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Body regeneration through formation of new organs is a major question in developmental biology. We investigated de novo root 
formation using whole leaves of Arabidopsis (Arabidopsis thaliana). Our results show that local cytokinin biosynthesis and auxin 
biosynthesis in the leaf blade followed by auxin long-distance transport to the petiole leads to proliferation of J0121-marked 
xylem-associated tissues and others through signaling of INDOLE-3-ACETIC ACID INDUCIBLE28 (IAA28), CRANE (IAA18), 
WOODEN LEG, and ARABIDOPSIS RESPONSE REGULATORS1 (ARR1), ARR10, and ARR12. Vasculature proliferation also 
involves the cell cycle regulator KIP-RELATED PROTEIN2 and ABERRANT LATERAL ROOT FORMATION4, resulting in a 
mass of cells with rooting competence that resembles callus formation. Endogenous callus formation precedes specification of 
postembryonic root founder cells, from which roots are initiated through the activity of SHORT-ROOT, PLETHORA1 (PLT1), 
and PLT2. Primordia initiation is blocked in shr plt1 plt2 mutant. Stem cell regulators SCHIZORIZA, JACKDAW, BLUEJAY, and 
SCARECROW also participate in root initiation and are required to pattern the new organ, as mutants show disorganized and 
reduced number of layers and tissue initials resulting in reduced rooting. Our work provides an organ regeneration model 
through de novo root formation, stating key stages and the primary pathways involved. 

Plants have striking regeneration capacities, and 
can produce new organs from postembryonic tissues 
(Hartmann et al., 2010; Chen et al., 2014; Liu et al., 2014) 
as well as reconstitute damaged organs upon wound
ing (Xu et al., 2006; Heyman et al., 2013; Perianez-
Rodriguez et al., 2014; Melnyk et al., 2015; Efroni 
et al., 2016). Intriguingly, root regeneration upon stem 
cell damage recruits embryonic pathways (Hayashi 
et al., 2006; Efroni et al., 2016), whereas in contrast, 
postembryonic formation of whole new organs, such as 
lateral roots, appears to use specific postembryonic 
pathways (Lavenus et al., 2013). 

Cross talk between auxin and cytokinin signaling is 
required for many aspects of plant development and 
regeneration (El-Showk et al., 2013), although how their 
synergistic interaction is implemented at the molecular 
level has not been clarified (Skoog and Miller, 1957; 
Chandler and Werr, 2015). Exogenous in vitro supple
mentation of these two hormones results in continuous 
cell proliferation, to form a characteristic structure 
termed “callus”. Callus emerges as a common regen
erative mechanism for almost all plant organs through 
in vitro culture (Atta et al., 2009; Sugimoto et al., 2010). 
There is increasing evidence that callus formation re
quires hormone-mediated activation of a lateral and 
meristematic root development programinpericycle-like 
cells defined by expression of the J0121 marker 
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(Sugimoto et al., 2010). Accordingly, many regulators of 
lateral root development, such as AUXIN RESPONSE 
FACTOR7 (ARF7), ARF19, LATERAL ORGAN 
BOUNDARIES DOMAIN16 (LBD16), LBD17, LBD18, 
and LBD29, are required for hormone-induced callus 
formation (for review, see Ikeuchi et al., 2013). 

Many species can regenerate new organs from ex-
plants (e.g. roots from leaves) without exogenous sup
plementation of hormones (Bellini et al., 2014). Making 
roots de novo requires generating the different tissues 
and cell types of the new organ. All roots have the same 
tissues, although the number of layers and cells types of 
these may vary (Kuroha et al., 2006; Lucas et al., 2011). 
Tissues are continuously formed by asymmetric divi
sion of initial cells, which are stem cells, followed by 
proliferative divisions of their daughter meristematic 
cells. Stem cell activity is maintained by a quiescent 
center (QC; van den Berg et al., 1997; Drisch and Stahl, 
2015) and auxin activity (Della Rovere et al., 2013). 
Auxin accumulation in the QC area triggers a dose-
dependent and slow response that activates PLETH
ORA (PLT) factors. PLT proteins form a gradient in the 
root meristem, which is required to position the QC, 
maintain stem cell activity, and trigger proliferation of 
meristematic cells (Aida et al., 2004; Mähönen et al., 
2014). Position and activity of the QC also requires ra
dial information delivered bythe mobile factor SHORT-
ROOT and its downstream target SCARECROW 
(Sabatini et al., 2003; Levesque et al., 2006; Moubayidin 
et al., 2016). In addition, WUSCHEL-RELATED HO-
MEOBOX5 (WOX5) is confined by auxin signaling into 
the QC and represses differentiation of the stem cell 
niche, primarily from the QC (Sarkar et al., 2007; 
Forzani et al., 2014; Pi et al., 2015; Zhang et al., 2015). 
Tissue formation in the primary root meristem also 
requires lineage-specific factors that function as cell fate 
determinants and as tissue endogenous signaling fac
tors to incorporate positional information into pat
terning (Moreno-Risueno et al., 2015). However, little is 
known about how tissues are formed de novo. 

Recently, a hormone-free method to study de novo 
root organogenesis in excised leaf blades has been de
scribed (Chen et al., 2014). YUCCA-mediated auxin bi
osynthesis was shown to be ubiquitously enhanced in 
the leaf mesophyll and indirectly contribute to auxin 
accumulation near the excision site to trigger localized 
auxin signaling in the vasculature (Liu et al., 2014; Chen 
et al., 2016). Formation of new roots involves formation 
of competent cells through auxin-induced expression of 
WOX11 transcription factor, which has been defined as 
a first step for cell fate transition during de novo organ 
regeneration (Liu et al., 2014). WOX11 and its homolog 
WOX12 can in addition promote callus formation and 
up-regulate the callus formation factors LBD16 and 
LDB29 (Fan et al., 2012; Liu et al., 2014), suggesting that 
de novo root formation might share similar regulatory 
mechanisms with callus formation. Subsequently in 
leaf blade rooting, WOX11 and WOX12 activate WOX5 
and WOX7 factors, which are expressed in dividing 
cells forming root primordia, whereas WOX11/12 

expression quickly decreases in dividing cells (Liu et al., 
2014; Hu and Xu, 2016). Activation and maintenance of 
WOX5/7 expression also requires auxin signaling in an 
unknown pathway different from WOX11/12. Mutants 
in these WOX factors reduce the number of roots 
regenerated per leaf blades and affect rooting rate of 
leaf blades. As a considerably high percentage of leaf 
blades still root in these mutants, additional regulation 
must exist. 

We have performed an extensive study to further 
understanding root regeneration from aerial organs. 
Whole leaves of many species can regenerate entire 
functional plants in hormone-free medium, and thus 
we used whole leaves with petioles of Arabidopsis 
(Arabidopsis thaliana) instead of excised leaf blades. We 
identified four developmental stages: 1) proliferation of 
some xylem-associated tissues, forming an endogenous 
callus; 2) specification of root founder cells within the 
callus; 3) root primordia initiation from founder cells 
and patterning; and 4) root meristem activation and 
emergence. We have also characterized a number of 
factors regulating these developmental stages. Some 
auxin and cytokinin signaling factors appear as critical 
for endogenous callus initiation and formation whereas 
some stem cell regulators control initiation and pat
terning of newly formed organs. These results define 
key stages and regulators required for leaf rooting 
establishing a developmental framework for de novo 
organ formation in plants. 

RESULTS 

Vasculature-Associated Cell Proliferation Is Required for 
De Novo Organ Regeneration in Arabidopsis 

We found that excised whole leaves of Arabidopsis 
can root without hormone supplementation, similarly 
to leaf blades as previously described (Chen et al., 2014) 
and at similar percentages (Supplemental Fig. S1, A and 
B). Because some species can regenerate entire func
tional plants from whole leaves without the aid of ex
ternal hormones, we performed our studies using 
whole leaves. As de novo formed roots emerged from 
the petiole base of whole leaves (Fig. 1A), petioles were 
microscopically observed (Fig. 1B). All petioles showed 
the same morphological changes during de novo organ 
regeneration. Although asynchrony was observed in 
the regeneration process, by 10 d after excision (dae) 
most leaves (85% to 100%) had regenerated at least one 
root. At 2 dae, cells adjacent to xylem started to prolif
erate, forming stratified layers from 3 dae onwards 
(Fig. 1, C to E) that pushed away xylem conducts and 
displaced the collenchyma. Vasculature proliferation 
and subsequent formation of primordia caused the 
proximal petiole to thicken (Supplemental Fig. S1C). 
First primordia were visible at 4 dae, and located at ex
ternal layers of proliferating vasculature (Fig. 1F). At 
5 dae, root primordia showeda layered pattern (Fig. 1G). 
Eventually, newly formed roots with well-organized 
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Figure 1 . Developmental stages during 
rooting of Arabidopsis leaves. A, Whole 
leaf rooting procedure. B to H, Confocal 
microscopy pictures of petioles showing 
(C to E) proliferation of vasculature cells, 
(F and G) initiation and formation of 
primordia, and (H) de novo root emer
gence. I to K, J0661-GFP line in sections 
of petioles at (I and J) excision time or (K) 
5 dae. L to P, J0121-GFP line in sections 
of petioles at (L and M) excision time, 
(N and O) 2 dae, and (P) 5 dae. J, M, and 
O, Transversal sections of petioles at the 
base. Scale bar: 25 mm. Q and R, Leaves 
of wild type and cell-cycle mutants, or 
upon treatment with HU, were assessed 
for (Q) vasculature proliferation and (R) 
rooting at 7 dae. Asterisks: statistically 
significant (P value , 0.05) by GLM and 
LSD posthoc test. AR, adventitious roots; 
co, collenchyma; pc, proliferating cells; 
ph, phloem; pr, procambium; RP, root 
primordium; va, vasculature; xy, xylem. 
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meristems emerged through petiole tissues from 7 dae 
onwards (Fig. 1H). 

Pericycle-like cells (those expressing the J0121 re
porter) have been associated to regenerative and mor-
phogenic processes as the source of reprogrammable 
cells (Sugimoto et al., 2010; Chen et al., 2014). Sections of 
petioles at the time of excision revealed that the root-
pericycle line J0661-GFP marks cells around xylem and 
procambium cells (Fig. 1, I to J), whereas the J0121-GFP 

line (Fig. 1, L and M) was restricted to a layer around 
xylem vessels, being excluded from procambium. 
Number of cells marked with J0661 and J0121increased 
quickly during first days of regeneration (Fig. 1, K, and 
N to P). We observed that all proliferating cells were 
marked with J0661-GFP whereas some proliferating 
cells in the J0121 line did not have the GFP (Fig. 1, K, 
and N to P), indicating that cell proliferation associated 
to the J0661 reporter. Although it cannot be ruled out 



that J0661-GFP is activated in proliferating cells, it is 
possible that xylem and procambium proliferate as 
part of the reprogramming process. In addition, we 
observed that primordia at early stages of development 
were marked with J0121-GFP (Fig. 1P), establishing an 
association between de novo primordia formation and 
J0121 identity, similarly to other developmental or re
generative processes such as callus or lateral root for
mation (Dubrovsky el al., 2006; Sugimoto et al., 2010). 

We next studied mutants defective in cell cycle pro
gression, at the G1/S transition, such as the KIP-
RELATED PROTEIN2 (KRP2) overexpressor, and at the 
G2/M transition, such as cyclinB1;1 (cycb1;1) and cycb1;2 
mutants and a dominant negative form of the CDKB1;1 
kinase (CDKB1;1 DN161). Percentage of petioles showing 
vasculature-associated proliferation was reduced in 
Pro35S:KRP2 and CDKB1;1 DN161 lines (Fig. 1Q), whereas 
only size of proliferating mass of cells was reduced in the 
rest of the lines. In addition, Pro35S:KRP2 blocked de novo 
organ regeneration, whereas cycb1;1 and CDKB1;1 DN161 
showed a significant reduction in the number of petioles 
regenerating roots (Fig. 1R). We also chemically inacti
vated the G1/S transition by incubating leaves with either 
2.5 or 5 mM hydroxyurea (HU). We observed a significant 
decrease in rate of petioles showing vascular-associated 
proliferation and subsequent new root formation by the 
HU treatment (Fig. 1, Q and R; Supplemental Fig. S2, A 
and B). HU treatment did not associate with increased cell 
death around the vasculature near the leaf excision site 
upon Trypan Blue staining (Supplemental Fig. S2C). 
Taken together, these results indicate that cell division 
activation of vasculature cells is the first and required 
stage for de novo organogenesis during rooting of leaves. 

Cytokinin Biosynthesis and Response during De Novo 
Root Regeneration 

As we had found an association between de novo 
root regeneration and J0661 and J0121 identities, and 
callus originates from J0121-marked cells after hormo
nal induction (Sugimoto et al., 2010), we hypothesized 
that vasculature proliferation required for leaf rooting 
could be a type of callus. Cytokinin and auxin signaling 
are required for callus formation and regeneration, and 
thus we tested if these two hormones were involved in 
the developmental pathway leading to de novo organ 
regeneration from leaves. 

First, we investigated cytokinin biosynthesis and 
signaling (Zürcher and Müller, 2016). We found 
enriched expression of ProIPT3:GUS in petioles right af
ter excision (Fig. 2A). ProIPT5:GUS was highly expressed 
in vascular-associated cells in the petiole base at 2 dae 
(Fig. 2B), whereas ProLOG4:GUS, which was originally 
expressed in leaf vasculature at 0 dae, increased ex
pression at the petiole base over time (Fig. 2C, arrow
head). Cytokinin signaling, as reported by ProARR5:GUS 
(D’Agostino et al., 2000), was restricted to a subset of 
vascular-associated cells near the petiole base at 2 dae, 
which associated with proliferation of vasculature, to 

decrease at later time points (Fig. 2D) and it did not 
show expression during de novo primordia formation. 
Consistent with ARABIDOPSIS RESPONSE REGU-
LATORS5 (ARR5) reporting primary cytokinin response 
during petiole vasculature proliferation (D’Agostino 
et al., 2000), incubation of leaf explants with synthetic 
cytokinin 6-benzylaminopurine (6-BAP) increased 
ProARR5:GUS expression in the petiole vasculature and 
basal region (Fig. 2E). 

Next, we studied the ability of several cytokinin 
signaling mutant combinations in ARABIDOPSIS HIS 
KINASE4 (AHK4) and ARABIDOPSIS HIS PHOSPHO-
TRANSFER PROTEIN1 (AHP1) to AHP5 and ARR1, 
ARR10, and ARR12 genes in regulating both vascula
ture proliferation and de novo root regeneration. We 
quantified petioles regenerating as petioles showing 
vasculature proliferation/thickening, root primordia 
formation, or visible roots. Leaf petioles of wooden leg 
(wol, a dominant negative mutant in AHK4 receptor) 
and ahp1 ahp2 ahp3 and arr1 arr10 arr12 loss-of-function 
mutants displayed lower regeneration percentage 
at 7 dae (Fig. 2F). Interestingly, wol, ahp1 ahp2 ahp3, 
and arr1 arr10 arr12 mutants were also defective in 
hormone-induced callus formation from different tis
sue explants, such as leaves, cotyledons, and roots 
(Supplemental Fig. S3), indicating that specific cytoki
nin signaling is required for both callus formation and 
vasculature proliferation in leaf petioles. Despite cyto
kinin signaling being required for vasculature prolif
eration in petioles during rooting, for those leaf petioles 
of cytokinin signaling mutants that regenerated, we 
detected a higher number of roots (which we catego
rized by frequencies in numbers of roots and desig
nated as “rooting capacity”; Fig. 2F). Higher auxin-to-
cytokinin ratios have been shown to induce specifica
tion and growth of new root primordia (Müller and 
Sheen, 2008). Thus, we wondered if we could alter 
new primordia initiation by altering hormone ratios. 
Cytokinin treatment increased vascular prolifera
tion in a concentration- and time-dependent manner 
(Supplemental Fig. S2, D and E). We observed that re
generation deficiencies of most cytokinin signaling 
mutants could be compensated by low levels of exog
enous auxin (Fig. 2G) that also increased vasculature 
proliferation at the expense of reducing rooting capac
ity in the ahp1 ahp2 ahp3 mutant (Fig. 2G). Taken to
gether, these results indicate a dual role for cytokinin 
first as a positive activator of vasculature cell division, 
and second as a negative regulator of root primordia 
initiation. 

Specific Auxin Signaling Factors Regulate De Novo 
Root Regeneration 

Next, we investigated auxin signaling during rooting 
of leaves using the DR5 reporter line (Ulmasov et al., 
1997). ProDR5:GUS was expressed in vascular-associated 
cells at the proximal region of the petiole, as early as 
12 h after excision (hae), to increase quickly to 1 dae, 
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callus 

Figure 2. Cytokinin acts locally during de novo root regeneration. A and C, Expression of (A) ProIPT3:GUS, (B) ProIPT5:GUS, (C) 
ProLOG4:GUS, and (D and E) ProARR5:GUS in petioles at indicated dae. E, Leaves were incubated with 5 mM 6-BAP. F, Mutants 
impaired in cytokinin signaling show defective regeneration (which accounts for petioles with vasculature proliferation, pri-
mordia, and roots; yellow barplots) and rooting capacity (multicolored barplots show frequencies of vasculature proliferation and 
of roots or primordia, indistinctly) at 7 dae. G, Cytokinin signaling mutant leaf explants incubated with 1 mM indole-3-acetic acid 
and measured for root regeneration responses as in (F). Scale bars: (A to C) 0.5 mm; (D and E) 0.25 mm. Asterisks: P value , 0.05 
by GLM followed by LSD posthoc or x2 test. 

remaining high during proliferative stages and de
creasing over time coincident with deceleration of 
vasculature growth (Fig. 3, A and B). We observed high 
localized expression of ProDR5:GUS in clusters of cells 
at the time of primordia initiation and formation. 

Consistent with a regulatory role of auxin in rooting, 
local INDOLE-3-ACETIC ACID INDUCIBLE (IAA) 
application significantly increased root formation, 
along with expansion of ProDR5:GUS expression domain 
(Fig. 3, A and C). In addition, the auxin-overproducing 
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Figure 3. Distinctive auxin signaling pathways regulate de novo root regeneration. A and B, Auxin response reported by (A) 
ProDR5:GLAS expression in Arabidopsis leaf petioles and (B) quantification of GUS-stainedarea. (C) ProDR5:GLASexpression and de 
novo-formed adventitious roots in leaves supplemented with 1 jiiM indole-3-acetic acid (left) and in the sur2-1 auxin overpro
duction mutant (right). D, Regeneration percentage and (E) rooting capacity at 7 d after excision of auxin signaling mutants (nph4-
1 arf19-1, axr2-1, slr-1, cran&2, and iaa28-1) and auxin overproducer sur2-1. F, Vasculature proliferation area on Arabidopsis 
leaves cultivated for 14 d in hormone-free medium. Scale bars: 200 ) im. Asterisks: P value < 0.05 by GLM followed by LSD 
posthoc or^-2 test. AR, adventitious roots. 

mutant superroot2 (sur2; Barlier et al., 2000) also showed 
increased number of de novo formed roots at 7 dae, 
similarly to auxin-treated petioles (Fig. 3C). 

Auxin signaling is regulated by IAA cofactors acting 
in combination with AUXIN RESPONSE FACTOR 
(ARF) transcriptional partners (Li et al., 2016). We rea
soned that IAA factors regulating postembryonic (lat
eral) root formation (Goh et al., 2012) could be involved 
in de novo organ formation. We assessed the mutants 
auxin resistant2-l (axr2-l), solitary<-root-l (slr-1), crane-2, 
iaa28-l, and the double mutant nonphototrophic hypo-
cotyli-1 arfl9-l (see "Materials and Methods"); which 
are, respectively, gain-of-function mutants for the 

factors IAA7, IAA14, IAA18, IAA28, and a double loss-
of-function mutant for ARF7 and ARF19. crane-2 re
duced de novo root regeneration, with approximately 
40% of petioles not showing any sign of vasculature 
proliferation or de novo root formation (Fig. 3D). In 
addition, slr-1 and iaa28-l showed reduced rooting ca
pacity, although all petioles showed some vasculature 
proliferation (Fig. 3E). When we quantified vasculature 
proliferation area of petioles regenerating, we observed 
a reduction for iaalS-1 and crane-2 but not for slr-1 (Fig. 
3F). These results indicate that the auxin signaling 
module mediated by IAA18 is required for de novo root 
regeneration at stages of vascular proliferation, that of 



IAA28 for vascular proliferation and root initiation, 
whereas IAA14 appears to be required only for de novo 
root initiation. 

We also investigated if these mutants were affected in 
hormone-induced callus formation. We found that only 
crane-2 showed reduction in all explants assayed after 
hormonal incubation, whereas axrl-1 intriguingly showed 
an increase for callus formed from root explants 
(Supplemental Fig. S4, A to C). These results indicate that 
vasculature proliferation during rooting and hormone-
induced callus use the auxin signaling pathway medi
ated by IAA18. Our previous results also showed that 
cytokinin signaling required for vasculature proliferation 
during de novo organogenesis was also required for 
hormone-induced callus formation, suggesting that vas
culature proliferation is a type of callus. We investigated 
ABERRANT LATERAL ROOT FORMATTON4 (ALF4) 
during leaf rooting, as aberrant lateral root formation4 (alf4), 
in this case, alf4-l mutants, have been linked to callus for
mation (Sugimoto et al., 2010) and vascular connection 
during graft establishment (Melnyk et al., 2015). We ob
served that during de novo root formation, vasculature 
proliferation is reduced by 2.5-fold in alf4-l mutants, which 
is accompanied by 15-fold decrease in de novo formed root 
and primordia (Supplemental Fig. S5). Based on these re
sults, we designated the vasculature proliferation devel
opmental stage as the endogenous callus formation. 

Auxin Signaling Factors Are Required for De Novo Organ 
Regeneration in Leaf Blades 

In contrast to endogenous callus formation observed 
in petioles of whole leaves dur ing rooting, limited 
vasculature proliferation was observed dur ing rooting 
of leaf blades (Liu et al., 2014). We wonde red to w h a t 
extent auxin and cytokinin signaling factors regulating 
proliferation at the petiole base w o u l d be involved in 
rooting of leaf blades. W h e n w e assessed rooting ca
pacity in the leaf blades of these mutants , w e observed 
that crane-2 and iaa28-l d isplayed a reduction in rooting 
capacity whereas slr-1 presented modera te a l though 
nonsignificant reductions (Supplemental Fig. S6A). wol 
and arrl arrlO arrl2 mutan ts were similarly affected as 
slr-1, whereas no change was detected for ahpl ahp2 
ahp3 and ahp2 ahp4 ahp5 mutan ts (Supplemental Fig. 
S6B). As IAA18 and IAA28 are required for endogenous 
callus formation dur ing whole leaf rooting and are 
shared wi th leaf b lade rooting, it is possible that de 
novo root regeneration in leaf blades could also involve 
an endogenous callus developmental p rogram. 

Local Auxin Accumulation at the Petiole Base Is 
Dependent on Polar Auxin Transport 

As localized auxin signaling was required for whole leaf 
rooting, w e wondered about the source of auxin. YUCCA-
mediated auxin biosynthesis was shown to be ubiqui
tously enhanced in the mesophyll of leaf blades shortly 

after wounding (Chen et al., 2016). During rooting of 
whole leaves, w e detected ProyyC9:GlK-enriched expres
sion in leaf mesophyll cells at 12 hae, which progressively 
decreased at later time points (Supplemental Fig. S7A). 
Proyuc8:GUS expression was induced in proliferating 
vascular-associated cells at the petioles' bases 2 dae 
(Supplemental Fig. S7B). These results indicate two possi
ble sources of auxin during first stages of regeneration, one 
from the leaf blade, and the other from the proliferating 
vasculature itself. To determine if there was differential 
contribution of these two auxin sources, w e removed the 
leaf blade and found a significant decrease in regeneration 
and rooting capacity, which in most cases stopped at the 
endogenous callus stage (Fig. 4A). Local auxin response 
(ProDR5:GUS expression) in petioles without leaf blade was 
low or undetectable (Fig. 4B). We also locally inhibited 
polar auxin transport through application of N-l-naph-
thylphthalamic acid (NPA) at the blade-petiole junction, 
resulting in almost complete block of auxin response and 
subsequent regenerative response (Fig. 4, C and D). 

We next characterized PIN-FORMED (PIN) expression. 
ProPIN4:GUS was ubiquitously expressed in the leaf vas
culature at the time of excision; however, at 1 dae it was 
only expressed at the base of the petiole and in endoge
nous callus at 3 dae (Fig. 4E). Propim:PIN3:GFP expression 
in the petiole at the time of excision was polarized toward 
the base in epidermal cell membranes and both laterally 
and basally localized in some vascular-associated cell 
membranes (Fig. 4F, arrowheads). From 12 hae to 1 dae, 
w e found enriched expression of ProplN3:PIN3:GFP in a 
subset of vascular-associated cells at the petiole base re
gion (Fig. 4G). Interestingly, PIN3-GFP protein in cells 
proximal to the excision was oriented toward the apex 
(upper-left direction in Fig. 4G, arrowheads) whereas its 
orientation changed to the base in cells at the distal posi
tion from the excision. 

We also investigated rooting in mutan ts of genes af
fected in auxin influx (AUXT) or auxin efflux (PIN1, 
PIN2, PIN3, and PIN7), which have been described to 
have low auxin t ransport rates (Petrasek et al., 2006). 
Consistent wi th our previous observations, the regen
erative potential of leaves of pinl, pin2 pin3, pin2 pin3 
pin7, and auxl mutan ts w a s reduced (Fig. 4H). G N O M 
loss-of-function mutan ts have altered polar auxin 
t ransport b y interfering wi th PIN internalization 
(Kleine-Vehn et al., 2009). W h e n w e s tudied the G N O M 
mutan t fewer (fwr; O k u m u r a et al., 2013), w e observed 
significant differences in regeneration and rooting ca
pacity (Fig. 4H). fwr is a w e a k gnom allele bu t it is 
possible that several auxin transporters are simulta
neously affected, which could explain w h y there is also 
a reduct ion in rooting capacity whereas no reduction 
w a s observed for single auxin transporter mutan ts . 

Postembryonic Root Founder Cells Establish on 
Endogenous Callus Prior Primordia Formation 

W O U N D I N D U C E D D E D I F F E R E N T I A T I O N 1 
(WIND1) is rapidly induced at the w o u n d site to 
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Figure 4. Polar auxin transport from the leaf blade to the petiole is required for rooting. A and B, Distal blade excision reduces (A) 
regeneration rate and rooting capacityat 7 dae and (B) ProDR5:GUS expression at 12 hae and 3 dae. C and D, Local treatment atthe 
blade-petiole junction with 1 % NPA reduces (C) regeneration rate and rooting capacity at 7 dae, and (D) ProDR5:GUS expression. 
E to G, Expression of (E) ProPIN4:GUS and (F and G) ProPIN3:PIN3:GFP. Arrowheads point to membrane-localized PIN-GFP. Scale 
bars: (B, D, F, and G) 0.2 and (E) 0.5 mm. H, Regeneration and rooting capacity in auxin transport mutants at 7 dae. Asterisks: 
P value , 0.05 by GLM followed by LSD posthoc or x2 test. 
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promote callus formation through the ARR-dependent 
signaling pathway (Iwase et al., 2011). From 1 to 4 dae, 
we found ProWIND1:GUS expression in vascular cells at 
the petiole near the excision site, whereas expression 
was downregulated in new root primordia and no ex
pression was detected at the time of root emergence by 
6 dae (Fig. 5A). Postembryonic development involves 
specification of organ founder cells (Chandler, 2011). 
Thus, we hypothesized that root founder cells (RFCs) 
could be specified within the endogenous callus to de 
novo form a root. It has been proposed that RFCs 
during de novo root formation in leaf blades could be 
marked by Prowoxll:GUS expression (Liu et al., 2014; 
Hu and Xu, 2016). We observed discrete Prowoxn:GUS 
signals early detected, at 1 dae, in a few xylem-
associated cells at the petiole base (Fig. 5B). From 
1 dae onwards, during callus formation, high Prowoxn: 
GUS expression was observed in many cells within this 
domain, but not simultaneously in all proliferating 
cells. Later on, Prowoxll:GUS expression was observed 
near the central zone of the endogenous callus but ex
cluded from the dome-shape root primordia. WOX11 
expression thus appears to associate with endogenous 
callus formation, although not all marked cells resulted 
in primordia initiation. We wondered whether cell di
vision of vascular-associated cells was downstream of 
the WOX11 signal. Prowoxll:GUS expression was in
creased in vasculature of petioles of excised leaves in
cubated with the Gl /S cell cycle inhibitor hydroxyurea, 
even when little vasculature proliferation was observed 
(Fig. 5, E and F). 

ProSKPB2s:GUS expression has been shown to mark 
RFCs and their progeny during early stages of lateral 
root formation (Manzano et al., 2012). We detected 
ProSKPB2s:GUS expression at 3 dae restricted to few cells 
within the endogenous callus (Fig. 5C). From 4 to 5 dae, 
we observed marker expression in developing root 
primordia whereas its expression disappeared from 
functional primordia during the emerging process, 
remaining in some cells of the endogenous callus 
(Fig. 5C). Interestingly, RFCs did not appear to be 
specified simultaneously, supporting our initial obser
vations about asynchrony in the regeneration process. 
To follow primordia formation, we used ProWOX5:GUS. 
WOX5 is expressed early during lateral root primordia 
formation (Tian et al., 2014; Goh et al., 2016), and also 
after root primordia initiation during de novo organo
genesis (Liu et al., 2014; Hu and Xu, 2016). Expression of 
ProWOX5:GUS was first detected at 4 dae in clusters of 
cells within the endogenous callus (Fig. 5D), similarly to 
ProSKPB2s:GUS after root primordia initiation. At 6 dae, 
ProWOX5:GUS expression was enriched at root meristem 
tip, coinciding with meristem activation and growth 
prior emergence. Interestingly, we did not detect Pro-

WOX5 :GUS in the endogenous callus (Fig. 5D), although 
WOX5 expression has been associated to hormone-
induced callus (Sugimoto et al., 2010), suggesting spe
cific regulation. 

Cell division is required for primordia initiation 
and formation, and petioles of leaves treated with the 

cell cycle inhibitor HU, which started to form an en
dogenous callus, remained almost blocked at this 
stage (Fig. 5G). We wondered if general regulators 
of cell cycle progression would be involved in de 
novo primordia formation. Our results indicate that 
rooting capacity is compromised in cycbl;l, cycbl;2, 
and CDKB1;1 DN161 mutants. Accordingly, over-
expression of the cell cycle inhibitor KRP2 blocked 
progression to root initiation and formation, along 
with reduction in callus formation by 60% previously 
shown in Figure 1Q. Taken together, our results in
dicate that WIND1 and WOX11 expression associates 
with vasculature proliferation leading to endoge
nous callus formation at the petiole base, whereas 
ProSKPB2s:GUS is restricted to a few RFCs within the 
callus that quickly acquire WOX5 expression associ
ated to cell division, in turn mediated by CYCB1;1, 
CYCB1;2, CDKB1;1, and KRP2, to initiate de novo 
root primordia regeneration (Fig. 5G). 

SHORT-ROOT, PLETHORA1, and PLETHORA2 Are 
Required for De Novo Initiation of Roots 

We investigated whether factors specifying stem 
cell fate or their activity, such as PLETHORA (PLT), 
JACKDAW 0KD), BLUEJAY (BLJ), SCARECROW 
(SCR), SHORT-ROOT (SHR), SCHIZORIZA (SCZ), and 
WOX5 were required during de novo root regeneration. 
In addition to single loss-of-function mutants, double 
pltl-4 plt2-2 and triple blj-1 jkd-4 scr-4, we generated and 
tested the double mutant jkd-4 scz-1. We found signifi
cant differences in percentage of leaves rooting and in 
rooting capacity for shr-2 and pltl-4 plt2-2 (Fig. 6, A and 
B). In addition, scr-4, blj-1 jkd-4 scr-4, scz-1, and jkd-4 scz-
1 were impaired in rooting capacity. These phenotypes 
suggested impairment in de novo root initiation or 
primordia formation. As in shr-2 and pltl-4 plt2-2, many 
leaves failed to regenerate any root. We generated shr-2 
pltl-4 plt2-2. Notably, leaves of shr-2 pltl-4 plt2-2 were 
not capable of rooting (Fig. 6, A and C). 

Petioles of shr-2 pltl-4 plt2-2 were observed 
through confocal microscopy at 6,10, and 20 dae. We 
did not observe any primordia at 6 dae in shr-2 pltl-4 
plt2-2, whereas most control leaves had one or more 
primordia (Fig. 6D). Inspection at later days indi
cated that most leaves (97%, n = 90) of shr-2 pltl-4 
plt2-2 did not form any primordia up to 20 dae. The 
few primordia found (3%, n = 90) remained blocked 
or developed aberrant shapes with presence of ma
ture xylem indicating premature differentiation. These 
primordia did not emerge through petiole tissues. We 
observed endogenous callus formation, which main
tained growth over time up to 20 dae in all observed 
petioles of shr-2 pltl-4 plt2-2. These results indicate that the 
combined activity of SHR and PLT1 and PLT2 is required 
to de novo initiate root primordia. In addition, these fac
tors maintain proliferative activity in the forming pri
mordia; when these factors are removed, primordia 
differentiate. 
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Figure 5. Root founder cells establish on endogenous callus prior de novo primordium formation. A to F, Expression of (A) 
ProWIND1:GUS, (B, E, and F) Prowoxn:GUS, (C) ProSKP2Bs:GUS, and (D) ProWOX5:GUS in leaf petioles at indicated dae. E, Control 
conditions or (F) upon 5 rriM HU treatment. GUS staining time in (E) was set for no expression. Scale bars: 200 /AITI. G, Regen
eration percentage and rooting capacity at 7 dae of mutants impaired in cell cycle progression and HU-treated Col-0 leaves. 
Asterisks: P value < 0.05 by GLM followed by LSD posthocor^2 test. DN, de novo-formed root; pc, proliferating cells; RFC, root 
founder cell; RP, root primordium; va, vasculature; xy, xylem. 
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Figure 6. SHORT-ROOT, PLETHORA!, PLETHORA2, JACKDAW, BLUEJAY, SCARECROW, andSCHIZORIZAare required forde 
novo root primordia initiation and formation. A and B, Rooting percentage and rooting capacity, respectively, at 10daefor loss-of-
function mutants in stem cell regulators. Asterisks: Pva lue< 0.05 by GLM followed by LSD posthocor^2 test. C, Triple shr-2 pit 1-
4 plt2-2 mutant does not regenerate roots at 10 dae. D, Confocal images of control and shr-2 plt1-4 plt2-2 during root regen
eration. Malformed primordia (3%, n = 90) in shr-2 plt1-4 plt2-2 do not emerge through petiole tissues. E, Confocal images of de 
novo root primordia of wi ld type, jkd4-4 scz- 7, and blj-1 jkd-4 scr-4 at 5 and 6 dae. Black dashed line corresponds to cells in the 



JACKDAW, BLUEJAY, SCARECROW, and SCHIZORIZA 
Are Required for De Novo Formation of Root Primordia 

We observed formation of root primordia in peti
oles of jkd-4 scz-1 and blj-1 jkd-4 scr-4 through confocal 
microscopy. We observed abnormal formative divi
sions in jM-4 scz-1 primordia at 5 dae, which did not 
organize properly in layers or rows as compared to 
control roots (Fig. 6E). At 6 dae, we observed reduced 
and disorganized number of cell rows in jkd-4 scz-
1 and blj-1 jkd-4 scr-4 primordia. Although endoder-
mis, cortex, and middle cortex could be identified in 
control roots at this developmental stage based on posi
tion, corresponding rows in jkd-4 scz-1 and blj-1 jkd-4 scr-4 
could not be identified (Fig. 6E). These results suggest 
that cell lineages or positional identity could not be cor
rectly established in these mutants during de novo root 
formation. 

assay, the root tip is cut to induce growth of lateral 
roots as described previously (van Norman et al., 
2014). We confirmed, under the microscope, there 
were no unemerged primordia. We observed reduced 
lateral root capacity in shr-2 pltl-4 plt2-2, blj-1 jkd-4 
scr-4, and jkd-4 scz-1 mutant combinations indicating 
defects in founder cell specification or lateral root 
initiation (Fig. 7D), similarly to defects observed in 
these mutants during de novo root formation. We 
also observed patterning defects in emerged lateral 
roots of these mutants, which showed a single mutant 
layer of ground tissue and reduced number of cell 
rows as compared to wild-type lateral roots (Fig. 7E). 
In addition, we observed signs of premature differ
entiation in shr-2 pltl-4 plt2-2, with presence of ma
ture xylem in the meristem similarly to de novo 
formed roots. 

JACKDAW, BLUEJAY, SCARECROW, SHORT-ROOT, 
and SCHIZORIZA Regulate Patterning of De Novo 
Formed Roots and of Lateral Roots 

Primordia formation occurred incorrectly in blj-
1 jkd-4 scr-4 and jkd-4 scz-1, and therefore patterning 
of these de novo formed roots could be compromised 
after emergence. Longitudinal- and cross sections of 
de novo root meristems were examined through 
confocal microscopy after emergence at 10 dae 
(encompassing roots at 1 d to 3 d postemergence). The 
de novo wild-type roots showed ground tissue with 
middle cortex formation, a layer located between 
endodermis and cortex and associated to postem-
bryonic development (Paquette and Benfey, 2005), 
whereas de novo roots of shr-2, scr-4, blj-1 jkd-4 scr-4, 
and jkd-4 scz-1 had a single layer of ground tissue that 
we denoted the "mutant layer" (Fig. 7 A; Fig. S8, A 
and B). In addition, the number of cell rows making 
the ground tissue, which indicates the number of 
tissues initializing, was reduced in de novo emerged 
roots of blj-1 jkd-4 scr-4 and jkd-4 scz-1 as compared to 
wild-type roots (Fig. 7E; Supplemental Fig. S8C). As a 
result, the stele region in these mutants was not 
delimited by a closed ring of ground tissue as in wild-
type roots, as shown in cross sections (Fig. 7B). In 
addition, shr-2, scr-4, blj-1 jkd-4 scr-4, and jkd4 scz-
1 mutants also had a smaller stele region (Fig. 7, B and 
C; Supplemental Fig. 8, D and E). 

Lateral roots are organs formed postembryonically 
the same as de novo-formed roots. We decided to 
investigate if stem cell regulators regulating de novo 
root formation could also regulate lateral root for
mation. We quantified lateral root capacity. In this 

DISCUSSION 

Plants have the remarkable ability to regenerate a 
new entire individual, specific organs, or their tissues 
from explants or even a few cells (Birnbaum and 
Sanchez Alvarado, 2008; Delia Rovere et al., 2016). 
Plant regeneration through de novo organogenesis 
can be achieved through hormonal induction, di
rectly or indirectly (Ikeuchi et al., 2013), but also in 
hormone free medium. The molecular pathways in
volved (Ikeuchi et al., 2016; Kareem et al., 2016) and 
the relationship between hormonal-induced and en
dogenous programs are not well understood. More
over, callus formation, which is a prerequisite for 
hormonal-induced regeneration, does not appear to 
occur during endogenous organogenesis, although 
both processes share regulation (Sugimoto et al., 
2010; Liu et al., 2014; Perianez-Rodriguez et al., 2014; 
Ramirez-Parra et al., 2017). Using a simple method to 
study de novo root organogenesis without hormone 
supplementation (Chen et al., 2014; Liu et al., 2014) 
but applied to whole leaves (Fig. 8A), we found that 
formation of an endogenous callus is a required step 
for de novo root organogenesis, and thus we estab
lished a direct connection between both regenerative 
processes. Our research has also identified the dis
tinctive and required developmental stages leading 
to novo root organogenesis (Fig. 8B): 1) vasculature 
proliferation and endogenous callus formation, 2) 
root founder cell specification, 3) root primordia ini
tiation and patterning, and 4) root meristem activa
tion and emergence. Furthermore, we have 
genetically dissected the primary developmental 
pathways involved in its regulation and identified 
some of the key regulators involved (Fig. 8C). 

Figure 6. (Continued.) 
position of quiescent center; white dashed li ne eel Is correspond to the position of the ground tissue in contact to quiescent center. 
Green asterisk, cortex; turquoise asterisk, middle cortex; yellow asterisk, endodermis. Scale bars: (C) 5 mm and (D to I) 50 ) im. 
AR, adventitious root; co, collenchyma; pc, proliferative cells; RP, root primordium; xy, xylem. 
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de novo formed root 

Figure 7. JACKDAW, BLUEJAY, SCARE
CROW, SHORT-ROOT, and SCHIZO-
RIZA regulate patterning of 
postembryonic roots. A and B, Confocal 
(A) longitudinal and (B) transversal sec
tions of de novo-formed roots at 10 dae 
(1 to 3 d post emergence). Transversal 
sections were taken at the end of the 
lateral root cap. Dashed lines and aster
isks: green, cortex; turquoise, middle 
cortex; yellow, endodermis; brown, 
stele; white, mutant undivided ground 
tissue. C, Number of cortical-like cell or 
undivided mutant cell rows in control 
accessions, jkd-4 scz-1 and blj-1 jkd-4 
scr-4. D, Lateral root capacity in Col-0, 
shr-2 plt1-4 plt2-2, jkd-4 scz-7, and blj-
1 jkd-4 scr-4 and at 4 d after seed imbi
bition. E, Confocal longitudinal sections 
of emerged lateral roots of Col-0, shr-2 
plt1-4plt2-2, jkd-4 scz-7, and blj-1 jkd-4 
scr-4 at 7 d after seed imbibit ion. Scale 
bars: 50 ;iim. Asterisks: Pva lue< 0.05 by 
GLM and LSD posthoc test, m, mutant; 
xy, xylem. 

Vasculature Proliferation and Endogenous 
Callus Formation 

Vasculature division is the first morphological 
change we detect, and by chemically or genetically 
inhibiting vasculature proliferation, we affected de 
novo root organogenesis. We also observed that root 
primordia originated from vasculature. Pericycle-like 
cells, particularly those expressing the J0121 marker, 
have been associated to regenerative and morphogenic 
processes as the source of reprogrammable cells 
(Sugimoto et al., 2010; Chen et al., 2014). When we 
assessed the J0661 and J0121 pericycle markers, we 
observed that vasculature proliferation associated to 
J0661 identity, whereas some proliferating cells were 
devoid of J0121 expression. Intriguingly, J0661 marks 
cells around xylem and procambium in petioles 
whereas J0121 only marks cells in contact to xylem. 
Proliferation competence, therefore, appears to involve 
different cell types. Closer examination showed that all 
primordia expressed a J0121 marker, which indicates 
that regeneration competence associates with J0121 
identity and shows parallelisms with callus and lateral 
root formation. Cell lineage tracing using clonal 

markers and live imaging could dissect the exact source 
of reprogrammable cells during de novo root regener
ation from whole leaves. 

We also found that proliferating vascular cells ex
press WIND1, a positive regulator of wound-induced 
callus formation (Iwase et al., 2011), suggesting to
gether with J0121 analysis that these proliferating tis
sues could be a type of callus. Callus formation requires 
confluence of auxin and cytokinin responses in the 
same set of cells (Gordon et al., 2007). In agreement with 
this idea, our results show specific expression of auxin 
and cytokinin signaling reporters ProDR5:GUS and 
ProARR5:GUS, respectively, in the vasculature. These 
results also indicate that specific regulation was re
quired to induce auxin and cytokinin signaling at the 
petiole base. In contrast to early notions that cytokinins 
are produced only in roots, it is now recognized that 
they are synthesized throughout the plant (Zurcher and 
Muller, 2016). Our results are consistent with ISO-
PENTENYLTRANSFERASE3 (IPT3), IPT5, and 
LONELY GUY4 locally mediating cytokinin biosyn
thesis at the petiole base to contribute to vascular pro
liferation during root regeneration. Thus, cytokinin 
signaling mutants displayed reduced regeneration 



Figure 8. Model of de novo root regen
eration in Arabidopsis leaves. A, Auxin is 
transported to the petiole base and acts 
in combination with locally produced 
cytokinin to induce endogenous callus 
formation: LOG4, IPT3, and IPT5 for 
cytokinin biosynthesis; ARR5 for cyto
kinin response; YUCCA8/9 for auxin 
synthesis; PIN1/2/3/7 and AUX1 for 
auxin transport; and DR5 for auxin re
sponse. B, Stages of de novo formation of 
roots based on morphological changes 
and expression of markers. C, Regu
lation of dist inct ive stages of de novo 
organogenesis based on mutant pheno-
types. Regulation of functions that could 
not be directly assigned are indicated as 
hypothetical. 
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potential as well as defective hormone-induced callus 
formation. Interestingly, the triple cytokinin signaling 
mutant ahp2 ahp4 akp5 is affected in hormone-induced 
callus formation but not in vasculature proliferation 
during rooting, indicating the existence of specific ge
netic differences between hormone-induced callus for
mation and de novo root formation. 

ProDR5:GUS expression in the proximal petiole vas
culature could be indicative of auxin accumulation. A 
study in leaf blades has shown that YUCCA1 (YUC1) 
and YUC4 appear to mediate synthesis of auxin in 
mesophyll cells (Chen et al., 2016). If this occurred in 
our system, auxin would also need to be transported to 
cells near the wound to induce de novo root organo
genesis. We observed that YUC9 expression was in
duced in the leaf blade mesophyll but not in the petiole 
(Fig. 8A), suggesting a predominant function of the leaf 
blade mesophyll as source of auxin for regeneration. 
We confirmed this by removing leaf blades, which 
resulted in inhibition of regeneration. YUC9 expression 
has been shown to respond to methyl-jasmonate (MeJA) 
treatment in a COI1 -dependent manner (Hentrich et al., 
2013). As excision of whole leaves or leaf blades 

involves wounding and therefore MeJA production, 
MeJA might activate YUC9 expression to rapid increase 
auxin levels in leaf blades, likely in combination with 
YUC1 and YUC4 activity. We also found that YUC8 
was specifically upregulated in the vascular region of 
the petiole associated with proliferation, and thus, it is 
possible that YUC8 might have a specific role in 
maintaining auxin levels during vasculature prolifera
tion or at later regenerative steps. 

Our results indicate that a long distance basipetal 
transport system concentrates auxin generated in the 
leaf blade mesophyll toward defined vascular cells at 
the petiole base. We showed that genetic and localized 
chemical inhibition of auxin transport significantly af
fected regeneration. Despite known redundancy among 
auxin transporters (Blilou et al., 2005; Peret et al., 2012), 
we detected phenotypes in single mutants, suggesting 
spatial compartmentalization. Supporting this idea, 
PIN-FORMED3 (PIN3) was expressed in the petiole 
vasculature whereas PIN4 was later restricted to the 
proliferating vascular region. In contrast, more delo-
calized auxin transport is involved in rooting of leaf 
blades (Liu et al., 2014; Chen et al., 2016). As we 

SCR.BU.JKD


observed predominant expression of ProDR5:GUS in the 
proximal petiole vasculature, it is possible that auxin 
would need to be retained in this area. Our data suggest 
a model in which subcellular PIN3 localization shifts 
from basal to apical membranes in vascular cells near 
the wound to redirect auxin flow backward and thus 
maintaining high auxin levels in the proximal petiole 
vasculature. Interestingly, an auxin-dependent switch 
in PIN3 polarization contributing to auxin-flow rever
sal is involved in the shoot gravitropic response 
(Rakusova et al., 2016), where basal-to-apical shift in 
PIN localization has been described to depend on 
phosphorylation (Dai et al., 2012). It is thus tempting to 
speculate that auxin-dependent phosphorylation of 
PIN3 would be involved in maintaining high auxin 
levels in the petiole base vasculature during root re
generation. 

The alf4 mutant (DiDonato et al., 2004) has been 
linked to hormone-induced callus formation (Sugimoto 
et al., 2010), but not to wound-induced callus formation 
during graft establishment (Melnyk et al., 2015). We 
observed reduced vasculature proliferation along with 
great reduction in de novo root formation from whole 
leaves in alf4-l mutants. As vasculature proliferation 
during de novo root formation associates to J0121- and 
WINDl-marked cells, requires auxin and cytokinin 
signaling and involves ALF4, we propose it is a type of 
callus, and therefore we refer to it as "endogenous 
callus" to differentiate it from callus obtained by ex
ogenous hormone supplementation. In our model, 
time-dependent auxin accumulation in a subset of 
vascular cells activates proliferation, whereas cytoki-
nins might regulate the expression of genes that are 
directly involved in callus formation (such as WINDl or 
ALF4) or that are downstream targets of the auxin sig
nal involved in callus formation (LATERAL ORGAN 
BOUNDARIES DOMAIN factors; Schaller et al., 2015). 
Particularly, we found that IAA18 and IAA28 are both 
involved in endogenous callus formation, although 
only mutations in IAA18 affect whole regeneration re
sponse, whereas ARABIDOPSIS HIS PHOSPHO-
TRANSFER PROTEIN1 (AHP1) to AHP3 and 
ARABIDOPSIS RESPONSE REGULATOR1 (ARR1), 
ARR10, and ARR12 were involved in vasculature pro
liferation and regeneration response. 

Specification of Root Founder Cells 

Hormone-induced callus is organized in layers 
showing root tissue identities that resemble a root 
meristem and therefore a new organ could be theo
retically initiated through a differentiation process 
(Sugimoto et al., 2010). WUSCHEL-RELATED HO-
MEOBOX11 (WOXll) expression has been associated 
to first cell-fate transition from regeneration-
competent cells to root founder cells during leaf 
blade rooting (Liu et al., 2014; Hu and Xu, 2016). 
WOXll activates WOX5 during root formation in leaf 
blades; however, we did not find WOX5 expression in 

endogenous callus during de novo regeneration from 
whole leaves, suggesting that WOXll could be in
volved in an earlier step in the reprograming process. 
On the other hand, specific expression associated to 
root founder cell specification (SKP2B) revealed the 
establishment of a cell lineage capable of forming a 
new root. These results indicate that additional 
reprogramming processes are required. 

PLT1 and PLT2 have been shown to be required to 
establish pluripotency during de novo shoot regenera
tion (Kareem et al., 2015). Our results show that during 
de novo root formation, PLT1 and PLT2, in combina
tion with SHR, could also be involved in specification of 
root founder cells, which are pluripotent. In addition, 
persistent expression of PLT1, PLT2, and SHR appears 
to be necessary during subsequent formative stages to 
maintain primordia growth, as the very primordia 
found in shr-2 pltl-4 plt2-2 quickly differentiate. In 
contrast, in the de novo shoot regeneration system, 
transient induction of PLT2 has been shown to be suf
ficient to specify shoot progenitors, whereas subse
quent expression of other regulators is required to 
accomplish de novo shoot formation from these pro
genitors (Kareem et al., 2015). 

Root Primordia Initiation and Patterning 

Multiple INDOLE-3-ACETIC ACID INDUCIBLE 
(IAA)-ARF modules cooperatively regulate lateral root 
formation (Goh et al., 2012). We observed that factors 
regulating auxin signaling, such as SOLITARY ROOT 
(IAA14), could be also involved in de novo root initia
tion; we detected decreased root capacity for slr-1, 
which could be indicative of fewer primordia initiation. 
In addition, the IAA28 module, which is upstream of 
lateral root founder cell specification (De Rybel et al., 
2010), also regulates de novo root founder cell specifi
cation or initiation, although further experiments could 
dissect more precisely at which stage IAA28 is in
volved. Our results show that factors primarily in
volved in formation of lateral roots are also affected in 
rooting of leaves, suggesting the existence of partially 
overlapping auxin signaling modules during postem-
bryonic root development. Conversely, cytokinin mu
tants (ahpl ahp2 ahp3 and arrl arrlO arrl2) showed 
increased rooting capacity and thus, a repressor role in 
de novo root initiation can be assigned for these factors, 
likely in an analog manner as their role during lateral 
root initiation (Lavenus et al., 2013; Chang et al., 2015). 
In agreement with this model, we restored regeneration 
potential of cytokinin signaling mutants by a moderate 
increase in auxin levels. 

PLT1 and PLT2 expression is considered to be a slow 
readout of auxin response and prolonged auxin treat
ment results in PLT1 and PLT2 activation and the de 
novo specification of WOX5-marked stem cells 
(Mahonen et al., 2014). We found severe impairment in 
de novo primordia initiation in shr-2 pltl-4 plt2-2, and 
WOX5 expression during de novo primordia formation 



requires auxin input th rough an u n k n o w n p a t h w a y 
(Hu and Xu, 2016). Therefore, it is possible that PLT1 
and PLT2 are required for specification of WOX5-
marked cells downs t r eam of auxin dur ing de novo or
gan initiation, which could occur in combination wi th 
activity of WOX5 transcription factor itself a n d / o r 
SHR, in tu rn acting in an auxin- independent pa thway . 
Further experiments will be required to dissect the 
molecular p a t h w a y including PLTs, SHR, and WOX5. 

We have also identified specific factors involved in 
formation of de novo root pr imordia . W e have found 
that the stem cell regulators BLJ, JKD, SCR, SHR, and 
SCZ regulate g round tissue pat terning and vasculature 
formation prior emergence at the step of dome-shape 
pr imordia . Subsequently, more developed pr imordia 
are not proper ly organized in cell layers or rows and b y 
the t ime of emergence, these defects persist and ag
gravate. Our results indicate that g round tissue pat
terning appears to be regulated in newly formed roots 
at two levels: First, w e observed impairment in asym
metric divisions specifying cortex, middle cortex, and 
endodermis in mutan t s of SHR and SCR, a l though a 
few asymmetric divisions were still observed. In 
agreement, shr mutan ts have been shown to form en
dodermis in anchor roots (Lucas et al., 2011), which are 
a type of adventi t ious root. Furthermore, w e observed 
that g round tissue asymmetric divisions were absent in 
mutan t combinations of scr-4 wi th bjl-1 and jkd-4 and in 
double mutan t s jkd-4 scz-1. Interestingly, w h e n w e 
studied if these mutant combinations had defects in lat
eral roots, which are also organs formed postembryoni-
cally, we also observed absence of ground tissue 
asymmetric divisions suggesting a conserved develop
mental program for endodermis and cortex specification. 
Second, w e observed that SCR, JKD, BLJ, and SCZ could 
function as ground tissue lineage determinants dur ing de 
novo root organogenesis. The combined action of BLJ, 
JKD, and SCR is required to maintain the ground tissue 
lineage postembryonically, and lacking these three factors 
results in missing ground tissue initializations (hence 
fewer ground tissue cell rows are observed in cross sec
tions: Moreno-Risueno et al., 2015). We observed that de 
novo formed roots in blj-1 jkd-4 scr-4 and jkd-4 scz-1 mu
tants were missing ground tissue cell rows shortly after 
emergence, which indicates incorrect specification of 
ground tissue initials dur ing primordia formation or later 
on in the course of development. Thus, it is possible that 
SCZ, SHR, PLT1, and PLT2 function as lineage or cell fate 
determinants during postembryonic development, and 
particularly so during de novo organogenesis. 

MATERIALS AND METHODS 

Growth Conditions 

Seeds were surfaced-sterilized in 10% (m/v) NaCIO and rinsed with sterile 
water before being transferred to 120 X 120 X 10 mm petri dishes containing 
65 mL of one-half-Murashige & Skoog (MS) medium with 1% Sue and 10 g/L 
Plant Agar (Duchefa). After 2 d of stratification at 4°C in darkness, plates were 
transferred to an MLR-352-PE growth chamber (Panasonic) at 22°C, 16/8 

photoperiod or continuous light (50 ^mol-m_ 2-s_ 1). Twelve d after germina
tion, the first pair of leaves was excised across the junction of the petiole with the 
stem and transferred to Gamborg B5 medium with 2.5% Sue, 10 g/L Difco Agar 
(Becton Dickinson), or 3 g/L Gelrite (Sigma-Aldrich) and Gamborg B5 vitamin 
mixture (Duchefa). Leaves after excision were grown in darkness at 22°C, 
routinely for 10 d, or for number of days indicated in corresponding experi
ment. 

Hormonal and Inhibition Treatments 

For exogenous hormone treatment, filter-sterilized indole-3-acetic acid, 
6-BAP, or thidiazuron (TDZ) stock solutions were added to warm growth 
medium before pouring into plates to provide a final concentration of 1 [IM 
indole-3-acetic acid, 5 [IM 6-BAP, or 4 ^M TDZ, respectively. NPA was applied 
locally by preparing a lanoline solution containing 1% w / w NPA. For cell cycle 
arrest, leaf explants were incubated with growth medium supplemented with 
0.5, 2.5, or 5 mM hydroxyurea (Sigma-Aldrich). 

Plant Material 

Columbia-0 (Col-0), Landsberg erecta (her), and Wassilewskija-2 (Ws-2) ac
cessions were used as a genetic background as corresponding. The reporter 
lines ProlpT3:GUS, ProlpT5:GUS (Miyawaki et al., 2004), ProLOG4:GUS s (Kuroha 
et al., 2009) obtained from RIKEN, and ProAKR5:GUS (D'Agostino et al., 2000) 
were used for tracing cytokinin biosynthesis and signaling during rooting. 
PrOyucg'-GUS, ProYUC9'-GUS (Hentrich et al., 2013) and ProDR5:GUS (Ulmasov 
et al., 1997) were used to investigate auxin biosynthesis and signaling; ProplN3: 
PIN3-.GFP (Xu et al., 2006) and ProPINt:GUS (Friml et al., 2004) were used for 
auxin transport. To trace the molecular mechanisms during de novo root for
mation we used: PromND1:GUS (Iwase et al., 2011), Prowoxll:GUS (Liu et al., 
2014), Pro„ox5:GUS (Sarkar et al., 2007), and ProSKPZBs:GUS (Manzano et al., 
2012), which corresponds to a promoter deletion containing 0.5 Kb upstream 
from the ATG. The J0121 and J0661 lines (Laplaze et al., 2005) were used to 
locate pericycle-like cells during rooting. The following mutant lines were 
used: wol-l (Scheres et al., 1995), ahpl ahp2 ahp3 (Hutchison et al., 2006), ahp2 
ahp4 ahp5, arrl arrlO arrl2 (Mason et al., 2005), auxl-22 (Bennett et al., 1996), 
axrl-1 (Timpte et al., 1994), slr-1 (Fukaki et al., 2005), crane-2 (Uehara et al., 
2008), sur2-l (Delarue et al., 1998), and iaa28-l (Rogg et al., 2001), which were 
obtained from NASC; and pinl, pin2 pin3, pin2 pin3 pin7 (Blilou et al., 2005), fwr 
(Okumura et al., 2013), cyclinbl;l (cycbl;l) and cycbl;2 (Nowack et al., 2012), and 
CDKB1;1 DN161 and Pro35s:KRP2 (Boudolf et al., 2004; Verkest et al., 2005). We 
also used the following stem cell niche mutants: blj-1 jkd-4 scr-4 (Moreno-
Risueno et al., 2015), scr-4 (Fukaki et al., 1996), shr-2 ProSHR:SHR:GR 
(Levesque et al., 2006), pltl-4 plt2-2 (Aida et al., 2004), jkd-4 (Welch et al., 2007), 
scz-1 (Mylona et al., 2002), and wox5-l (Sarkar et al., 2007), and jkd-4 scz-1 and 
shr-2 pltl-4 pH2-2 ProSHR:SHR:GR (generated in this study). 

Genotyping 

The triple mutant shr-2 pltl-4 plt2-2 ProSHR:SHR:GR was generated by 
crossing shr-2 ProSHR:SHR:GR and pltl-4 plt2-2. F2 seedlings were grown and 
preselected on one-half-MS medium with 10 [iM dexamethasone followed by 
DNA extraction and genotyping by PCR to finally obtain homozygous lines. 
The following oligonucleotides were used for genotyping shr-2 (while dis
criminating ProSHR:SHR:GR): F 5'-CCAATACCATCCCGCCAC-3' and R 5'-
TGAACCGGTCATGCGGTTG-3'; for pltl-4: F 5'-AGACGGCCACGCCAA-
GAC-3' and R 5'CTAGTATCACGACATTATTTGC-3'; and for plt-2-2: F 5'-
ACCTACAGTCGTCACTTGTGC-3' and R 5'-ACTCTTGTCTCGTCATG-
TTTTTC-3'. T-DNA insertions of PLT1 and PLT2 were amplified using LB 5'-
CATTTTATAATAACGCTGCGGACATCTAC-3' and respective reverse 
primer. Double mutant jkd-4 scz-1 was generated by crossing jkd-4 and scz-1. 
DNA extraction from F2 seedlings was used for genotyping by PCR. The fol
lowing oligonucleotides were used for genotyping jkd-4: F 5'-GGATGAAAG-
CAATGCAAAACA-3' and R 5'-AATGTCGGGATGATGAACTCC-3'. The 
T-DNA insertion in the jkd-4 line was genotyped using respective forward 
primer and RB 5'-TCAAACAGGATTTTCGCCTGCT-3'. For scz-1 genotyping, 
a SCZ fragment was amplified using F 5'-CGAAGGTCAAGGCAAAGCTG-3' 
and R 5'-GAGCAACAGGCTTGACATGG-3'primers, followed by digestion 
with Nlalll restriction enzyme. Upon digestion, an SCZ fragment from scz-
1 renders a band of 900 bp, while the wild-type fragment is cut by the enzyme, 
resulting in two fragments of 530 bp and 360 bp. 



Cell Death, GUS Staining, and Microscopy Analysis 

In leaf tissues, dying cells were visualized by Lactophenol-Trypan Blue staining as 
described in Pavet et al. (2005). For GUS staining, leaf explants were incubated at 
37°C for variable times (4 h to 24 h) in multiwell plates in the presence of the GUS 
staining solution as described in Perez-Perez et al. (2010) or Manzano et al. (2012). To 
bleach chlorophyll, two different methods were used indistinctly, with similar re
sults. For the first method, samples were dehydrated after GUS staining using in
creasing ethanol concentrations (15,50,70,96, and 100%) for 15 min in each one, and 
kept overnight in 100% ethanol; then samples were rehydrated following the same 
ethanol concentration series to 15% ethanol and mounted in 15% glycerol. For the 
second method, samples were fixed in 96% ethanol for 48 h and washed with 0.1 M P 
buffer (pH 6.8) before being transferred to a clearing solution (80 g chloral hydrate 
and 30 mL distilled water). Leaf explants were mounted on slides using a mixture of 
80 g chloral hydrate, 20 mL distilled water, and 10 mL glycerol. After GUS staining, 
pictures were taken in a DM 2000 with a DCF300 camera (Leica), or in a bright-field 
AX70 microscope (Olympus) equipped with a PM-C35DX microphotography sys
tem (Olympus). The area of proliferating tissues (callus or vasculature) was man
ually drawn from microscopic images using a Bamboo tablet (Wacon) and areas or 
diameters of their best-fitting ellipses were measured with the software ImageJ 
(vl.50; National Institutes of Health). 

Microscopy Analysis 

Leaf petioles (for studying developmental stages during rooting) and mature 
embryos were stained using an Aniline Blue staining method as described in Bougourd 
et al. (2000). Processed samples were observed with a TCS SP8 laser scanning confocal 
microscope (Leica) with the settings described in Bougourd et al. (2000). A J0121 flu
orescent reporter line was processed before imaging as indicated in Kurihara et al. 
(2015). Cross sections (10 /xm of thickness) of J0121 petioles were obtained using a 
Vibratome 1000 Plus (Ted Pella) when indicated. Other fluorescent reporter lines were 
incubated in a methanol/acetone solution for 20 min at —20°C, and immediately 
transferred to a 0.1-M P buffer (pH 6.8). Imaging was performed by confocal micros
copy using a Digital Eclipse CI (Nikon) equipped with EZ-C1 control software (Nikon 
Instruments) or a TCS SP8 laser scanning microscope (Leica). GFP was excited with an 
Argon laser at 488 run and emission was collected at 505 nm to 530 ran, whereas YFP 
was excited at 514 nm and emission collected at 535 nm to 560 nm. To exclude 
autofluorescence contamination, sample emission was collected at 605 nm to 675 nm 
before excitation with an Ffe-Ne laser at 543 nm, and used as a background reference. 
Root samples for radial and longitudinal analyses in patterning studies were fluo-
rescently stained with 10 mM propidium iodide (Sigma-Aldrich), and imaged using 
standard settings on a TCS SP8 confocal microscope (Leica). 

Quantification and Statistical Analysis 

Regeneration percentage was scored as the number of leaf explants that showed 
swelling of petioles, proliferation of vascular-associated cells, and/or outgrowth of 
roots at the proximal region of the petiole, at 7 dae or as indicated in corresponding 
experiments. Rooting percentage was scored as the number of leaf explants showing 
roots at 10 dae or as indicated. Proliferation of vascular-associated cells and number of 
de novo formed roots were scored on individual leaf samples and used to estimate 
rooting capacity categories at indicated days in corresponding experiments. Ten-dae 
de novo-formed roots were used for establishing differences in tissue patterning using 
number of cortical cells. The number of cortical cells was quantified using confocal 
cross sections taken at the site of lateral root cap ending. To determine lateral root 
capacity, root meristems of 4 d postimbibition seedlings were removed and the 
number of lateral roots quantified 3 d later. Roots were observed at the microscope to 
confirm there were not unemerged primordia. Data values referred to % rooting, % 
regeneration, number of cortical cells, lateral root capacity, and vasculature or callus 
area were statistically analyzed by a univariate general linear model (GLM) and 
ANOVA with a least significant difference (LSD) posthoc test, using SPSS Statistics 
21 software (IBM). For rooting capacity, x1 test was performed to assay if there were 
differences in distribution frequency between lines, analyzed two-by-two, using the 
software Centurion XVI.I (STATGRAPHICS). Significant differences were collected 
with 5% level of significance (P value < 0.05). 

Supplemental Data 

The following supplemental materials are available. 

Supplemental Figure SI. Rooting of whole leaves and leaf blades of Ara-
bidopsis wild-type accessions. 

Supplemental Figure S2. Vascular proliferation and callus formation dur
ing rooting of whole leaves. 

Supplemental Figure S3. AHK4, AHP1, AF1P2, AHP3, AHP4, and AHP5, 
and ARR1, ARR10, and ARR12 cytokinin signaling factors regulate 
hormone-induced callus formation. 

Supplemental Figure S4. IAA7/AXR2 and IAA18 auxin signaling factors 
regulate hormone-induced callus formation. 

Supplemental Figure S5. ALF4 is required for vasculature proliferation 
and de novo root formation. 

Supplemental Figure S6. IAA7/AXR2, CRANE/IAA18, and IAA28 sig
naling factors regulate de novo root formation in leaf blades. 

Supplemental Figure S7. The YU.C8 and YU.C9 auxin biosynthesis genes 
are induced in excised leaves. 

Supplemental Figure S8. SCARECROW and SHORT-ROOT regulate 
ground tissue patterning of de novo formed roots. 
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