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Summary

Plant roots can regenerate after excision of their tip, including the stem cell niche. To determine
which developmental program mediates such repair, we applied a combination of lineage tracing,
single cell RNA-Seq, and marker analysis to test different models of tissue reassembly. We show
that multiple cell types can reconstitute stem cells, demonstrating the latent potential of untreated
plant cells. The transcriptome of regenerating cells prior to stem cell activation resembles that of
an embryonic root progenitor. Regeneration defects are more severe in embryonic than in adult
root mutants. Furthermore, the signaling domains of the hormones auxin and cytokinin mirror
their embryonic dynamics, and manipulation of both hormones alters the position of new tissues
and stem cell niche markers. Our findings suggest that plant root regeneration follows, on a larger
scale, the developmental stages of embryonic patterning and is guided by spatial information
provided by complementary hormone domains.
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Introduction

Plants have a wide capacity to regenerate their organs after damage by re-establishing
regions of growth and patterning known as meristems (Sugimoto et al., 2011). Remarkably,
excision of most of the root meristem, including the entire stem cell niche and its central
organizer (the quiescent center; QC), triggers rapid regeneration and resumption of normal
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growth (Figure 1A; Feldman, 1976; Sena et al., 2009). Here we ask what kind of repair
system can restore the root tip’s growth and tissue organization after its complete removal.

Since the stem cell niche is removed with root tip excision, it cannot initiate the regeneration
process. However, regeneration may rely on other potent cell types in the remaining stump
(Birnbaum and Sénchez Alvarado, 2008; Sugimoto et al., 2011). In particular, the pericycle
cell layer has organogenetic capacity and is the source of lateral roots in the adult (Lavenus
et al., 2013). Further, under some conditions, it can generate a partially-organized
pluripotent tissue known as callus (Atta et al., 2009; Sugimoto et al., 2010), suggesting that
the pericycle may serve as a dormant stem cell niche that supports regeneration after damage
(Sugimoto et al., 2011). However, plant cells are known to be plastic, and lineage studies
show that cells throughout the root meristem can readily change their fate according to their
position (Kidner et al., 2000). And while lateral roots are formed from the pericycle,
adventitious roots can form from cambium and other vasculature associated cells (Bellini et
al., 2014). Thus, an alternative model for regeneration is that missing tissues and stem cells
regenerate from any remnant meristematic cell, guided by positional cues.

Tissue repatterning may occur either through the activation of regeneration-specific
mechanisms, or by the ‘recapitulation’ of stereotypical organogenesis (Alvarado and Tsonis,
2006). In animals, there is evidence that embryonic gene expression programs and
developmental processes are reiterated during regeneration (Chen et al., 2014; Kikuchi et al.,
2010; Roensch et al., 2013). Similarly in plants, regeneration is accompanied by activation
of key developmental regulators that function in embryogenesis and adult root formation
(Kareem et al., 2015; Sena et al., 2009; Xu et al., 2006). However, it is unclear how closely,
or if at all, the sequence of early development events is recapitulated during regeneration.

Many plant growth and patterning processes are regulated by the interaction between the
phytohormones auxin and cytokinin (Schaller et al., 2015). During embryonic root
formation, the two hormones form complementary domains, and perturbation of the
signaling pathway of either hormone leads to embryonic root defects (Hamann et al., 2002;
Hardtke and Berleth, 1998; Muller and Sheen, 2008). Classic studies demonstrated the
importance of the balance between these hormones during /7 vitro regeneration (Skoog and
Miller, 1957), but how this balance mediates tissue formation during regeneration is not well
known.

Here, we dissected the early stages of regeneration by combining lineage and marker
analysis with gene expression profiling in regenerating cells. We show that new root tissue is
formed by the activity of newly specified stem cells recruited from multiple tissues in the
remaining stump, ruling out the activity of a cryptic stem population drawn exclusively from
pericycle cells. Activation of the new niche is preceded by rapid identity transitions and a
sequence of developmental events that closely resembles embryonic root formation.
Furthermore, regeneration was impaired in mutants with embryonic root defects but not in
mutants that specifically perturbed lateral root development. We further show that altering
the auxin and cytokinin domains during a narrow time window causes a coordinated change
in the position of multiple root tissues and the stem cell niche. The results suggest that the
interaction between these hormones sets up positional information for early tissue patterning
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and stem cell niche formation and that early events in embryogenesis are replayed within a
different cellular organization.

Results

The root regenerates by de novo stem cell niche formation from multiple tissues

To test the different models of regeneration and track the contributions of multiple tissues to
root tip regeneration, we generated a lineage tracking system that permanently marks a
selected tissue upon induction by dexamethasone (promoter>>CRE:GR 35S:lox-terminator-
lox-CFP). Plants carrying lineage constructs for different radial tissues were grown for five
days, induced for 24h, checked for robust tissue-specific expression, and then cut and
transferred to non-inductive plates. At least 100 plants were examined for each tissue of
origin (Figure 1B-V).

Clones generated using the AZ4 promoter (AT5G43040; Lee et al., 2006), marking the outer
layer of the root (Figure 1B—C), did not contribute to the regenerating tip and were pushed
upward as the new root tip formed (Figure 1D-F,V). Interestingly, clones generated using
the endodermal SCR promoter (Figure 1G—H) mostly produced lineages that occupied the
positions of the new epidermis and lateral root cap (LRC; Figure 11-K,V), overlapping with
the WER epidermal/LRC identity marker (Figure S1A). The endodermal clones were
continuous with regenerating cells in the epidermal position and converged near the cut site
(Figure 11). Lateral cell divisions characteristic of epidermis/lateral root cap stem cells
(Bennett and Scheres, 2010) were observed at this position as early as 24 hours post cut
(hpc; Figure 11), suggesting that an endodermal cell assumed a stem cell identity to generate
the new epidermal layer. We verified these endodermis-derived epidermal stem cell-like
divisions by live imaging clones over time (Figure 1W, Figure S1B) and by tracking cell
division patterns in live roots over 68h (Supplemental Movie 1).

To test whether the pericycle plays a special role in root tip regeneration, we induced and
tracked clones using the AHP6 promoter, which marks the xylem pole pericycle and
protoxylem (Figure 1A; Figure 1L-M). The AHP6-marked clones mostly produced cells
occupying the position of the new cortex/endodermis tissues (Figure 1N-P,V), generated by
stem cell like divisions at 24hpc (Figure 1N, X, S1C). These cells produced tissue-specific
clones until they were replaced by unmarked cells around 72hpc (Figure 1P). In contrast to
lateral root formation (Figure S1D), the contribution of the AHP6-marked clone was limited
and did not comprise all new cells of the root tip. It is thus unlikely that root tip regeneration
is driven by a lateral root initiation program. As further support, root regeneration frequency
was unaffected in mutants severely impaired in the production of pericycle-derived lateral
roots or callus (a/f4-1 (Sugimoto et al., 2010) 79%, n=49; arf7 arf19 (Okushima et al., 2007)
90%, n=20; s/r (Fukaki et al., 2002) 80%, n=50), as compared to wild type (88%, n=100;
Figure 1Y).

The coordinated activation of stem cell-like divisions at 24hpc suggested that a new niche
may be formed at this time point. Indeed, clones generated using the stele-specific WOL
promoter (Figure 1Q-U; Mahdénen et al., 2000) gave rise to new distally-growing columella
cells, indicating re-establishment of the characteristic bidirectional growth of the niche
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(Bennett and Scheres, 2010; Figure 1S-U), with cells in the QC position eventually
displacing the surrounding stem cells (Figure 1U; Heyman et al., 2013; Kidner et al., 2000).
Overall, these transitions indicate that almost all prior cell identities were competent to form
new stem cells.

The broad transformations in cell identity rule out a strict model in which remnant cells in
the proximal meristem repopulate like identities. However, the different distributions of
identity transitions (Figure 1) may suggest that tissues have restricted competence to take
on new fates. To test the role of competence over relative position, we cut the root at two
different locations along the tapering tip. The width of the stele and endodermis is 37+2um
just above the QC, but is 56x£5um at 80pum above the QC, due to greater cell numbers in the
stele (n=16; Figure 1Z), so that cuts at these locations alter the position of the pericycle in
relation to the root center. In agreement with broad competence for fate change, we observed
a shift in the identity of clones originating from the AHP6 lineage (Figure 1Z; n= 98;
p=0.0135, y2-test).

Overall, our results reveal that the new root tip is derived from a small population of cells,
recruited from multiple tissues, which begin to act in a coordinated stem cell-like manner by
24hpc. These broad fate transitions are guided by the cells’ relative position in the remnant
tissue.

Injury triggers a gradual loss of proximal identity near the cut site

To map cell identity transitions, we tracked multiple tissue markers during regeneration.
Endodermal marker SCR. YFP (Wysocka-Diller et al., 2000) and stele marker WOL:GFP
were already lost near the cut site by 6hpc-12hpc, receding to about 3 cell rows above the
cut site by 16hpc (Figure 2A-B). The stele recession was confirmed by loss of xylem marker
S4 and phloem marker S32 (Lee et al., 2006; Figure S2A-F). In contrast, expression of the
outer layer markers WER and GLZ2remained relatively stable (Figure 2C, Figure S2G-I; Lee
and Schiefelbein, 1999; Lin and Schiefelbein, 2001). And, the inner endodermal expression
of the ground tissue marker J0571 receded more than its outer cortical domain (Figure 2D),
capturing a demarcation point in the clearing of cell identities.

Interestingly, while stem cell-like divisions were observed at 24hpc, expression of cell
identity markers did not initially correlate with this activity. And although stem cell activity
resumed in an inside-out manner, endodermal (SCR) and epidermal (WER) markers began
to recover their expression pattern in an outside-in pattern starting at 30hpc, only fully
recovering their normal expression in the stem cells by 48hpc (Figure 2B-C). Similarly, the
stele marker SHR (Helariutta et al., 2000) only regained its proper distal nuclear localization
at 48hpc (Figure 2E). Curiously, in some cases, expression of a small discontinuous SCR
domain was visible at the center of the stele.

Together with the identity transitions observed using clonal analysis, these results implicate
a dome-shaped region of ~40 cells at the center of the stump as the site of re-patterning.
Both the proximodistal and radial axes of the root were reset near the cut site (Figure 2F).
Cell identity recovered in the opposite direction to stem cell growth, separating reactivation
of stem cells from cellular respecification.
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Single cell transcriptomics reveal rapid identity transitions

To characterize the transcriptional dynamics in the region of reorganization, we used single
cell RNA-Seq to profile individual stele cells from induced WOL and AHP6 clones in uncut
and regenerating roots at three time points — 3hpc, the earliest time point we could collect,
16hpc, prior to stem cell niche activation, and 46hpc, following the recovery of root growth.
Cells were collected from dissociated meristems by cell sorting with stringent gates to
ensure droplets with only one fluorescent cell, followed by mRNA amplification and
sequencing using a modified version of the SMART-Seq?2 protocol (Satija et al, 2015)

Cells were classified using the Index of Cell Identity (ICI) algorithm that can identify stable
and transitional fates using single cell expression data (Birnbaum and Kussell, 2011; Efroni
et al., 2015). We used a reference dataset of 579 identity marker genes (Table S1-S2) to
classify cells into 14 root tissue types (Figure S3A; Table S3), which we grouped as stele,
QC, columella, epidermis/LRC, and ground tissue (Figure 3A-D).

We collected 238 cells of which 74% could be classified into one or more reference identity.
As expected for WOL and AHP6 marked cells, most (116/177) were classified as stele
(Figure 3AD). However, some cells lost their stele identity and gained distal identities as
early as 3hpc (Figure 3B). This rapid change in identity is consistent with the observed
recession of stele markers near the cut site. The transitioning stele cells scored a surprising
mixture of QC, columella, and epidermis/LRC—identities that are either removed by cutting
(QC and columella) or are normally absent from internal root tissue (epidermis/LRC).
Multidimensional scaling grouped the transdifferentiating cells together, irrespective of their
tissue of origin (WOL or AHP6), suggesting cells from different tissue sources converged to
a single identity (Figure S3B). The lack of residual stele identity suggested that the mixed
identity cells originated from the tip of the stump, where stele markers receded (Figure 2A—
D). As regeneration progressed, cells with distinct distal identities, such as QC and
columella alone, became more common (Figure 3C-D). Consistent with the clonal analysis,
stele-derived cells contributed mainly to the new columella and QC, but also to some of the
LRC and ground tissue (Figure 1V).

Single cell analysis thus revealed a rapid change from stele to mixed distal cell identities,
which gradually separated into columella and QC during regeneration. This developmental
sequence resembles the dynamics of embryonic root formation, during which a single cell —
the hypophysis — expresses multiple distal identity markers before dividing to generate
distinct QC and columella progenitors (Crawford et al., 2015; ten Hove et al., 2015; Miiller
and Sheen, 2008; Scheres et al., 1994).

Recovery of distal fates resembles an embryonic developmental sequence

We explored the similarity of regeneration to embryonic root formation by examining the
expression of hypophysis-expressed genes (Crawford et al., 2015; Rademacher et al., 2012;
Ueda et al., 2011; Wysocka-Diller et al., 2000) in regenerating roots. These genes generally
displayed a gradual upregulation in the mixed-identity cells between 3hpc and 16hpc and
became differentially expressed as QC and columella identities became distinct (Figure 4A),
a pattern we corroborated on a recently identified set of genes expressed in the basal
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meristem and hypophysis (Wendrich et al., 2015; Figure S4A). In contrast, genes expressed
in stages of embryogenesis prior to hypophysis division or that regulate the embryonic
formation of other tissues were not induced in the mixed cells (Figure 4B), indicating the
activation of a hypophysis-specific rather than a general embryonic program. Hypophysis-
expressed genes were consistently upregulated in mixed-identity cells at 3hpc and 16hpc, but
their expression was diminished by 46hpc (Figure S4B), further supporting the existence of
a transient hypophysislike state during regeneration.

To understand the spatial dynamics of distal identity separation, we analyzed reporters that
are co-expressed in the hypophysis: WOX5:GFP, which subsequently marks the QC, and
WIP4, which later marks both the QC and columella (Figure 4C-D; Crawford et al., 2015;
Haecker et al., 2004; Nawy et al., 2005). Starting at 6hpc, both markers were co-expressed
within the region of proximal identity loss (Figure 4E-J). Between 16hpc and 48hpc, WOX5
marked a proximal and W/P4 marked a distal domain (Figure 4J-M; Figure S4C-H).
Similarly, the hypophysis-expressed marker /AA10 (Rademacher et al., 2012), which is
confined to the columella in the adult (Figure S41), overlapped with the WOX5 domain at
16hpc but then separated into a distal domain (Figure S4J-K). Thus, much like the embryo,
these three markers overlap in hypophysislike cells that appear early in regeneration and
subsequently separate into distinct domains.

To rule out generally promiscuous expression of QC and columella markers, we examined
plants bearing WOX5:mCherryand PET111, which marks differentiated columella (Figure
S4L). PET111 never overlapped with WOX5 and was not detected until proximal-distal
domain separation at 24hpc (Figure S4M-0).

During hypophysis division, the transcription factor TARGET OF MONOPTEROS7
(TMO?) is expressed in the provascular cells above the hypophysis and moves distally into
the hypophysis cell to regulate its division (Schlereth et al., 2010). Analysis of the
transcriptional reporter TMO7:GFP-NLS, the translational reporter TMO7:TMO7-GFP, and
the non-mobile protein fusion TMO7:TMO-GFPx3, showed that, following tip removal,
expression of 7TMO7 is lost in the stump region by 16 hpc when mixed-distal cell identities
were detected in the same domain, while TMO7 protein moves into that region from the
surrounding cells (Figure 40-W). The rapid recovery of this pattern further supports the
existence of a hypophysis-like state during early stages of regeneration.

We next used genetic perturbation to test the shared program between embryonic root
formation and regeneration. Mutants in JACKDAW (JKD) form a normal embryonic root
but fail to maintain expression of QC markers in the adult (Figure S4P-Q; Welch et al.,
2007). Consistent with an activation of an embryonic phase of root development, expression
of the QC marker WOX5 was re-activated during regeneration of jkd mutants (Figure S4R—
S), but diminished when the tip was fully regenerated (Figure S4T-U).

We also tested the regeneration frequency in mutants that exhibit a failure in hypophysis
division and subsequently lacked an embryonic root: the auxin response factor
MONOPTERQOS (MP), and triple mutants of the NO TRANSMITING TRACT gene family
(mww, Crawford et al., 2015; Hamann et al., 1999; Hardtke and Berleth, 1998). In the weak
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mp-S319allele, ~10% of seedlings fail to form an embryonic root, but those that escape
exhibit normal growth (Schlereth et al., 2010; De Smet et al., 2010). The escaped mp-S319
adult roots showed a 25% reduction in the frequency of regeneration compared to wild type.
The nww mutants form an embryonic root in only 2.5% of plants but can be rescued with a
transient auxin treatment and then grow without supplemental auxin (Crawford et al., 2015).
These rescued nww mutant roots had a 92% reduction in regeneration (wild type 88%,
n=100; mp-531966%, n= 21;nww 7%; n=15:y2-test, p=0.02 and p<1E-10, respectively;
Figure 4X). Thus, both mutant phenotypes are consistent with a reliance on the early phases
of embryonic root formation during regeneration.

Hormone and tissue markers follow embryonic dynamics

In the embryo, their signaling domains briefly overlap in the hypophysis before they
separate into a proximal cytokinin and a distal auxin domain (Miller and Sheen, 2008). In
an apparent recapitulation of the overlap of the two hormones, rapid response genes for
cytokinin (ARR family; To et al., 2004) and auxin (AUX/IAA family; Chapman and Estelle,
2009) were coordinately upregulated in single chimeric cells during early stages of
regeneration (Figure 5A).

To follow the spatial dynamics of this interaction, we used the cytokinin response reporter
TCSn:.GFP(TCSn; Ziurcher et al., 2013) and the auxin response reporters DR5rev:GFP
(Friml et al., 2003) and fast-maturing DR5rev:3xVENUS-N7 (Heisler et al., 2005). In uncut
roots, TCSn is expressed in the stele and root cap but is absent from proximal tiers of the
columella (Figure 5B; Bishopp et al., 2011; Zlrcher et al., 2013). At 6hpc, the remnant
TCSn expression in the stele remained unchanged (Figure 5C-D), gradually receding
proximally at later time points (Figure 5E-G). The distal auxin maximum (Figure 5H) was
completely excised during the removal of the tip, leaving only low expression in immature
xylem cells (Figure 51). However, auxin signaling was rapidly induced in a region of stele
near the cut site, as shown by DR5rev:3xVENUS-N7 expression (Figure 5J,L,inset; Figure
S5A-E), creating a transient overlap with the cytokinin reporter (Figure 5K—-M). Thus, the
embryonic dynamics of the two hormones — initial overlap, followed by separation into
distinct proximal cytokinin and distal auxin domains — were recapitulated during root tip
regeneration.

In the adult root, WOX5 expression is restricted to the QC, whose location overlaps with and
depends upon a local maximum of auxin signaling (Sabatini et al., 1999; Xu et al., 2006). In
contrast, embryonic WOX5 expression begins in the hypophysis but after hypophysis
division shifts proximally away from the auxin maximum (Miller and Sheen, 2008).
Regeneration in DR5:GFP WOX5.:mCherry roots (Figure 5N) showed that, after a brief
overlap (compare WOX5 in Figure 4G and DR5 in 5J at 6hr), WOX5:mCherry expression
shifted proximally and the two markers then remained mutually exclusive (Figure 50-P),
exhibiting an embryonic expression pattern.

In addition, the patterns were highly suggestive of regulatory relationships. For example,
WOX5 and DR5 expression were almost always in mutually exclusive domains when in
close proximity (Figure 5Q-S). Mutually exclusive expression was also often detected
between WOX5 and the cytokinin receptor WOL (Figure 5T-Y), suggesting that an
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interaction between hormone signaling and cell identity markers may guide patterning
during regeneration.

Auxin-cytokinin interaction guides the establishment of the proximodistal and radial axes

Both cytokinin and auxin are required for proper formation of the embryonic root, but the
role of their interaction is not clear. It was suggested that an auxin domain positions the
nascent root embryonic meristem, as mutations in HANABA TARANU (HAN) that cause a
proximal and lateral shift in the embryonic auxin domain, also led to a corresponding shift in
the expression of distal root markers, including the QC marker WOX5 (Nawy et al., 2010).
Interestingly, we saw a similar phenomenon during regeneration in the #an-16 mutant, where
at 16hpc, WOX5 occupied a more proximal and lateral domain than wild type (Figure S6A,
student’s t-test p=0.02), indicating that hormonal domains may influence tissue specification
similarly both during embryogenesis and regeneration. We therefore sought to determine
whether hormone domains could guide tissue positioning in the regeneration process.

Application of the auxin analog 2,4-D caused expansion of the DR5 signal and a proximal
recession of the TCSn signal by 48hpc (Figure 6A-B). In accordance, endodermal and stele
markers were expressed in a more proximal position than normal (Figure 6B, Figure S6B),
with SCR converging at 72hpc (Figure S6C-D). Strikingly, expression of the distal marker
WiIP4 was significantly expanded proximally, bounded by an internal stele/cytokinin domain
(Figure 6A,C). Our results indicate that auxin treatment causes a coordinated proximal shift
in the auxincytokinin border that is accompanied by a coordinated shift in the position of the
border between the radial cell files and the cap.

Treatment with cytokinin during regeneration diminished the DR5 domain while causing
distal and lateral expansion of the TCSn reporter (Figure 6A-B). Under these conditions,
expression of SCRrecovered in a more distal position than normal, invading the cap region
(Figure 6B). In agreement, the domains of the stele markers WOL (Figure 6B) and SHR
(Figure S6E) stabilized at a more distal position than in control plants. Finally, the distal
shift in markers coincided with a reduction in the W/P4 domain size (Figure 6A,C), showing
that cytokinin application caused a coordinated distal shift in the position of root tissues. To
examine the effects of cytokinin treatment on the position of the stem cell niche, we allowed
cytokinin treated plants of the SCR lineage line to recover on hormone-free media for 24h.
In agreement with the general shift in tissue positioning, we observed that the epidermal
stem cell formed at an abnormal distal position (Figure S6F).

We could cause a more dramatic alteration of hormone domains with a dual auxin-cytokinin
treatment, which displaced the auxin domain to the flank of the root stump (Figure 6A-B).
Accordingly, the W/P4domain was displaced to a lateral position (Figure 6A). Strikingly,
SCRand SHR domains now expanded outward in a radial direction (Figure 6B; S6G),
suggesting hormonal interaction can also pattern the radial axis of the root meristem. Indeed,
cytokinin treatment by itself caused a patchy loss of SCR (Figure 6B, S6H) with the TCSn
domain exhibiting a complementary patchy expansion (Figure 6B).

Interestingly, the effect of hormone treatment on patterning was limited to a narrow early
time window, as the same treatments at 24hpc or on intact roots had little effect on
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patterning (Figure S61-P). Indeed, a similar narrow window for hormonal response was
shown for the embryo (Miiller and Sheen, 2008). Thus, the results show that the embryo-like
juxtaposition of auxincytokinin domain acts early to set up the position where cell files will
converge and the stem cell niche will eventually form. Overall, we conclude that root
regeneration involves the de novo formation of the root axis using the same developmental
sequence as during embryonic root formation, its position being guided by hormone
domains and their interactions.

Discussion

Regeneration through activation of embryonic organogenesis programs

A fundamental question in regeneration biology is that of ‘recapitulation,” or whether organ
regeneration in the adult follows similar programs as those used during embryonic
development (Alvarado and Tsonis, 2006). Here, we show that the regeneration of the root
tip initiates in an embryonic-like sequence of distal root meristem formation, followed by
the activation of a stem cell niche that propagates the root. We have previously reported that
the root tip can regenerate even in mutants in which the stem cell niche failed to be
maintained in the adult root (Sena et al., 2009). However, these mutants could all properly
form an embryonic root (Aida et al., 2004; Sabatini et al., 2003), while rescued nww
mutants, which have a functional root meristem, recapitulated the severe embryonic root
formation defects when cut. The association between embryonic and regenerative processes
is also evident in regeneration of adventitious roots, where /mp mutants had reduced capacity
to form these roots, and grnorm mutants, which are also defective in embryonic root
development, could not form them at all (Berleth and Jirgens, 1993; Mayer et al., 1993).

An interesting aspect of root tip regeneration is that, in contrast to the embryo, where the
proximal-distal separation involved two cells, the same separation in the root occurs on a
larger spatial scale. However, the overall mechanistic similarity between these processes
suggests that, even in the embryo, the auxin-cytokinin interaction may act to define distinct
spatial domains rather than a specific embryonic cell. Supporting this view is the Aan
mutant, in which a proximal shift in the auxin domain triggers an ectopic formation of a new
root at the new auxin boundary, making a specific cellular morphology dispensable for
embryonic root formation (Nawy et al., 2010). Indeed, in many regeneration systems, the
newly replaced organs exhibit flexibility in scale in order to match the size of the remnant
body parts (Oviedo et al., 2003). While genetic modifiers may be required to adapt
patterning programs from the small embryo to the larger adult root (Moreno-Risueno et al.,
2015), our results suggest that the plant can generate a root on different scales using
hormone domains as a patterning mechanism.

A model for root patterning during early ontogeny

Tissue identities in the reformed meristem appear to be established separately from the
activity of the stem cell niche. While stem cells generated new files from the inside out, cell
identities all recovered in an outside-in manner. One possibility is that these dynamics reflect
a “top-down” flow of cell fate information through cell-to-cell communication (van den
Berg et al., 1995). However, cell identity was closely correlated with hormone domain
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formation, and the position of the root cap boundary and the convergence of radial files
could be altered with manipulation of auxin and cytokinin levels. Given the mutual
antagonism between these hormones (Bishopp et al., 2011), an attractive hypothesis is that
the tendency of auxin and cytokinin to form complementary but juxtaposed domains could
be used to position the root cap, internal root tissues, and the stem cell niche in multiple
contexts of root formation (Figure 7). Indeed, similar self-organizing auxin-cytokinin
interactions provide positional information in other patterning processes in the plant
(Bielach et al., 2012; Bishopp et al., 2011; Chang et al., 2015; De Rybel et al., 2014).

It has been shown that mutants defective in pericycle activity and lateral root initiation are
also inhibited in some aspects of regeneration (Liu et al., 2014; Sugimoto et al., 2010), but,
as shown here, not in root meristem regeneration, demonstrating that regeneration is not
absolutely dependent on lateral root programs. Pericycle may be a common source of
regenerative tissue but we posit that many cells capable of dividing can form a minimal field
of competent cells in which juxtaposed auxin-cytokinin domains serve as positional guides.

The robustness of pattern and developmental plasticity

Our single cell analyses showed that identity transitions are extremely rapid in plants, as
early as three hours after injury. Still, despite this plasticity, plant organs are able to maintain
robust patterns over long periods of time. How can this contrast between highly responsive
organ reorganization and stable organ patterning be reconciled?

Several mechanisms can explain this patterning stability, such as chromatin modifications
that limit the cell’s developmental potential (Ikeuchi et al., 2015). Importantly, feedback
loops between auxin and cytokinin (Bishopp et al., 2011) and between patterning genes and
hormonal pathways have been identified, such as the stele localized transcription factor
PHABUL OSA, which activates cytokinin synthesis (Dello loio et al., 2012), and SHR,
which activates cytokinin degradation in the surrounding endodermis (Kurakawa et al.,
2007).

Indeed, spatial patterning is strongly buffered during steady-state development as we
observed only mild effects when hormonal treatment was applied to intact meristems or to
meristems at later stages of regeneration. However, root injury appears to disrupt these
stabilizing feedbacks, providing a transient opportunity for hormone signaling to reset tissue
boundaries. Accordingly, hormone treatments in the early stages of regeneration could alter
major landmarks of the root, such as the extent of the cap and the position of the stem cell
niche. The transient destabilization of feedback mechanisms that normally maintain stable
patterns in the adult meristem would allow scalable, embryo-like programs to replay during
permissive developmental windows, such as instigated by injury.

Experimental Procedures

Plant growth, imaging and regeneration assay

Plants were grown as previously described (Efroni et al., 2015). Mutant alleles of jkad-4,
nwwand mp-5319 were previously characterized (Crawford et al., 2015; Hassan et al.,
2010; Schlereth et al., 2010). Regeneration assays were performed as in Sena et al., (2009).
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For hormonal treatment, root tips were cut at 80um above the QC, moved to agar plates (1/2
MS, 0.5% sucrose, 0.8% agar, pH=5.7) containing 2,4-D (2,4-Dichlorophenoxyacetic acid;
Sigma), BAP (6-benzylamino purine; Sigma) or both, and placed vertically in a growth
chamber for recovery. For confocal imaging, seedlings were stained with propidium iodide
(10ug/ml), mounted in water, and visualized using either Leica SPE or Leica SP5 confocal
microscopes. For live imaging, cut roots of plants carrying the lineage marker, or the histone
marker 355.HGZB-mCherry, were placed between a coverslip and an agar block and imaged
using an inverted SPE confocal at fixed intervals (also see Supplemental Experimental
Procedures).

Clonal analysis

The inducible tissue specific lineage lines for SCR, AHP6 and Al4 were constructed
following the protocols described previously (Efroni et al., 2015). To induce clones, 5 DAG
seedlings were placed on agar plates containing 15um dexamethasone (Sigma) for 24h
followed by inspection under a fluorescent microscope. Root tips of uniformly induced
plants were cut, and plants were moved to agar plates, placed vertically for recovery, and
imaged at specified intervals.

Single cell RNA-Seq and bioinformatic analysis

Cells were isolated from cut roots using a short (1h-2h) cell wall digestion, followed by 3
filtrations through a 40um screen. CFP positive protoplasts were sorted using FACS (either
BD Aria, or Sony SY3200) into 96-well plates containing lysis buffer using gates to ensure a
single cell per droplet (Figure S7A,B) Single cells were subject to cDNA synthesis,
amplification, library preparation, read alignment and expression calling (Supplemental
Experimental Procedures). Data was deposited in GEO (GSE74488). To derive cell identity
scores, marker Spec scores were calculated as described previously (Efroni et al., 2015), and
579 tissue markers selected, checking first whether read depth affected cell identity or mixed
identity calls (Figure S7C,D). To determine background ICI levels, we used ICI scores for
QC, Columella and Epidermis\LRC in uncut, stele-derived cells as threshold values (Figure
STE, Supplemental Experimental Procedures). To produce the multidimensional scaling plot,
we used expression of all 579 identity markers, which were z-normalized to reduce outlier
effects and scaled using the cmdscale function in R.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Removal of root stem cells triggers their reformation from multiple remnant
tissues

Stem cell reformation is preceded by embryonic-like development sequence

Antagonistic hormonal signaling domains position regenerated tissues and
stem cells
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Figure 1. Growth dynamics during root tip regeneration
A) Schematic representation of root meristem organization. Dotted line marks the cut site

used in the study. B-U) Confocal images of tissue specific clones induced using the
promoters A14 (B-F), SCR (G-K), AHP6 (L-P), and WOL (Q-U), before
(B,G,L,Q),immediately after (C,H,M,R) root cutting, and at 24hpc (D,I,N,S), 48hpc
(E,J,0,T), and 72hpc (F,K,P,U). Red channel is propidium iodide staining of cell walls.
White arrowheads mark the presumed location of a new stem cell. Green arrowheads mark
the cut site. Insets show magnified view of nascent clones. Red and yellow dots mark cells
from original clone and new divisions, respectively. V) Proportions of the target tissues in
fully regenerated tip for each of the clonal lines. W-X) Part of a time series tracking clones
in live roots. Red line marks the original clone and yellow, new growth. See full series in
Figure S1. Y) Regeneration rate of mutants in lateral root production. No significant
difference was detected. Z) The identity of clones derived from an AHP6 marked tissue at
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72hpc from cuts at two different heights. High cuts produced more epidermal clones than
low cuts (y2-test; n=98; p=0.014). Scale bars are 20pm.
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Figure 2. Dynamics of loss and recovery of proximal identities
A-E) Confocal images of WOL.GFP (A), SCR:YFP (B), WER:GFP (C), J0571 (D) and

SHR:SHR:GFP (E) during regeneration. Insets at Oh show uncut roots. Arrowheads mark the
receding edge of the proximal identity markers. Arrows mark recovery of identity markers.
Inset at (D) 16hpc shows a high magnification of the identity recession region. F) Illustration
summarizing identity transition during regeneration. Red - epidermis/lateral root cap; blue —
cortex; cyan — endodermis; green — stele. Arrows indicate the directions of identity recession
and recovery. Scale bars are 20um.
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Figure 3. Identity of single cells isolated from regenerating roots
A-D) Relative cell identity in individual cells isolated from uncut (A) and 3hpc (B), 16hpc

(C) and 46hpc (D). Each row represents a single cell. Identity is shown as a color-coded bar
consisting of the normalized ICI score for each tissue type. Multiple color bars in a single
row indicate mixed-identity within a single cell. Blue sectors in root illustrations (bottom)
represent the domains from which single cells were isolated.
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Figure 4. Proximodistal domain separation resembles embryonic hypophysis division
A-B) Mean expression values of known hypophysis (A) or embryonic but non-hypophysis

(B) expressed genes in single cells grouped according to their identity. * and ** marks
significant upregulation at 3h or 16h, respectively (p<0.05; Wilcoxon test). C-N) Confocal
images of WOX5 (C,E,G,I,K,M) and W/P4(D,FH,J,L,N) reporters over the first 24 hours of
regeneration. Blue, white, and yellow arrowheads mark the forming proximal, overlapping,
and distal domains, respectively. Inset shows magnified and gain-enhanced GFP signal. O—
W) Confocal images of transcriptional (O-U) and translational non-mobile (P-V) and
mobile (Q-W) reporters of TMO?. Inset at 16h show the embryonic expression of each
reporter. Dotted line marks the region of identity loss. X) Regeneration rate of mutants
defective in hypophysis division. * p=0.02; ** p<1E-10; y2-test. Scale bars are 20um.
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Figure 5. Expression of hormonal response markers during proximodistal domain separation
A) Mean expression values in single cells, grouped by identity, of A-class ARR (top) or

AUX/IAA (bottom) gene families. B-M) Expression of the cytokinin marker TCSn (B-G)
and auxin marker DR5 (H-M) during regeneration. Arrowheads mark the recession of the
TCSn signal. Arrows mark induction of DR5. Insets in (J) and (L) show expression of the
rapid maturing DR5rev:NLS-3xVenus at the corresponding time points. N-P) Dual marker
expression of DR5 (green) and WOX5 (red) before cutting (N) and at 14hpc (P) or 24hpc
(P). Q-S) An invading sector of WOX5 (red) expression in the DR5 (green) domain in single
channel (Q-R) and overlay (S) at 14hpc. T-Y) Confocal image of WOL (green) WOX5
(red) plants, before cut (T) and at 14hpc (U) and 24hpc (V), including high magnification of
a WOX5invading sector (W-Y) at 14hpc. Scale bars are 20um.
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Figure 6. Effects of hormone treatment on meristem patterning
A-B) Confocal images of mock, 2,4-D, BAP, or 2,4-D and BAP treated regenerating roots at

24hpc (A) and 48hpc (B). Arrows mark proximodistal shifts in position of markers
compared to mock treated control. Arrowheads mark sporadic cytokinin signaling expansion
and concomitant loss of SCR expression. C) Length of W/P4domain at 24hpc under
different treatments. Error bars are standard error. n=8 for each treatment. * marks
significantly different than mock (Student’s ttest, p<1E-4 for BAP, p<1E-3 for 2,4-D). Scale
bars are 20pm.
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Figure 7. A general model for root regeneration
Similar to embryonic root development, regeneration initiates with a transient overlap of

auxin and cytokinin signaling, which then separates to a proximal cytokinin and a distal
auxin domain, providing spatial cues for the root cap, stem cell niche, and proximal
identities.
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