimensional reduction for the complexity of the data was 

performed using the UMAP method, upon selecting the top 2000 variable genes for the 

clustering by using the FindClusters method from Seurat V4.  

 

UMAP visualization 

For visualization, all the sNucRNA-seq libraries for each sample were combined using the Cell 

Ranger aggr function from 10X Genomics and we used Loupe software from 10X Genomics to 

visualize the integrations. 

 

Comparison of soybean sNucRNA-seq and bulk RNA-seq 

To evaluate the depth and sensitivity of the soybean unifoliate leaf, shoot apical meristem, pod, 

and floral bud single nuclei transcriptome atlases, we compared our pseudo-bulk sNucRNA-seq 

datasets with previously published bulk RNA-seq datasets [9]. Using the database of the legume 

information system (LIS), we extracted bulk expression datasets (2022/11/14; 

https://data.legumeinfo.org/Glycine/max/expression/Wm82.gnm2.ann1.expr.Wm82.Libault_Far

mer_2010/; identifiers # SRR037381, SRR037382, SRR037383, and SRR037384 before 

comparing the number of expressed genes between bulk and pseudo-bulk RNA-seq libraries. 

 

Transcriptomic coverage in a cluster and mathematical framework 

Given any cell in a cluster, we compute for each gene i the fraction xi it contributes to the cell’s 

UMI transcripts. We then average these xi over cells in the cluster, giving a pseudobulk 

proportion pi for each gene. To define an associated diversity index, we follow a common choice 

as used in ecology [78, 79], namely the Shannon entropy of the pi. Similarly, the effective 

number EG of genes expressed in the cluster can be taken to be the exponential of that quantity.  

Note that EG will be small if the number of cells M in the cluster is low whereas EG will go to 

some limit if M is increased indefinitely. That limit corresponds to a perfect specification of the 

transcriptomic profile, so in practice it is important to find out how far one is from that limit. 

Based on subsampling, we find that EG is very well fit by a Pareto distribution: 

                                                EG(M) ~ a – b/M 
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We thus define the transcriptomic coverage for the considered cluster with its limited number of 

cells as the measured value of EG divided by the (mathematically determined) value of EG(M) 

were M to become arbitrarily large. 

This measure of transcriptomic coverage tells us whether the number of cells in the cluster is 

sufficient to approximate the “exact” transcriptomic profile. When the coverage is close to 1, 

adding more cells will not change the transcriptomic profile whereas when the coverage is low it 

is advisable to add more cells to have a better precision on that profile.  

 

TF gene co-expression analysis 

To find the TF gene expression, we used the pseudo-bulk transcriptomic data for each cell cluster 

of the soybean cell atlas.  The entire dataset was normalized using a Z-score test, and the most 

significant TF pairs were selected by applying a Tau test (Tau>0.9). 

 

Defining Soybean paralogs and Arabidopsis thaliana Orthologs 

Five comparative genomics methods were used to determine orthologs between Glycine 

max and Arabidopsis thaliana. MCScanX was run using its MCScanX_h homology mode which 

relies on a priori gene homology as opposed to BLAST algorithm hits, although both organize 

homologous genes into syntenic blocks for ortholog identification [80]. Homology was provided 

by the protein family databases of the Legume Information Service [81]. The remaining four 

methods (orthologous gene families, best search hits, TribeMCL tree-based gene families, and 

ortholog through colinear regions) are included in the orthology databases of plant genomics 

platform PLAZA 5.0 [82-84]. These were used to validate the predicted orthologs from 

MCScanX, meaning an orthologous gene pair was included if it was supported by MCScanX and 

at least one of the four tools from PLAZA.  Paralogs in the soybean genome were assigned to 

duplication mechanism as follows: Syntenic paralogs (as identified by MCScanX) were assumed 

to be the result of whole genome duplication (WGD). These were assigned to the papilionoid 

WGD if the median Ks for all gene pairs in the syntenic block was greater than 0.40 and to the 

Glycine-specific WGD if the median Ks was less than or equal to 0.40. Non-syntenic paralogs 

were considered tandem duplicates if they are on the same chromosome with no non-paralogous 

genes between them, proximal duplicates if they are on the same chromosome with 1-10 non-
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paralogous genes between them, and transposed duplicates if there are more than 10 non-

paralogous duplicates between them or they are on different chromosomes. 

 

Data availability 

The sNucRNA-seq data generated in this study have been deposited with the National Center for 

Biotechnology Information (NCBI) bioproject numbers PRJNA938968, PRJNA983388, and the 

GEO numbers GSE226149, GSE234864. 

 

Any additional information required to reanalyze the data reported in this paper must be 

requested from the lead contact (libaultm@missouri.edu). 

 

References 

1. Lam, H.M., X. Xu, X. Liu, W. Chen, G. Yang, F.L. Wong, M.W. Li, W. He, N. Qin, B. 
Wang, J. Li, M. Jian, J. Wang, G. Shao, J. Wang, S.S. Sun, and G. Zhang, Resequencing 
of 31 wild and cultivated soybean genomes identifies patterns of genetic diversity and 
selection. Nat Genet, 2010. 42(12): p. 1053-9. 

2. Graham, P.H. and C.P. Vance, Legumes: importance and constraints to greater use. Plant 
Physiol, 2003. 131(3): p. 872-7. 

3. Li, R., H. Chen, Z. Yang, and S. Yuan, Research status of soybean symbiosis nitrogen 
fixation. Oil Crop Science, 2020. 5(1): p. 6-10. 

4. Ray, D.K., N.D. Mueller, P.C. West, and J.A. Foley, Yield trends are insufficient to 
double global crop production by 2050. PloS one, 2013. 8(6): p. e66428. 

5. Xu, H., L. Zhang, K. Zhang, and Y. Ran, Progresses, challenges, and prospects of 
genome editing in soybean (Glycine max). Frontiers in Plant Science, 2020. 11: p. 
571138. 

6. Bao, A., C. Zhang, Y. Huang, H. Chen, X. Zhou, and D. Cao, Genome editing technology 
and application in soybean improvement. Oil Crop Science, 2020. 5(1): p. 31-40. 

7. Schmutz, J., S.B. Cannon, J. Schlueter, J. Ma, T. Mitros, W. Nelson, D.L. Hyten, Q. 
Song, J.J. Thelen, and J. Cheng, Genome sequence of the palaeopolyploid soybean. 
nature, 2010. 463(7278): p. 178-183. 

8. Severin, A.J., J.L. Woody, Y.-T. Bolon, B. Joseph, B.W. Diers, A.D. Farmer, G.J. 
Muehlbauer, R.T. Nelson, D. Grant, and J.E. Specht, RNA-Seq Atlas of Glycine max: a 
guide to the soybean transcriptome. BMC plant biology, 2010. 10: p. 1-16. 

9. Libault, M., A. Farmer, T. Joshi, K. Takahashi, R.J. Langley, L.D. Franklin, J. He, D. Xu, 
G. May, and G. Stacey, An integrated transcriptome atlas of the crop model Glycine max, 
and its use in comparative analyses in plants. Plant J, 2010. 63(1): p. 86-99. 

10. Grant, D., R.T. Nelson, S.B. Cannon, and R.C. Shoemaker, SoyBase, the USDA-ARS 
soybean genetics and genomics database. Nucleic acids research, 2010. 38(suppl_1): p. 
D843-D846. 

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

The copyright holder for this preprint (whichthis version posted July 9, 2024. ; https://doi.org/10.1101/2024.07.08.602332doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.08.602332
http://creativecommons.org/licenses/by-nd/4.0/


11. Cheng, K.C.C. and M.V. Strömvik, SoyXpress: a database for exploring the soybean 
transcriptome. BMC genomics, 2008. 9: p. 1-9. 

12. Wang, Z., M. Libault, T. Joshi, B. Valliyodan, H.T. Nguyen, D. Xu, G. Stacey, and J. 
Cheng, SoyDB: a knowledge database of soybean transcription factors. BMC Plant 
Biology, 2010. 10: p. 1-12. 

13. Joshi, T., K. Patil, M.R. Fitzpatrick, L.D. Franklin, Q. Yao, J.R. Cook, Z. Wang, M. 
Libault, L. Brechenmacher, and B. Valliyodan. Soybean Knowledge Base (SoyKB): a web 
resource for soybean translational genomics. in BMC genomics. 2012. Springer. 

14. Waese, J., J. Fan, A. Pasha, H. Yu, G. Fucile, R. Shi, M. Cumming, L.A. Kelley, M.J. 
Sternberg, and V. Krishnakumar, ePlant: visualizing and exploring multiple levels of data 
for hypothesis generation in plant biology. The Plant Cell, 2017. 29(8): p. 1806-1821. 

15. Grones, C., T. Eekhout, D. Shi, M. Neumann, L.S. Berg, Y. Ke, R. Shahan, K.L. Cox, Jr., 
F. Gomez-Cano, H. Nelissen, J.U. Lohmann, S. Giacomello, O.C. Martin, B. Cole, J.W. 
Wang, K. Kaufmann, M.T. Raissig, G. Palfalvi, T. Greb, M. Libault, and B. De Rybel, 
Best practices for the execution, analysis, and data storage of plant single-cell/nucleus 
transcriptomics. Plant Cell, 2024. 

16. Thibivilliers, S. and M. Libault, Plant Single-Cell Multiomics: Cracking the Molecular 
Profiles of Plant Cells. Trends Plant Sci, 2021. 26(6): p. 662-663. 

17. Kajala, K., M. Gouran, L. Shaar-Moshe, G.A. Mason, J. Rodriguez-Medina, D. Kawa, G. 
Pauluzzi, M. Reynoso, A. Canto-Pastor, and C. Manzano, Innovation, conservation, and 
repurposing of gene function in root cell type development. Cell, 2021. 184(12): p. 3333-
3348. e19. 

18. Farmer, A., S. Thibivilliers, K.H. Ryu, J. Schiefelbein, and M. Libault, Single-nucleus 
RNA and ATAC sequencing reveals the impact of chromatin accessibility on gene 
expression in Arabidopsis roots at the single-cell level. Mol Plant, 2021. 14(3): p. 372-
383. 

19. Xu, X., M. Crow, B.R. Rice, F. Li, B. Harris, L. Liu, E. Demesa-Arevalo, Z. Lu, L. 
Wang, and N. Fox, Single-cell RNA sequencing of developing maize ears facilitates 
functional analysis and trait candidate gene discovery. Developmental Cell, 2021. 56(4): 
p. 557-568. e6. 

20. Birnbaum, K., D.E. Shasha, J.Y. Wang, J.W. Jung, G.M. Lambert, D.W. Galbraith, and 
P.N. Benfey, A gene expression map of the Arabidopsis root. Science, 2003. 302(5652): 
p. 1956-1960. 

21. Denyer, T., X. Ma, S. Klesen, E. Scacchi, K. Nieselt, and M.C.P. Timmermans, 
Spatiotemporal Developmental Trajectories in the Arabidopsis Root Revealed Using 
High-Throughput Single-Cell RNA Sequencing. Dev Cell, 2019. 48(6): p. 840-852.e5. 

22. Cervantes-Pérez, S.A., P. Zogli, S. Amini, S. Thibivilliers, S. Tennant, M.S. Hossain, H. 
Xu, I. Meyer, A. Nooka, and P. Ma, Single-cell transcriptome atlases of soybean root 
and mature nodule reveal new regulatory programs controlling the nodulation process. 
Plant Communications, 2024. 

23. Guillotin, B., R. Rahni, M. Passalacqua, M.A. Mohammed, X. Xu, S.K. Raju, C.O. 
Ramirez, D. Jackson, S.C. Groen, J. Gillis, and K.D. Birnbaum, A pan-grass 
transcriptome reveals patterns of cellular divergence in crops. Nature, 2023. 617(7962): 
p. 785-791. 

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

The copyright holder for this preprint (whichthis version posted July 9, 2024. ; https://doi.org/10.1101/2024.07.08.602332doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.08.602332
http://creativecommons.org/licenses/by-nd/4.0/


24. Cervantes-Perez, S.A., S. Thibivilliers, C. Laffont, A.D. Farmer, F. Frugier, and M. 
Libault, Cell-specific pathways recruited for symbiotic nodulation in the Medicago 
truncatula legume. Mol Plant, 2023. 16(2): p. 481-483. 

25. Kim, J.-Y., E. Symeonidi, T.Y. Pang, T. Denyer, D. Weidauer, M. Bezrutczyk, M. Miras, 
N. Zöllner, T. Hartwig, and M.M. Wudick, Distinct identities of leaf phloem cells 
revealed by single cell transcriptomics. The Plant Cell, 2021. 33(3): p. 511-530. 

26. Tenorio Berrío, R., K. Verstaen, N. Vandamme, J. Pevernagie, I. Achon, J. Van Duyse, 
G. Van Isterdael, Y. Saeys, L. De Veylder, and D. Inzé, Single-cell transcriptomics sheds 
light on the identity and metabolism of developing leaf cells. Plant physiology, 2022. 
188(2): p. 898-918. 

27. Maeda, T., S.S. Sugano, M. Shirakawa, M. Sagara, T. Ito, S. Kondo, and A.J. Nagano, 
Single-cell RNA sequencing of Arabidopsis leaf tissues identifies multiple specialized cell 
types: idioblast myrosin cells and potential glucosinolate-producing cells. Plant and Cell 
Physiology, 2023. 64(2): p. 234-247. 

28. Lopez-Anido, C.B., A. Vatén, N.K. Smoot, N. Sharma, V. Guo, Y. Gong, M.X.A. Gil, 
A.K. Weimer, and D.C. Bergmann, Single-cell resolution of lineage trajectories in the 
Arabidopsis stomatal lineage and developing leaf. Developmental cell, 2021. 56(7): p. 
1043-1055. e4. 

29. Liu, P., S. Zhang, B. Zhou, X. Luo, X.F. Zhou, B. Cai, Y.H. Jin, D. Niu, J. Lin, and X. 
Cao, The histone H3K4 demethylase JMJ16 represses leaf senescence in Arabidopsis. 
The plant cell, 2019. 31(2): p. 430-443. 

30. Zhang, S., C. Li, R. Wang, Y. Chen, S. Shu, R. Huang, D. Zhang, J. Li, S. Xiao, and N. 
Yao, The Arabidopsis mitochondrial protease FtSH4 is involved in leaf senescence via 
regulation of WRKY-dependent salicylic acid accumulation and signaling. Plant 
Physiology, 2017. 173(4): p. 2294-2307. 

31. Procko, C., T. Lee, A. Borsuk, B.O. Bargmann, T. Dabi, J.R. Nery, M. Estelle, L. Baird, 
C. O’Connor, and C. Brodersen, Leaf cell-specific and single-cell transcriptional 
profiling reveals a role for the palisade layer in UV light protection. The Plant Cell, 
2022. 34(9): p. 3261-3279. 

32. Zhang, D., Z. Zhu, J. Gao, X. Zhou, S. Zhu, X. Wang, X. Wang, G. Ren, and B. Kuai, 
The NPR1�WRKY46�WRKY6 signaling cascade mediates probenazole/salicylic 
acid�elicited leaf senescence in Arabidopsis thaliana. Journal of Integrative Plant 
Biology, 2021. 63(5): p. 924-936. 

33. Du, J., S. Wang, C. He, B. Zhou, Y.-L. Ruan, and H. Shou, Identification of regulatory 
networks and hub genes controlling soybean seed set and size using RNA sequencing 
analysis. Journal of experimental botany, 2017. 68(8): p. 1955-1972. 

34. Zhang, H., Z. Hu, Y. Yang, X. Liu, H. Lv, B.-H. Song, Y.-q.C. An, Z. Li, and D. Zhang, 
Transcriptome profiling reveals the spatial-temporal dynamics of gene expression 
essential for soybean seed development. BMC genomics, 2021. 22(1): p. 453. 

35. Herman, E.M. and B.A. Larkins, Protein storage bodies and vacuoles. The Plant Cell, 
1999. 11(4): p. 601-613. 

36. Schmidt, M.A., W.B. Barbazuk, M. Sandford, G. May, Z. Song, W. Zhou, B.J. Nikolau, 
and E.M. Herman, Silencing of soybean seed storage proteins results in a rebalanced 
protein composition preserving seed protein content without major collateral changes in 
the metabolome and transcriptome. Plant Physiology, 2011. 156(1): p. 330-345. 

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

The copyright holder for this preprint (whichthis version posted July 9, 2024. ; https://doi.org/10.1101/2024.07.08.602332doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.08.602332
http://creativecommons.org/licenses/by-nd/4.0/


37. Islam, N., H.B. Krishnan, and S. Natarajan, Quantitative proteomic analyses reveal the 
dynamics of protein and amino acid accumulation during soybean seed development. 
Proteomics, 2022. 22(7): p. 2100143. 

38. Fan, W., C. Xia, S. Wang, J. Liu, L. Deng, S. Sun, and X. Wang, Rhizobial infection of 
4C cells triggers their endoreduplication during symbiotic nodule development in 
soybean. New Phytologist, 2022. 234(3): p. 1018-1030. 

39. Sun, S., C. Yi, J. Ma, S. Wang, M. Peirats-Llobet, M.G. Lewsey, J. Whelan, and H. Shou, 
Analysis of spatio-temporal transcriptome profiles of soybean (Glycine max) tissues 
during early seed development. International Journal of Molecular Sciences, 2020. 
21(20): p. 7603. 

40. Song, Q., A. Ando, N. Jiang, Y. Ikeda, and Z.J. Chen, Single-cell RNA-seq analysis 
reveals ploidy-dependent and cell-specific transcriptome changes in Arabidopsis female 
gametophytes. Genome Biology, 2020. 21(1): p. 178. 

41. Libault, M., S. Thibivilliers, D.D. Bilgin, O. Radwan, M. Benitez, S.J. Clough, and G. 
Stacey, Identification of Four Soybean Reference Genes for Gene Expression 
Normalization. The Plant Genome, 2008. 1(1). 

42. Lin, F., M. Zhao, D.D. Baumann, J. Ping, L. Sun, Y. Liu, B. Zhang, Z. Tang, E. Hughes, 
R.W. Doerge, T.J. Hughes, and J. Ma, Molecular response to the pathogen Phytophthora 
sojae among ten soybean near isogenic lines revealed by comparative transcriptomics. 
BMC Genomics, 2014. 15(1): p. 18. 

43. Hu, R., C. Fan, H. Li, Q. Zhang, and Y.-F. Fu, Evaluation of putative reference genes for 
gene expression normalization in soybean by quantitative real-time RT-PCR. BMC 
Molecular Biology, 2009. 10(1): p. 93. 

44. Moisseyev, G., K. Park, A. Cui, D. Freitas, D. Rajagopal, A.R. Konda, M. Martin-
Olenski, M. Mcham, K. Liu, Q. Du, J.C. Schnable, E.N. Moriyama, E.B. Cahoon, and C. 
Zhang, RGPDB: database of root-associated genes and promoters in maize, soybean, 
and sorghum. Database, 2020. 2020. 

45. Yao, Z., C.T.J. van Velthoven, M. Kunst, M. Zhang, D. McMillen, C. Lee, W. Jung, J. 
Goldy, A. Abdelhak, M. Aitken, K. Baker, P. Baker, E. Barkan, D. Bertagnolli, A. 
Bhandiwad, C. Bielstein, P. Bishwakarma, J. Campos, D. Carey, T. Casper, A.B. Chakka, 
R. Chakrabarty, S. Chavan, M. Chen, M. Clark, J. Close, K. Crichton, S. Daniel, P. 
DiValentin, T. Dolbeare, L. Ellingwood, E. Fiabane, T. Fliss, J. Gee, J. Gerstenberger, A. 
Glandon, J. Gloe, J. Gould, J. Gray, N. Guilford, J. Guzman, D. Hirschstein, W. Ho, M. 
Hooper, M. Huang, M. Hupp, K. Jin, M. Kroll, K. Lathia, A. Leon, S. Li, B. Long, Z. 
Madigan, J. Malloy, J. Malone, Z. Maltzer, N. Martin, R. McCue, R. McGinty, N. Mei, J. 
Melchor, E. Meyerdierks, T. Mollenkopf, S. Moonsman, T.N. Nguyen, S. Otto, T. Pham, 
C. Rimorin, A. Ruiz, R. Sanchez, L. Sawyer, N. Shapovalova, N. Shepard, C. 
Slaughterbeck, J. Sulc, M. Tieu, A. Torkelson, H. Tung, N. Valera Cuevas, S. Vance, K. 
Wadhwani, K. Ward, B. Levi, C. Farrell, R. Young, B. Staats, M.-Q.M. Wang, C.L. 
Thompson, S. Mufti, C.M. Pagan, L. Kruse, N. Dee, S.M. Sunkin, L. Esposito, M.J. 
Hawrylycz, J. Waters, L. Ng, K. Smith, B. Tasic, X. Zhuang and H. Zeng, A high-
resolution transcriptomic and spatial atlas of cell types in the whole mouse brain. Nature, 
2023. 624(7991): p. 317-332. 

46. Almeida, N., M.W.H. Chung, E.M. Drudi, E.N. Engquist, E. Hamrud, A. Isaacson, 
V.S.K. Tsang, F.M. Watt, and F.M. Spagnoli, Employing core regulatory circuits to 
define cell identity. Embo j, 2021. 40(10): p. e106785. 

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

The copyright holder for this preprint (whichthis version posted July 9, 2024. ; https://doi.org/10.1101/2024.07.08.602332doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.08.602332
http://creativecommons.org/licenses/by-nd/4.0/


47. Arendt, D., J.M. Musser, C.V.H. Baker, A. Bergman, C. Cepko, D.H. Erwin, M. 
Pavlicev, G. Schlosser, S. Widder, M.D. Laubichler, and G.P. Wagner, The origin and 
evolution of cell types. Nature Reviews Genetics, 2016. 17(12): p. 744-757. 

48. Tian, F., D.C. Yang, Y.Q. Meng, J. Jin, and G. Gao, PlantRegMap: charting functional 
regulatory maps in plants. Nucleic Acids Res, 2020. 48(D1): p. D1104-D1113. 

49. Vijayakumar, P., S. Datta, and L. Dolan, ROOT HAIR DEFECTIVE SIX-LIKE4 (RSL4) 
promotes root hair elongation by transcriptionally regulating the expression of genes 
required for cell growth. New Phytologist, 2016. 212(4): p. 944-953. 

50. Yi, K., B. Menand, E. Bell, and L. Dolan, A basic helix-loop-helix transcription factor 
controls cell growth and size in root hairs. Nature Genetics, 2010. 42(3): p. 264-U108. 

51. Shibata, M. and K. Sugimoto, A gene regulatory network for root hair development. 
Journal of Plant Research, 2019. 132(3): p. 301-309. 

52. Cominelli, E., M. Galbiati, A. Vavasseur, L. Conti, T. Sala, M. Vuylsteke, N. Leonhardt, 
S.L. Dellaporta, and C. Tonelli, A guard-cell-specific MYB transcription factor regulates 
stomatal movements and plant drought tolerance. Current biology, 2005. 15(13): p. 
1196-1200. 

53. Cominelli, E., M. Galbiati, and C. Tonelli, Transcription factors controlling stomatal 
movements and drought tolerance. Transcription, 2010. 1(1): p. 41-45. 

54. Bueso, E., J. Muñoz-Bertomeu, F. Campos, V. Brunaud, L. Martínez, E. Sayas, P. 
Ballester, L. Yenush, and R. Serrano, ARABIDOPSIS THALIANA HOMEOBOX25 
uncovers a role for Gibberellins in seed longevity. Plant physiology, 2014. 164(2): p. 
999-1010. 

55. Qiu, Y. and C. Köhler, Endosperm evolution by duplicated and neofunctionalized type I 
MADS-box transcription factors. Molecular Biology and Evolution, 2022. 39(1): p. 
msab355. 

56. Portereiko, M.F., A. Lloyd, J.G. Steffen, J.A. Punwani, D. Otsuga, and G.N. Drews, 
AGL80 is required for central cell and endosperm development in Arabidopsis. The Plant 
Cell, 2006. 18(8): p. 1862-1872. 

57. Shirzadi, R., E.D. Andersen, K.N. Bjerkan, B.M. Gloeckle, M. Heese, A. Ungru, P. 
Winge, C. Koncz, R.B. Aalen, and A. Schnittger, Genome-wide transcript profiling of 
endosperm without paternal contribution identifies parent-of-origin–dependent 
regulation of AGAMOUS-LIKE36. PLoS Genetics, 2011. 7(2): p. e1001303. 

58. Kang, I.H., J.G. Steffen, M.F. Portereiko, A. Lloyd, and G.N. Drews, The AGL62 MADS 
domain protein regulates cellularization during endosperm development in Arabidopsis. 
Plant Cell, 2008. 20(3): p. 635-47. 

59. Li, P., Q. Zhang, D. He, Y. Zhou, H. Ni, D. Tian, G. Chang, Y. Jing, R. Lin, and J. 
Huang, AGAMOUS-LIKE67 cooperates with the histone mark reader EBS to modulate 
seed germination under high temperature. Plant physiology, 2020. 184(1): p. 529-545. 

60. Sinharoy, S., I. Torres-Jerez, K. Bandyopadhyay, A. Kereszt, C.I. Pislariu, J. Nakashima, 
V.A. Benedito, E. Kondorosi, and M.K. Udvardi, The C2H2 transcription factor 
regulator of symbiosome differentiation represses transcription of the secretory pathway 
gene VAMP721a and promotes symbiosome development in Medicago truncatula. Plant 
Cell, 2013. 25(9): p. 3584-601. 

61. Wang, X., Z. Qiu, W. Zhu, N. Wang, M. Bai, H. Kuang, C. Cai, X. Zhong, F. Kong, and 
P. Lü, The NAC transcription factors SNAP1/2/3/4 are central regulators mediating high 

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

The copyright holder for this preprint (whichthis version posted July 9, 2024. ; https://doi.org/10.1101/2024.07.08.602332doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.08.602332
http://creativecommons.org/licenses/by-nd/4.0/


nitrogen responses in mature nodules of soybean. Nature Communications, 2023. 14(1): 
p. 4711. 

62. Yuan, S., X. Li, R. Li, L. Wang, C. Zhang, L. Chen, Q. Hao, X. Zhang, H. Chen, and Z. 
Shan, Genome-wide identification and classification of soybean C2H2 zinc finger 
proteins and their expression analysis in legume-rhizobium symbiosis. Frontiers in 
Microbiology, 2018. 9: p. 126. 

63. Singh, S., H. Koyama, K.K. Bhati, and A. Alok, The biotechnological importance of the 
plant-specific NAC transcription factor family in crop improvement. Journal of plant 
research, 2021. 134(3): p. 475-495. 

64. Geng, P., S. Zhang, J. Liu, C. Zhao, J. Wu, Y. Cao, C. Fu, X. Han, H. He, and Q. Zhao, 
MYB20, MYB42, MYB43, and MYB85 regulate phenylalanine and lignin biosynthesis 
during secondary cell wall formation. Plant Physiology, 2020. 182(3): p. 1272-1283. 

65. Wang, S., E. Li, I. Porth, J.-G. Chen, S.D. Mansfield, and C.J. Douglas, Regulation of 
secondary cell wall biosynthesis by poplar R2R3 MYB transcription factor PtrMYB152 in 
Arabidopsis. Scientific reports, 2014. 4(1): p. 5054. 

66. Xiao, R., C. Zhang, X. Guo, H. Li, and H. Lu, MYB transcription factors and its 
regulation in secondary cell wall formation and lignin biosynthesis during xylem 
development. International journal of molecular sciences, 2021. 22(7): p. 3560. 

67. Zhou, H.-C., N.F.-y. Tam, Y.-M. Lin, Z.-H. Ding, W.-M. Chai, and S.-D. Wei, 
Relationships between degree of polymerization and antioxidant activities: A study on 
proanthocyanidins from the leaves of a medicinal mangrove plant Ceriops tagal. PLoS 
One, 2014. 9(10): p. e107606. 

68. Mayer, R., G. Stecher, R. Wuerzner, R.C. Silva, T. Sultana, L. Trojer, I. Feuerstein, C. 
Krieg, G. Abel, and M. Popp, Proanthocyanidins: target compounds as antibacterial 
agents. Journal of agricultural and food Chemistry, 2008. 56(16): p. 6959-6966. 

69. Packer, J.S., Q. Zhu, C. Huynh, P. Sivaramakrishnan, E. Preston, H. Dueck, D. Stefanik, 
K. Tan, C. Trapnell, J. Kim, R.H. Waterston, and J.I. Murray, A lineage-resolved 
molecular atlas of embryogenesis at single-cell resolution. Science, 2019. 365(6459): p. 
1265-+. 

70. Schaum, N., J. Karkanias, N.F. Neff, A.P. May, S.R. Quake, T. Wyss-Coray, S. 
Darmanis, J. Batson, O. Botvinnik, M.B. Chen, S. Chen, F. Green, R.C. Jones, A. 
Maynard, L. Penland, A.O. Pisco, R.V. Sit, G.M. Stanley, J.T. Webber, F. Zanini, A.S. 
Baghel, I. Bakerman, I. Bansal, D. Berdnik, B. Bilen, D. Brownfield, C. Cain, M. Cho, G. 
Cirolia, S.D. Conley, A. Demers, K. Demir, A. Morree, T. Divita, H. Bois, L.B.T. 
Dulgeroff, H. Ebadi, F.H. Espinoza, M. Fish, Q. Gan, B.M. George, A. Gillich, G. 
Genetiano, X. Gu, G.S. Gulati, Y. Hang, S. Hosseinzadeh, A. Huang, T. Iram, T. Isobe, 
F. Ives, K.S. Kao, G. Karnam, A.M. Kershner, B.M. Kiss, W. Kong, M.E. Kumar, J.Y. 
Lam, D.P. Lee, S.E. Lee, G. Li, Q. Li, L. Liu, A. Lo, W.J. Lu, A. Manjunath, K.L. May, 
O.L. May, M. Mckay, R.J. Metzger, M. Mignardi, D. Min, A.N. Nabhan, K.M. Ng, J. 
Noh, R. Patkar, W.C. Peng, R. Puccinelli, S.S. Sikandar, R. Sinha, K. Szade, W. Tan, C. 
Tato, K. Tellez, K.J. Travaglini, C. Tropini, L. Waldburger, L.J. Weele, M.N. Wosczyna, 
J. Xiang, S. Xue, J. Youngyunpipatkul, M.E. Zardeneta, F. Zhang, L. Zhou, P. Castro, D. 
Croote, J.L. DeRisi, C.S. Kuo, B. Lehallier, P.K. Nguyen, S.Y. Tan, B.M. Wang, H. 
Yousef, T. Wyss-Coray, P.A. Beachy, C.K.F. Chan, B.M. Wang, K. Weinberg, S.M. Wu, 
H. Yousef, B.A. Barres, C.K.F. Chan, M.F. Clarke, K.C. Huang, S.K. Kim, M.A. 
Krasnow, R. Nusse, T.A. Rando, J. Sonnenburg, I.L. Weissman, S.M. Wu and T.M. 

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

The copyright holder for this preprint (whichthis version posted July 9, 2024. ; https://doi.org/10.1101/2024.07.08.602332doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.08.602332
http://creativecommons.org/licenses/by-nd/4.0/


Consortium, Single-cell transcriptomics of 20 mouse organs creates a. Nature, 2018. 
562(7727): p. 367-+. 

71. Jones, R.C., J. Karkanias, M.A. Krasnow, A.O. Pisco, S.R. Quake, J. Salzman, N. Yosef, 
B. Bulthaup, P. Brown, W. Harper, M. Hemenez, R. Ponnusamy, A. Salehi, B.A. 
Sanagavarapu, E. Spallino, W. Concepcion, K.A. Aaron, J.M. Gardner, B. Kelly, N. 
Neidlinger, Z.F. Wang, S. Crasta, S. Kolluru, M. Morri, S.Y. Tan, K.J. Travaglini, C.L. 
Xu, M. Alcántara-Hernández, N. Almanzar, J. Antony, B. Beyersdorf, D. Burhan, K. 
Calcuttawala, M.M. Carter, C.K.F. Chan, C.A. Chang, S. Chang, A. Colville, R.N. 
Culver, G. D'Amato, C. Ezran, F.X. Galdos, A. Gillich, W.R. Goodyer, Y. Hang, A. 
Hayashi, S. Houshdaran, X.X. Huang, J.C. Irwin, S.R. Jang, J.V. Juanico, A.M. Kershner, 
S. Kim, B. Kiss, W. Kong, M.E. Kumar, A.H. Kuo, R. Leylek, B.X. Li, G.B. Loeb, W.J. 
Lu, S. Mantri, M. Markovic, P.L. McAlpine, A. de Morree, K. Mrouj, S. Mukherjee, T. 
Muser, P. Neuhöfer, T.D. Nguyen, K. Perez, R. Phansalkar, N. Puluca, Z. Qi, P. Rao, H. 
Raquer-McKay, N. Schaum, B. Scott, B. Seddighzadeh, J. Segal, S. Sen, S. Sikandar, 
S.P. Spencer, L.C. Steffes, V.R. Subramaniam, A. Swarup, M. Swift, W. Van Treuren, E. 
Trimm, S. Veizades, S. Vijayakumar, K.C. Vo, S.K. Vorperian, W.X. Wang, H.N.W. 
Weinstein, J. Winkler, T.T.H. Wu, J. Xie, A.R. Yung, Y. Zhang, A.M. Detweiler, H. 
Mekonen, N.F. Neff, R.V. Sit, M. Tan, J. Yan, G.R. Bean, V. Charu, E. Forgó, B.A. 
Martin, M.G. Ozawa, O. Silva, A. Toland, V.N.P. Vemuri, S. Afik, K. Awayan, O.B. 
Botvinnik, A. Byrne, M. Chen, R. Dehghannasiri, A. Gayoso, A.A. Granados, Q.Q. Li, 
G. Mahmoudabadi, A. McGeever, J.E. Olivieri, M. Park, N. Ravikumar, G. Stanley, W.L. 
Tan, A.J. Tarashansky, R. Vanheusden, P. Wang, S. Wang, G. Xing, R. Culver, L. 
Dethlefsen, P.Y. Ho, S.X. Liu, J.S. Maltzman, R.J. Metzger, K. Sasagawa, R. Sinha, H.B. 
Song, B. Wang, S.E. Artandi, P.A. Beachy, M.F. Clarke, L.C. Giudice, F.W. Huang, K.C. 
Huang, J. Idoyaga, S.K. Kim, M. Krasnow, C.S. Kuo, P. Nguyen, T.A. Rando, K. Red-
Horse, J. Reiter, D.A. Relman, J.L. Sonnenburg, A. Wu, S.M. Wu, T. Wyss-Coray and 
T.S. Consortium, The Tabula Sapiens: A multiple-organ, single-cell transcriptomic atlas 
of humans. Science, 2022. 376(6594): p. 711-+. 

72. Li, H.J., J. Janssens, M. De Waegeneer, S.S. Kolluru, K. Davie, V. Gardeux, W. Saelens, 
F. David, M. Brbic, J. Leskovec, C.N. McLaughlin, Q.J. Xie, R.C. Jones, K. Brueckner, 
J. Shim, S.G. Tattikota, F. Schnorrer, K. Rust, T.G. Nystul, Z. Carvalho-Santos, C. 
Ribeiro, S. Pal, S. Mahadevaraju, T.M. Przytycka, A.M. Allen, S.F. Goodwin, C.W. 
Berry, M.T. Fuller, H. White-Cooper, E.L. Matunis, S. DiNardo, A. Galenza, L.E. 
O'Brien, J.A.T. Dow, H. Jasper, B. Oliver, N. Perrimon, B. Deplancke, S.R. Quake, L.Q. 
Luo, S. Aerts, and F. Consortium, Fly Cell Atlas: A single-nucleus transcriptomic atlas of 
the adult fruit fly. Science, 2022. 375(6584): p. 991-+. 

73. Zheng, D., J. Xu, Y. Lu, H. Chen, Q. Chu, and L. Fan, Recent progresses in plant single-
cell transcriptomics. Crop Design, 2023: p. 100041. 

74. Islam, M.T., Y. Liu, M.M. Hassan, P.E. Abraham, J. Merlet, A. Townsend, D. Jacobson, 
C.R. Buell, G.A. Tuskan, and X. Yang, Advances in the application of single-cell 
transcriptomics in plant systems and synthetic biology. BioDesign Research, 2024. 6: p. 
0029. 

75. Pingault, L., P. Zogli, J. Brooks, and M. Libault, Enhancing Phenotyping and Molecular 
Analysis of Plant Root System Using Ultrasound Aeroponic Technology. Current 
Protocols in Plant Biology, 2018. 3(4): p. e20078. 

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

The copyright holder for this preprint (whichthis version posted July 9, 2024. ; https://doi.org/10.1101/2024.07.08.602332doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.08.602332
http://creativecommons.org/licenses/by-nd/4.0/


76. Thibivilliers, S., D. Anderson, and M. Libault, Isolation of Plant Root Nuclei for Single 
Cell RNA Sequencing. Current Protocols in Plant Biology, 2020. 5(4): p. e20120. 

77. Young, M.D. and S. Behjati, SoupX removes ambient RNA contamination from droplet-
based single-cell RNA sequencing data. GigaScience, 2020. 9(12). 

78. Jost, L., Entropy and diversity. Oikos, 2006. 113(2): p. 363-375. 
79. Tuomisto, H., A consistent terminology for quantifying species diversity? Yes, it does 

exist. Oecologia, 2010. 164(4): p. 853-860. 
80. Wang, Y., H. Tang, J.D. DeBarry, X. Tan, J. Li, X. Wang, T.-h. Lee, H. Jin, B. Marler, 

and H. Guo, MCScanX: a toolkit for detection and evolutionary analysis of gene synteny 
and collinearity. Nucleic acids research, 2012. 40(7): p. e49-e49. 

81. Berendzen, J., A.V. Brown, C.T. Cameron, J.D. Campbell, A.M. Cleary, S. Dash, S. 
Hokin, W. Huang, S.R. Kalberer, and R.T. Nelson, The legume information system and 
associated online genomic resources. Legume Science, 2021. 3(3): p. e74. 

82. Van Bel, M., T. Diels, E. Vancaester, L. Kreft, A. Botzki, Y. Van de Peer, F. Coppens, 
and K. Vandepoele, PLAZA 4.0: an integrative resource for functional, evolutionary and 
comparative plant genomics. Nucleic acids research, 2018. 46(D1): p. D1190-D1196. 

83. Van Bel, M., S. Proost, E. Wischnitzki, S. Movahedi, C. Scheerlinck, Y. Van de Peer, 
and K. Vandepoele, Dissecting plant genomes with the PLAZA comparative genomics 
platform. Plant physiology, 2012. 158(2): p. 590-600. 

84. Van Bel, M., F. Silvestri, E.M. Weitz, L. Kreft, A. Botzki, F. Coppens, and K. 
Vandepoele, PLAZA 5.0: extending the scope and power of comparative and functional 
genomics in plants. Nucleic Acids Research, 2022. 50(D1): p. D1468-D1474. 

 

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

The copyright holder for this preprint (whichthis version posted July 9, 2024. ; https://doi.org/10.1101/2024.07.08.602332doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.08.602332
http://creativecommons.org/licenses/by-nd/4.0/


A
SAM

Floral bud

Green pod

Root

Nodule

Seed heart 

stage
Seed early-

cotyledon 

stage

Seed mid-

maturation 

stage

B

C

Unifoliate leaf

Trifoliate

leaf

D

F

E

<50%

60.1-65%

65.1-70%

90.1-95%

>95.1%

55.1-60%

70.1-75%

75.1-80%

80.1-85%

85.1-90%

50.1-55%

191

0.9

y = 1 -19.08/x

1.0

0.6

0.4

0.2

0.0

0.8

T
ra

n
s

c
ri

p
to

m
ic

 c
o

v
e
ra

g
e

0 1000 2000 3000

Number of nuclei in a cluster

382

0.95

Transcriptomic 

coverage

Clusters

Figure 1

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

The copyright holder for this preprint (whichthis version posted July 9, 2024. ; https://doi.org/10.1101/2024.07.08.602332doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.08.602332
http://creativecommons.org/licenses/by-nd/4.0/


A

B

C

D

E

Figure 2

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

The copyright holder for this preprint (whichthis version posted July 9, 2024. ; https://doi.org/10.1101/2024.07.08.602332doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.08.602332
http://creativecommons.org/licenses/by-nd/4.0/


B

C

Epidermis Outer integument Endothelium Hilum

EMBRYO

Endosperm

SEED COAT

A

Inner

integument Suspensor

Cell cycle/

Niche cells

Vascular

Embryo proper

Epidermis Outer integument

Endothelium

Hilum

EMBRYO

Endosperm

Inner 

integument

SEED COAT
Vascular

Suspensor

Cell cycle/

Niche cells Embryo proper

Embryo proper

epidermis

Epidermis Seed coat Parenchyma 

Seed coat

 Hilum Embryo

Cotyledon

vascular Seed StorageEndosperm

Cell cycle/

Niche cells

Figure 3

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

The copyright holder for this preprint (whichthis version posted July 9, 2024. ; https://doi.org/10.1101/2024.07.08.602332doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.08.602332
http://creativecommons.org/licenses/by-nd/4.0/


E FC Silenced Ubiquitously expressedD Constitutively expressed Cell-type marker genes

Ubiquitously expressedG I JConstitutively expressed Cell-type marker genes

Tabula Glycine

Seed mid-maturation stage

Seed early-cotyledon stage

Seed heart stage

Green pod

Floral bud

Shoot apical meristem

Trifoliate leaf

Unifoliate leaf

Nodule

Root

Silenced H
Tabula Glycine

Seed mid-maturation stage

Seed early-cotyledon stage

Seed heart stage

Green pod

Floral bud

Shoot apical meristem

Trifoliate leaf

Unifoliate leaf

Nodule

Root

B

A KB C D E F G H I J 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

K L

Row Z-score

0 2 4

Row Z-score

0 5 10

A
S

o
y
b

e
a
n

 g
e

n
e
s

S
o

y
b

e
a
n

 g
e

n
e
s

Figure 4

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

The copyright holder for this preprint (whichthis version posted July 9, 2024. ; https://doi.org/10.1101/2024.07.08.602332doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.08.602332
http://creativecommons.org/licenses/by-nd/4.0/


C

B

D

S

E

E

D

Mid-maturation

Cotyledon

Heart

Pods

Floral buds

SAM

Trifoliate leaf

Unifoliate leaf

Nodule

Root

Z-score

12

10

8

6

4

2

0

Z-score

1
2

3
4

5
6

7
8

9
1

0
1
1

1
2

1
3

1
4

1
5

1
6

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

1

TFs

TFs

TFs

A

Mesophyll cells

Vascular cells

Endosperm

Epidermal cells

Guard cells

Rhizobia-infected cells

Inner integument

Meristematic cells

Cortical cells

Seed storage cells

Other cell types

Dividing cells

1
5

7
 c

e
ll

 c
lu

s
te

rs
 o

f 
T

a
b

u
la

 G
ly

c
in

e

1
5

7
 c

e
ll

 c
lu

s
te

rs
 o

f 
T

a
b

u
la

 G
ly

c
in

e

1

2

3

4

5

6

7

8

9

Figure 5

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

The copyright holder for this preprint (whichthis version posted July 9, 2024. ; https://doi.org/10.1101/2024.07.08.602332doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.08.602332
http://creativecommons.org/licenses/by-nd/4.0/


A

E F

B

1 2 3 4 5 6

7 8 9 10 11 12

13 14 15 16 17 18

19 20 21 22 23 24

25 26 27 28 29

C D

G H

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 291 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

1 2 3 4 5 6

7 8 9 10 11 12

13 14 15 16 17 18

19 20 21 22 23 24

25 26 27 28 29

5

1

13

20

4

2

3

6

7 27
9

10

11

15 16

17
18

12

14
8

21
23

25

26

22

24

27

19

19

Figure 6

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

The copyright holder for this preprint (whichthis version posted July 9, 2024. ; https://doi.org/10.1101/2024.07.08.602332doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.08.602332
http://creativecommons.org/licenses/by-nd/4.0/

