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Abstract

Optimal plant growth is hampered by deficiency of the essential macronutrient phosphate in most 

soils. Plant roots can however increase their root hair density to efficiently forage the soil for this 

immobile nutrient. By generating and exploiting a high-resolution single-cell gene expression atlas 

of Arabidopsis roots, we show an enrichment of TARGET OF MONOPTEROS 5 / LONESOME 

HIGHWAY (TMO5/LHW) target gene responses in root hair cells. The TMO5/LHW heterodimer 

triggers biosynthesis of mobile cytokinin in vascular cells and increases root hair density during 

low phosphate conditions by modifying both the length and cell fate of epidermal cells. Moreover, 

root hair responses in phosphate deprived conditions are TMO5 and cytokinin dependent. In 

conclusion, cytokinin signaling links root hair responses in the epidermis to perception of 

phosphate depletion in vascular cells.

Vascular cell proliferation in plant roots is, in part, controlled by the heterodimer complex 

formed by TARGET OF MONOPTEROS 5 and LONESOME HIGHWAY (TMO5/LHW) 
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(1–7). This complex is required and sufficient to control cell proliferation by inducing 

expression of the direct downstream target LONELY GUY4 (LOG4) and its close homolog 

LOG3 (1, 6), which encode rate-limiting enzymes in the final conversion step of the 

phytohormone cytokinin into its bio-active form (8, 9). The TMO5/LHW complex is limited 

to xylem cells, which produce cytokinin but are themselves insensitive to cytokinin. The 

xylem-produced cytokinin diffuses to neighboring procambium cells, where it promotes cell 

proliferation via induction of DOF-type transcription factors (10, 11). As the TMO5/LHW 

pathway induces production of cytokinin as mobile intermediate that functions in 

neighboring cells, the target genes (11) in this hormone signaling cascade are likely to be 

expressed in various cell types surrounding the xylem and perhaps even outside of the 

vascular bundle. Here we used single cell RNA-sequencing to probe the tissue specific 

TMO5/LHW signaling output in Arabidopsis root meristems and found that this vascular 

heterodimer complex is required for the root hair responses to phosphate deficit conditions. 

We show how cytokinin signaling links vascular perception of limiting phosphate to 

epidermal responses allowing plants to efficiently forage the soil for this immobile 

macronutrient.

Single cell RNA-sequencing analysis

We generated a high-resolution single cell RNA-sequencing (scRNA-seq) atlas of the wild 

type Arabidopsis root tip (12–16), making use of the 10X Genomics Chromium technology 

(Fig. S1A). Following protoplast isolation, sorted cells were collected and processed for 

single cell transcriptomics (see Supplementary Materials for details). In summary, a total 

population of 15,918 cells were recovered across three replicates and next filtered to retain 

5,145 high quality cells with unique molecular identifier (UMI) counts > 17,290 (Fig. S1B). 

Taking into account only these high quality cells, a total of 21,492 genes were detected in 

our root meristem dataset, covering nearly 80% of the genome, with a median expression of 

6,781 genes per cell and a mean of 208,937 reads per cell (Fig. 1A). Unsupervised clustering 

and t-distributed stochastic neighbor-embedding (tSNE) projections were performed on the 

5,145 high quality single cells, recovering distinct clusters of cells (Fig. 1A).

Following quality control (see Supplementary Materials and Fig. S1C-E), cell type 

annotation and cluster identification were performed by mapping the top 20 differentially 

expressed genes (DEG) for each cluster (compared to the rest of the dataset) on a publicly 

available bulk RNA-seq dataset (17) of the Arabidopsis root. This resulted in an annotated 

dataset representing all major cell types in the root, including quiescent center cells (Fig. 1A, 

S1F). The annotations were confirmed for all cell identities by the observed expression of 

key signature marker genes and in vivo expression of 41 newly generated promoter reporter 

lines (Fig. 1B, S2-12 and Table S1). Moreover, cells undergoing division are found in two 

specific sub-clusters (Fig. 1), indicating that their transcriptomes are more similar to each 

other than the actual cell identity determinants of the transcriptome. In summary, the 

scRNA-seq dataset contains clusters of all cell types of the root meristem which were 

identified according to predicted in vivo expression patterns and were validated using a set 

of newly generated reporter lines.
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Trajectory analysis establishes a blueprint of cell lineages

We next used trajectory analyses to refine identification of cell types and developmental 

transitions within each cell identity cluster. We first analyzed xylem (251 cells; 5%; Fig. 

S3A) and phloem (388 cells; 8%; Fig. S4A) cell lineages, as these undergo identity changes 

throughout development. Xylem initial cell lineages branch into proto- and metaxylem 

identities, which differ in their subsequent differentiation processes including secondary cell 

wall generation (18). Phloem cell initials undergo several oriented divisions, generating 

lineages that branch to generate phloem procambium, sieve elements and companion cells 

(19, 20). The complexity of both these cell types was captured in the inferred trajectories 

and gene expression patterns of the reporter lines validated inferred developmental 

trajectories and sub-cluster identities (Fig. S3 and S4; see Supplementary Materials for 

details). Similar analyses validated trajectories for the procambium, pericycle, endodermis, 

cortex, epidermis, lateral root cap and columella clusters (Fig. 1A and S5-S11).

As many root cell types in Arabidopsis increase in ploidy with development (21), the 

developmental trajectories for these cell types should correspond to trajectories of increasing 

cellular endoreplication levels. Thus, to further validate our trajectories, we predicted the 

endoreplication state of each cell based on the expression of a validated set of 

endoreplication markers (21) (see Supplementary Materials for details) and superimposed 

the predicted cell ploidy on the tSNE plot (Fig. 1C). Developmental trajectories of cortex, 

endodermis, pericycle, epidermis/atrichoblast, lateral root cap and xylem clusters exhibit 

clear ploidy transitions (Fig. 1C); validating these trajectories and their orientation. For the 

procambium cell cluster, correspondence between developmental trajectories and ploidy was 

less evident. For the phloem cell lineage, which undergoes continuous divisions as it passes 

through the meristem, no correlation was found. Cells in the quiescent center and hair cell 

(trichoblast) clusters mostly contained 2C and 16C cells, respectively (Fig. 1C).

In conclusion, both newly generated reporter lines and ploidy analysis confirm the inferred 

developmental trajectories of all main cell identities. Our results thus allow the identification 

of distinct sub-clusters linked to the developmental stage of each cell identity; establishing a 

developmental blueprint for all root cell lineages, including progenitor populations for 

several cell identities.

TMO5/LHW targets are enriched in root hair cells

We next intersected our scRNA-seq root dataset with the set of 273 genes identified via bulk 

transcriptome analysis to be induced upon TMO5/LHW induction (11). About 80 target 

genes (29%) were predicted to be expressed in root hair (trichoblast) cells, of which 47 

(17%) were expressed only in trichoblast cells (Fig. 2A and S13). Such expression patterns 

were not expected in relation to literature on TMO5/LHW function in vascular proliferation 

(1, 2, 5, 6) and the overlapping expression domain in the young xylem cells (2). We 

confirmed the induction and expression pattern of a subset of these genes by Q-RT-PCR and 

promoter-GFP fusions respectively (Fig. 2B and S14A). The trichoblast specific expression 

patterns of these target genes thus suggests a putative role for TMO5/LHW in the regulation 

of root hair development or patterning. Although homozygous tmo5 single and tmo5 tmo5-
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like1 double mutants showed normal root hair densities under standard growth conditions 

(high phosphate, HP), misexpression of TMO5 and LHW in all cells of the root meristem 

(pRPS5A::TMO5-GR x pRPS5A::LHW-GR or dGR) resulted in a strong increase in root 

hair density (Fig. 2C-D); while misexpression of unrelated bHLH factors did not result in 

this root hair density increase (Fig. S15). A strong increase in root hair density can also be 

observed in wild type roots grown on phosphate limiting conditions (Fig. 2C-D andTable S2; 

see Fig. S16 and Supplementary Materials for a detailed description of 3D root hair 

quantifications) (22–24). Auxin biosynthesis, transport and signaling are all required for this 

root hair response to phosphate limiting conditions (22): auxin signaling is induced upon 

low phosphate conditions in the columella/lateral root cap region and in xylem cells, where 

the TMO5/LHW dimer is active (2, 4). Auxin-dependent TMO5 function is required for the 

root hair response to low phosphate, as tmo5 tmo5-like1 double mutants were less sensitive 

to these limiting conditions (Fig. 2C-D and Table S2). Phosphate starvation genes (25) were 

however still induced in this mutant background (Fig. S14B), suggesting that perception was 

unaffected. Moreover, induction of several root hair specific TMO5/LHW target genes was 

tmo5 tmo5-like1 dependent (Fig. S14C). The TMO5 homologs seem redundantly required 

for this response, as we found no significant difference in root hair density between wild 

type and the tmo5 single mutant on low phosphate (Fig. 2C-D) (26). Taken together, these 

results show that the increase in root hair density upon low phosphate conditions specifically 

requires TMO5 activity. Because low phosphate conditions have also been associated with 

changes in root hair length (27), we quantified this parameter in our mutant lines and 

treatments and found similar responses (Fig. S14D; see Fig. S16 and Supplementary 

Materials for details on quantification). Thus, activity of the TMO5/LHW complex is 

required for the complete root hair response to low phosphate conditions.

To understand the cellular basis of the root hair density increase in response to low 

phosphate conditions, we quantified several parameters that could contribute to this effect 

(including root length, meristem length and epidermal cell length; Fig. 2E, S14E-F and S16) 

in wild type and tmo5 tmo5-like1 roots. Although the tmo5 tmo5-like1 mutant showed 

reduced root and meristem length in control conditions compared to wild type, this did not 

result in altered root hair densities (Fig. 2D and S14E-F). This suggests that root and 

meristem length are not directly contributing to changes in root hair density. Fitting with the 

observed changes in root hair density, epidermal cell length was not different in wild type 

and tmo5 tmo5-like1 under control conditions, was decreased in low phosphate conditions in 

wild type, and significantly less decreased in the tmo5 tmo5-like1 double mutant (Fig. 2E). 

Similar results were obtained upon dGR induction (Fig. 2E). These results suggest that a 

reduction of epidermal cell length in the root hair zone drives the low phosphate response 

leading to an increase in root hair density.

TMO5/LHW dependent cytokinin controls root hair responses to low 

phosphate

To understand how TMO5/LHW in the xylem might be involved in the low phosphate 

response of root hairs in the epidermis, we analyzed expression of the transcriptional 

pTMO5::n3GFP reporter line (28). TMO5 expression increased in response to low 
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phosphate conditions (29) (Fig. 3A, B), consistent with the reported increase in auxin 

signaling under these limiting conditions (22) and the auxin-inducibility of TMO5 (2). No 

ectopic expression of TMO5 was observed in the trichoblast cells (Fig. 3A). Furthermore, 

increasing TMO5 levels only in the xylem axis or in the vascular bundle (using 

pTMO5::TMO5:GR (1) or using newly generated pSHR::TMO5:GR and 

pWOL::XVE>>TMO5 lines), was sufficient to increase root hair density (Fig. 3C-E and 

S17A-C). This suggests that the effect of TMO5 on the low phosphate induced root hair 

density increase is cell non-autonomous.

The TMO5/LHW complex binds the LOG4 promoter, thus promoting cytokinin 

biosynthesis. Cytokinin can then diffuse to neighboring cells where its perception induces 

cell proliferation (1, 6). To investigate if low phosphate conditions might lead to an 

increased induction of the cytokinin signaling pathway in epidermal cells, we analyzed the 

pTCSn::ntdTomato cytokininsignaling reporter (11, 30). In low phosphate conditions, the 

TCSn reporter was induced in the epidermal cells of the root meristem (Fig. 4A). 

Additionally, A-type ARRs (including ARR4, 5, 6, 8, 9, 12 and 15), that our scRNA-seq 

dataset showed to be expressed in trichoblast cells, were upregulated upon TMO5/LHW 

induction (11) (Fig. S13 and S14A). Additionally, expression of three trichoblast-restricted 

TMO5/LHW target genes was found to be induced by exogenous cytokinin treatment (Fig. 

S18A), fitting with published data (31). These results suggest an increased induction of the 

cytokinin signaling pathway in the epidermis under low phosphate conditions and fit with 

the published effect of cytokinin on cell length (32). To show that increased cytokinin levels 

and/or signaling might lead to an increase in root hair density due to a reduction in 

epidermal cell lengths, we next treated wild type roots with 0.1µM 6-benzylaminopurine, a 

synthetic cytokinin. Indeed, treatment with cytokinin in high phosphate conditions mimicked 

the root hair density promoting effect of low phosphate conditions (Fig. 4B) and a reduction 

in epidermal cell length (Fig. S18B). Additionally, cytokinin was sufficient to rescue the root 

hair density and epidermal cell length effects to low phosphate-like responses in the tmo5 
tmo5-like1 double mutant (Fig. 4B and S18B). To investigate the possible role of ethylene in 

this response (33), we next analyzed the responses of the ein3 eil1 double mutant in 

downstream ethylene signaling on low phosphate medium and upon cytokinin treatment and 

found no difference compared to wild type plants (Fig. S19A), fitting with published reports 

that cytokinin effects on root hair length are not dependent on ethylene signaling (34) and 

the fact that ethylene response markers (33) were not uniformly altered upon TMO5/LHW 

induction (Fig. S19B). Given that the upstream ein2 receptor single mutant does show some 

resistance to cytokinin but not low phosphate treatment (Fig. S19A), we cannot rule out 

involvement of complex cytokinin-ethylene hormonal cross-talk during this developmental 

process.

To provide additional genetic support for the hypothesis that cytokinin signaling in 

trichoblast cells drives the root hair response to low phosphate conditions in a TMO5-

dependent manner, we first reduced cytokinin levels by analyzing the log347 triple 

biosynthesis mutant (8) or by increasing levels of the CKX3 cytokinin conjugating enzyme 

(35) by analyzing a newly generated pRPS5A::CKX3 transgenic line. Both genetic tools to 

reduce cytokinin levels resulted in an inhibition of the low phosphate response (Fig. 4C and 

S18C). To strengthen that vascular-derived cytokinin is responsible for the root hair response 
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to low phosphate conditions, we generated a vascular specific estradiol inducible LOG4 
transgenic line (pWOL::XVE>>LOG4). Upon induction of the cytokinin biosynthetic gene 

LOG4 only in the vascular domain, an increase in root hair density was observed (Fig. 4D). 

Additionally, we complemented the log 1234578 heptuple mutant (9),which has very low 

levels of active cytokinin, with LOG4 expressed only in the TMO5 domain (1). In phosphate 

limiting conditions, pTMO5::LOG4 expression was sufficient to restore a wild type-like 

response (Fig. S20). Taken together, these experiments show that vascular-derived cytokinin 

is capable of triggering responses in the trichoblast cells. Thus, vascular-derived cytokinin 

can drive the root hair response to low phosphate conditions in a TMO5-dependent manner.

Previously, prolonged low phosphate conditions were shown to increase the number of 

cortex cell files and modify epidermal cell fates (36). To understand if these parameters 

might contribute to our observed increase in root hair density, we first analyzed the number 

of cells in radial sections of cortex and epidermal cell files as these determine the number of 

root hairs (36). Although prolonged growth in phosphate deprived conditions leads to an 

increase in the number of cortex cells (36) (Fig. S21), this was not observed after 10 days, a 

time point used in all our experiments (Table S2); suggesting that the effects observed in our 

experiments are not due to additional cortex cells. We next examined the possible change in 

cell fate by examination of epidermal cell identity using markers for hair (pCOBL9::GFP) 

(37) and non-hair (pGL2::GFP) (38) cell files. Epidermal cell identities were mixed upon 

cytokinin treatment, similar to the effect of low phosphate conditions (Fig. 5A-C) (36). This 

cytokinin-dependent effect most likely feeds into the known pathways determining 

epidermal cell identity, as cytokinin treatment was not able to induce hair formation in the 

cpc try double mutant (Fig. S22) (39). Moreover, significantly more root hairs were formed 

in non-hair positions upon dGR induction, exogenous cytokinin treatment and low 

phosphate conditions (Fig. 5D). This low phosphate effect was absent in the tmo5 tmo5-
like1 mutant and in plants with reduced cytokinin signaling levels (Fig. 5D, E). These results 

suggest that alterations in the epidermal cell identity contribute to the observed increase in 

root hair density upon low phosphate conditions.

Outlook

Here we showed that the vascular bHLH heterodimer TMO5/LHW controls root hair density 

by modifying epidermal cell length and cell fates. Phosphate deficit may trigger increased 

auxin signaling in xylem cells, inducing the TMO5/LHW pathway and downstream local 

cytokinin biosynthesis. Cytokinin may then diffuse outwards to direct length and fates of 

outer trichoblast cells. As such, this hormone signaling cascade spans multiple tissue layers 

in the meristem to regulate roots foraging for phosphate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Identification of Arabidopsis root meristem cell types using scRNA-seq A.
Color-coded tSNE plot showing the classification of 5,145 high quality (UMI count > 

17,290) cells into distinct cell identities corresponding to the schematic representation of the 

root meristem on the left. Grey dots represent predicted doublet cells. All inferred and 

validated developmental trajectories are projected onto the tSNE plot as black lines. Cells 

within dotted line are initials. QC: quiescent center, ppc: phloem procambium, se: sieve 

element, cc: companion cell, px: protoxylem, mx: metaxylem. B. Dot plot showing the 

expression of known tissue specific reporter genes in the scRNA-seq dataset, validating the 
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annotation of tissue specific clusters. Size of the circles represents the percentage of cells 

with expression (pct.exp.), while the color indicates the scaled average expression (avg exp. 

scale). Dotted boxes represent major tissue types and cellular stages present in the root. C. 
Projection of predicted ploidy levels of each cell onto the tSNE plot.
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Figure 2. TMO5 activity is required for root hair responses to low phosphate conditions
A. Number of TMO5/LHW target genes expressed in each of the tissue types of the 

Arabidopsis root meristem. Note the high number of trichoblast expressed genes. B. 
Predicted (left) and validated (right) expression of root hair specific target genes in the root 

hair. Arrowheads indicate nuclear expression. C. Root hair phenotype of dGR (induced or 

non-induced with dex) and wild type, tmo5 single mutant and tmo5 tmo5like1 double 

mutants grown on control conditions (high phosphate) or phosphate limiting conditions (low 

phosphate). D-E. Quantification of the root hair density (D) and epidermal cell length (E) of 
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the lines depicted in C. Lower case letters on top of boxplots indicate significantly different 

groups as determined by one-way ANOVA with post-hoc Tukey HSD testing (p<0.001); the 

number of individuals is shown at the bottom of the plot and biological repeats are indicated 

using different symbols.
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Figure 3. Vascular TMO5/LHW expression increases root hair density
A-B. Expression (A) and quantification (B) of the pTMO5::n3GFP reporter line in the root 

meristem under high (HP) and low (LP) phosphate conditions by confocal microscopy. C-E. 
Root hair phenotype and quantification of wild type, pTMO5::TMO5:GR, 

pSHR::TMO5:GR and pWOL::XVE>>TMO5:YFP roots grown on high phosphate 

conditions or induced by dexamethasone or estradiol (see Fig 2 for wild type control). 

Lower case letters on top of boxplots indicate significantly different groups as determined by 

one-way ANOVA with posthoc Tukey HSD testing (p<0.001 in C and E, p<0.01 in D); the 
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number of individuals is shown at the bottom of the plot and biological repeats are indicated 

using different symbols.
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Figure 4. TMO5/LHW dependent cytokinin triggers root hair responses
A. Expression and quantification of pTCSn::ntdTomato in the root meristem under high 

(HP) and low (LP) phosphate conditions by confocal microscopy. Asterisks indicates 

epidermal cell layer. B. Root hair phenotype and quantification of wild type and tmo5 
tmo5like1 roots grown on high phosphate conditions or induced by cytokinin (BAP). C. 
Root hair phenotype and quantification of wild type and log347 and pRPS5A::CKX3 roots 

grown on high or low phosphate conditions. D. Root hair phenotype and quantification of 

pWOL::XVE>>LOG4:YFP roots grown high phosphate conditions or induced by estradiol 
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(see Fig 3 for wild type control). Lower case letters on top of boxplots indicate significantly 

different groups as determined by one-way ANOVA with post-hoc Tukey HSD testing 

(p<0.001); the number of individuals is shown at the bottom of the plot and biological 

repeats are indicated using different symbols.
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Figure 5. Cytokinin scrambles epidermal cell identities
A. Expression of pCOBL9::GFP and pGL2::GFP in roots grown in high phosphate (HP), 

cytokinin (BAP), or low phosphate (LP). B-C. Quantification of number of cells per mm of 

root in non-hair (NH) or hair (H) positions with GFP expression. D-E. Quantification of the 

number of cells in non-hair position that form root hairs, along one mm of root from dGR, 

wild type, tmo5, tmo5 tmo5l1, log347 or pRPS5A::CKX3 grown under indicated conditions. 

Lower case letters on top of the boxplots indicate significantly different groups as 

determined by one-way ANOVA with post-hoc Tukey HSD testing (p<0.001); the number of 
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individuals is shown at the bottom of the plot and biological repeats are indicated using 

different symbols.
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