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Abstract: In the plant meristem, tissue-wide maturation gradients are coordinated with
specialized cell networks to establish various developmental phases required for
indeterminate growth. Here, we used single-cell transcriptomics to reconstruct the
protophloem developmental trajectory from birth of cell progenitors to terminal
differentiation in the Arabidopsis root. PHLOEM EARLY DNA-BINDING-WITH-ONE-
FINGER (PEAR) transcription factors mediate lineage bifurcation by activating GTPase
signaling and prime a transcriptional differentiation program. This program is initially
repressed by a meristem-wide gradient of PLETHORA transcription factors. Only the
dissipation of PLETHORA gradient permits activation of the differentiation program that
involves mutual inhibition of early vs. late meristem regulators. Thus, for phloem
development, broad maturation gradients interface with cell-type specific transcriptional

regulators to stage cellular differentiation.



One-Sentence Summary: Single-cell analysis shows how global signals in the root meristem
interact with the cell type specific factors to determine distinct phases of phloem

development.

Main text: Roots consist of several concentric layers of functionally distinct cell files, which
initially bifurcate and establish distinct identities around the quiescent center and its
surrounding stem cells. Cells within each file mature through the distinct zones of cell
proliferation and differentiation (1). For example, in Arabidopsis, the development of the
protophloem sieve elements involves a transient period of cell proliferation, during which, in
addition to amplification of cells within the file, two lineage-bifurcating events take place
(Fig. 1A) (2). Soon after the cell proliferation ceases, cells of the protophloem sieve element
lineage initiate a differentiation process which culminates in enucleation, an irreversible
process that gives rise to the mature conductive cells (3). Because of specific modulation of
the graded distribution of the key phytohormonal cue auxin, the differentiation of
protophloem sieve elements occurs faster than that of the other cell files (4). Therefore,
protophloem sieve element development offers a tractable scheme to understand how the two

processes of cell specialization and maturation interact.

Phloem developmental trajectory at single-cell resolution.

In order to understand the process of protophloem sieve element development at a high
resolution, we took a combination of approaches based on time-lapse confocal imaging (5)
and single cell transcriptomics (6). Using phloem-specific marker ()PEAR1::H2B-YFP
pCALS7::H2B-YFP) we precisely mapped cellular behavior of the on average of 19 cells that
constitute the protophloem sieve element developmental trajectory until enucleation, which

takes place every 2 hours in the final cell position. The passage of the cell from its "birth" at



the stem cell until its enucleation took a minimum of 79 hours (Fig. S1, movies S1, S2). To
dissect the genetic control underlying this temporal progression, we opted for deep profiling
of the 19 cells that represent the developmental trajectory of protophloem sieve element,
using cell sorting and well-based single cell sequencing over higher throughput but shallower
droplet-based profiling (6—-12). We used fluorescent reporter lines whose expression represent
various spatio-temporal domains within the developmental trajectory of protophloem sieve
element (Fig. S2A, B). The single-cell profiles allowed us to cluster cells together with
known protophloem sieve element markers to identify 758 cells that densely sampled the 19
cell positions and captured the span of protophloem sieve element maturation (Fig. 1B, Fig.

S2C-G).

We sought to use the high-resolution profile of the protophloem sieve element lineage to ask
how cell passage through stable signaling gradients in the meristem controls the stages of
cellular specialization. In particular, while a number of regulators of either phloem cell
identity or meristem zonation have been described (13, 14), little is known about how these
two regulatory processes interact to control organogenesis. Using Monocle 2 (15, 16), we
projected the 758 protophloem sieve element lineage cells into a pseudo-temporal order and
investigated transcriptional transitions along the developmental trajectory (Fig. 1B-D). Rather
than gradual changes, we observed four transcriptomic domains separated by three narrow
transition zones (Fig. 1D, E; Table S1). Based on the alignment with the temporal expression
patterns of selected genes, we were able to determine that these domains correspond
approximately to cells at positions 1-7 [a], 8-11 [b], 12-15 [c] and 16-19 [d], respectively
(Fig. S3). To further understand which aspects of protophloem sieve element maturation
these various positions represent, we extended time-lapse confocal imaging with more
temporally specific marker lines pPNAC86::H2B-YFP and pNEN4::H2B-YFP, active at later

developmental stages (3). We found that the differentiation time, measured from the last cell



division to enucleation takes around 20 hours with some variation up to the final stage
defined by expression of NAC45/86-DEPENDENT EXONUCLEASE-DOMAIN PROTEIN 4
(NEN4) (active in positions 18-19), (Fig. 1E, Fig. S1D, H, I, Movies S1-S12). In summary,
based on the high congruence of the single-cell transcriptome and live imaging data, we were
able to assign seven distinct developmental phases along the protophloem sieve element
trajectory: (I) “stem cell”, position 1; (II) “transit amplifying”, position 2-9; (111)
“transitioning”, position 8-11; (IV) “early differentiating”, position 10-15; (V) “late
differentiating”, position 16-17; (VI) “very late differentiating”, position 18-19; (VII)

“enucleating”, position 19 (Fig. 1F, G, Fig. S1, Table S2).

PEARs promote lineage bifurcation via GTPase signaling.

Proximal to the stem cell (1) developmental phase, the first distinctive feature of the
protophloem sieve element lineage is the bifurcation of the procambial and metaphloem cell
files from the progenitor protophloem sieve element lineage through a pair of subsequent
periclinal (asymmetric) cell divisions in the domain of transit amplifying cells (11). Using the
single-cell lineage and imaging analysis, we sought to precisely map these divisions (Fig.
2A). We observed that the first periclinal division followed exclusively a rare event of
phloem stem cell division (Movie S13, Fig. S4A). The second, more frequent, periclinal
division was observed predominantly at position 3 (Fig. 1F). We have recently shown that the
PEAR transcription factors (transcribed in domains I-1V) mediate early asymmetric divisions
in the phloem lineage and laterally adjacent procambial cells in a cell autonomous and cell
non-autonomous manner, respectively (17). In order to identify potential downstream effector
genes for this PEAR function, we focused on the genes enriched in the expression domain of
PPEARIA::erVenus marker line (Methods) capturing the bifurcation events and the resulting

protophloem, metaphloem and procambium cell lineages (Fig. 2B, Fig. S4B).



Among the sieve element enriched genes that were highly expressed in single cell profiles
preceding and during the bifurcation (domain I1), we identified and validated the
protophloem sieve element abundant expression of Rho-related GTPase, Rho of plants 9
(ROP9) (18) as well as several genes encoding PRONE-type ROP guanine nucleotide
exchange factors (ROPGEF) (Fig. 2B, C, D, Fig. S4B, C, F) (19). ROP GTPase signaling
controls polarity of the multiple cell types during cell differentiation (20-22) and specific cell
division events (23-25). Subsequently, we determined that ROPGEF3 and ROPGEF5
expression in the protophloem sieve element lineage is dependent upon PEAR factors, based
on the spatio-temporal correlation as well as the analysis of transcriptional reporters in the
pear sextuple mutant background (Fig. 2E). In addition, functional analysis of the PEAR
binding sites previously indicated by the DAPseq technique (26) in the promoter region of
ROPGEF genes affected their expression level (Fig. S4D) (17), suggesting a direct

interaction.

In the dividing cells, ROPGEFs accumulate broadly at the cell membrane but were depleted
from the expected position of cortical division zone, which demarcates the future division
plane (Fig. 2F) (25). Indeed, observed gaps in ROPGEF localization coincided with the
position of microtubule array called the preprophase band, the earliest marker of cell division
plane in plants (Fig. 2G, Fig. S4E) (25). ROPGEFs catalyze disassociation of GDP from
inactive ROP-GDP complex that enables quick binding of free cytosolic GTP and thus
activates ROP signaling. In the active state, ROP-GTP interacts with a number of different
effector proteins to mediate downstream signaling (27). In order to detect cellular position of
the active ROP signaling in relation to the periclinal and anticlinal cell division planes in
phloem, we utilized molecular biosensor of ROP signaling that consist of fluorescently
tagged, ROP-GTP binding domain from MICROTUBULE DEPLETION DOMAIN1

(MIDD1AN) effector protein (28). Similarly to the localization of ROPGEFs, subcellular



localization of active ROP signaling was detected on the cell membrane and was absent in the

cortical division zone of protophloem sieve element cells during mitosis (Fig. 2H).

In order to test whether ROP signaling plays a decisive role in the selection of cell division
plane, we generated an inducible line expressing the constitutively active form of ROP9
(ROP9CA) (Methods) and lines ectopically expressing phloem enriched ROPGEFs.
Accumulation of ROP9®A-3xYFP on the radial walls of the protophloem sieve element
lineage correlated with cell expansion to the radial direction and reorientation of the cell
division plane (Fig. 21, Fig. S4F). Ectopic expression of ROPGEFs resulted in ectopic
periclinal cell divisions in the outer root layers and pericycle, which rarely undergo such
division (Fig. 2J, K, Fig. S4G, H). Members of PRONE-type ROPGEF gene family in
Arabidopsis have been previously proposed to act redundantly in number of processes in
which they activate ROP signaling (29). On the other hand, loss of SPIKE1 (SPK1), encoding
a single copy ROP interacting DOCK family GEF causes phenotypes mimicking the
combinatorial rop mutants (30-32). Therefore, we focused on the loss-of-function alleles of
SPK1, one of which we identified in the genetic screen for factors promoting formative
(periclinal) cell divisions (Supplementary Materials). In the spkl loss-of-function mutant, we
detected a significant reduction in periclinal divisions in several tissues, including
protophloem sieve element cell lineage (Fig. 2L, M, Fig. S4l, J, K). We conclude that, in the
transit amplifying cells (domain 11, position 2-9), PEAR function promotes the bifurcation
involving the emergence of the protophloem sieve element cell lineage by switching the
orientation of the cell divisions at least partially through the activation of ROPGEF-ROP

signaling module.

PLETHORAS stage APL expression and phloem differentiation.



Another distinct feature of the early protophloem sieve element developmental trajectory is
the transition from cell division to cell differentiation (I11-111-1V). This transition mapped
closely to the first major change in the protophloem sieve element transcriptome. In the first
transcriptomic domain (I-11), we detected transcripts of the PLETHORA gene family (Fig.
1E), whose relatively persistent proteins are known to spread shootward through cell-to-cell
movement. This movement, together with a mitotic dilution effect, contributes to the
formation of the shootward protein gradient. (14). Prior work has shown that PLETHORA
transcription factors broadly regulate meristem development, promoting cell division at
moderate concentrations, and then permitting elongation and differentiation as levels drop
(14, 33, 34). However, it is not clear how individual cell files interpret the meristem-wide

PLETHORA gradient for their own specialized differentiation.

We hypothesized that the PLETHORA gradient might mediate the first transcriptional shift
(i.e. domain 11 to I11) towards protophloem sieve element differentiation by permitting a new
set of transcripts to be expressed (Fig. 3A). We tested this hypothesis by driving
PLETHORAZ2 (PLT2) under several promoters that extended its expression in the
protophloem sieve element in later maturation stages than its native domain (Fig. 3B, Fig.
S5A). When using the pNAC86::XVE inducible promoter, active in domains V-VII (3, 35),
ectopic PLT2 delayed protophloem sieve element enucleation (Fig. 3B, Fig. S5A).
Transcriptional profiling of phloem cells expressing the construct showed an upregulation of
genes (Table S3) that mapped to early stages of the protophloem sieve element single-cell
trajectory (from domains I-1) - the known PLT2 protein gradient (Fig. 3C). These results
suggest that extending the PLT2 gradient is sufficient to prolong the early stages of meristem
maturation within the protophloem sieve element lineage, providing a connection between the
maturation of a specific cell file and a meristem-wide protein gradient. In addition, in the

pseudo-time ordered single cells, we could detect complementary oscillatory patterns of the



putative S-phase and G2-M-phase genes that were upregulated PLETHORA targets,
apparently corresponding to regular progressions through the cell-cycle (Fig. 3C, Fig. S5B).
Furthermore, ALTERED PHLOEM DEVELOPMENT (APL), NAC45/86 and NEN4, known
key regulators of the protophloem sieve element enucleation pathway (3), were among the
PLT2-downregulated genes (Fig S5C, Table S3). This is consistent with the presence of APL
in the large set of genes downregulated by PLETHORA overexpression (33). We validated
the downregulation of APL and NEN4 by ectopic PLT2 expression with in situ hybridization
(Fig. 3D, Fig. S5D). We also monitored a shootward shift of APL expression domain in the
roots after conditional ectopic induction of PLT2 expression. The induction of PLT2 in the
phloem cells beyond its native domain confirmed that activation of APL-dependent genetic
program requires dissipation of the PLETHORA gradient (Fig. 3E). In order to test the role of
PLETHORAS in controlling the transition between transit amplification and differentiation in
phloem, we used an inducible, tissue specific CRISPR/Cas9 approach to mutate PLT2
specifically in protophloem sieve element cell file (36). We observed an acceleration of the
protophloem sieve element differentiation as well as the expression of pAPL::erTurq reporter
towards the QC without affecting the broader meristem size or root growth, showing that loss
of PLETHORA function in its native domain allows precocious expression of mid- to late-

stage protophloem sieve element differentiation regulators (Fig. 3F, Fig. S5F-H).

We sought to further test whether PLT2 directly regulates the protophloem sieve element-
specific differentiation program, as we found AP2 (a member of the PLETHORA family)
family binding sites in the APL promoter region, as defined by the DAPseq technique (26).
Indeed, we confirmed the direct binding of PLT2 to several regions of the APL promoter by
ChlIP-gPCR (Fig. 3G). Furthermore, along with AP2 sites, the APL promoter is also enriched
for binding sites of HANABA TANARU (HAN), a GATA transcription factor. In turn, HAN

is a PLETHORA target (33) and accordingly, upon ectopic PLT2 expression we detect HAN

10



transcripts expressed in late protophloem sieve element development (Fig. S5C, I). Ectopic
HAN expression under pNAC86:XVE led to a delay in enucleation (Fig. S5J), similar to PLT2
overexpression in the same domain. We conclude that the PLETHORA gradient directly (and
possibly in a feedforward manner with HAN) orchestrates protophloem sieve element
differentiation by cell autonomously repressing transcription of the phloem regulator APL.
Overall, the results show how the PLETHORA gradient first promotes cell proliferation in
the protophloem sieve element lineage and then helps to time the later stages of cellular

maturation.

PEARs promote APL to orchestrate phloem differentiation.

Given the results above, we reasoned that an early phloem-specific transcription factor must
activate APL expression. In order to identify genes that could fill that role, we first generated
a list of sieve element genes enriched in our bulk-sorted cells from that tissue compared to
published data profiling other tissue types of the root meristem (37, Fig. S6A, Table S4). We
further narrowed the list by intersecting it with sieve element enriched genes identified in the
cluster analysis of single-cell RNAseq profiles of the pPEARIA::erVenus reporter line (Table
S5; Fig. 4A, B, Fig. S6B-H). From this analysis, we identified 542 sieve element enriched
genes (Table S6) and corroborated their specificity in the published whole-root sScRNAseq
atlas (Table S7) (12). We modeled gene regulation using a machine learning approach on the
pseudotime-ordered 758 single-cell profiles and 4924 highly variable genes. Among 208 TFs
in this dataset, the majority of known protophloem sieve element transcription factors (such
as APL, NAC045 and NAC086) were among the top 20 regulators (Table S8). We validated
the model by comparing predicted targets with genes induced by in vivo ectopic expression of
the same TFs, confirming a significant overlap of targets in 3 out of 5 cases (Table S8).

Among the top 20 regulators we also identified four related genes that encode early sieve

11



element abundant PEAR transcription factors (PEARL, PEAR2, DNA BINDING WITH ONE
FINGERG6, TARGET OF MONOPTEROSS) (Fig. 4C). We recently showed that simultaneous
loss of six PEAR genes results in defects in protophloem sieve element differentiation (17).
We subsequently profiled the transcriptomes of wildtype and pear sextuple mutant (Fig. 4D)
root meristems and identified 203 downregulated genes overlapping with our protophloem
sieve element specific gene list (Table S9). The expression of APL as well as its downstream
targets — NAC045, NAC086 and NEN4 was lost in protophloem tissue of pear sextuple
mutant (Fig. 4E, F Fig. S7TA). Subsequently, expression of APL and NACO086 reporter lines
was restored in the pear sextuple mutant upon induction of PEARL, corroborating that
transcriptional activation of APL in the protophloem sieve element is dependent on activity of

PEAR factors (Fig. 3F).

To test whether PEAR1 can directly regulate expression of APL in its endogenous expression
domain (cells 1-14), we performed chromatin immunoprecipitation (ChlP) followed by
quantitative PCR (QPCR) using pPEARL::PEAR1-GFP protein fusion and identified multiple
PEAR1 binding sites within APL promoter (pAPL) (Fig. 4G). Truncation analysis of pAPL
indicated presence of an enhancer element, responsible for expression of APL in the cells
transitioning from cell division to cell differentiation, within 2039 bp to 2962 bp region
upstream of APL open reading frame (ORF) (Fig. 4H). Our ChIP analysis detected a single
strong PEAR1-GFP peak in the promoter sequence beyond 2039 bp distance from the ORF
and another strong peak at the upstream end of the 2 kb region, both of which were also
detected in the publicly available DAP-Seq data (Fig. 4G, Fig. S7C) (26). Furthermore,
within the detected regions (-2672 to -2512 and -1946 to -1844) we identified multiple
clusters of DOF binding motifs (AAAG) (26) that constitute an enhancer element required for
the transcriptional activation of APL in the phloem transition zone (domain I1l) (Fig. 4H, I,

Fig. S7C). Although the expression of APL in the protophloem sieve element is dependent on
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PEARs (Fig. 4F), APL expression domain extends beyond PEAR domain (cells 15-19; Fig.
1E, Fig. S3A). It is possible that either the PEAR proteins and/or APL mRNA persist this
period of some 10 hours before enucleation. Alternatively, there may be intermediate factors
acting downstream of PEARS to promote APL expression during late stages of phloem
development. Collectively, the data supports a role for PEARSs controlling the onset of APL
expression to regulate a transition in phloem differentiation. The transition is controlled by
the PLETHORAS, whose role in promoting division ultimately dissipates its own gradient.
When PLETHORA levels decline sufficiently, PEARs can then effectively upregulate APL.
The opposing regulation of APL by positively regulating PEARS and inhibitory
PLETHORA:s illustrates how antagonistic mechanisms — one forming a morphogen-like

gradient across the meristem — orchestrate developmental timing within a cell file.

Sequential mutual inhibition directs developmental transitioning.

The final major transcriptional transition in the phloem lineage occurs between the domains
IV-V. To explore this transition, we ectopically expressed NEN4 and PLT2 at various
developmental stages. When expressed in early ectopic domains, NEN4 expression causes
cell death, while PLT2 expression forces cells back into the cell cycle. However, later
expression of these two transcription factors, have little or no visible effect on cells, showing
the developmental program of domain V appears resilient to these perturbations (Fig. 3B, Fig.
S5A, Fig. S9). This indicates that the high number of protophloem sieve element specific
genes during the final 8 hours of differentiation remodel the cellular behavior in an
irreversible manner. We next sought to explore how widely the PEARs control transcriptional
programs related to this final stage of sieve element development. We combined a gene
regulatory analysis in the pear mutant with systematic overexpression and modelling

approaches (Fig. S7A, B, Fig. S8). Our analysis revealed that - in addition to known phloem

13



regulators APL, NAC045, NAC086 and NAC028 - 10 out of 13 newly validated phloem
enriched transcription factors are dependent on PEARs (Fig. S7A, B, Fig. 4F).
Overexpression of two of these, ZAT14 (AT5G03510), which was also the 3rd most
important TF in the machine learning model, and its close homolog ZAT14L (AT5G04390)
led to arrest of cell cycle and premature cell elongation (Fig. 4J, K). Transcriptional profiling
provided further evidence for a putative dual role in timing cell division and cell expansion
(that occurs largely after enucleation in this cell lineage) (Tables S10-S14). In addition, the
gene regulatory network model predicted a pattern of sequential mutual inhibition in the
target sets of high-scoring transcriptional regulators (Table S15); for example, genes
repressed by ZAT14 significantly overlap with genes activated by the earlier expressed
PEARs and vice versa (Fig. 4L). Overexpression analysis confirmed a significant over-
representation in the overlap between genes up-regulated by PEARSs and down-regulated by

ZAT14 (Table S16) (17).

By combining single-cell transcriptomics with live imaging, here we have mapped the
cellular events from the birth of the phloem cell to its terminal differentiation into phloem
sieve element cells spanning a timeframe of 79 hours. In the early part of the developmental
trajectory, where cells are proliferating, the PEAR factors promote the asymmetric periclinal
divisions that result in lineage bifurcation. We pinpoint the ROPGEF-ROP regulatory module
as an effector of early PEAR function in promoting the periclinal cell divisions central to
vascular development. In addition, the PEARs activate the final 20-hour terminal
differentiation program, which highlights them as central integrators that connect early and
late phloem development. Our high-resolution phloem developmental trajectory reveals three
abrupt transitions in the gene expression program. The late, PEAR-regulated protophloem
sieve element program is directly and antagonistically controlled by the broad PLETHORA

gradient, which connects this morphogen-like gradient to cellular maturation. We propose

14



that mutual inhibition of target genes by sequentially expressed transcription factors
represents a “seesaw’ mechanism (Fig. S10) that allows rapid transitions and prevent gene
expression programs with conflicting effects on cellular physiology (e.g., division vs.
enucleation). Similar models have been implicated in so-called attractor states in cell fate
decisions in animals (38). In the future it will be interesting to determine how conserved these
principles of sieve element differentiation are in an evolutionary context, as well as how

extensively they apply to other differentiation trajectories in plants.

Methods summary

Single-cell transcriptomic data described in the manuscript were generated from the
protophloem/metaphloem sieve element and procambial cells sorted with a use of tissue
specific fluorescent reporter lines. Root tips of 5 days old Arabidopsis plants were used as a
tissue material for protoplasting. RNA sequencing of the sorted cells was performed
following well-based Smart-seq protocol. Obtained transcriptomes, corresponding to the cells
from protophloem cell lineage, were ordered in pseudotime using Monocle2 package which
generated a single linear protophloem developmental trajectory. Expression profiles and
pseudotime coordinates of the known phloem-expressed genes were further confirmed with
in situ and reporter lines analysis.

Gene regulatory network was modelled using a random forest machine learning approach.
Selected interactions, representing mutual inhibition (the “seesaw” model), were confirmed
by the transcriptome analysis of lines overexpressing a candidate gene or profiling of the
loss-of-function lines.

To understand cell behaviour at different developmental phases, confocal long-term live

imaging was performed with the protophloem sieve element specific and nuclear localised
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reporter line. Up to 5-days long movies were recorded and cell behaviour, including number
and position of cell divisions, enucleation as well as the time of these events were recorded.
All the details of methods including those summarized above are provided in the

supplementary materials.
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Figure legends:

Figure 1. Phloem development at single-cell resolution.

(A) Schematic of the Arabidopsis root tip depicting position of protophloem sieve element,

metaphloem sieve element and procambium cell lineages originating from a single phloem

stem cell. (B) t-SNE plot of 1242 transcriptomes of cells sorted with P1A, P1D, CD, P1, N57,

25



CALS?7 and N73 reporter lines specific to different domains of the developing phloem.
Indicated protophloem sieve element cells were used for the pseudotime trajectory analysis
(Fig. S2, Supplementary Material). (C) protophloem sieve element transcriptomes ordered
along developmental trajectory using Monocle 2. (D) Heatmap of Pearson correlation along
the pseudotime trajectory. Vertical lines indicate 3 strongest correlation drops and separate
four groups of transcriptomes with higher similarity [a], [b], [c] and [d]. (E) Gene expression
heatmap of protophloem sieve element regulators and 10 most specific genes from the 4
groups defined in D) and the nested PLT1 (“PLT1-like”) or NEN4 (“NEN4-like”) expression
domains in pseudotime-ordered protophloem sieve element transcriptomes. (F) Histogram of
cell behavior based on long-term live imaging. (G) Seven domains and the time cells spend in
each position of the developing protophloem sieve element as determined by the
transcriptomics (above) and live imaging (below): (I) “stem cell”, position 1 [a], t>60h; (1)
“transit amplifying”, position 2-9 [a], t=58h, SD+8.1h, (III) “transitioning”, position 8-11 [b];
(IV) “early differentiating”, position 10-15 [c], t=12h; (V) “late differentiating”, position 16-
17 [d], t=4h; (VI) “very late differentiating - NEN4-like”, position 18-19 [d], t=4h; VII

“enucleating”, position 19 [d], t=2h (Movie S1, S2).

Figure 2. PEARs control asymmetric divisions by promoting ROP signaling in the
phloem pole.

(A) Schematic indicating position of the two periclinal divisions in the phloem cell lineage.
(B) Expression of ROPGEF2 and ROPGEF3 at the time of phloem lineage bifurcation. (C)
Peak expression of ROPGEF2, 3 and ROP9 in the early phloem cells as detected in the
pseudotime-ordered single cell protophloem sieve element transcriptome data. (D)

Expression pattern of phloem enriched ROPGEFs. ROPGEF3 and 5 share similar expression
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domain — enriched in protophloem sieve element and adjacent vascular cell files; ROPGEF2
is expressed in protophloem sieve element but also in other outer procambial cells and
pericycle (Fig. S4D). Scale bars: 25 um. (E) Expression of ROPGEF2, 3 and 5 in the pear
sextuple mutant background. Scale bars: 25 pum. (F) Protein localization of pPROPGEFS5::Cit-
ROPGEFS5 during anticlinal (f”) and periclinal (f**) cell division. Gaps in ROPGEF5 signal
are indicated with an asterisk. Scale bars: 25 um. (G) Depletion of Cit-ROPGEF5 membrane
signal at the cortical division zone (CDZ) during cell division. CDZ is marked by
accumulating cortical microtubules (mCherry-TUAS) forming pre-prophase band (white
arrowheads). Scale bars: 25 um. (H) Time course analysis of the dynamic pattern of active
ROP signaling in the dividing phloem cells. Depletion of pPEARL::mScarlet-1-MIDD IAN
signal at the CDZ in the anticlinally (upper row) and periclinally (lower row) dividing cells
(yellow arrowheads). Quantification of fluorescent signal intensity in the periclinally dividing
cells. Scale bars: 10 um. (I) Quantification of asymmetric cell divisions (red arrowheads) in
the protophloem sieve element cell lineage after expression of constitutively active ROP9
(Q64L) (pPEAR1::XVE>>ROP9®A). Scale bars: 25 pm. (J) Ectopic asymmetric cell
divisions (red arrowheads) 24h after induction of ectopic Cit-GEF5 expression
(PRPS5A::XVE>>Cit-GEF5). Scale bars: 25 pum. (K) Toluidine blue stanning of resin
sections of Cit-GEF5 overexpressing line (pPRPS5A::XVE>>Cit-GEF5) 24h after induction.
Red arrowheads indicate ectopic periclinal cell divisions in epidermis, endodermis and
pericycle. Scale bars: 25 um. (L) Identification of spkl allele in the mutant screen of
PRPS5A::PEAR1-GR parental line. Presented are images from non-induced plants. Scale
bars: 10 um. (M) Quantification of vascular cell files in the spk1 mutant and its parental line

pRPS5A::PEAR1-GR. Both lines were not induced.
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Figure 3. PLT2 inhibits phloem differentiation by directly repressing APL expression.
(A) Quantification of fluorescent intensity of PLT2-YFP in protophloem sieve element cells
of 9 roots indicated with dots of different colours. Percentage of roots expressing APL in a
given protophloem sieve element cell is indicated as a red line (n=9). Onset of APL
expression coincides with diminishing level of PLT2 protein. Arrowhead indicates onset of
APL expression in protophloem sieve element. (B) Ectopic expression of PLT2 under
PNACB86::XVE promoter delays protophloem sieve element enucleation. Square brackets
indicate extended expression domain of pCALS7::H2B-RFP, a reporter used for monitoring
enucleation. (C) Native expression profile of PLT2 targets in protophloem sieve element cells
ordered in pseudotime. Genes upregulated after 6 hours of induction of the line shown in B)
are plotted. Upper panel shows gradually diminishing expression of target genes which
reflects the PLT2 protein gradient. Lower panel shows PLT2 upregulated cell cycle genes
with oscillatory expression pattern. (D) In situ hybridization of APL before and 6h after
ectopic expression of PLT2-3xXYFP. Arrowheads indicate position of protophloem sieve
element enucleation beyond which point APL is expressed in phloem pole pericycle,
companion cells and metaphloem sieve element (Fig. S5E). Brackets indicate pNAC086
activity domain. (E) Time course of transcriptional repression of APL in cells ectopically
expressing PLT2-RFP under inducible pPEAR1::XVE promoter. (F) Early activation of APL
expression 48h after phloem specific knock-out of PLT2. (G) ChIP-qPCR of PLT2-3xYFP on
APL promoter revealed PLETHORA binding region -2204 to -1439 bp upstream of APL

OREF. All scale bars, 25 pm.
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Figure 4. PEARs orchestrate phloem differentiation.

(A) Force-directed clustering of 272 single-cell transcriptomes obtained using the
PPEARIA::erVenus reporter. Plotted is expression of stem cell abundant PLT1. Arrows:
cellular trajectories inferred from known gene expression patterns (Fig. S6). (B) Strong
enrichment of PEARL expression in protophloem sieve element and metaphloem sieve
element trajectories confirmed by pPEARL1::erVenus reporter line. White arrowheads:
protophloem sieve element, red arrowheads: metaphloem sieve element. (C) Expression
heatmap: PEAR genes among the earliest phloem specific transcription factors. (D) Lack of
protophloem sieve element differentiation in the mature part of the pear sextuple mutant root.
Arrowheads: protophloem sieve element position. (E) Lack of APL pathway activation in the
roots of pear sextuple mutant based on RNASeq analysis. (F) Inducible expression of
PEAR1-mTurq is sufficient to activate transcription of APL and NAC86 reporters in pear
sextuple mutant background. (G) ChIP-qPCR of PEAR1-YFP shows direct interaction of
PEAR1 with APL promoter at multiple positions. Two prominent PEAR1 binding sites are
indicated with red dashed rectangles. (H) Expression patterns of modified pAPL reporter
lines. Length of “3kb” promoter equals 2962 bp. DOF(I) and DOF(II) correspond to two
enhancer elements indicated in panel G. Details of modification are provided in Fig. S7C. (I)
Quantification of the onset of pAPL expression after modification of DOF binding motives.
Statistically significant differences between groups were tested using Tukey’s HSD

test P < 0.05. Different letters indicate significant difference at P < 0.05. (J) Expression of
ZAT14 and ZAT14L during late differentiation of protophloem sieve element. Arrowheads:
last cell before enucleation. (K) Ectopic expression of ZAT14 and ZAT14L under
pPEARL::XVE results in cell elongation and inhibition of cell division. Arrowheads: last cell
before enucleation. pPEARL::H2B-YFP line shows regular number of protophloem sieve

element cells. (L) Heatmap shows significantly overlapping and oppositely regulated target
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sets of the 20 most important TFs from the GRN model. Color intensity shows a fraction of
overlapping target sets. The colormap represents significantly overlapping sets (Fisher Exact
Test, if p<0.05, val=1) multiplied by the fraction of overlap. Asterisk indicates experimental
validation of up and downregulated sets from TF OE in vivo (Tables S15, S16). All scale

bars, 25 um.
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	In order to understand the process of protophloem sieve element development at a high resolution, we took a combination of approaches based on time-lapse confocal imaging (5) and single cell transcriptomics (6). Using phloem-specific marker (pPEAR1::H...
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	In the dividing cells, ROPGEFs accumulate broadly at the cell membrane but were depleted from the expected position of cortical division zone, which demarcates the future division plane (Fig. 2F) (25). Indeed, observed gaps in ROPGEF localization coin...
	In order to test whether ROP signaling plays a decisive role in the selection of cell division plane, we generated an inducible line expressing the constitutively active form of ROP9 (ROP9CA) (Methods) and lines ectopically expressing phloem enriched ...
	Another distinct feature of the early protophloem sieve element developmental trajectory is the transition from cell division to cell differentiation (II-III-IV). This transition mapped closely to the first major change in the protophloem sieve elemen...
	We hypothesized that the PLETHORA gradient might mediate the first transcriptional shift (i.e. domain II to III) towards protophloem sieve element differentiation by permitting a new set of transcripts to be expressed (Fig. 3A). We tested this hypothe...
	We sought to further test whether PLT2 directly regulates the protophloem sieve element-specific differentiation program, as we found AP2 (a member of the PLETHORA family) family binding sites in the APL promoter region, as defined by the DAPseq techn...
	To test whether PEAR1 can directly regulate expression of APL in its endogenous expression domain (cells 1-14), we performed chromatin immunoprecipitation (ChIP) followed by quantitative PCR (qPCR) using pPEAR1::PEAR1-GFP protein fusion and identified...
	The final major transcriptional transition in the phloem lineage occurs between the domains IV-V. To explore this transition, we ectopically expressed NEN4 and PLT2 at various developmental stages. When expressed in early ectopic domains, NEN4 express...
	By combining single-cell transcriptomics with live imaging, here we have mapped the cellular events from the birth of the phloem cell to its terminal differentiation into phloem sieve element cells spanning a timeframe of 79 hours. In the early part o...
	List of supplementary materials

