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Interspecies co-expression analysis of lateral root development using inducible systems in rice, Medicago, and Arabidopsis

Lateral roots are crucial for plant growth and development, making them an important target for research aiming to improve crop yields and food security. However, their endogenous ontogeny and, as it were, stochastic appearance challenges their study. Lateral Root Inducible Systems (LRIS) can be used to overcome these challenges by inducing lateral roots massively and synchronously. The combination of LRISs with transcriptomic approaches significantly advanced our insights in the molecular control of lateral root formation, in particular for Arabidopsis. Despite this success, LRISs have been underutilized for other plant species or for lateral root developmental stages later than the initiation. In this study, we developed and/or adapted LRISs in rice, Medicago, and Arabidopsis to perform RNA-sequencing during time-courses that cover different developmental stages of lateral root formation and primordium development. As such, our study provides three extensive datasets of gene expression profiles during lateral root development in three different plant species. The three LRISs are highly effective but timing and spatial distribution of lateral root induction vary among the species. Detailed characterization of the stages in time and space in the respective species enabled an interspecies co-expression analysis to identify conserved players in the control of lateral root development, as illustrated for the AUX/IAA and LBD gene families. Overall, our results provide a valuable resource to identify potentially conserved regulatory mechanisms in lateral root development, and as such will contribute to a better understanding of the complex regulatory network underlying lateral root development.

Introduction

Plant roots play a critical role in plant growth and survival, serving as the primary interface between plants and the soil. In particular, the formation of lateral roots, which emerge from the primary root and extend laterally, allows plants to efficiently explore the soil for nutrients and water, and to anchor themselves in the ground. The developmental process of lateral root formation is complex, involving a series of tightly regulated molecular events that control cell division, differentiation, and elongation [START_REF] Motte | Molecular and environmental regulation of root development[END_REF]. Lateral roots initiate from pericycle cells internally within the root while a relatively low number of lateral roots initiate in a temporal sequence, making it challenging to study early lateral root development, especially from a molecular point of view. About two decades ago, a Lateral Root Inducible System (LRIS) was developed in Arabidopsis. The principle of LRIS is based on the initial inhibition of lateral root initiation via an auxin transport inhibitor, followed by a massive and synchronous induction of lateral roots via an auxin treatment [START_REF] Himanen | Auxin-mediated cell cycle activation during early lateral root initiation[END_REF]. This allowed researchers to precisely control the timing of lateral root induction, and to study for example the genome-wide gene expression changes at different early stages of lateral root development [START_REF] Himanen | Transcript profiling of early lateral root initiation[END_REF][START_REF] Vanneste | Cell cycle progression in the pericycle is not sufficient for SOLITARY ROOT/IAA14-mediated lateral root initiation in Arabidopsis thaliana[END_REF][START_REF] De Smet | Auxin-dependent regulation of lateral root positioning in the basal meristem of Arabidopsis[END_REF], De Smet et al., 2008, Parizot et al., 2010). As such, the LRIS emerged, at least in Arabidopsis, as a powerful tool to study the molecular mechanisms that regulate lateral root initiation, while available transcriptome datasets enabled the selection of important lateral root genes and helped to advance our current knowledge on the regulation of lateral root formation (e.g. [START_REF] Laplaze | Cytokinins act directly on lateral root founder cells to inhibit root initiation[END_REF][START_REF] Okushima | ARF7 and ARF19 regulate lateral root formation via direct activation of LBD/ASL genes in Arabidopsis[END_REF][START_REF] Parizot | Diarch symmetry of the vascular bundle in Arabidopsis root encompasses the pericycle and is reflected in distich lateral root initiation[END_REF], De Rybel et al., 2010[START_REF] Berckmans | Auxin-dependent cell cycle reactivation through transcriptional regulation of Arabidopsis E2Fa by lateral organ boundary proteins[END_REF][START_REF] De Rybel | A role for the root cap in root branching revealed by the non-auxin probe naxillin[END_REF], Parizot et al., 2012[START_REF] Zhang | Quantitative phosphoproteomics after auxin-stimulated lateral root induction identifies an SNX1 protein phosphorylation site required for growth[END_REF][START_REF] Murphy | RALFL34 regulates formative cell divisions in Arabidopsis pericycle during lateral root initiation[END_REF][START_REF] Orman-Ligeza | The xerobranching response represses lateral root formation when roots are not in contact with water[END_REF][START_REF] Ramakrishna | EXPANSIN A1-mediated radial swelling of pericycle cells positions anticlinal cell divisions during lateral root initiation[END_REF][START_REF] Morales-Herrera | Endocytic trafficking induces lateral root founder cell specification in Arabidopsis thaliana in a process distinct from the auxin-induced pathway[END_REF]. Despite its achievements for Arabidopsis thaliana (Arabidopsis), a LRIS was to our knowledge only developed for maize and Medicago truncatula (Medicago) (Jansen et al., 2013a, Jansen et al., 2013b[START_REF] Crombez | Lateral Root Inducible System in Arabidopsis and Maize[END_REF][START_REF] Herrbach | Nod factors potentiate auxin signaling for transcriptional regulation and lateral root formation in Medicago truncatula[END_REF][START_REF] Herrbach | Adapting the Lateral Root-Inducible System to Medicago truncatula[END_REF] while in all cases being limited to the early developmental stages. Here, we present a comprehensive analysis of lateral root development in three important plant species Oryza sativa (rice), Medicago and Arabidopsis, using newly developed or adapted LRISs and RNA-sequencing across various developmental stages, including primordium development. Medicago, a legume dicot, is able to establish symbiosis with nitrogen fixating bacteria via nodulation, enabling plants to obtain nitrogen from the atmosphere.

Nodulation can therefore play a critical role in improving crop yields and reducing the need for nitrogen fertilizers. Remarkably, there is a significant overlap between the molecular mechanisms that regulate lateral root formation and those involved in nodulation [START_REF] Schiessl | NODULE INCEPTION Recruits the Lateral Root Developmental Program for Symbiotic Nodule Organogenesis in Medicago truncatula[END_REF][START_REF] Soyano | A shared gene drives lateral root development and root nodule symbiosis pathways in <i>Lotus<[END_REF], so increasing our knowledge on legume lateral root development could help to increase understanding of nodulation as well. Also factors that regulate lateral root formation in rice, one of the most important staple crops in the world and the main model plant for monocotyledonous plants, are obviously of interest, but a LRIS for rice does not exist. Finally, Arabidopsis transcriptome data during the LRIS only encompass early stages.

We generated three novel datasets that provide the potential to identify novel key regulatory genes and pathways involved in lateral root initiation and primordium development in these species separately.

Moreover, an interspecies co-expression analysis shows conserved gene expression patterns across the three species, and this co-expression network can assist in selecting candidate functional homologs with respect to lateral root formation. The provided resources can have significant implications for translational research and crop improvement, as they provide insights into the genes and pathways that underlie lateral root development.

Results and discussion

Synchronized induction of lateral root primordia in rice

A lateral root inducible system (LRIS) does not exist for rice. Therefore, we first developed a LRIS for rice that allows for enrichment of specific lateral root and primordia stages at different time points. In brief, rice seedlings were germinated on Whatman paper saturated with water containing 5 µM of the auxin transport inhibitor N-1-naphthylphthalamic acid (NPA), subsequently grown for three days in liquid medium with 5 µM NPA to prevent any induction of lateral roots, and subsequently incubated in medium containing 5 µM of the auxin 1-naphthalene acetic acid (NAA) to induce lateral roots. We sampled roots at different time points and screened for different stages of lateral roots via whole-mount confocal laser scanning microscopy after the use of a pseudo-Schiff propidium iodide staining [START_REF] Truernit | High-resolution whole-mount imaging of three-dimensional tissue organization and gene expression enables the study of Phloem development and structure in Arabidopsis[END_REF]. This allowed observation of different primordium stages, including early cell divisions, during lateral root development. Additionally, although the resolution is lower compared to classical histological sections, the whole-mount confocal imaging has the advantage that primordia that are not in the same plane can still be spotted in the same sample, thus allowing tracing all primordia within the same file, which is hardly feasible using serial histological sections.

Via the whole-mount confocal imaging, we observed a series of developmental stages very similar to what has been described for Arabidopsis [START_REF] Malamy | Organization and cell differentiation in lateral roots of Arabidopsis thaliana[END_REF] and defined the stages accordingly (Figure 1): the first stage is characterized by asymmetric cell divisions in adjacent pericycle cells at the phloem poles (Ia -Figure 1A) and radial expansion of these pericycle cells (Ib -Figure 1B). At the same time, and in contrast to lateral root initiation in Arabidopsis, cell divisions in the endodermis could be observed, which will later contribute to the root cap [START_REF] Xiao | Lateral root formation involving cell division in both pericycle, cortex and endodermis is a common and ancestral trait in seed plants[END_REF]. Subsequently, the central pericycle cells divide periclinally to form a two cell-layer primordium (IIa -Figure 1C), followed by more new periclinal and anticlinal cell divisions (IIb -Figure 1D) and a clearly distinguishable inner and outer layer. Periclinal divisions of the cells in the inner and outer layer result in a three cell-layer (III -Figure 1E) and four cell-layer (IV -Figure 1F) primordium, respectively. We defined a five or six cell-layer primordium as a stage V (Figure 1G).

To characterize the induction of lateral roots in the rice LRIS, roots were sampled at 6,8,10,12,14,16,18,20,22,24 and 48 hours after NAA treatment (5-10 roots per timepoint) and all primordia at two opposite phloem poles were localized, counted and classified according to the above mentioned stages.

Samples at 48 hours illustrate the efficiency of the LRIS: root primordia can be observed at all 6 phloem poles and at high density (Figure 2A-C). In contrast to the applied LRIS, an auxin treatment without prior NPA treatment induces lateral roots less efficiently and non-synchronously, as observed by a mixture of different developmental stages (Figure 2D,E).

We were able to retrieve all stages using confocal microscopy. Stage I, however, characterized by asymmetric divisions of pericycle cells in one layer (Figure 1A), can easily be missed out and thus cannot be absolutely quantified. Nevertheless, we were able to recognize few stage I primordia at 6 hours (2 in 5 roots) and more at 8 (5 in 6 roots) and 10 hours (22 in 7 roots) after NAA treatment, although the latter also contained stage II primordia. The presence of stage II primordia facilitated the detection of stage I primordia as these indicated the plane where primordia could be detected more clearly, though biased as such the number of observations. From 12 hours NAA treatment on, in particular at the region near the root tip, almost exclusively stage II primordia could be observed (Figure 2F,G). After 18 hours, a mixture of mainly stage II and stage III primordia was present, with the balance in favor of the stage III primordia in roots treated for 20 hours with NAA (Figure 2C,F,G). Later on, roots contained mixtures of mainly stage III and stage IV primordia. Initiation of primordia further away from the tip occurred with a delay resulting in a gradient with increasingly younger primordia in the shootward direction (Figure 2C,F). As a consequence, a highly synchronized induction of lateral root primordia mainly occurred close to the root tip in a region between 750 and 2000 µm from the root tip, as illustrated in Figure 2C. Here, lateral root primordia were highly enriched for stage II and stage III primordia between 12-16 hours and at 20 hours after NAA treatment, respectively (Figure 2C,F,G).

Additionally, we analyzed the gene expression of OsCycB1;1, a mitotic cyclin of which the homologous gene in Arabidopsis marks early divisions during lateral root initiation [START_REF] Himanen | Auxin-mediated cell cycle activation during early lateral root initiation[END_REF].

OsCycB1;1 expression was upregulated at 6 hours of NAA treatment (Figure 2H), corroborating the finding of stage I primordia at this timepoint via confocal imaging.

Transcript profiling during lateral root initiation and early primordia formation in rice,

Medicago and Arabidopsis

To transcriptionally characterize lateral root development in rice, we subjected the rice LRIS to genomewide transcript profiling via RNA-sequencing. Similar to what was done previously for Arabidopsis and maize [START_REF] Himanen | Transcript profiling of early lateral root initiation[END_REF][START_REF] Vanneste | Cell cycle progression in the pericycle is not sufficient for SOLITARY ROOT/IAA14-mediated lateral root initiation in Arabidopsis thaliana[END_REF], De Smet et al., 2008, Jansen et al., 2013a), and taking into account the appearance of the first (stage I primordium) cell divisions starting from 6 hours after NAA treatment, we sampled at 2 hours and at 5 hours after NAA treatment to capture the primary auxin response and the gene expression related to initiation, respectively. Additionally, we sampled at respectively. As the spatiotemporal assessment of the primordia in the LRIS showed a highly synchronous induction and development of lateral roots in particular in the region just above the root meristem (Figure 2), root sections between 750 µm and 2000 µm from the root tip were microdissected and used for RNA-extraction. To assess possible artefacts induced by the replacement of the medium, we sampled a control before and 2 hours after replacement with NPA containing medium. The resulting gene expression profiles (Supplementary dataset 1) show a transcriptional response of a vast amount of genes in one or more stadia of lateral root development in rice. The known auxin-induced GH3s (OsGH3-1, 2, 4, 8) [START_REF] Jain | The auxin-responsive GH3 gene family in rice (Oryza sativa)[END_REF] are all induced at 2 hours (Supplementary dataset 1), demonstrating a clear auxin response at the first time point. Other early (at least on 2 and 5 hours) and/or broadly (all time points) induced genes in the rice LRIS include for example WUSCHEL-RELATED HOMEOBOX5/QUIESCENT CENTER SPECIFIC HOMEOBOX (OsWOX5/QHB), multiple AUXIN RESPONSE FACTORS (OsARF1,2,5,6A,8,10,14), LATERAL ORGAN BOUDARIES (LOB) DOMAIN-CONTAINING PROTEINs (CROWN ROOTLESS1 (OsCRL1) and OsCRL1L2), auxin efflux carriers OsPIN1A and D, and multiple PLETHORAs (OsPLT2, 5, 6, 9 and 10) (Supplementary dataset 1). Most A-or B-type Cyclin encoding genes are induced at 5 hours (Figure 3A), corroborating its initiation stage. Indeed, these genes typically start to be induced during lateral root initiation in preparation of the first cell divisions [START_REF] Himanen | Auxin-mediated cell cycle activation during early lateral root initiation[END_REF][START_REF] Vanneste | Cell cycle progression in the pericycle is not sufficient for SOLITARY ROOT/IAA14-mediated lateral root initiation in Arabidopsis thaliana[END_REF]. All in all, the rice LRIS transcriptome dataset provides a comprehensive resource for deciphering the dynamic changes in genome-wide gene expression during the initial rice lateral root stages and primordia formation (Supplementary dataset 1).

Previous transcript profiling of the Arabidopsis LRIS only occurred after 2 and 6 hours of NAA treatment [START_REF] Himanen | Transcript profiling of early lateral root initiation[END_REF][START_REF] Vanneste | Cell cycle progression in the pericycle is not sufficient for SOLITARY ROOT/IAA14-mediated lateral root initiation in Arabidopsis thaliana[END_REF], De Smet et al., 2008). Here, we extended the time-course of the Arabidopsis LRIS to capture the expression during primordium formation. Therefore, we first characterized lateral root primordium development in the Arabidopsis LRIS, and performed staging in different regions of the root. Similar as for rice, we observed a slight loss of the synchronization in higher parts of the root. Nevertheless at 1 to 2 mm distance from the root tip, different stages of primordia were highly synchronously induced, and stage I, II and III primordia could be observed at 12, 18 and 24 hours after NAA treatment, respectively (Supplementary Figure 1). We therefore sampled the 1 to 2 mm region from the root tip at 0, 12, 18 and 24 hours in the Arabidopsis LRIS, to sample stage I, II and III primordia, respectively (Supplementary dataset 2). In this dataset, different root meristem-related genes show clear expression, while a few, such as BARELY ANY MERISTEM1 (BAM1), SCARECROW (SCR) and CycD6;1, exhibit a highly specific expression at the stage III primordium. These genes collectively orchestrate formative divisions crucial for root ground tissue development [START_REF] Crook | BAM1/2 receptor kinase signaling drives CLE peptide-mediated formative cell divisions in <i>Arabidopsis</i> roots[END_REF], indicating a developmental progression towards a mature root meristem in this extended LRIS.

Lateral root development in Medicago truncatula is well-documented [START_REF] Herrbach | Lateral root formation and patterning in Medicago truncatula[END_REF], and a Medicago LRIS that efficiently and synchronously induce lateral root formation has been previously developed and thoroughly characterized [START_REF] Herrbach | Nod factors potentiate auxin signaling for transcriptional regulation and lateral root formation in Medicago truncatula[END_REF][START_REF] Herrbach | Adapting the Lateral Root-Inducible System to Medicago truncatula[END_REF]. The Medicago LRIS shows a high similarity with the Arabidopsis LRIS, although lateral root formation in the Medicago LRIS occurs faster [START_REF] Herrbach | Nod factors potentiate auxin signaling for transcriptional regulation and lateral root formation in Medicago truncatula[END_REF]. We used this LRIS to perform transcript profiling.

To cover all the developmental stages as for rice and Arabidopsis, we sampled the root each 2 hours after NAA treatment up to 10 hours after NAA treatments, which is shown to correspond to stage II primordia [START_REF] Herrbach | Nod factors potentiate auxin signaling for transcriptional regulation and lateral root formation in Medicago truncatula[END_REF]. Additionally, samples were taken at 15 hours after NAA treatment to cover stage III primordia. The transcriptome is available in Supplementary dataset 3.

Corroborative for the auxin response at the 2 hours-time point, a high expression of the indole-3-acetic acid-amido synthetase genes Medtr0035s0150, Medtr2g081860, Medtr5g016320 and Medtr8g037720, all orthologous to the auxin responsive Arabidopsis GH3.1, could be observed (Supplementary dataset 3). To characterize the stages within the Medicago LRIS time course, we analyzed the expression profile of genes encoding A-and B-type cyclins (Figure 3A). These genes hallmark lateral root initiation [START_REF] Himanen | Auxin-mediated cell cycle activation during early lateral root initiation[END_REF][START_REF] Vanneste | Cell cycle progression in the pericycle is not sufficient for SOLITARY ROOT/IAA14-mediated lateral root initiation in Arabidopsis thaliana[END_REF], and are highly expressed during cell division, as is clearly the case for our Arabidopsis dataset (Figure 3B). In the Medicago LRIS, some cyclins were induced at 4 hours after NAA treatment. This induction hardly changed at the 6 hours time-point, whereas at the 8 hours time-point, a vast number of cyclins showed a high level of expression. Therefore, we associated the 4 and 8 hours time points in the Medicago LRIS with lateral root initiation and a stage I primordium, respectively. Finally, at the 15 hours time point, the BAM1 ortholog Medtr4g097880, the SCR ortholog Medtr7g074650 and the CycD6;1 ortholog Medtr1g07535 all showed high levels of expression, supporting the association of this time point with a stage III primordium.

In summary, we here present the LRIS transcriptome for Arabidopsis, rice and Medicago during an extensive time-course covering lateral root development up to primordium stage III (Supplementary dataset 1-3), providing useful resources to analyze the gene expression during lateral root formation for each of these species. Moreover, based on expression data and anatomy, we characterized the timing of 5 developmental lateral root stages in the three LRISs (Table 1).

Interspecies co-expression analysis

With the availability of the transcriptome at similar lateral root developmental stages in the LRIS for three species, we were able to compare gene expression profiles between these species, and as such assess interspecies co-expression. For this, we first selected for each species all genes that showed for at least one time-point a fold-change of at least 2 (p<0.05) in the LRIS, yielding 10,575 Arabidopsis, 13,584 rice and 13,639 Medicago selected genes. For each, we assessed their relative expression during the 6 time points/stages (Table 1) and normalized them via a z-score normalization (Supplementary Table S1). A Principal Component Analysis shows that samples from the same stages are in general more similar to each other than samples from the same species, which is especially clear for the early time points (Supplementary Figure 2A). k-means clustering was used to group all genes in interspecies co-expression clusters (Supplementary Figure 2B, Supplementary Table S1). 8 main clusters could be distinguished: 4 going up, either transiently, early, mid, or late (designated as 1', 1, 2 and 3, respectively), and 4 going down, again transiently, early, mid, or late (designated as -1', -1, -2 and -3, respectively) (Supplemental Figure 2). This interspecies lateral root co-expression network gives a unique opportunity to compare expression profiles during lateral root formation in different plant species and can be used as a tool to assist phylogenetic approaches to put forward functional homologues, at least in the context of lateral root formation. Especially in large gene families, it is often troublesome to identify the functional homologues based on sequence data, whereas correlated gene expression is a valid indicator of co-functionality of genes [START_REF] Wolfe | Systematic survey reveals general applicability of "guilt-by-association" within gene coexpression networks[END_REF]. To enable an interspecies comparison, we retrieved homologous and orthologous gene family information for all selected genes from PLAZA (Dicots PLAZA 4.0) [START_REF] Van Bel | PLAZA 4.0: an integrative resource for functional, evolutionary and comparative plant genomics[END_REF]. As peptide families may have important functions in root development as well [START_REF] Jourquin | Peptide-receptor signaling controls lateral root development[END_REF], but are not easily captured via comparative genomics approaches, we retrieved peptide families in the Plant Small Secretory Peptides Database [START_REF] Ghorbani | Expanding the repertoire of secretory peptides controlling root development with comparative genome analysis and functional assays[END_REF]. Next, we calculated for each possible gene pair within one family and between the different species included in this study the Pearson correlation of the corresponding gene expression profiles (Supplementary Table S2), resulting in a resource of co-expression values between genes from the same family but from different species in the context of lateral root formation. This resource can be used to for example collect candidate functional homologues in rice or Medicago of a known lateral root gene in Arabidopsis. For each family with at least 3 genes included in the co-expression analysis, we generated clustered heatmaps that show the expression profile over the LRIS time-course and groups co-expressed genes (Supplementary Figure collection S1-3), resulting in 4,077; 4,035 and 11 clustered heatmaps for orthologous, homologous or peptide families, respectively. The left panel in Figure 4, for example, shows such a heatmap for the AS2/LOB-domain (ASL/LBD) homologous gene family HOM04D000069. The genes in the upper part of this heatmap have a relatively high basal expression, which decreases during the LRIS time course, while the lower part contain genes with an opposite profile. Each part is further subdivided in groups that show high correlations as illustrated by the heatmap on the right, which shows the Pearson correlation between each pair of genes (Figure 4). In Arabidopsis, several of these genes act downstream of auxin and are important during lateral root initiation. More particular, AtLBD16 (AT2G42430), AtLBD17/ASL15 (AT2G42440), AtLBD18 (AT2G45420), AtLBD29 (AT3G58190) and AtLBD33 (AT5G06080) are induced during lateral root initiation in an ARF7/ARF19-dependent manner [START_REF] Okushima | Functional genomic analysis of the AUXIN RESPONSE FACTOR gene family members in Arabidopsis thaliana: Unique and overlapping functions of ARF7 and ARF19[END_REF][START_REF] Okushima | ARF7 and ARF19 regulate lateral root formation via direct activation of LBD/ASL genes in Arabidopsis[END_REF]. These genes are all rapidly induced in the LRIS and show up in the lower part of Figure 4, as indicated in green. In contrast to the Arabidopsis genes, only few rice or Medicago ASL/LBD genes have been reported to have a role during lateral root formation, including OsLBD3-2/CROWN ROOTLESS1 (CRL1 -LOC_Os03g05510) [START_REF] Inukai | Crown rootless1, which is essential for crown root formation in rice, is a target of an AUXIN RESPONSE FACTOR in auxin signaling[END_REF], MtLBD11 (Medtr4g060950) and MtLBD16 (Medtr7g096530) [START_REF] Schiessl | NODULE INCEPTION Recruits the Lateral Root Developmental Program for Symbiotic Nodule Organogenesis in Medicago truncatula[END_REF]. These genes (yellow or purple in Figure 4) cluster together with the AtLBD33 or with AtLBD16/17/29 subcluster, further supporting their importance during lateral root formation. Moreover, other candidates show up, such as rice genes OsLBD2-1/DEGENERATED HULL1 (DH1) (Os02g57490), OsLBD3-2/CRL1 (Os03g05510), OsLBD3-3 (Os03g14270), OsLBD8-4 (Os08g44940), OsLBD10-1/CRL1L2 (Os10g07510) and multiple less characterized Medicago genes (Figure 4, Supplementary Table S2), which could be candidates of interest when studying lateral root formation in rice or Medicago.

Similarly, Figure 5 shows a clustered heatmap for the large orthologous Aux/IAA gene family ORTHO04D000058. This family has several members essential in different early stages of lateral root initiation, and are more specifically involved in the auxin signaling to activate lateral root response modules. In Arabidopsis, in particular IAA28 is important during lateral root founder cell specification (De Rybel et al., 2010), while SOLITARY ROOT (SLR)/IAA14 and BODENLOSS (BDL)/IAA12 are key players during the consecutive lateral root initiation [START_REF] Fukaki | Lateral root formation is blocked by a gain-of-function mutation in the SOLITARY-ROOT/IAA14 gene of Arabidopsis[END_REF], Fukaki et al., 2005[START_REF] Vanneste | Cell cycle progression in the pericycle is not sufficient for SOLITARY ROOT/IAA14-mediated lateral root initiation in Arabidopsis thaliana[END_REF][START_REF] De Smet | Bimodular auxin response controls organogenesis in Arabidopsis[END_REF]. Additionally, SHY2/IAA3, IAA16, IAA18 and IAA19 have been shown to be relevant for lateral root formation [START_REF] Tian | Control of auxin-regulated root development by the Arabidopsis thaliana SHY2/IAA3 gene[END_REF][START_REF] Tatematsu | MASSUGU2 Encodes Aux/IAA19, an Auxin-Regulated Protein That Functions Together with the Transcriptional Activator NPH4/ARF7 to Regulate Differential Growth Responses of Hypocotyl and Formation of Lateral Roots in Arabidopsis thaliana[END_REF][START_REF] Uehara | Domain II Mutations in CRANE/IAA18 Suppress Lateral Root Formation and Affect Shoot Development in Arabidopsis thaliana[END_REF][START_REF] Goh | Multiple AUX/IAA-ARF modules regulate lateral root formation: the role of Arabidopsis SHY2/IAA3-mediated auxin signalling[END_REF][START_REF] Rinaldi | A gain-of-function mutation in IAA16 confers reduced responses to auxin and abscisic acid and impedes plant growth and fertility[END_REF]. The family is divided in three main expression subclusters (Figure 5): a subcluster with early and transiently induced genes such as IAA28 and IAA16, a subcluster with genes transiently induced during initiation, such as IAA14, IAA18 and SHY2, and a subcluster with genes that peak later during lateral root formation, including IAA19, which is however less characterized.

A number of rice Aux/IAA genes, more particular OsIAA1, OsIAA9, OsIAA11, OsIAA13, OsIAA23 and OsIAA31, have been shown to be important during lateral root formation [START_REF] Nakamura | Production and characterization of auxin-insensitive rice by overexpression of a mutagenized rice IAA protein[END_REF][START_REF] Song | Characterization of OsIAA1 gene, a member of rice Aux/IAA family involved in auxin and brassinosteroid hormone responses and plant morphogenesis[END_REF][START_REF] Jun | OsIAA23mediated auxin signaling defines postembryonic maintenance of QC in rice[END_REF][START_REF] Kitomi | OsIAA13-mediated auxin signaling is involved in lateral root initiation in rice[END_REF][START_REF] Zhu | A Gain-of-Function Mutation in OsIAA11 Affects Lateral Root Development in Rice[END_REF][START_REF] Song | The gene OsIAA9 encoding auxin/indole-3-acetic acid proteins is a negative regulator of auxin-regulated root growth in rice[END_REF][START_REF] Yamauchi | Fine control of aerenchyma and lateral root development through AUX/IAA-and ARF-dependent auxin signaling[END_REF].

Interestingly, each of these rice lateral-root related Aux/IAA genes shows a high correlation with Arabidopsis Aux/IAA genes involved in lateral root formation: OsIAA11, OsIAA13, OsIAA23 and OsIAA31 are closely related to IAA28/16, whereas OsIAA1 and OsIAA9 are closely related to IAA14/18 (Figure 5, Supplementary Table S2). This supports a role for these genes during lateral root development, and can form the base for more specific hypotheses on their roles. OsIAA11, OsIAA13, OsIAA23 and OsIAA31 might for instance be important for founder cell specification, comparable to AtIAA28 (De Rybel et al., 2010), while OsIAA1 and OsIAA9 might be involved in the first asymmetric cell division and initiation, like AtIAA14 [START_REF] Fukaki | Lateral root formation is blocked by a gain-of-function mutation in the SOLITARY-ROOT/IAA14 gene of Arabidopsis[END_REF], Fukaki et al., 2005[START_REF] Vanneste | Cell cycle progression in the pericycle is not sufficient for SOLITARY ROOT/IAA14-mediated lateral root initiation in Arabidopsis thaliana[END_REF]. Furthermore, we put forward a number of Medicago genes and uncharacterized rice genes as new candidates regulators during lateral root formation, not only as candidate functional homologues to IAA28 or IAA14, but also to other important Aux/IAA genes (Figure 5, Supplementary Table S2).

Similar plots can be consulted for any homologous, orthologous or peptide family of interest (Supplementary Figure collection S1-3, Supplementary Table S2). As such, we are providing a resource that could be used to select candidate functional homologues within the context of lateral root formation which could be of help in translational research towards rice and Medicago, and by extension, towards cereals or legumes in general.

Material and methods

Plant material and growth conditions

Arabidopsis thaliana (L.) Heynh. Columbia-0 (Col-0), Medicago truncatula A17 and the japonica rice cv. Nipponbare were used. Arabidopsis and Medicago growth conditions and Lateral Root Inducible Systems are described previously [START_REF] Himanen | Auxin-mediated cell cycle activation during early lateral root initiation[END_REF], Jansen et al., 2013b[START_REF] Crombez | Lateral Root Inducible System in Arabidopsis and Maize[END_REF][START_REF] Herrbach | Nod factors potentiate auxin signaling for transcriptional regulation and lateral root formation in Medicago truncatula[END_REF][START_REF] Herrbach | Adapting the Lateral Root-Inducible System to Medicago truncatula[END_REF]. For the rice LRIS, rice seeds were germinated in Petri dishes on three layers of wetted Whatman paper saturated with a 5 µM N-1-naphthylphthalamic acid (NPA) aqueous solution for two days at 28°C and uniformly grown seedlings were transferred to 250 mL-Erlenmeyer flasks containing 50 mL of liquid half strength Murashige and Skoog medium (MS1/2) [START_REF] Murashige | A revised medium for rapid growth and bio assays with tobacco tissue cultures[END_REF] supplemented with 5 µM NPA. Flasks were put on a shaker (120 rpm) in a growth room at 24 °C, 55 μE/m -2 s -1 light intensity, and 16 h/8 h day/night regime. After three days, the medium was replaced by MS1/2 supplemented with 5 µM 1-naphthalene acetic acid (NAA). NPA and NAA were added from 5 mM stocks dissolved in DMSO.

Whole-mount confocal imaging

Modified pseudo-Schiff propidium iodide (mPS-PI) staining of complete roots for longitudinal imaging or cross sections for transverse imaging occurred as described [START_REF] Truernit | High-resolution whole-mount imaging of three-dimensional tissue organization and gene expression enables the study of Phloem development and structure in Arabidopsis[END_REF] . Imaging occurred with a Zeiss LSM5 Exciter confocal microscope with an argon ion laser at 488 nm as the excitation source and a detection filter at 505 nm. Distances of lateral root stages were measured relative to the quiescent center in the root tip. Cross section samples were prepared by embedding roots in 3% agarose and sectioning them with a Leica VT1200 S vibratome.

Quantitative Reverse-Transcriptase PCR

Root samples were flash frozen in liquid nitrogen and total RNA was extracted using Trizol (Invitrogen) and the RNeasy Plant mini kit (Qiagen). Reverse transcription was done via the iScript cDNA Synthesis Kit (Bio-Rad) and qRT-PCR was performed on a LightCycler 480 Instrument with the LightCycler SYBR Green I Master (Roche). Data was analyzed using qBase+ software package (Biogazelle).

Expression levels were normalized to those of LOC_Os07g26930 and LOC_Os09g34040 [START_REF] Maksup | High-quality reference genes for quantifying the transcriptional responses of Oryza sativa L. (ssp. indica and japonica) to abiotic stress conditions[END_REF]. For OsCycB1;1 (LOC_Os01g59120) the forward primer AGTCACAGCTATTGGACTCTGC and reverse primer AACCCTCAGCTTGCTCTCAG were used. Panel C combines data from [START_REF] Vanneste | Cell cycle progression in the pericycle is not sufficient for SOLITARY ROOT/IAA14-mediated lateral root initiation in Arabidopsis thaliana[END_REF] and this study. 

Figures

Figure 1 :

 1 Figure 1: Lateral root stages in rice: Ia (A), Ib (B), IIa (C), IIb (D), III (E), IV (F) and V (G). Red arrowheads or arrows indicate anticlinal divisions in the original pericycle cells at stage I and II, respectively, orange arrowheads indicate endodermal anticlinal cell divisions, yellow arrowheads and arrows indicate early and late periclinal divisions at stage II, respectively. E, endodermis; P, pericycle; Ph, Phloem. Scale bars = 10 µm.

Figure 2 :

 2 Figure 2: Characterization of the rice LRIS. A. Transverse vibratome section at 1 mm from the root tip of a rice root 48h after NAA treatment in the LRIS showing lateral root primordia (indicated with magenta arrowheads) at all 6 phloem poles (indicated with yellow aterisks). B. Longitudinal section at 1 mm from the root tip 48h after NAA treatment in the LRIS showing the density of lateral root primordia (indicated with magenta arrowheads). C. Composite confocal images of a rice root treated with NAA for 20 hours (left) or 48 hours (right) in the rice LRIS, illustrating synchronous induction of lateral roots in the sampling zone between 0,75 and 2 mm (indicated with yellow dashed lines). Scale indicate distance from the root tip (quiescent center) in mm. D. Boxplot showing distance between lateral root primordia in the LRIS (NPA to NAA) versus only NAA treatment or no treatment 48 hours after transfer. Dots show individual distances. A Kolmogorov-Smirnov test to assess differences in distribution was performed using the NPA to NAA treatment as a reference (****: p<0.0001) E. Distance from the root tip and for different lateral root primordia stages for one representative root (one phloem file) 48 hours after transfer. F, G. Distribution of all primordia stages within the root (n ≥ 5), showing the position of individual stages along the primary root (F) and the frequency of each stage (G) at different time points. A synchronized development could be observed especially within the region between 750 and 2000 µm from the root tip. A clear enrichment of stage II and III primordia could be observed from 12 to 16 hours and after 20 hours of NAA treatment, respectively. Values above the bars shows the p-value of a

Figure 3 :

 3 Figure 3: Log2 Fold Change expression of A-and B-type cyclins in the rice (A), Medicago (B) and Arabidopsis (C) LRIS,relative to time point 0. In Arabidopsis, the 6h and 12h timepoint corresponds to initiation and stage I primordia, respectively.

Figure 4 :

 4 Figure 4: Clustered heatmap showing relative expression (z-scores) during the LRIS (left panel) and correlation heatmap (right panel) for the AS2/LOB-domain (ASL/LBD) family HOM04D000069. The family is subdivided in the orthologous gene families ORTHO04D000064, ORTHO04D000395, ORTHO04D002931, ORTHO04D014237 and ORTHO04D008917. Arabidopsis, rice and Medicago genes with described roles in lateral root formation are indicated in green, orange and purple, respectively.

Figure 5 :

 5 Figure 5: Clustered heatmap showing relative expression (z-scores) during the LRIS (left panel) and correlation heatmap (right panel) for the Aux/IAA gene family ORTHO04D000058. Arabidopsis, rice and Medicago genes with demonstrated roles in lateral root formation are indicated in green, orange and purple, respectively.
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RNA-sequencing

RNA concentration and purity were determined spectrophotometrically using the Nanodrop ND-1000 (Nanodrop Technologies) and RNA integrity was assessed using a Bioanalyzer 2100 (Agilent). Per sample, an amount of 500 ng of total RNA was used as input. Using the Illumina TruSeq® Stranded mRNA Sample Prep Kit, poly-A containing mRNA molecules were purified from the total RNA input using poly-T oligo-attached magnetic beads. In a reverse transcription reaction using random primers, RNA was converted into first strand cDNA and subsequently converted into double-stranded cDNA in a second strand cDNA synthesis reaction using DNA PolymeraseI and RNAse H. The cDNA fragments were extended with a single 'A' base to the 3' ends of the blunt-ended cDNA fragments after which indexing adapters were ligated introducing single distinct barcodes for each sample. Finally, enrichment PCR was carried out to enrich those DNA fragments that have adapter molecules on both ends and to amplify the amount of DNA in the library. Sequence-libraries of each sample were equimolarly pooled and sequenced on an Illumina HiSeq 2000 or an Illumina NextSeq 500.

Mapping of the reads was done via Salmon [START_REF] Patro | Salmon provides fast and bias-aware quantification of transcript expression[END_REF]. Batch correction was done with Limma [START_REF] Ritchie | limma powers differential expression analyses for RNA-sequencing and microarray studies[END_REF], while count normalization and differential expression analysis was done via the R package DESeq2 [START_REF] Love | Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2[END_REF], applying pairwise comparisons and a threshold of 10 normalized read counts. In all cases, fold changes were calculated by comparing with the 0h time point. Genes with an absolute fold change > 2 and p-value < 0.05 for at least one time-point were selected for co-expression analysis.

Interspecies co-expression analysis

For co-expression analysis, gene expression profiles encompassing six time points corresponding to the start of the LRIS (0h), auxin response, lateral root initiation, a lateral root stage I, stage II and stage III, respectively, were z-scored. Specifically for Arabidopsis, expression values for the first three time points [START_REF] Vanneste | Cell cycle progression in the pericycle is not sufficient for SOLITARY ROOT/IAA14-mediated lateral root initiation in Arabidopsis thaliana[END_REF] and the last three (this study) were normalized based on the 0 h timepoint before z-score normalization. Grouping of similar expression profiles occurred via k-means clustering in the R package 'amap'and the function kmeans(). For this, the z-score normalized expression values were used of all selected genes and clustering occurred based on the Pearson correlation.. Peptide families were retrieved from the Plant Small Secretory Peptides Database [START_REF] Ghorbani | Expanding the repertoire of secretory peptides controlling root development with comparative genome analysis and functional assays[END_REF]. Complete homologous and orthologous gene families were retrieved from the Dicots PLAZA 4.0 [START_REF] Van Bel | PLAZA 4.0: an integrative resource for functional, evolutionary and comparative plant genomics[END_REF]. To assess co-expression within a gene family, all selected genes within the gene family were retained and used to assess the Pearson correlation for each interspecies gene pair based on the z-score normalized expression values using R (https://www.r-project.org/). Heatmaps and clustering within gene families were generated based on Pearson correlation matrices via the R package 'pheatmap', using hierarchical clustering with the complete linkage method. Principal Components Analysis (PCA) was performed via the R function prcomp(). Specifically for PCA, only unique orthologs within the three analysed species were considered by only retaining orthologous gene families from the Dicots PLAZA 4.0 [START_REF] Van Bel | PLAZA 4.0: an integrative resource for functional, evolutionary and comparative plant genomics[END_REF] that contains one Arabidopsis, one Medicago and one rice member.

Data deposition

Rice and Arabidopsis RNA-seq data have been deposited at the European Bioinformatics Institute under accession numbers E-MTAB-13112 (https://www.ebi.ac.uk/biostudies/studies/E-MTAB-13112) and E-MTAB-13094 (https://www.ebi.ac.uk/biostudies/studies/E-MTAB-13094), respectively. Medicago RNA-seq data have been deposited at the NCBI Sequence Read Archive (SRA) under accession number SRP447343.

Tables Table 1: 

a [START_REF] Himanen | Auxin-mediated cell cycle activation during early lateral root initiation[END_REF][START_REF] Vanneste | Cell cycle progression in the pericycle is not sufficient for SOLITARY ROOT/IAA14-mediated lateral root initiation in Arabidopsis thaliana[END_REF] b [START_REF] Herrbach | Nod factors potentiate auxin signaling for transcriptional regulation and lateral root formation in Medicago truncatula[END_REF] [START_REF] Himanen | Auxin-mediated cell cycle activation during early lateral root initiation[END_REF] in different regions measured from the root tip.

Supplementary information

Supplementary Figure 2: A. Principal Component Analysis (PCA) plot based on the z-score normalized expression of all genes included in the co-expression analysis with 1-1-1 orthology within the three species (At: Arabidopsis thaliana, Mt: Medicago truncatula; Os: Oryza sativa). B. Expression clusters grouping the expression of all selected Arabidopsis, rice and Medicago genes after k-means clustering. The black lines show relative expression profiles scaled between minimum and maximum for all individual genes in the cluster, the red line shows the average relative expression. See Supplementary Table S1 for all expression profiles and the clusters the genes belong to.

Supplementary Figure 1: Frequency in the different stages observed in the Arabidopsis after long incubations in the LRIS [START_REF] Himanen | Auxin-mediated cell cycle activation during early lateral root initiation[END_REF] in different regions measured from the root tip.

Supplementary Figure 2: A. Principal Component Analysis (PCA) plot based on the z-score normalized expression of all genes included in the co-expression analysis with 1-1-1 orthology within the three species