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Abstract

Post-embryonic organogenesis is critical for plant development. Underground, lateral roots (LR)
form the bulk of mature root systems, yet the ontogeny of the LRP is not clear. Here, we use
single-cell RNA-seq through the first four stages of LR formation in Arabidopsis. Our analysis
leads to a model in which a single group of precursor cells, with different cell identity from their
pericycle origins, rapidly reprograms and splits into a mixed ground tissue/stem cell niche fate and
a vascular precursor fate. The ground tissue and stem cell niche fates soon separate and a subset of
more specialized vascular cells form sucrose transporting phloem cells that appear to connect to
the primary root. We did not detect cells resembling epidermis or root cap, suggesting that outer
tissues may form later preceding LR emergence. At this stage, some remaining initial precursor
cells form the primordium flanks while the rest create a reservoir of pluripotent cells able to
replace the LR if damaged. Laser ablation of the central and lateral LRP regions shows that
remaining cells restart the sequence of tissue initiation to form a LR. Our analysis reveals an
ontological hierarchy for LR formation with an early and sequential split of main root tissues and
stem cells.

SUMMARY

Transcriptomics of individual cells from the first stages of the LRP, when tissue initiation
presumably first occurs, identified 7 early cell populations. Monitorization of these cell
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populations through confocal microscopy, genetics and laser ablation experiments revealed that the
ontogeny of the LRP is organized and involves the assembly of cell lineages following conserved
sequences within three developmental trajectories. We also identified the associated role of
camalexin in one of the three developmental trajectories.
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INTRODUCTION

Postembryonic plant organogenesis requires the recruitment of specific subsets of cells
known as (organ) founder cells (Chandler, 2011; Van Norman et al, 2013). Root founder
cells typically give rise to lateral roots (LR) (De Rybel et al., 2010; Motte et al., 2019;
Perez-Garcia and Moreno-Risueno, 2018). The LR organogenic process initiates with
asymmetric founder cell division and culminates with the formation of a new root meristem,
thus generating all root cell types from a limited number of initial cells (Malamy and
Benfey, 1997; Motte et al., 2019; Trinh et al., 2018). .

Careful characterization of LR primordium (LRP) formation in Arabidopsis has led to its
classification in seven developmental and/or temporal stages and the identification of central
and lateral growth domains (Malamy and Benfey, 1997), which were shown to emerge from
non-deterministic cell division patterns (Lucas et al., 2013a; von Wangenheim et al., 2016).
A gene regulatory network of LR formation (Lavenus et al., 2015) inferred from
gravistimulated roots (VoR et al., 2015) showed dependency on AUXIN RESPONSE
FACTOR (ARF) 7 for the formation of lateral growth domains of the LRP, while the central
growth domain was defined by mutual inhibition between ARF7 and ARF5. PLETHORA
(PLT) 3, PLT5, PLT7 and SCARECROW (SCR) factors have been shown to be expressed at
the initial stages of LRP formation (Du and Scheres, 2017; Goh et al., 2016). PLT3, PLT5
and PLT7 are required for the initial formative divisions of the LRP central domain, which
leads to the specification of the LR meristem tissues, activation of PLT1, PLT2 and PLT4
and the establishment of an auxin maximum. In turn, SCR initiates the specification of the
quiescent center (QC) of the new LR. These findings support a major role for genetic
components in LRP patterning indicating that cell lineages must form early during LR
formation, with one of them leading to QC specification.

Organ formation has been widely studied during embryogenesis. Arabidopsis embryogenesis
follows a highly ordered sequence of cell divisions forming stereotypic developmental
stages. At the globular stage of embryogenesis the main tissue identities have been already
specified as well as the hypophysis, the precursor cell of QC and of distal stem cells of the
root (Moéller et al., 2017; ten Hove et al., 2015). Thus, histogenesis in the Arabidopsis
embryo was understood as the simultaneous formation of multiple cell types or lineages,
although more recent experiments have established the outline of a possible hierarchy during
embryo tissue formation (Smit et al., 2020).
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Recently, high throughput single cell RNA Sequencing (sc-RNA-Seq) of the primary root
meristem have deepened our knowledge of tissue formation (Denyer et al., 2019; Jean-
Baptiste et al., 2019; Ryu et al., 2019; Shahan et al., 2020; Shulse et al., 2019; Zhang et al.,
2019). These studies have addressed the developmental transitions taking place to generate
tissues from the stem cell niche (SCN), indicating that during primary root growth,
formation of most tissues occurs simultaneously. Tissue formation is also critical during
regenerative processes. sc-RNA-Seq of root regeneration upon resection of the main
meristem also suggests concurrent formation of the new tissues and SCN, with early
transitioning cells showing mixed precursor identities (Efroni et al., 2016). Analysis of
xylem identity through sc-RNA-Seq provided a molecular mechanism for cell identity
transitions and differentiation showing the importance of the underlying gene regulatory
circuit (Turco et al., 2019). Recent sc-RNA-Seq profiling LR initiation during root
gravistimulation has identified novel regulators of pericycle reprogramming as well as of
LRP growth and stemness (Gala et al., 2021). However, powerful sc-RNA-seq approaches
have not yet been applied to capture the specific cells of the early LRP when tissue initiation
presumably first occurs (Du and Scheres, 2017; Goh et al., 2016), and whether LR
histogenesis follows any of the steps known from embryonic, adult, or regenerative root
formation.

In this work, we have specifically isolated cells from early stages of the Arabidopsis LRP
and performed sc-RNA-Seq. Our research has determined the initiation of six novel cell
populations following three developmental branches from an initial pool of primordial cells.
One of these branches involves the sequential formation of two cell populations with stem
cell features and contributing to the specification of a new SCN. A second branch involves
the formation of three vascular-like cell populations which might culminate in protopholem
formation connecting the LRP and the primary root. Finally, a later third branch initiates a
cell population associated with the primordium flanks and maintaining a reservoir of
primordial/pluripotent cells able to regenerate the LR if damaged. Our work shows the
orderly assembly of cell lineages during LR histogenesis, suggesting the existence of
hierarchical cell states of formation during postembryonic development.

RESULTS

Transcriptional profiling of lateral root formation with single cell resolution

In order to investigate LR organogenesis, we took advantage of the ability of sc-RNA-Seq to
comprehensively profile cell states at given stages of development. This technique has been
shown to accurately recapitulate existing cell populations and predict developmental
transitions in the primary root (Denyer et al., 2019; Jean-Baptiste et al., 2019; Ryu et al.,
2019; Shahan et al., 2020; Shulse et al., 2019; Zhang et al., 2019). Most LR tissues are
presumably initiated from stage | to IV as supported by genetic evidences (Du and Scheres,
2017; Goh et al., 2016). To specifically profile early stages (I-1V) of LR formation we used
the 2 kb promoter of HOMEOBOX 53 (pHB53) transcription factor (TF) fused to the
mCherry fluorescent protein and a nuclear localization signal (NLS), as this promoter
specifically drives expression to early LRP cells (Gonzalez-Grandio et al., 2017) (Fig 1A).
LR formation occurs sequentially, following a shootward timing, and thus, LR are at
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different stages of formation in the same plant. We used 4 day-old roots, which under our
growth conditions contained a mixture of LRP from stage | to IV. Based on LRP
quantification and number of cells in each stage of LRP development, we estimated a
proportion of cells of 21.8%, 20%, 24.1% and 34.1% from stage | to 1V, respectively, in our
samples. Thus, our samples represented LRs at different stages of development that would
need to be deconvoluted (see below). We enzymatically digested cell walls, sorted 3
replicates of mCherry positive cells (using Fluorescent Activated Cell Sorting; Fig 1B) into
96-well plates, and generated cDNA libraries based on the Smart-Seq2 protocol (Picelli et
al., 2014). We opted for the plate-based technique in order to provide deep per cell read
profiles of the rare but highly targeted LR cells.

Reads were processed using the R Seurat package (Butler et al., 2018; Satija et al., 2015).
Quality control filters were applied to work with the more informative cells (see Material
and Methods). As a result, we selected a total of 282 highly informative cells with 362,293
mean reads/cell (Fig S1A) and 4,415 mean transcripts/cell that corresponded to 22,557
genes from the Arabidopsis genome. During data processing, we regressed out variability
related to total number of reads, the percentage of mitochondrial genes and the cell cycle
stage of the cells. Thus, we ensured subsequent clustering was not affected by these
unwanted sources of variation (Fig S1A-C). Many cells were detected to have recently
divided or be dividing (phases G1 and G2/M based on expression of conserved cell cycle
markers, Table S1) as expected for a LRP in formation which shows fast proliferation rates
(Lucas et al., 2013a; von Wangenheim et al., 2016). In addition, cells collected by each
replicate distributed homogenously, confirming reproducibility of our experimental design
(Fig S1D).

A comprehensive classification of cell populations in the lateral root primordium

Unsupervised clustering based on the transcriptomic profiles of the selected cells resulted in
the identification of differentiable populations. We represented their spatial distribution
applying the dimensional reduction technique Uniform Manifold Approximation and
Projection (UMAP) (Becht et al., 2018). To efficiently cluster cells in Seurat based on the
diversity of the dataset, a resolution parameter can be adjusted. Clustering at very low
resolutions differentiated two main populations, which suggests that at least two cell
identities exist at early developmental stages (Fig S1E, F). Two additional clusters became
distinguishable at a slightly higher resolution, suggesting a strong identity for cell
populations eventually named as 3 and 5. Applying a resolution used in other root models
(Ryu et al., 2019; Zhang et al., 2019) led to five different populations. Due to the highly
dynamic nature of the LRP we used a less restrictive resolution (1.1) and identified 6 cell
populations. Visual inspection allowed us to manually separate a seventh cluster (population
7) from population 4 as it was spatially separated (Fig 1C). Comparison of the expression
levels of the top one hundred markers confirmed unique gene expression profiles for the
seven populations identified (Fig 1D).

To investigate the functionality of these cell populations, we first analyzed the enriched GO
terms in the 2,500 most variable genes (Table S2) among all populations. We found terms
associated to cell division, response to stress and endogenous stimuli and transmembrane
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transport (Fig 1C, Fig S2A), as expected in a rapidly forming organ where signaling might
mediate pattern formation. As LRP are known to accumulate auxin, which is required for
their development (Benkova et al., 2003), we analyzed the expression of auxin polar
transport genes, although auxin transport and response were not enriched GO terms. We
found expression of both auxin influx- and eflux-transporter genes across all the populations
(Fig S3A-B), which correlated well with a relatively ubiquitous auxin response in the early
LRP cells (Fig S3C-D). In agreement with this observation, distribution of the auxin efflux
transporters PINFORMED (PIN) 1 and PIN3 as well as DR5 reported auxin response did
not show dramatic differences within LRP cells at very early stages of development (I and
I1) (Du and Scheres, 2017).

We also investigated GO enrichment in the top one hundred gene markers (Table S2) for
each population and found specific GO terms, except for population 1 which did not show
enrichment in any GO category (Fig 1C, Fig S2B). Population 4 was specifically enriched in
camalexin metabolism (Fig 1C, E, Fig S2B), a phytoalexin related with pathogen response
and which functions as a cell cycle regulator (Glawischnig, 2007). Population 3 showed
enrichment in categories related to pattern specification, gene expression, chromatin
remodeling and epigenetics marks (Fig 1C, E, Fig S2B-C). As cells in this population
appeared to be very active transcriptionally and expressed patterning regulators, they might
correspond to the central part of the LRP, since this region has been shown to very actively
contribute to LRP formation (Lucas et al., 2013a). GO categories strongly represented in
population 5 (Fig 1C, Fig S3B) could be grouped in heat shock response and protein folding,
categories previously associated with stem cells (de Luis Balaguer et al., 2017). The GO
terms associated with populations 2 and 6, related to callose deposition, cell wall thickening
and phenylpropanoid metabolism such as lignin (Fig 1C, E, Fig S3B), which resembled
developmental mechanisms observed in vascular tissues (Hellmann et al., 2018; Vatén et al.,
2011; Xie et al., 2011).

Lateral root primordium cells share affinity to known root identities

As LR organogenesis leads to the formation of a root meristem (Trinh et al., 2018), we next
explored whether the identified populations showed any quantitative affinities to root
meristem cells. To systematically explore known cell identities (Table S3), we calculated the
Index of Cell Identity (ICI) scores for our single cell dataset (Efroni et al., 2015). The
majority of the cells in our dataset could not be assigned to a known identity with a
significant p-value, which is consistent with the fact that the LRP is an organ forming de
novo. Among the similarities found (Fig S4), we observed that cell populations 3 and 5
presented the higher scores for QC cells (~50 % of relative cell identity among all the
identities found), while cell populations 1, 2, 4 and 6 had the highest vasculature scores.
Pericycle identity scores were very low, which agrees with LRP cells rapidly reprogramming
away from their original identity. These results are consistent with early cell identity
acquisition during the LR organogenesis process, with cells gaining full root tissue identities
during subsequent development.
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Two lateral root primordium cell populations are enriched in stem cell like features and
predict formation of the quiescent center and ground tissue lineages

As we found partial similarities to known root identities, we next used available root
transcriptomes to further investigate the identity of the LRP cells. As population 5 was
enriched in GO categories previously associated to stem cells (de Luis Balaguer et al.,
2017), we further analyzed its similarity with transcriptomes related to root stem cells. We
found enrichment in gene expression associated to cortex/endodermis initials, and thus
cortex/endodermis initial markers (Clark et al., 2019) were specifically expressed in
population 5 (Fig 2A). A requirement for fully functional proteins or proteostasis has been
associated to stem cell identity (Yan et al., 2020), and we found that chaperones with
enriched expression in the endodermis or the QC (Brady et al., 2007) had enriched
expression in population 5 (Fig 2B). In addition, as population 5 had affinity to QC identity
(Fig S4), it might represent a novel cell type transitioning to stem cells or to QC cells.

We next explored biomarker expression for population 5, and found the TF C-REPEAT
BINDING FACTOR 3 (CBF3)to be enriched in this population (Fig 2C). We used the CBF3
promoter region to drive expression of a triple mCherry fluorescent protein fused to a NLS

in a stably transformed plant line, and performed confocal laser microscopy. We first
observed pCBF3::NLS-3xmCherry expression at stage Il of LRP formation (Fig 2C),
specifically, expression was observed at the central cells of the primordium on the external
side. Analyses of subsequent stages of development showed that pCBF3::NLS-3xmCherry
expression was gradually enriched in a row of cells that eventually corresponded to the
endodermis/cortex lineage or the QC of the new LR. These results suggested that population
5 must be a transitioning type of stem cell with QC and endodermis features (Fig 2D).

Continuing our search for similarities between root meristematic tissues and LRP cells, we
found enriched expression of QC related markers (Denyer et al., 2019) for population 3 and
part of the Endodermis/QC-transitioning-stem-cells (Fig 2E), including the well-known QC
regulator WUSCHEL RELATED HOMEOBOX 5 (WOX5) (Sarkar et al., 2007) and of the
root stem cell regulator PL74 (Galinha et al., 2007). Additional analyses showed that
expression of SCN and other QC genes (Brady et al., 2007; Zhang et al., 2019) was also
enriched in population 3 and part the Endodermis/QC-transitioning-stem-cells (Fig S5A),
suggesting that population 3 would also be related to the formation of a new QC or SCN.

Next, we performed confocal laser microscopy using the markers pWOX5.:ER-GFP and
PPLT4..ER-CFP (Galinha et al., 2007; Sarkar et al., 2007). pPLT4::ER-CFP expression
started at stage I1/111 of LRP formation. Prolonged exposure of pPLT4::ER-CFP showed
signal in all central cells at stage I1/111 as previously described (Du and Scheres, 2017).
However, we found that pPLT4::ER-CFP expression was enriched in several of the central
cells on the external side (Fig 2F), which showed some overlap with
PCBF3.::NLS-3xmCherry (marking the Endodermis/QC-transitioning-stem-cells).
PPLT4..ER-CFP expression became stronger at stage IV and remained restricted to the
central cells of the LRP (Fig 2F), while at stage V/VI it mainly coincided with the QC of the
new LR. Similarly, pWOX5.:ER-GFP expression was also low and associated with the
central cells of the LRP at stages Il and Il (Fig 2G). Similarly to pPLT4..ER-CFP,
pWOX5::ER-GFP expression also greatly increased at stage 1V (Fig 2H) remaining at the
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central area of the LRP and showing maximum expression in the cells predicted to become
the new QC (Fig 2G). Inspection of pWOX5::ER-GFP expression pattern in the primary root
and emerged LR (Fig 21) showed high expression levels associated with the QC while low
expression levels associated with stem cells such as the ground tissue initials and recently
formed endodermis cells. Thus, we used pWOX5..ER-GFPto track initiation of QC identity.
A peak in pWOX5::ER-GFP expression occurs at stage 1V of LR emergency (Fig 2H),
supporting the initiation of QC identity in population 3 at stage IV. In contrast, low
pWOX5:.ER-GFP expression appears to associate with stem cells, explaining the observed
overlapping between pWOX5::ER-GFP and the Endodermis/QC transitioning stem cell
biomarker at stage I1/I11. These results also support that some Endodermis/QC-transitioning-
stem-cells might specialize to generate population 3 and eventually the new QC at stage IV.
We define population 3 as QC-transitioning-cells (Fig 2J).

Three lateral root primordium cell populations reflect early vascular-like identity

acquisition.
Further cell identity analysis showed that populations 1, 2 and 6 were enriched in early-stage
vascular markers (Ryu et al., 2019) (Fig 3A). In addition, expression of known protophloem
markers and functional regulators, such as OCTOPUS (OPS) and OBP2 as well as sieve
element genes (Denyer et al., 2019; Miyashima et al., 2019; Ryu et al., 2019; Truernit et al.,
2012) were enriched in population 1 (Fig 3B, S5B). The transcription factor NAC020, which
is specifically expressed in developing phloem and is upstream of the master regulator of
phloem development ALTERED PHOLEM DEVELOPMENT (APL) (Kondo et al., 2016),
also showed enriched expression in population 1 (Fig 3B). The largest association of cluster
1 with protophloem marker genes in comparison with clusters 2 and 6 suggested that this
cell population might be more developed or differentiated. As protophloem is one of the first
vascular tissues undergoing differentiation to provide meristem loading (Furuta et al., 2014;
Lucas et al., 2013b), these observations suggested that several LRP cells might rapidly
specialize to assure water and nutrient supply from the primary root.

To further explore the composition of the vascular identities, we identified as biomarkers the
MYB108and ATHMP41 genes. MYB108 showed enriched expression in population 2 while
ATHMP41 was specifically expressed in population 1 (Fig. 3C, D). ATHMP41 encodes a
metal transport protein, and intriguingly, this gene and the regulator of phloem development
NACO020 showed enriched expression in a similar, coherent subset of cluster 1 (Fig 3A),
suggesting that those cells might be more differentiated or constitute a cellular subtype. In
agreement with this possibility, UMAP representations at very high resolutions led to the
sub-clustering of population 1 (in subpopulations 1A, 1B and 1C) while the rest of
populations remained largely unaltered (Fig S6A, B). Notably, expression of ATHMP41 and
NACO020was enriched in subpopulation 1A and absent in subpopulation 1C (Fig S6C).

We generated stable lines containing transcriptional fusions of the promoter regions of
MYBI108and ATHMP41 to a triple yellow fluorescent protein (YFP) and a NLS. We
monitored expression through confocal microscopy. We found consistent expression of
PMYB108::NLS-3xYFPat stage Il in cells adjacent to the vasculature of the primary root
and located on the side of LRP (Fig 3C). pMYB108::NLS-3xYFP expression decreased at
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stage IV although it remained in similar locations of the LRP. Notably,
PATHMPA4.:NLS-3x YFP expression started later, at stage IV (Fig 3D), while its expression
pattern partially overlapped with that of pMYB108.::NLS-3xYFP, and thus, some cells
located on the side of the LRP base also showed pATHMPA4::NLS-3x Y FP expression at
stage IV. The more restricted expression of pATHMPA4.:NLS-3xYFP correlates well with the
predicted heterogeneity of cluster 1 and only a small portion of population 1 (or
subpopulation 1A) being enriched in this biomarker expression. The cells expressing
PATHMPA4.:NLS-3x YFP were adjacent to the phloem poles of the primary root, which also
expressed pATHMPA.::NLS-3x YFP (Fig 3D). At later stages of LR development
PATHMPA.:NLS-3x YFP expression remained adjacent to the phloem poles of the primary
root (Fig 3E-F) suggesting that several cells within population 1 might early specify phloem
to connect the flux of photosynthates and other potential metabolites to the LRP from the
primary root.

The spatial and temporal expression pattern of pMYB108::NLS-3xYFPand
PATHMPA4.:NLS-3xYFP support that some cells from population 2 might specialize to form
population 1 and protophloem. Given that cell populations 1, 2 and 6 were arranged
following a line in the UMAP representation, it appears that these cell populations could be
part of a differentiation trajectory, with population 1 being more developed located at one
end. We designated these cell populations as vascular-like-1, vascular-like-2 and
protopholem-like (Fig 3G).

Establishing the ontogeny of the early lateral root primordium

Based on our analyses, the QC-transitioning-cells (stage 1V) could be a specialized subset of
the Endodermis/QC-transitioning-stem-cells (stage 1), while the vascular-like populations
might constitute a differentiation trajectory eventually leading to phloem specification.
Analysis of enrichment in root meristematic markers (Ryu et al., 2019) showed that cells
located in the UMAP representation at the end of these possible developmental processes
(Fig 4A; following the colored arrows) had the highest enrichment, thus being the most
similar to a root meristem. As culmination of the LRP developmental process is a root
meristem, this analysis further supports that our data can be used to infer the developmental
trajectories of the LRP cells.

To investigate the ontogeny of the seven cell populations identified, we performed
connectivity and pseudotime analyses. We first used Partition-based Graph Abstraction
(PAGA), which estimates connectivity of manifold partitions (Wolf et al., 2019). We
observed very strong connectivity between populations 4 and 7, and 4 and the populations
proposed to constitute a vasculature developmental trajectory (6, 2 and 1) (Fig 4B, Fig S7A).
This analysis supports that the vasculature related populations could have originated from
population 4 and form a developmental trajectory. A lower threshold showed moderate
connectivity between population 4 and the Endodermis/QC-transitioning-stem-cells among
other possible connections. As a whole, the PAGA analysis suggested that population 4
might constitute a primordial cell population that would give rise to most of the LRP cells.

Next, we performed a pseudotime ordering of the cells using Monocle 3 (Cao et al., 2019).
We rooted the pseudotemporal trajectory on populations 4 and vascular-like-1 based on the
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PAGA analysis, and their lower expression of root meristematic markers. We observed a
predicted trajectory from vascular-like-1 to vascular-like-2 to protopholem-like (Fig 4C)
coinciding with the proposed vasculature developmental trajectory. Population 4 appeared in
direct connection with the Endodermis/QC-transitioning-stem-cells, and these cells with the
QC-transitioning-cells, defining a stem cell developmental trajectory, which was in
agreement with some of our previous observations. Population 7 defined a third trajectory
that also started from population 4. Finally, this analysis also predicted a trajectory between
the Endodermis/QC-transitioning-stem-cells and the protopholem-like population, which
could relate with the fact that the former population showed certain vasculature features (Fig
S5B). Analysis of ground tissue formation during embryogenesis shows that ground tissue
initials express vascular markers (Smit et al., 2020). As based on our analysis
Endodermis/QC-transitioning-stem-cells would give rise to the LR ground tissue, it is
possible that partially overlapping ground tissue and vasculature identities could be a
common feature related to ground tissue initiation.

Cell population 4 was very intriguing as we had not found expression of any known
regulators or gene markers of the primary root and might constitute a primordial cell
population giving rise to the rest of the LRP cells. As pHB53::NLS-3xmCherry starts to be
expressed at the onset of founder cell division, this population could represent dividing
founder cells or their daughters at stage I, although we did not expect to capture founder cell
division consistently given that this process occurs within ~3 hours (Goh et al., 2012).
Comparison of biomarkers with previous LR initiation datasets (De Smet et al., 2008;
Parizot et al., 2010) showed that population 4 had the closest association (out of the 7) with
dividing founder cells as expected, although only ~1/3 of the biomarkers were putative
founder cell division genes (Fig S7B). Based on this analysis, this population most likely
corresponds to the founder cell daughters at stage I. We defined cell population 4 as
primordial cells (Fig 4E).

Next, we constructed a transcriptional fusion of the promoter region of the identified
biomarker gene DR4 (Fig 4D) encoding a putative protease inhibitor, to drive expression of
the YFP fused to a NLS and performed confocal laser microscopy. We found expression of
PDR4::NLS-3x YFPat stage | of the LR formation (Fig 4D), in agreement with the
primordial cells being a precursor state. To better understand the relationship between the
primordial cells and the other LRP cells, we analyzed pDR4::NLS-3x YFP expression at
subsequent stages of LRP development. At stage Il the dividing central cells of LRP showed
weak expression of pDR4::NLS-3x YFP as compared with the flanking cells. At later stages,
we found that pDR4.:NLS-3x YFP expression was maintained on the sides of the LRP
suggesting that cells with a slow proliferation rate might preserve the initial identity of this
population. Comparison of our dataset with the LR gene regulatory network (Lavenus et al.,
2015) inferred from gravistimulated roots (VoB et al., 2015) showed that the primordial cells
had the greatest dependency on ARF regulation (Fig S7C). Notably, ARF7 regulation
associates with initiation of the founder cell daughters and establishment of the LRP lateral
zones. In addition, some ARF7 targets are expressed in the sides of the LRP base from stage
IV to emergence (Lavenus et al., 2015), which is in agreement with the primordial cells
being maintained on the sides of the LRP base. In contrast, cell fate transitions of the
primordial cells associated with fast division of the LRP central cells to give rise to the
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Endodermis/QC-transitioning-stem-cells and QC-transitioning-cells, which also correlated
well with the QC-transitioning-cells showing no dependency on ARF7 regulation (Fig S7C).

Analysis of the characteristics features of population 7 revealed the enriched expression of
MYB36 (Fig S5C). MYB36 is a transcription factor expressed in the flanking regions of the
LRP from stage V to emergence and defining the boundaries between proliferating and
arrested cells (Fernandez-Marcos et al., 2017). Given the predicted developmental trajectory
from the primordial cells to cell population 7, we used MYB36 as biomarker gene (Fig 4F)
to investigate the spatial and temporal relationships between these two cell populations. We
performed confocal laser microscopy of the AraYPET recombineering construct (Liberman
et al., 2015), detecting signal in several cells of the LRP flanking regions at stage I1\VV/V.
Importantly, cells in these flanking regions which showed MYB36-AraYPET expression
also showed DR4-YFP expression (Fig 4D, F, magenta arrows), supporting that population 7
could derive from a subset of the primordial cells as predicted by the developmental
trajectory. We defined population 7 as flanking cells (Fig 4G).

Functional relationships among primordial cells, endodermis/QC-transitioning-cells and
QC-transitioning-cells support a stem cell developmental trajectory

Our confocal analyses on marker expression demonstrated stage-dependent initiation for
each cell population, which spatially associated within predicted developmental trajectories
(Fig 5A). Analysis of expression of the top 100 biomarkers for each population in the LR
formation dataset generated by gravistimulation (VoR et al., 2015) showed that early
identities such as primordial cells and vascular-like-1 cells peaked at early time points, while
late identities such as flanking cells and QC-transitioning-cells went up later, coinciding,
respectively, with stages | and 1V as expected (Fig S7D). Primordial cell biomarker
expression also went up at later times confirming our observations that this identity is
maintained on the sides during formation of the LRP base. Endodermis/QC-transitioning-
stem-cell identity peaked at stage 11 differing at later stages, while vascular-like-2 and
protopholem-like identities were partially recapitulated, which could be caused by the fact
that these populations share gene expression with the endodermis and the protopholem of
the primary root and this dataset profiles whole roots (VoB et al., 2015). All these spatial
temporal associations support initiation of new identities following a conserved sequence.

To further test LR tissue ontogeny we focused on the stem cell developmental trajectory.
Based on this trajectory the Endodermis/QC-transitioning-stem-cells should give rise to the
QC-transitioning-cells. Analysis of the mutant for the Endodermis/QC-transitioning-stem-
cells marker (cb673) showed a reduction in pWOX5.:ER-GFP expression at stage IV, whereas
no change was observed at stage Il as compared with control roots (Fig 5B-C). As high
pWOX5::ER-GFP expression at stage IV associated with specification of the QC-
transitioning-cells, the observed reduction in pWOX5..ER-GFP expression in cbf3indicates
altered specification of this cell population. When we analyzed LRP formation in cb73, we
observed abnormal accumulation of LRP at stage IV while LRP in the subsequent
developmental stages V and VI decreased; confirming that initiation of QC-transitioning-
cells from Endodermis/QC-transitioning-stem-cells is required for LRP development.
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Next, we performed laser ablation of the LRP central and lateral regions at stage Il in plants
carrying the primordial cell population marker (pDR4..NLS-3x-YFP) and pWOX5..ER-
GFP. Ablation of the LRP lateral regions, resulted in inactivation of pWOX5.:ER-GFP and
activation of pDR4.::NLS-3x-YFPexpression in the remaining cells to resume LRP
formation, and eventually, to express pWOX5..ER-GFP again (Fig 5E). Thus, ablation of the
lateral regions of the LRP appeared to restart the sequence of identity initiation predicted by
the stem cell developmental trajectory to form a new LR. Ablation of the LRP central region
caused fast division of the primordial cells in the laterals to form two adjacent LRP or LRs,
which indicates that all primordial cells have similar formative capacities regardless of their
position or origins. In agreement with the proposed stem cell developmental trajectory, cells
marked with pDR4.:NLS-3x-YFPdid not show pWOX5..ER-GFP expression (Fig 5F) (i.e.
if they correspond to the large daughter cells or are immediately derived from them).

Overall, these results show the functional relevance of the Endodermis/QC-transitioning-
stem-cells, a previously unknown cell population, and the existence of a stem cell
developmental trajectory that initiates cell identities following a conserved interconnected
sequence.

The primordial cells constitute a pluripotent cell reservoir and associate with camalexin

metabolite

As ablation of the central side of the LRP resulted in division of the remaining primordial
cells to form new LRs, we wondered if the primordial cells might maintain their identity and
functionality after LR emergence. We observed pDR4.::NLS-3x-YFP expression at the base
of emerged LR (Fig 6A). Furthermore, expression of the founder cell marker
PSKPZBs::NLS-3x-mCherry (Perianez-Rodriguez et al., 2021) was also found at the base of
emerged LRs, suggesting that primordial cells remained and might be functional. Next, we
excised LRs and observed that new LRs emerged from the root regions containing the
PDR4::NLS-3x-YFPand pSKPZ2Bs.:NLS-3x-mCherry marked cells (Fig 6B), indicating that
primordial cells appear to form new LRs when the initial LR was damaged.

The camalexin biosynthesis pathway was a GO term enriched in the primordial cells (Fig
1C, E), so we decided to further explore this association. When plants were treated with
acivicin, which has been shown to inhibit camalexin biosynthesis in Arabidopsis (Su et al.,
2011), we found activation of pDR4::NLS-3x-YFP expression in the central cells of the LRP
at stage I, while pCBF3::NLS-3x-mCherry expression was turned off (Fig 6C, D).
Supplementation of roots with both acivicin and camalexin restored pDR4.:NLS-3x-YFP
expression to the LRP sides and pCBF3.:NLS-3x-mCherry expression to the central region
of the LRP. When we analyzed LRP formation in roots treated with acivicin, we observed
that LRP did not develop normally accumulating at stage 11. However, this developmental
inhibition could be partially reversed when the roots were additionally supplemented with
camalexin (Fig 6E), which suggest that initiation of Endodermis/QC-transitioning-stem-cells
at stage Il is critical for LRP development. Finally, as activating pDR4::NLS-3x-YFP
expression is accompanied by turning off pCBF3::NLS-3x-mCherry and vice versa (Fig 6C,
D) it can be inferred that primordial and Endodermis/QC-transitioning-stem-cell identities
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are part of a conserved sequence, further supporting the stem cell developmental trajectory
and the associated role of camalexin.

DISCUSSION

Our research has identified seven cell populations formed during the early stages of LR
organogenesis. Five out of them constitute completely novel cell types, while the QC-
transitioning-cells represent a precursor state of the LR QC and the primordial cells likely
correspond to the stage | founder cell daughters. Interestingly, our results show the same
identity for all these cells, although they are formed by a division morphologically
asymmetric. We have also determined the spatial localization of six of these cell populations
within the LRP and their temporal order of formation, which is hierarchical and conserved.
We also established functional relationships among several of them that validate one of the
three inferred developmental trajectories. Our research reveals the ontogeny of LRP tissue
initiation with an unprecedented level of resolution. Furthermore, we demonstrate
functionality of the primordial cells at the sides of LRP base to regenerate new LRs
following laser ablation and LR resection. We also identified novel transcriptomic features
of the primordial cells that led to the identification of camalexin as a new LRP
developmental regulator associated to initiation of Endodermis/QC-transitioning-stem-cells.

The ontogeny of the LRP is organized and involves the hierarchical assembly of cell

lineages

Based on the spatial localization of the cell populations, the order of formation and the
developmental branch to which they belong (i.e. the capacity of the cell populations to give
rise or derive from other cell populations); we propose a model for LRP patterning during
organogenesis (Fig 7A). In this model the spatial organization of the populations in layers
would be determined by the position of the precursor population. Thus, the vascular-like-1
cells (on the inside) and the Endodermis/QC-transitioning-stem-cells (on the outside) would
be derived at stage 11-111 from the primordial cells. Undivided or slow dividing cells on the
sides would remain as primordial cells, whereas several of them would specialize at stage IV
into the flanking cells to eventually establish the growth boundaries of the LRP. Some of the
Endodermis/QC-transitioning-stem-cells in the central region would form the QC-
transitioning-cell at stage 1V to subsequently generate a QC and maybe other SCN cells. The
remaining Endodermis/QC-transitioning-stem-cells would establish the ground tissue
lineage.

Based on this model, the LRP regulator SCR (Goh et al., 2016) would be expressed in the
Endodermis/QC-transitioning-stem-cells (a novel cell type), likely contributing to initiate the
QC-transitioning-cells to specify a new QC. In agreement with the proposed additional
pathways leading to QC specification (Goh et al., 2016), we found CBF3 to specifically
regulate initiation of the QC-transitioning-cells. In addition, the PLT factors (Du and
Scheres, 2017) could also belong to the same stem cell developmental trajectory. PLT3/5/7
could regulate initiation of the Endodermis/QC-transitioning-stem-cells and PLT1/2/4
initiation of the QC-transitioning-cells, which could require additional positional signals
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such as auxin. Future experiments might investigate the role of ARF7 in primordial cell fate
specification and its maintenance after LR emergence.

In the vascular development branch (Fig 7A), vascular-like-1 would initiate vascular-like-2
cells at stage 11, while at stage IV, some of these would have transitioned to protopholem-
like cells. Intriguingly, the cells putatively becoming protophloem would be the cells
adjacent to the phloem tissues of the primary root, which anticipates vasculature connection
and suggests that signals from primary root tissues might induce their specialization. In
agreement with this idea, during grafting, genes related to vascular tissue formation are
activated above and below the graft junction, which is part of a recognition mechanism that
leads to reconnection of vasculature tissues (Melnyk et al., 2018). Interestingly, grafting
does not involve establishment of stem cells, and neither the vasculature developmental
trajectory in the LRP shows stem cell features.

Our analyses did not identify any cell population with affinity to epidermis or lateral-root-
cap cells, suggesting that these tissues might be formed at later developmental stages,
possibly from QC-transitioning-cells according to their localization or other undetermined
cells. Further supporting this idea, expression of the columella and epidermis regulators FEZ
and WEREWOLF, respectively, was observed at developmental stages close to LR
emergence (Du and Scheres, 2017).

Regulation of the developmental trajectories of the LRP

In addition to the identification of CBF3 as regulator of LRP ontogeny, our research also has
the potential of identifying other novel molecular interactions. As a proof of concept, we
analyzed enrichment of TF families and TF binding sites (TFBS) in the seven cell
populations of the early LRP. We found at least one specific family of TF to be enriched in a
population and its corresponding TFBS to be enriched in the temporally subsequent (or
precursor) population (Fig 7B, Table S4). Thus, it can be inferred the putative role of class |
HD-ZIP TFs mediating the transition from primordial to the flanking cells, which could lead
to MYB36 activation, or that of HD-ZIP 111 TFs and SHI RELATED SEQUENCE (SRS)
proteins mediating the transition from Endodermis/QC-transitioning-stem-cells to QC-
transitioning-cells, among others. Interestingly, SRS proteins regulate auxin biosynthetic
genes favoring the local induction of auxin maxima (Eklund et al., 2010), which would be in
agreement with an expected auxin maximum present at the future domain of the LR QC.

In some other cases, the same family of TF was enriched along an entire developmental
trajectory, such as the WRKY TFs (Fig 7B). WRKY 18 was specifically expressed in the
primordial cells while subsequent vascular-like-1/2 were enriched in WRKY binding sites
and in other WRKY TFs. WRKY18 has been shown to form a complex with histone
acetytransferases to activate sugar response genes (Chen et al., 2019) and in addition sugar
response has been associated to vascular reconnection (Melnyk et al., 2018) suggesting that
sugar or nutrient response might be involved in the specialization of the vasculature
trajectory. In addition, NAC TFs such as NAC020 might mediate the transition from
vascular-like-2 to protopholem-like cells. NACO020 is specifically expressed in protopholem-
like cells and is upstream of the regulator of phloem development APL (Kondo et al., 2016).
Moreover, we observed enrichment of the vasculature regulators PHLOEM EARLY DOF
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TFs (PEAR) (Miyashima et al., 2019) in the protopholem-like cells. PEAR genes have been
shown to activate expression of HD-ZIP 11l TFs, and we found HD-ZIP 1l TFs to be
enriched in the same cells. As HD-ZIP 111 are negative regulators of vasculature proliferation
(Miyashima et al., 2019) their activation might facilitate the specification of protopholem-
like cells.

Final Remarks

Organ formation in plants involves the specification of new cell identities and their
organization in tissues or growth domains. Previous research in tissue ontogeny showed
limited hierarchy or no obvious order of formation. Our findings provide an insight into a
possible tissue formation mechanism which involves the hierarchical assembly or initiation
of tissues, thus shedding light on the long-term question of how plants conduct
developmental programs to establish cell fate while growing or developing structures.

MATERIALS AND METHODS

Plant material and growth conditions

Avrabidopsis thaliana Columbia-0 (Col-0) accession was the genetic background used in this
study. Seeds were surfaced-sterilized upon exposition to Cl, gas and stratified in sterile
water at 4°C in darkness during 2 days. After stratification, seeds were transferred to petri
dishes containing half-Murashige & Skoog (MS) medium with 1% sucrose and 10 g/L Plant
Agar (Duchefa). Acivicin (Thermo Fisher, Waltham, Massachusetts, USA) and Camalexin
(Avantor, Radnor, Pennsylvania, USA) were supplemented to the growth media at the
indicated concentrations. Arabidopsis seedlings were vertically grown in chambers under a
16/8 photoperiod at 22°C. pWOX5::ER-GFP (Sarkar et al., 2007), pPLT4:: ER-CFP (Du and
Scheres, 2017), RecMYB36.:.AraYPET (Liberman et al., 2015) and pSKP2Bs::NLS-3x-
mCherry (Perianez-Rodriguez et al., 2021) lines were also used in this study.

Protoplast isolation and sc-RNAseq

The biological samples were extracted from plants expressing the pHB53:NLS-3xmCherry
construct at 4 days of growth (i.e. post-imbibition) after stratification. These roots showed
49%, 22%, 17% and 12% of LRP from stages I to IV, which we estimated corresponded to
21.8%, 20%, 24.1% and 34.1% of cells in each stage, respectively. For each independent
replicate, the primary root tip and the aerial part of ~400 plants were removed and the
remaining roots were subjected to 1.5 hours of protoplasting as detailed in (Efroni et al.,
2016). The cell suspension containing mCherry positive cells was sorted on a FACSAria Il
(Becton Dickenson) into 96-well plates using the single-cell sort mode. Three replicates
were processed on a Bravo robotic system (Agilent) and a Mantis (Formulatrix) using the
cDNA construction and barcoding protocol detailed in (Efroni et al., 2016) to construct
cDNA libraries. Libraries were generated based on the Smart-Seq2 protocol (Picelli et al.,
2014) using the Nextseq 500 Mid Output 150 V2.5 kit and run on the Illumina Nextseq 500.
This approach yielded 573 single cells, which represent over 5-fold coverage of all the cells
contained in LRP from stages | to IV. Reads were trimmed using Trimmomatics with the
following settings: Illumina clip: 2:30:10, Crop: 48, Sliding window: 4:5, Minleng: 36 and
then mapped to the Arabidopsis genome reference using Star, with default settings, using the
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-- quantMode GeneCounts argument to generate counts in Star (Efroni et al., 2016). The
data was deposited in GEO under the accession number GSE161970.

Generation of a single-cell gene expression matrix

Raw counts processing and subsequent analysis were performed in R (https://www.R-
project.org/) using Seurat (v.3.1) (Butler et al., 2018; Satija et al., 2015) unless indicated.
Cut-off parameters for the 573 sequenced cells required at least 1,000 total reads, between
200 and 8000 transcripts and between 0.1 and 6% of mitochondrial genes per cell. In
addition, we removed transcripts expressed in fewer than 3 cells. The expression data were
log normalized to generate an expression matrix reflecting the expression of 22,557
transcripts across 282 cells, with 362,293 mean reads/cell and 4415 mean transcripts/cell.
Cell cycle stage was estimated for each cell based on expression of G2/M and S phase
markers (Table S1) using the Seurat function CellCycleScoring() which assigns a score. For
subsequent clustering the expression matrix data was modeled using the Seurat function
ScaleData() to regress out the variability for the total number of reads, percentage of
mitochondrial genes and the cell cycle stage. To regress out the cell cycle stage of the cells,
the relationship between gene expression and the S and G2M cell cycle scores was
calculated. The scaled residuals of remaining genes were used for subsequent dimensional
reduction, avoiding clustering cells based on their cell cycle stage, reads or mitochondrial
genes. Using the expression matrix, genes differentially expressed among clusters (p
value<0.01, log-fold-change = 0.25, present in = 25% cells) were identified as biomarkers.
Protoplasting-induced genes (Birnbaum, 2003) were excluded from transcriptomic analyses.

Data analysis and clustering

Dimensionality reduction by Principal Component Analysis (PCA) was performed using the
top 2,500 most variable features in Seurat (v.3.1) (Table S2). The top 5 principal components
were determined as informative using the Elbow plot and Jack Straw plot in Seurat and used
as input for clustering and visualization using Uniform Manifold Approximation and
Projection (UMAP) (Becht et al., 2018). Clusters were identified using Seurat at different
resolutions as indicated. Heatmaps were performed in Seurat.

Assessment of cell identity and gene expression analysis

The Index of Cell Identity was calculated in R according to gene expression in the Root Map
(Brady et al., 2007; Efroni et al., 2016). Spec values were also calculated in R using the
following parameters: cuts = 4 and distshape = 1. Biomarkers for known cell types were
selected according to previous studies (Brady et al., 2007; Clark et al., 2019; Denyer et al.,
2019; Efroni et al., 2016; Ryu et al., 2019) as specified in Table S3. Specific identity features
in our dataset was performed by analyzing the average expression of known cell type
biomarkers: QC markers from (Brady et al., 2007; Denyer et al., 2019), SCN markers
(cluster 12 enriched genes) from (Zhang et al., 2019), CEIl markers from (Clark et al., 2019),
young vascular markers from (Ryu et al., 2019) and protophloem markers from (Denyer et
al., 2019; Ryu et al., 2019). Meristematic markers were those in (Huang and Schiefelbein,
2015).
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GO Enrichment analysis

GO enrichment analyses were performed in g:Profiler (Raudvere et al., 2019) using a p-
value < 0.001 to detect the GO terms enriched in the 2,500 most variable genes and the top
100 markers for each cluster. Visualization of GO enrichment in UMAP plots was performed
using the average expression of all the genes included in those GO terms according to the
TAIR database.

Pseudotime analyses

Pseudotemporal relationships among single cells were assessed by two different methods:
Partition-Based Graph Abstraction (PAGA) (Wolf et al., 2019) and Monocle 3 (Cao et al.,
2019). Clustering from Seurat was used as the initial input, so identities were not re-
established by these methods.

TF and TF binding sites (TFBS) enrichment

TF and TFBS enrichment was performed using Agris and Athamap databases, respectively
(Davuluri et al., 2003; Steffens, 2004). As input for TF and TFBS search, we used the top
100 markers for each population and the 500 bp upstream and 50 bp downstream of each
gene. Enrichment was calculated as the ratio between the TFs found in each population and
those in the set of the 2,500 most variable genes or those provided by Athamap. Enriched
TFs or TFBSs were those with a ratio = 1.5 (Table S4).

Selection, cloning and transformation of marker genes

The 2Kb promoter of HB53 (AT5G66700) was amplified by PCR (Phusion High-Fidelity
DNA Polymerase Thermo Fisher Scientific) using the primers 5’-
GTTCGTTGCCCACACATTACT-3" and 5'-TTTCTCTCTCTAGTTTTTCAGAC-3’. The
identification of markers up-regulated in each cluster as compared to the rest of cells was
performed in Seurat (v.3.1). The promoter region of selected marker genes were amplified
by PCR (Phusion High-Fidelity DNA Polymerase, Thermo Fisher Scientific) using the
primers 5"-CTCCTTGACTTACAGACCAAAC-3" and 5'-
GGTGGCCTTCATGATTGTTTC-3 for DR4 (AT1G73330), 5'-
ACTTCTTTGCTTCACATAAGTTAAAAGTCA-3" and 5’-
TGATCAGAAGAGTACTCTGTTTCAAGA-3’ for CBF3 (AT4G25480) and 5-
GTGCCCTGGAATCTAACATT -3” and 5'-CTTGTTGATTTTATCTTTGACTT-3’ for
ATHMPA41 (AT4G39700). Constructs cloning was performed using MultiSite Gateway
Three- Fragment Vector Construction Kit (Invitrogen) to fuse promoter regions to a nuclear
localization sequence and 3 repeats of the Yellow (YFP) or mCherry fluorescent protein
genes in the dpGreen BarT vector as indicated. Constructs were transformed into Col-0
background by floral dip method. Homozygous lines were selected among the T2 progeny in
ammonium glufosinate (Merck).

Microscopy and regeneration assays

4-6 days old seedlings from homozygous lines were stained with 10 mg/mL Propidium
lodide (PI) (Sigma-Aldrich) or 1 mg/mL SCRI Renaissance 2200 dye (SR2200)
(Renaissance Chemicals) and imaged in a Leica SP8 laser-scanning confocal microscope
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(Leica) using a hybrid detector counting mode and the following settings: YFP or AraYPET
(excitation 514 nm, acquisition 524 - 544 nm), mCherry (excitation 561 nm, acquisition 600
- 650 nm), SR2200 (excitation 405 nm, acquisition 430 - 450 nm) and PI (excitation 561 nm,
acquisition 600 - 630 nm). Quantification of fluorescent signal was performed in Leica LAS
AF Lite software as pixel density. Laser ablation of cells was performed using pulses of
lasers of 405 nm and 458 nm for 1 minute. Fluorescence microscopy was performed in
Flumazone (Leica M205FA adapted with Hamamatsu EMCCD X2 camera). LRs resection
was performed using a scalpel in Flumazone.

Statistical analysis

Statistical differences were detected using R. Homoscedastic groups were analyzed using
Analysis of variance (ANOVA) and Tukey HSD or Bonferroni post-hoc tests for one or more
factors, respectively. Significant differences were collected with 5% level of significance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Distinctive cell populations can be identified through Single-Cell RNA sequencing (sc-
RNA-seq) during early lateral root (LR) organogenesis.

(A) Overlapping fluorescent and bright field images of a 4 day-old Arabidopsis seedling
showing expression of the LR primordium (LRP) specific marker HOMEOBOX 53 (HB53)
mCherry (pHB53::NLS-3xmCherry). Scale bar: 0.5 mm. Insets: 3.5x magnification. (B)
Confocal images showing expression of pHB53.:NLS-3xmCherry at the LR developmental
stages profiled by sc-RNA-seq. Proportion of cells in each developmental stage is indicated.
Stained cell walls are shown in a gray scale. Scale bars: 25 um. (C) Uniform Manifold
Approximation and Projection (UMAP) dimensional reduction of the highly informative
LRP cells profiled through sc- RNA-Seq. Each dot corresponds to an individual cell. Cells
were clustered in 7 populations and colored according to the legend. A summary of the GO
terms enriched in the top 100 gene markers for each population is shown. Box: summary of
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enriched GO terms for the 2,500 most variable genes among all populations (D) Heat map
showing scaled expression of the top 100 gene markers for each population in all individual
cells. Cells were arranged by populations. (E) UMAP plots showing the average expression
of the genes annotated in three representative GO terms enriched in population 4 (left),
population 3 (center) and populations 6 and 2 (right).
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Figure 2. Two LRP cell populations are enriched in stem cell gene expression and give rise to cell
lineages associated to endodermis/cortex initials and the quiescent center (QC).

(A) Left, UMAP plot showing population 5 in pale blue. Right, UMAP representation of the
average expression of cortex/endodermis initials marker genes. (B) Violin plot showing
average expression of the endodermis enriched genes HEAT SHOCK PROTEIN (HSP) 70-2
and 70-5. (C) Left, violin plot showing expression of the population 5 biomarker CBF3.
Right, confocal images of pCBF3.:NLS-3x-mCherry (in blue) during LRP formation. (D)
UMAP plot defining population 5 as Endodermis/QC-transitioning-stem-cells on a blue
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background. (E) Left, UMAP plot representing population 3 in green. Right, UMAP of QC
markers average expression. (F-H) Confocal images showing (F) pPLT4:CFPand (G)
pPWOX5:.ER-GFPexpression (in green) and (H) quantification pWOX5 expression from
stages | to V of LR formation. MIV/pixel: Mean Intensity Value/pixel. Different letters: p-
value < 0.05 according to ANOVA and Tukey HSD post-hoc tests. n=10 LRP/sample. (I)
Confocal images of pWOX5.:ER-GFPin the primary root and an emerged LR. Green and
blue arrows: cells with higher and lower expression, respectively. (C, F, G, I) Stained cell
walls are shown in a gray scale. E: endodermis, C: cortex, QC: Quiescent center. Scale bars:
25 pm. (J) UMAP plot defining population 3 as QC-transitioning-cells on a green
background.
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Figure 3. Different LRP cell populations show characteristic gene expression associated to
vasculature development and one of them defines the cells adjacent to the phloem tissues of the
primary root.

(A) Left, UMAP plot showing cell populations 1, 2 and 6 coded by colors. Cells with
enriched expression of the population 1 biomarkers ATHMP41 and NACO20 are surrounded
by a dashed red line Center, UMAP representation of the average expression of young
vascular tissue markers. (B) Violin plot showing the average expression of protophloem and
metaphloem representative genes: OCTOPUS (OPS), OBPZand NACOZ20. (C) Left, violin
plot showing expression of MYB108. Right, confocal images showing expression of
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PMYBI108:NLS-3xYFP (in yellow) in a LRP (LRP) at stages Il to IV. Orange arrows:
pMYB108 marked cells. (D) Left, violin plot showing expression of ATHMP41. Right,
confocal images showing expression of pATHMP41:NLS-3xYFP (in red) at stage IV of LR
formation. (E-F) Images showing expression of pATHMP41:NLS-3x YFPduring LR
formation (D) and in a recently emerged LR (E). (D-F) Light red arrowheads: cells inside
the LRP. Red arrowheads: primary root phloem. White arrowheads: primary root xylem.
Stained cell walls are shown in a gray scale. Scale bars: 25 um. (G) UMAP plot defining
populations 6, 2 and 1 as vascular-like and protopholem-like cells on colored backgrounds.
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Figure 4. An early primordial cell population gives rise to three developmental trajectories

during LR organogenesis.

(A) UMAP plot showing the average expression of meristematic root markers. (B)
Illustrative figure representing the results obtained from the Partition-based Graph
Abstraction (PAGA) analysis. Lines: relationships among populations. Strength of the
relationships is displayed according to the legend. (C) UMAP dimensional reduction plot of
the pseudotemporal trajectories obtained by Monocle 3. Dark line: predicted pseudotemporal
trajectories. White dots: root nodes. Dot color: pseudotime value for each cell. (D) Left,
violin plot showing expression of the population 4 biomarker DR4. Right, confocal images
showing the expression of pDR4:NLS-3xYFP (in pale blue) during LRP formation. (E)
UMAP plot defining population 4 as primordial cells on a bluish green background. (F) Left,
violin plot showing the expression of the population 7 biomarker AMYB36. Right, confocal
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images showing expression of the MYB36-AraYPET recombineering line (in magenta)
during LRP formation. (D, F) Magenta arrowheads show cells in the same relative position
of the LRP. Stained cell walls are shown in gray scale. Scale bars: 25 um. (G) UMAP plot
defining population 7 as flanking cells on a magenta background.
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Figure 5. Functional relationships among primordial cells, endodermis/QC-transitioning-cells
and QC-transitioning-cells support a stem cell developmental trajectory.

(A) Schematic representation of LRP cell populations initiation based on confocal
microscopy analyses of biomarkers. Intensity of the color bar represents the intensity of the
biomarker expression. (B-C) Confocal images showing (B) pWOX5..:ER-GFP expression in
the WT and in cof3mutant at St 11 and 1V of LRP formation and (C) its quantification at 6
days post imbibition (dpi). Bars: boxplot whiskers. Crosses: average. MIV/pixel: Mean
Intensity Value/pixel. *: p-value < 0.05 by ANOVA and Bonferroni post-hoc test. n> 15

Mol Plant. Author manuscript; available in PMC 2022 August 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Serrano-Ron et al.

Page 30

LRP/sample. (D) Quantification of LRP stages in the WT and ¢b73 mutant at 6 dpi. *: p-
value < 0.05 by ANOVA and Bonferroni tests. n= 25 roots/sample. (E-F) Confocal images
showing the expression of pDR4.:NLS.:3xYFP (in cyan) and pWOX5..ER-GFP (in green)
following laser ablation of LRP lateral (E) or central (F) cells at stage 1l in 5 dpi roots, hpa:
hours post ablation. Red asterisks: sites of ablation. E: emerged LR, LRP: Lateral root
primordium. (B, E, F) Stained cell walls are shown in gray scale. Scale bars: 25 um.
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Figure 6. The primordial cells constitute a reservoir for pluripotent cells and associate with
camalexin metabolite.

(A) Confocal images showing expression of the marker for the primordial cells
PDR4:NLS-3xYFPand the founder cell marker pSKP2Bs:NLS-3xmCherry at the base of
emerged LRs. (B) Left, cartoon illustrating experiment. Right) Bright field images showing
formation of new LRs after excision of emerged LRs. Black arrows: sites of emergence. (C-
D) Confocal images showing expression of (C) pDR4:NLS-3xYFP or (D)
PCBF3:NLS-3xmCherry in 4 dpi roots treated with 1uM acivicin or 1uM acivicin and 20
UM camalexin for 2 days. Acivicin is a camalexin biosynthesis inhibitor. Green/cyan arrows:
central/lateral LRP regions, respectively. (E) Acivin and camalexin regulate LRP formation.
Left, cartoon illustrating experiment. Right, quantification of LRP stages following
treatments. *: p-value < 0.05 by ANOVA and Bonferroni tests. n=20 roots/condition. (A-C,
D) Scale bars: 25 um (A,C,D) and 125 ym (B).
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Figure 7. Model for LRP patterning during organogenesis.
(A) The localization of the different cell populations is represented by colors as indicated.

The model is based on the capacity of the populations to give rise or derive from other cell
populations (black arrows) based on their spatial localization, sequential order of formation
and developmental branch. The dashed arrows indicate subsequent tissue or region of the LR
would be originated by each cell population based on localization of biomarkers at stage IV
or later if evaluated. In our model LR external layers (epidermis and lateral root cap) would
be formed after stage IV of LR formation. (B) Hypothetical regulation among the different
LRP cell populations based on PAGA and pseudotime analyses (Figure 4B and C) and
enrichment in Transcription Factor (TF) families and TF binding sites (TFBS) (table S4).
Continuous lines: relationships predicted by PAGA, Monocle and TF/TFBS enrichment
analyses. Discontinuous lines: relationship predicted by the TF/TFBS enrichment analysis
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and either PAGA or Monocle. Gray lines: regulation through a developmental trajectory.
Note that all the TF families putatively mediating transitions also self-regulate the newly
formed population (except SRS). Blue lines: additional regulation within a developmental
trajectory. Pale green lines: regulation between different developmental trajectories.
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